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Foreword
With the recent passing of Maureen O’Hara (one of my favorite
actresses) I recalled her role in the classic movie Miracle on 34th
Street. At the trial to “prove” that the defendant Kris Kringle was the
one and only Santa Claus on the basis of some competent authority,
the defendant received 21 full mailbags with letters addressed to
Santa Claus. Based upon that evidence, New York Supreme Court
Judge Henry X. Harper ruled that “if the U.S. Post Office (and
therefore by extension the Federal Government) acknowledged
that the defendant was ‘The Santa Claus’ then he would
acquiesce in their decision.” In a similar vein of acquiescence, the
US Patent and Trademark Office (USPTO) established Class 977 on
nanotechnology with a definition of the term “nanostructure” to
mean an atomic, molecular, or macromolecular structure that has
at least one physical dimension in the nanoscale and possesses a
special property, provides a special function, or produces a special
effect that is uniquely attributable to the structure’s nanoscale
physical size. As Judge Harper realized in ruling on the real
Santa Claus, I too realized that if the USPTO defined nanostructure
I may as well acquiesce.
I had a 36-year career at the USPTO mainly in the medical arts
and spent at least ten of those years working with Dr. Raj Bawa,
the editor of this remarkable series on clinical nanomedicine.
Together, we worked on various aspects of patent examination,
issuance of nanotech-related patents and teaching new patent
examiners on the nuances of patent law at the Patent Academy.
Since my retirement from the USPTO I have helped many inventors
obtain patents claiming nanostructures, especially in the medical
disciplines. I have frequently collaborated with Dr. Bawa and will
continue to do so until I retire again.
Volume 2 of this outstanding series, aptly titled The Handbook
of Clinical Nanomedicine: Law, Business, Regulation, Safety, and
Risk, provides a well-edited, reader-friendly, multidisciplinary
assemblage in this complex field. It clearly communicates essential
information on the entire “product life cycle,” from the creation of
nanomedical products to their final market introduction. The style
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and content of this handbook is attractive for both the novice and
the expert. The “bench to commercialization” approach of this
handbook is relevant not only to nanomedicine but also to a
multitude of other disciplines ranging from biotechnology, medical
devices, bioengineering, pharmaceutical sciences, the insurance
industry, future studies, business and law. While focusing on
critical issues relevant to product development and translational
activities, it also tackles related topics such as regulatory science,
patent law, FDA law, ethics, personalized medicine, risk analysis,
toxicology and nano‐characterization. A separate section provides
fascinating perspectives and editorials. The co-editors have
masterfully organized highly relevant contributions from an array
of experts into 60 chapters. The four sections that constitute the
book successfully bridge communication and terminology issues
often encountered in such multi-disciplinary efforts. In fact, this
unique handbook remains loyal to its title theme: Section I—law,
business and commercialization; Section II—regulatory issues and
nanogovernance; Section III—health, safety, risk and biological
interactions; and Section IV—future implications, ethics, perspectives
and editorials.
The wide range of topics covered as well as the multidisciplinary
approach of all volumes in this series has been impressive.
Similarly, this second volume should serve as an essential reference
asset that should be invaluable to all who are interested in the
explosive growth and future promise of this emerging area. It
will undoubtedly help bridge the gap between basic nanomedical
R&D and translation. In this respect, it will be of interest to all
stakeholders from big pharma, academia and government—
scientists, physicians, engineers, chemists, biotechnologists,
drug formulators, pharmacologists, policy-makers regulators,
toxicologists, business lawyers, patent attorneys, patent agents, the
venture community and the consumer-patient. Volume 1 has been
a major hit, attracting a global audience. I am confident that The
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety,
and Risk will follow the same path to success.
Richard J. Apley, JD
Patent Agent and Chief Patent Officer
Litman Law Offices/Becker & Poliakoff
Manassas, Virginia, USA
February 2016

Foreword

Richard J. Apley serves as the Chief Patent Officer in
the intellectual property and emerging technologies
practice group of the commercial law firm, Becker &
Poliakoff in their Virginia office. The firm, founded in
1973, has more than one hundred seventy attorneys,
lobbyists and other professionals in Florida, New York,

New Jersey, Washington, DC, Virginia and Prague (Czech Republic).
Mr. Apley is a registered patent agent licensed to practice before the
United States Patent and Trademark Office (USPTO). At the firm,
he is responsible for training on patent practice and procedures
and supervising patent practitioners and staff. He handles patent
prosecution matters, particularly applications participating in the
“Interview Before First Action” program. Mr. Apley retired from the
USPTO in 2002 after a distinguished 36-year career. He became a
Supervisory Patent Examiner at the USPTO in 1982 and supervised
various art units, including mechanical and chemical engineering,
computer-controlled teaching apparatus and simulators, and
biomedical and surgical devices. In the late 1990s, he served as
Director of the Office of Independent Inventor Programs. Mr. Apley
also represented the USPTO in the media, on the board of directors
of the National Inventor Hall of Fame, and on the Consumer
Protection Initiatives Committee (part of the US Attorney General’s
Council on White Collar Crime). He instructed new patent
examiners in their initial training and was responsible for rewriting
and updating various training manuals used by patent examiners
and their instructors. Mr. Apley obtained his bachelor’s degree in
civil engineering from Rensselaer Polytechnic Institute in Troy, New
York, and his law degree (magna cum laude) from the University of
Baltimore in Baltimore, Maryland. In 2012, he coauthored Business
Method and Software Patents—A Practical Guide, published by Oxford
University Press.
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Racing Ahead:
Nanomedicine under the Microscope
Small has always been beautiful although smallness has often been
overlooked and unappreciated. But now, nanoscale constructs are
transforming our world. Small is big. For me, what a long strange trip
it’s been regarding nano. Back in 2002, I presented on nanomedicine
at the Canadian Space Agency to an audience primarily composed
of materials scientists and engineers. After a few excellent questions,
I realized that physical scientists and pharmaceutical scientists
view the nanoworld quite differently and that there is tension
between the two camps. This was back then, but the state of affairs
is the same today, maybe even more profound. Since then, nano has
become more sectorized, with nanomedicine and nanoelectronics
leading the way. There are hundreds of nanomedical products
on the market and the potential is vast. The race is on. In spite
of this, nanomedicine is still under the microscope. Optimists
tout nanotechnology as an enabling technology, a sort of next
industrial revolution that could enhance the wealth and health
of nations. They promise that many areas within nanomedicine
(nanoscale drug delivery systems, theranostics, imaging, etc.) will
soon be a healthcare game-changer by offering patients access
to personalized or precision medicine. Pessimists, on the other
hand, take a cautionary position, preaching instead a go-slow
approach and pointing to a lack of sufficient scientific data on
health risks, general failure on the part of regulatory agencies
to provide clearer guidelines and issuance of patents of dubious
scope by patent offices. As usual, the reality is somewhere between
such extremes. Whatever your stance, nanomedicine has already
What

a Long Strange Trip It’s Been, subtitled The Best of the Grateful Dead, is a 1977
Warner Brothers Records compilation album by the Grateful Dead, the iconic rock
band formed in 1965 in Palo Alto, California.
There is no standard definition for nanomedicine. I define it as the science and
technology of diagnosing, treating and preventing disease and improving human
health via nanoscale tools, devices, interventions and procedures. It is driven by
collaborative research, patenting, commercialization, business development and
technology transfer within diverse areas such as biomedical sciences, chemical
engineering, biotechnology, physical sciences, and information technology.
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permeated virtually every sector of the global economy. It continues
to evolve and play a pivotal role in various industry segments,
spurring new directions in research, product development and
translational efforts.
In our publish-or-perish culture, is scientific innovation being
smothered by a culture of conformity? There is evidence that
research is becoming more conservative and risk-averse. Risk
is essential for ground breaking work and creativity to fully
flourish. I firmly believe that we must also broaden our horizons
beyond boundaries between disciplines, embrace global scientific
collaborations and leverage interconnected global networks to
address grand challenges in biomedicine. In my view, to drive science,
innovation and the economy, we need doctorates and physicianscientists trained in a variety of fields. And, yes, we need risktakers in biomedicine. Furthermore, the expensive and timeconsuming training of graduate students needs to be accomplished
via carefully monitored baby steps, keeping in mind Friedrich
Nietzsche’s advice: “He who would learn to fly one day must
first learn to stand and walk and run and climb and dance; one
cannot fly into flying.” The number of science doctorates is rising,
but graduate training has deviated little over the decades. Graduate
programs should be revamped to incorporate workplace skills
and courses in management, communication, commercialization
and business. In this regard, nano has an edge over other
The prefix “nano” in the SI measurement system denotes 10−9 or one-billionth. There

is no firm consensus over whether the prefix “nano” is Greek or Latin. While the
term “nano” is often linked to the Greek word for “dwarf,” the ancient Greek word
for “dwarf” is actually spelled “nanno” (with a double “n”) while the Latin word for
dwarf is “nanus” (with a single “n”). While a nanometer refers to one-billionth of
a meter in size (10−9 m = 1 nm), a nanosecond refers to one billionth of a second
(10−9 s = 1 ns), a nanoliter refers to one billionth of a liter (10−9 l = 1 nl) and a nanogram refers to one billionth of a gram (10−9 g = 1 ng). The diameter of an atom
ranges from about 0.1-0.5 nm, a DNA molecule about 2-3 nm, and a gold atom
about 1/3rd of a nm. Some other interesting comparisons: fingernails grow around
a nanometer/second; in the time it takes to pick a razor up and bring it to your
face, the beard will have grown a nanometer; a single nanometer is how much
the Himalayas rise in every 6.3 seconds; a sheet of newspaper is about 100,000
nanometers thick; it takes 20,000,000 nanoseconds (50 times per second) for a
hummingbird to flap its wings once; a single drop of water is ~50,000 nanoliters;
a grain of table salt weighs ~50,000 nanograms.
Rzhetsky, A., Foster, J. B., Foster, I. T., Evans, J. A. (2015). Choosing experiments to
accelerate collective discovery. PNAS, 112(47), 14569–14574.
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fields: interdisciplinarity and international collaboration are the
hallmarks of nano. Maybe all science students at some stage in their
undergraduate or graduate careers should be required to take a
basic course in nanoscience or nanomedicine. This will be beneficial
because nanomedicine’s interdisciplinary nature necessitates
a breadth of knowledge and appreciation of a multitude of
disciplines. However, even with nano, there is a clear need for “true”
interdisciplinarity and collaboration given the different approaches
of physical scientists versus pharmaceutical scientists with respect
to generation, examination, analysis and discussion of data. I have
been extremely cognizant of this fact in developing this handbook
series. I believe, everyone will find the volumes relevant and useful.
Each stand-alone volume in this series is focused on salient
aspects of nanomedicine, pharma and various branches of
medicine. It is essential reading for both the novice and the expert
in medicine, pharmaceutical sciences, biotechnology, immunology,
engineering, FDA law, intellectual property, policy, future studies,
ethics, licensing, commercialization, risk analysis and toxicology.
Each volume is not only intended to serve as a useful reference
resource for professionals but also to provide supplementary
readings for courses for graduate students and medical fellows.
Diversity within the broad and evolving arena of nanomedicine
is reflected in the expertise of the distinguished contributing
authors. All chapters contain key words, figures in full-color and
an extensive list of references. As compared to other books on the
market, each volume in the series is comprehensive, truly
multidisciplinary—all presented in an easily accessible, userfriendly format. The editors have skillfully curated each chapter
to reflect the most relevant and current information. Unlike
other books in this evolving field that quickly go out-of-date,
this series contains excellent reviews that can not only provide
the most current information on advances now but also serve
as the basis or starting point to explore future advances on a
particular topic. My purpose in constructing each volume is to
provide chapters that give the reader a better understanding of
the subject matter while provoking reflection, discussion and
catalyzing collaborations between diverse stakeholders. Each
volume is essentially a guided tour of critical topics and issues that
should arouse the reader’s curiosity so that they will engage more
profoundly with the broader theme reflected.
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Ever since the Canadian Space Agency talk in 2002, I have
been involved in almost all aspects of nanoscience, nanomedicine
and nanotechnology—patent prosecution, teaching, research,
FDA regulatory filings, conference organizer and speaker. I have
intimately seen the evolution of nanomedicine. I have cheered on
the cutting-edge discoveries and inventions but also stood up to
criticize inept governmental regulatory policies, spotty patent
examination at patent offices, hyped-up press releases from eminent
university labs and inaccurate depiction of nano by the media and
politicians.
Too

often, start-ups, academia and companies exaggerate basic research
developments as potentially revolutionary advances and claim these early-stage
discoveries as confirmation of downstream novel products and applications to
come. In fact, nanotechnology’s potential benefits are frequently overstated or
inferred to be very close to application when clear bottlenecks to commercial
translation persist. Many have desperately tagged or thrown around the “nano”
prefix to suit their purpose, whether it is for federal research funding, patent
approval of supposedly novel inventions, raising venture capital funds, running
for office or seeking publication of a journal article. The Office of Science and
Technology Policy (OSTP) in 2015 issued a “Request for Information (RFI)” to seek
suggestions for nanotechnology-inspired “Grand Challenges” for the next decade.
See: Wackler, T. (2015). Nanotechnology-inspired grand challenges for the next
decade. Federal Register, 80(116), 34713–34715. This RFI was characterized as
“ambitious but achievable goals that harness nanoscience, nanotechnology, and
innovation to solve important national or global problems and have the potential
to capture the public’s imagination. This RFI is intended to gather information from
external stakeholders about potential grand challenges that will help guide the science
and technology priorities of Federal agencies, catalyze new research activities, foster
the commercialization of nanotechnologies, and inspire different sectors to invest in
achieving the goals. Input is sought from nanotechnology stakeholders including
researchers in academia and industry, non-governmental organizations, scientific
and professional societies, and all other interested members of the public.” The RIF
provided examples of potential nanotechnology-inspired grand challenges for the
next decade: (i) increase the five-year survival rates by 50 percent for the most
difficult to treat cancers; (ii) create devices no bigger than a grain of rice that can
sense, compute, and communicate without wires or maintenance for 10 years,
enabling an ‘‘internet of things’’ revolution; (iii) create computer chips that are 100
times faster yet consume less power; (iv) manufacture atomically-precise materials
with fifty times the strength of aluminum at half the weight and the same cost;
(v) reduce the cost of turning sea water into drinkable water by a factor of four;
and (vi) determine the environmental, health, and safety characteristics of a
nanomaterial in a month. Let us see if these ambitious goals are achieved by 2035
or if they turn out to be mere rhetoric and politics as usual on the part of federal
agencies like the OSTP, National Nanotechnology Initiative (NNI) and the National
Nanotechnology Coordination Office (NNCO). Echoing governmental “grand
challenge projects” some scientists and organizations are proposing similar action.
For example, see: Parak, W. J., Nel, A. E., Weiss, P. S. (2015). Grand challenges for
nanoscience and nanotechnology. ACS Nano, 9, 6637–6640. In the end, achieving such
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While the nano die was cast long ago, it is well entrenched
now and there is no turning back. Although the air may be thick
with news of nano-breakthroughs and a hot topic for discussion
in industry, pharma, patent offices and regulatory agencies,
the average citizen knows very little about what constitutes a
nanoproduct, a nanomaterial or a nanodrug. This was apparent to
me early on when the CBS TV station in Albany, NY, while
interviewing me for a story on nanotechnology, approached people
on the street and asked them to define nano. To my amazement, not
a single person could come up with even a functional description
of the term. At the time, there were close to two thousand marketed
products that incorporated nano in some form. This problem
persists. These interviews were taking place a few blocks from the
massive, world-class education and research complex comprising
Albany Nanotech (now SUNY Polytechnic Institute’s Colleges of
Nanoscale Science and Engineering), where billions have been
invested since the early 1990s. Recognizing that the so-called
“nanorevolution” will have limited impact unless all stakeholders,
especially the public, are fully on board, I immediately organized an
annual nano-conference that continues to this day. The conference
is free to all attendees and for the first dozen years was held at
Rensselaer Polytechnic Institute in Troy, NY. Since 2015 it has been
held at the Albany College of Pharmacy and Health Sciences in
Albany, NY.
Louis Pasteur famously said: “Science knows no country, because
knowledge belongs to humanity, and is the torch which illuminates
the world. Science is the highest personification of the nation because
that nation will remain the first which carries the furthest the works
of thought and intelligence.” Perhaps, nothing is truer in this regard
than nanoscience, nanotechnology and nanomedicine. However,
we are in a rapidly changing, yet interconnected and globalized
world—politically, economically, societally, environmentally and
technologically. At the present time in our history, many national
boundaries are rendered artificial, there are few true leaders on
the global stage, the world power dynamics are shifting and the
outdated bureaucratic structures firmly in place are unable to
deal effectively with the emerging knowledge economy. While
grand challenges will require the right mix of funding, vision, political will, scientific
expertise, analytical tools, regulatory clarity, patent laws, etc.
See: Jackson, S. A. New vantage points. Available at: http://www.rpi.edu/president/
speeches/ps102915-falltownmeeting.html (accessed on March 6, 2016).
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economic woes, wars, disease and turbulence are shaking our
world, these changes are also causing a certain degree of chaos in
the world of biomedicine. By extension, this may be considered
one of the most exciting times for nanomedicine as well. From
my perspective, there is a combination of excitement, potential,
confusion, hype and misinformation in this regard—all of this seen
more than in other fields when they were evolving. It is true that
in the heady days of any emerging technology, definitions tend to
abound and are only gradually documented via reports, journals,
books and dictionaries. Ultimately, standard-setting organizations
like the International Organization for Standardization (ISO) and
American Society for Testing and Materials (ASTM) International
produce technical specifications. This evolution is typical and
essential as the development of terminology is a prerequisite for
creating a common language for effective communication in any
field. Clearly, a similar need for an internationally agreed definition
for key terms like nanotechnology, nanoscience, nanomedicine,
nanobiotechnology, nanodrug, nanotherapeutic, nanopharmaceutical
and nanomaterial, has gained urgency. Nomenclature, technical
specifications, standards, guidelines and best practices are critically
needed to advance nanotechnologies in a safe and responsible
manner. Contrary to some commentators, terminology does
matter because it prevents misinterpretation and confusion. It is
essential for research activities, harmonized regulatory governance,
accurate patent searching and prosecution, standardization of
procedures, manufacturing and quality control, assay protocols,
decisions by granting agencies, effective review by policymakers,
ethical analysis, public dialogue, safety assessment, and more. Also,
nomenclature is critical to any translational and commercialization
efforts. All definitions of nanotechnology based on size or
dimensions must be dismissed, especially in the context of medicine
and pharmaceutical science, for the reasons elaborated in chapter 6
Similar

disagreements over terminology and nomenclature are seen in other fields
as well. For example, the term “super resolution microscopy,” the subject of the
2014 Nobel Prize, is considered an inaccurate description of the technique. Since
electron microscopes and scanning probe microscopes can resolve features at the
nanometer, it is a misnomer to affix the “nano” prefix to these terms. Therefore, it may
be more appropriate to refer to these “scopes” as “nanoscopes” instead. Inaccurate
terminology often becomes the norm with time. It is hoped that this is not the case
for nano where the prefix gets too entrenched for a corrective change to be made.
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of volume 1. It can be summarized that nanotherapeutics may
have unique properties (nanocharacter) that can be beneficial for
drug delivery and other applications but there is no specific size
range or dimensional limit where superior properties are found.
Hence, the size limitation below 100 nm cannot be touted as the basis
of novel properties of nanotherapeutics. Viable sui generis definition
of nano having a bright-line size range, especially as applied to
nanodrugs, blurs with respect to what is truly nanoscale. Since
the 100 nm boundary has no solid scientific or legal basis, this
handbook series will avoid using the inaccurate sub-100 nm
definition of nano. Instead, definitions along these lines will be
employed: “The design, characterization, production, and application
of structures, devices, and systems by controlled manipulation of
size and shape at the nanometer scale (atomic, molecular, and
macromolecular scale) that produces structures, devices, and systems
with at least one novel/superior characteristic or property.”
The volumes in this series will extensively cover advances in
drug delivery as this is leading all developments in nanomedicine.
The prototype of targeted drug delivery can be traced back to the
concept of a “magic bullet” that was postulated by Nobel Laureate
Paul Ehrlich in 1908 (magische Kugel, his term for an ideal
therapeutic agent) wherein a pathogenic organism or diseased tissue
could be selectively targeted by a drug while leaving healthy cells
unharmed.10 A century later, various classes of nanoscale “magic
bullets” have been designed (nanoscale drug delivery systems
See: Bawa, R. (2016). What’s in a name? Defining “nano” in the context of drug delivery.

In: Bawa, R., Audette, G., Rubinstein, I. eds. Handbook of Clinical Nanomedicine:
Nanoparticles, Imaging, Therapy, and Clinical Applications, Pan Stanford Publishing,
Singapore, Chapter 6, pages 127–168.
See: Bawa, R. (2007). Patents and nanomedicine. Nanomedicine (London), 2(3),
351–374. This flexible definition has four key features:
(i) It recognizes that the properties and performance of the synthetic, engineered
“structures, devices, and systems” are inherently rooted in their nanoscale
dimensions. The definition focuses on the unique physiological behavior of these
“structures, devices, and systems” that is occurring at the nanoscale; it does not focus
on any shape, aspect ratio, specific size or dimension.
(ii) It focuses on “technology” that has commercial potential, not “nanoscience” or
“basic R&D” conducted in a lab setting.
(iii) The “structures, devices, and systems” that result from or incorporate nano must
be “novel/superior” compared to their bulk/conventional counterparts.
(iv) The concept of “controlled manipulation” (as compared to “self-assembly”) is
critical.
10See: Witkop, B. (1999). Paul Ehrlich and his magic bullets—Revisited. Proceedings
of the American Philosophical Society, 143(4), 540–557.
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or NDDS), some in development while others commercialized.
Obviously, the truly revolutionary ones will be those that can
specifically deliver therapeutics to target tissue and even specific
cells or organelles. This concept of a “magic bullet” was realized by
the development of antibody-drug conjugates (ADCs), which are
technically NDDS. The NDDS11 that have reached the marketplace
have been approved by the FDA, EMA or foreign equivalent. Data
from industry and the FDA shows that most of the approved or
pending NDDS are oncology-related and based on protein-polymer
conjugates or liposomes. The first FDA-approved nanotherapeutic
was Doxil while AmBisome was the first one approved by EMA.
It should be noted, however, that a nanoparticulate iron oxide
intravenous solution in the market since the 1960s and certain
nanoliposomal products approved in the 1950s and later should,
in fact, be considered true first nanomedicines. The following
points serve to highlight the major impact of nanoscale drug
delivery systems:

• Novel nanodrugs and nanocarriers are being developed
that address fundamental problems of traditional drugs
because of the ability of these compounds to overcome poor
water solubility issues, alter unacceptable toxicity profiles,
enhance bioavailability, and improve physical/chemical
stability. Additionally, via tagging with targeting ligands,
these formulations can serve as innovative drug delivery
systems for enhanced cellular uptake or site-specific targeted
delivery of therapeutics into tissues of interest. Various FDAapproved liposomal, solid nanoparticle-based, antibody-drug
conjugate and polymer-drug conjugate delivery platforms
overcome associated issues such as (i) low solubility
(Abraxane), (ii) extremely high drug toxicity (Brentuximab
vedotin and Trastuzumab emtansine), and (iii) side
effects related to high doses of free drug (Doxil, Marqibo,
DaunoXome).
• Reformulation of old, shelved therapeutics into nanosized
dosage forms could offer the possibility of adding new life to

11There

is no universal definition for nanoscale drug delivery system or
nanotherapeutic formulation, my definition being: (1) a formulation, often
colloidal, containing therapeutic particles (nanoparticles) ranging in size from
1–1,000 nm; and (2) either (a) the carrier(s) is/are the therapeutic (i.e., a
conventional therapeutic agent is absent) or (b) the therapeutic is directly
coupled (functionalized, solubilized, entrapped, coated, etc.) to a carrier.
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old therapeutic compounds. Classic examples include drugs
developed as nanocrystalline products (Rapamune, Emend,
Triglide).
• Coupled with advances in pharmacogenomics, epigenetics,
synthetic biology, biomarkers, smart nanomachines,
information technology and personalized or precision
medicine, upcoming innovations in nanodrug delivery may
even generate multifunctional entities enabling simultaneous
diagnosis, delivery and monitoring of therapeutic agents. In
fact, there is a large body of literature reporting on preclinical
advances in these so-called “theranostics,” the integration of
molecular imaging and molecular therapy (i.e., the concept of
delivering therapy and then examining its effect). With respect
to oncology, there is already a sort of personalized medicine
being practiced where the patient is prescribed drugs based
on a specific gene mutation in the patient’s tumor. This could
be eventually extended to nanomedicine, especially cancer
nanomedicine, where specific nanotherapeutics could be
delivered to a patient over other less favorable ones or those
that are less likely to leak into and be retained by the tumor
tissue.12 Here, this delivery with precision (personalized

12There

are two major concepts in drug delivery in oncology: (i) active targeting that
involves tumor targeting via the specific binding ability between an antibody and
antigen or between the ligand and its receptor; and (ii) passive targeting achieved
via the enhanced permeability and retention (EPR) effect. Although not a
generalization, if the nanoparticle is too small (<10 nm?), it is generally rapidly
excreted via renal filtration while particles too large (>~150 nm?) may not
penetrate deep inside tumor tissue. It should be pointed out that these are
general statements as there is a wide variability in nanoparticles types and sizes
employed to achieve the desired result or therapeutic outcome. For example,
sterically-stabilized liposomes of 400 nm diameter were shown to penetrate
into tumor interstitium. One has to examine the specific nanoparticle on a caseby-case basis to see whether it is scavenged by RES (e.g., Kupffer cells in liver) or
internalized by target cells through endocytosis. Size obviously is important while
engineering nanoparticles for tumor applications but it needs to be fine-tuned
depending upon the nanomaterial used, route of delivery, application sought,
toxicity issues, etc.
The National Cancer Institute (NCI) established the Nanotechnology
Characterization Laboratory (NCL) that has developed a “standardized analytical
cascade that tests the preclinical toxicological, pharmacology, and efficacy of
nanoparticles and devices.” The NCL has characterized over 200 nanomaterials from
academia, government and industry. The counterpart to the NCL is the European
Nanotechnology Characterization Laboratory (EU-NCL), established in 2015. The
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nanomedicine?) will have the classical advantages
contemplated for nanoscale drug delivery systems, though
barriers (being complicated, time-consuming, often invasive
and high cost) will need to be overcome.

Unlike other texts in nanomedicine, another critical theme
that will be found throughout this handbook series is intellectual
property, particularly patent law issues. Patents and the protection
that they afford are the lifeblood of big pharma. The protection
of inventions via patents provides an opportunity for pharma to
recoup the high cost of discovery by preventing competitors from
entering the marketplace while the patent is in force. Securing
valid and defensible patent protection from the patent offices
around the world, including the US Patent and Trademark Office
(PTO), is essential to any commercialization effort. Valid patents
stimulate market growth and innovation, generate revenue,
prevent unnecessary licensing and reduce infringement lawsuits.
One interesting aspect of nanopatents is that in spite of anemic
product development, patent filings and grants have continued
unabated.13 However, it is no secret that nanopatents of dubious
mission statement of the NCL reads: It “performs and standardizes the pre-clinical
characterization of nanomaterials intended for cancer therapeutics and diagnostics
developed by researchers from academia, government, and industry. The NCL serves
as a national resource and knowledge base for cancer researchers, and facilitates
the development and translation of nanoscale particles and devices for clinical
applications.”
13For over a decade now, the PTO continues to classify US nanopatents into
Class 977, where, according to its own recent data, they currently number 5,000+.
But, it is immediately apparent to any patent practitioner that there is something
wrong with this statistic since there are 15,000+ issued US patents on nanoparticles
alone. In fact, this classification system is imprecise because of the simple fact
that the PTO’s definition of “nano” is incorrectly based on the flawed NNI definition
that limits all nanostructures and nanoproducts to a sub-100 nanometer size
range. For example, see U.S. Patent and Trademark Office (USPTO); Available at:
http://www.nano.gov/node/599 (accessed on February 1, 2016): “Notably, the
USPTO adopted the NNI definition of nanotechnology in its development of the
first detailed, patent-related nanotechnology classification hierarchy of any major
intellectual property office in the world.” As a result, the PTO numbers are a gross
underestimate and miss the majority of nanotech-related patents (out of ~9
million US patents issued). Therefore, PTO statistics on nanopatents should be
considered as indicative of the overall trend, not actual number of nanonotechrelated patents. Also, see: Top countries in field of nanotechnology patents in
2013; Available at: http://statnano.com/news/45648 (accessed on February 1,
2016): “According to the statistics released by Statnano based on nanotechnology
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scope and breath, especially on foundational nanomaterials and
upstream nanotechnologies, have been granted by patent offices
around the world. In fact, “patent prospectors” have been on a
global quest for “nanopatent land grabs” since the 1980s. As a
result, patent thickets in certain sectors of nanotechnology have
arisen that could have a chilling impact on commercialization
activities.14 In the US, the PTO continues to be under
enormous strain and scrutiny. Issues that need reform of
this governmental agency range from poor patent quality,
questionable examination practices, inadequate examiner search
capabilities, rising employee attrition, poor examiner morale and
an enormous patent backlog.
Emerging technologies are particularly problematic for
governmental regulatory agencies. Major global regulatory systems,
bodies and regimes regarding nanomedicines are not fully mature,
hampered in part by a lack of specific protocols for preclinical
development and characterization. Additionally, in spite of
numerous harmonization talks and meetings, there is a lack of
consensus on the different procedures, assays and protocols to be
employed during pre-clinical development and characterization
of nanomedicines. In fact, the “baby steps” undertaken by the FDA
over the past decade have led to regulatory uncertainty. There are
potentially serious and inhibitory consequences if nanomedicine
patents and nanotechnology published patent applications, a sum total of 21,379
patents related to nanotechnology have been granted in USPTO in 2013, and about
31,350 nanotechnology patents have been published. A growth of more than 60% is
observed in the number of nanotechnology patents in USPTO in comparison with
2012….”
14For example, the carbon nanotube (CNT) patent landscape is a tangled mess, mainly
due to issuance of multiple US patents in error by the PTO. Also to blame is the
fact that there is a lack of nano-nomenclature because of which inventors and
scientists have employed distinct terms to refer to CNTs. As a result, contrary to the
foundation of US patent law, various US patents on CNTs have been granted with
legally identical claims. See: Harris, D., Bawa, R. (2007). The carbon nanotube patent
landscape in nanomedicine: An expert opinion. Expert Opinion on Therapeutic
Patents, 17(9), 1165–1174. The expected negative impact on commercialization
and patent litigation has not arrived because CNTs have failed to deliver on the
hype. Fabrication of affordable and high-quality CNTs has not materialized and
scientists are now pursuing other exciting materials such as graphene instead.
Hype and technology often evolve together and, in this case, the “peak of inflated
expectations” of the 1990s was replaced by the “trough of disillusionment” in the
early 2000s. See: Davenport, M. (2015). Much ado about small things. Chem. Eng.
News, 93(23), 10–15.
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is overregulated. A balanced approach is required here, at least on a
case-by-case basis, which addresses the needs of commercialization
against mitigation of inadvertent harm to patients or the
environment. Obviously, not everything “nanomedical” needs to
be regulated. However, more is clearly needed from regulatory
agencies like the FDA and EMA than a stream of guidance
documents that are generally in draft format,15 position papers
that lack any legal implication and policy papers that are often
short on specifics. There is a very real need for regulatory
guidelines that follow a science-based (not policy-based)
approach that are responsive to the associated shifts in knowledge
and risks. However, is nano arriving faster than other previous
technologies like steam engines, telephones, digital computers,
genetic engineering and synthetic biology? Is it proceeding too
rapidly or in a vacuum to generate any meaningful discussion,
formulation of regulations, safety guidelines, governmental policy
or patent prosecution parameters?
Ultimately, the true value of a particular nanoproduct lies in
its clinical utility balanced against any potential adverse effects.
Therefore, effective translation of nanomedicine candidates
requires a “technological push” coupled with a “clinical pull” guided
or catalyzed by regulatory agencies, patent offices and the venture
community. All of this has to be bridged by logical intermediary
data that mechanistically demonstrate the efficacy and biosafety.
Whether regulatory agencies eventually create new regulations,
tweak existing ones, or establish new regulatory centers to
handle nanoproducts, for the time being they should at least
look at nanoproducts on a case-by-case basis. Two critically
important and interrelated regulatory law themes that will
permeate this series include (i) nanosimilars; and (ii) non15The FDA’s use of “unofficial” definitions and “draft” guidance documents is legendary

and the subject of concern, ridicule and criticism. Such FDA recommendations
are nonbinding and come with a standard disclaimer: “This draft guidance, when
finalized, will represent the Food and Drug Administration’s (FDA’s) current thinking
on this topic. It does not create or confer any rights for or on any person and does
not operate to bind FDA or the public. You can use an alternative approach if the
approach satisfies the requirements of the applicable statutes and regulations ...”
For example, see: Watson, E. (2014). Senators to FDA: Stop using draft guidance
to make substantive policy changes. Available at: http://www.foodnavigator-usa.
com/Regulation/Senators-to-FDA-Stop-using-draft-guidance-to-make-big-policychanges (accessed on March 6, 2016).
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biological complex drugs (NBCDs) (e.g., iron oxide nanoparticles,
glatiramoids, liposomes, polymeric micelles). Topics discussed in
the current volume are: transnational regulatory harmonization,
generic biowaivers, combination products (nanotheranostics),
patent law, FDA law, ethics, personalized medicine, risk analysis,
toxicology, nano‐characterization, translational nanomedicine,
and commercialization activities.
Translational issues and efforts pertaining to nanomedical
products, especially nanodrugs, are analogous to classic drug
research and development (R&D). Creating drugs today is timeconsuming, expensive and enormously challenging.16 According to a
2014 study by the Tufts Center for the Study of Drug Development,
developing a new prescription medicine that gains marketing
approval is estimated to cost nearly $2.6 billion.17 It is clear to
everyone that in the past decades, great strides have been made
in basic science and research. However, in my view, the enormous
medical advances that should have come from the large public
investment in biomedical research are largely absent from a
translation point-of-view. All stakeholders—pharma, patients,
regulatory bodies, diseases foundations, academia, NIH—have
suffered and are to blame for the “valley of death.” Similarly,
although great strides have been made in nanomedicine generally
at the “science” level, especially with respect to drug delivery and
imaging, it continues to be dogged by challenges and bottlenecks
at the “translational” level. Preclinical drug discovery research
is primarily conducted and managed by pharma. Academia
has traditionally contributed to this joint effort by conducting
basic research into fundamental aspects of human disease
biology and discovery of targets whose modulation could have
therapeutic potential. The resultant “gold nuggets” that are
thus generated are then selected by pharma to discover and
develop drugs that modulate those targets, thereby driving the
drug discovery engine. However, this common arrangement is in
trouble and the collaborative paradigm is breaking down. Academic
16See:

Bruno, J. R. (2015). Improving the bio-availability of drugs through their
chemistry. Am. Pharm. Rev., 15(4), 34–39.
17See: Tufts Center for the Study of Drug Development. Available at: http://csdd.tufts.
edu/news/complete_story/pr_tufts_csdd_2014_cost_study (accessed on March 12,
2016).
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target discovery research reproducibility has become suspect18:
“Much of the innovation landscape involves breakthroughs made
in academia—but much of the research published in academia
has proven not to be reproducible in pharma companies’ hands.”
This reproducibility crisis has coincided with major changes in
pharma’s productivity itself as numerous market forces and drivers
have continued to dictate a change in its quest for discovering,
developing and delivering novel therapeutics. It is also worth
mentioning here that shortcuts taken by antibody manufacturers
and researchers alike have led to a crisis of reproducibility in
antibody performance.19 Obviously, all this impacts preclinical
nanomedical research. Frankly, research institution administrators,
faculty members and trainees must do far more for reproducibility
so that robust biomedical research can be generated.20
So far, the process of converting basic research in nanomedicine
into commercially viable products has been difficult. As discussed
earlier, securing valid, defensible patent protection from the
patent offices along with clearer regulatory/safety guidelines from
regulatory agencies is essential to commercialization. This has
been a mixed bag at best and much more is warranted. I strongly
believe that issues such as effective patent reform, adaptive
regulatory guidance, commercialization efforts and consumer health
are all intertwined and need special attention while addressing
nanotechnology. In this regard, science-based governance that
promotes commercialization on one hand and balances consumer
health on the other is critically needed. If the translation of
nanomedicine is to be a stellar success, it is important that some
order, central coordination and uniformity be introduced at
the transnational level. It is true that this decade has witnessed
relatively more advances and product development in
nanomedicine than the previous. Many point to the influence of
nanomedicine on the pharmaceutical, device and biotechnology
industries. It is hoped that nanomedicine will eventually blossom
into a robust industry. It is yet to be seen whether there will be
giant technological leaps (that can leave giant scientific, ethical and
18See:

Fishburn, C. S. (2015). Translational medicine: The changing role of big
pharma. In: Wehling, M., ed. Principles of Translational Science in Medicine: From
Bench To Bedside, 2nd ed., Elsevier, pages 313–325.
19See: Baker, M. (2015). Blame it on the antibodies. Nature, 521, 274–276.
20See: Begley, C. G., Buchan, A. M., Dirnagl, U. (2015). Institutions must do their part
for reproducibility. Nature, 525, 25–27.
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regulatory gaps) or paradigm-shifting advances (that necessitate
extraordinary proof and verification). In the meantime, tempered
expectations are in order.
Key players must come together on a global platform to
address these crucial issues affecting translational efforts. It
is important that the public’s desire for novel nanomedical
products, venture community’s modest investment, federal infusion
of funds and big pharma’s lingering interest in nanomedicine
continue. In the end, the long-term prognosis and development of
nanomedicine will hinge on effective nanogovernance, issuance
of valid patents, clearer safety guidelines, transparency and
full commitment of all the stakeholders involved—big pharma,
academia, governmental regulatory agencies, policy-makers, the
venture community and the consumer-patient. We need everyone
on board so that translation becomes more widespread. We must
endure and traverse the valley of death. Together, we can help
drive progress and make the future happen faster. Why not seek
inspiration from George Bernard Shaw: “You see things; and you
say ‘Why?’ But I dream things that never were; and I say ‘Why not?’”
Science fiction may become science fact. Not only is this possible,
but it will happen. For the times they are a-changin’.21 However, as
we race ahead, we must keep proper perspective and heed Anton
von Leeuwenhoek’s words of wisdom: “All we have yet discovered is
but a trifle in comparison with what lies hid in the great treasury of
Nature.”

Raj Bawa, MS, PhD
Series Editor
Ashburn, Virginia, USA
March 10, 2016

21These

words are attributed to the remarkable Steve Jobs during his opening of
the 1984 annual Apple shareholders meeting where he unveiled the Macintosh
computer for the first time. The Times They Are a-Changin’ is a classic song written
by Bob Dylan and released as the title track of his 1964 album.
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1.1
1.1.1

Introduction
General

Nanotechnology is changing how we live. Advances in nanotechnology have contributed to new materials, advances in electronics, and
advances in alternative energy technologies. These advancements
in turn have affected how we communicate, how we travel, and
even how we eat. However, one of the single most desired and
exciting applications for nanotechnology is in its eventual application in clinical nanomedicine.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com

4

An Intellectual Property Primer for Nanomedical Researchers and Engineers

Today, nanomedicine is at a very early stage. Some of the most
advanced nanomedical applications are in the area of drug delivery,
and these are still relatively rudimentary technologies [1, 2]. A
small sampling of some of the nanomedical innovations currently
under development include cancer diagnosis and treatment [3]
and medical diagnostics [4, 5], while longer term research is directed
to the areas of neuro-electrical interfaces [6] and nanorobotics [7].
Even with these exciting developments, it is clear that the true
promise of nanomedicine still lies in the future.
Some experts envision a future of “nanobots” able to be
introduced to the human body and affect health directly at the
cellular level. Specific applications of this technology may range
from the targeted destruction of undesired cells, in the case of
cancer cells, to wound closing and beyond. This potential reality
will depend upon many factors, including the establishment of
proper safety and regulatory guidelines, the establishment of
well-controlled and economical production methods, and the
establishment of high-quality intellectual property to reward
innovators in the field. Unless these innovators and their funding
sources are rewarded with acceptable returns in exchange for
their hard work, it is unlikely that the expensive and difficult
future work will be undertaken to truly realize nanomedicine’s
potential.

1.1.2

Clinical Nanomedicine Is Unlike Previous
Technological Revolutions

The current nanotechnology revolution is unlike previous
revolutions such as the advent of the computer, the development
of the Internet, and the development of the biotechnology
industry in that fundamental technologies underlying these
revolutionary advances were effectively unprotected by patents [8].
The nanotechnology revolution, however, is so far suffering from
the opposite issue, in that “patent thickets” have developed over
some of the fundamental technological bases upon which current
nanotechnology products are being built [9]. These “thickets” are
making it difficult to assess how one stands with respect to certain
nanotechnology building blocks. What is required is for high-quality
patents to issue and high-quality patent applications to be filed
so that the true borders around ownership can be resolved and
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thus licensing or other business activity can precede with greater
confidence.
Because patenting is having such an important effect on the
state of nanotechnology in general and in relation to nanomedicine
specifically, it is important to be cognizant, at least at a basic level,
of what patent law is and how it affects you in your professional
life. Additionally, nanomedical technologies will not exist in a
vacuum, but in real world business scenarios. As such, it is beneficial
to also have a basic understanding of each of the major classic
forms of intellectual property: patents, trademarks, copyrights,
and trade secrets. It is a goal of this chapter to equip you with a
working knowledge of the basics of intellectual property so that
your innovations will have the greatest chance to make it to the
marketplace and begin to make a difference in the people’s lives.

1.1.3

Intellectual Property Is Important in Clinical
Nanomedicine

As with many fields of research, particularly relatively nascent fields
such as nanotechnology, a significant portion of the innovation
occurs in the academic sector [10]. While the passage of the
Bayh-Dole Act in 1980 began a shift in the consciousness of many
academic investigators toward a more intellectual propertyaware mindset, many other investigators are either unaware or
uninterested in patent or other protection for their work [11].
Because most academic investigators are judged and promoted
based on publications, presentations and securing publicly funded
grants, it is easy to see why adding yet another concern or obligation
to an already large pile of responsibilities may be undesirable.
When this concern is directly adversarial to other measures of
success, the tension is even more acutely felt. A tension between
the academic sector and patent law as it exists today is that a core
tenet of life as an academic investigator is to publicly and
openly discuss and disseminate one’s work for peer review and
advancement of science, while a core tenet of patent law is that
one cannot publicly disclose or disseminate their work until an
application has been filed. Despite this tension, if the nanomedical
industry is to truly gain traction and develop in an efficient manner,
contemplation of intellectual property rights is essential, even if
the rights are then consciously donated to the public.
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Corporate entities must also be mindful of intellectual property
concerns, as it is very likely that much of the value of a particular
corporate concern in the nanomedical area is tied to its intellectual
property, the significant majority of which is in the form of
patents. In the nanomedical context particularly, it is likely that
intellectual property and a strategy therefore are key components
of corporate culture and a major value driver for the organization.
However, even in the corporate sector, all too often, personnel
unfamiliar with intellectual property concepts may inadvertently
put the company at risk. Education is the best defense against
such mishaps and it is hoped that this chapter will aid in these
efforts.

1.2

What Is Intellectual Property?

Intellectual property may be defined as creations of the mind that
may be protected via certain legal constructs. The areas of law
that are typically classified as intellectual property are patent law,
trademark law, copyright law, and trade secret law. Patent law is
the major form of intellectual property that underlies much of the
value in nanotechnology and, as such, the bulk of this chapter will
be directed toward a discussion of patent law and ways to maximize
value through mindfulness of its tenants. In addition, trademark
law, copyright law and trade secret law will also be discussed as
they relate to the development of clinical nanomedicine and value
derivation therefrom.

1.2.1

Patent Law

Although several international treaties have been signed, there is
still no international body of patent law and the specific
requirements and rules vary by jurisdiction. A full discussion of all
jurisdictional differences is beyond the scope of this work. Instead,
U.S. law will be the primary focus and significant differences found
in certain jurisdictions will be pointed out where appropriate. In
addition, the America Invents Act of 2011 (AIA) was recently passed
and its ramifications are still being felt and understood [12, 13].
Where desirable, differences in current practice versus future
practice under the AIA will be noted. Fundamentally, patent law is all
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about the protection of new and non-obvious inventions and that
theme is the same across jurisdictions.
Although the format of a patent can vary by jurisdiction,
the information contained is typically very similar. To assist in
visualizing some of the discussion to follow, Fig. 1.1 is a reproduction
of the cover page of a U.S. Utility Patent. There is a lot of useful
information given right on the cover page, including the patent
number (denoted by the number 11 at the top of the page), the
date the patent was issued (denoted with a 45), the title (54), the
inventors (75), the application number (21), the filing date (22),
the relationship of this patent to other patents and applications
(63), and an abstract describing the subject matter of the
patent (57). Other information including the subject matter
classification of the invention (51 and 52) and attorney, agent or
firm prosecuting the application are also listed and may be
useful under certain circumstances. It is important to remember
that the claims, though not shown on the cover sheet, are the
most important part of the patent for most purposes because
they define the metes and bounds of the rights granted by
the patent. In U.S. Patents, the claims are listed at the end of the
patent.

Figure 1.1

Parts of a typical US patent (front page).
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1.2.1.1

U.S. Patent Law

There are three types of patents under U.S. law: utility, plant, and
design. While there may be an occasional exception, the vast
majority of activity in nanomedicine is directed toward utility
patents. Accordingly, the balance of the discussion in the patenting
section will be in the context of utility patents and patent
applications.
Much of the discussion regarding patents will involve
something called “claims.” The claims are a section of the patent
application that specifically delineate the enforceable rights of a
patent holder. Sometimes this is phrased as describing the “metes
and bounds” of the invention. The claims are possibly the most
important part of a patent or patent application and many of
the topics discussed herein revolve around them. The rest of the
patent or patent application is often referred to as the “specification”
and it is in the specification that content such as background
material, examples, and the rest of the material required to meet
the disclosure requirements is found.
In order to obtain a U.S. Patent, an invention must satisfy certain
statutory and nonstatutory requirements. First, the subject matter
of the patent application must be patent eligible subject matter.
Assuming the invention is patent eligible, there are four statutory
requirements that must also be fulfilled. The statutory requirements
are utility, novelty, nonobviousness, and adequate disclosure.
There are various nonstatutory requirements promulgated by the
United States Patent and Trademark Office (USPTO), and these
will not be discussed in this work, as the minutia involved are
much more likely to be confusing in a primer such as this. An
understanding of the major statutory requirements should suffice
to make one better able to understand how certain activities and
courses of development effect the development and issuance of
valid patents. Figure 1.2 shows a conceptual outline of how a patent
application may be analyzed for patentability. Each of the
concepts in Fig. 1.2 is explained below and the figure is meant as
a visual guide and easy reference. Due to the complexity of the
disclosure requirement and the plethora of USPTO promulgated
rules and requirements, these are left out of Fig. 1.2 for the sake of
clarity.
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Invention

Patent Eligible Subject Matter?
(Not Merely an Abstract Idea,
Mathematical Formula, etc.)

No

Yes
Does the Invention Have Utility?
(Is It Useful?)

Yes

No

No

Invention Is
Not Patentable

Is the Invention Novel?
Yes

Yes

Is the Invention Obvious Over
Currently Existing Art?
No
Invention Is Likely
Patentable!

(assuming compliance with
disclosure requirements
and other formalities)

Figure 1.2

1.2.1.2

A conceptual pathway to a patent.

Patent eligible subject matter

There are four broad categories of patent eligible subject matter
designated in 35 U.S.C. §101. These categories are (1) processes
or methods, (2) machines, (3) articles of manufacture, and
(4) compositions of matter [14]. These categories have traditionally
been interpreted very broadly, as evidenced by a famous case
involving oil-eating bacteria [15]. In that case, the United States
Supreme Court, in interpreting 35 U.S.C. §101, previous case law,
and legislative history surrounding the patent acts, came to the
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conclusion that the patent eligible categories are intended to
include, “anything under the sun made by man” [15]. This principle
has long been the benchmark by which patent eligible subject
matter is measured. As such, many nanomedical technologies will
fall comfortably within the realm of patentable subject matter.
Also designated in 35 U.S.C. §101 are three broad categories
of subject matter that are not eligible for patent protection. These
three categories are laws of nature, natural phenomena, and
abstract ideas [16]. The case law surrounding these concepts has
evolved over several decades, and has been a hot topic recently,
with the use of mathematical formulas one of the larger issues.
Specifically, the case law is clear that one cannot obtain a patent
on a mathematical formula; however, the implementation of such a
formula may be patentable so long as the mathematical formula is
implemented in a specific process or apparatus [17]. In other words,
if the mathematical formula is used in a specific method or used to
make a specific apparatus, and the claim cannot be construed as to
limit the use of the mathematical formula itself, then it likely falls
in the realm of patentable subject matter. One fairly narrow but
noteworthy change made under the AIA is that tax strategies are
now also specifically excluded from the realm of patent eligible
subject matter.
As computers became more common in the 1980s, and software
became more valuable, this subject area became a focal point
for the debate over the metes and bounds of patentable subject
matter. Biotechnology has also had its share of issues regarding
patent eligibility. For example, the debate over whether or not
gene and protein sequences are patentable subject matter, and if
so, how must they be claimed, is an active and rapidly evolving area
of patent law [18].* Recently, the USPTO issued revised guidance to
aid innovators and patent practitioners in determining if particular
claims are likely to be considered directed to patentable subject
matter or not.
As nanotechnologies are becoming more valuable, it is
worthwhile to be mindful of these principles as well as the rapidly
changing legal environment surrounding this area of the law.
Although there has not been a significant amount of litigation in
*2014 Interim Guidance on Patent Subject Matter Eligibility, available at: http://www.
uspto.gov/sites/default/files/documents/training%20-%202014%20interim%20g
uidance.pdf (accessed on April 14, 2015)
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this area involving nanomedical technologies, the USPTO has
made some potentially concerning decisions. Specifically, certain
basic building blocks of nanotechnology have not been considered
patent eligible, such as the buckminsterfullerene, though uses of the
molecule were found to be patent eligible [19]. As nanomedicine
develops, we may again see naturally occurring molecules that fall
outside the bounds of patent eligible subject matter. Consideration
of methods or products in which these molecules may be used
should be contemplated, as these innovations likely would be patent
eligible.

1.2.1.3

Statutory requirements: Utility

The first statutory requirement is that an invention must have
utility, or be useful [14]. Courts have held that an invention has
utility if it “provides some identifiable benefit and is capable of
use” [20–22]. On the surface, determining whether an invention
is useful seems a simple task and, in many cases, it is. However,
certain technological areas, in particular the chemical and
biotechnology arts have had problems at times.
U.S. law requires that an invention have a “specific, substantial,
and credible” utility in order to meet this requirement [23]. The
“specific and substantial” components are generally recognized as
mainly excluding “throw away” allegations of utility such as saying
that a new chemical entity is useful as landfill, or that an engineered
bacterium is useful as a paperweight [23]. It is important to note
that the utility requirement does not require that an invention
must be an improvement in the art to which it pertains. The
invention may well be less effective than previous inventions in
an area, and it will not be less patentable for it. Finally, the
“credible” requirement is intended to prevent allegations of
fantastic utility such as a perpetual motion machine or the like.
In general, most nanomedical inventions will have readily
apparent utility. However, it is important not to lose sight of this
requirement, as it can be difficult to recover if a patent examiner
finds that an application does not disclose a “specific, substantial
and credible” utility. It is best not to rely on an examiner’s
knowledge of the field and instead to describe it up front. An
initial invention disclosure is a prime place to get your thoughts
together and outline one or more utilities for an invention and can
save significant trouble down the road.
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1.2.1.4

Statutory requirements: Novelty

The second statutory requirement is novelty [24]. Noting a point of
difference between U.S. and ex-U.S. law is necessary here. The U.S.
was unique in defining novelty based a first-to-invent system,
while the rest of the world followed a first-to-file system [25]. This
changed in March of 2013 when the U.S. switched, at least partially,
to a first-to-file system under the AIA. The U.S. still maintains a
somewhat ambiguous one year grace period for “disclosures”
made by an inventor, so it is arguable whether or not the U.S. truly
became a first-to-file system. A key concept when discussing both
novelty and nonobviousness is “prior art.” In general, information
made publicly available in any form that predates a patent
application’s priority date is considered “prior art.” The form of
disclosure or of the information is not important, and a single copy
of a doctoral thesis that is catalogued in a single library may be
considered prior art just as easily as information posted on the
internet or given in a public presentation.
Table 1.1

Requirements for Prior Art (Pre-AIA)

Circumstance
Publication

Prior patent

Geographical
requirement Temporal requirement
Anywhere in
world
Anywhere in
world

Sale or offer for sale In the U.S.
Public use

In the U.S.

Public knowledge

In the U.S.

Use by others

In the U.S.

Prior to invention, or more than one year
prior to filing
Prior to invention, or more than one year
prior to filing
More than one year prior to filing
More than one year prior to filing
Prior to invention
Prior to invention

Under U.S. law, prior art that may defeat novelty is defined
according to 35 U.S.C. §102. In general, section §102 sets out seven
circumstances that will prevent a patent from being obtained
for an invention, those seven acts are (1) a prior publication,
(2) a prior patent, (3) an abandonment of the invention, (4) a prior
sale or offer for sale, (5) a prior use, (6) prior public and general
knowledge, and (7) a prior invention. The analysis of a particular
piece of prior art is complicated by the fact that certain of these
acts must occur in the U.S. (though this requirement mostly goes
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away under the AIA) in order to properly be considered prior art
against an invention’s novelty, and there is a grace period in the
U.S. regarding certain actions wherein those actions will not defeat
the issuance of a patent for an invention unless those acts took
place more than one year before a patent application was filed
for the invention (this will still exist in a slightly different from under
the AIA). Tables 1.1 and 1.2 outline some of the major features of
prior art under section 102 pre-AIA and post-AIA, respectively.
Table 1.2

Requirements for Prior Art (Post-AIA)

Circumstance

Geographical
requirement

Publication

Anywhere in
world

Prior patent

Anywhere in
world

Sale or offer for sale Anywhere in the
world
Public use

Anywhere in the
world

Use by others

Anywhere in the
world

Public knowledge

Anywhere in the
world

Temporal requirement
Prior to filing, or more than
one year prior to filing if due
to inventor’s disclosure or
derived therefrom
Prior to filing, or more than
one year prior to filing if due
to inventor’s disclosure or
derived therefrom
Prior to filing

Prior to filing, or more than
one year prior to filing if due
to inventor’s disclosure or
derived therefrom
Prior to filing, or more than
one year prior to filing if due
to inventor’s disclosure or
derived therefrom
Prior to filing, or more than
one year prior to filing if due
to inventor’s disclosure or
derived therefrom

In determining whether or not a particular piece of prior art
destroys the novelty of a particular invention, a near-quantitative
analysis is required. First, all of the elements of a particular claim
are considered and then the piece of prior art is examined to see
if each and every one of the identified elements is present. If all of
the elements are present, the invention under consideration will
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not be deemed novel. If the piece of prior art does not disclose all of
the elements of the invention, then the invention is novel, at least
with respect to the particular piece of prior art being considered.
Obviously, a full discussion of how prior art is interpreted is
beyond the scope of this work, and highly qualified counsel should
be sought for advice regarding a specific scenario. However, there
are a few principles that may help you to understand the impact
of potentially harmless-seeming activities.
First, the circumstances underlying when a piece of prior
art is considered “public” may be counter intuitive. As referenced
above, a single copy of a doctoral thesis that is available only in a
single library in a remote nation has been considered public for
the purpose of defeating novelty [26]. Thus, an inventor must be
extremely careful regarding description or discussion of his or her
invention in uncontrolled circumstances. In general, if it becomes
necessary to describe or demonstrate your invention before a
patent application is filed, one should at a minimum secure the
person or group’s signature on a confidentiality or non-disclosure
agreement that has been drafted by an attorney that is competent
in intellectual property issues. Whenever possible, however,
discussing the situation with a competent patent attorney should
be a first step before any disclosures are made. Another point in
this regard is that the “public” means the public anywhere in the
world in many cases, and thus disclosures outside of the United
States may be just as damaging as those made within the borders
of the U.S.
The United States, under the previous first-to-invent system,
and still under the quasi first-to-file system under the AIA, is
somewhat more forgiving with regard to certain public disclosures,
giving a one-year grace period from such a disclosure in which to
file a patent application. With regard to law outside the United
States, on the other hand, it is almost always the case that a single
public disclosure before the filing of a patent application negates
the novelty of the invention for the purposes of patentability,
period. Thus, if an inventor is considering protecting his or her work
outside of the United States, mistakes with regard to disclosures
may be even more costly and one cannot take too much care in
avoiding such disclosures.
Although the AIA provides a one-year grace period for
disclosures made by an inventor, or someone who “derived”
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their disclosure from an inventor, the best practice is to resist the
temptation to disclose an invention until a patent application is on
file! The definitions of a “disclosure” and “derivation” are not clear,
and even if a particular disclosure was “derived” from an inventor’s
“disclosure” the amount of time and resources (money) that may
be required to prove it are likely to be far in excess of the cost of
filing a patent application, particularly a provisional patent
application.
Second, a disclosure may defeat an application for a patent even
if it is the work of the inventor him or herself. Many researchers
understandably find this concept to be absurd since the invention
was the creation of the inventor or inventors and the mere
disclosure of this invention does not change the fact that the
invention was novel. In many cases, it is exactly this novelty that
compels the inventor to disclose the invention in a presentation
or publication, particularly if these activities are the activities that
career progression hinges on, such as in the case of most academic
researchers.
The reason that such a situation has been codified
into law has to do with the fundamental purpose of the patent
systems presently in existence. This purpose is to promote the
progress of science and the “useful arts” [27]. In order to accomplish
this goal, an inventor is given a period of exclusivity during which
he or she may exclude others from practicing his invention [28].
As a part of the quid pro quo with the government, such rights are
given for a limited time and, in order to qualify for this period of
exclusivity, the disclosure of the invention to the public (in the form
of a patent application), must occur as quickly as possible. It is the
goal of getting a disclosure of the invention to the public rapidly
that underlies the potential harshness of some of the novelty
provisions in patent law. The theory is that more rapid disclosures
will trigger more rapid further developments in a field, as those
of skill in the relevant art learn from the inventor and are spurred
to further works of creative genius.
While some of the impact of an inventor’s making disclosures
in advance of filing a patent application may be lessened in the U.S.
under the AIA, the rest of the world does not provide this potential
“cushion” and so care must still be taken, even after the upcoming
change to U.S. patent law is effective. As mentioned above, even in
the U.S., the costs of using the “cushion” provided by the AIA may
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well prove prohibitive to solo inventors and possibly even small
companies, thus making the “cushion” effectively illusory for those
groups.
While some of the provisions of a novelty analysis seem harsh,
being informed of the consequences of disclosure is a powerful
prophylactic, as “forewarned is forearmed” and active respect for
this requirement of patent protection can make self-damaging
disclosures far less likely. Obviously, one can only control one’s
own actions and so filing a patent application as early as possible
is still the best idea since the filing or disclosure of another can
defeat the novelty of a particular invention as easily as the
inventor’s own disclosure can.

1.2.1.5

Statutory requirements: Nonobviousness

The requirement of nonobviousness is directed toward the goal of
not awarding protection as powerful as a patent for trivial advances
in an art. In general, the perspective used for an obviousness
analysis is the perspective of “one of ordinary skill in the art” though
the specific language used to convey this idea may differ across
jurisdictions. It is important to note that the language, “one of
ordinary skill” does not mean an expert in a particular field. As you
can surely imagine, “ordinary skill” may still have many meanings
and such analysis is informed by the industry or field of endeavor
in which the invention was developed. For example, one of skill in
the art of nanomedicine may be considered a practitioner holding
a master’s degree and significant technical training and experience,
while one of skill in the art of carpentry may be a tradesman
with a year or two of experience and no sort of post-secondary
degree.
U.S. law sets out the obvious requirement in 35 U.S.C. §103,
which states:
A patent for a claimed invention may not be obtained, notwithstanding
that the claimed invention is not identically disclosed as set forth in
section 102, if the differences between the claimed invention and the
prior art are such that the claimed invention as a whole would have
been obvious before the effective filing date of the claimed invention
to a person having ordinary skill in the art to which the claimed
invention pertains. Patentability shall not be negated by the manner
in which the invention was made.
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The question of whether or not an invention is obvious is one of
the most common issues patent applicants (and patent examiners)
face. Unlike a novelty assessment, which can almost be viewed
as a quantitative analysis, the question of obviousness relies on a
much more subjective analysis of the disclosures of the prior art,
the difference between the invention at issue and the disclosures of
the prior art, and the level of skill of an ordinary practitioner [29].
From these factors, and perhaps others [30], the Examiner must
determine whether or not to deem the invention obvious.
It is important to note that the U.S. patent system equally
rewards inventors for whom invention was the product of a single
“a-ha!” moment, otherwise known as a “flash of genius,” as well
as inventors who toiled methodically over long periods of time to
arrive at their invention. The simple fact that an invention was
conceived in an instant does not make it more probable that the
invention is obvious, and the last sentence of section 103 makes
this clear—“[p]atentability shall not be negated by the manner
in which the invention was made.”
In 2007, the U.S. Supreme Court drastically changed the analysis
of the nonobviousness requirement [31]. In KSR International
Co. v. Teleflex, Inc., the Court altered what had become the standard
test of an obviousness analysis–the “teaching, suggestion, or
motivation (TSM) test.” Briefly, the TSM test said that an invention
is obvious where a person of ordinary skill in the relevant art would
arrive at the same construct by combining two or more concepts
in the prior art where there is some teaching, suggestion or
motivation to combine them [32]. In KSR, the Supreme Court
rejected the TSM test as the only test for obviousness and further
rejected a “rigid” application of the TSM test, stating that lower
courts may have been too narrow in envisioning what the
hypothetical person of ordinary skill in the relevant art would
consider [33]. While the effects of KSR are still working their
way through the courts, it is clear that the bar an invention
must overcome with respect to nonobviousness was raised by
KSR.
It is important to note that under the AIA, the relevant scope
of prior art available for use in an obviousness rejection expanded,
from those pieces of art available as of the date of invention, to as
of the effective filing date of an application.
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1.2.1.6

Statutory requirements: Adequate disclosure

In addition to the oft-cited requirements of utility, novelty, and
nonobviousness described above, U.S. patent law, and the law of
many other jurisdictions, require a certain level and type of
disclosure. In the U.S., these requirements are outlined in 35 U.S.C.
§112. While section 112 contains several requirements, many are
of interest and concern primarily to patent practitioners and
therefore only the first paragraph of section 112 will be discussed
here. The first paragraph of section 112 states:
The specification shall contain a written description of the invention,
and of the manner and process of making and using it, in such full,
clear, concise, and exact terms as to enable any person skilled in the
art to which it pertains, or with which it is most nearly connected,
to make and use the same, and shall set forth the best mode
contemplated by the inventor of carrying out the invention.

Typically, section 112 is characterized as having three main
requirements: enablement, written description, and the best mode.
Each of these concepts will be discussed in turn.

Enablement

Enablement is the term for the portion of section 112 that requires
that the patent specification enable one of skill in the art to
“make and use” the invention. The enablement requirement is in
place to assure that the quid pro quo of exclusive rights granted by
the government, in exchange for full disclosure by an inventor,
actually occurs. The level of disclosure necessary to meet this
requirement will vary according to the art and is somewhat
subjective, as with the obviousness analysis detailed above.
However, certain guideposts exist to aid in determining how much
disclosure is required.
First, inventors should think carefully about the true breadth
of the invention, as it exists. While, at least in the U.S., you are
entitled to claims of a reasonable scope relative to the examples
described, this is not the case in all nations. In fact, the U.S. view
is significantly more lenient than that of certain other countries,
where the claim scope a patent applicant may expect to receive is
essentially limited to the examples described in the specification
[34]. However, though the U.S. will allow claims of broader scope
than the specific examples described, there are strict limits on
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how broad one may go. In general, U.S. law allows a patent applicant
to use general knowledge in the art to fill in certain “gaps” in the
specification. This is a risky proposition in certain cases, however,
because such an analysis tends to only occur either during
prosecution, when it is too late to add additional material, or
in litigation when the stakes are very high and the potential for
the introduction of evidence costly, risky, and in the context of
an adversarial process. Despite the risks, an applicant does not
typically need to recite commonly known facts and principals
that are inherent or basic in an art. In addition, an applicant may
rely on commonly used definitions of terms in the art, or may be
his own lexicographer and define such terms as desired. It is
important to have a clear understanding of the key terms involved
in describing and claiming an invention and to decide if it is
desirable to specifically define certain terms that are central to a
particular invention.
Second, in some cases and in some arts, it is permissible for
an applicant to have claims of a broad enough scope that some
experimentation is necessary to make and use the full scope of
the claimed invention. However, the line one may not cross is when
the breadth is such that “undue” experimentation is required. This
is another subjective analysis, and reaches a complexity that is
outside the scope of this particular work. However, the most
common test in an analysis of whether or not a particular claim
breadth requires “undue experimentation” is called the Wands
test [35]. The Wands test classically employs eight factors [35] and
they are
(1) the quantity of experimentation necessary,
(2) the amount of direction or guidance presented in the
specification,
(3) the presence or absence of working examples,
(4) the nature of the invention,
(5) the state of the prior art,
(6) the relative skill of those in the art,
(7) the predictability or unpredictability of the art, and
(8) the breadth of the claims [35, 36].

In modern patent law, the presence of working examples
is seemingly more and more important. As with every decision
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regarding intellectual property, it is at some level a business decision,
but the more examples present in a specification, the broader
claims an applicant is likely to get allowed. The diversity of working
examples is also a factor affecting the scope of claims likely to be
issued, with more diverse examples likely supporting a wider issued
claim scope than the presence of only highly related examples.
As the field of nanomedicine is still evolving, issues regarding
the predictability of the art may also play an important role in
many nanomedical patent applications. The chemical and
biotechnological arts have undergone particular scrutiny in this
regard and it is helpful to keep in mind lessons learned in these
fields of endeavor as one moves forward in the patenting process.
One example of this was in Ex Parte Samuelson et al. [37], wherein
a nanotechnology based biosensor for studying how double
stranded DNA hybridizes and how proteins bind to double stranded
DNA. The USPTO rejected the application as not meeting the
enablement requirement because, even though the specification of
the application identified two specific uses for the invention, one
for studying hybridization and one for studying protein binding,
the specification did not contain a working example of an actual
hybridization or application of the invention [37]. The take away
is that it is good practice to include a minimum of one working
example of your invention in a patent application. Obviously, the
more working examples the better in terms of the breadth of
claims that may be allowed, but this must be balanced against the
costs, both in capital and time, to do so.

Written Description

Section 112 also delineates a requirement commonly referred to
as the “written description” requirement. The major function of
the written description requirement is to ensure that a patent
application does not add new matter to an application once it is
filed. To allow otherwise would allow an inventor to secure a
priority date for an application and then update the application
with matter that was discovered or developed after that date. Such
a violation of the quid pro quo inherent in the exchange of patent
law is unacceptable and while different nations may address the
issue in slightly different ways, all have constructs directed to
preventing the addition of new matter to an application.

What Is Intellectual Property

U.S. law has evolved in its treatment of the written description
requirement. The latest guidelines from the United States Patent
and Trademark Office (USPTO) regarding the written description
requirement states that Examiners should ask whether the
specification of the application “clearly allow[s] persons of ordinary
skill in the art to recognize that he or she invented what is claimed”
[38]. This requirement is often characterized as determining
whether the inventor or inventors were “in possession” of the
invention as claimed at the time of filing. The characterization
of written description as a “possession” standard has resulted in
some confusion, which recent cases have tried to clarify. The success
of these cases in this regard is debatable, and inventors must
routinely struggle with this issue during prosecution of an
application.
At times, the written description requirement has been
confused with the enablement requirement, and a recent appellate
court decision analyzed the issue of whether the enablement and
written description requirements are in fact separate [39]. The
Court determined that they are separate requirements, but did
not really give any clear guidelines regarding analysis [39]. Despite
this, there are a few issues and items to keep in mind, as one makes
ready to draft and submit a patent application.
First, careful consideration should be given to ranges and
embodiments recited (or not recited) in a specification. Many
times, a patent application is filed as soon as the inventors are
convinced, their invention “will work” or after just one example
has been achieved. While this may be sufficient in some cases,
often the inventors should take stock of what other embodiments
may be desirable and functional so that these embodiments may
also be captured at least in description, if not in actual examples.
Unfortunately, there are multiple examples of inventors not having
included certain embodiments or an appropriate range of values
in their specification and being precluded from protecting one
or more embodiments that may otherwise have been within a
claimable range [40, 41].
Second, as with the enablement requirement, it is usually of
benefit to have more examples than fewer, as this may allow for the
issuance of broader claims and a greater assortment of available
amendments. A recent major decision in Ariad v. Eli Lilly involved
issues with examples or a lack thereof, where the applicant was
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trying to claim three separate classes of therapeutic molecules,
while providing an actual example of only one [42]. It is becoming
increasingly clear that several examples will be required to obtain
claims directed to a genus of any breadth, particularly in the life
sciences area.

Best Mode

The third requirement of 35 U.S.C. §112 is referred to as the best
mode requirement. The best mode requirement is the most
straightforward of the three section 112 requirements, requiring
simply that the inventor disclose the best way of carrying out the
invention known at the time of filing. It is important to note that
there is no duty to update the best mode once the application is
filed and so development of improvements in items such as
manufacturing an invention, optimal ratios of ingredients, or
optimized procedural steps disclosed in the specification need not
be updated after filing. The enablement and written description
requirements ensure that the person of skill in the relevant art
can make and use the invention and that the scope of the claims is
commensurate with the specification. The best mode requirement
simply prevents an inventor from withholding a preferred manner
or preferred manners of carrying out an invention known at the
time of filing. To allow otherwise would compromise the quid pro
quo of the patent system. Although straightforward, there are a
few principles underlying the best mode requirement that are
useful to keep in mind.
First, while there is no need to update future developments
regarding best mode after filing, the duty to disclose the best mode
at the time of filing is stringent. The requirement does not
differentiate between information that may be considered a trade
secret or otherwise proprietary and, if this information is necessary
to carry out the claimed invention in the best way known at the
time of filing, it must be disclosed [43].
Second, there is no requirement to indicate which mode
disclosed in a specification is considered the best mode. There
have been some court cases alleging a patent applicant “buried”
the best mode in a list of several others, less favored, alternatives
[44, 45]. These cases have pointed to the lack of a statutory
mandate in disclosing which mode is considered the best mode
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and thus, in general, have not penalized a patentee for disclosing
too many modes of carrying out an invention. In many cases, the
courts seem to believe that one of skill in the art can determine
which mode is best and if Congress desired a patent applicant have
a more rigorous duty, it would speak on the issue.
With regard to Best Mode, the AIA has made a somewhat
bizarre change to U.S. law. While purporting not to affect the Best
Mode requirement for patentability purposes, the AIA specifically
removes the use of the Best Mode requirement as a defense to
an allegation of patent infringement. This means that, while
you are still supposed to disclose the Best Mode in order to secure
your patent, you effectively cannot invalidate an issued patent for
failing to do so. Whether or not a showing that a patentee deliberately
failed to disclose the Best Mode will result in other grounds for
invalidation, such as inequitable conduct (lying to the Patent
Office), remains to be seen. While the rationale for this change is
somewhat unclear, the impact of this provision is even more so.

1.2.1.7

Patents: Conclusion

With regard to nanomedical innovations, utility patents likely
present the best choice for protecting one’s inventions and for
acting as a vehicle to help monetize those inventions. While
various reports disagree on exactly how large the “nanotechnology
market” will be in a few years, the numbers are universally high,
with most in the trillions of dollars [46, 48]. In order to secure a
piece of this increasing market, the number of nanotechnology
patent applications has risen steadily over the last several years
and this is not expected to slow down in the near future [9, 49].
While the emergence of “patent thickets” [50], as a consequence
of potential over-patenting in nanotechnology may become more
of an issue in the future, such that patent activity slows in response,
it appears that patenting will continue to be a major pillar of
nanomedical innovation and value creation.

1.2.2

1.2.2.1

Trademark Law
Introduction

Unlike patent law, which is primarily concerned with an exchange
of rights between inventors and the public, regardless of commercial
application, trademark law is only applicable in the context of
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commercial activity. In the context of clinical nanomedicine,
patenting is likely the primary vehicle for protecting and possibly
monetizing one’s innovations, but branding and other market
considerations as also important once commercial readiness is
achieved. The importance of branding can be seen in the several
trademarks being used for nanomedical products, including
NANOMASK®, SILCRYST®, and NANOKNIFE®, among many others
[51].
While a full discussion of trademark law is beyond the scope of
this chapter, what follows is intended to be a primer of the basics
of US trademark law in the hopes that such an understanding
will make is easier to contemplate when filing one or more trade
mark applications makes sense for your venture. Please note that
state law also applies to trademarks and you will want to be sure
that you and your chosen counsel are familiar with the applicable
trademark laws for your situation.

1.2.2.2

What is a trademark?

A federal trademark is defined by statute in 15 U.S.C. §1127 as
“any word, name, symbol, or device, or any combination thereof
(1) used by a person, or
(2) which a person has a bona fide intention to use…,

to identify and distinguish his or her goods, including a unique
product, from those manufactured or sold by others and to indicate
the source of the goods, even if that source is unknown.”

The body of law that defines the federal Trademark Act
is also known as the Lanham Act. The actual authority for the
establishment of a body of federal trademark law is in the U.S.
Constitution itself, specifically Article I, section 8, clause 3 [52].
A central concept in trademark law is that the mark must
uniquely identify your particular goods or services from those of
others. It is important to note that, while several categories of
trademark-appropriate subject matter are designated in the 15
U.S.C. §1127, under certain circumstances, other things such as
color, sound, and smell may be used as trademarks [53]. Examples
of trademarks are found almost everywhere with familiar examples
including Nike’s “swoosh,” Coca-Cola, and McDonalds’ “golden
arches.” Another important concept in trademark law is that of
trade dress, typically found in product packaging and possibly
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product configuration. These terms will not be further explored
here, but several good sources of information exist to better explain
them, for the curious.†
Another central concept in trademark law is that of use. In
order to secure and maintain rights in a mark, it must be “used
in commerce”. This is true whether or not federal registration is
desired and sought. While there are some circumstances under
which use may be delayed or suspended for a finite period of time
without losing rights in a mark, it is good practice to maintain
bona fide use of a mark at all times.

1.2.2.3 Distinctiveness

Because trademarks are designators of origin or source, it is
important that each mark be distinctive of one’s goods or services.
Distinctiveness can either be inherent to a mark, as in the case
where a mark is arbitrary or fanciful for the goods it is used on
[54], or distinctiveness may be acquired for a mark through use
and development of “secondary meaning” of the mark. Secondary
meaning means that the mark, though not distinctive in itself,
has acquired some meaning to the public beyond the obvious
meaning of the words and/or images in the mark itself [55]. In
either case, a mark must be distinctive before it can achieve federal
registration.

1.2.2.4

Is registration required?

While patents require an application and eventual issue in order
to provide rights, trademarks are different in that certain rights
to a mark accrue simply through its use “in commerce” [56]. The
phrase “in commerce” has a special meaning in trademark law
and is defined in statute as “the bona fide use of a mark in the
ordinary course of trade, and not merely to reserve a right in a
mark” [57]. It is important to note that “commerce” as discussed in
the federal laws means interstate commerce, as purely intrastate
commerce, with no meaningful interstate component, brings
the use outside of federal jurisdiction for trademark purposes.
Additionally, language added in the Trademark Law Amendment
Act of 1988 was directed to prevention of “token sales” or “sham
†USPTO

Publication “Protecting Your Trademark”, available at http://www.uspto.
gov/sites/default/files/trademarks/basics/BasicFacts.pdf.
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sales” that were not made in the ordinary course of business and
were made purely to reserve rights in a particular mark. Prior to
1988, it was not uncommon for large companies to “sell” small
shipments of a product with a mark of potential interest to a
subsidiary company in order to reserve rights in a mark. This was
done on a fairly large scale, until Congress statutorily frowned on
this practice.
A mark holder may accrue priority of use for the goods and
services for which the mark is used in the geographic area in which
they are used without federal registration. A mark for which this
is done is called a “common law trademark.” A key consideration
in foregoing federal registration is that others can use the mark
in other geographic regions, potentially endangering expansion
plans. While this and other disadvantages of proceeding without
a federal registration may be unacceptable for expansion-minded
companies, for other, local enterprises, it may be just fine. In the
context of potentially world-changing nanomedical technologies,
it is very likely that federal registration will be desired in order to
maximize the power of the technology’s “brand.”
Choosing to register a mark with the Trademark Office
(which is a part of the USPTO) provides several advantages. These
advantages include [58]
(1) public notice of your claim of ownership of the mark,
(2) a legal presumption of your ownership of the mark and
your exclusive right to use the mark nationwide on or in
connection with the goods/services listed in the registration,
(3) the ability to bring an action concerning the mark in federal
court,
(4) the ability to record the U.S. registration with the U.S. Customs
and Border Protection Service to prevent the importation
of infringing goods,
(5) the right to use the federal registration symbol®,
(6) the ability to use the U.S. registration as a basis to obtain
registration internationally, and
(7) listing of your mark and registration information in the
USPTO’s online databases.

Obviously, these advantages are significant and, in many
cases, well worth the time and cost involved in obtaining federal
registration of your mark or marks.
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1.2.2.5

Trademark infringement

Once you have decided how to use and protect your mark, either
via federal registration or relying on common law protection, your
job is not done. A mark holder must remain vigilant and police
his or her own mark, as there is no government body that does
this for you. Allowing use of a potentially infringing mark is not
recommended for several reasons, including a possible assertion
of implied right to use the mark. While a full discussion of
trademark infringement is beyond the scope of this work, this
section is intended to give you a basic starting point in assessing
whether or not the other mark is actually potentially infringing.
The core statutory provision directed to infringement of
federally registered marks is 15 U.S.C. §1114. This section states,
in part:
(1) Any person who shall, without the consent of the registrant—

(a) Use in commerce any reproduction, counterfeit, copy or
colorable imitation of a registered mark in connection with
the sale…shall be liable in a civil action by the registrant…

The critical concept in assessing infringement of a trademark
is “likelihood of confusion.” Federal courts have determined that,
since trademarks are intended to designate the source or origin of
a good or service, any use of the mark or an approximation thereof
that may lead to consumer confusion is an infringement of the
rights in that mark. It is important to note that the registrant of a
mark (or the owner of a common law mark) must only show
a likelihood of consumer confusion, not actual confusion by
consumers.
While all Circuit Courts of Appeals use the likelihood of
confusion analysis, each Circuit tends to use somewhat different
wording for the factors considered in determining whether or
not a likelihood of confusion exists in a particular situation. One
of the seminal cases in this area, Polaroid Corp. v. Polarad Elects.
Corp. [59], lists the following non-exclusive factors that a court
may consider
(1) the strength of the plaintiff’s mark,
(2) the degree of similarity between the plaintiff’s and the
defendant’s marks,
(3) the proximity of the products or services,
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(4)
(5)
(6)
(7)
(8)

the likelihood that the plaintiff will bridge the gap,
evidence of actual confusion,
defendant’s good faith in adopting the mark,
the quality of the defendant’s goods or services, and
the sophistication of the buyers.

While some of these factors are straightforward, a few warrant
further discussion here, in order to help you frame your initial
analysis of a potentially infringing mark. First, factor three, the
“proximity of the products or services” means, how related are the
products or services? Are they competing products or are there
completely unrelated? If the products are completely unrelated,
it is much less likely that consumers will be confused, since the
consumers for each product or service are likely to be different
people.
Second, factor four, the “likelihood plaintiff will bridge the
gap” means the likelihood that the plaintiff mark holder will
expand his or her business into the markets used by the potential
infringer. This factor can be particularly important where a
company is relatively new and, though there may be plans for
expansion of goods bearing a mark, the company has had to roll
out the mark-bearing products in stages, due to financial or other
reasons.
Third, factor eight, the “sophistication of the buyers,” takes
into account the fact that if the relevant good is a million dollar
piece of research equipment, the buyer is much more likely to
pay special attention to where the product comes from and note
smaller differences in a mark and associated goods than would
the buyer of a pair of $10 shoes. This factor makes sure real world
purchasing conditions are considered in assessing whether or not
a likelihood of confusion exists.
Obviously, this analysis is very complex and competent counsel
should be retained if it appears that there is a real possibility of
infringement. However, this section gives you an idea of what may
or may not be important in an initial consideration of a potentially
infringing mark. For nanomedical products, the value of a brand
may be considerable and even though patent rights may arguably
be more valuable in certain circumstances, trademark rights
should also be considered as potentially core assets.
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1.2.2.6

Trademarks: Conclusion

While trademarks may not be as central in protecting nanomedical
innovations directly, they can still be powerful tools. A mark that
is associated with quality and superior innovation can be as
valuable as a new product in certain circumstances. In addition,
the cost of securing a registered trademark tends to be much lower
than the cost to secure an issued patent. In sum, consideration of
trademarks and branding as a component in your intellectual
property strategy can greatly add to the value of a corporate
entity and pay serious dividends in terms of marketing and even
securing financing.

1.2.3

Copyright Law

With regard to its import with respect to clinical nanomedicine,
copyright law may be of only peripheral interest. Much of the
value in nanomedical innovations will likely be protected through
a combination of patent and trademark protection. Accordingly,
copyright law will be touched upon only briefly so that you may
become acquainted with what a copyright really protects in case
your particular situation makes copyright an attractive form of
protection for some aspect of your work.
As with the patent law, the basis for federal copyright law
stems from Article I, section 8 of the U.S. Constitution [60].
Section 102(a) of the Copyright Act captures the scope of copyright
eligible subject matter as “…original works of authorship fixed in
any tangible medium of expression.” This scope is often understood
by saying copyright protects the expression of ideas, but not the
ideas themselves. This concept is further embodied in section 102(b)
of the Copyright Act, saying:
[i]n no case does copyright expression for an original work of
authorship extend to any idea, procedure, process, system, method
of operation, concept, principle, or discovery, regardless of the form
in which it is described, explained, illustrated, or embodied in such
work.

Thus, the expression of an idea, be it through poetic verse or
computer code, may be protected while not denying the public the
idea itself, and maintaining our right to free speech. The analysis
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of what exactly constitutes an idea versus an expression of an idea
can be a subtle and complex thing, and this work will not endeavor
to untangle those intricacies. Instead, the following constitutes
some basic principles of copyright law that are expected to be
useful in gaining a basic understanding of how copyright law
applies in certain common real life scenarios.

1.2.3.1

Basic requirements of copyright

While we know that the expression of an idea may be protected by
copyright, the other requirements necessary to invoke copyright
protection must also be discussed. First, there is a requirement
of originality, that is, the expression you are attempting to protect
via copyright must have been independently created by the author
and not merely copied [61]. Second, there must be at least some
level of creativity in the work. This level of creativity may be
extremely low, with the white pages of a phonebook being one of
the few works that falls below the required level [62].

1.2.3.2

Rights granted by copyright

While copyright is often described and discussed as if it were a
single unitary concept, a copyright actually grants an author a
“bundle” of rights. Section 106 of the Copyright Act delineates the
specific rights an author has in his or her work [63]:
(1) To reproduce the copyrighted work in copies or phonorecords;
(2) To prepare derivative works based upon the copyrighted
work;
(3) To distribute copies or phonorecords of the copyrighted
work to the public by sale or other transfer of ownership, or
by rental, lease, or lending;
(4) In the case of literary, musical, dramatic, and choreographic
works, pantomimes, and motion pictures and other
audiovisual works, to perform the copyrighted work publicly;
(5) In the case of literary, musical, dramatic, and choreographic
works, pantomimes, and pictorial, graphic, or sculptural
works, including the individual images of a motion picture
or other audiovisual work, to display the copyrighted work
publicly; and
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(6) In the case of sound recordings, to perform the copyrighted
work publicly by means of digital audio transmission.

A central concept in copyright is that each of these rights in the
“bundle” may be licensed in whole or in part, in any way the author
wishes and sees fit. Thus, a single copyright may have several owners,
each are owners of certain rights with regard to the copyrighted
work. For instance, if a movie is a copyrighted work at issue,
Owner A may have the right to rent copies of a movie to individual
consumers, invoking the “distribution right,” while another person,
Owner B, may have the right to publicly show the movie in a movie
theater, employing the “display right.” If either Owner A or Owner
B uses the copyrighted movie in a way that intrudes on the right
of the other, they may be sued for copyright infringement, even
though they each “own” a part of the copyrighted work. This
separability of rights is critical to the current functioning of our
entertainment industries, among others.

1.2.3.3

Is registration required to receive protection?

Much like in trademark law, rights accrue as soon as the author
of copyrightable work fixes the work in a tangible medium of
expression [64]. The entirety of the bundle of rights described above
will accrue to an author without copyright registration. However,
copyright registration does provide certain benefits, including the
following:
(1) establishing a public record of your copyright claim;
(2) being able to file an infringement suit in court;
(3) being able to record the registration with the U.S. Custom
Service for protection against the import of infringing copies;
(4) if registration occurs within five years of publication, there
will be a presumption that the registration is valid and the
facts stated in the certificate are true.

There are other benefits and intricacies involved in the
registration of copyright, which will not be covered in this primer
[65]. Perhaps the item that is of most direct use is item two, being
able to file an infringement suit in court. When considering filing
a registration on a copyright, the likelihood of infringement should
be considered, as there are multiple advantages to filing a
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registration as early as possible if infringement is expected, with
being able to actually file suit being one of the major items.

1.2.3.4

Copyright: Conclusion

Although copyright law may be of peripheral interest in the
context of clinical nanomedicine, it is applicable in many areas of
life, with the biggest examples being the entertainment and
publishing industries. Because the state of nanoscience is evolving
and may at some point include artistic works that may be considered
valuable expression of ideas, having a basic grasp of what a copyright
is and some of the basic information surrounding registration
may be useful. In addition, because so much of our world touches
upon copyright at some level, hopefully this section satisfies a
more general interest as well.

1.2.4 Trade Secret Law

Unlike patent, trademark, and copyright law, there is no central
body of federal law governing trade secret protection. The definition
and laws and rules surrounding trade secrets are state-specific,
though certain Uniform Acts exist in an effort to encourage some
uniformity. However, these Uniform Acts or other proposed schemes
are not enforceable on their own and must be adopted by a state
to have legal effect. While the significant majority of states have
adopted a scheme such as the Uniform Trade Secret Act (UTSA),
either with modification or as written, not all have [66]. Because
there is such diversity in the applicable laws and rules, this section
is going to focus on only some basic elements of the UTSA.

1.2.4.1

What is a trade secret?

Trade secrets are by far the broadest category of intellectual
property. There is no novelty requirement for a trade secret and
though it may qualify for patent or copyright protection, it does
not need to. The UTSA defines a trade secret as follows:
“Trade Secret” means information, including a formula, pattern,
compilation, program device, method, technique, or process, that:
(i) derives independent economic value, actual or potential, from
not being generally known to, and not being readily ascertainable
by proper means by, other persons who can obtain economic value
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from its disclosure or use, and (ii) is the subject of efforts that are
reasonable under the circumstances to maintain its secrecy [67].

Because the purview of trade secret protection is potentially
so broad, a further exploration of some of the key terms in
the definition is appropriate. First, the term “information” is
foundational in the definition of a trade secret. Information may
have several definitions, however, with respect to a discussion of
trade secrets, the following definition is useful “a signal or character
representing data” [68]. As you can tell from this very broad
definition, given the appropriate economic effects of having versus
not having the information and the measures used to protect it,
knowledge may be nearly anything from customer lists to a design
for toys, to a chemical formula or recipe [69]. Even “know-how”
related to the application of a patented or unpatented invention
may be considered a trade secret.
A second portion of the definition that is fundamental to
an understanding of the characteristics of a trade secret is the
term “value.” As described in the definition, the fact that a piece
of information is valuable is not enough to allow for trade secret
protection. Instead, it is required that at least a portion of the
value of the information must arise due to the information’s not
being generally known or readily accessible to others. While the
quantum of value necessary for information to be considered a
trade secret is not specifically delineated, logically, the information
must be valuable enough to justify efforts at maintaining secrecy of
the information and the cost of enforcing the information’s status
in court.
A third component of the definition of a trade secret that is
vital, but can be confusing or vague, is the requirement that the
information be subject to “efforts that are reasonable under the
circumstances to maintain its secrecy.” In general, the greater
the efforts taken to protect the secrecy of information, the greater
the chance that a court would consider it to be a trade secret as
long as the information otherwise meets the required criteria.
This must be balanced against the value of the information and
how it is used by the trade secret owner. Efforts commonly used
to aid in protecting trade secrets include: informing employees
who are exposed to trade secret information of the status of the
information and the need for secrecy; controlling the disclosure of
trade secret information to “need to know” employees; and
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physically controlling access to the information through the use
of secured containers such as a safe, or through locked doors,
password-protected files, etc.
It is important to note that even though disclosure of a trade
secret must be carefully considered and controlled, disclosure
in itself does not destroy trade secret status per se. The use of a
properly crafted confidentiality agreement or other express or
implied obligation not to disclose the information on the part
of the party receiving the information may be enough to allow
for disclosure of the trade secret without loss of trade secret
status and the ability to protect it. If one considers the reality of
business, this makes sense and indeed allows trade secrets to truly
be considered a useful, transferable asset. For instance, a business
may be trying to sell the trade secret in order to reduce non-core
efforts and expenditures. In addition, there often must be some
disclosure, even if it is within a company, in that certain employees
may have to know certain aspects of a trade secret, perhaps even
the entire trade secret, in order for the company to use the trade
secret.

1.2.4.2

Trade secrets: Conclusion

Trade secret protection may be a very attractive option for
innovators of nanomedical technologies. Particularly in situations
of a startup company or other low capital situations, trade secret
protection may be the only option for technologies where the
expense associated with patent protection does not make sense or
is unavailable for some reason. Keeping in mind the definition of
trade secrets and carefully and intentionally creating and enforcing
efforts to maintain secrecy is not an inconsiderable undertaking.
However, if integrated into a culture of innovation at an institution,
the efforts can be quite manageable and even helpful in conducting
operations.

1.3

Closing Comments

Obviously, no single work can fully describe all of the issues
surrounding intellectual property, or even a single type thereof.
However, this work is intended to examine some of the basic
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issues relevant to the major types of intellectual property in
such a way as to allow a non-practitioner to absorb usable
information. Armed with this information, it is hoped that the
reader can better understand how the innovations he or she
produces are affected by intellectual property laws, as well as how
certain behaviors can affect resultant intellectual property rights.
Likely, many of you are focused on the patenting aspects
of intellectual property, and rightfully so. As mentioned above,
this is where the lion’s share of the value is likely to be with
respect to nanomedical innovations. However, it is important to
keep in mind that there is significant value in the other types of
intellectual property, namely, trademarks, copyrights, and trade
secrets. Depending upon whether you are an academic researcher
or a corporate researcher, your motivations and exposure to
different types of intellectual property issues are likely to vary
wildly. What does not vary across research settings is that
innovation is increasingly becoming a currency of sorts, and
intellectual property, such as patents, is becoming the vehicle
through which that currency is exchanged. Increasingly, whole
nations are focusing more and more on the effects of intellectual
property and how intellectual property rights affect the economy.
Ignoring intellectual property and its controlling laws is no
longer a viable choice for innovators. The stakes are too high and
the competition too fierce. In the realm of clinical nanomedicine,
familiarity with intellectual property concepts and a focus on
strategy may very well make the difference between success and
failure in the marketplace.

Disclosures and Conflict of Interest

The author declares that he has no conflict of interest and has
no affiliations or financial involvement with any organization
or entity discussed in this chapter. This includes employment,
consultancies, honoraria, grants, stock ownership or options,
expert testimony, patents (received or pending), or royalties. No
writing assistance was utilized in the production of this chapter
and the author received no payment for its preparation. The
findings and conclusions of this chapter reflect the current views
of the author. They should not be attributed, in whole or in part,

35

36

An Intellectual Property Primer for Nanomedical Researchers and Engineers

to the organization with which he is affiliated, nor should they
be considered as expressing an opinion with regard to the merits
of any particular company or product discussed herein. Nothing
contained herein is to be considered as the rendering of legal
advice.

Corresponding Author

Dr. Brian Reese
Choate Hall & Stewart LLP
2 International Place
Boston, MA 02110, USA
Email: breese@choate.com

About the Author

Brian E. Reese is a patent attorney with
Choate Hall & Stewart LLP in Boston, MA. In
his practice, Brian counsels clients of all sizes
from startups to Fortune 100 companies regarding
intellectual property strategy and mobilization
of intellectual assets to maximize value creation.
Prior to practicing law, Brian was an equities
analyst, covering life sciences companies in the small to mid-cap
space. Brian received his JD from Albany law school in 2009, a PhD
in neuroscience and an MBA from Pennsylvania State University
in 2005 and 2003, respectively, and a BS in cellular biochemistry
from SUNY Plattsburgh in 2000.

References

1. Nanospectra Biosciences, Inc., Publications Page. Available at: http://
www.nanospectra.com/clinicians/spublications.html (accessed on
April 9, 2015).

2. Mozafari, M. R. (2006). Bioactive entrapment and targeting using
nanocarrier technologies: An introduction. In: Mozafari, M. R., ed.
Nanocarrier Technologies: Frontiers of Nanotherapy, pp. 10–11.
See also, Patel, G. B., Chen, W. (2006). Archaeosomes as drug and
vaccine nanodelivery systems. In: Mozafari, M. R. (ed.) Nanocarrier
Technologies: Frontiers of Nanotherapy, Published by Springer (New
York, NY), pp. 25–34.

References

3. Nie, S., Yun, X., Gloria, K. J., Simmons, J. W. (2007). Nanotechnology
applications in cancer. Ann. Rev. Biomed. Eng., 9, 257–288.

4. Tokumasu, F., Fairhurst, R., Ostera, G. R., Brittain, N., Hwang, J., Wellems,
T., Dvorak, J. (2005). Band 3 modifications in Plasmodium falciparuminfected AA and CC erythrocytes assayed by autocorrelation analysis
using quantum dots. J. Cell Sci., 118(5), 1091–1098.
5. Dahan, M., Lévi, S., Luccardini, C., Rostaing, P., Riveau, B., Triller, A.
(2003). Diffusion dynamics of glycine receptors revealed by singlequantum dot tracking. Science, 302(5644), 442–445.

6. Freitas Jr., R. A. (2003). Nanomedicine, Volume IIA: Biocompatibility.
Landes Bioscience, USA.

7. Freitas, R. A., Jr., Havukkala, I. (2005). Current status of nanomedicine
and medical nanorobotics. J. Comput. Theor. Nanosci., 2, 1–25.
8. Lemley, M. A. (2005). Patenting nanotechnology. Stanford Law Rev.,
58, 601–637.

9. Bawa, R. (2008). Nanotechnology patent proliferation and the crisis
at the U.S. Patent Office. Albany Law J. Sci. Technol., 17, 699–735.

10. Holly, K. (2010). Why funding university innovation matters, Forbes.
com commentary (stating that more than $50 billion is spent by the
federal government each year to promote university research and
innovation). Available at: http://www.forbes.com/2010/06/29/
venture-capital-incubators-technology-breakthroughs-universities.
html (accessed on April 9, 2015).
11. Krimsky, S. (2006). Autonomy, disinterest, and entrepreneurial science.
Society, May/June, 22–29.
12. Calkins, J. (2012). The America Invents Act: Summarizing the
statute. Pharm. Patent Analyst, 1(1), 13–16.

13. Uthaman, S. B., Lu, D. L., Kowalski, T. J. (2012). US patent reform 2011:
A few things to remember. Pharm. Patent Analyst, 1(2), 121–123.
14. 35 U.S.C. §101.

15. Diamond v. Chakrabarty, 447 U.S. 303, 206 U.S.P.Q. 193 (1980).
16. Diamond v. Diehr, 450 U.S. 175, 185, 209 U.S.P.Q. 1, 7 (1981).

17. Arrhythmia Research Technology, Inc. v. Corazonix Corp., 958 F.2d
1053, 22 U.S.P.Q.2d 1033 (Fed. Cir. 1992).
18. Schilling, S. H. (2011). DNA as patentable subject matter and a
narrow framework for addressing the perceived problems caused by
gene patents. Duke Law J., 61(3), 731–773.

19. Lemley, M. A. (2005). Patenting nanotechnology. Stanford Law Rev., 58,
601–637 (citing Kroto, H. W., et al. (1985). C60: Buckminsterfullerene.
Nature, 318, 162–163).

37

38

An Intellectual Property Primer for Nanomedical Researchers and Engineers

20. Brenner v. Manson, 383 U.S. 519, 534, 86 S.Ct. 1033, 16 L.Ed.2d 69
(1966).

21. Brooktree Corp. v. Advanced Micro Devices, Inc., 977 F.2d 1555, 1571
(Fed. Cir. 1992).
22. Fuller v. Berger, 120 F. 274, 275 (7th Cir. 1903).

23. USPTO. (2001). Guidelines for Examination of Applications for
Compliance with the Utility Requirement, Manual of Patent Examining
Procedure, 8th ed., Rule 2107. Available at: http://www.uspto.gov/
web/offices/pac/mpep/s2107.html (accessed on April 9, 2015).
24. 35 U.S.C. §102.

25. Martin, M. F. (2009). The end of the first-to-invent rule: A concise
history of its origins. Intellect. Property Rev., 49, 435–467.
26. In re Hall, 781 F.2d 897, 228 U.S.P.Q. 453 (Fed. Cir. 1986).

27. U.S. Constitution, Article 1, section 8, clause 8. This is only one such
statute, but it exemplifies the spirit upon which modern statutory
patent schemes are built.
28. Specifically, in the case of U.S. law, during the period of a patent
protection, others are prevented from making, using, selling, offering
for sale, or importing the invention into the United States.
29. Graham v. John Deere Co., 383 U.S. 1, 148 U.S.P.Q. 459 (1966).

30. In certain cases, additional secondary considerations including the
commercial success of an invention, a long felt but unsolved need
addressed by the invention, the failure of others to achieve the goal
of the invention and perhaps others, may be considered. See Graham
v. John Deere, 383 U.S. 1, 148 U.S.P.Q. 459 (1966).
31. KSR International Co. v. Teleflex, Inc., 127 S.Ct. 1727 (2007).

32. Pro-Mold & Tool Co. v. Great Lakes Plastics, Inc., 75 F.3d 1568, 1573
(Fed. Cir. 1996).
33. KSR, 127 S.Ct. at 1743.

34. Some of the nations that are much more limiting in the scope of
allowed claims relative to the examples described in the specification
include India, China and Japan, among others.
35. In re Wands, 858 F.2d 731 (1988).

36. Enzo Biochem, Inc. v. Calgene, Inc., 188 F.3d 1362, 52 U.S.P.Q.2d 1129
(Fed. Cir. 1999).
37. Ex Parte Samuelson et al., 2009 WL890080 (Board of Patent Appeals
and Interferences, US Patent & Trademark Office, 2009).

References

38. USPTO, Standard for Determining Compliance with the Written
Description Requirement, Manual of Patent Examining Procedure
(MPEP), 8th ed., Available at: http://www.uspto.gov/web/offices/
pac/mpep/s2163.html (accessed on April 9, 2015).
39. Ariad Pharmaceuticals, Inc. v. Eli Lilly and Co., 598 F.3d 1336
(Fed. Cir. 2010).
40. Ex Parte Waldmann et al., 2011 WL 2661226 (Board of Patent
Appeals and Interferences, US Patent & Trademark Office 2011).
41. Ex Parte Vilanova et al., 2011 WL 2535219.
42. Ariad, 598 F.3d at 1340-1341.

43. Chemcast Corp. v. Arco Industries Corp., 913 F.2d 923, 16 U.S.P.Q.2d
1033 (Fed. Cir. 1990).
44. Randomex, Inc. v. Scopus Corp., 849 F.2d 585, 7 U.S.P.Q.2d 1050
(Fed. Cir. 1988).

45. Shearing v. Iolab Corp., 975 F.2d 1541, 24 U.S.P.Q.2d 1133 (Fed. Cir.
1992).

46. National Science Foundation (2001). Societal Implications of
Nanoscience and Nanotechnology (Roco, M. C., Bainbridge, W. S., eds.)
(stating that the nanotechnology market is expected to reach $1
trillion by 2015). Available at: http://www.wtec.org/loyola/nano/
NSET.Societal.Implications/nanosi.pdf (accessed on April 9, 2015).

47. Lux Research (2004). Sizing Nanotechnology’s Value Chain (stating
that the market for products incorporating nanotechnology is
expected to top $2.5 trillion by 2015).
48. Liota, T., Tzitzios, V. (2006). Investing in nanotechnology, Nanotechnol.
Law Bus., 3(4), 521–534.
49. Bawa, R. (2004). Nanotechnology patenting in the U.S. Nanotechnol.
Law Bus., 1(1), 31–52.
50. Morrow, K. J., Bawa, R., Wei, C. (2007). Recent advances in basic and
clinical nanomedicine, Med. Clin. N. Am., 91, 805–843.

51. The NANOMASK mark belongs to Nano-Mask, Inc and is used for
respiratory masks; SILCRYST belongs to Nucryst Pharmaceuticals
Corp. for coatings for medical instruments and wound dressings;
and NANOKNIFE® is owned by Angiodynamics, Inc. for medical
instruments.
52. Section 8 reads “Congress shall have power to….” and clause 3 states
“Regulate Commerce with foreign nations, and among the several
states, and with Indian tribes.”

39

40

An Intellectual Property Primer for Nanomedical Researchers and Engineers

53. Two examples of such non-traditional trademarks are NBC’s
familiar three tone jingle (G3, E4, C4), and United Parcel Services’
trademark of the color brown for their parcel delivery services.
54. Examples of such marks include APPLE® for computers and
KODAK® for photographic products and other uses.
55. Examples of marks that have acquired secondary meaning include
KOOL® for cigarettes and CHAP STICK® for lip balm.

56. In certain circumstances, an application for registration may be
filed in advance of actual use in commerce under 15 U.S.C. §1051 and
15 U.S.C. §1057 as an “intent to use” application. There are certain
additional requirements necessary to use this route of application
and evidence of actual use will be required before the mark is actually
registered.
57. 15 U.S.C. §1127.

58. USPTO, Basic Facts About Trademarks, 2010. Available at http://www.
uspto.gov/trademarks/basics/BasicFacts_with_correct_links.pdf
(accessed on April 9, 2015).
59. Polaroid Corp. v. Polarad Elects. Corp., 287 F.2d 492 (2d Cir. 1961),
cert. denied 368 U.S. 820 (1961).

60. “The Congress shall have the power…To promote the progress of
Science and useful Arts, by securing for limited Times to Authors
and Inventors the exclusive right to their respective Writings and
Discoveries.”

61. Note that this requirement of originality is distinct form a novelty
requirement. This is because, in certain circumstances, a work may
be original even if it closely resembles another work, so long as the
resemblance is fortuitous and not the result of copying.
62. Feist Publications, Inc. v. Rural Telephone Service Co., Inc., 499 U.S.
340, 11 S.Ct. 1282 (1991).
63. 17 U.S.C. §106.

64. See 17 U.S.C. §102(a) “Copyright protection subsists…in original
works of authorship fixed in any tangible medium of expression…”

65. For those who are interested, the Copyright Office provides a useful
publication entitled “Copyright Basics” that contains must useful
information and directions to more advanced material, if desired.
Available at: http://www.copyright.gov/circs/circ01.pdf (accessed on
April 9, 2015).
66. Piper, J. (2008). I have a secret? Applying the Uniform Trade Secrets
Act to confidential information that does not rise to the level of
trade secret status. Marquette IP Law Rev., 12(2), 360–383.

References

67. The Uniform Trade Secrets Act §§1(4).

68. Merriam-Webster Online. Available at: http://www.merriam-webster.
com/(search for “information”) (accessed on April 9, 2015).

69. Famous examples of trade secrets include the formula for Coca-Cola,
the recipe for Kentucky Fried Chicken (the eleven herbs and spices),
the formula for WD40, and the recipe for Krispy Kreme donuts.

41

Chapter 2

Strategic Intellectual Property
Management: Building IP Portfolios
Jeffery P. Langer, PhD, JD
Osha Liang LLP, Alexandria, Virginia, USA

Keywords: intellectual property (IP), strategic intellectual property
management, intellectual property portfolio, patent, trade secret, copyright,
trademark, patent thicket, patent clearance, Patent Cooperation Treaty
(PCT), America Invents Act (AIA), IP acquisition, IP portfolio strategies

2.1

Introduction

Intellectual property (IP) is a valuable asset. It is as valuable, if not
more so, than traditional “hard assets” in today’s economy [1, 2].
In fact, IP assets may comprise the bulk of a startup company’s
actual worth, particularly when the underlying technology is nanotechnology. Nevertheless, companies frequently fail to implement
any IP portfolio strategy [3]. This can result in lost opportunities
and increased costs for businesses.
Identifying a core strategy is one problem that all companies
can address. Indeed, strategic management of an IP portfolio
can provide numerous benefits to companies during all stages of
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development, from startup to a mature enterprise. Having a coherent
and well-thought-out strategy will assist a company in maximizing
its effectiveness in building and maintaining its IP portfolio. In
contrast, failing to adopt or implement a strategy for building and
maintaining an IP portfolio can result in higher procurement costs
and missed opportunities to exploit IP assets. This chapter provides
an overview of IP portfolio management strategies that can form the
basis of an IP portfolio management strategy. General guidelines for
implementing building a robust portfolio are also discussed.

2.2

Comprehensive Intellectual Property
Portfolios

Four forms of IP are summarized in Table 2.1. Although much of
the discussion below focuses on patents, which tend to be the
dominate component of an IP portfolio for high tech companies, it
is important to understand that different forms of IP may be used
to build a robust portfolio. As used here, a comprehensive IP
portfolio will typically include, at a minimum:
• a patent or patents having device and method claims covering
the invention;
• a trademark protecting the trade name and often trade
dress of any product incorporating the underlying patented
technology;
• copyrights covering any computer code related to the
invention and potentially technical documents for products
incorporating the patented technology, as well as website
domain names associated with the product or company;
and
• trade secrets that include any confidential information that
has commercial value to the company and is not patented or
eligible for patent protection.

Having a comprehensive portfolio provides an IP owner various
options for enforcement. Either prior to forming, or in conjunction
with obtaining the comprehensive IP portfolio, strategic planning
can maximize the value of the portfolio while minimizing costs
associated with building the portfolio.

IP Portfolio Strategies

Table 2.1
Type of IP

Types of IP protection

What is protected?

Trade secrets Confidential information
having economic value
Trademarks
Copyrights
Patents

2.3

Integrity of source of
product and company’s
accumulated goodwill

Term of Protection
Potentially indefinite, absent
discovery by others
Potentially indefinite, may
require ongoing use in
business

Originality of how an idea Minimum of 50 years in TRIP
is expressed (e.g., software signatory nations [4], variable
in other nations
source code; brochures;
books; configurations)
Ideas and designs

IP Portfolio Strategies

Generally a minimum of 20
years from the earliest filing
date [5], but shorter term
patents also available in some
nations

There are several questions to consider when building an IP
portfolio. Is the technology likely to result in a single product with
a narrow application or span a variety of applications that all rely
on the underlying technology? How mature is the technology area
and how long is it likely that the specific technology will remain
relevant? Will the end product require substantial investment
in order to be allowed on the market, for example overcoming
regulatory hurdles for medical devices or pharmaceuticals? The
answers to these questions provide some guidance on the
appropriate strategy for portfolio development.
Generally speaking, there are four strategies that, either alone
or in combination, drive IP acquisition. These strategies may be
categorized as falling into one of four goal-driven purposes [6]:
• a defensive strategy
• an aggressive strategy
• a collaborative strategy
• a return on investment-driven strategy
These strategies are summarized in Table 2.2 and discussed
in greater detail below.
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• Reduced likelihood of litigation
between pool and standards
members
• Shared risk and reward for
developing new technology
• Potential for revenue via licensing
and sale
• Potential freedom to operate via
cross-licensing agreements

Return on Investment
(ROI)—using IP like any
other business asset and
expect return on any R&D
costs

• May provide insufficient protection
• Careful care must be taken to map claims onto product and IP
coverage may need to be revised if product changes substantially

Cons

Potential for greater revenue via
licensing and sale

• At least moderate cost to obtain IP protection
• Additional resources must be devoted to IP portfolio
management
• Additional costs associated with monetizing and negotiating
licensing agreements

• Difficulty in building consensus and having technology adopted
• At least moderate effort required to establish collaborative body
• Possible antitrust scrutiny

May prevent competitors from entering • Substantial cost and effort, particularly if attempting to enforce
market
IP rights globally
• Risk of movement to alternative technology solution by
customers due to costs associated with products protected by IP
wall

Collaborative—obtain IP
rights with intention of
creating patent pool or
engaging in standards
setting

Aggressive—wall off
competitors and dominate
specific market space

• Focused strategy with lower costs
and effort
• May avoid or reduce litigation risk

Defensive—protect existing
products

Pros

IP portfolio strategies

Strategy—Primary Goal

Table 2.2
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IP Portfolio Strategies

2.3.1

The Defensive Strategy

A defensive strategy focuses on protecting current or future
products by obtaining IP, typically patents, which protect key
technology underlying a product. To the extent a default strategy
can be said to exist, this tends to be the most widely used,
particularly during startup or early stages of commercialization.
The driving force behind the defensive strategy is risk reduction.
In particular, the defensive strategy seeks to reduce the possibility
of litigation that may result in a loss of exclusive access to the
specific product’s market. The defensive strategy also seeks to
minimize or eliminate costs associated with litigation by holding
defensive IP assets.
To implement this strategy, the company will obtain, through
either development or purchase, IP that covers the key technology
underlying its current or future products. Typically, the IP holder
does not engage in the active use of the IP (e.g., licensing the
technology to third parties). Instead, the company holds the IP as
a form of insurance against legal action by others.
Implementing the defensive strategy is relatively straightforward. A company, typically in consultation with the inventors
and patent counsel, prepares a limited number of patents to cover
the key technology features. Patents are kept in force, through
payment of maintenance and/or annuity fees, during the product
lifetime. The patents are not asserted against competitors seeking
to enter the market, effectively preventing challenges to the
validity of the IP. The IP “sits in a drawer” and is only brought into
play when legal action is threatened that would prevent sale of the
product.
One critical feature for success of this strategy depends on
the claims of granted patents reading on the product. In addition,
freedom to operate (i.e., the right to sell a product that does not
infringe on another’s IP rights) is required for success.
Ensuring that patent claims read on the product requires
careful consideration. Each time a product’s features are changed,
at least some consideration must be given to whether this would
move the product out of the available patent coverage. This must
be also be balanced against the need for claims to be sufficiently
broad to capture the actual product begin sold.
The Universal Elecs. Inc. v. Zenith Elecs. Corp. case illustrates the
danger of failing to obtain sufficiently broad coverage for products
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[7]. Zenith pioneered the use of handheld remotes for televisions
and built a successful business on remotes sold with its televisions.
Universal, a competitor in the remote field, but not the television
field, began selling replacement remotes. Zenith attempted to stop
sale of the Universal remotes, claiming that the Universal remotes
infringed Zenith’s patents covering this technology. Unfortunately,
for Zenith, it was unable to show infringement based on the
patents. The claims of the patents asserted by Zenith covered
remotes, but only in combination with a television. The patents did
not cover remotes sold on their own, without a television. Zenith’s
use of the defensive strategy failed to provide exclusive market
access because its claims were drafted too narrowly, which provided
Universal with access to the remote market.
As background to understanding how a patent works defensively,
it is important to understand the concept of freedom to operate.
A company’s freedom to operate (sometimes referred to as “Right
to Use or Patent Clearance”) is the ability to produce a good without
claims of infringement by another. This remains a concern even
when employing a defensive strategy. As avoidance of litigation is
one of the goals, a company must ensure that it is free to sell its
product, without claims by competitors of patent infringement.
Blocking patents, or patents held by others that convey superior
rights to technology incorporated into a product, must be dealt
with to ensure that market access will not be hampered.
Figure 2.1 illustrates how one patent may dominate another.
Company A holds patent A that covers a pencil. Company B holds
a patent B that covers a mechanical pencil. Company A can make
and sell the pencil covered by Patent A, i.e., it holds a “blocking
patent.” Nevertheless, Company A cannot make a mechanical pencil
covered by patent B without entering into a license agreement
with Company B. Company B cannot make its mechanical pencils
unless it takes a license from Company A, because Company A’s
patent dominates Company B’s mechanical pencil. Thus, Company
B may enter into a cross license agreement with Company A for
rights to produce its pencil. Company A may also demand the
right to manufacture mechanical pencils from Company B as part
of the license, in addition to seeking additional compensation for
Company B’s access to its dominant IP rights.
The above example also highlights a common misconception—
that a patent is a right to sell rather than a right to exclude.
Patents only provide the latter. Accordingly, in the above example,

IP Portfolio Strategies

Company A can exercise its right to exclude mechanical pencils
from the market based on its dominant patent rights.

Figure 2.1

Illustration of patent domination

Freedom to operate analysis should be undertaken to ensure
that no dominant patent rights are held by another. Ideally, this
analysis takes place in advance of a product launch, leaving sufficient
time to alter a product design if necessary to avoid dominating
patents. The blocking patent example also illustrates another
weakness of a purely defensive strategy. Although Company B may
have some leverage in that it can prevent Company A from selling
mechanical pencils, Company A is likely to demand some form of
compensation from Company B in view of its superior patent rights.
A purely defensive strategy is only effective when no dominant
patent rights held by another prevent sale or manufacturing of a
product. In contrast, having a more robust IP strategy may allow
Company B to continue to manufacture and sell its products.

2.3.2 The Aggressive Strategy

The aggressive strategy in some way attempts to cure the problems
illustrated by Zenith’s failure. The aggressive strategy attempts to
cut off all routes to a technology and any competing, alternative
technologies, through broad IP coverage around a core market. By
building a “patent thicket” around the market, a company seeks to
maintain its market dominance and prevent alternative products
from entering that market.
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In many ways, the aggressive strategy is simply a more
comprehensive defensive strategy. Rather than focus only on the
company’s current technology, some thought and effort is expended
on considering viable alternative technologies and obtaining IP
rights to those technologies. For example, if a company produces
a widget with a single or limited purpose, it may consider all the
alternative technology that might achieve that purpose. The
company then pursues patent protection for both its core and the
alternative technologies. Metaphorically, the company reaches the
top of a mountain and then cuts off any viable alternative routes to
the top of the mountain via broad IP protection.
Implementation of the aggressive strategy differs from the
defensive strategy in a number of ways. First, substantial amounts
of time and effort must be devoted to identifying the potential
competing technologies and to “patent over” holes in the core
technology area that a potential competitor might exploit to gain
market entry. A substantially larger IP portfolio is required by
necessity, because IP holdings must cover the competing technologies
in addition to the core technology. This results in substantially
higher costs than with obtaining the defensive portfolio. In addition,
resources expended in obtaining the portfolio are greater due to
the need to close all viable technology routes. Second, an aggressive
strategy by its nature will require more vigorous enforcement of
patent rights against potential market entrants to maintain market
dominance. Therefore, higher legal costs to enforce the portfolio
may be incurred, in addition to the higher costs of obtaining the IP.
An aggressive strategy has worked well for certain companies,
such as the Xerox Corporation. In particular, Xerox used this
strategy to prevent competitors from entering the copier market
for a number of years. It also gained a substantial victory when the
courts held that Xerox’s aggressive patenting and enforcement was
a reasonable exercise of its patent rights [8]. However, Xerox’s
success also points to a potential limitation of this strategy—that it
may be best suited for single- or limited-use products. This is due
to the fact that when a technology is implemented with a single
purpose in mind (e.g., copying with Xerox), the number of potential
technology alternatives can be clearly identified and patented over.
Accordingly, where devices such as laboratory equipment with
a defined purpose might benefit from the use of this strategy, the
limits on the ultimate purpose or purposes of newer technologies
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is not as clear. Absent single or limited uses for a core technology,
such a strategy quickly becomes unwieldy in terms of cost and
effort.

2.3.3

The Collaborative Strategy

Implementing the collaborative strategy focuses on aligning with
other IP holders to build stronger portfolios together. This strategy
may be implemented through the use of cross licensing between
IP holders. A cross license generally involves one party providing
a license to its IP in exchange for rights to a second party’s IP, where
either side may provide additional compensation for the rights to
the other’s IP [9]. Alternatively, a standards setting organization or
IP pooling arrangement allows members to collectively build a
larger, more robust portfolio [10]. Access to the IP pool is then
usually provided to any third party willing to comply with rules set
by the membership who takes a license from the organization.
A collaborative strategy serves a number of purposes. It
substantially reduces the risk of litigation between the IP holders
(and any other third party participating in a pooling arrangement).
It also alters the risk/reward equation for the IP holders. The
potential reward is reduced for a single IP holder in as much as no
single company is likely to maintain market dominance based on a
single product. However, this loss of financial reward is usually at
least partially compensated for by the more certain royalty stream
from licensees in the case of pooling arrangements. The prospective
loss may also be offset for all parties holding IP that enter into
the collaborative arrangement, because the costs associated with
administration and enforcement of the IP may be distributed over
the membership. It is fair to say that at some level, any collaborative
arrangement commoditizes the technology protected by the IP.
Examples of successful collaborative agreements include the
MPEG-2 and Digital Versatile Disc (DVD) technologies, which
facilitate sales of products using these technologies [11].
Besides the additional transaction costs associated with
establishing a working collaborative strategy, it has a number of
difficulties that must be resolved. First, particularly in a field such
as bioengineering that draws on a large number of different
technology areas, it can be challenging to identify which IP holders
should work together to maximize the value of the combined

51

52

Strategic Intellectual Property Management

portfolio. Second, despite generally favorable consideration to date,
collaborative arrangements can draw anti-trust scrutiny under
certain circumstances, such as when it appears that they result
in market allocation or discourage participants from engaging
in research and development in the technology field [12].
Additional transaction costs associated with ensuring collaborative
arrangements do not violate anti-trust laws may be incurred.
Third, while collaborative arrangements are favorable when there
are a large number of dominant holders of IP that can use their
substantial power to bring others into a licensing arrangement,
it is not clear that such a strategy would be effective in an emerging
field where IP holders are smaller and lack sufficient influence to
bring participants to the table. Thus, this strategy appears most
effective when a technology has matured to a certain extent and
been widely adopted by the markets.

2.3.4

The Return on Investment Strategy

More recently, some IP holders have started using the return on
investment (ROI) strategy. The other strategies discussed above
reflect a more traditional thinking of IP—that it is a cost of doing
business rather than a potential source of revenue. The focus
is predominantly on using IP defensively, specifically to reduce
litigation risk. The ROI strategy, in contrast, attempts to use IP as
a more flexible tool. In particular, the ROI strategy premises its
approach by viewing IP as a business asset and looks for a return
on the underlying investment in developing the technology and
obtaining IP covering the technology.
Essentially, the ROI strategy recognizes the value of a company
is often the ideas generated there. In its most pure form, the ROI
strategy is implemented by capturing all potential IP developed by
a company, even inventions unrelated to the currently conceived
product line. All inventions are then considered for conversion into
IP assets. After a careful screening of inventions, selective efforts
are made to obtain IP related to those having the highest potential
value. IP related to the core business is held by the company
and other IP is sold or licensed to others for development and
commercialization.
Implementing an ROI strategy, therefore, requires coordinated
development of technology between the business and technology
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portions of a company. In particular, the business side must identify
core products and the technology side must assist in mapping IP
onto the identified products. Individually, the business side also
has the responsibility of identifying potential targets for IP licensing
or sale and the technology side also assists in identifying which IP
may be of high value, based on technical considerations.
Both universities and high tech companies have realized
financial benefits from using this strategy [13]. For example, IBM
and Hewlett-Packard patent numerous inventions every year.
However, developing and maintaining patents unrelated to their
core businesses proved costly. Rather than merely abandon these
inventions, these companies began licensing and technology transfer
programs to monetize the developed IP to generate revenue from
them.
The ROI strategy can be effective under certain circumstances.
A threshold requirement is that sufficient IP value exists to justify
the costs of developing a program to monetize these assets. Given the
difficulties in evaluating the value of IP assets, this can be a difficult
hurdle to overcome [14]. In addition, because IP is not tangible
property, it carries a number of risks unique to IP. First, at least one
party in each transaction must carry the risk and responsibility
for maintaining the IP in the face of legal challenges. For example,
maintenance fee payments must be made to keep a patent in
force and the validity of the IP must be maintained in the face of
litigation and other post-grant proceedings (e.g., reexamination).
Second, the market for IP tends to be less liquid than for other
assets, adding difficulty to valuation and finding buyers for IP.
While some progress has been made to improve the liquidity in
these markets [15], they continue to carry substantially higher
transaction costs than for tangible assets.
In sum, the ROI strategy offers numerous benefits and, when
successful, maximizes the value of a company’s IP portfolio. However,
it requires a substantial commitment to building and maintaining
a broad IP portfolio and continuous effort to identify and exploit
IP related opportunities. Given these requirements, it can be
difficult for smaller companies to devote sufficient resources to
effectively implement this strategy. Nevertheless, planning for
eventually transiting to the ROI strategy may make sense for many
companies, as its focus on return from IP assets provides a clear
goal and provides a threshold target for maximizing IP value.
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2.4

Building the Portfolio

Even after one or more strategies have been chosen for a portfolio,
challenges remain to develop and obtain the IP assets. While not
exhaustive, some basic steps for maximizing the value of an IP
portfolio are presented and discussed here.

2.4.1

International Portfolio Development

Numerous industries can substantially benefit from international
portfolio coverage. In particular, broad regional coverage is desirable
for products in nanotechnology where users of these technologies
and the applications are not restricted only to domestic markets.
Thus, potential markets thought to be critical now or at a later
time require the best IP protection possible. However, the cost of
obtaining international coverage can be daunting. Therefore,
determining the best balance of geographic IP protection should
be a consideration in the planning stages. In particular, it must
be balanced against the costs of obtaining protection in these
markets and the likelihood of successful enforcement within these
markets.
One of the factors that drive costs of obtaining IP is the lack
of a single international method of protection. It is a common
misconception that obtaining IP in one country guarantees rights
worldwide. Unfortunately, this is not the case. With some limited
exceptions, IP rights are geographically limited statutory rights
that are only enforceable in a single country. Accordingly, a patent
that issues in the United States does not grant any patent rights in
Germany, and vice versa. However, any filing of a patent application
in one nation typically triggers due dates for filing in other countries.
Thus, filing a United States patent application starts a window
closing on an applicant’s ability to obtain similar protection in
foreign nations. Accordingly, the timing of filing should also be
considered when preparing filings in order to allow for allocation of
costs over the life of IP in the portfolio.
One tool for optimizing international protection, while
managing costs associated with foreign filings, is a patent
application filed under the Patent Cooperation Treaty or PCT [16].
A PCT application allows a patent applicant to file in a receiving
office, typically the U.S. Patent and Trademark Office for United
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States citizens, which secures a priority date for the application. The
benefit of this earlier filing and priority date may then be claimed
when the application enters the national phase in other PCT
signatory nations. In addition, a PCT application allows some
expenses associated with the application process to be delayed for
some time, generally for up to a 30-month delay from the earliest
filing date available to the application. During the 30-month period,
national filings in major potential markets such as the United
States, certain Western European nations, Japan, Korea, and China
can be undertaken based on the initial PCT filing. Perhaps the
greatest benefit of the delay associated with a PCT application is
that additional time is available to determine the commercial
viability of a technology, allowing for more targeted use of resources.
Another benefit of using the PCT application is that translation
costs may be lower, or at least delayed, when compared to direct
national filings.
Although there are many benefits to using a PCT application,
it is only available in countries that are signatories to the PCT.
Thus, countries that are not PCT signatories must be evaluated as
potential markets at the time of filing. Two countries in particular,
Taiwan and Argentina, can be of interest for commercialization
and a patent cannot be pursued via a PCT application in these
countries [17].

2.4.2

Protecting IP Prior to Filing

There are at least two steps that every company should take to
protect its IP prior to filing. While not exhaustive, these steps should
alleviate some of the more problematic issues seen by intellectual
property professionals, particularly when the IP arises out of
startup or academic settings.

2.4.2.1

Ensuring IP ownership

Ensuring IP ownership is critical and the ownership must be
traceable over the life of the IP. The use of poorly drafted joint
research agreements (between government, academic, and private
institutions), the use of independent contractors by small companies,
and the use of public grant funding may complicate title to the IP.
When possible, establishing who will own what prior to invention
clearly through the contract is the best way to ensure clear title.

55

56

Strategic Intellectual Property Management

Establishing title to IP can be particularly problematic for
startup businesses because this stage of a business tends, by nature,
to be more chaotic. Seeking legal counsel as early as possible
is advisable [18]. Counsel should be able to assist in preparing
employment agreements. These agreements should clearly define
duties of assignment of IP rights to the company, the duty of
employees to protect confidential information and trade secrets,
and rights to any IP when an employee or founder leaves the
company. Legal counsel should also be sought to assist in formation
of the company and dealing with the formalities associated with
ownership.

2.4.2.2

Preventing loss of IP rights

At least one survey of patent professionals found that the most
important step that small businesses can take to protect their
potential rights to IP is to not disclose the idea prior to filing for IP
protection [19]. Any printed publication, which may include slides
accompanying a lecture, may be applied as a prior art reference
and result in the loss of patent rights in the United States [20].
Offers of sale of the technology, and even offers to license a
technology, can sometimes trigger a bar to patentability [21, 22].
Other jurisdictions may be equally unforgiving regarding disclosures
prior to securing IP protection. Thus, it is prudent to consult IP
counsel regarding any communication regarding an invention that
may be patentable prior to disclosure to a third party in order to
ensure rights to the IP are preserved.
The recently enacted Leahy-Smith America Invents Act (AIA)
will also harmonize the United States’ approach with most other
countries worldwide. In particular, the AIA will shift the United
States from a first-to-invent an invention to a first-to-file an
application on the invention country, making it potentially more
difficult to secure IP rights [23]. It is now even more critical
business to not only have a clear portfolio building structure in
place but also be even more responsive in identifying where a
potential invention would fit into its portfolio.

2.5

Conclusions

This chapter provides an overview of some of the considerations
that form the basis for establishing an IP portfolio and identifies
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some of the pitfalls that prevent successful execution of the same,
but is not exhaustive. Particularly when an international portfolio
is desired, many factors including cost, cash flow, and even the
business strategy must be considered to execute a purposeful
strategy.
While developing a comprehensive IP strategy is time and
resource intensive, the benefits to high tech companies justify the
investment. Nanotechnology companies that depend on their IP
as the basis of their business are unlikely to succeed if they fail to
articulate and execute an IP strategy. Strategies must be revised over
time and different mixed strategies may be appropriate at different
stages of organizational development. Following some form of
strategy assists in deciding how an IP portfolio should be structured
and helps minimize inefficient use of a company’s resources in
pursuing IP. Maintaining the right to pursue additional IP rights
over broader geographic areas can be especially beneficial in
industries with widespread potential markets and some costs can
be planned for using PCT applications. Common pitfalls of failing
to ensure proper title or forgoing potential IP rights through
public disclosure should be avoided to maximize the value of a
company’s portfolio.
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This chapter is for informational purposes, is not intended to
constitute legal advice, and may be considered advertising under
applicable state laws. This chapter is only the opinion of the
author and not Philip Morris Products S.A. Furthermore, the
author declares that he has no conflict of interest and has no
affiliations or financial involvement with any organization or entity
discussed in this chapter. This includes employment, consultancies,
honoraria, grants, stock ownership or options, expert testimony,
patents (received or pending) or royalties. No writing assistance
was utilized in the production of this chapter and the author has
received no payment for its preparation. The findings and conclusions
here reflect the current views of the author. They should not be
attributed, in whole or in part, to the organizations with which he
is affiliated, nor should they be considered as expressing an opinion
with regard to the merits of any particular company or product
discussed herein.
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3.1

Introduction

Innovation in medical devices employing nanotechnology is on the
rise. As a result, it is now more important than ever for innovators
to obtain the maximum protection possible for their intellectual
property. Patent term extension pursuant to 35 U.S.C. §156 is an
effective means for obtaining additional patent term for patents
claiming a novel nanotechnical invention that is utilized in a
medical device.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
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3.2

Medical Nanotechnology: The Beginning

On December 29, 1959, Nobel Prize–winning physicist Richard
Feynman delivered his now famous speech, “There’s Plenty of Room
at the Bottom” [1]. Many regard Feynman’s speech as planting the
seeds for what has grown to become known as nanotechnology.
Without giving it a name or a definition, Feynman sought to
“…describe a field, in which little has been done, but in which
an enormous amount can be done in principle.” Regardless of
whether it was the first known instance of a scientist espousing the
potential virtues of nanotechnology, Feynman’s speech surely
resonates with today’s scientists, who are still grappling with
advancing technology at the atomic, molecular, and macromolecular
level. The “field” envisaged by Feynman on that night in 1959,
was, and is, still vast and still somewhat undefined. Nonetheless,
innovators today continue to push forward, pose new questions,
and develop new technology to exploit the principles underlying
modern nanoscience.
At the forefront of the nanotechnical revolution, medical
nanotechnology, including nanomedicine and nanodevices for use
in medical applications, continues to provide new and useful
treatments, diagnostics, and devices that enrich the field of
modern medicine. Notably, in 2007, pharmaceuticals employing
nanotechnology represented about 90% of the market for medical
nanotechnology. The remaining 10% of the market was attributed
to a combination of applications in medical research, clinical
diagnostics, medical devices, and imaging. However, according to
at least one report, it is predicted that by 2018, pharmaceuticals
will only represent about 50% of the market, with the lion’s share
of the remaining 50% of the market, i.e., approximately 20%,
being devoted to medical devices comprising nanotechnology.
Accordingly, it is imperative that innovators become familiar with
all available options for protecting intellectual property related to
medical devices that utilize nanotechnology.

3.2.1

The Patent System

The modern United States patent system is rooted in the simple
notion that the dissemination of information related to inventive
subject matter is an act worthy of reward. That reward, a patent,
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is often referred to as a right to exclude others from making or using
technology claimed in the patent. However, the right to exclude
others from practicing a claimed invention is not an everlasting
monopoly; rather, the right to exclude others is limited to a finite
period of time, such that all technology claimed in a patent is
eventually devoted to the public.
According to present U.S. law, patents granted on applications
filed on or after June 8, 1995, are valid and enforceable for a period
of 20 years from the earliest effective filing date of the application.
Patents granted on applications with effective filing dates of
June 7, 1995, and earlier are valid and enforceable for the longer
of either (1) a period of 17 years from the date of patent grant or
(2) a period of 20 years from the earliest effective filing date of the
application. However, under certain circumstances, it is possible
to obtain additional patent term, beyond the initial 17 or 20 years
provided by statute.
During the period that a patent is valid and enforceable, a
patent owner may attempt to monetize the right to exclude others
from the claimed subject matter by, for example, commercializing a
product utilizing the claimed technology, licensing all or part of the
claimed technology to allow others to make and use the patented
invention, assigning the entire right to exclude others to another
entity, or simply by preventing others from making and using the
claimed technology. Regardless of how the right to exclude others
is exercised, each day that a patent is valid and enforceable
represents an additional opportunity for the patent owner to
monetize the rights conferred by the patent. Although the monetary
valuation of a patent may be a tricky endeavor, one of the few
clear tenants in monetizing a patent is that revenue will only be
generated while the patent is valid. Thus, it is in a patent owner’s
best interest to do anything and everything to maintain a patent for
the maximum time allowed by the law.

3.2.2

Congressional Intervention

Recognizing that the right to exclude others from making and using
certain specific human drugs, food or color additives, medical
devices, animal drugs, and veterinary biological products may be
an obstacle to the rate of further innovation, Congress created a
safe-harbor exemption to patent infringement, which allows others,
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who otherwise be excluded from practicing a claimed invention,
to make and use a patented product or method, provided that
the use of the product or method is solely for the submission the
of material to a government agency. This safe harbor exemption
was initially provided by The Drug Price Competition and Patent
Term Restoration Act of 1984, commonly referred to as the Hatch–
Waxman Act. The Hatch–Waxman Act has been codified, e.g., at
21 U.S.C. §§ 355(b), (j), (l) and 35 USC §§ 156, 271, 282 [11] and
interpreted and judicially modified in various court decisions.
Pursuant to the Hatch–Waxman act, for example, in the area of
human drugs, it is now commonplace that a possible generic drug
manufacturer will begin to develop a bioequivalent product to
a branded drug prior to the expiration of the patent covering the
branded drug. Provided that the generic drug manufacturer makes
and uses a patented drug solely for the purposes of obtaining and
submitting information to the FDA for regulatory approval of a new
generic drug product, the generic drug manufacturer will not be
infringing patents covering the branded drug.
As consideration for creating the safe harbor provisions
discussed above, Congress created legislation providing innovators
a possible extension to the term of a patent covering human
drugs, food or color additives, medical devices, animal drugs,
and veterinary biological products. While many traditional
pharmaceutical manufacturers are well aware of the possibility
of extending term due to government, and in particular, U.S. Food
and Drug Administration (FDA) delay, far fewer in the industry may
be familiar with the possibility and process for obtaining patent
term extension for medical devices.

3.3

PTE for Medical Devices Utilizing
Nanotechnology

Briefly, the determination of whether or not a medical device will
be eligible for patent term extension (PTE) [12] is essentially a
three-part analysis, which includes (1) determining whether a
product is a medical device subject to regulation under the Federal
Food Drug & Cosmetic (FD&C) Act [13]; if so, (2) determining
whether the medical device was subject to U.S. Food and Drug
Administration regulatory review that resulted in an approved
Pre-Market Approval (PMA) Application prior to commercial
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marketing of the device; and if so, (3) determining whether the
approved device is the first permitted commercial marketing or
use of the product under the provision of law which such regulatory
review period occurred. If each of these conditions is met, a single
patent, which claims either the device itself, methods of using the
device, or methods of manufacturing the device, may be eligible
for PTE for the regulatory review period. The length of the
extension is based on a calculation pursuant to the provisions set
forth in 37 C.F.R. § 1.777; however, in no case will an extension
exceed five years from the expiration date of the patent.

3.3.1

Devices Subject to PMA

All class III medical devices, except for those subject to an
investigational use exemption, must receive PMA. See the FD&C Act
§§ 515 and 520(g). The definition of a class III medical device can
be found in 21 C.F.R. § 860.3(c)(3). Generally, a device is classified
as a class III device if (i) it is life supporting or life sustaining;
(ii) it is for a use that is of substantial importance in preventing
impairment of human health; or (iii) it presents a potential
unreasonable risk of illness or injury. Examples of class III
medical devices include bioengineered wound-healing products,
replacement heart valves, silicone gel-filled breast implants, and
implanted cerebella stimulators.

3.3.2

Devices Subject to 510(k) Premarket Notification

Class I and II medical devices are not subject to PMA; however,
class I and II devices are subject to 510(k) premarket notification.
A 510(k) submission is used to demonstrate that a device presents
minimal potential of harm to a user. Examples of class I and class II
devices include tongue depressors, arm slings, physiologic monitors,
x-ray systems, gas analyzers, and surgical drapes.

3.3.3

PTE Eligibility

As discussed, in order to be eligible for PTE a medical device must
undergo FDA regulatory review pursuant to section 515 of the
FD&C Act, otherwise known as PMA. Upon successful completion
of PMA, the device owner may apply for PTE based on the regulatory
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review period. However, unlike devices that require PMA, devices
that only require 510(k) premarket notification are not eligible for
PTE.

3.3.4

Applying for PTE

In order to obtain PTE, an application “must be submitted by the
owner of record of the patent or its agent within the sixty-day
period beginning on the date the product received permission for
commercial marketing or use under the provision of law under
which the applicable regulatory review period occurred for
commercial marketing or use.” Upon receipt of an application for
patent term [11]:
[t]he USPTO initially determines whether the application is
formally complete and whether the patent is eligible for extension.
The statute requires the Director of the United States Patent and
Trademark Office to notify the Secretary of Agriculture or the
Secretary of Health and Human Services of the submission of an
application for extension of patent term which complies with
35 U.S.C. 156 within sixty days and to submit to the Secretary a
copy of the application. Not later than thirty days after receipt of
the application from the Director, the Secretary will determine
the length of the applicable regulatory review period and notify
the Director of the determination. If the Director determines
that the patent is eligible for extension, the Director calculates
the length of extension for which the patent is eligible under
the appropriate statutory provision and issues an appropriate
Certificate of Extension.

3.3.5

Determining PTE

PTE for medical devices is determined by the provisions set forth
in 37 C.F.R. § 1.777. As provided by 37 C.F.R. § 1.777(b), “[t]he term
of the patent for a medical device will be extended by the length
of the regulatory review period for the product as determined
by the Secretary of Health and Human Services, reduced as
appropriate…” under the provisions of § 1.777. In addition, the
maximum length of PTE granted for a medical device will not exceed
5 years. Further, the total market exclusivity time of a medical
device cannot exceed 14 years, regardless of how much time was
lost to clinical testing and regulatory review.

Prophetic Example

3.4 Prophetic Example
Since legal jargon and statutes are often difficult for even the most
skilled regulator or attorney to understand, it may be helpful to
consider a prophetic example of the analysis utilized to determine
if a medical device that utilizes nanotechnology is eligible for PTE.
For the analysis, assume that fictitious Nanocompany 1 from
Nanoville, USA, develops a new endosseous implant for treating
bone loss that they call Nanoendoplant (NEP). NEP comprises
novel nanoparticles, which have been patented by Nanocompany 1.
In addition, assume that no other products currently used or
marketed in the United States are equivalent to NEP
(1) Is NEP a medical device subject to regulation under the FD&C
Act? Yes

		 Since NEP is an apparatus for treating bone loss, NEP is
considered a medical device within the meaning of the FD&C
Act. Accordingly, NEP is subject to regulation under the FD&C
Act.
(2) Will NEP require PMA prior to commercial marketing? Yes

		 As discussed, in order to determine whether PMA will be
required, one must first determine whether NEP will be
classified as a class III device. Since treating bone loss by
implanting a device may pose a risk of illness or injury to a
subject, NEP will be classified as class III device. Accordingly,
Nanocompany 1 will have to apply for PMA in order to obtain
regulatory approval of NEP.
(3) If NEP is granted PMA, do sales and/or use of NEP in the U.S.
constitute the first permitted commercial marketing or use of
the product pursuant to § 515 of the FD&C Act? Yes

		 As discussed above, there are no equivalent Act equivalent
products currently used or marketed in the US, the use and/
or sales of NEP will constitute the first permitted commercial
marketing or use of the product pursuant to § 515 of the FD&C
Act.
Applying the three-part analysis discussed above, a single
patent, which claims either NEP itself, methods of using NEP or
methods of manufacturing NEP, would be eligible for PTE based on
the regulatory review period.
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3.5 Conclusion
In view of the completive market place for nanotechnology in
medical devices, it is important that innovators take every step
possible to obtain the maximum of intellectual property allowed
by the law. PTE for medical devices utilizing nanotechnology will
lengthen the scope of coverage that a patent provides. As such,
PTE for medical devices will add value and increase the chance for
monetizing an innovator’s patent rights.
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4.1

Introduction

When it comes to leading-edge research and development,
nanotechnology continues to be a hot area. But it is one that
should be explored with caution, as it presents not only significant
business opportunities, but also a minefield of critical patent issues.
That is because research and development of new nanotechnology
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products often involves the use of existing technologies, some of
which may be covered by third-party patents. As a result, there are
a number of practical considerations to take into account when
using patented technology for experimental purposes in connection
with nanotechnology.
Unfortunately for those involved in product development
purposes, the exception for experimental uses of patented
technologies is extremely narrow; only companies developing
products regulated by the Food and Drug Administration are
given protection for such research and development activities.
However, one can take some consolation from the fact that the
patent holder should have difficulty in obtaining preliminary
injunctive relief ordering a halt to such experimental activities—
and a potential damages award should be fairly reasonable. Still,
where there is no protection for experimental uses, the risk of
patent litigation is a tremendous inhibition to research and
development activities, and thus very problematic for would-be
researchers intent on the next big thing in nanotechnology.

4.2

Experimental Use Exception

The experimental use exception to patent infringement liability
is incredibly narrow, unless such use is in one of the few areas
specifically called out as protected by the Patent Act. In Madey v.
Duke University, the leading case on experimental use exception
from 2002, the Federal Circuit—which hears appeals and resolves
questions arising under patent laws throughout the United
States—held that the experimental use exception has an extremely
narrow scope and only applies to uses “for amusement, to satisfy
idle curiosity or for strictly philosophical inquiry,” but not to
uses that have the “slightest commercial implication” or are “in
keeping with the alleged infringer’s legitimate business” [1]. The
court also explained that the burden to establish the basis for
the experimental use exception rests on the alleged infringer,
thus further making it more difficult for the alleged infringer to
establish the already narrow defense [2].
These tight constraints make it highly unlikely that a for-profit,
commercial entity can rely on the experimental use exception to
insulate infringing conduct that takes place during the product

Experimental Use Exception

development stage, even when it does not result in any commercial
products [3]. In addition, even a not-for-profit entity, such as a
research university, most likely cannot rely on the experimental
use exception when doing allegedly infringing experiments in
the ordinary course of business, because this exception “does not
immunize any conduct that is in keeping with the alleged infringer’s
legitimate business, regardless of commercial implications” [4].
The fact that most research institutions now are heavily invested
in licensing their proprietary technologies makes this exception
even less useful for them.
The fact that Congress has recognized the need for broader
protection of experimental research and development (R&D)
uses in a few select industries offers some safe harbor. Section 35
U.S.C. 271 of the Patent Act specifically sets forth an experimental
use exception for medical devices, pharmaceuticals, and other
products regulated by the Food and Drug Administration (FDA)
[5]. In particular, 35 U.S.C. 271(e) (1) outlines protection for
“uses reasonably related to the development and submission of
information under a Federal law which regulates the manufacture,
use, or sale of drugs or veterinary or biological products” [6].
This protection is expansive in this field. In the 2005 case
of Merck KGaA v. Integra Lifesciences I, Ltd., the United States
Supreme Court interpreted 35 U.S.C. 271(e) broadly to provide
safe harbor for “all uses of patented compounds reasonably related
to the process of developing information for submission” to the
FDA, regardless of whether or not such information is ultimately
submitted to the FDA [7].
Moreover, apart from the Patent Act, Congress has enacted
a number of specialized intellectual properties statutes that
include experimental use exceptions. Of particular interest, the
Semiconductor Chip Protection Act of 1984 has been enacted
to provide protection for circuitry designs used on a computer
or other semiconductor chip, known as “mask works.” The Act
expressly allows R&D teams to “reproduce the mask work solely
for the purpose of teaching, analyzing, or evaluating the concepts
or techniques embodied in the mask work or the circuitry, logic
flow, or organization of components used in the mask work” [8].
Nanotechnology is a crowded field, with many relatively broad
patents directed to nano-materials and methods for making and
using nano-materials that will not expire for another decade or
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so. As such, companies engaged in research and development of
nanotechnology-related products or materials need to be aware
of these patents, because research that falls outside of the
protections noted above may infringe these patents and violate the
Patent Act.

4.3

Available Remedies

In considering the lack of patent protection for many
nanotechnology-related research and development projects, those
involved in R&D activities may want to consider the remedies
available for potential infringement. Fortunately, the remedies
against a party involved in infringing research and development
activities may be more muted than if the infringement occurred
in the context of actual commercial exploitation of patented
technology. A preliminary injunction prior to the trial to stop
infringing activity is extremely difficult to obtain. Even after a trial
determines an activity to be infringing, a court could find there
to be a public interest in research and development activities;
however, having been found to infringe, the ability to avoid an
injunction is less than clear. Finally, money damages in the form
of a reasonable royalty may be limited by the early stage of R&D
activities.

4.3.1

Preliminary Injunctions

A preliminary injunction provides a mechanism for a plaintiff to
obtain immediate relief from infringement prior to trial on the
merits [9]. While obviously very powerful, preliminary injunctions
are extremely difficult to obtain in patent infringement cases.
This may be due in part to the often draconian impact of such an
injunction and the concomitant unwillingness to impose such a
result without a trial.
To obtain a preliminary injunction, the patentee must establish
a likelihood of success on the merits—that is, that the patentee
is likely to prove infringement and is likely to withstand a challenge
to the validity of the patent, if such a challenge is raised, as they
almost always are [10]. The burden of proof here is on the patentee,
exactly as it would be at trial.

Available Remedies

However, there is a disconnect in the standards applied in the
two contexts. At trial, the alleged infringer must prove invalidity
by “clear and convincing” evidence. At the preliminary injunction
stage, however, the alleged infringer can defeat the injunction
merely by raising a challenge to validity; the burden then shifts to
the patentee-plaintiff to convince the court that its patent is likely
to withstand the challenge at trial [11]. This shift in the burden of
proof makes it far more difficult for the patentee to establish
likelihood of success on the merits, especially based on patents
that have not yet been litigated.
If the patentee can successfully establish that he is likely to
succeed on the merits of the case, the court then considers the
likelihood of irreparable harm, the balance of hardships, and the
public interest. In the context of infringement during research and
development related to nanotechnology, these factors may weigh
against the patentee-plaintiff. Since most nanotechnology-related
research is still in early stages, there is arguably no irreparable
harm and no hardship to the patentee. However, as the alleged
infringer gets closer to having a commercial product, the risk of
being preliminarily enjoined from potentially infringing activity
may increase. Most importantly, although many uncertainties
regarding the impact of nanotechnology still exist, the public interest
may be better served by allowing R&D activities in nanotechnology
to continue so it can result in new inventions and discoveries.
To sum it up, the preliminary injunction is an extraordinary
relief, unlikely to be granted to stop possible infringement at an
early stage of product development.

4.3.2

Permanent Injunction

In addition to or instead of a damages award, a successful patentee
may seek to permanently enjoin the defendant from infringing
its patent. To be granted a permanent injunction, a plaintiff
must demonstrate: (1) that it has suffered an irreparable injury;
(2) that remedies available at law, such as monetary damages, are
inadequate to compensate for that injury; (3) that, considering
the balance of hardships between the plaintiff and defendant, a
remedy in equity is warranted; and (4) that the public interest
would not be disserved by a permanent injunction [12].
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While the granting of a permanent injunction will depend on
the facts of each case, the research and development context may
make it more difficult to obtain a permanent injunction. Most
notably, to the extent that the benefits of nanotechnology-related
products outweigh the potential risks, the permanent injunction
arguably would be against the strong public interest in new research
and development. Moreover, establishing irreparable harm to
patentee when the infringing product is not yet a commercially
available product may prove challenging. But since a permanent
injunction is only granted after trial and the patent has been
determined valid, enforceable and infringed, the chances of
essentially ordering a party not to infringe in the future are not
insignificant, despite these considerations.

4.3.3

Monetary Awards: Damages

At the outset, it should be noted that patentee can collect damages
only from the time when the infringer had an actual or constructive
notice of the patent [13]. The constructive notice can be given by
marking a product with a patent number, for example [14]. Since
many patent holders in the nanotechnology field do not yet have
commercial products, they will need to establish that the infringer
had an actual notice of the patent. The actual notice may be given
by sending a letter to the alleged infringer, attaching the patent.
Under the Patent Act, the patent holder is to be awarded
“damages adequate for the infringement, but in no event less than a
reasonable royalty for the use made of the invention by the infringer”
[15]. Thus, the patentee can collect actual damages or reasonable
royalties, if the actual damages cannot be established. The actual
damages are intended to compensate the patentee for lost profits on
sales of products the patentee would have made if it did not have to
compete with the infringing products. Since most nanotechnology
companies do not yet have commercial products or are not profitable,
lost profits should not be available to such companies.
Even if the patentee does have a commercial product, in most
cases of infringement during R&D activities, the lost profits may
not be available. Simply put, this is because the infringer may not
have a competing product in the market. However, the lost profits
may be available in cases where the infringer manufactures and

Available Remedies

uses infringing products for research and development, instead
of purchasing commercially available patented products from the
patentee.
When the actual damages cannot be established or do not exist,
however, the patent owner is still entitled to compensation in the
form of a reasonable royalty. This is the payment that would
have resulted from a negotiation between a patent holder and
the infringer, taking place at the time when the infringing sales
first began. Reasonable royalties can be calculated using various
methodologies. One of the more common approaches is known
as the hypothetical negotiation or the “willing licensor-willing
licensee” approach [16]. This approach approximates the results of
a hypothetical negotiation between the patentee and the infringer
at a time before the infringing activity began by considering fifteen
factors, known as Georgia-Pacific factors [17].
When trying to estimate reasonable royalties for infringement
during research and development, the stage of product development
when the infringement occurred is of primary importance. A
hypothetical license at an early stage of product development is
likely to have less value to the infringer than at a later stage, when
the infringer is more invested in the product and can ascertain
its potential value.
Another important factor is the extent of use of the patented
technology—and the value of such use. Unlike infringement by a
commercially available product—in which case each instance of the
product incorporates the patented technology—the extent of
infringement during research and development will most likely
be less substantial, warranting a smaller monetary award. The
value of the infringement to the infringer will also be difficult to
establish in the absence of a commercial product, and especially
at an early stage of product development. In nanotechnology,
often the value of a potential product can be difficult to ascertain
and there is no easy benchmark for ascertaining the value of the
potential product.
In summary, the monetary award resulting from infringement
during product development, and especially during the early stages
of product development of a nanotechnology-related product,
is likely to be less substantial, due to probable lack of actual
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damages, the limited extent of infringement, and uncertainty about
the value of the infringing use to the infringer. Moreover, unless a
lawsuit is filed in a timely manner, the recovery of damages incurred
prior to the lawsuit may be barred by the defense of laches.

4.3.4 Enhanced Damages

The Patent Act provides for treble damages to patentee for willful
infringement. However, findings of willful infringement are rare.
Even when they do occur, a finding of willful infringement does
not automatically translate into treble damages. Instead, courts
consider the egregiousness of the infringer’s actions, as well as
mitigating factors. If a potential infringer is put on notice of the
patent early, the chances of patentee collecting enhanced damages
increase because infringement with knowledge of the patent
is suspect, especially in the absence of a legal opinion of noninfringement or invalidity of the patent. However, given that
infringement during research and development is likely to be of a
very limited extent, resulting in limited actual damages, if any, the
patentee is less likely to receive a substantial award of enhanced
damages.
In summary, in light of the limited damages potentially available
to a patentee for infringement during research and development—
along with the small likelihood of receiving an injunction, on
one hand, and the cost of patent litigation, on the other—the
patentee’s best alternative is to resolve the conflict through business
negotiations, rather than a lawsuit. In any event, if the patentee delays
the enforcement of the patent, the amount of damages available
to patentee may be further limited by the defense of laches, which
is discussed in the next section.

4.4

Laches Defense

Unless a lawsuit is filed in a timely manner, the recovery of damages
incurred prior to the lawsuit may be barred by the defense of
laches. Laches is defined as the neglect or delay in bringing suit to
remedy an alleged wrong, which, taken together with lapse of time
and other circumstances, causes prejudice to the adverse party and

Conclusion

operates as an equitable bar [18]. To invoke the laches defense,
a defendant has the burden of proving two factors: (1) that the
plaintiff delayed filing suit for an unreasonable and inexcusable
length of time; and (2) that the delay operated to the prejudice or
injury of the defendant [19]. In regard to the first factor, the length of
the delay depends on the specifics of each case. To determine
whether the delay was reasonable, the courts look at a number
of factors, among which the most relevant to this discussion are:
(1) negotiations with the accused infringer, and (2) the extent of
infringement [20]. Because infringement during the research and
development is unlikely to be extensive, the patentee may be able
to wait longer before bringing a lawsuit than if the infringement
was due to a competing product. However, the longer the
patentee delays the filing of a lawsuit, the higher the chance that
the infringer will be able to establish the second factor—prejudice
or injury—due to the long delay. In line with this reasoning, a
rebuttable presumption of laches arises after six years from the date
the patentee knew or should have known of the alleged infringement
[21].

4.5

Conclusion

Nanotechnology is a crowded field. Companies engaged in nanotechnology product development need to be aware that, unless patent
infringement during research and development of a commercial
product falls under a statutory exception, such infringement is
actionable under the patent laws. Limitations on the remedies likely
in such circumstances may mitigate this concern to some extent.
Still, if you are aware of such a situation, addressing it with counsel
seems like the wisest course of action.
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embodiment of it as owned and produced by the licensor, and the
benefit of those who have used the invention; (11) the extent to which
the infringer has made use of the invention and the value of such use;
(12) the portion of profit or selling price customarily allowed for the
use of the invention; (13) the portion of realizable profit attributable to
the invention as distinguished from nonpatented elements, significant
features/improvements added by the infringer, the manufacturing
process or business risks; (14) opinion testimony of qualified experts;
(15) outcome from hypothetical arm’s length negotiation at the time of
infringement began. See Georgia-Pacific Corp. v. United States Plywood
Corp., 318 F. Supp. 1116, 1119–1120 (S.D.N.Y. 1970).

18. A.C. Aukerman Co. v. R.L. Chaides Constr. Co., 960 F.2d 1020, 1028–
1029 (Fed. Cir.1992).
19. Id. at 1032.
20. Id. at 1033.

21. Id. at 1035–1036.
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5.1

Lack of Access to Diagnostics as a
Contributor to the Burden of Infectious
Diseases

In the developing world, infectious diseases account for the
majority of deaths in adults and more than half of all deaths in
children [1]. Women and children bear a disproportional share of
the disease burden. Human immunodeficiency virus (HIV) and
tuberculosis together are estimated to kill more than 3 million
people a year [2]. Each year, over 2 million children die from
pneumonia and diarrhoea. High-quality diagnostic tests for many
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infectious diseases are commercially available, but they are neither
accessible nor affordable to patients in most of the developing
world [3, 4]. The lack of access to good quality diagnostic tests
for infectious diseases to guide management decisions is a
major contributor to the enormous burden of ill health in the
developing world.

5.2

Role of Diagnostic Tests

Accurate diagnostic tests play a key role in patient management
and the prevention and control of most infectious diseases (see
Table 5.1). Early diagnosis and treatment reduce the risk not only
of developing longterm complications in the patient but also for
diseases such as tuberculosis, sexually transmitted infections (STIs),
and HIV. Prompt treatment also reduces further transmission to
other members of the community.
For diseases where clinical presentation is specific, management
decisions can be made without the use of a diagnostic laboratory.
But for the majority of infectious diseases, an accurate diagnosis
requires the use of diagnostic tests to guide management decisions.
Table 5.1

Role of diagnostic tests in patient management and disease
control

Case
management

–Screening for asymptomatic infections
–Diagnosis and/or staging of infections when clinical
presentation is non-specific

Elimination

–Tracking progress towards elimination
–Certifying elimination

Disease control

Treatment
monitoring

5.3

–Surveillance
–Outbreak investigations
–Monitoring the effectiveness of interventions

–Detecting and monitoring drug resistance and efficacy
of treatment

Diagnostic Landscape in the Developing
World

In many developing countries, laboratory services are often limited
to major urban centers. The 2004 World Development Report cites

Diagnostic Landscape in the Developing World

the lack of accessibility as one of the major reasons why services
fail. Table 5.2 shows the distances the poorest fifth of the population
in selected countries have to travel to access the nearest health
service [5].
Table 5.2

Country

Distance to nearest medical facility (selected from The 2004
World Development Report, p. 22) [6]
Distance (km)

Bangladesh

0.9

Bolivia

11.8

Benin

Central African Republic
Chad
Haiti

India

Madagascar
Mali

Niger

Senegal

Zimbabwe

7.5

14.7
22.9
8.0
2.5

15.5
13.6
26.9
12.8
8.6

In settings where access to diagnostic laboratory services is
limited, the World Health Organization (WHO) recommends the use
of a syndromic approach to clinical management, where patients
presenting with a particular syndrome are treated for all the major
causes of the syndrome. Algorithms for syndromic management
have been developed for STIs and for common childhood diseases
[6, 7]. Although these algorithms are inexpensive and easy to use,
especially in primary health care settings, a major disadvantage
is overtreatment and the potential for development of antibiotic
resistance. A syndromic approach does not allow contact tracing
to prevent onward transmission and cannot be used to monitor
specific disease trends and effectiveness of new interventions.
Even when laboratory services are available, there are often
problems with the quality of the services due to a lack of resources,
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supply logistics, and trained personnel [8]. These problems lead to
physicians not trusting laboratory results, which, in turn, leads to
further neglect of laboratory services.

5.4

Lack of International and National
Regulatory Standards for Approval of
Diagnostics

National regulatory processes for drugs provide safeguards for the
safety and effectiveness of drugs used in a country. Most countries
have a process for reviewing the evidence from drug trials to support
the introduction of new drugs, and this has done much to improve
the quality of drugs used in developing countries. Unfortunately,
apart from tests used for blood banking, regulatory standards are
often lacking for diagnostic tests, especially those targeting diseases
that are uncommon in industrialized countries [9]. As a result,
diagnostic tests are often sold in most of the developing world without
any formal evaluation of their performance and effectiveness.

5.5

The Ideal Diagnostic Tool

The UNICEF/UNDP/World Bank/WHO Special Programme for Re
search and Training in Tropical Diseases (WHO/TDR) has developed
an acronym, ASSURED, for the ideal characteristics in a test to be
useful for developing country settings (see Table 5.3) [10, 11].
Table 5.3

The ideal rapid test: ASSURED criteria

A = Affordable
S = Sensitive
S = Specific

U = User-friendly (simple to perform in a few steps with minimal training
R = Robust and rapid (results available in less than 30 min)
E = Equipment free

D = Deliverable to those who need them

Development of Diagnostic Tests

Few tests fulfill all these criteria. It is important for national
authorities to develop an algorithm or criteria for the selection of
the most appropriate test for a particular setting, population, or
indication. Although the criteria upon which procurement decisions
are made may vary, selections are generally based on:
Test performance: Test sensitivity and specificity and positive
and negative predictive values are important considerations. High
sensitivity is important for a screening test in diseases such as HIV
and syphilis, where there are serious consequences associated with
a missed diagnosis. Poor specificity may matter less if overtreatment
rarely results in adverse side effects, as in the treatment for syphilis,
but may be a serious disadvantage if the treatment is highly toxic,
for example, the case with drugs used to treat trypanosomiasis
(sleeping sickness).
Ease of use: The number of processing steps will influence where
the test can be carried out. It is important to consider the ease of
specimen collection, that is, whether the test can use whole blood
or noninvasive specimens. The need for accurate timing will influence
the amount of training required.
Conditions of use: Tests that can be carried out in hot or humid
conditions will be useful for primary health care or field settings.
Heat stability of a test and reagents are important considerations
for where the test can be used.
Conditions of storage: Storage temperatures are specified in
product inserts for most tests. Unfortunately the results of most tests
for use in the developing world are only guaranteed up to 30°C when
the temperature in most clinics is above 30°C.
Shelf life: A longer shelf life reduces the pressure on the
supply chain and the probability of wastage of expired tests.
Price: A control program may decide to select a cheaper test with
slightly lower performance characteristics so that more patients can
be diagnosed.

5.6

Development of Diagnostic Tests

The development of a diagnostic test starts with the identification
of a diagnostic target, which is then put into an appropriate
technology platform and optimized to produce a prototype. Proof-
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of-principle studies are then conducted to establish that the test
detects the intended condition or infection. The test then undergoes
further evaluations, first using “convenience” samples or archived
specimens, followed by field evaluations in populations of intended
use. These trial results are used in obtaining data for regulatory
approval so that the test can be marketed and sold in a country.
For postapproval marketing purposes, companies may also fund
studies to demonstrate the utility and potential impact of a diagnostic
test to advocate its widespread use.
18:11

5.7

Challenges in the
Availability
of
PSP Book
- 9in x 6in
Quality-Assured Diagnostic Tests in
the Developing World

04-Robert-S.-Marks-

The pathway from target discovery to development of a diagnostic
product (Fig. 5.1), and finally getting into the hands of providers, is
a process that takes on an average of 5–10 years with an investment
ranging from $2–10 million [11].
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Figure 5.1

Bench to bedside pathway of diagnostics development
and evaluation.

For products with a viable commercial market, this is driven,
funded, and managed largely by the private sector, drawing on
appropriate expertise, as needed. For diagnostics of public health
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importance in the developing world, there has been little interest
in investing in research for a pipeline of products that would
be appropriate and useful, due to a perceived lack of return on
investment. There have been efforts made in recent years to remedy
this situation, but there is little coordination and leadership. The
diagnostic landscape is fragmented with many gaps along this
pathway [11].
There are many examples of the inequity in investment in
diagnostics for the developed and the developing world. One
example is the West Nile virus, a virus of the family Flaviviridae and
part of the Japanese encephalitis (JE) antigenic complex of viruses,
which was first isolated in 1937 in the West Nile district of Uganda
from a woman presenting with fever during a research study on
yellow fever. It is the cause of severe human meningoencephalitis.
Serosurveys later showed that the prevalence of antibodies to the
West Nile virus ranged from 1.4% in the Congo to 46.4% in the White
Nile region in Sudan. It was subsequently also found in Egypt and
India. But diagnostics for this virus became widely available only
after it surfaced in the U.S. and Canada in 1999, accompanied by a
high level of media coverage. This coverage followed the spread of
the virus across the continent and had the effect of increasing
funding for research on this virus and related arthropod-borne
viruses.
Many diseases that are serious public health concerns in the
developing world remain problems because of a lack of userfriendly diagnostic tests that allow health care workers in the front
line or primary health care settings to detect them before they
become outbreaks. These include measles and the causes of viral
hemorrhagic fevers, such as Ebola virus, Lassa fever, and Crimean
Congo viruses. It is estimated that as many as 500,000 cases of Lassa
fever occur in West Africa every year, but diagnostic tools are not
readily available. There needs to be a concerted international effort
to bring more equity to the availability of appropriate diagnostic
tools to many areas of the developing world. It is important that
these infections be recognized as soon as possible when they
emerge, before they become widespread.
Table 5.4 Shows some of the major challenges and possible
solutions to resolve this situation.
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Table 5.4
R&D phase

Diagnostic research and development: Challenges and possible
solutions

Research for
new targets
and technology
platforms

Test development
and validation

Challenges

Possible solutions

– Test developers not aware
of the diagnostic need and
product speciﬁcations

– Convene expert
consultations in
disease endemic
countries to deﬁne
– Lack of funding for
diagnostic needs
discovery research: large
and product
diagnostic companies not
interested; small companies speciﬁcations
– Synthesize existing
do not have sufficient
knowledge through
research funding or
systematic reviews
expertise
– Lack of access to reagents
and well characterized
specimens to facilitate test
development

– Advocate for more
funding and publicprivate sector
collaboration

– Lack of convergence of
researchers who have
disease expertise and
targets with those who
have complementary
technology platforms

– Create networks
for diagnostic
innovation

– Establish banks of
well-characterized
specimens

– Global Strategy
and Plan of Action
in response to the
– Intellectual property
Inter-governmental
issues acting as a barrier to Working Group
innovation
on Public Health,
Innovation and
– Lack of access to good
Intellectual Property
clinical trial sites to validate
will provide a
the performance and
framework to
operational characteristics
improve the
of a new test
situation

– Build capacity for
diagnostic trials in
developing countries
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R&D phase

Challenges

Possible solutions

Commercialization – Lack of access to quality
of a test
manufacturing

Scaling up the use
of a new test

– Advocate
for regional
harmonization of
regulatory approval
– Lack of transparency in the
as most companies
regulation of diagnostics in
do not have funds
most countries
to conduct trials
in every country;
– Lack of standards on
or use WHO preevaluations of test
qualified tests
performance by country
regulatory authorities
– TDR Nature Reviews
Microbiology
series on the
design and conduct
of diagnostic
evaluations [12]
– Governments do not have
clearly defined processes
for test selection and
developing guidelines
for use

– Need to create
diagnostic policy
platform

– Poor supply chain
management leading to
frequent stockouts of
diagnostics and/or drugs

– Build capacity for
stock management
and procurement

– Tests of acceptable
performance are
– Lack of funding to purchase offered through
WHO Bulk
diagnostics of good
Procurement at
quality and/or corrupt
negotiated pricing
procurement practice

– Doctors have little
confidence in results
of diagnostics [8]

– Improved education
of health providers
on the performance
and utility of
diagnostic tests
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5.8 Opportunities for a Better Future
In recent years, there has been increasing realization that the lack
of diagnostics is a bottleneck for improving global health. More
funding made available for research from donors and technical
agencies could increase improved diagnostics for developing
country settings.

5.8.1

Technological Advances

The genomes of many neglected infectious diseases of public
health importance in developing countries have been sequenced.
Investments in diagnostics target research will lead to the discovery
of novel diagnostic targets, which can complement recent advances
in rapid detection technologies driven and funded largely through
antibioterrorism activities.

5.8.2

More Funding and More Players

There are now more funding and players in the field. Their efforts
need to be coordinated and harmonized to avoid duplication and
waste. The Bill & Melinda Gates Foundation organized a Global
Health Diagnostics Forum and published a supplement with the
Nature Publishing Group on the use of mathematical models to
estimate the potential impact of improved diagnostics for the
developing world and has funded the development of diagnostic
tests and diagnostic platforms [3, 13].
The National Institute of Biomedical Imaging and Bioengineering (NIBIB) in the US National Institute of Health has
funded a number of centers in the United States to develop point
of care diagnostics. A number of public-private partnerships such
as the Foundation for Innovative New Diagnostics (FIND), the
Program for Appropriate Technology in Health (PATH), and the
Infectious Diseases Research Institute (IDRI) have been investing
in appropriate technologies for diagnostics, which include
tuberculosis, malaria, STIs, and other neglected tropical diseases.
The UNICEF/UNDP/World Bank/WHO/TDR, housed in WHO,
developed a diagnostics program in 2000 aimed at promoting
and facili
tating research on the development, evaluation, and

Opportunities for a Better Future

introduction of diagnostic tests appropriate for use in developing
country settings. Its specific objectives include:

(1) defining diagnostic needs for diseases of poverty and
setting standards for diagnostics quality;
(2) facilitating research for test development;
(3) assessing and assuring diagnostic performance and quality;
and
(4) increasing access to diagnostics in the developing world,
taking into account socioeconomic factors and issues of
gender equity.

This program has been involved in facilitating research on the
development, evaluation, and deployment of diagnostic tools for
two global elimination initiatives (malaria and congenital syphilis)
and the elimination of visceral leishmaniasis from the Indian
subcontinent. Its program of work has been developed based
on WHO’s comparative advantage of global convening power to
define diagnostic needs, guidelines and standards for diagnostic
performance, and appropriate use by working closely with its
network of regional WHO offices and country disease control
programs. Tests with acceptable performance and operational
characteristics are made available to UN member states at
negotiated pricing through the WHO Bulk Procurement Scheme.
TDR has convened global consultations to define
diagnostic needs for tuberculosis, malaria, STIs, visceral
leishmaniasis, schistosomiasis, dengue fever, and human African
trypanosomiasis. TDR has conducted systematic reviews to
identify knowledge and research gaps and facilitated changes
in tuberculosis diagnostic policy. To address the lack of quality
standards in diagnostic evalua
tions, the TDR has assembled a
Diagnostics Evaluation Expert Panel. In collaboration with the
Nature Publishing Group, supplements on evaluating diagnostics
have been published for malaria, STIs, and visceral leishmaniasis.
Through the projects in this program, the TDR has trained scientists
in research institutions and public health laboratories in more
than 30 countries to conduct diagnostic research and evaluations.
Tests with acceptable performance for malaria, syphilis, dengue,
and visceral leishmaniasis are now available to UN member
states at negotiated pricing through the WHO Bulk Procurement
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Scheme, allowing countries increased access to quality-assured
diagnostics. Although TDR has transitioned to focusing on
intervention and implementation research since 2011, much of
this work on diagnostics is being continued by the International
Diagnostics Centre at the London School of Hygiene and Tropical
Medicine, and other technical partners working in developing
countries [14].
Funders such as the Bill & Melinda Gates Foundation,
the Wellcome Trust, the UK Department for International
Development and the US National Institutes of Health have
continued to fund the development of diagnostics for infectious
diseases appropriate for the developing world. UNITAID initiated a
Market Dynamics program to reduce barriers to market entry and
accelerate access to quality-assured tests in the developing world.

5.8.3

Regulatory Harmonization Initiatives

Regulatory approval processes for in vitro diagnostics in the
developing world are often complex, lengthy, and not transparent.
Recent progress in building regulatory capacity using harmonized
approaches will reduce duplication in clinical performance studies
and manufacturing audits, facilitate information sharing through
trust and mutual confidence building, and ultimately improves
efficiency. Regulatory harmonization of medical devices was
initiated by the Global Harmonization Task Force (GHTF), a
voluntary body of regulators and industry representatives from
Australia, Canada, EU, Japan and the USA. GHTF worked from
1992 to 2012 to produce a series of consensus documents on the
principles and guidance for a harmonized regulatory system for
medical devices. These principles have been further elaborated
by the Asian Harmonization Working Party (AHWP), which is a
voluntary body of 24 member economies and industry. AHWP
has produced a Playbook for stepwise capacity building of a
regulatory system for medical devices. GHTF was transitioned
into the International Medical Devices Regulatory Forum in 2012.
Regulatory Harmonization efforts in Latin America and Africa
were both initiated in 2012 [15–18].
The Pan African Harmonisation Working Party on medical
devices and diagnostics (PAHWP) is a voluntary body that aims
to improve access to safe and affordable medical devices and
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diagnostics in Africa though harmonized regulation. The PAHWP
was conceived in 2012 following stakeholder meetings in East
Africa and launched in December 2012. Founding members include
the East African Community Health Secretariat (EAC) and the EAC
partner States (the Republic of Kenya, the Republic of Uganda,
the Republic of Burundi, the Republic of Rwanda and the United
Republic of Tanzania), Ethiopia, Nigeria and South Africa and the
London School of Hygiene & Tropical Medicine. Partners include
German International Co-operation (EAC-GIZ), the African Society
for Laboratory Medicine (ASLM) and the World Health Organisation
(WHO-AFRO, WHO-HQ). PAHWP is anchored within the AU-NEPAD
Agency regulatory harmonization programme alongside the
African Medicines Regulatory Harmonization initiative (AMRH).
It has engaged other counterpart organisations in Asia the
Asian Harmonization Working Party and the Latin America IVD
Alliance, interested member states and industry associations.
Its current priority is in vitro diagnostic devices. Its vision is
that transparent regulatory processes with clear guidelines,
harmonized requirements, procedures and standards will lead to
more efficient regulatory approval processes, resulting in reduced
costs and faster patient access to quality assured diagnostic
tests. Priorities include establishing a laboratory network and
communications platform for post market surveillance activities
and reducing unnecessary duplication in clinical performance
studies [19]. Plans also include establishment of a resource and
learning center to promote pooling and sharing of resources and
capacity through e-learning from a virtual campus.

5.8.4 Increased Efforts at Capacity Building

Global health initiatives such as the Global Fund for AIDS, tu
berculosis, and malaria, the President’s Emergency Program for
AIDS Relief (PEPFAR), and the President’s Malaria Initiative (PMI),
in addition to funding improved care and treatment, have made
significant progress in terms of improving the capacity of developing
countries to offer health care, including quality diagnostic services.
Other nongovernmental organizations and universities have also
increased their efforts at building capacity for diagnostic testing
and quality management of laboratories [20–22]. Founded in
2012, the African Society for Laboratory Medicine is a pan-African,
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non-profit professional body, endorsed by the African Union,
working with countries to advocate for the critical role and needs
of laboratory medicine. Its mission is to advance professional
laboratory medicine practice, science, systems, and networks in
Africa needed to support preventive medicine, quality care
of patients and disease control through partnership with
governments and relevant organisations. ASLM has four primary
goals: (a) promoting the development of a strong African
laboratory workforce; (b) helping more African laboratories meet
international accreditation standards; (c) promoting harmonization
of African medical product regulation standards; and (d) creating
and maintaining a pan-African public health laboratory network
to promote information sharing and best practices.

5.9 Bridging Research, Product Development,
and Commercialization

There is much optimism and unprecedented opportunity for
advances in the research and development (R&D) of improved
diagnostic tools for diseases prevalent in the developing world.
There needs to be a concerted effort to nurture R&D in which
developing countries play a pivotal role. This requires coordination
of public and private sector efforts that will result in a robust
pipeline of candidates and products along the diagnostic develop
mental pathway. Much of the developing world has the capacity to
develop and produce diagnostics, but standards for quality have
to be developed and enforced by national regulatory authorities.
Bridging research, development, and commercialization is the key
to reaching the goal of accessible, quality-assured diagnostic tools
for the developing world.
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6.1

Introduction

This chapter discusses the potential impact on, and claim drafting
strategies for, nanotechnology patents in the wake of the Supreme
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Court’s recent decision in Association for Molecular Pathology v.
Myriad Genetics, Inc. In this case, the Supreme Court held that
“isolated” segments of naturally occurring DNA cannot be patented.
Prior to this decision, nanotechnology experts feared that a broad
ban on “isolated” DNA segments might spill over to other fields and
prevent nanotech companies from obtaining patents on certain
types of nanomaterials. But, the Supreme Court issued a balanced
decision upholding Myriad’s patents on synthetically created
complementary DNA and spoke approvingly of methods of isolating
DNA and using DNA for new applications. The decision therefore
holds the door open to the commercially most important areas
of nanotech patenting. The chapter’s authors (who represented
the nanotech industry in an amicus brief filed in the Myriad case)
propose strategies for patenting nanotech inventions in the wake
of the Myriad decision.

6.2

Background on Patent Eligibility

An invention is eligible for a patent if it satisfies 35 USC §101 of the
Patent Act, which reads [1]:
Whoever invents or discovers any new and useful process, machine,
manufacture, or composition of matter, or any new and useful
improvement thereof, may obtain a patent therefor, subject to the
conditions and requirements of this title.

At the same time, the Supreme Court has maintained that “laws
of nature, natural phenomena, and abstract ideas” are not patent
eligible [2]. For this reason, the Supreme Court has said that “a new
mineral discovered in the earth or a new plant found in the wild
is not patentable subject matter. Likewise, Einstein could not
patent his celebrated law that E = mc2; nor could Newton have
patented the law of gravity. Such discoveries are ‘manifestations
of … nature, free to all men and reserved exclusively to none’” [3].
Whether a chemical, such as DNA, can be patented, therefore,
comes down to a question of whether it claims a “new and useful
… composition of matter” (patent eligible under §101), or instead
claims a product of nature (not patent eligible).

Patent Office 2001 Policy on Isolated DNA

6.3

Patent Office 2001 Policy on Isolated DNA

In a January 2001 Notice (“Notice”) setting forth guidance for U.S.
Patent & Trademark Office (“PTO”) personnel, the PTO announced
its policy regarding the patentability of DNA, stating that:
An isolated and purified DNA molecule that has the same sequence
as a naturally occurring gene is eligible for a patent because (1) an
excised gene is eligible for a patent as a composition of matter or as
an article of manufacture because that DNA molecule does not occur
in that isolated form in nature, or (2) synthetic DNA preparations
are eligible for patents because their purified state is different from
the naturally occurring compound. [4]

In adopting this policy, the PTO expressly disagreed with
several public comments urging the agency to categorically reject
patents for genes. These comments argued that “a gene is not a new
composition of matter because it exists in nature, and/or that an
inventor who isolates a gene does not actually invent or discover
a patentable composition because the gene exists in nature” [5].
But, the PTO supported its pro-gene patent position with
examples, going as far back as the 1800s, of patents issued
on compounds isolated and purified from naturally occurring
compounds. For instance, a U.S. patent issued to Louis Pasteur in
1877, recites in full: “Yeast, free from organic germs of disease”
[6]. A century later, the U.S. Court of Customs and Patent Appeals
sustained claims directed to isolated prostaglandins PGE2 and
PGE3, extracted from human or animal prostate glands [7]. The Court
held that these compounds “do not exist in nature in pure form,
and appellants have neither merely discovered, nor claimed
sufficiently broadly to encompass, what has previously existed in
fact in nature’s storehouse, albeit unknown, or what has previously
been known to exist” [8].
The PTO’s Notice also addressed concerns regarding
infringement of gene patents. A human could never infringe a patent
on an “isolated and purified” gene, according to the PTO, “because
genes in the body are not in the patented, isolated and purified
form” [9].
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6.4

The Myriad Case

6.4.1 Myriad’s Patents
Myriad Genetics, Inc. (Myriad) discovered the precise location
and sequence of two human genes, BRCA1 and BRCA2. This was
a major discovery in cancer research because mutations in these
genes can substantially increase the risks of breast and ovarian
cancer [10]. This discovery enabled Myriad to develop medical tests
to detect mutations in a patient’s BRCA1 and BRCA2 genes and
thereby determine whether the patient has an increased risk of
cancer. Myriad obtained a number of patents based on this
discovery [11].

6.4.2 District Court

On May 15, 2009, an assortment of medical organizations,
researchers, genetic counselors, and patients filed a declaratory
judgment action against Myriad [12]. These plaintiffs sought to
invalidate Myriad’s claims as being drawn to non-patentable subject
matter under 35 U.S.C. §101. The district court agreed with the
plaintiffs and ruled that Myriad’s claims were invalid because they
impermissibly claimed a “product of nature” rather than a manmade composition.

6.4.3

Federal Circuit and the First Trip to the Supreme
Court

Myriad appealed the district court’s decision to the U.S. Court of
Appeals for the Federal Circuit, which reversed the district court’s
decision. But, plaintiffs petitioned the Supreme Court, which granted
their petition for certiorari, vacated the judgment of the Federal
Circuit, and remanded the case back to the Federal Circuit in light
of Mayo Collaborative Services v. Prometheus Laboratories, Inc., a
different case dealing with patent eligibility under §101 [13].
On remand, the Federal Circuit again reversed the district
court as to the composition claims [14]. Two of the three judges
on the panel agreed that Myriad’s claims were patent eligible but
disagreed on the rationale. A third judge agreed only that the
synthetically created complementary DNA (“cDNA”) was patent

The Second Trip to the Supreme Court

eligible. Therefore, a majority (two out of three) of the judges of
the Federal Circuit held that both isolated DNA and cDNA were
patent eligible under §101.

6.5

The Second Trip to the Supreme Court

Plaintiffs filed a second petition for certiorari with the Supreme
Court on September 25, 2012, which was granted by the Supreme
Court. Oral arguments took place on April 15, 2013. The Supreme
Court affirmed the Federal Circuit as to the patent eligibility of cDNA,
but reversed as to naturally occurring DNA. The Supreme Court
summarized its 22-page decision in a single sentence [15]:
[W]e hold that a naturally occurring DNA segment is a product of
nature and not patent eligible merely because it has been isolated, but
that cDNA is patent eligible because it is not naturally occurring.

With respect to naturally occurring DNA, the Court explained:
“Myriad did not create anything”; instead “[Myriad] found an
important and useful gene, but separating that gene from its
surrounding genetic material is not an act of invention” [16].
Moreover, the process of “isolating” the naturally occurring gene
from its cellular environment did not render the product claims
patent eligible, according to the Court, because the isolated genes
do not “rely in any way on the chemical changes that result from
the isolation of a particular section of DNA” [17].
By contrast, with respect to cDNA, the Court explained that
cDNA differs from natural DNA in that the non-coding regions
are absent from cDNA, consisting only of exons. According to the
Court, “cDNA retains the naturally occurring exons of DNA, but
it is distinct from the DNA from which it was derived”; therefore
“the lab technician unquestionably creates something new when
cDNA is made” [18].
In addition to upholding Myriad’s claims to cDNA, the Supreme
Court offered some additional insight on the patent eligibility of
other types of gene-related inventions:
[T]here are no method claims before this Court. Had Myriad created
an innovative method of manipulating genes while searching for the
BRCA1 and BRCA2 genes, it could possibly have sought a method
patent. [19]
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[T]his case does not involve patents on new applications of
knowledge about the BRCA1 and BRCA2 genes. … ‘As the first
party with knowledge of the [BRCA1 and BRCA2] sequences,
Myriad was in an excellent position to claim applications of that
knowledge.’ [20]

6.6

Nor do we consider the patentability of DNA in which the order of
the naturally occurring nucleotides has been altered. Scientific
alteration of the genetic code presents a different inquiry, and
we express no opinion about the application of §101 to such
endeavors. [21]

Impact on Nanotech Patents

The full implications of the Supreme Court’s decision will take
years to determine, as lower courts are confronted with variations
of the Myriad fact pattern in future cases and render new
decisions. The PTO, for its part, will be issuing guidance to its patent
examiners on the interpretation of Myriad, and these examiners
will decide in the first instance whether to allow or reject claims
based on Myriad during examination of patent applications.
For now, while the Myriad decision may cast doubt on a very
small subset of nanotech patent claims, the commercially most
important areas appear to be preserved as patent eligible. Indeed, in
most cases, nanotechnology inventors do not claim a pure naturally
occurring nanomaterial, alone in a form that is merely “isolated”
from nature.

6.6.1

Composition Claims

A composition claim to a pure “isolated” nanomaterial may satisfy
§101 if its inventors properly claim their material’s structural
changes. Recall that in Myriad, the Supreme Court held that the
isolated genes in that case did not “rely in any way on the chemical
changes that result from the isolation of a particular section of DNA”
[22]. Nanotechnology is different. That is, at the nanoscale, the way
that atoms or molecules arrange on the surface of a nanomaterial
is generally much different from the way they arrange on the
surface of a bulk material [23]. These structural differences often
result in dramatic changes to the material’s chemical, electrical or

Conclusion

optical properties—changes that are due entirely to the fact that
the nanomaterial has been, in a sense, isolated or miniaturized from
bulk form [24].
Moreover, like the cDNA claims found patent eligible in Myriad,
nanomaterials should likewise be patent eligible if chemical
constituents are removed from the naturally occurring material.
Recall that the Supreme Court upheld the cDNA claims because the
synthesis of a cDNA sequence from mRNA results in an exons-only
molecule that is not naturally occurring. Nanotechnology offers
a similar ability to synthesize materials that differ in chemical
composition from anything that exists in nature.
Likewise, the addition of a functional group, thin film coating,
surfactant, or other surface modification, to a nanomaterial should
render the claim patent eligible, at least insofar as this combination
does not exist in nature. Moreover, combination products—
where the natural nanomaterial is combined with other nonnatural components to produce, for example, a hybrid biological/
semiconductor device—should also be patent eligible.

6.6.2

Method Claims

The Myriad decision is unlikely to impact method claims, so long
as these claims recite more than a natural phenomenon or law of
nature. These claims include (i) methods of making nanomaterials,
(ii) methods of separating or purifying nanomaterials, and (iii)
methods of using nanomaterials in new applications. Recall that
the Supreme Court stated, “Had Myriad created an innovative
method of manipulating genes while searching for the BRCA1 and
BRCA2 genes, it could possibly have sought a method patent,”—and
further stated, “As the first party with knowledge of the [BRCA1
and BRCA2] sequences, Myriad was in an excellent position to
claim applications of that knowledge” [25]. Therefore, method
claims should remain viable after Myriad, provided that they
claim more than a natural phenomenon or law of nature.

6.7

Conclusion

The Supreme Court’s Myriad decision invalidates potentially
thousands of patents issued by the PTO on “isolated DNA.” Fortunately,
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the impact on nanotechnology patents will likely be more limited.
Claims drafting strategies should focus on any important chemical
or structural differences of the nanomaterials versus naturally
occurring bulk materials. Inventors also should continue to seek
patent protection for new methods of making and new methods of
using nanomaterials.
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The value of patents lies in their economic strength. Patents
present legal barriers to potential unlicensed competitors. In
nanotechnology, patenting has been heavily relied upon by
universities, start-up companies, and large corporations. Indeed,
substantial attention has been devoted to the complicated patent
thickets in areas such as carbon nanotubes, semiconductor
nanocrystals and nanowires, conducting polymers, and graphene
[1].
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Once issued by the United States Patent and Trademark Office,
a patent is afforded a presumption of validity, and patents that
successfully pass judicial review in litigation obtain an even stronger
barrier to potential competitors. However, according to Judge T. S.
Ellis III [2], escalating patent litigation costs have distorted these
patent economics:
[H]igh litigation costs serve to discourage potential competitors
from entering the market and challenging the patent. And if
litigation costs are high enough in a particular instance, then
the entry barriers associated with such untested and only
presumptively valid patents may be raised to the level of those
barriers associated with stronger, jurisdictionally tested patents.
In short, burgeoning litigation costs have distorted patent markets
by significantly discouraging potential patent challenges, hence
distorting competition to a degree beyond that justified by the
intrinsic strength or merit of the patent. [3]

Judge Ellis made these comments in 1999; since then, patent
litigation costs have increased even more. According to a 2013
economic survey commissioned by the American Intellectual
Property Law Association (AIPLA), the median litigation cost for
patent infringement is nearly $6 million (per side) for lawsuits
involving more than $25 million in risk [4]. For cases between
$1 million and $25 million, total litigation costs per side range from
$2 million to $3.325 million. Much more concerning, however, is
that suits with $1 million or less in risk have an average cost
of $700,000 and, in many instances, the litigation cost exceeds
the amount in issue! And the cost of patent litigation is not just
monetary, but includes also the time that most patent cases take.
More and more patent infringement cases are brought every
year, typically taking two-plus years to get resolved, while many
others languish for more than six years in trial court and on
appeal. While nanotechnology is still in its early years in terms
of commercialization, we have recently witnessed an increasing
number of patent infringement suits [5]. Because the markets
for engineered nanomaterials are still emerging, most of these
cases have not involved large potential monetary damage claims.
As nanotech-based products increasingly penetrate the market,
patent owners and accused infringers will be forced to address
the expenses associated with patent litigation.

Managing the Expense of Patent Litigation in Nanotechnology

The vast majority of the expense of patent litigation results
from attorney fees, expert expenses, and discovery. Although there
are no ways to eliminate those expenses, there are certainly ways
that companies can work with their litigation firm to dramatically
reduce and manage those expenses.
The country singer Toby Keith sings, “Cause if you don’t know
where you’re going, you might end up somewhere else” [6]. One
of the best ways to manage and reduce attorney fees (as well as
expert and discovery expenses) in litigation is to know where you’re
going. This means that a litigation plan and budget must absolutely
be developed at the outset of any potential or real litigation. And
the plan should not be just a template based upon the typical
stages of a patent case, and the budget should not be based simply
on the “average” historical cost for litigating a patent case. Instead,
the plan and budget must be thoughtfully and strategically
developed by the trial team and the client, in tandem, and with the
client’s ultimate business objectives in mind. In other words, the
trial team should ask, and the client should know, where the client
wants to go.
For example, how would the client describe a successful result
from the litigation? This is perhaps the most important question,
since rarely is patent litigation a zero sum game. Simply answering
this question with “win at trial” won’t work, as 95% of all patent
cases never go to trial. Moreover, taking a “we refuse to settle
under any circumstance” position is contrary to sound business
strategies and only guarantees excessive litigation costs. Rather,
both the trial team and the client must acknowledge that litigation
is a dynamic and ever-changing process—no matter what the
plan was at the outset. A variety of things can happen at different
stages of the lawsuit: admissions by a key witness in deposition;
the discovery of critical documents affecting (positively or
adversely) a litigation position; the uncovering of previously
unknown prior art; the institution of post-grant proceedings;
the Court’s claim construction and other dispositive rulings;
and (more frequently than one would imagine in today’s world)
devastating emails. Both the trial team and the client must
re-assess the litigation plan and budget at each of these various
stages in the lawsuit, whether to modify the plan or budget or to
consider a favorable exit strategy.
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Another way to manage attorney fees is through alternative
fee arrangements between the client and its trial counsel. Instead
of the typical hourly billing-based fee structure, alternative
fee arrangements may include arrangements based upon a
contingency fee, partial contingency fee, fixed fee, or holdback/
success fee. Each of these arrangements provides a mechanism
in which the client and its litigation firm share in the uncertain
risks of both the legal fees and the legal outcome. In a contingency
fee arrangement, the law firm typically receives a percentage of
any recovery. The percentage can be set (e.g., 35%), or it can be
scaled based upon time periods of key events in the litigation.
Contingent fee arrangements can also be structured to allow the
law firm to recover a portion of its hourly rate plus a smaller
percentage of any recovery. A contingent fee arrangement can be
advantageous for small companies or individuals where remedy at
trial or through settlement is money. Though much less common,
defendants can take advantage of a contingent arrangement
where the law firm receives a percentage of a reasonable estimation
of damages (for example, a percentage of the reserve that the
defendant puts aside).
Fixed fee arrangements have become more common in
patent litigation for both plaintiffs and defendants. In a fixed fee
arrangement, the law firm typically agrees to a fixed, or flat, fee that
can be paid monthly or by litigation phase (e.g., through discovery,
through the Markman hearing, etc.). A fixed fee arrangement is
particularly attractive to companies who want a definite budget
and eliminate uncertainty in litigation costs.
A holdback or success-based fee arrangement is typically
structured as a hybrid of a flat fee and contingent fee. The law firm
receives a smaller fixed fee per month with a portion of the fees withheld contingent upon the outcome of the case. A successful outcome
allows the law firm to recover some multiple of the holdback.
For example, the law firm may provide its client with an estimated
budget of $3 million for the litigation. In a holdback arrangement,
the law firm might receive a guaranteed $2.5 million, holding back
$500,000, and if the outcome is concluded successfully, a multiplier
(e.g., two times) of the amount held back. In such an arrangement,
it is important for the law firm and client to specifically agree as to
the definition of “success” in the outcome.
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Under any alternative fee arrangement, it is critical that the
agreement be comprehensive and detailed as to how various
aspects of the litigation will be handled and how the various
outcomes might affect the arrangement. For example, as noted
previously, any alternative fee arrangement based upon “success”
in the outcome must specifically define “success.” In addition, any
arrangement must address how certain aspects of the litigation
will be handled, such as, how will expenses be paid or how will
trial or appeals be handled. Another common occurrence in patent
litigation today is the defendant’s filing of a request for the postgrant review of the asserted patent(s) under the America Invents
Act. This review, which is conducted by the U.S. Patent and
Trademark Office (USPTO), can stall the litigation for months, if
not years. It is important that any arrangement set forth how the
expenses of the USPTO review would be paid.
There are at least two additional challenges specific to
contingent fee based arrangements. First, the substantial nonattorney fee expenses of patent litigation present a significant
hurdle for many law firms. These expenses include the costs of
discovery (such as depositions and document production), expert
witness expenses and fees, and travel expenses. Such expenses
in a typical patent litigation can amount to several hundreds of
thousands of dollars, even exceeding a million dollars. A second
challenge to contingent fee based arrangements (and to a lesser
extent, other alternative fee based arrangements) is the fact that
your opponent may not have the same “economically sound”
perspective on the litigation. An opponent who unleashes its law
firm to pursue the “kitchen sink” defense, uncover every stone in
discovery, and file multiple motions directed to issues not truly
relevant to the merits of the case can put your contingent fee law
firm in the unenviable role of having to decide which battles to
fight and which ones to retreat from.
There are many creative ways to manage and reduce the costs
of patent litigation while still maintaining the goal of enforcing your
intellectual property position in the marketplace.
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8.1

Introduction

Any new field will have its growing pains, but over the last 30 years,
the biomedical arena has witnessed a particularly explosive growth,
bringing a wide assortment of problems. One set of issues has
concerned how to manage intellectual property in the context of
collaborations and the sharing of exciting research materials—a
set of problems addressed by the emerging specialty profession
now known as “technology transfer.” As various subspecialties of
nanotechnology and nanomedicine research further evolve, they
too face the same problems, such that the researchers discover
they have the same need to utilize the tools of technology transfer
to facilitate their research.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
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This chapter will outline the core tools of technology transfer,
with a particular focus on the elements unique to collaborations
involving the United States Government. More specifically, Part 1
of the chapter will explore the five major categories of agreements
used to effect the transfer of a technology, and then Part 2 will cover
certain key issues surrounding federal funding of private research
(particularly NIH funding).

Part 1: Agreements

Before delving into the specific types of agreements, a preliminary
point must be made about all agreements: signatures on a contract
matter. By the time most people have reached adulthood, they have
been scolded to read all contracts before signing them, no matter
how long and confusing the fine print may be. Nonetheless, because
hiring lawyers is expensive and time-consuming, and because
many of us are unaware of the actual risk of something going
wrong, we ignore that risk and sign—often without even reading—
happy to have saved the time and money. Later, when the matter
has exploded in our faces, we ruefully ask for help to clean up the
mess that potentially could have been avoided.
Yet, simply reading the document is not always a sufficient
safeguard, if the reader does not know where the problems may
lie. For example, if something goes wrong, who is on the hook? As
a general rule, a person who signs a contract is promising to fulfill
the terms of the contract personally [1]. This promise is especially
dangerous if the agreement purports to make promises that the
signer cannot keep, such as a promise to keep something secret
that by law must be disclosed.
A bigger problem here is “agency,” or the power to act on
someone else’s behalf. If the signer purports to bind another party
(e.g., the signer’s employer) to fulfill a promise, the signer must
truly have authority to do so in order for the party to be bound
[2]. Moreover, the authority must extend to the specifics of the
promise: If person A has authority from person B limited to buying
groceries, B is not bound by A’s promise to buy investment bonds.
In an employment context, very few employees have actual
authority to serve as agents of their employers. If the employee signs
a random contract without authority, the employer has no duty to
rescue the employee when things go wrong.
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8.2

Agreements to Protect Data

A ubiquitous agreement in research is typically called either a
“Confidential Disclosure Agreement” (“CDA”) or a “Non-Disclosure
Agreement.” These agreements may stand alone, they may be tied
to a larger agreement (such as a major collaboration agreement or
procurement contract), or they may have their key terms integrated
into another agreement. Regardless, their primary purpose is
the same: they authorize the sharing of confidential information
and impose specific rules to keep the information confidential.
Because CDAs are so difficult to enforce and so rarely involve
information having substantial market value, they are rarely
litigated, but they do have a valuable function nonetheless. First,
CDAs help ensure that the act of sharing unpublished data will
not create a bar against later patent applications. Second, CDAs
can establish ground-rules for interaction at the beginning of
collaborations, establishing agreed expectations, and setting the
foundations for trust. Finally, CDAs are a critical tool for preserving
the trade-secret status of information [3].
A well-crafted CDA is a brief agreement that addresses four
key points. First, it identifies the information to be disclosed.
Second, it identifies the parties (usually the scientists’ employers,
not the scientists themselves). Third, it states how the confidential
information will be handled. Finally, it specifies the duration.
Occasionally, agreements discuss rights to “intellectual property”
(“IP”)—either IP that exists prior to any disclosure under the
agreement or IP discovered because of the disclosure, should any
arise, or both —but this is not a necessary term.
The information to be disclosed defines scope and reach of the
agreement. Consequently, this is the single most important part, so
a well-crafted CDA will identify the information to be disclosed as
clearly as possible. Unfortunately, there is a tension between the
provider of the information, who typically wants the definition to
be as broad as possible, and the recipient, who wants it as narrow
as possible. Regardless, some description should be fashioned that
will make clear to the recipient exactly what the provider expects
the recipient to keep confidential. Also, the agreement should
specify those situations in which information ostensibly provided
under the agreement will not be deemed confidential, such as
information that is or becomes public.
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Next, identifying the parties is simple, yet surprisingly often it
is botched by making the individual receiving the information sign
as the party, rather than the individual’s employer. One reason this
is a mistake is the question of agency: Providers risk having
essentially no protection if they ask individuals to sign agreements
on behalf of their recipient-employers, and recipient-scientists
may be personally liable even for sharing the information with
colleagues within the scientists’ own labs.
The most substantial negotiations typically focus on how the
parties will handle the confidential information, mainly because
the possibilities are virtually endless. For example, what measures
will be taken to control which people, at the recipient’s lab, will
have access to documents? When the agreement ends, what will
be done with the documents, and for how long will the provider’s
rights survive? If the recipient wants to publish, what steps will the
recipient have to take to ensure the publication does not contain
the provider’s confidential information? What will the provider’s
rights be if the recipient is ordered by a court to disclose the
confidential information? Each of these issues could be negotiated,
within the policies and goals of the parties.
Finally, the agreement should have a clear, specified ending
point. Some providers ask for (and sometimes receive) promises
to keep information confidential indefinitely. Nevertheless, as
Benjamin Franklin once wrote in Poor Richard’s Almanac, “three can
keep a secret, if two are dead.” In other words, the more who know
a secret, the shorter its secret status will last. In addition, the dizzying
pace at which nanotechnology is advancing strongly implies that
the commercial value to a piece of confidential information
depreciates rapidly, even if competitors never learn the secret.
Consequently, a reasonable term to keep a secret should reflect
the true life of the secret and little more.
For laboratories in government agencies (federal and state),
academia, and nonprofits, the right to publish the results of research
is a fundamental requirement. They must carefully preserve that
right against encroachment to preserve academic freedom, to
inform the scientific community of important developments, and
perhaps most importantly, to carry out their respective missions to
ensure that the public reaps the benefits from the results of their
work. Companies, meanwhile, legitimately seek to maximize the
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value of their substantial investments. Each must be willing to bend
for a collaboration to be successful.

8.3

Agreements to Share Materials

A widely acknowledged axiom of academia is that the widest
possible circulation of research materials is crucial to maintaining
the pace of research. For years, and even today, little more than
packing documents, cover letters, or even bills of lading provide the
only evidence of transfers of materials. The research community has
long searched for constructive methods of transferring materials
without any kind of documentation, or at least to minimize the
amount of paperwork required.
Patents receive the bulk of blame in the media for difficulties
in conducting research, but a far, far bigger share of the problem
lies in agreements for sharing materials, commonly called the
“Material Transfer Agreement” (“MTA”) [4]. The range of problems
associated with MTAs is broad, for example: a few organizations
effectively refuse to share with competitors; others use MTAs that
demand rights (e.g., a share of royalties or outright ownership)
of future inventions, restrict publication, and impose onerous
administrative duties; and many are so inundated with requests or
understaffed that they refuse to negotiate even if their institution’s
policies would allow a friendly agreement.
Fundamentally, a routine MTA should be a simple, innocuous
agreement, essentially promising that the recipient will not
do anything unethical or stupid with the transferred material.
Occasionally, the unique nature of the material to be transferred
genuinely demands special treatment. Other times, the value
of the material to the provider will justify added consideration.
Nonetheless, the MTA should be an easy agreement to establish,
even taking care to avoid the major pitfalls and accommodate the
needs of an unusual case.
The multitude of MTA models now in circulation contain terms
that range from the trivially innocuous to the truly outrageous;
each term has its pitfalls for the unwary. A typical all-purpose MTA,
however, will address the following five topics: (1) identifying the
provider and recipient; (2) identifying the material; (3) how the
material will (or will not) be used; (4) the term of the agreement;
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and, if appropriate, (5) inventions derived from the use of the
material.
As with every agreement, the MTA should identify everyone
involved, namely, the providing and receiving organizations.
Many MTAs also name the provider’s scientist and/or recipient’s
scientist, but where this is done, the MTA should clarify that the
scientists are not the actual parties to the agreement. Again, this
serves the very clear purpose of specifying who has agreed to be
bound by the agreement and who is responsible if it is not carried
out.
The core of the MTA is the identification of materials and the
promise to transfer them. Although this may seem obvious, not
all descriptions of materials are created equal. For example, some
MTAs define the “materials” to include all “derivatives,” regardless
of whether the derivative incorporates any part of the original
material. If the original material is a plasmid and the derivative is
the plasmid incorporating an inserted oligonucleotide, this term
may be understandable, but what if the original material is a cell
line to be used to screen candidate drugs? Arguably, any drugs
discovered or designed using the screening cell line could be
construed as a “derivative.” Everyone should watch for this subtle
attempt to “reach through” the transfer into future inventions (i.e.,
defining the “material” as including anything invented with it).
The MTA should indicate the scope of permitted use. This
may involve a very brief statement of the research, and/or a list
of prohibited activities (in particular, that the research materials
should not be used in humans). Essentially, these provisions serve
two purposes; namely, they put the provider on notice of the
nature of experiments the recipient plans to do, and they instruct
the recipient not to do anything else. These provisions should not
be (but occasionally are) crafted to allow the provider to veto the
research of the recipient.
Every contract should have a clear ending point. That event
could be mutual consent, unilateral request by provider, the
consumption of the goods, the creation of a joint work product, or a
simple expiration date. This term is a pure matter of practicality—
it can address, for example, how long unpublished and unpatented
material must be kept confidential; how long the recipient must
track the MTA; and which rights and duties, if any, persist even
after the material has been consumed. Although parties certainly
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can agree to make an MTA last indefinitely, the absence of a
formal termination event could cause bad feelings if the parties’
respective understandings are inconsistent with each other.
Finally, sometimes future inventions must be addressed. Some
institutions (for-profit and even nonprofit/academic) will not
share materials unless they secure certain rights in the recipient’s
inventions. In certain cases, this “reach-through” clause can be
justified—for example, sharing a drug undergoing clinical studies
might come with “reach through” to methods of making or using
that drug. In most situations, however, the clause is merely a means
of maximizing value. While such a clause might be appropriate
when two for-profits trade materials, the clause is generally not as
justifiable when the recipient is a government/non-profit/academic
research lab (and only rarely justifiable when the provider is one).
For the NIH and those institutions receiving NIH funds for
research, the NIH has published several policies urging that
unique resources useful in the conduct of research—commonly
called “research tools”—should be widely shared with minimal
encumbrances. The most widely known is the so-called “NIH
Research Tools Policy” [16]. While not the first statement describing
the NIH’s views on the importance of disseminating the results
of research supported by the NIH, the Research Tools policy
represented the most specific statement to date, and it remains a
benchmark for both the NIH and institutions funded by the NIH.
The NIH Research Tools policy articulates four core principles
and urges widespread adoption of a one-page “Simple Letter
Agreement” to authorize the transfers of research materials for
non-clinical research. The four principles are: (1) to ensure
academic freedom and publication; (2) to ensure appropriate
implementation of the Bayh–Dole Act (discussed below); (3) to
minimize administrative impediments to academic research; and
(4) to ensure dissemination of research resources developed with
NIH funds.

8.4

Agreements Establishing Collaborations

The potential range of agreement types designed for establishing
collaboration is, in truth, unlimited. The simplest CDA can suffice,
or even an informal memorandum of understanding would do.
At the other extreme, multiple parties might join a complex public-
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private consortium supported by contractors and funded by grants.
Adding to the mix, laboratories in the United States Government
use esoteric agreements known by their confusing statutory names,
such as the “Cooperative Research and Development Agreement”
(“CRADA”), the “Cooperative Agreement” funding agreement, and
the “Other Transactions” agreements [5]. Universities working
with companies often call their version the “Sponsored Research
Agreement.” While all of these agreements share certain key
characteristics, they also have critical differences.
Whatever their form, a generalized collaboration agreement
should touch upon certain common themes. First, the agreement
should include a central goal of the collaboration and an allocation
of tasks. Next, the agreement should touch on sharing research
materials and confidentiality (just as under CDAs and MTAs), to
the extent they apply to the project. If resources (cash or in-kind)
will be exchanged, the agreement should specify what, how much,
when, and to where the resources should be delivered. Finally,
and arguably most importantly, the agreement should clarify
expectations regarding publications and inventions.
Where they differ, for the most part, turns on the limitations
of the institution. For example, laboratories in the U.S. Government
have strictly limited ability to promise a collaborator privileged
access to the Government’s ownership rights in future inventions
made under the CRADA authority. Also, the federal labs have
strict limits on the flow of money—whether money will flow in
to the federal lab (authorized under a CRADA) or out (authorized
under a Cooperative Agreement), or either way (under an Other
Transactions agreement). Laboratories in state governments and
public universities often face similar types of restrictions. Nonprofits
(including private academic institutions) often face limits on, for
instance, where spin-off companies may be formed, taxation issues,
export controls, complications in applicable laws, and restrictions
placed by prior donors.

8.5

Agreements to Conduct Clinical Research

When the goal of sharing materials is to use those materials in a
study of the materials on human subjects, a “Clinical Trial
Agreement” (“CTA”) should be used [6]. A CTA is, at its heart,
an expanded MTA, with CDA-like clauses, plus a set of terms
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specifically tailored to the conduct of research on human subjects.
In particular, a well-crafted CTA should reflect, at a minimum, terms
relating to drafting protocols, responsibility for regulatory filings,
interactions with regulatory agencies, use of data, and how the
agreement might be terminated in the middle of the clinical trial
without endangering the patients enrolled in the trial.
CTAs can authorize active, passive, or no collaboration,
depending on the needs of the research. Beyond supplying materials,
the provider does not have to participate in the recipient’s research
under a CTA, so the CTA should clarify the provider’s role. Some
providers have no objection to recipient’s research but have no
interest in it, others are pleased to be passive, particularly those
who have little or no experience in running clinical trials or
interacting with the US Food and Drug Administration (“FDA”) (or
with an equivalent agency in another country), and the remainder
want at least an equal role as the recipient in drafting, reviewing,
and approving any protocols, as well as in analyzing the data.
The CTA must clearly state who will be responsible for filing
any regulatory documents with the FDA, such as an Investigational
New Drug Application (“IND”) or Investigational Device Exemption
(“IDE”), necessary to enable the research to begin. Because INDs
and IDEs are expensive and complicated, companies often are
happy to let academic or government labs bear responsibility for
the FDA filing if so inclined. Moreover, both government and
academic labs often have established infrastructure for conducting
clinical research that few companies can match.
Also critical to CTAs are the terms for protecting the safety
and privacy of the human subjects, for handling adverse events,
and for securing appropriate and timely review by, for instance,
Institutional Review Boards (“IRBs”). FDA regulations permit a
certain amount of these responsibilities to be shared between
the “sponsor” of the IND/IDE and the sponsor’s collaborators/
contractors; within this range, the CTA should clearly allocate
responsibilities. Where problems arise, the cause is generally due to
a failure to identify adequately who will do what.

8.6

License Agreements

At its heart, a license is any agreement not to sue for infringement
of an IP right. Under a license, the owner of the right (the “licensor”)
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grants permission to another (the “licensee”) to do something that
the owner normally can and would try to stop. Books abound on
licensing principles and practices, covering complexities well beyond
the scope of this chapter, but some basic concepts are worth noting.
First, licenses should be tailored carefully to the circumstances.
For example, a license typically begins and ends at fixed points in
time (say, when the agreement is signed until the licensed patent
expires), though it also may be based on future, contingent events.
A license may be exclusive, partially exclusive, or nonexclusive.
A license may be limited to one or more products, fields of use,
nations, manufacturing facilities, or any other aspect the licensor
sees fit to impose. A license may identify specific rights retained
by the licensor. Also, a license may be in exchange for a payment
(“royalty”), or for free.
Every license should reflect the nature of the specific IP right
being granted—for example, the right to manufacture a product
using a patented method, or the right to perform a copyrighted
artistic work publicly. That said, different forms of intellectual
property (e.g., patents, copyrights, and trademarks) should not be
intertwined in a single license as they each have their own unique
laws and requirements.
Licenses can range from simple to extremely complex.
The simplest form might be a mere letter accompanying some
materials, indicating that the owner authorizes the recipient to
conduct certain activities using the materials. An example of a
moderately complex license is a “shrink-wrap” or “click-wrap”
license associated with the purchase of software. A more complex
license would include terms specifically negotiated to handle a
particular technology, such as development plans, obligations to
use (or not use) the licensed technology in particular ways, rules
for reporting developments and auditing, progress benchmarks and
milestones, and perhaps royalties pegged both to specific events
and to sales.
Second, many of the complaints leveled against patents should
be more appropriately aimed at how the owner handled the
licensing. For example, when DuPont aggressively enforced its
patents on the Oncomouse® technology [7], many articles focused
on whether or not patent law should permit the patenting of
an animal [19, 20], when the real problem was with DuPont’s
restrictive licensing terms.
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The NIH’s extensive experience [8] and considerable success
[9] in licensing technologies offers a helpful example for licensing
effectively without overreaching. The NIH follows several key
principles in designing its patent licenses. These principles include
the following [10]: prefer nonexclusive licensing where feasible,
require reasonable justification for exclusive licensing, carefully
reserve critical rights (such as the right to conduct further research,
and to authorize others to do so), narrowly tailor exclusive rights
to the degree needed to incentivize development of new products,
and require the licensee to develop the licensed technology with
diligence.
To the extent a nanotechnology-related invention uses
genetic material, the NIH’s policy titled, “Best Practices for the
Licensing of Genomic Inventions” [16], is helpful. The Best Practices
recognizes that the range of inventions covered is broad, and that
any given nucleotide-based invention may have a range of uses,
including therapeutic, diagnostic, prognostic, and research uses.
Acknowledging all of this, the Best Practices describes various
considerations on whether or not to file for patents, on general
licensing strategies, and on exclusivity. As a bottom line, the Best
Practices encourages licensing policies and strategies that maximize
access, as well as commercial and research utilization of the
technology to benefit the public health.
Third, licensing is typically the beginning of a relationship,
not the end, particularly for technologies that need considerable
work to develop into products. Other than in the most simple,
royalty-free, internal-research licenses, licensors typically want
some level of monitoring and/or reporting to ensure that the
licensee is following the terms of the agreement. Also, licenses
often precede or accompany collaboration agreements. Finally,
licensing managers know to expect that successful collaborations
often trigger multiple amendments to the license over its lifetime,
reflecting the changes in circumstances illuminated by the research.

Part 2: Technology-Transfer Issues Under Government
Funding

According to one study, about one-third of the funds spent in the
United States each year on research and development comes from
the U.S. Government, the largest single source of R&D funds in the
world [17, 21]. These funds are allocated primarily through the
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use of grants and contracts to a wide array of entities, ranging
across academia, not-for-profit centers, other governments, and forprofits. From 1950–1980, almost all inventions made with federal
funds were owned by the Government; at that time, just 4% of the
30,000 inventions reported to the Government were ever licensed
and no products had reached the market from those licenses
[11, 26, 27].
In 1980, Congress passed a landmark law designed to tap the
creative power of federally-funded researchers to drive economic
development. This law, popularly known as the Bayh–Dole Act
[12], changed the rules for ownership and handling of inventions
made by recipients of federal funds (called a “Contractor”) under
any “Funding Agreement” (i.e., Contract, Grant, or Cooperative
Agreement [13]) for research and development.
Under the Bayh–Dole Act, the Contractor must report all
“Subject Inventions,” which are those inventions conceived or
first actually reduced to practice under the Funding Agreement.
The Contractor may, within a fixed time, elect title to any Subject
Invention, at which point the Contractor must file and maintain
patent applications, develop the technology diligently, and if
required by the funding agency, report on developmental activities.
In return, the Government gets a royalty-free license to that Subject
Invention for Government purposes. Furthermore, under certain
very narrow circumstances, the Government may “march in” and
require that the technology be licensed to a responsible third
party [14]. Also, in the event a Contractor fails to report a Subject
Invention, declines title, or abandons the associated patents (or
patent applications), the Government may take title.
Nonprofit Contractors must be sensitive to certain specific
rules [15]. First, the nonprofit Contractor must license to small
businesses (except where infeasible after reasonable inquiry).
Second, if a nonprofit Contractor exclusively licenses the
technology, the licensee must agree to manufacture the technology
substantially in the United States to the extent the licensee sells
the product here, unless the funding agency agrees to waive the
requirement. Third, nonprofit Contractors must share royalties
with their inventors and may only use the remaining royalties
to support scientific research and education. Fourth, nonprofit
Contractors may not assign their inventions without prior
permission of the funding agency. Finally, if the nonprofit Contractor
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declines title to or abandons a Subject Invention, the inventor(s)
may request the right to retain title, with the permission of the
funding agency.
The results of the Bayh–Dole Act are dramatic. In the 25 years
following passage of Bayh–Dole, the rate of patents issued to
Contractors per year grew from 250 in 1980 to over 3200 in 2005,
universities spun off more than 5000 new companies based on
federally funded inventions, and over 3600 new products reached
the market (527 in 2005 alone)—about 1.25 new products per
day—based on federally funded inventions. About 70% of this
growth took place in the biomedical arena [28]. By one estimate,
Bayh–Dole research alone conservatively contributed $2.6 billion
to the U.S. gross domestic product in 1996, and $16.8 billion in
2007, with a cumulative contribution of $82 billion [25]. About
42% of all U.S. graduate students in all scientific fields are supported
by federal funds. While the Bayh–Dole Act cannot take full credit
for all of this activity, it clearly played a major role.

8.7

Conclusions

Over the centuries, the intrepid trailblazers’ mapped rivers,
built monuments, and explored new terrain using tools such as a
compass, sextant, and telescope. Today, they map genes, build
devices using various forms of nanotechnology, and explore new
methodologies—all using, among other things, the tools of technology
transfer. Properly utilized, these tools help avoid the dangers and
reveal the best that the new landscape has to offer. Vast opportunities
await those who have the vision to seize the tools along with the
moment.
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that fewer than 10% of the 12,000 unexpired patents were licensed.
12. The formal name of the Bayh–Dole Act is the “University and Small
Business Patent Procedures Act of 1980,” P.L. 96-517, codified at 35
U.S.C. §§ 200-212.

13. For those unfamiliar with these terms, essentially, a “Contract” is an
agreement used when the goal is to produce or acquire something
for the benefit of the Government, while a “Grant” and “Cooperative
Agreement” are used when the goal is for the benefit of the recipient;
the difference between a Grant and a Cooperative Agreement is that
the latter anticipates substantial involvement of the funding agency.
See 31 U.S.C. §§ 6303-6305.

14. More specifically, 35 U.S.C. § 203 specifies that march-in is appropriate
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time, effective steps to achieve practical application of the subject
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9.1

Introduction

Innovation is often driven by collaborations. Pursuing a
collaboration is desirable because it can create opportunities for a
nanotechnology company to develop new products or technology
and expand into new markets. Such alliances can also benefit
both parties by controlling financial expenditures and solidifying
mutual commitment.
Licensing intellectual property is one way in which companies
may collaborate. While licenses can be extremely beneficial to the
parties involved, they nevertheless involve many complex issues,
such as negotiations surrounding research and development,
ownership, profits, remuneration, exclusivity, transferability, fields
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of use, territory, and duration. Such issues should be thoroughly
discussed at the earliest stage of the collaboration. Otherwise,
problems may arise during the partnership that can leave the
parties in a vulnerable position.
In the nanotechnology arena, companies may face unique
challenges when it comes to the licensing and transferring of
intellectual property rights. Many challenges stem from the
nature of the technology itself. Nanotechnology, which lacks
any formal nomenclature, generally involves products that
operate on the nanoscale [1], and many non-experts struggle
to grasp a scale of this magnitude [1]. Moreover, nanotechnology spans across a myriad of industries and disciplines [1]. For
instance, materials and devices that incorporate nanotechnology
may be used in biomedicine, electronics, information technology,
environment and sanitation, energy production, lithography, data
storage, optics, aerospace, and molecular robotic manufacturing
processes [1]. Furthermore, nanotechnology carries with it
potential risks that may not be known or even contemplated by
the current scientific climate or assailable tools [1]. These risks
can develop quickly and without any warning. Due to the
complexity of the field, nanotechnology is a unique broad area
that, in many cases may present unique hurdles, regulatory
challenges, and patent issues [1, 2, 21–24].
Since nanotechnology-centered licenses deal with technology
that is emerging and unpredictable, nanotechnology companies
should do their best to anticipate future developments and risks
that may arise before the expiration of licensing agreements.
The following chapter seeks to highlight potential issues facing
companies when licensing nanotechnology and presents strategies
for negotiating license agreements. Understanding these issues
can help companies on both sides of the license agreement to
maximize their protection and rewards and minimize their risks
and liability. The chapter will primarily focus on the US practice,
although some international issues are dealt with at the end.

9.2

Reasons for Entering into License
Agreements

There are numerous reasons why nanotechnology companies may
enter into license agreements. Generally speaking, partnerships
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between two or more companies may help each company overcome
its short comings. Both small and large companies may benefit
from having another company assist in providing resources,
whether such resources are financial, technological processes
or personnel. Such partnerships can also make it possible for
both small and large companies to research and develop new
technologies.
From the perspective of a large company, small or emerging
companies can provide access to a specific product pipeline.
Emerging companies are often founded to research and develop a
single product. Large companies may choose to license a product
from an emerging company rather than risk infringing intellectual
property rights by developing its own product. Moreover, licensing
a product from a small company can allow a large company to
invest in a specific product without the unwanted assets and
risks associated with purchasing the small company. Such risks
include, for instance, unknown liabilities, claims which have
not yet been asserted, potential infringement of third party
intellectual property, and employee integration and loyalty, to
name a few.
For smaller companies, the primary benefit of partnering with
a larger company is the ability to access resources and distribution
channels that might otherwise be prohibitively expensive. Estab
lished companies may be able to provide the necessary capital to
bring the smaller company’s products through clinical development
and onto the market. Additionally, a large company may provide
access to additional resources such as laboratory space, access to
leading technology, a well-established supply chain and sales force,
and customer channels. With access to such additional resources,
small companies may be able to develop products in a highly
efficient and cost-effective manner. Establishing a relationship
with a large and reputable company may also help emerging
companies gain credibility in their field.

9.3

Overview of Intellectual Property Licensing

The idea of licensing intellectual property stems from the principles
of property ownership. Once a patent has been granted on an
invention, that invention can be treated as a personal property
belonging to an owner [3]. Just like real estate, intellectual property
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can be transferred, willed, or mortgaged. The original owner of
the intellectual property is the inventor whose name appears on
the patent. When multiple inventors appear on the patent, those
inventors are joint owners of the patent who can each transfer or
sell the patent rights without the consent of the other joint owners
[4]. For instance, if one joint owner decides to grant an exclusive
license to a manufacturer to produce the patented product, that
exclusive license would bind each of the joint owners regardless
of whether they gave their consent or even knew about the
exclusive license.
Owners of patents have several options when it comes to
deciding what to do with their inventions. In some cases, they
may choose to retain the patent and pursue the development and
commercialization of the product by themselves. Due to the costs
and skills required for successfully manufacturing and marketing
a product, however, many patent owners may instead choose
to transfer those responsibilities to third parties with greater
expertise and resources. This transfer can be affected via a license
or an assignment of rights.

9.3.1

A License: Transferring Less than the Entire
Ownership Interest

One way to transfer patent rights to a third party is through the
granting of a license. A license involves transferring less than the
entire ownership interest; the patent holder retains ownership of
the patent while permitting the licensee to make, use, or sell the
invention. In essence, a license is a contractual agreement in which
the patent owner will not sue the licensee for patent infringement if the licensee makes, uses, or sells the claimed invention,
as long as the licensee fulfills its obligations delineated by the
agreement.
There are generally two types of licenses. The first is an
exclusive license. An exclusive license prevents third parties from
competing with the licensee over the rights set forth in the license
agreement. A license can also be nonexclusive, in which more
than one licensee may be given some rights to the same intellectual
property. Regardless of whether the license is exclusive or
nonexclusive, a license may also place restrictions on the licensee’s

Best Practices When Entering into a License Agreement

use of the patented product. For instance, the license may be
limited in scope, such as time, geographical area, or field of use.

9.3.2

An Assignment: Transferring the Entire
Ownership Interest

A license should not be confused with an assignment, which is
another means of transferring intellectual property rights. An
assignment of patent rights occurs when the patent owner conveys
an entire ownership interest or a percentage of the ownership
interest in the patent to a third party. Essentially, an assignment
is a transfer of the ownership of one’s property to another party,
including the rights, title, and interest in that property. To be legally
binding, the assignment must be in writing and must be recorded
with the United States Patent and Trademark Office (USPTO)
within three months of its execution [5].
Under some circumstances, inventors are under a legal
obligation to assign their ownership rights in an invention to a
third party. In the context of university research, for example,
employees may be required to sign an express agreement asserting
that they will assign all patent rights, title, and interest to any
inventive activity to their employer. Such agreements ensure
that individual employees do not profit from the employer’s time
and resources. In such a case, a court will generally uphold the
assignment agreement as long the agreement is reasonable in
duration and restricted to inventions relevant to the employer’s
business. Moreover, if an employee is hired to perform specific
tasks and develops an invention in the course of his duties, that
employee is generally required by law to assign his rights to
his employer, even in the absence of an agreement. In certain
other contexts, dividing the assignment of patent rights between
employers and employees can be extremely complicated.

9.4

Best Practices When Entering into a
License Agreement

While licensing can be a useful strategy to expand into new
nanotechnology markets, there are a number of issues that
nanotechnology companies should consider before entering into a
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license agreement. Such issues include maintaining confidentiality,
conducting due diligence of the licensor’s and licensee’s assets,
and determining the scope of the intellectual property to be licensed.

9.4.1

Non-Disclosure Agreements to Protect
Confidential Information

Entering into a license agreement often requires companies to
disclose confidential information. Disclosure allows both parties
to the agreement to know and understand exactly what technology
they will be licensing. Disclosure, however, also provides a com
petitor with confidential information about a company that the
competitor would not otherwise have access to. Without properly
protecting that confidential information, companies may be
hesitant to enter into licensing discussions with competitors for
fear that the competitor will later use that information to gain a
competitive edge. A non-disclosure or confidentiality agreement is
a proper tool for adequately protecting confidential information
while still allowing companies the freedom to disclose the
confidential information.
Adequately protecting confidential information requires a
company to first define what information constitutes confidential
information. Not all information is confidential. The definition
should not be drafted too narrowly since it would limit the
protection only to what information is specifically designated by
the agreement. In addition to providing a definition, the nondisclosure agreement should further restrict or prohibit the sharing
of that confidential information with third parties. By providing
such a restriction, the non-disclosure agreement helps ensure that
only those parties central to the license agreement (e.g., those
with a need to know) are the ones with access to the confidential
information. Additionally, the non-disclosure agreement should
provide for proper handling of the confidential information to
avoid accidental disclosure or misuse of the information. Finally,
the non-disclosure agreement should include a provision about
the duration of the agreement as well as a provision regarding
the return of all confidential information and materials upon
termination of the agreement. Thus, before disclosing any
confidential information, parties to the license agreement must
make sure that the information is properly protected.
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9.4.2

Due Diligence to Uncover Potential Issues

Since companies entering into a license agreement will share
assets with one another, it is also important for each party to the
agreement to perform due diligence on themselves and on the
other party. Performing due diligence will allow both parties to
uncover potentially unforeseen problems early in the process and
will allow the parties to take adequate precautions to prevent
problems from later arising.
Performing due diligence may reveal certain issues with the
technology or assets being licensed. For instance, a search of the
assets may reveal that a patent in the portfolio being licensed
is expired or abandoned. If a patent is expired or abandoned, the
licensee may be deprived of potentially desired and paid-for assets.
A search of the patent assignments may further reveal that the
licensor does not actually own the entire rights of the patent.
Without proper assignment, the licensor may not be able to
license the assets to the licensee, thereby once again depriving the
licensor with potentially desired and paid-for assets.
Additionally, an examination of the claims may reveal that the
scope of the promised assets is less than that which was previously
negotiated and agreed upon. A patent having claims with a narrow
scope may often have a lower value than a patent having claims
with a broader scope since it is easier for a competitor to design
around the claimed invention. As such, due diligence can be used
as a means to reevaluate and renegotiate provisions and terms of
the licensing agreement, or may be a way to dismiss an opportunity
if enough red flags are raised early on. Conducting a thorough
due diligence is therefore critical to protecting oneself against
potential problems with the licensing of the assets.

9.4.3

Properly Define the Scope of the Agreement

One of the initial factors that parties to a license agreement may
want to consider is the scope of the technology being licensed. In a
field like nanotechnology that spans across different industries,
scope is particularly important. Some licensors of nanotechnology
may only want to extend a license to one particular downstream
application of nanotechnology, such as medical device coatings. On
the other hand, some licensees may want to receive a much greater
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scope, such as the entire field of biomedicine. In many instances,
the scope may be limited only to those inventions that were
conceived or reduced to practice in furtherance of the license
agreement. Regardless of how broad or narrow the scope is, it
is critical for both the licensor and the licensee to agree upon the
territory covered by the agreement. Such determinations should
be made before a dispute arises rather than having to fight over the
scope of the licensed technology in a costly and time-consuming
litigation.

9.5

Potential Issues in Nanotechnology
Licensing

When dealing with licenses involving nanotechnology, one should
not neglect the usual issues encountered with conventional licenses,
such as remuneration, exclusivity, transferability, fields of use,
territory, and duration. However, when granting or accepting a
license involving nanotechnology, one must contemplate certain
unique technological factors which have the potential to affect all
involved parties to a significant degree. Such factors include the
challenges posed by reverse engineering, government or university
ownership, unforeseen negative impacts of technology, the
amount of competitors within the same technology space, and the
difficulty of policing infringement.

9.5.1

Protecting IP Rights Under Trade Secret Law

Nanotechnology is a unique field in that it can be very difficult
for competitors to discover the underlying technical principles of
an invention simply by analyzing its structure or function. This is
because nanotechnology operates on a much smaller scale than
other kinds of technology. As such, nanotechnology inventions are
often protected from reverse engineering.
Given the inherent difficulty of reverse engineering in certain
areas of nanotechnology, patent law may not always be the best
available method for protecting nanotechnology inventions. In
exchange for patent protection, technology must be disclosed to the
world, and upon expiration of patent rights, patented inventions
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fall into the public domain. Thus, if disclosure is not desirable for
any number of reasons, an alternative to pursuing patent protection
is to treat the nanotechnology invention as a trade secret without
publishing details of the invention in any form.
Trade secret protection involves protecting ideas simply by
keeping them secret. It therefore avoids the effort and expense
associated with filing a patent application. Protection remains as
long as the underlying technology is kept secret. One example of a
long-standing trade secret is the formula for Coca Cola. Trade secret
protection, however, requires continuous diligence, since once the
technology is revealed, it is no longer protected. Thus, when the
likelihood of reverse engineering a nanotechnology invention is
small, licensors and licensees should consider protecting their
inventions as trade secrets.
When licensing nanotechnology, it is possible to convey nanotechnology rights without revealing the trade secrets themselves
via a type of license agreement known as a “material transfer
agreement.” Under these agreements, the licensor shares the
materials with the licensee but does not disclose their composition.
A material transfer agreement usually involves a contract between
two parties that governs the transfer of tangible materials from one
party to the other [6]. The agreement defines the respective rights
of the parties, including IP rights, duties, and obligations of the
receiving party with respect to the materials and their derivatives.
Under a material transfer agreement, therefore, the recipient has
the right to practice the technology but is prohibited from
analyzing, reverse engineering, altering or otherwise modifying the
materials, and further cannot sell, transfer, disclose or otherwise
provide access to the materials to another party without the
prior written consent of the transferor. As a result, the underlying
structure and function of the licensor’s invention remains secret.
While confidentiality and non-compete provisions may give
nanotechnology owners similar protection, this route always
carries the risks of inadvertent disclosure or misappropriation
of secrets. Protecting trade secret rights under material transfer
agreements thus offers a more protective alternative that allows
the recipient to use the technology without requiring the transferor
to disclose the novelty or uniqueness of the material.
Another advantage to pursuing trade secret protection as
an alternative to patent protection is that it is usually easier to
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obtain an injunction for misappropriation of trade secrets than for
patent infringement. Under patent law, a permanent injunction
will only be issued after a stringent four-factor test is applied [7].
That four factor test requires a plaintiff to demonstrate that (1)
it has suffered irreparable injury; (2) remedies available at law
are inadequate to compensate for that injury; (3) considering
the balance of hardships between the plaintiff and defendant, a
remedy in equity is warranted; and (4) the public interest would
not be disserved by a permanent injunction. Even after the plaintiff
has satisfied all four factors, the court may still refuse to issue a
permanent injunction, thereby allowing wrongdoers to continue
infringing intellectual property rights. Under trade secret law, on
the other hand, courts consider whether (1) the plaintiff has
prevailed (or will likely prevail) on the merits of his misappropriation claims; (2) the plaintiff will suffer irreparable injury if the
permanent injunction is not issued; and (3) the balance of the
equities weighs in favor of the entry of the permanent injunction
[8]. Applying trade secret law’s three-factor standard, courts
may be more willing to issue a permanent injunction. Due to its
increased potential to prevent competitors from misappropriating
technology, trade secret protection may be a viable alternative
to patent protection for owners of nanotechnology looking to
establish intellectual property rights.

9.5.2

Ownership and Control of the Licensed
Intellectual Property

The Bayh-Dole Act, also called the University and Small
Business Patent Procedures Act, is US legislation that addresses
intellectual property arising from federal government 
funded
research. Enacted on December 12, 1980, the Bayh-Dole
Act gives US universities, small businesses, and non-profit
organizations the ability “to retain title to any invention developed
under such support,” or to control intellectual property resulting
from government funding [9]. Even if the development of an
invention has been funded by the government, the Act allows a
university, small business, or non-profit organization to pursue
ownership of the invention rather than granting automatic
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ownership rights to the government. The Act therefore is
responsible for reversing the presumption of ownership.

9.5.2.1

University ownership

Although the Bayh-Dole Act allows universities to retain ownership
of patents derived from federally funded research, clear title to
an invention may not always be easily determined. Problems
that may hinder clear title generally arise when employees of
the university collaborate with non-employees such as students,
consultants, visiting professors, or government employees to
research and develop an invention. Without clear title, a company’s
ability to practice the licensed invention may be affected. As a
result, nanotechnology companies seeking to license technology
from a university should conduct additional due diligence to
determine whether a clear and traceable title to the invention
exists.
Determining title to an invention generally requires a look into
three sources: (1) inventorship; (2) assignment and employment
agreements; and (3) the university’s intellectual property policies
[10]. Inventorship is often tricky to establish. For journal or
scholastic publications, individuals may be included as authors
for various reasons including, contribution to the idea behind the
publication, contribution to writing the publication, contribution
to data collecting or analyzing, or even professional courtesy. In
contrast, to be an inventor on a patent requires an individual to
have contributed to the inventive concept of at least one claim in
the patent application [11]. As a result, those individuals listed as
authors on a publication may be incorrectly listed as inventors on a
patent. Similarly, individuals who should be listed as inventors may
be incorrectly omitted from a patent application.
Once inventorship is established, the affiliation of those
in
ventors may determine whether those inventors can assign
the invention to the university. Assignment and employment
agree
ments, for instance, typically obligate employees of the
university to assign their rights to an invention conceived within
the scope of their employment to the university. These agreements
are generally executed by the employees a condition of employment.
A university’s intellectual property policies, furthermore, may
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obligate non-employees to similarly assign their rights to an
invention to the university. Since a non-employee may never
expressly consent to these policies, consideration should be given
to whether these policies are enforceable against the non-employee.
Moreover, the non-employee may have additional affiliations
outside the university that may affect their ability to assign his rights
to the invention to the university. Prior to entering in to a license
with a university, potential licensees should have an understanding
of the various factors that may impact and hinder clear title to an
invention.

9.5.2.2

Government March-in Rights

In addition to revoking the government’s automatic ownership
of intellectual property developed with federal funds, the BayhDole Act further permits, in certain circumstances, the federal
government to step in and acquire the technology. This is known
as the government’s “march-in” right [12]. Under the march-in
provision, the Bayh-Dole Act essentially allows the government,
as the funding agency, to have an ongoing right to “require the
contractor (university), an assignee, or exclusive licensee of a
subject invention to grant a non-exclusive, partially exclusive, or
exclusive license in any field of use to a responsible applicant or
applicants, upon terms that are reasonable under the circumstances,
and if the contractor, assignee, or exclusive licensee refuses such a
request, to grant such a license itself. ”In order words, the BayhDole Act allows the government to ignore the exclusivity of a patent
and practice the invention itself, or have a third-party practice
the invention on the government’s behalf. Patent owners are
therefore susceptible to losing rights to their technology to a
potentially unknown party.
For the government to enforce its march-in right, however,
certain criteria must be satisfied. Two of the most important criteria
include (1) a failure on the part of the licensor to take “effective
steps to achieve practical application of the subject invention,”
and (2) to satisfy “health and safety needs” of consumers. While
the government has never actually exercised its march-in rights,
the government contemplated using its march-in rights during the
anthrax attacks of 2001. At the time of the attacks, Bayer had patent
rights to the drug Ciproflaxin, which was used to treat anthrax.
As the anthrax scare continued and fear of a full-blown epidemic
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increased, the federal government contemplated marching in and
acquiring Bayer’s patent rights to the Ciproflaxin in order to benefit
the health and safety of the public.
Owners of nanotechnology developed with federal funds
thus face the possibility that their technology may be subject to
government march-in rights. Since a great deal of nanotechnology
research and development involves the military, national defense,
and public health, that research is often funded by various US
government agencies. Such government agencies include, for
example, the National Science Foundation, the National Institute of
Health, and the Department of Defense. Any technology developed
using government funds granted by these agencies is generally
subject to march-in rights.
The idea that the government can march-in and acquire patent
rights presents a significant risk for both licensors and licensees.
If the risk of the government marching in and acquiring the
technology is high, a licensee may be cautious or unwilling to enter
into a license agreement because it risks losing licensed
technology. Under such circumstances, if the extent of use of the
licensed technology is uncertain, a licensee may only be willing
to pay a lower fee for the license. Additionally, the licensee may
request a termination clause that provides contingent relief from
certain obligations, such as paying royalties, in the event that the
government takes ownership of the technology. Such terms in the
agreement may serve to protect the licensee’s interest in using
the technology.
Relatedly, licensors may find it difficult to license their tech
nology because licensees are wary of government march-in
rights. Under these circumstances, licensors risk losing potential
revenue. To offset this risk, a licensor may ask a licensee for upfront
payments. These upfront payments would assure the licensor of
receiving at least some revenue from the licensed technology. To
further protect itself from the possibility that the government
will march-in and acquire the licensed technology, a licensor may
request that the license agreement include a covenant not to sue.
The covenant would serve to protect the licensor from a possible
lawsuit by the licensee in the event that the licensee loses the
right to use the technology. Such a provision would protect the
licensor’s interests in generating revenues from the licensed
technology.
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9.5.3

Unknown and Unforeseen Side Effects

Nanotechnology involves new and exciting discoveries in a wide
variety of fields, including biomedicine, electronics, information
technology, environment and sanitation, energy production, litho
graphy, data storage, optics, aerospace, and molecular robotic
manufacturing processes, as noted above. Nanotechnology,
however, also carries with it the possibility of unknown and
potentially harmful side-effects. These side-effects may include
toxicity, en
vironmental harm, and health risks. Nanoparticles,
for example, may present certain health risks. Nanoparticles are
sometimes present in foods, creams, and other consumer products
and may be inadvertently inhaled, ingested, or topically absorbed,
a health risk known as “nano breach.” Following a nano breach,
nanoparticles may accumulate within the lymph and nervous
systems, around hair follicles, and in tiny skin folds. The health risks
associated with nanoparticles has given rise to robust research
and development in the growing field of nanomedicine [13].
There are very few sources that provide guidance or address
safety issues relating to nanotechnology. Neither the US Food
and Drug Administration [1] nor the US Environmental Protection
Agency has fully formulated nanotechnology standards, regulations,
or “formal” guidelines. ASTM International, an organization
that develops and publishes consensus technical standards, is
one of a number of US and international organizations that has
published guidelines relating to the characterization and handling
of nanomaterials [14]. Moreover, some cities including Berkeley,
California and Cambridge, Massachusetts have passed their own
laws regulating the use of nanomaterials. Such laws require
individuals to provide information on to any known health or
safety risks posed by the nanomaterial and report on how the
nanomaterial will be handled, stored, and disposed off [15].
With nanotechnology’s potential to cause unknown and
harmful side-effects, owners of nanotechnology intellectual
property may face a risk of liability for side-effects stemming from
their technologies. This risk of liability presents difficulties for
both licensors and licensees who must consider the probability of
problematic side-effects before signing a license agreement.
From a licensee’s perspective, a party may be hesitant to enter
into a license agreement for fear of potential liability for unknown
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side-effects of the nanotechnology. Licensees may choose to
include limited indemnity provisions in the agreement to protect
themselves in the event of a third-party law suit. However, to further
protect themselves from potential liability, licensees may demand
a broader scope of indemnity to cover unforeseen side-effects of
the nanotechnology. In fact, licensees may demand that the
indemnity be so broad as to cover, for instance, all unforeseen
negative effects of the nanotechnology on public health and the
environment. Under such broad indemnity, the licensor may be
required to defend the licensee and hold it harmless in the event
that a court finds liability.
While licensees would certainly benefit from an expanded
indemnity provision, licensors may be hesitant to offer such an
indemnity. In many cases, licensors may want to limit indemnity to
strictly intellectual property-related areas and may not be willing
to indemnify licensees for any health problems or physical injuries
caused by the nanotechnology. To minimize the risk of liability,
therefore, a licensor may choose to incorporate the standards set
forth by ASTM or a similar organization into the licensing agreement.
The standards would serve as evidence of best industry protocols
and would govern a licensor’s conduct. As long as the licensor
abides by the standards, the licensor may be able to insulate itself
against liability for unforeseen side-effects of nanotechnology.

9.5.4

Crowded Technology Space and Cross-Licensing
Strategies

Licensors and licensees of nanotechnology may face additional
hurdles from industry competitors. In the nanotechnology space
alone, even employing the narrower sub-nanometer definition for
nanotechnology [1], there are thousands of patent publications
and thousands of issued patents to date [16]. Many of these
applications and patents have unduly broad, similar or overlapping
scope [21–23]. Although this is somewhat understandable
in a broad, undefined field like nanotechnology that spans a
number of different disciplines, but it presents serious issues for
inventors, companies and may dampen commercialization efforts.
As a result of overlapping intellectual property rights, owners
of nanotechnology may often find it difficult to operate in the
marketplace without infringing upon another’s technology [23].
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When parties have overlapping patents such that practicing
one patent would infringe the other party’s patent, both parties can
opt to enter into a cross-licensing arrangement. A cross-licensing
arrangement is a mutual sharing of patents between parties
without an exchange of license fees in which each party promises
not to sue the other. When entering into a cross-licensing
arrangement, parties begin by pooling the relevant patents
together and dividing the patent rights so that each party takes
exclusive or non-exclusive rights to a particular field of use covered
by the combined patents. For instance, one party may choose to
work in the chemistry space while the other party may choose to
focus only on electronics.
Cross-licensing arrangements can offer several advantages
for owners of intellectual property in the field of nanotechnology
[17]. First, such agreements can act to lower licensing fees. If two
companies in the crowded nanotechnology arena cannot practice
their own invention without infringing the other company’s
patent, both companies benefit by entering into an agreement that
allows them each to develop and commercialize their patented
technology. Second, a cross-licensing arrangement can act to
encourage quicker and cheaper settlements of infringement
lawsuits. When parties enter into a cross-license, they do so with
a promise not to sue one another. Such an arrangement allows
each party to practice the other party’s technology without fear of
being sued for patent infringement. As a result of the arrangement,
parties that own patents with overlapping scope promise not to sue
one another to defend their patent rights. Even if the parties did not
enter into a cross-licensing arrangement before practicing their
respective technologies, cross-licensing could still remain a viable
alternative to litigation.
Cross-licensing can further promote innovation by preventing
competitors from blocking one another’s products. This may be a
particularly viable strategy for latecomers looking to enter into a
field with well-established players. In the field of nanotube
technology, for instance, there are several well-established players
with patent rights to basic nanotube technology. If a latecomer
enters the market, the company may be blocked from practicing
basic nanotube technology without infringing the rights of
previously established competitors. The latecomer, however, may
be able to force a cross-license with a competitor if the latecomer

Potential Issues in Nanotechnology Licensing

has patented technology that can block the existing player from
expansion and further development. In the case of nanotubes, the
latecomer may be able to block the existing player by obtaining
patent rights to the downstream applications of nanotubes, such as
electronics. In this scenario, the latecomer and the existing player
would enter into a cross-license arrangement that allows each
company to access the other’s patent rights. This arrangement
would allow the latecomer to practice the basic technology while the
existing player would gain access to more specialized technology.
The terms of a cross-license in this situation may be favorable to the
latecomer as a result of the latecomer’s superior bargaining power.

9.5.5

Policing and Enforcing Patent Rights

The difficulty in policing and enforcing patent rights within the
nanotechnology arena presents yet another concern for licensors
and licensees. There are several reasons why nanotechnology
presents such a unique problem. First, infringing activity of
nanotechnology occurs on a very small scale, which can be difficult
to observe, analyze, and police. Additionally, discoveries and
improvements within nanotechnology occur almost daily and
across a variety of disciplines. Continually monitoring potentially
infringing activities occurring on such a small scale and in such high
frequency can be overwhelming.
Adding a mutual cooperation provision to a license agreement
involving nanotechnology may help address some of the difficulties
facing companies in monitoring and enforcing patent rights. A
mutual cooperation provision is essentially a clause that requires
both parties to an agreement, usually the licensor and licensee, to
cooperate to protect each other’s patent rights. Under a mutual
cooperation provision, the licensor may be required to disclose
features of the licensed technology to the licensee at the onset
of the relationship. As the relationship continues, both the
licensor and the licensee may be required to continually share
critical developments with one another, including improvements,
advancements, and/or modifications of the licensed technology.
Such communication will allow both parties to follow the
development of the particular technology.
Understanding the changes and modifications made to a
particular technology will also help a nanotechnology company
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monitor developments made by competitors. Receiving continual
updates regarding the licensed technology can allow both parties
to follow activities occurring within or outside the scope of the
licensed technology. If a third party, for instance, develops a
product having certain features or functions that are within the
scope of the licensed technology, the licensor and licensee may
have a potential infringement claim. If, on the other hand, a third
party develops a product that is outside the scope of the licensed
technology, the licensor and licensee may be able to ascertain that
the particular development likely does not infringe the patent.
In the event of infringement, these provisions may require both
parties to participate in gathering evidence and pursuing legal
action. Such cooperation can lead to the identification of infringing
activity early on, before any significant financial or other harm
comes to either the licensor or licensee. Moreover, when both
parties cooperate in a patent infringement action, the likelihood of
success increases. Since both parties to the agreement are actively
working toward understanding the current status of the licensed
technology, mutual cooperation provisions may act to alleviate the
burden of only one party monitoring the market.
Even though mutual cooperation provisions may act to
alleviate the burdens associated with monitoring patent rights,
there are still hurdles to enforcing those rights. One hurdle is Rule
11 of the US Federal Rules of Civil Procedure [18]. Rule 11 requires
a meaningful form of infringement due diligence on the part of
both counsel and client prior to initiating a patent infringement
action. In other words, before an infringement claim can be brought
before the courts, the attorney and the client should reasonably
believe that the accused product infringes at least one claim of
the patent. In the case of nanotechnology, as noted above, it is
often difficult to determine if a third party is infringing because
of the size and complexity of the inventions. As a result, satisfying
the Rule 11 requirement may be burdensome even when both parties
are working together.
In addition to the Rule 11 hurdle, a recent Supreme Court
decision has made it more difficult to receive a court injunction
to stop an alleged infringer from continuing with its infringing
activity. In eBay v. MercExchange, decided on May 16, 2008, the
Supreme Court held that a permanent injunction will no longer
be issued automatically upon a finding of patent infringement.
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Instead, the Court requires that a four-factor test, as previously
mentioned, be applied. Even if a plaintiff can satisfy each of the four
factors, there is no still no guarantee that the Court will grant an
injunction.

9.6

International Issues Surrounding
Nanotechnology Licensing

While the above information has primarily focused on licensing
nanotechnology in the United States, international licensing can
also be a viable means of developing products and expanding
a company’s market share. In fact, for licensors, international
licensing arrangements may be the only viable way to reach
foreign markets due to the costs and risks related to establishing
foreign operations. For licensees, international licensing can be an
effective and economical way for foreign companies to acquire
technology to help expand and strengthen their own marketshares
without exposing them to the costs associated with researching
and developing new products. The benefits to both licensors
and licensees may encourage continued and increased use of
international licensing arrangements.
For companies interested in licensing nanotechnology
outside the US, inter
national licensing arrangements may be
particularly beneficial because of foreign attempts to further
nanotechnology innovation [19]. At least sixty countries have
national nanotechnology projects or programs in place. Countries
like Germany, Japan, and South Korea are making substantial
investments across a broad range of nanoscale science, engineering,
and technology. In addition, Russia and China have increased
investments in general nanotechnology research. Other countries,
such as Israel, Singapore, and Taiwan, have focused their
resources on a specific niche or technology department.
International partnerships, nevertheless, may often be compli
cated by international laws, particularly those laws governing
trade. Licensors who wish to license their nanotechnology
internationally should therefore take precautions to protect their
patents. These include, for instance, being aware of different patent
laws, export control laws, and laws governing the transfer of the
intellectual property across international borders.
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9.6.1

Different Patent Laws for Different Countries

Since patent laws are territorial by nature, an initial inquiry for
nanotechnology companies entering a foreign market through
licensing is whether their intellectual property is protectable
in that particular country [20]. For a product to be protectable
in a foreign country, a company must file for patent protection in
that country. Without patent protection, there may be nothing
to prevent the licensee from making, using, or selling that same
technology without adequately compensating the licensor.
Nanotechnology companies should be aware of the patent laws in
each jurisdiction, what patent rights will be applied and how they
will be applied.
There are several key differences between the patent laws
in the United States and those of other countries. The first is the
“first to invent” and “first to file” systems. The United States until
recently had a “first to invent” system. This meant that if Company A
developed a product first but Company B filed a patent application
to that product first, Company A could still receive a patent to
that technology, assuming Company A can prove that it created
the product first. However, now all countries employ the “first to
file” system where the company that files the patent first gets the
patent. Therefore, nanotechnology companies looking to enter
into international licensing arrangements should ensure that
they filed their international application before a competitor.
Another key difference between the patent laws in the United
States and other countries is the concept of novelty. In the United
States, an applicant is entitled to a one year grace period between
the time the applicant discloses the invention and the time an
application is filed. The majority of other countries, however,
employ the “Doctrine of Absolute Novelty.” Under this Doctrine,
no such grace period is provided. Generally speaking, disclosure
of the invention prior to the filing of a patent application, with
certain exceptions, would serve as a bar to patentability. As a
result, companies should make sure to file their international
applications prior to any disclosure of their technology.
Differences in allowable subject matter between the United
States and other countries may provide additional hurdles to
obtaining patent protection in the course of international licensing
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arrangements. For instance, while software and business method
patents qualify as patentable subject matter within the United
States, other countries do not recognize them as such. Since
nanotechnology spans across a wide variety of disciplines and
industries, there exists a possibility that certain nanotechnologyrelated inventions are not even patentable in a foreign market.
Companies licensing their nanotechnology should make sure that
they can obtain foreign patent protection in the licensee country
to minimize the potential of losing control of their product.
Other jurisdictional differences that affect an international
licensing arrangement may also exist. These include, for instance,
less comprehensive intellectual property protection; licensor’s
require
ments or limitations may not be given full effect;
enforcement of judgments may be slow, uncertain, or expensive;
and injunctive relief may be unavailable or uncertain. Understanding
the differences that exist between the licensor’s country and a
potential licensee’s country may help companies better navigate
potential hurdles and negotiate license agreements.

9.6.2

Export Control Laws

Nanotechnology companies considering licensing their products
internationally should further consider how export control laws
will impact the international trade of their licensed technology.
Export laws apply regardless of whether the technology is protected
by patents or trade secrets. Export control laws are driven by
foreign policy and are designed to protect national security.
Companies dealing with the licensing of nanotechnology should
be particularly careful when exporting their products since
nanotechnology often involves matters of national security. As
such, additional precautions may be necessary.
The Bureau of Industry and Security (BIS) is responsible for
implementing and enforcing the Export Administration Regulations
(EAR) [25]. The EAR regulates the export and re-export of most
commercial items, but certain other US government agencies are
also responsible for regulating exports. The US Department of
State, for instance, is responsible for regulating the export of
defense articles and services. ”Dual-use” items, such as those that
have both commercial and military applications, on the other hand,
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are governed by BIS. Certain nanotechnology-related inventions
may be considered “dual-use” items since they may have both
commercial and military applications.
Nanotechnology companies seeking to license technology
having military applications or technology involving matters of
national security may need to take certain precautions to ensure
that valuable information is not unlawfully disclosed to others
abroad. When exporting nanotechnology to a foreign country, a
licensor should first explore whether the technology falls within
a designated category and whether an export license from the
US government is necessary. Whether or not a product requires
a license is dependent upon several factors, including, the
product’s technical characteristics, the destination, the end user,
and the end-use. Failure to obtain an export license can subject
the licensor to penalties, and may risk invalidating patent
protection covering such unauthorized disclosures.

9.6.3

Choice of Law Provision to Govern the
International Licensing Agreement

One of the most critical issues in entering into an international
licensing arrangement is the choice of law that will govern the
agreement. The choice of law is important because it may impact
the licensor’s patent rights and ability to control its product in
a foreign jurisdiction. The choice of law may further impact the
terms of the licensing agreements. Parties to an international
licensing agreement should negotiate upfront what law should
govern.
Factors that may be used in making the determination should
center on the type of technology being licensed and whether that
technology would be better governed by US law, foreign law,
antitrust law, or other public policy laws. Because of the
potential military applications and ties to national security, US
nanotechnology companies may prefer to have the United
States serve as the choice of law. Any other governing body may
compromise the US company’s control over its technology and
may potentially jeopardize national security and military matters.
Due to the importance of maintaining US governing law in certain
nanotechnology-related matters, a severability clause may be
included in the license agreement to allow the choice of law
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agreement to stand on its own in the event another portion of the
agreement is invalidated by a court.
In many jurisdictions, the choice of law selected by the
parties may not necessarily be applied. In certain countries, the
local law will automatically govern the agreement. Therefore, a US
nanotechnology company entering into an international licensing
arrangement should be aware of the potential risks associated
with allowing a foreign law to control the commercialization or
exploitation of the licensed product in the foreign country.
Parties to an international licensing agreement may opt to
avoid either country’s law and may choose to select an alternative
body of law to govern the licensing agreement. The United Nations
Convention on Contracts for the International Sale of Goods (CISG)
may provide that alternative. The CISG is a treaty, adopted by over
two thirds of the world’s countries, offering a uniform international
sales law. It applies to contracts between companies located in
different countries and is designed to eliminate any ambiguity
caused by different domestic laws concerning the international
sales of goods. The potential for disputes may be reduced by
applying the CISG. Despite the potential benefits of applying a
uniform international sales law, the CISG may not necessarily be
best route for all companies involved. Before electing the CISG as
the choice of law, nanotechnology companies therefore should
evaluate the advantages and disadvantages of having US law and
domestic law govern. Regardless of what choice of law is selected,
fairness should be considered in drafting the agreement, as courts
often frown upon choice of law provisions that would cause an
undue burden to one of the parties to the agreement.

9.7

Conclusions

As we have seen, license agreements have the potential to drive
innovation and provide avenues for companies to expand into
new markets. However, there are several unique challenges facing
nanotechnology companies when it comes to the licensing and
transferring of intellectual property rights. These challenges can
leave companies susceptible to unknown future developments and
potential risks that may arise prior to the expiration of existing
license agreements. Nanotechnology companies on both sides
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of a license agreement should understand the potential issues
surrounding their licensing strategies and should be prepared to
handle the consequences. By being aware of the potential hurdles,
nanotechnology companies can maximize their protection and
rewards while minimizing their risks and liability.
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10.1

Introduction

Just how much do you need to know about intellectual property (IP)
for your company to get it right and avoid costly, potentially fatal
mistakes? With all of the many challenges you face in starting and
running a company, and with all the demands on your time, it is
not realistic or necessary that you become an IP expert. There are
many well-qualified IP legal counsels available to work with you to
fill that role. That said, you and your employees are the gatekeepers
to your company’s IP estate, and your actions or inactions will
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determine its quantity and quality. Given the role IP plays in the
modern economy and how much value it can bring if properly
managed, at least basics of IP protection and the important “dos
and don’ts” should be understood by every employee generating
or exposed to information or activities that could contain IP. This
chapter provides guidance on steps that companies should consider
taking to protect their IP and cautions about common mistakes
in companies’ IP (mis)management that can be avoided. While
those having less experience in dealing with IP should find the
information in the chapter particularly helpful, the points below
will also serve as a convenient summary of good practices for a
wider audience including those with more IP experience.
Nanotechnology is an emerging discipline that holds great
promise for developing unprecedented tools in medicine, computer
technology, energy generation and storage, defense and many other
areas. The most prominent aspect of nanotechnology is that it cuts
across many technologies and is thus influenced by advances and
challenges in these disciplines. This chapter emphasizes certain
points that are particularly relevant for IP protection in multidisciplinary fields like nanotechnology.

10.2

Steps to Take

10.2.1 Know the IP Tools in the Toolkit and How Each
Works for You
There are four fundamental IP protection tools in the IP toolkit:
patents, trade secrets, trademarks, and copyrights. Each tool is
customized to serve a particular purpose. Utility patents are critical
to protect new functionality that can be implemented as a process,
machine, or manufacture, and to protect a composition of matter
such as a new nanotech composition. Design patents are also
available to protect the distinctive appearance of products.
Trade secrets can be used to protect valuable knowledge that
is intentionally kept secret, when that secrecy can be reliably
maintained. Trademarks are used to protect your brand—e.g., the
name of your company or a product. In addition, copyrights protect
original written works (e.g., software, databases, and text), music,
images, sounds, and other forms of art from unauthorized copying,
use, or performance.

Steps to Take

When in doubt about whether a new development constitutes
new IP and what type of IP protection is needed, the safest bet in
the beginning is to keep all valuable information secret and ensure
that every person who gets involved signs a confidentiality
agreement. Keep in mind that a single non-confidential disclosure
will destroy the trade secret status and can also preclude the
ability to obtain a valid patent in much of the world.
Now that you have a secret, should you just keep it secret?
Is that sufficient, and is it the right protection? Relying only on
protection of information as a trade secret (which is often not
properly protected) can be risky. In most situations where the
information is also potentially protectable by a patent, a safer and
more robust approach is that the trade secret status be treated only
as a temporary measure until patent protection can be secured.
Indeed, just because only Joe and Prakash have keys to an office
where there is a computer storing data on a new nanotech fabric
that is considered a trade secret and these are the only people,
besides of course the CEO Mark, who know a password for the
computer, it does not mean that everybody can relax and decide to
defer instituting more serious IP protection measures to sometime
in the future. What happens if Joe and Mark have a disagreement
and Joe leaves to work for a competitor? Alternatively, what
happens if Mark, in a conversation with an outside consultant,
unintentionally or not, discloses the secret information? Or what
if Joe discusses, in confidence, the new nanotech fabric with his
wife and she happens to, in even greater confidence, discuss it with
her best friend who just cannot bear to keep such exciting news to
herself and posts it on social media that same night while having
a glass of a good red wine? Such hypotheticals are endless but the
outcome is the same. The genie is out of the bottle and the trade
secret is no more. The ability to patent may be lost as well. True
trade secret protection is notoriously difficult to maintain over time,
particularly in the fast-moving, loosely structured, collaborative
world of early stage technology companies.
The lesson is this: relying on keeping everything confidential
and within the confines of the company may simply not work,
and if it fails, and that is the totality of your IP protection strategy,
you have nothing left. Many companies have a “we will do patents
later” attitude, especially when money is an issue. However, this
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approach can in the end cost overwhelmingly more than a patent
application would.

10.2.2 Keep Your Trade Secrets Secret

Despite the dire warnings above about over-reliance on trade
secret protection, you should understand that trade secret is an
unquestionably valuable IP protection tool. Many key pieces of
information that yield a competitive, time-to-market advantage
are simply not amenable to patent protection—e.g., customer lists,
customer leads, identity of suppliers, source materials, etc. Some
valuable information that is in theory amenable to patent protection
may also be very difficult to protect in such a way that would be
easy to discover in a competitor’s product or process—e.g., certain
key processing conditions, specific equipment, intermediates not
present in the final product, etc. Sometimes, the only effective
form of protection available for such information is trade secret,
and inclusion of such information in a patent application may
simply broadcast the information to your competitors without the
ability to effectively prevent them from using it. Accordingly,
it is important to first identify what is going to be protected by a
trade secret versus what should be patented. Companies often do
not realize what types of knowledge/information is only valuable
when it is kept secret and therefore should be treated accordingly.
Further, the only effective way to take advantage of trade secret
protection is to implement stringent and consistent measures for
keeping track of all valuable secret information by developing a
trade secret protection program, monitoring and controlling
employees’ access to the information and their interaction with
outside parties, conducting exit interviews, and taking other
measures to assure that the information remains secret. It is also
important, when deciding what is best to keep secret, to bear in
mind that successful products can and will be reverse engineered
or analyzed in some other way to uncover valuable competitive
intelligence—if the “trade secret” you propose to keep is vulnerable
to being discoverable by such analysis, patent protection is a
better route from the start. Additional considerations for deciding
between patent and trade secret protection are whether it is
realistic to keep information secret over the entire commercial
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lifespan of the product, and whether it has more value (e.g.,
licensing potential) if patented.
Let us consider an example of how the toolkit might work.
A startup that invented new software (e.g., nanotechnology
imaging software) can potentially use all four types of IP to protect
different aspects of the invention. A patent can be used to protect
the functionality and technical application of the algorithm itself,
whether or not implemented by competitors using the same or
similar source code. The name of the company and/or the name
of the software product can be protected as a trademark. If it is
possible to keep the source code of the program secret, which should
include stringent and reliable measures to maintain the secrecy,
the code can be protected as a trade secret. However, if and when
the software is distributed to clients/customers (and could be
reverse-engineered) or if it otherwise becomes accessible to the
public, the trade secret status is lost. However, the entire software
or critical portions of it can be copyrighted, which will protect
against unauthorized copying of the code itself.

10.2.3 Take Care to Establish Your Identity

Your company’s brand may be one of its most valuable assets.
The choice of a name and brand should not be either default or
haphazard. There is never an easier time to get it right than at
the very beginning, and there is never a painless time to back out
of a dead-end name or brand once the initial die has been cast. A
common but easily avoidable mistake of many budding startups
is neglecting to develop a distinct and protectable identity—their
name and logo. The problem is not that a company does not have
a name—of course, every owner thinks of a name first, often
descriptive of the product or service (e.g., Nano[*] Corp.) and
then proceeds with using it everywhere in connection with the
company and its technologies. But the question is, how good is
the name, really? Many startups, either intentionally or sometimes
unknowingly, select a trademark that somewhat resembles a famous
trademark, or a trademark that is otherwise already in use and/or
has already been registered with the U.S. Patent and Trademark
Office (USPTO). A good rule of thumb should be to avoid names
that come close to a trademark that most people would associate
with a well-known existing trademark. The more famous the
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trademark, the wider the scope of protection that it is afforded—
even a nanotech startup will likely not be long for this world with a
name like “Starbucks” or “NanoGoogle.” Although the definition of
famousness of a trademark is beyond the scope of this chapter, it
is not difficult to recognize trademarks that should be avoided
when choosing a name for a new business or brand.
On the other end of the spectrum, many new companies decide
on a name that they believe will make it easy for consumers to
appreciate what the business is all about. It is advisable to avoid
the trap of having a trademark that is too descriptive, mainly
because it cannot be effectively protected. An ideal trademark
for a new company is catchy and memorable, and may have some
connotation of the product but is neither descriptive of the
product nor similar enough to existing marks in your industry
to cause confusion. Examples of some strong marks you are
familiar with include Google®, Jaguar®, Apple®, Intel®, Puma®, and
Nike®.
The takeaway is that branding and commercial strategy
should be the first steps in launching a business or a product.
Before deciding on a trademark, a good idea is to search the
USPTO database for existing trademarks. Use of the Google® brand
search tool is helpful but it may not reveal adequate information—
different spelling variations, synonyms, and word order can
complicate the search. There are a very large number of registered
trademarks, and it is easier to violate someone else’s rights than it
seems. A trademark attorney can perform a “knockout search” for
what is typically a small investment but a huge time and moneysaver down the road. Once you pick a name and the public begins
associating your business with that name, the consequences of
having to rebrand because the initial trademark was not selected
carefully can be devastating. The last thing any company wants is,
after one or more years of success, to receive the dreaded ceaseand-desist letter and/or an insurmountable rejection of your
trademark application from the USPTO. The need to “reinvent”
a branding strategy in such situations entails not just consumer
confusion and lack of consumer loyalty, but also risks investor
confidence and, at the very least, requires expensive and disruptive
re-labeling of products and stationary, changing websites,
documents, marketing materials, and more. Do not be that
company!
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10.2.4 Patents—The Crown Jewels of Your IP Portfolio:
Tips and Best Practices
10.2.4.1 Identifying what can be protected early—it’s a race
to the Patent Office
A common mistake of many startups and even of some more mature
companies is neglecting to secure patent rights in key technologies
soon enough. If a company’s business model hinges on the
exclusivity and ability to monetize any inventive concept, planning
an IP protection strategy should begin at the same time as the
business plan is being developed. Every new idea with commercial
value should be evaluated for possible patent protection, and the
company should prioritize securing an early effective filing date for
its patent protection. Although time and money are often an issue
for a nascent company, failing to plan and budget a sufficient
investment in the protection of existing IP and development of new
IP can create long-term and unfixable negative consequences. The
market exclusivity that patent protection can afford may be the
best leverage a small company has to compete against larger, more
established competitors and to secure funding. Patents are often
the single most valuable tangible asset for early stage companies,
improving their stature and profile as well as valuation by
potential investors and commercial partners.
The consequences of procrastination in filing patent
applications to protect core IP can be dire, and the patent laws are
unforgiving. Until recently, U.S. patent law was an anomaly in that
priority of invention (i.e., who is entitled to a patent and to own
the invention) went to the first to invent. So, in a situation where
a cash-poor inventor or her small company delayed a patent filing
for financial reasons and was “beaten to the Patent Office” by
another inventor, or where the inventor marketed or disclosed the
invention (e.g., to raise money) prior to filing, the patent laws in the
U.S. were designed to allow such inventor to still secure protection
so long as she could demonstrate that the invention was made
prior to the earlier filing inventor or prior to the public disclosure
(within a 1-year grace period). However, on March 16, 2013, a
sea change in U.S. patent law occurred via implementation of the
“first inventor to file” provisions of the America Invents Act [1].
Like the rest of the world now, the winner of the patent prize in the
U.S. is the first inventor to file a patent application, not the inventor
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who actually comes up with the idea first. Moreover, the grace
period protections for pre-filing disclosures have been significantly
reduced, such that failure to file before disclosure is much more
likely to result in a loss of all potential patent rights. Simply put,
focus on ensuring that at least a U.S. provisional patent application
is filed with the USPTO as soon as possible and certainly before any
non-confidential disclosure or commercial use of the invention. To
ensure timely attention to patent protection, a company should
establish procedures to capture and manage its information
properly and to educate potential inventors about the importance
of identifying and reporting information that can potentially be
patented and become a source of profit.

10.2.4.2 Knowing your goals and your competitors

Patent protection can be useful to promote your company’s
business strategies for a number of reasons. While patents are
predominantly used to extract value from a patented technology
by excluding other competitors from practicing the technology, a
company’s patent strategy can be tailored to other goals as well.
Building up a patent portfolio can be important to attract capital.
Although venture capitalists may not expect a startup at an early
stage of development to have already established a sophisticated
patent portfolio, the ability of the company to demonstrate its IP
potential and patent savvy can make it look much more attractive
to investors. A startup should thus focus on filing at least one
patent application to its critical technology defining its perceived
value proposition and competitive advantage. This will ensure that
there is something to show investors, that the company has the IP
infrastructure in place to maintain market differentiation. Having
IP protection in the works will enhance a company’s reputation with
investors and customers. That said, patent applications do require
a significant investment in time and money and, with rare
exceptions, the business plan of the company will not center on the
production of patents as an end in itself. Therefore, the key is to be
proactive but also strategic. Patenting everything is not as important
as patenting the right things. Investors will look for appreciation
of this distinction and that the company is not spending its limited
resources unwisely preparing, filing, prosecuting, and maintaining
patents that do not serve an identified need or have a strategic
purpose at the expense of other important priorities. Make sure
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you have a good explanation of how and why the patent is valuable
to your execution strategy, and how you intend to use it to be a net
positive in cash flow over the long term.
Depending on the nature of a product or technology to be
patented and the company’s business plan, a patent can serve
other purposes than just keeping competitors out of your operating
space. Patents can be licensed to create a revenue stream and/or
be used as a tool for cross-licensing negotiations with competitors—
e.g., those who may hold patents that curtail your company’s ability
to commercialize some facet of its technology. Patents can also
be useful for a company to optimally position itself for an exit
strategy that involves acquisition or partnering. A patent covering a
technology that is strategically focused on improving existing
approaches of key market players can get you noticed by a big
company. That’s why it is important to know the market well and
investigate the IP positions of your competitors, so that the patent
position of your company is strategically correct in view of your
business plan, execution, and exit strategy.

10.2.4.3 Understanding that a patent does not grant a right
to use the invention

It is a common misconception that holding a patent on an invention
means that the inventor is granted a right to make the invented
technology. The patent gives a right to exclude others, meaning that
if someone infringes a patent (e.g., makes, uses, sells, or imports
technology that is covered by the patent), the patent owner has
the right to sue that infringer. But the invention can be practiced
only if it does not encroach upon others’ unlicensed patent rights.
Facing a roadblock when attempting to commercialize your
company’s patented technology is not at all uncommon, especially
in a crowded technology area. The time to figure this out is NOT
on the eve of product launch—or worse yet, shortly thereafter in
the form of a cease-and-desist letter from a competitor.
Thus, even prior to deciding on and launching a patent
protection strategy, it is important to investigate whether your
company is trying to commercialize a technology that is covered
by someone else’s patent(s). Some companies, especially those that
are well established in the market, often create what is called
“patent thickets” where multiple patents cover a product or
technology. This happened in such crowded technology areas as,
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for example, mobile phones. Even though nanotechnology is still
considered to be in its infancy, existence of nanotech-related patent
thickets has been observed already several years ago [2]. The
existence of blocking patents can typically be identified as part of
a freedom to operate (FTO) study that can reveal the competitors’
landscape. The FTO analysis allows determining whether a product
would infringe existing patents and can help to avoid distracting
and potentially devastating lawsuits. Assessing the scope of
competitor’s IP can help to select specific features of the invention
to focus on and to determine what a company can do better—
cheaper, faster, and simpler. The IP strategy can then be devised in
view of company’s business goals and existing IP.
Early understanding of the patent landscape in the relevant
technology area can give time for proactive solutions. A designaround strategy can be adopted if a product can be modified to
avoid infringement of existing patents. Strategy for negotiation
with owners of existing patents can be developed, which can include
licensing/cross-licensing negotiation or possible partnering or
acquisition. Before making a substantial investment, institutional
investors will typically do due diligence on your company’s FTO
position. If your company has a proposed strategy that is not
viable in view of what is uncovered, most investors will walk away.
The company should have already done this diligence to make
sure there are no surprises and the proposed business plan is
properly tuned to the competitive IP landscape.

10.2.4.4 Venturing into a foreign land

Depending on your execution and exit strategy and the nature
of your product, a company should consider securing patent
protection abroad. Even if currently there are no plans for
manufacturing and/or selling the product overseas, international
patent protection can be critical to your future ability to deal
with a bigger, transnational company and your present ability to
deal with investors who are looking for such ability. Valuation of
your company’s IP portfolio and the company’s overall valuation
can definitely be negatively affected if you only have initiated or
secured patent protection in the U.S. That said, extensive foreign
filing campaigns are enormously expensive, and it is often difficult
or impossible to predict at a very early stage which foreign markets
will be vital to the company’s business strategy.
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Luckily, there is a way to fairly inexpensively secure an option
for later filing in 148 countries worldwide [3] via an international
patent application filing made under the Patent Cooperation
Treaty (PCT). Such an application can be filed in the USPTO up to a
year after the filing of a U.S. priority application (e.g., a U.S. provisional
patent application as discussed above) and will be accorded the
priority date worldwide of the earlier filed U.S. application, for
all subject matter supported by the earlier application filing.
Most importantly, for a single filing fee, a patentability search and
assessment is performed, and the necessity for final selection of
countries for national patent filings and their associated filing
and translation costs are deferred for 30 months after the earliest
priority date in most jurisdictions. This gives a company crucial
additional time to determine whether a patent application in a
foreign country is desired and justifies future expenses.

10.2.4.5 Ensuring proper patent ownership

To avoid lengthy, disruptive, and costly disputes and possible loss
of exclusivity, a company should ensure automatic assignment
of inventions via assignment provisions in written employment
agreements. Care should be taken in using specific language of
present assignment in the agreements—e.g., the agreement should
state that an employee “hereby assigns” rather than “agrees to
assign” all inventions resulting from his or her employment to the
company. Assignments should be obtained and recorded for any
application containing new subject matter, including provisional
applications and continuation-in-part applications (which include
both subject matter included in the parent application and some
new information).
It is also critically important to make sure agreements are in
place with outside contributors—e.g., consultants, engineering
contractors, vendors, customers, development partners, licensees,
etc.—who may conceive or develop, either independently or
collaboratively with your company’s employees or other third
parties, inventions related to your company’s technology or derived
from your company’s proprietary information, which define
ownership and commercialization rights of any inventions they
may make or contribute to. The default under U.S. patent law for
jointly made patents is that they are commonly owned in their
entirety by the inventors or their assigns, and that each co-owner
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has full rights to commercialize the technology covered without
notice or accounting to any other inventor/owner. So, absent a
written agreement to the contrary, if a contractor suggests even
a single, minor feature of an invention, to the extent that that
feature is claimed in a subsequently filed patent (even in a single
claim in a patent containing many claims), the contractor will be free
to make, use, sell, and license others to do so, as well as any of the
technologies claimed by the patent, without notice, accounting, or
compensation to your company. As should be apparent, unqualified
joint ownership is typically neither the most fair nor most
sensible solution. The time to work these issues out and memorialize
agreement is before information and ideas are exchanged.

10.3

Pitfalls to Avoid

Now that we have worked through the best practices for developing
and managing your company’s IP, let us look at the other side—
common pitfalls that should be avoided.

10.3.1

Failure to Understand Competitors’ Landscape

Before launching a product or technology, a company should know
what has already been done and where others stand in the relevant
area. Conducting an FTO study before completing development of
a product can help to understand early on whether the product
could potentially infringe existing patents. Nanotechnology is a
multidisciplinary area where inventions are likely to overlap with
existing technologies, across multiple disciplines [4, 5]. Thus, before
developing and commercializing products in this area, a company
should be careful to target its R&D efforts in a direction that
would lead to a sustainable competitive position in the market.
A company should also monitor competitors’ activities and
filings with the USPTO. Competitors’ patent prosecution can now
be influenced through a third party submission procedure that
allows, within a limited time period, third parties to submit patents,
published patent applications, or other printed publications
accompanied by a concise description of their relevance for
consideration by the USPTO. These submissions can reduce the
probability that a competitor will obtain a patent claim that could
threaten your company’s FTO position.
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In addition, a trademark, logo or slogan for a new company,
product or brand should be selected only after a search is conducted,
to ensure others’ rights will not be violated and that the selected
marks are strong and robust.

10.3.2

Disclosing Before Filing

Inventors should avoid any non-confidential disclosure of their
invention before filing. Even a single non-confidential disclosure
of the idea, either orally or in writing, in enough detail to enable a
sufficiently skilled person to reproduce the invention, may be fatal
to the ability to obtain patent protection anywhere in the world
and will certainly be fatal to trade secret status. The standard for
what constitutes a disclosure is quite low—not only a publication
or presentation at a conference or a trade show counts, but also
informal dissemination, such as discussions on a Web forum or
blog. Even an email to a colleague or a friend may be considered a
public disclosure.
In other words, most non-confidential disclosures to third
parties that precede an inventor’s filing of a patent application may
destroy or substantially limit the inventor’s right to obtain a patent.
Thus, such disclosures before filing should be avoided at all costs.
If a public disclosure does take place, either intentionally or not,
it is crucial to file a patent application as promptly as possible
following the disclosure to preserve the ability to utilize the limited
grace period protection available in the U.S. and several other
countries.

10.3.3

Filing a “Quick and Dirty” Provisional

A provisional patent application can be a cheaper, less formal version
of a “regular” utility patent application that allows establishing
a priority date. Once the provisional application is filed, and if
patent protection is desired, a utility application and any foreign
applications must be filed within a year.
A common misconception is that an effective provisional
patent application can be really anything you want it to be (“a stake
in the ground”) such that even a short, general description of the
invention will suffice. This is incorrect. A provisional application
needs to meet all of the statutory requirements of a utility patent
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application to provide an effective priority date for the claimed
invention. In other words, the provisional application must fully
describe and enable the invention, as it will later be claimed in the
utility application and any foreign applications, for it to provide any
benefit. Relying on a “quick and dirty,” hastily or unprofessionally
prepared provisional application that does not fully describe the
invention can often be worse than nothing at all. For instance, such
a weak provisional application may give an inventor a false sense
of security that he/she is safe to publically disclose the invention.
However, this will be the case only if claims in the utility application
are fully supported by the provisional application. This essentially
means that the provisional application must describe each claimed
feature of the invention, and must provide enough implementation
detail so that a person skilled in the relevant technology could make
and use the claimed invention without undue experimentation.
Thus, inventors should dismiss any advice suggesting that a selfprepared and/or sparsely described provisional application can
be filed to provide a reliable priority date for a later filed, more
complete and fleshed out utility application. Provisional
applications are useful when done right—they can be prepared
more inexpensively due to relaxed formalities and requirements
and they can establish an early defensive priority date without
starting the patent term clock ticking. Nevertheless, if it is worth
investing in filing a provisional application—to gain benefit and
prevent disaster, its preparation should be treated as seriously as a
utility application.

10.3.4

Not Tailoring IP Protection Strategy to Your
Business Goals

In a patent application, claims define the actual scope of protection.
Patent application drafting and particularly claim strategy should
be developed based on how the patent will be used in the future.
If a technology is short-lived and quick return on research and
development investment is desired, one reasonable route is to
assign the patent, meaning sell and transfer its ownership, to
another. Claims in a patent application, which is filed with the goal
of selling the future patent, should be focused on the feature(s) that
make the patent desirable to potential buyers.
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A more common approach of licensing a patent to a third party
can be adopted if long-term revenue from the patented technology
is desired. Claims in a patent application to be licensed may be
broader to allow for multiple licenses, for example in different
fields of use, and international protection may be more important
to facilitate broad appeal to the widest variety of potential
licensees.
If a patent application is filed with the intention to protect
a product that a company makes and sells, IP strategy should
be directed towards this goal. Claims can more closely relate to
the specific product and markets. IP protection can also be more
territorially focused on the jurisdictions where the product or
services will be manufactured and/or sold by the company.
Some patents are also obtained not for defensive protection of
what a company is doing, but rather as part of a so-called “offensive”
strategy, with the goal of suing other parties as patent infringers
or placing roadblocks in the path of key competitors. However,
in the nanotechnology area, this strategy should be approached
with caution given the scale and complexity of inventions in the
area. Predicting the course of technology development of a potential
infringer and being able to develop supportable, preemptive IP may
be unrealistic and prohibitively expensive.
Accordingly, whatever the business goals and strategy, the
savvy entrepreneur or company decision maker should develop
an appropriate and complementary route for IP development and
make sure that the IP protection and deployment strategy match
the selected path.

10.3.5

Failing to Ensure Ownership and Exclusivity and
Obtain Timely Assignment

For a company or any other entity (e.g., a university or research
institution), it is critical that an employee-inventor assigns a patent
application in a timely manner. Failure to control this can lead to
a loss of rights. A U.S. priority application (provisional or utility)
which precedes a PCT or a foreign application must be assigned
to the applicant/owner before the PCT application is filed to
ensure that the priority claim will be effective in all jurisdictions of
interest. In addition, as discussed previously, companies too
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often lose control of IP and/or end up being tied into long-term,
counterproductive relationships with other parties—consultants,
development partners, suppliers, customers, etc.—because IP
ownership of jointly developed inventions was not worked out
and memorialized before inventive contributions are made and
competitive, potentially adverse interests of the involved parties
develop. Capping the bottle is always easier and less painful than
trying to reinsert the genie.

10.4

Takeaways

First and foremost, a company should look—and protect—
before launching. If your company’s business model depends on
technology to provide a competitive advantage, then it also depends
on the existence of IP, and it is important to choose a path that is
aligned with your business strategy, maximizes value, and attracts
investors. To select the route that enhances your business model, it
is wise to know your competitors’ IP landscape well. This includes
existing patents, published pending patent applications, and
other public information regarding their technology and business
development. Also, think carefully when deciding on a name or
logo for your company or product. Choose something that is both
distinctive and available. Avoid the tendency to assume you can
keep everything secret. While some valuable information can be
protected as a trade secret, it is very challenging for young, fastmoving companies to keep technical information secret in the long
run, and any “trade secret” that can ultimately be uncovered by
reverse-engineering your product simply isn’t one. Filing at least a
U.S. provisional patent application or a PCT application is often a
better solution for most patentable subject matter that has
commercial value. The provisional application is to be taken
seriously—it should fully support claims as they will be presented
in the future utility application.
As a general rule, if you desire to obtain a patent on an idea,
do not disclose anything before filing. To accomplish this objective
requires taking control of your employees’ handling of information
within and outside the company. Focus on the quality of your IP,
not quantity—only those inventions that truly add value and are
aligned with some objective of your business plan and/or have a
realistic probability of generating revenue that will exceed their
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11.1

Introduction

Nanotechnology ventures, as science-based businesses, are very
different from more widely studied technology ventures, such
as those built to exploit technology developments in electronics,
computers, and software. Yet to date, very little has been written
about the commercialisation strategies of nanotech ventures.
Science-based businesses, such as biotech, nanotech, and advanced
materials ventures, are differentiated from other types of technology ventures by the level of uncertainty they face over long
time periods before commercialisation [26, 29]. For instance, new
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technology ventures have an average gestation period, defined
as technology idea to first commercial sales, of 2 years [4], whereas
advanced materials, nanotech and biotech ventures have a
gestation period in excess of 10 years [20, 26]. This prolonged
uncertainty, and the high level of capital investment required, is
leading to business model innovation, which can be most usefully
studied at the level of individual ventures. And, although the
distinction between science-based businesses and nearer-tomarket technology ventures is critical, nanotech ventures are
different from biotech ventures in important ways.
Like biotech ventures, nanotech and advanced materials
ventures face high technological and market uncertainty over
long time frames [3, 18, 26]. Nanotechnology, like advanced
materials, also comprises a set of technologically diverse enabling
technologies based on process innovation [17, 25, 28]. However,
unlike biotech, nanotech ventures have to choose between a vast
range of unrelated markets with entirely different alliance
partners, regulatory systems, and performance attributes [29].
Nanotech ventures also have different marketing uncertainty
challenges, without the step function reduction in uncertainty
provided by clinical trials, or the same likelihood that, having
resolved technological uncertainty and passed regulatory hurdles,
the product will be adopted.
A nanotech venture will benefit from adjusting their commercialisation strategy to address the combined factors of the
radical, generic, upstream, slow, process-based and capital-intensive
nature of nanotech innovation [22, 29]. Through three case studies,
this chapter explores innovative commercialisation strategies
which could address these challenges and enable new ventures
to exploit nanotechnology more effectively. The ventures are then
analysed as to their commercialisation challenges and how they
enact the critical success factors of nanotech commercialisation.

11.2

Case Studies

Case studies of three successful nanotech ventures are explored
in this chapter. Each of the nanotech ventures developed and
commercialised engineered nanoparticles. The applications
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explored are in vastly different industries, ranging from consumer
electronics, to automotive, biomedical, alternative energy, aerospace,
cosmetics, and telecommunications. These industries span several
different regulatory regimes, requiring differing testing for each.
Further, product attributes are valued very differently across
these industries: for example, enabling higher energy density of
batteries was critical for NanoGram in developing biomedical
devices, whereas fast battery recharge rates were more highly
valued in alternative energy applications.
Two of the ventures were independent start-ups, commercialising scientific discoveries from university labs after a long process
of development within the start-up firm. The third case study is of
an internal corporate venture, demonstrating the environment
within an incumbent firm most conducive to commercialising
radical generic technology such as nanomaterials. The case studies are based on multiple interviews with CEOs and/or operational
leaders at both firms, and a wide range of secondary source
information sourced from news archives, company websites,
financial databases, and the US patenting office.

11.2.1

Hyperion Catalysis1

Hyperion Catalysis was formed in 1981 with funding from a
Silicon Valley venture capitalist who judged that the advanced
materials sector offered outstanding long-term value potential. He
brought together a scientific advisory board to help him select an
appropriate focus within the advanced materials sector. This
board, consisting mainly of scientists from MIT and Harvard,
advised on carbon microfilaments, subject to resolving technical
uncertainty about synthesis. One employee, a retiring industrial
chemist, was hired to start conducting research on this area. With
some encouraging results, Hyperion was incorporated in 1982,
locating in Cambridge, MA, because of the existing location of their
key employee and most of the scientific board. Their goal was to
develop a radical innovation in advanced materials technology; if
successful, the potential for long-term value creation was enormous, as such an innovation could improve products across most
industrial sectors.
1With

permission from Elsevier, this case study is reproduced from ref. [20].
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From 1982 to 1989, Hyperion focused on developing the
first viable multi-walled carbon nanotube (MWCNT) product and
process, with patient capital provided by their founder and owner.
Their key breakthrough was their 1983 synthesis of MWCNTs,
which Hyperion protected by filing for a patent in 1984. This patent,
which was issued in 1987, is the first US carbon nanotube patent2
and became key to Hyperion’s patent portfolio (US Pat No. 4,663,230).
From 1984 to 1989, Hyperion’s scientific team developed their
technology from a laboratory process to a production process with
numerous patents filed on improvements in the reactor design
and the development of a continuous manufacturing process. The
output of this vapour deposition process is their key intermediate
product, MWCNTs, later trademarked FIBRILTM. Hyperion’s commercialisation timeline is depicted in Fig. 11.1.

Figure 11.1 Hyperion Catalysis and its commercialisation timeline.

By 1989, Hyperion had achieved their technical objectives,
which included learning how to make these MWCNTs in large-scale
production volumes and to a high level of purity. When they began
focusing on commercialisation, they wanted to follow an in-house
2Carbon

nanotubes have generated considerable interest as they enable radical
improvement in the performance attributes of composite materials as well as
enabling entirely new products.
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manufacturing business model but struggled to choose between
the many potential uses for their advanced materials product and
process inventions, including potential uses in the automotive,
aerospace and power generation industries. Hyperion did not
yet have prototypes suitable to demonstrate feasibility to these
markets. Hence, they publicised their technical achievements
widely, in the hopes of attracting potential customers and/or
alliance partners. This strategy proved successful, as it resulted in
the approach of their first alliance partner.
This partner, a European-owned resin supplier, thought that
Hyperion’s technology would solve their own problem with an
automotive application. The resin supplier had been attempting
to displace steel fuel lines and had established a solid production
cost advantage but needed to make their polymeric fuel lines
conductive for safety reasons. The resin supplier had already
identified the resin, Nylon 12, and was confident that Hyperion’s
MWCNTs could be compounded with that resin to make conductive
composite automotive fuel lines. The resin supplier’s compounding
and manufacturing equipment, along with their contacts into the
automotive industry, were key to Hyperion successfully selling
into the automotive market, since automotive original equipment
manufacturers (OEMs) and Tier 1 suppliers rarely pay for any
prototype development. In successfully developing a prototype,
Hyperion developed a process to disperse their interim product
of billions of intertwined MWCNTs into individual nanotubes
throughout a polymeric resin. In order to have their composite fuel
line specified in the development stages of an automotive model,
Hyperion also needed to scale up their process to make tonnes of
the product. Hyperion filed several patents over 3 years of
development, and achieved their first product sales in 1992.
After this first successful product development, Hyperion
moved to larger facilities to have room for commercial-scale
production equipment and further growth. Hyperion then
concentrated on developing prototypes and specifying their
product for other automotive applications. In the mid-1990s,
Hyperion partnered with GE Plastics to develop further automotive
product applications. First they developed conductive polymer
composite automotive mirror casings for Ford and other automotive
OEMs which could be electrostatically painted (along with the rest
of the metallic portions of the car). Next they jointly developed
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conductive polymer composite fenders, which met or surpassed
metallic alternatives, giving advantages of weight-savings and
styling options. Most of their materials sales for polymer composite
fenders have been for European car models, as weight savings
have been more highly valued in the European market.
During this time, Hyperion also continued to scale up their
process and developed a high-tonnage nanotube reactor. In 1998,
an MIT graduate with technology product development experience
was hired as Director of Business Development. He went on to
have a major influence on Hyperion’s product expansion and
commercialisation strategy. Some of his initiatives included
expanding their sales presence globally and moving slightly further
down the value chain, by compounding resins in-house in order
to have control over the dispersion of their MWCNT product.
Hyperion’s growth was rapid but could have been even more so
with additional external financing. And, although their product
development efforts were largely successful, they did not meet with
universal success. For example, Hyperion’s R&D team had been
working on developing their product for structural composite
aerospace parts. This involved dispersing their nanotube product
into the thermoset resins most suitable for aerospace structural
parts. Their efforts at demonstrating enhanced value in these
applications have been largely unsuccessful to date.
Hyperion’s first successful product development outside of
the automotive market was in consumer electronics. In this
instance, Hyperion was approached by a consumer electronics
OEM who valued their material’s attributes. Hyperion found
consumer electronics OEMs to be far more open to collaboration
on product development than automotive OEMs. Hyperion was
able to create strategic alliances with consumer electronic OEMs
and co-developed several components which took advantage of
their static dissipation properties and the integrity and cleanliness
of their composite materials. These products, including internal disc
drive components, handling trays and devices for manufacturing
disk drive components and test sockets for integrated circuits,
have become a major product revenue stream for Hyperion.
In the late 1990s and into the early 2000s, Hyperion’s R&D team
also developed products which used their material in advanced
batteries for the power generation industry. Hyperion received
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competitive Small Business Innovation Research (SBIR) grants
from the US Department of Defense (DoD) from 1996 to 1999 to
develop MWCNT electrodes for electrochemical capacitors, and
issued several patents from this work. Concurrently, they were
developing composites with non-polymeric matrix materials.
From 2000 to 2004, Hyperion developed their MWCNT product
as a catalyst support, which has power generation and emerging
alternative automotive applications. They also filed a patent on
the use of their product for the emerging application of field
emission displays. Hyperion has found IP protection to be critical
to their ability to capture value, both in negotiating with large
strategic alliance partners and in discouraging new entrants. Hence,
they have filed over 100 patents and actively expand and extend
their patent portfolio.
Hyperion’s product line consists predominantly of composites
of their MWCNT product, dispersed into thermoplastic resins.
They are continuing to grow their products and revenues into the
automotive, electronics, power generation and communication
segments, and are looking to expand their sales into other market
verticals, as well as “staking out” IP in emerging markets. They are
the oldest and, arguably, the most successful dedicated nanomaterials venture in the world to date, achieving between $20
and $50 million in annual revenues3; yet, to achieve that success,
Hyperion needed patient capital, alliance partners and an early
focus on substitution rather than emerging markets.

11.2.2

NanoGram/NeoPhotonics Corp.4

NanoGram was founded in 1996 by Dr Nobuyuki Kambe and Dr
Xiangxin Bi to commercialise their novel nanoparticle manufacturing process which produced small (5–200 nm), uniform,
high-purity nanoparticles for a broad range of materials. Bi had
developed the process as a post-doc student at MIT. Kambe had
been in the same lab years earlier, having completed his PhD in
3Revenue

estimate obtained from Reference USA.

4This case study was based on four primary source interviews conducted on 9 August

2005, 19 August 2005, 26 February 2006 and 13 April 2006, from secondary source
information from company websites http://www.NanoGram.com and http://www.
neophotonics.com and from other sources cited within the case study.
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electrical engineering at MIT, and they met through that connection. Kambe was also a successful businessman with a strong
network in his native Japan and managerial experience at Nippon
Telephone and Telegraph and at the International Center for
Materials Research in Japan. Together, Bi and Kambe further
developed the process at the University of Kentucky, where Bi had
done his PhD, aided by funding from the International Center for
Materials Research. NanoGram relocated from Kentucky to Silicon
Valley, California, in late 1996, in part because of better access
to outside financing.
NanoGram had developed a powerful, flexible nanoparticle
manufacturing process (later trademarked as NPMTM) and aimed
to produce nanostructured materials for a broad range of emerging
markets, including fuel cells, solar cells, solid-state lighting, portable
electronic devices, high-resolution imaging, medical devices, and
optical devices for communications networks. Part of the reason
that NanoGram’s process was so flexible was because it did not
require high vacuum, making it far easier to change compositions
and thus to produce a wide range of materials. They began developing
their process for this broad range of potential applications,
helped by $1 million in seed financing from Institutional Venture
Partners, who installed experienced technology entrepreneur Mike
Hodges as interim CEO. In 1998, Tim Jenks, a Stanford MBA and
MIT engineering post-graduate who had been a vice president at
Raychem Corporation, joined NanoGram as CEO and began to
carefully match NanoGram’s enabling product attributes with
specific market needs, and to develop a strategy for creating strategic
alliances.
The initial rational for an in-house manufacturing revenue
model was that customer adoption was the most important issue
for NanoGram, and the adoption of its technology was initially
limited by demand, as it had not yet been able to demonstrate its
value in specific applications to potential customers. NanoGram felt
the need to manufacture product to demonstrate its potential to
customers. However, the decline of the technology sector in 2000
and 2001, and the subsequent uncertainty after 11 September
2001, led to a massive decline in the availability of investment
capital. Most ventures, including NanoGram, re-examined their
revenue models and looked for ways to lower operating costs and
capital intensity. Jenks recalls, “We knew it would be impossible
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to fund all of our applications—a narrow focus was essential, yet
we knew we had a very powerful platform.” Thus, NanoGram was
forced to make tough decisions between maintaining sufficient
resources and exploiting the breadth of its technology.
NanoGram first responded by narrowing its focus to its technology competencies with films and the application development
of novel circuits for optical networks in the telecommunications
industry. Through precise control of nanoparticle size and subsequent optimisation of refractive index, NanoGram’s technology
could enable lower cost, high-efficiency circuits. Jenks liked this
application of NanoGram’s technology because it was not the focus
of large incumbent players, as the portable electronic device
component markets they had targeted earlier had been. To reflect
this altered focus, NanoGram changed its name to NeoPhotonics
Corporation.
Shortly after this name change, more favourable market
conditions and a “desire to diversify their risk” led them to spin
out another applications company, NanoGram Devices Corporation,
in November 2002, for the development and commercialisation of
medical battery devices. For the medical device market, NanoGram’s
NPMTM materials production process and its laser reactive
deposition LRDTM process enabled batteries with much faster
recharging time than any other battery available. This process also
enabled a wide range of batteries with desirable characteristics
including long runtimes and high power output per unit weight.
At this stage, there were two application companies, NeoPhotonics
and NanoGram Devices Corporation (NDC), both demonstrating
value through improved performance in existing applications in
established markets.
As these new applications companies had the potential for
conflict over common IP, an IP company was also formed with a
licensing revenue model which would focus on technology incubation and fuller exploitation of the broad platform of technologies
which had applications across multiple industries. Somewhat
confusingly, this new company was named NanoGram Corporation,
the original name of NeoPhotonics. Jenks describes the revenue
model change as follows:
Then, two market-focused companies were sharing common
intellectual property—IP that defined a powerful multi-facet platform.
The licensing model derived from these two decisions—we formed

195

196

Overcoming Nanotechnology Commercialisation Challenges

NanoGram as a platform company with initial application licenses to
the two market-focused companies, thereby enabling the two market
focused companies to succeed. NanoGram has been highly successful
since, continuing forward as a platform IP and discovery company.
(Tim Jenks, 26 February 2006)
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further $40 million in 2004. After an alliance with a Chinese photo
diode manufacturer, Photon Technology Co., to integrate NeoPhotonic’s novel optical glass devices with Photon Technology’s
products, the two firms merged in 2005. This merger resulted
in a sharp upturn in customers, revenue and employees.5 The
combined entity, still called NeoPhotonics and still led by CEO Tim
Jenks, continued to grow rapidly, their growth partially fuelled by
several strategic acquisitions of optical device manufacturers,
and was responsible the majority of revenue generation from the
family of ventures depicted in Fig. 11.2. NeoPhotonics collected
growth distinctions during this time, including being listed in
Deloitte’s “Silicon Valley Fast 50”, the “Inc. 500” Fastest Growing
Private Companies, the Red Herring “North America 100” of Most
Promising Tech Companies, and Deloitte’s 500 Asia Pacific 2009.
NeoPhotonics raised $75 million in a third round of VC investment in 2006, and a further $30 million in VC investment in 2008.
Their nanomaterials technology enabled higher-speed, higher
bandwidth data transmission, resulting in product sales to all of
the largest optical network hardware vendors globally [24].
NanoGram Devices Corporation (NDC), the other applications
company to exploit the nanomaterials technology developed by
NanoGram, spun out in January 2003 and quickly raised $10 million
in venture financing. NanoGram’s process was especially flexible
for metal matrix oxides, and ideal for enabling novel cathode
materials. Thus, looking for high margin substitution applications,
new CEO Barry Cheskin approached the dominant incumbent in the
medical power market, Greatbatch Technologies, in 2003, proposing
that NDC supply novel cathode material to WGT. Successful
development and commercialisation of NDC’s high performance
nanoparticle silver vanadium oxide battery technology, in the form
of implantable batteries for medical devices, led to NDC’s acquisition by Greatbatch for $45 million in March of 2004. Greatbatch
used NDC’s process to develop new higher energy density batteries
enabling smaller and longer life implantable medical devices
utilising NDC’s technology [11].
In August 2003, NanoGram created a wholly owned subsidiary
company, Kainos Energy Corp., primarily for the development of
low-cost membranes for solid oxide fuel cells. NanoGram’s
5At

the time of the merger, NeoPhotonics was estimated to have 100 employees and
approximately $10 million in revenues, whereas Photon Technology Co. had 1000
employees and $40 million in revenues [12].
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nanomaterials processes also enabled a wide range of batteries
with exceptionally fast recharging rates. Kainos exploited this
broad technology platform in developing fuel cell, solar cell, and
hybrid automotive battery prototypes. Kainos obtained a Phase
I SBIR government grant for further R&D into fuel cells, but, after
deciding that the economics for fuel cells were not attractive yet,
shifted its focus exclusively to the solar cells and was merged
back into NanoGram. The IP part of the company, NanoGram, was
focused on licensing the technology more broadly, scaling up its
processes for higher volume production, and developing technology for emerging markets. After NeoPhotonics’ merger with
Photon Technology Co. was completed in 2005, Jenks realised
that he could no longer run both NeoPhotonics and NanoGram.
Jenks searched for a replacement CEO who could improve NanoGram’s alliance creation and licensing capabilities by understanding customers’ mindsets. He recruited Kiernan Drain, who
brought relevant experience from his role as vice president of
Avery Dennison Corporation’s worldwide performance polymers
division.
Drain put more resources into NanoGram’s alliance creation
strategy, AccessNanoTM and networked actively himself. He also
created a strategic marketing team and made NanoGram much
more proactive at identifying good opportunities for its technology,
desirable alliance partners and promising value networks. As part
of reaching out to potential alliance partners and customers in
Asia, NanoGram opened a Japanese national subsidiary (NanoGram KK) and a Korean national subsidiary (NanoGram Korea)
in 2006 with experienced and well-connected presidents hired
to develop regional business opportunities. Drain also focused
on maximising profits through NanoGram’s licensing model by
helping its customers scale up volume.
NanoGram was an upstream R&D and licensing company
broadly exploiting their engineered nanoparticle platform technology, but simultaneously attempted to develop and manufacture
products in alternative energy and consumer electronics markets
through their wholly owned subsidiary Kainos Energy Corp
(later renamed NanoGram Solar). Focusing on a novel solar cell
fabrication approach as NanoGram Solar, the company raised
$32 million in venture capital financing in January 2008 and
used that money to build a pilot solar cell manufacturing facility,
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having developed yet another process innovation, SilFoilTM, to
reduce the cost of solar cell production. NanoGram Solar actively
pursued applications and alliance partnership in the cleantech
energy sector. A key alliance, with materials supplier Nagase &
Co. of Japan, was initiated in late 2006. By the end of 2007,
NanoGram had installed its NPMTM system at Nagase ChemteX
Center in Tatsuno, Japan, and they jointly announced higher volume
nanoparticles and nanomaterials production ability to serve global
customers for optical, electrical and energy applications. Nagase
became an equity partner in NanoGram through investment in
the third round of equity financing in 2008. In late 2008 and most
of 2009, NanoGram attempted to raise a further $75 million to
scale up to a high-volume manufacturing plant for solar cells [13].
NanoGram signed a technology development deal with Tokyo
Electron Ltd., a corporate investor in the 2008 financing round,
but were unable to raise further financing or proceed with an IPO
in the difficult market conditions.
R&D on consumer electronics applications had also been
ongoing at NanoGram and its alliance partners. The alliance
formed in 2006 with Nagase in solar cells also extended into the
consumer electronics field, as Nagase also manufactured LCD
screens for consumer electronics products. NanoGram’s process
technology offered promise of lower cost transistors and display
backplanes. In early 2009, NanoGram formed an R&D alliance
with Teijin Ltd., a Japanese materials multinational, to adapt NanoGram’s processes to economically produce and disperse crystalline
silicon nanoparticles (referred to as “silicon ink”) in high volumes
to be “printed” into flexible electronics applications. Nanogram
and Teijin were able to demonstrate that NanoGram’s silicon ink
materials could be used in the conventional manufacturing facilities
existing printing equipment of electronic device manufacturers.
NanoGram was acquired by Teijin in 2010, with the intention
of further developing NanoGram’s NPMTM process to make lowcost, lightweight, flexible electronics such as thin-film transistors
for liquid crystalline displays. Teijin also aims to supply the silicon
ink material and sintered silicon nanoparticle films to customers
manufacturing flexible displays, semiconductors, and solar cells.
Thus, of the four entities formed to commercialise NanoGram’s engineered nanoparticle manufacturing process, only
NeoPhotonics (the original venture and the most successful in

199

200

Overcoming Nanotechnology Commercialisation Challenges

terms of value creation) remains as an independent company, and
they succeeded largely by partnering and then acquiring another
photonics component manufacturer to enable enhanced telecom
components. NeoPhotonics completed a successful IPO in February,
2011, raising $82.5 million [7]. NeoPhotonics continues to grow
revenues and profits in the growing data transmission markets,
with key customers such as Alcatel-Lucent, Cisco Systems and
Nokia Siemens Networks.

11.2.3

Degussa Advanced Nanomaterials (AdNano)6

Degussa AG, now Evonik Degussa, conducted in-house nanomaterials R&D and had a long tradition of technology and production competencies in nanoparticles such as catalysts, pigments,
and fumed oxides. However, R&D performed within their regular
business units was generally near term, and R&D performed within
their corporate R&D unit had been traditionally constrained by
their existing core competencies. They pursued two avenues to
increase their exposure to the growth potential of more radical
nanomaterials advances. First, they formed an internal nanomaterials venture within their corporate R&D and innovation unit.
Second, they participated in external monitoring of nanomaterials
developments and importation of nanomaterials ideas through
their Business Ventures group.
The internally focused project houses were created from
platform technology opportunities categorised as “medium risk”
and complementary to Degussa’s capabilities. These project houses
were staffed by employees from multiple Degussa business units
and from within Creavis, the strategic R&D and new product
development (NPD) subsidiary of Degussa. Each project house
was given a window of 3 years in which to “start a new business
start-up and/or enhance the existing capabilities of its business
units, whether it is through new products or through access to
new markets” [8]. AdNano was Degussa’s and Creavis’ first project
house, and its success has led to the creation of eleven additional
projecthouses, each staffed by 20–30 scientists [9].
Project house projects which were still too risky or too
long term for a business unit after the expiration of their
6With

permission from Wiley, this case study is reproduced from ref. [21].
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3-year project house time period could become internal ventures.
Internal ventures “incubate the business from inception as a
start-up to sales and profitability of a mid-sized business, after
which the business is typically transferred to a Degussa business
unit” [8]. After breaking a new path as Degussa’s first project
house, AdNano also became Degussa’s first internal venture and
serves as a case study exemplar of an incumbent’s internal nanomaterials venture. AdNano won an external award for leadership
in nanomaterials commercialisation and successfully developed
several new products and processes which were incorporated
into Degussa’s Aerosils & Silanes business unit in 2007.
Degussa’s internal nanomaterials venture, AdNano, was
conceived in 1998 as an idea from a group of five persons working
on gas-phase processing of ultra fine particles within Degussa’s
Central Process Technology Group. The Central Process Technology Group was a corporate services unit which served all of
Degussa. In this instance, the team, led by Dr Andreas Gutsch,
was collaborating with two of Degussa’s business units: Advanced
Fillers & Pigments and Aerosil & Silanes.
Gutsch’s research group began looking for funding to work
on their ideas, which were too high risk for the business units to
be interested in funding directly. However, Germany has a government funding program called Deutsche Forschungsgemeinschaft,
similar to the United States’ National Science Foundation, which
was funding innovative nanomaterials R&D. Gutsch, along with
Geoffrey Varga (at that time an internal consultant from Degussa’s
Electronic Materials subsidiary in New Jersey) proposed that
Degussa create a “project house” [1] for risky but high-potential
nanomaterials R&D within Degussa, which would be subsidised
by the German government. They applied for and were successful
in obtaining government funding, conditional on matching
funding from a corporate sponsor. Degussa corporate agreed to
match most of the funding, with a smaller portion contributed
through additional funding from both relevant business units.
The funding coincided with the inception of Creavis, and the
team implemented the formation of Degussa’s first project house.
In 2000, Degussa Project House Nanomaterials (PH Nanomaterials), wholly owned by Degussa AG, began with €13 million
in total funding. This consisted of €6 million from Deutsche
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Forschungsgemeinschaft, €4 million from Degussa corporate, €1
million each from the two relevant Degussa business units, and
€1 million from the German Ministry for Education and Research.
Degussa and Creavis management decided from the start to
limit the lifetime of Project Houses to 3 years. Given their overall
funding, Gutsch, as the first leader of PH Nanomaterials, compiled
a team of 17 technician and professional staff from various parts of
Degussa, which included the original Central Process Technology
Group team, Varga, who relocated to Germany full time in 1999 to
help initiate PH Nanomaterials, and staff from Degussa’s Advanced
Fillers & Pigments and Aerosil & Silanes business units. Gutsch,
who had previous experience in managing a strategic development
group at Degussa, designed PH Nanomaterials to consist of an
interdisciplinary team of researchers with marketing input right
from the beginning. He intentionally brought together employees
with experience in materials science, chemistry, physics, industrial
design, production and marketing and had them work in close
proximity within one building. Beyond the physical proximity of
diverse R&D and functional specialists, Gutsch also established
routines and incentives to encourage free communication.
PH Nanomaterials was considered an experiment of how
to innovate in a large firm. So, although it was only a 17-person
project within a firm of over 50,000 employees, it reported to a
steering committee which closely followed its progress. For the
first 12–18 months, they were in experimental mode and did not
have a lot of market focus. Between 12–18 months they became
more focused on market applications. PH Nanomaterials enjoyed
some early technical successes in areas which were also seen
to be highly relevant to Degussa’s customers. During its 3-year
life-span, PH Nanomaterials developed promising new nanostructured materials offering distinctive functionalities.
Around the 18-month mark, Gutsch and Varga realised that
PH Nanomaterials had internal support and some momentum but
would soon be facing the notorious “Valley of Death.” Varga had
experience with technology start-up firms in the United States
and knew some of the challenges they were likely to face. He also
knew that their product development team would face potentially
insurmountable management and incentive problems if they
moved directly into an established Degussa business unit before
they incubated the technology independently. Varga was further
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convinced that an alternative organisational structure was required
through reading Corporate Venturing [2], which warned of the
dangers of subjecting a new venture team to the management
routines and incentive systems of a large firm too soon. Gutsch and
Varga pitched their ideas to the steering committee of Creavis, and,
after proposing that their alternative was to spin out the venture
externally, won management agreement to start the internal
corporate venture, AdNano. In early 2002, after securing agreement to begin Degussa’s first internal corporate venture in a year’s
time, Gutsch was promoted to the head of Creavis, and Varga was
promoted to the head of PH Nanomaterials and the director of
AdNano.
Gutsch and Varga had secured an agreement that AdNano
would have 4 years of “political protection” as an internal venture
during which time it would incubate the new technology and
product processes and start the integration process into one or
more of Degussa’s existing business units. Degussa Corporate,
Creavis and the Aerosil & Silanes business unit agreed to contribute
€25 million to the internal venture. After 4 years’ time, if successful,
they would become completely integrated within Degussa’s Aerosil
& Silanes business unit (Fig. 11.3). Although Varga had proposed
the idea of spinning the venture out externally in order to convince
Degussa management to agree to the internal venture, he was
always convinced that the resources and capabilities of Degussa’s
Aerosil & Silanes business unit would be an immense help to AdNano
in their development. This proved to be the case, with AdNano
drawing extensively on the marketing and production expertise of
the Aerosil & Silanes business unit.
Degussa’s first internal corporate venture, AdNano, was formed
in 2003. As with PH Nanomaterials, it remained wholly owned
by Degussa AG. Most of the personnel from PH Nanomaterials
continued with AdNano and 50% more staff were brought into
the venture. All employees continued to be on Degussa’s payroll
but were given the option to exchange their standard Degussa
bonus incentives for AdNano sales and earning incentives. Thus,
AdNano employees had financial and career incentives to help make
AdNano a success, without the personal risks associated with an
independent venture.
AdNano’s stated goal was “to produce innovative nanomaterials
and tap into new business segments in attractive markets” [10].

203

204

Overcoming Nanotechnology Commercialisation Challenges

Their steering committee put in place both financial and nonfinancial milestones to determine success or failure. The financial
milestones were in the areas of target sales, profit, and capital
expenditures. The non-financial milestones were in the areas of
resource building, internal execution, customer acceptance of
technical performance, and external perception. The steering
committee made it clear that AdNano would be abandoned if the
significant milestones were not achieved.

Degussa
Service
Groups

Creavis

Control Process
Technical Group

Project House
NanoMaterials

Idea formation and
project proposal

Strategic Research

1998

Degussa
Business
Units

2000

Internal
Venture
(AdNano

Aerosil &
Silanes
(A&S)

Business
Development and
Manufacturing
Scale‐up within
A&S BU

Fully Integrated into
A&S BU

2003

2007

Figure 11.3 Evolution of internal venture Degussa Advanced Nanomaterials (AdNano). Reprinted with permission from ref. [21].
Copyright 2008 Wiley.

AdNano met this goal by developing nanostructured materials
and dispersion systems, including indium tin oxide, zinc oxide,
ceria and various composites. AdNano’s biggest successes were
in the area of fumed oxides, making them a much more natural
fit with the Aerosil & Silanes business unit than the Advanced
Fillers & Pigments business unit. AdNano’s steering committee
determined that AdNano had met enough milestones by the time
that their 4-year window of incubation expired in 2007 to be
fully integrated into Degussa’s Aerosil & Silanes business unit
(Fig. 11.3). AdNano and now the Aerosil & Silanes business unit
have been customising these products for key customers in the
automotive, consumer electronics, chemical, energy, and cosmetics
industries. AdNano focused on product and process development
work which can be considered variations of standard Degussa
technology. AdNano developed a diversified portfolio of product
applications, about 80% of which had some existing market pull.
The other 20% of their efforts were focused on creating new
markets.

Case Studies

AdNano encountered political resistance when they began
developing products with the potential to cannibalise portions of
existing product lines within the Aerosil & Silanes business unit.
However, with the support of their high-level steering committee,
they were able to overcome this natural organisational resistance.
AdNano’s Director, Geoffrey Varga, explained:
Two of our leading 4 materials in fact have the potential
to partially substitute existing offerings in the market from the
Aerosil & Silanes business unit. These two materials both have
multiple applications, and several of those have some overlap
with established products. Of course business unit product line
management initially had some concerns about this, but with
support from upper management we were able to move forward.
Eventually it became clear to everyone involved that developing
replacements or alternatives for your existing offerings in the
market for both present and potential future applications is preferable
to waiting for your competitors to do it first. These are the kinds of
issues where the support of very high-level manage-ment can help
to keep things on track and guide activities in the proper direction,
providing much needed political protection at critical points in time.
(Geoffrey Varga, February 26, 2006)

Thus, AdNano was able to avoid one of the common constraints
encountered by internal corporate ventures.
AdNano heavily leveraged Degussa’s expertise and established production and marketing and sales competencies. AdNano
had their own pilot production and used it to “sample potential
customers with materials, conduct Beta-testing, as well as
providing multi-ton quantities for proof-of-concept in the market
while the production facilities are being designed & built”.7 Given
the economies of scale required to profitably manufacture and
sell these products, AdNano did not generate substantial product
revenues before integrating into the Aerosil & Silanes business
unit of Degussa. Varga was wary of attempting to rapidly integrate
into the Aerosil & Silanes business unit at the end of AdNano’s
incubation time and decided instead to smooth this process over
the year prior to full integration, gradually transferring people and
ideas into the Aerosil & Silanes business unit. AdNano also worked
closely with Aerosil & Silanes design and production engineering
group to develop their own higher volume manufacturing facilities.
7Primary

source interview with Geoffrey Varga, February 24, 2006.
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11.3

Analysis of Case Study Commercialisation
Challenges

All three case studies demonstrate the challenges of nanotech
innovation: radical generic technology, along with upstream,
capital-intensive process innovation. These factors lead to
sustained high levels of technology and market uncertainty and
often make it difficult for nanotech ventures to raise the required
financing. The challenges faced by Hyperion Catalysis, NanoGram/
NeoPhotonics and AdNano are discussed here and summarised
in Table 11.1.
Hyperion’s technology was radical in that it was protected
by over 100 patents, enabled substantial cost reduction and
weight savings in automotive components, new combinations of
performance attributes for consumer electronics components, and
could potentially enable entirely new consumer electronics and
alternative energy products. Hyperion’s technology was generic
in that they actively developed it across five target markets. Their
process technology was upstream in all of their targeted industry
value chains, both in the manufacturing of carbon nanotubes and
in the dispersion of these nanotubes into polymer resins. They
enabled enhanced components but did not manufacture them.
Their nanomaterials technology was capital intensive, although
the exact amounts are unknown: Hyperion funded development
through patient angel capital, SBIR grants, partnership with
suppliers and customers and retained earnings.
NanoGram’s technology was radical in that it was protected
by over 100 patents, dramatically increased the performance of
cathode materials, and substantially lowered costs and increased
performance of optical network components. It was generic in
that it was prototyped across 7 target markets, and actively
developed for 4 target markets. Their key IP was process-based,
rather than product-based, and this key IP was upstream when
creating nanoparticles and dispersing them into a nanomaterial
and midstream when the nanoparticles were printed directly onto
a component. The development and scale-up of these novel
processes were very capital intensive: an example is the
proposed scale-up of NanoGram Solar’s process into a solar cell
manufacturing facility which was estimated to cost $75 million
[21].

Privately owned venture without
VC financing

Ownership

High (radical technology;
established substitute products;
need for process innovations;
multiple markets)

Market
Uncertainty

Licensing, In-house Manufacturing

Privately owned venture with VC
financing

Nanoparticle manufacturing process
NPM™

1996

NanoGram

High (upstream position in value
chain; need for complementary

Automotive, Consumer
Electronics, Chemical, Energy,
Cosmetics

In-house Manufacturing

Fully owned internal venture of
Degussa AG

Nanoparticle processing

2000 (for Project House)

AdNano

High (upstream position in value
chain; need for complementary

(Continued)

High (upstream position in value
chain; need for

High (radical technology; established High (radical technology;
substitute products; need for process established substitute products;
need for process innovations;
innovations; multiple markets
multiple markets)

Automotive, Consumer Electronics, Medical Devices, Optical Devices for
Communications Networks, Fuel
Power Generation, Aerospace,
Cells, Solar cells, Solid State Lighting,
Transportation
Portable Electronic Devices, High
Resolution Imaging

Technological
Uncertainty at
Founding

Target Markets

In-house Manufacturing

Business Models

Fullerenes/Fullerenes Dispersed
in Resin

1982

Technology

Hyperion catalysis

Founding Year

Commercialisation challenges and strategies of Hyperion, NanoGram/NeoPhotonics, and AdNano

Metric

Table 11.1

Analysis of Case Study Commercialisation Challenges
207

Through alliance partners, market
vertical subsidiaries, and merged
companies

Through alliance partners

Patient angel investor, SBIR,
retained earnings, VC financing
purposefully avoided

National/Regional SBIR grants, Knowledge workers
Support for
from Boston region. Key
Experimentation
employee(s) from MIT. Scientific
advisory board from MIT and
Harvard

Time to First
10 year (1992 fuel lines)
Product
Commercialisation

Availability
of Finance

Grants from government,
incubated within Degussa

7 years (substitution into
coatings)

SBIR grants, Knowledge workers
and VCs from Silicon Valley

10 years (telecommunications
components)

€ 38 million over 7 years from
German Government, Degussa
Corporate, business units

Through parent company

>10

complementary innovations;
lack of continuity, observability,
trialability; multiple markets)

AdNano

SBIR, angel investment, $230 million
raised over 11 years from VCs

>100

Access to
Complementary
Assets

Number of Patents >100

innovations; lack of continuity,
observability, trialability; multiple
markets)

innovations; lack of continuity,
observability, trialability; multiple
markets)

at Founding

NanoGram

Hyperion catalysis

(Continued)

Metric

Table 11.1

208
Overcoming Nanotechnology Commercialisation Challenges

Approaches to Nanotech Commercialisation Critical Success Factors

AdNano’s technology was radical and generic in that it was
protected by over 10 patents, substantially improved performance
attributes in existing Degussa product applications across the
automotive, consumer electronics, chemical, energy, and cosmetics
markets, and had the potential to enable new applications. It was
upstream in that AdNano manufactured the nanoparticles and the
nanostructured composite materials, but not any components or
whole products. It was capital intensive in that, up until integration
into Degussa’s Aerosil and Silanes business unit (i.e. before
production scale-up), AdNano and its predecessor project house
had already spent 38 million Euros over 7 years of research and
process and product development.

11.4

Approaches to Nanotech
Commercialisation Critical Success Factors

Despite such daunting commercialization conditions, it is new
ventures which are far more likely than multinational companies
to undertake such radical innovation [30–32]. However, financing
over long time periods and high uncertainty, such as that
demonstrated in Table 11.1, is a huge challenge [29, 32]. Success
factors have been proposed for overcoming nanotechnology
commercialization challenges [33]. The case studies presented in
this chapter demonstrate many of these success factors. How they
do so is described in this section.

11.4.1

Product Orientation (and Not Technology
Admiration)

Commercialising radical, generic technology is not a linear or rapid
process; however, all three case study ventures developed a product
orientation within 5 years of founding and prioritised substitution
applications over emerging applications: there was enough technology and market uncertainty in developing nanomaterials for
substitution applications without adding the additional uncertainties associated with emerging applications. And all three
ventures were able to clearly articulate the performance enhance-

209

210

Overcoming Nanotechnology Commercialisation Challenges

ments and attribute combinations enabled by their technologies.
IP was critical to both independent ventures and important for
AdNano. It was their unique IP applied to enable enhanced or novel
performance attributes in specific existing product applications
which drew strategic alliance partners to both independent
ventures. A European-owned, multinational resin supplier with
existing automotive development partners approached Hyperion
with a product in mind–composite automotive fuel lines–which
Hyperion’s carbon nanotube technology could enable. For NanoGram, their medical devices venture, NDC, was partnered with
(and eventually acquired by) the leading multinational medical
device battery OEM once NDC demonstrated superior product
attributes in prototype nanotech enabled batteries. The focus
needed to be on a “nanotech enabled whole product”, in this
case, rapid recharge rates for small medical devices, before the
technology was deemed valuable.
Yet this product orientation had to wait until the platform
nanomaterials technology was sufficiently developed from the lab
scale to a consistent, well characterised material with the potential
to be manufactured at commercial scales. Hyperion had the longest
period of platform technology development after the venture was
founded—5 years—and communicated its unique technology
attributes through white papers and conferences, before being
approached by the resin supplier with the composite automotive
fuel line product development proposal. AdNano’s predecessors
also took 5 years of platform technology development time,
but AdNano was product focused from founding as an internal
corporate venture. NanoGram became product focused with the
arrival of Tim Jenks, 2 years after founding, but it was 6 years
after the founding of NanoGram before the renamed company,
NeoPhotonics, focused exclusively on enabling telecom components.
As NeoPhotonics raised VC financing, and it looked as though
finance could be raised through other spinoffs, the family of
NanoGram ventures again began to exploit the platform technology.
Subsequently, each application venture focused exclusively on
product development in a single target market: NeoPhotonics in
telecom, NDC in medical devices, and Kainos/NanoGram Solar in
alternative energy generation.

Approaches to Nanotech Commercialisation Critical Success Factors

11.4.2

Continuous Market Interaction and Selection
of a Beachhead Application

All three ventures faced challenges with prioritising target
markets for their generic nanomaterials technology. Significant
R&D needs to be undertaken before the viability of an application
is clear, multiple applications may look equally promising, and
the presence of a strong alliance partner often shifts the balance
in market and application selection [19,20]. Because of nanotech
ventures’ need for complementary assets through alliance
partnerships, the beachhead market is generally a substitution
application, rather than an emerging market. Each of these
nanomaterials ventures first commercialised their technology
by displacing another material in an existing component for an
established application, even though all had the potential to create
entirely new applications for emerging markets.
The applicability of Hyperion’s technology to multiple applications across several industries added to the potential for value
creation but made demonstration of value in any one specific
application more challenging. Hyperion divided their R&D and
business development focus between applications in the automotive industry, the aerospace industry, the consumer electronics
industry, and the power generation industry. Exploration of each
of these industries required the development of relationships with
different customers and made it necessary to engage in unique
process R&D and additional complementary innovations. The need
for industry-specific regulatory changes and education of designers
also contributed to the market uncertainty involved with a focus
on multiple markets. Hyperion’s beachhead application emerged
through an established resin manufacturer, which needed the
performance attributes of Hyperion’s MWCNTs in order to meet
safety regulations by making composite automotive fuel lines
conductive. The application development involved innovation at
several levels along the value chain. Hyperion’s alliance partner
needed to match a suitable resin to Hyperion’s nanotubes to
enable good composite properties, adequate dispersion, and good
secondary processability. Next, Hyperion’s tier one automotive
customer needed to develop design and process changes to take
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advantage of composite material strengths. In the automotive
fuel line, this involved altering the powertrain design, with new
fasteners and assembly methods, and had the benefit of eliminating the multiple forming steps required to make steel fuel
line. These additional steps led to the relatively long prototype
development time indicated in Hyperion’s commercialisation
timeline (Fig. 11.1).
NanoGram also took advantage of the generic and radical
nature of its nanomaterials process to establish 4 target markets.
These emerged over time through an iterative market matching
process. NanoGram’s CEO used the analogy that NanoGram had:
discovered a cure and [were] looking for a disease. The first
“disease” we identified and targeted was batteries for cell
phones and laptops. However, the disease and the cure were not
an ideal match. In this case, the need associated with the “disease”
was energy time (overall battery time), whereas NanoGram’s
“cure” was rate capability (how quickly a battery can discharge
or re-charge), so there was not a perfect fit.... Additionally, NanoGram was flexible enough to realize when the right “disease” came
along that we had the “cure”. [In their second application], NanoGram
saw that within the medical devices space, that discharge rate was very
important for implantable devices. From these markets, NanoGram
was now able to “springboard” to other battery applications. For
example, the batteries powering hybrid electric vehicles are rate
dependent, and thus a good target market for NanoGram. (Kieren
Drain, 13 April 2006)

NanoGram’s leadership used this matching of its unique
technology attributes with market needs for an initial selection
of markets and applications, and then considered incumbent
competitors, potential customers, and potential alliance partners
within each value network. Unsuccessful experiments, such as that
of fuel cells, were abandoned when it became evident that other
target markets were more promising.
AdNano’s market selection was more constrained than that
ofthe two independent ventures, in that its clear goal was to
integrate into an existing Degussa business unit. That still left
AdNano targeting applications in the automotive, consumer electronics, chemical, energy and cosmetics markets but allowed them
to leverage all of the existing application-specific knowledge and
established customer relationships of their affiliated business
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unit. Once generic technical goals were achieved, AdNano developed and beta-tested their nanoparticle products with existing
customers of Degussa’s Aerosil & Silanes business unit.

11.4.3

Application of Spiral Product Development
Methodology

An early and frequent interaction between marketing and R&D
has long been advocated for effective product development [6, 14].
However, new product development must be tailored to the level
of technology and market uncertainty [16]. An appropriate new
product development strategy is also contingent on the breadth and
depth of a technology, as well as the position of the commercialising
venture in industry value chains [20, 22].
Spiral product development involves repeatedly testing ideas,
prototypes, and beta products with potential customers in between
each stage in a StageGate® new product development process. It
also allows for shifting the objectives and constraints of a stage as
uncertainties are resolved. Spiral product development is particularly useful where product development cycles are short, and early
prototypes can be relatively easily trialled on potential customers,
such as in the software and information technology sectors. Spiral
product development is far more difficult for a radical generic
technology commercialised from an upstream position in several
industry value chains. To achieve its spiral product development,
while keeping the focus on nanotech enabled whole products,
computer modelling and very rough prototypes must be employed
until a customer or alliance partner has committed to buying
or funding the product. These types of testing of the market are
what Chesbrough refers to as low fidelity experiments [5].
For technology ventures in environments of high uncertainty,
Chesbrough (ref. [5], p. 362) recommends “high fidelity, low cost,
quick performing, and usefully informative experiments”. All three
nanomaterials case study ventures, however, faced a trade-off
between “high fidelity … and usefully informative experiments”
and “low cost, quick performing” experiments. Many technology
ventures can have both sets of attributes in their experiments,
whereas nanotechnology ventures have to either give up fidelity
in order to have a low cost in a reasonably short timeframe or
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spend a lot of money over a long time period to achieve high fidelity
in their experimentation. The pursuit of high-fidelity experimentation in new product development can lead to costly failures, as
in the case of NanoGram Solar’s large investment in a scaled-up
solar cell manufacturing facility.

11.4.4

Attraction and Maintenance of
Commercialisation Partners

For nanomaterials ventures, commercialisation partners are
essential to value creation [18, 20, 23, 29]. Commercialisation
partners were essential to Hyperion Catalysis’ new product
development. Their policy was “to partner with a larger/established
player somewhere along the value chain in each industry vertical
they pursue[d]”. Hyperion’s partnership with a resin supplier for
their automotive fuel line application provided Hyperion with access
to technological assets for compounding, co-extrusion and injection
moulding, full scale production facilities and fuel line prototype
development, and with marketing relationships with an automotive Tier 1 supplier and OEM. In the consumer electronics
industry, Hyperion partnered with several consumer electronic
OEMs, which helped them access more varied markets.
Likewise, alliance creation was integral to NanoGram’s commercialisation strategy. NanoGram searched broadly and proactively
selected promising target markets and key alliance partners and
fostered deep partnerships through its AccessNanoTM partnership
program. Within the value network of each target market, the
application spinoffs/subsidiary were able to focus specifically on
product development, complementary innovation, and financing
within one target market. In all four markets of telecom, medical
devices, alternative energy and consumer electronics, NanoGram
and its spinoffs partnered in such a way as to access required
complementary assets, such as design, regulatory and applicationspecific production capabilities. Such alliances also give a technology venture some influence over the development of required
complementary innovations.
AdNano had less need of commercialisation partners, given
the complementary assets already available through Degussa’s
business units, and their early decision to focus 80% of their efforts
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on existing markets already served by Degussa. AdNano enjoyed
direct access within Degussa’s Aerosil & Silanes business unit to
design and production capabilities, marketing and established
customer relationships. Of course, AdNano still needed to beta
test products on customers but could leverage Degussa’s existing
partners and strong customer base. Maintaining some exploration
of emerging markets allowed AdNano to build the IP and market
awareness for future growth opportunities. Exploitation of these
emerging markets would require commercialisation partners.

11.4.5

Mitigation of Nanotechnology-Specific
Technology Risks

All three ventures faced the challenges associated with
commercialising a radical process innovation from an upstream
position in multiple industry value chains [17, 20, 22, 29].
Manufacturing scale-up of a nanomaterials process technology
is inherently challenging, as the materials characteristics are codependent on the process conditions. Furthermore, although each
nanomaterials venture had developed a platform technology, their
process needed to be customised to each application and regulation
differed in each industry. These three ventures demonstrate
strategies to over come such nanotech-specific technology risks.
Hyperion was a pioneer in nanotechnology. It faced all of the
nanotech-specific commercialisation challenges but was unusual
in that it enjoyed patient angel capital and did not have to be constrained by the timelines of venture capitalists. That was fortunate,
because, as shown in Fig. 11.1, Hyperion had long periods of
refining and scaling up production processes—first for their
FIBRILTM carbon nanotube production, then for the controlled
dispersion of their nanotubes throughout a polymeric resin—along
with subsequent application-specific product development and
regulatory hurdles. As a pioneer, and having widely publicised
their technical achievements in patents, journal papers and white
papers and at conferences, Hyperion’s leadership was also fortu
nate to be approached by alliance partners who were excited by
the performance attributes enabled by Hyperion’s technology,
and who guided the application-specific product development of
the composite automotive fuel line. The successful commerciali-
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sation of their first product, 10 years after founding, helped
fund Hyperion’s new prototype development R&D for additional
automotive applications, as well as applications in consumer
electronics, aerospace, and power generation.
NanoGram utilised organisational innovations to overcome
challenges to nanomaterials commercialisation. It had the chance
to be successful because, through organisational innovation and
managerial strategies, it creatively reduced risk, accessed financing
and complementary assets, and demonstrated value in specific
applications. NanoGram’s main organisational innovation was commercialising a radical generic process technology through a broad
IP development company and market oriented application spinoffs, which allowed for reduction of market risk and additional
opportunities for financing and alliance creation. NanoGram’s
value chain positioning represented a purposeful shift from the
exclusively upstream position earlier nanomaterials ventures had
adopted. Its CEO, Jenks, decided to forward integrate to a midstream position in each of NanoGram’s target markets, but to do
so in a manner which allowed it to maintain a broad but focused
strategy for technology and product development, alliance creation
and financing. To accomplish this, Jenks decided that NanoGram
would compete both in the upstream market for technology and
in the upstream and midstream product markets. NanoGram’s
innovative business model encompassed all three of the technology
commercialisation business models identified by Pries and Guild
[27]: creating a manufacturing or service company, selling the
technology, and broad licensing.
AdNano’s strategy to reduce nanotech commercialisation
risks included beta testing of their products with existing Degussa
customers, drawing on the production and marketing expertise
of Degussa, and focusing their product development on existing
markets while still exploring emerging markets. AdNano’s steering
committee also employed active risk management techniques,
including creating financial milestones and timelines in the areas
of target sales, profit, and capital expenditures, and non-financial
milestones in the areas of resource building, internal execution,
customer acceptance of technical performance, and external
perception. Lastly, their persistence in and high-level support for
that developing new products with the potential to cannibalise
portions of Degussa’s existing product lines mitigated a major
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drawback in developing radical technology within internal
corporate ventures.

11.4.6

Licensing vs. Manufacturing Decision

Although a choice for science-based ventures is to pursue a less
capital-intensive pure licensing revenue model [15], for nanotechnology ventures this choice is problematic in that they may
have to create a market for their technology [29]. If NanoGram had
pursued solely a licensing model without manufacturing subsidiaries/spinoffs, it may not have been able to sufficiently
demonstrate the potential of its process technology. Additionally,
the overall value created by NanoGram Corporation and its subsidiary and spinoff ventures through forward integration into
component manufacturing was far higher than if NanoGram had
solely produced or licensed nanoparticles. However, the large
amount of capital investment required to forward integrate into
manufacturing components in several industry value chains
usually necessitates venture capital funding. Relying heavily on
VC investment also necessitates an exit or an IPO within a 5–7year timeframe. The other alternatives are to stay solely with a
licensing model, which captures less of the value created by a nanotechnology innovation, or to be fortunate enough to enjoy either
patient angel capital or some other form of long-term, non-dilutive
financing. Hyperion Catalysis demonstrates the feasibility of a
manufacturing revenue model with an organic growth strategy:
however, patient angel capital was required for Hyperion’s survival
and eventual success.

11.5

Conclusion

As the most developed sub-sector of nanotechnology, nanomaterials commercialisation activity is providing initial evidence
of the emerging commercialisation strategies that could prove
successful in the wider exploitation of nanotechnology. The detailed
evidence and analysis of successful nanomaterials ventures in
this chapter reveal potential commercialisation strategies for
other nanotech ventures. In particular, nanotech ventures can
create value through radical IP, a product focus on predominantly
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sub-stitution applications, multiple target markets each with a
narrow operational focus, forward integration, and substantive
capabilities in market selection and prioritisation, strategic alliance
creation, and raising financing [22]. The critical success factors
for nanotechnology commercialisation are also demonstrated
through the strategies of these ventures.
Commercialisation strategies in the nanotech sector are
limited by the radical, generic, upstream, slow, process-based and
capital-intensive nature of nanotech innovation [29]. In nanotech,
and possibly for all science-based business, it is not possible
to perform the “high fidelity, low cost, quick performing and
usefully informative experiments” recommended by Chesbrough
[5] for technology ventures. Nanotech ventures have to either
give up fidelity in order to have a low cost in a reasonably short
timeframe, or spend large amounts of money over a long time
period to achieve high fidelity in their experimentation.
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engagement, scale-up and product development. For these reasons,
we believe the valley of death represents more than just a funding
gap for nanotechnology commercialisation. In terms of funding,
the lack of an absolute measure and market acceptable signal
of an increase in value in the technology upon the achievement
of an impartial product development milestone represents a
major challenge in funding nanotechnology ventures. We review
the literature on the commercialisation of nanotechnology to
summarise the nanotech-specific risks and success factors, and
identify gaps in the literature for nanotechnology commercialisation
ventures to develop a nanotechnology-enabled whole product. We
also extend the literature by proposing an end-to-end model for
the commercialisation of nanotechnology to traverse the valley of
death.

12.1

Introduction

Along the path to commercialisation, nanotechnology’s biggest
liability is its novelty. Inventions often attract attention because
of their ingenuity, but a product must also be useful and compelling
[23].
In this chapter, we argue that the successful commercialisation
of nanotechnology needs more than the norm to cross the “Valley
of Death”. Before elaborating and justifying our assertion, first
we explain what, in this chapter, we mean by nanotechnology,
commercialisation, success and the valley of death.
The scope of nanotechnology encompassed by this chapter
includes all forms and applications of nanotechnology—particles,
materials, devices or other structures with at least one dimension
in the nanoscale range—apart from the subset of nanotechnology
which has a medical application.
Commercialisation is the act and process of managing the
transition of research to a market application [9]. Commercialisation success is deemed to have been achieved if an endproduct which is or comprises the nanotechnology achieves
sustained product sales and profits [28].
The valley of death is the gap that exists between research
(with all of its uncertainties) and product development (with
its focus on economic returns) [10]. Regardless of the industry or
the origin of the research (for simplicity in this chapter we
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contextualise it from a university environment), technology commercialisation must endure and traverse the valley of death
if it is to become a successful product.
The objective of this chapter is to summarise the literature
on the risks and success factors for nanotechnology commercialisation, identify the gaps and issues, and propose a framework
for the critical success factors to develop a nanotechnologyenabled whole product. To begin with, it is worth understanding
the various characteristics and perspectives on the valley of death
in the innovation and technology management literature.

12.1.1

The Valley of Death

The valley of death is the transition from research activities to
product development (Fig. 12.1). It is where ideas and inventions
that arise from research activities must undergo a preliminary
assessment of their technical feasibility, market demand and
commercial case [32] and a decision made whether to proceed
or terminate product development [27]. Often the decision is
made to proceed, but the product fails for intrinsic or extrinsic
reasons. The valley of death is so called because it is a graveyard
for many technologies.
On the upstream side of the valley of death is research which
is inherently uncertain and downstream is the more regimented
process of product development characterised by deliverables,
deadlines, budgets and their attainment against plan. Commercialisation is about the translation—from science to business—
crossing these two distinct paradigms.
The valley of death is commonly understood to be attributed
solely to a lack of funding. If more funding was available, the
argument goes, then the technology would have undoubtedly
been developed into a robust product with a sustainable
competitive advantage, attained dominant market share, produced
in sufficient volumes at a low cost of goods to maximise profit
margins. If that were all true and the commercial case was so strong
and well articulated, then it would be reasonable to assume that
the commercialisation facilitator would be able to attract the
necessary additional capital. Hence, there is a view that the lack
of funding in the valley of death is actually a symptom of other
problems and is not the root cause [9].
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Figure 12.1 New product development, commercialisation and the
“Valley of Death”.

We categorise the root causes as either developmental or
decisional.
By developmental, we mean the acts involved in translating the
research outcome to a commercial product have been misdirected
or mismanaged. Often the researcher follows the technology into
product development but the mindset and expertise that made them
a successful researcher makes them ill-suited to that required for
time-tabled product development and commercial management.
So, even in the scenario of optimal commercial decisions, poorly
implemented and inefficient developmental activities mean they
fall short of the product development milestones, resulting in a
commercial failure. The technology did not make it out of the valley
of death.
By decisional, we mean that the research outcome has been
directed towards the development of a product for which the
business case is flawed for economic, market need, cost of
development, inappropriate management team or any other
typical reason in business and product development.
According to Daily and Sumpter [9], the dominant cause for
technology commercialisation failure is the “lack of a compelling
business case leading to unsatisfied customer expectations”.
Christensen et al. [3] single out over-engineering of a product
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(complexity) and price point for a given market application
(too expensive) as the reasons for the inability of a technology
to successfully climb out of the valley of death. While it may be
argued that developmental and decisional reasons are overlapping,
Markham [22] fundamentally attributed the commercialisation
impasse as a decisional rather than a developmental issue.
Another way at looking at the valley of death is to apply
institutional theory [11,12] to understand who the “actors”
involved in the process of technology commercialisation are.
The actors on the research side are the purveyors of the technology
(the researchers) and the facilitators of commercialisation. Their
role is to “sell” the early stage technology. The product development side is populated by the companies that may ultimately
convert the technology into a commercially viable product and
take it to the marketplace. They may be small-to-medium sized
companies but most likely will be the larger corporate entities
with an existing product and market presence. On this “buy” side,
financial institutions are also important actors, as they provide
the capital in technology commercialisation companies for the
prospect of significant future commercial returns.
Applying this point of view to nanotechnology commercialisation, McGahn [24] argues that the supply side need to
do more to present the nanotechnology in a product-oriented
form to demonstrate its value in a way the would-be buyer
can understand. Our premise is that nanotechnology research
outcomes are most often a component that improves an existing
whole product—it is seldom itself the complete product sold
to the end-user. This is another common causal factor to the
valley of death for nanotechnology. Hence, the seller of a nanotechnology is able to increase the probability, value and velocity
of the sale, if they are able to package the technology in a form
that is palatable to the buyer and demonstrates its value in the
context of the improvement to the buyer’s existing whole product.
We refer to such a product as a nanotech-enabled whole product.
On the buy side, the authors believe that many of the large
existing companies that could benefit from nanotechnology
have little or no experience of nanotechnology. There is little
awareness and absorptive capacity [4] in those companies for
nanotechnology, even when they may have a genuine culture of
“Open Innovation” [2]. As a consequence, the onus is back on

227

228

The Commercialisation of Nanotechnology

the supply side to do more to package their nanotechnology in
a form that can be understood by the would-be buyer from the
buyer’s view of the world. However, there are always exceptions
and the case study chapter considers such an instance with the
internal venture group at Degussa (now Evonik Industries).
We will revisit the issues of the nanotech-enabled whole
product, the business case, customer satisfaction and economic
viability when we speak later about the commercialisation of
nanotechnology.

12.2

Nanotechnology Commercialisation
Critical Success Factors

From a review of the literature, combined with our theoretical
knowledge and experience gained from successful and failed
nanotechnology commercialisation ventures, we identified the
following five critical success factors:
(i) product orientation (and not technology admiration)
(ii) continuous market interaction and selection of a beachhead
application
(iii) application of spiral product development methodology
(iv) attraction and retention of commercialisation partners
(v) mitigation of nanotechnology-specific technology risks.

We now consider each of these nanotechnology commercialisation critical success factors.

12.2.1

Product Orientation (and Not Technology
Admiration)

12.2.1.1 The need for focus on the single most commercially
viable and attainable application
As an enabling technology, any particular single nanotechnology
invention has the potential to improve or enable a multitude of
products in diverse and disparate fields of use. Hence, nanotechnology with multiple fields of use is sometimes called a “platform
technology” [34]. The risk is that the purveyors of the nanotechnology
admire the revolutionary and platform nature of their invention
but lack the necessary focus on product orientation.
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Prima facie, a technology having many potential applications
may equate to it being more commercially valuable than another
technology with fewer or only one application. While this view is
held by some nanotechnology researchers, the theory is flawed.
The early indicator of potential commercial value is not the quantity
of potential applications but the magnitude of the most commercially viable and attainable application. We support this proposition
by two independent industry scenarios, one in the nanotechnology industry and the other, by analogy, in the biotechnology
industry.
An iconic nanotechnology invention is the carbon nanotube.
A carbon nanotube exhibits unique electrical, mechanical,
chemical, thermal, optical and biological properties which make it a
promising candidate for integration into numerous different
products across a range of industries. As a company manufacturing
different grades of carbon nanotubes for hundreds of customers
under contract, with associated patent applications, Carbon
Nanotechnologies, Inc (CNI) was a nanotechnology commercialisation company. The business lacked a focus on identifying and
exploiting a single commercially viable and attainable application.
In 2007, CNI merged with the nanotubes-based electronics
company Unidym to focus on a single commercially viable and
attainable application, and the combined entity was immediately
rewarded by the financial markets. It placed a value on the combined
company greater than the sum of the constituent companies,
provided that the new entity focused on a single product application
rather than attempting to serve the plethora of possible carbon
nanotube applications [31]. See Box 12.1 for more information
about the CNI—Unidym case study.
The biotechnology industry also teaches us that the financial
markets reward a focus on the single most commercially viable
and attainable application and not the number of potential applications. Biotechnology intellectual property often has one dominant
commercially viable application. For example, a biological marker
found only on the surface of cells when they become cancerous
would lend it to be the basis of an anti-cancer drug and no other
product type would be as commercially attractive. The commercial
value of that intellectual property can be quantitatively derived
from the specifics and assumptions of the cancer market and
the specific segment it can address.
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Box 12.1

Carbon Nanotechnologies, Inc.–Unidym case study

This case study looks at the drivers of value in Carbon Nanotechnologies,
Inc. (CNI) as a nanotechnology commercialisation company before and
after its forward integration merger with Unidym in 2007 [31], and
similarly in the acquisition of Unidym by Wisepower Co., Ltd in 2010.

CNI held numerous patent applications relating to carbon nanotubes
and was focused on mass manufacturing and marketing different
grades of carbon nanotubes for a multitude of potential applications.
Carbon nanotubes exhibit unique electrical, mechanical, chemical,
thermal, optical and biological properties which make them promising
candidates for integration into numerous different products across a
range of industries.
Prior to the 2007 merger, CNI had hundreds of customers, several
substantial government grants and contracts, and at least three business
relationships with multinational companies in disparate industries
with non-overlapping commercial objectives. However, the business
lacked focus.

On April 23, 2007, CNI announced that it was going to merge with
Unidym Inc., a Silicon Valley based subsidiary of Arrowhead Research
Corporation focused on the development of nanotube-based electronics.
The implications of the merger are discussed in detail later, but here
we wish to point out that the transaction revealed that “the company’s
best option was to forego the dream of single-handedly benefiting from
the broad growth of carbon nanotubes. Instead stockholders were
forced to settle for sharing the value that a single customer, Unidym,
could derive from using these carbon nanotubes in its intended target
market” [31]. The financial markets placed a value on the combined
company greater than the sum of the constituent companies, provided
that the new entity—Unidym, Inc.—focused on a single product
application rather than attempting to serve the plethora of possible
applications.
The business model of Arrowhead Research Corporation and its
rationale for the Unidym–Wisepower transaction adds further evidence
for our case. In Arrowhead’s own words [33], it “is a nanomedicine
company developing therapeutic products at the interface of biology
and nanoengineering. It identifies and selectively acquires proprietary
drug platforms based on novel nanotechnology intellectual property.
Once acquired, [the Arrowhead business model requires that] each
technology platform is housed in its own subsidiary. This structure
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offers a number of benefits, including flexibility in financing and
portability of assets in an exit transaction, while allowing Arrowhead
to guide operations and business development, as well as retain
substantial upside exposure”.

Wisepower Co. Ltd, is a publicly traded, Seoul, Korea-based electronics
company. It is a leading supplier of Li-polymer batteries for mobile
appliances in Asia, and its current customers include cellular phone
manufacturers. The company’s products also include wireless charging
systems for electronic devices with high-quality LED packages and solidstate lighting in development in 2010. According to Unidym in its press
release on 18 January 2010 about the acquisition, “Wisepower’s deep
relationships with many potential Unidym customers and experience
growing electronics businesses fit well with Unidym’s leadership in
carbon nanotube technology for electronics applications. Wisepower
is well positioned to help Unidym develop manufacturing scale-up and
customer acquisition as it moves into the market adoption phase of its
business”. The same press release goes on to say:
Completion of this transaction represents the achievement of an
important strategic goal for Arrowhead. The Company has evolved from
a diversified nanotechnology company addressing multiple industries to
a focused nanomedicine company, and the Unidym sale is the final step in
this transition. This enables Arrowhead to allocate its resources toward a
single industry, operate and grow in a more cohesive fashion, and it lays
the groundwork for Arrowhead to emerge as a leader in the field.

“We are able to further increase our operational efficiencies by building a team of professionals with a single industry focus and by enabling
more synergies among our subsidiaries”, continued Dr Christopher
Anzalone, Arrowhead’s CEO. “This transaction is also potentially
beneficial to shareholder value from an outward-looking perspective.
We now have a far simpler and more cohesive story to articulate
to analysts and institutional investors, and I am confident that our
value proposition will fit more neatly into investors’ established
frameworks”.
This Carbon Nanotechnologies—Unidym—Wisepower case study
exemplifies the need for facilitators of nanotechnology commercialisation to focus on identifying a single commercially viable and
attainable application, and that the commercial value of the project is
realised as the opportunity is translated, in a step-wise fashion, to a
successful product in the marketplace.
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The need for product orientation and application focus
in nanotechnology commercialisation is advocated by Stewart [34]
saying “Successful startup nanotechnology companies will ‘pick
one thing and do it really well’. Thus, if the nanotechnology intellectual property is a ‘platform technology’, [the commercialisation venture] should pick a lead application and focus on it to
the initial exclusion of all others. The other applications can be
developed later”. In the words of McGahn [24], “Going after too
many markets dilutes resources and reduces the ability to execute.
The key to successful commercialization lies with focus”.
Bearing in mind that various potential applications of any
particular nanotechnology can be in “multiple fields of use”, as
was the case with CNI with its carbon nanotubes, the critical
business question then becomes: What is the exhaustive list of
potential applications? Maine and Ashby offer a methodology
to systematically assess and prioritise viable applications [18],
however, there is no method in widespread use.

12.2.1.2 The need to start with an exhaustive list of potential
base markets and applications

The exhaustive list of potential base markets and applications of
the nanotechnology invention is the critical input that will otherwise limit the quality of the analysis and the decision as to
which amongst them is the single most commercially viable and
attainable application. This may seem like a basic and obvious
point but determining the base market and overcoming the
applications knowledge gap is a significant challenge for nanotechnology commercialisation.
As described by McGahn [24], a base market “defines the
greater space in which a company plays. It’s usually a large and
obvious market that is readily understood and addresses fundamental needs, such as healthcare, government, retail, construction
or energy. The base market is often segmented into many smaller
markets and offers ample opportunity for a variety of solutions
to be successful”. Importantly, the base market must contain
potential applications for the nanotechnology that leverage its
unique aspects and endows the product with a competitive edge
over the incumbent products [23].
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According to McGahn [24], the nanotechnology inventor
and commercialisation facilitator must avoid the temptation to
instinctively select the “obvious” base market and the largest
market segments within them as the beachhead application. They
may indeed be the most attractive applications based on economic
analysis but the resources required—human and financial—may
be beyond the reach of the early stage nanotechnology commercialisation venture. The reality is that the most attractive
applications are not always attainable at the outset and a “swing
for a home run” strategy is very risky whether or not you are in
the valley of death. The apparent instinct to select these obvious
and large targets is “because they have easy-to-grasp value
propositions”. But McGahn [24] points out that they may not
be commercially viable or attainable because the “new entrants face
big barriers: (1) competition is already entrenched; (2) the ability
to deliver may not be commensurate with capabilities required
for success, such as scale or staffing; and (3) it is difficult to
compete on cost alone”. The existence of the applications knowledge gap (coined by the authors) is eloquently described by
Bennett [1]: “Nanotechnology participants so often lament about
an unrelenting dearth of commercial applications. They say
that becoming aware of solid usage opportunities represents a
not insignificant barrier to commercial exploitation”. The reason
for the applications knowledge gap being a significant challenge,
especially for nanotechnology commercialisation, is several-fold.
The first reason has been identified by Bennett [1]: “While
researchers, inventors, early-stage nano-ventures and the like,
are typically knowledge-rich insofar as their discoveries and/or
technologies are concerned, they, more often than not, lack the
critical industrial/commercial knowledge needed to effectively
and efficiently innovate to fulfill unmet and/or unrecognized,
commercially exploitable needs”. Maine, Lubik and Garnsey find
that key capabilities to value creation for nanotech ventures
include technology–market matching, alliance building, and experimentation [21].
The second reason is that prospective customers do not always
have the market expertise or broad background to fully evaluate
the potential of a nanotechnology or the product advantages
it could provide existing whole products. Bennett [1] argues that
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“the application of traditional market research techniques such as
focus groups, questionnaires, interviews, and the like, are totally
insufficient and ineffective” for nanotechnology commercialisation. Customers or users are most often unaware of what
they really want until they see it, especially in the case of very
innovative products. Only when they can get mock-ups or see,
feel, touch and respond to a prototype, they can provide feedback
about its value and identify otherwise hidden potential drivers of
value. The traditional market research techniques lack the benefits
that can arise from evaluating a mock-up or prototype. This is
consistent with Leonard’s active experimentation advice under
similar conditions of uncertainty [16].
A further reason is best illustrated using the same
biotechnology example described earlier, the cancer-specific
biomarker as the basis of an anti-cancer therapy. There is a “clear
line of sight” from the research phase to the probable eventual
product. New product development in biotechnology is more
analogous to a rifle shot, whereas developing a successful nanotechenabled whole product is “more like a heat-seeking missile
that not only changes paths but also changes targets continuously
(to avoid hitting flak) until it finally zeroes in on a real target” [33].
The extremes between nanotechnology and biotechnology on
this concept of applications knowledge gap are further described
by Stewart [34]: “Even at the early stage of a biotechnology
invention made in a university, the intellectual property anticipates
a well-defined product application, either as a therapeutic or
diagnostic or both. It is known how to extrapolate from a biotech
discovery to a medical product. In the case of nanotechnology IP,
it may have been developed with an application in mind but, by its
very nature, can find various applications in multiple industries.
The applications and industries can be diverse and disparate,
making the commercialization of the nanotechnology IP more
challenging”.
The final reason we provide is a consequence of a point made
by Stewart [34], that any one nanotechnology invention can be used
in diverse and disparate applications and industries. The implication
is that no individual has sufficient industry and consumer
experience to compare and contrast the range of applications and
make a well-informed intuitive assessment as to what application
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is the most commercially viable and attainable application.
Maine and Garnsey concur, asserting that the technologymarket
matching process is particularly challenging for radical, generic
technology commercialised from upstream positions in industry
value chains [20].
For biotechnology start-up companies, the pool of managers
with comparable broad industry experience is relatively simple
to access. Indeed in California, Boston and a number of regions of
the United States, Europe and the United Kingdom reside executives
who have been instrumental in developing anti-cancer therapeutic
start-up companies, requisite with the experience of selling
the company to a pharmaceutical company. This is similarly true
in the computer and IT industries.
By comparison, the commercially embryonic state of the
nanotechnology industry means there is a paucity of managers
available with deep experiential knowledge of a broad range of
industries and product applications in them. Moreover, it will
take some time for this mix of experiential knowledge to be
gained by individuals and for nanotechnology to be able to
attract and retain them. By way of example, a nanotechnology
company developing functional proteins showing great potential
to replace existing industrial chemicals may have potential uses
in agricultural sprays, hair care products, oil-well drilling fluids
and hospital sterilisation products. A chief executive officer with
appropriate research experience almost certainly will not have
worked in all of these industries, or an executive with a career in
a diversified chemicals company may have sold chemical-based
products in many of those industries but would probably not
have had the experience of taking a university breakthrough
technology to the market, let alone a nanotechnology. This example
is based on an Australian nanotechnology company in which
some of the authors have an involvement.
So a problem for nascent nanotechnologies is closing the
applications knowledge gap given the absence of individuals who
posses experience in all major industry sectors and awareness
of current industry trends and nuances in unmet applications in
the marketplace. A solution is the formation of an Application
and Market Advisory Board to provide information, comparison,
prioritisation and recommendations as to which applications
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to pursue. The other solution is intense and interactive market
engagement. In the next two sections, we make suggestions on
how to reduce this nanotechnology commercialisation risk factor.
For now, we conclude with the remarks of Bennett [1], who
states that “contrary to what nanotechnology developers and
facilitators would hope, nanotechnologies are chiefly technologypush technologies; that is they are technologies looking for
markets… As a direct consequence, the developers and facilitators
of nanotechnologies must actively go forth and aggressively
(and creatively) hunt for, and even make, market opportunities”.

12.2.2

Continuous Market Interaction and Selection of
a Beachhead Application

Bennett believes that “the most expedient way to close the knowledge gap is to actively seek out and materially involve potential
users in the innovation process [1]. Because of the platform nature
of nanotechnology and its potential for disruptive innovation,
prerequisite for successful nanotechnology commercialisation
is early, active and ongoing participation of customers (and other
stakeholders, e.g. vendors, suppliers, etc.) in the innovation process.
Participation is critical because it serves as the means to expose
and understand the customer’s tacit needs, which is vital before
effective consideration can be given to what role technology
should or could play in fulfilling those needs”.
Bennett advocates “experiential marketing” which goes far
beyond the mere identification of explicit customer needs (i.e.
traditional market research) and provides a powerful tool for
unveiling not only customers’ tacit needs and values, but also a
body of tacit knowledge which a technology creator most frequently lacks and which is highly essential in the discontinuous
innovation process [1]. Before being in a position to conduct
experiential marketing it is necessary to identify a small number
of lead users—individuals and companies—within the selected
base market.
Once the base market is determined, the objective is to identify
and engage with a small number of lead users who embrace
open innovation [2] to illicit strong and often hidden drivers of
value from the nanotechnology in the potential end-products
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that only the end-user can articulate. A “lead user” may be a
prospective customer but can also include interested suppliers,
distributors and other stakeholders. The hallmarks of a lead user
are that they are knowledgeable, often technically trained, have
considerable interest and experience with company’s existing
product [15] and perceives key economic benefits from an innovation or a solution to a problem, and experiences them ahead of
the market [26,36,37].
Once identified, nanotechnology commercialisation facilitators
should engage with the lead users in a participative learningoriented marketing process. “The first meeting is like a ‘show-andtell’ session wherein the technology originator demonstrates to the
prospective customer what the technology can do. By experiencing
the technology first-hand, the customer, the technology originator,
and other involved stakeholders launch a collective learning process
that begins to reveal otherwise latent knowledge and needs, as well
as new future value for the customer” [1].
The goal at this stage of the nanotechnology commercialisation process is to make an informed business decision as to
which of the exhaustive list of potential applications in the base
market should become the beachhead application. If it is too early
to decide, then two or more product opportunities may be explored
in parallel, resources permitting, until the beachhead application—
the single most commercially viable and attainable application—
becomes apparent. An analysis of nanotechnology ventures
by Maine, Lubik and Garnsey, for example, found that all of the
successful nanotechnology ventures in their study cohort began
with at least four market targets, whereas the unsuccessful ventures
targeted one or two [21]. However, once the beachhead application is found, the nanotechnology commercialisation facilitators
need to focus on to the exception of everything else, until it is
successfully commercialised or it fails. Selection of, and focus on, the
beachhead application is a major determinant of nanotechnology
commercialisation success.
The concept of a “beachhead” application is that technology
companies should initially focus on a single market—a beachhead—and dominating that small specific market before using it
as a springboard to win adjacent extended markets [25]. It is based
on the D-Day analogy (Box 12.2).
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Box 12.2 The D-Day analogy—fighting your way into the mainstream
The following excerpt from Moore [25] about the Allied invasion of
Normandy on D-Day, 6 June 1944, helps to conceptualise the meaning
of a “beachhead” application:
Our long-term goal is to enter and take control of a mainstream market
(Eisenhower’s Europe) that is currently dominated by an entrenched
competitor (the Axis). For our product to wrest the mainstream market
from this competitor, we must assemble an invasion force comprising
other products and companies (the Allies). By way of entry into this
market, our immediate goal is to transition from an early market base
(England) to a strategic target market segment in the mainstream
(the beaches of Normandy). Separating us from our goal is the chasm
(the English Channel). We are going to cross that chasm as fast as we can
with an invasion force focused directly and exclusively on the point of attack
(D-Day). Once we force the competitor out of our targeted niche markets
(secure the beachhead), then we will move out to take over additional
market segments (districts of France) on the way toward overall market
domination (liberation of Europe)… .

The key to the Normandy advantage, what allows the fledgling
enterprise to win over pragmatist customers in advance of broader
market acceptance, is focusing an overabundance of support into
a confined market niche. By simplifying the initial challenge, the
enterprise can effectively develop a solid base of references, collateral,
and internal procedures and documentation by virtue of a restricted
set of market variables. The efficiency of the marketing process, at this
point, is a function of the “boundedness” of the market segment being
addressed. The more tightly bound it is, the easier it is to create and
introduce messages into it, and the faster these messages travel by
word of mouth.

For the beachhead application, a tactic is to identify an
incremental improvement to an existing whole product and
communicate the benefits to the customer without describing the
science behind it. The aim is to identify existing, yet unmet, market
needs and/or products that already exist that would be more
valuable with extended and enhanced functionality. Maine, Lubik
and Garnsey demonstrate that high-value nanotech ventures focus
initially on substitution markets while securing IP to provide a
“real option” on emerging markets [21]. The same tactic, in other
words, is to avoid technology-push and identify an authentic
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market need. In our Carbon Nanotechnologies case study (Box
12.1), CNI was a technology-push to the market with no product
focus, whereas Unidym was positioned as a nanotube-enabled
electronics company. Unidym was improving electronics for endusers. Not surprisingly, CNI was valued more when it merged with
Unidym and forfeited its hundred other product lines of carbon
nanotubes for various applications.
Lastly, while the most attractive applications based on
economic analysis are not always candidates to be the beachhead
application, they can still feature in the overall commercialisation
strategy and value proposition of a nanotechnology commercialisation plan. The ideal product strategy would pursue a beachhead
and articulate follow-on applications which help to demonstrate
the value of the nanotechnology in other, sometimes “blue-sky”,
market segments. In fact, business theory tells us that if you do not
plan to grow your business like this, you may make money in the
medium term, but the company will eventually stagnate. Hence, the
objective is to plan a “product roadmap that aligns the functionality
of each new market entry with the end game, [where] you can
demonstrate evolutionary feature sets in a series of complimentary markets in such a way that, when the value is derived from the
series of evolutions and is applied to the big ultimate market, the
solution is truly revolutionary; the benefits are understood; and
full-scale adoption is easy” [24].
Once the beachhead application has been decided, the
resources at the disposal of the nanotechnology venture need to be
deployed on new product development and commercialisation.

12.2.3

Application of Spiral Product Development
Methodology

Of the various methods of new product development described
in the literature, it is the belief of the authors that spiral product
development [7] will almost always be the method most likely
to increase the probability of, and reduce the time to achieving a
commercially successful product.
The spiral product development process accommodates
planned “build-test-feedback-and-revise” iterations that span
several phases of development (Fig. 12.2). Making the right
decisions in the selection of the beachhead application and setting
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Product Translation

the customer-required product specification is generally accepted in
the literature as the most significant determinant of subsequent
product success or failure [33]. “Simply stated, the first few plays
of the game seem to decide the outcome!” [5].
Beachhead application is
commercially attractive
and attainable

Nanotechnology
Idea Generation
Base Market

Beachhead
Application
New Product Development

Market Engagement

Stage
Gate

Stage
Gate

Experiential
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Lead User
Market Need
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Testing

Industrial
Scale Manufacture
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Product Launch

Advanced Beta
Prototype
Testing

Compelling
business case
based on market need

Figure 12.2 Spiral product development is a series of “build-test-feedbackand-revise” iterations. Adapted from Cooper [7].

While there may be very little to show the customer in the
first iteration of experiential marketing, the second iteration of
spiral development should have a representation of the proposed
end-product. Moreover, it needs to represent the whole product
and its nanotech-enabled improvements—by way of its form, fit
and function—and not the science behind it. The representation
may be a prototype, a hand-made model or mock-up, or even a
computer-generated virtual prototype.
The product obviously does not have to be fully ready at
this stage—in fact, a nanotech product seldom will be—but needs
to give the customer a feel for what the product will be and do.
Interest, liking, preference and purchase intent are thus establi-

Sales
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shed even before the project is a formal development project.
Feedback is sought, and the needed product revisions are made.
Regardless, the customers need the technology packaged
in a form that is palatable to them and their needs. So whilst the
nanotechnology may be a revolutionary rather than incremental
change to the technology within the existing product, the key to
end-user adoption is to present the revolutionary as the evolutionary: “convenient and familiar through an improved version
of a product the end user already uses” [24].
Bennett [1] is a proponent of the “build-test-customer feedbackand-revise” iterative approach for nanotechnology commercialisation. Maine and Garnsey identify co-development with alliance
partners which are prospective customers as another approach
to achieving this [19].
The key elements of the experiential marketing process
are experience and learning that occur in a framework where
marketing and R&D functions are not conducted separately and
on a one-off basis, but where they are joined together and carried
out iteratively and in a highly interactive way over an interval of
time.
The process begins with the learning that occurs and new
knowledge that is generated through the customer’s first experience
with the technology, and it continues with each subsequent
learning episode and knowledge-generating incident that takes
place when the customer is given the opportunity to experience
the technology as transformed to integrate learning and knowledge acquired through the prior experience. A chief characteristic
of this interactive, participation-style R&D process is this ability
to quickly and effectively advance the innovation process in direct
response to tacit knowledge and needs which are transformed into
explicit knowledge and needs each time the customer uses and
experiences the revised technology.
The collective learning process also leads to the creation of
new knowledge which serves as critical raw material for furthering
the discontinuous innovation process.
Put simply, for a new product to deliver superior benefits
for the end-user, the facilitators of commercialisation and the
product development managers cannot presuppose that they know
the explicit and tacit needs and wants of the user, instead it must
involve their lead users repeatedly starting from decision of the
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beachhead application and throughout the product development
process. By employing the spiral development approach, they are
able to identify and address product development risks early in
the project when costs are still relatively low. And as the project
moves through each iteration, the successive versions of the
product get closer to the final product, and at the same time,
closer to the customer’s ideal.
Each iteration of the spiral product development process
has the following five regular steps:
(i)
(ii)
(iii)
(iv)

Determine objectives, alternatives and constraints.
Identify (as much as possible) and prioritise risks.
Evaluate alternatives to key risks.
Develop the deliverables for that iteration, and verify that they
are correct.
(v) Plan the next iteration (if there is one).

The spiral product development process serves to overcome
difficulties presented by unclear initial product requirements,
a challenge which is poorly handled by the traditional stagegate process (see Box 12.3). While the stage-gate process is widely
used in the biotechnology, aviation and aerospace industries, the
spiral product develop approach is a relatively recent process
design and has been adopted by many in the software and information technology industries.
The spiral process may be advantageous for increasing the
probability that the resultant product meets the customer’s wants
and needs, but it exposes the nanotechnology venture to greater
financial risk of inability to draw down investment tranches and
under-capitalisation. The lack of rigid specifications (at least
initially) and the dependency on lead user input in setting the
milestones means that the milestones may require frequent
adjust-ment and there may be much longer periods of time
between product development iterations than budgeted. The spiral
product development process requires objective, moveable but
verifiable milestones to determine whether the project is ready for
the next iteration of spiral development. Compared with other
classes of technology commercialisation, this makes nanotechnology
appear haphazard, risky and unattractive to many potential
investors.
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Box 12.3

Stage-gate new product development

The most widely used type of product development process is the
traditional stage-gate or waterfall process. It comprises a series of
discrete phases of activity with each phase being separated by a stagegate to determine whether the objectives of the proceeding phase
were successfully completed, such that the project may proceed to
the next phase, otherwise it must circle back and attempt that phase
again [6]. Note that the early activities of the traditional stage-gate
process for new product development—idea generation, preliminary
assessment and product conceptualisation—are the activities that
occur in the valley of death.
There are a small number of existing product development processes,
each of which manage risk differently but appropriately for the
nature of its industry or type of product [35]. Fundamentally, product
development is a management tool to reduce the risk and uncertainty
in the process.
In terms of risk and uncertainty, there are many, but Unger and
Eppinger [35] identified the four major types as technical, schedule,
budget and market. Technical risk is the uncertainty regarding
whether a new product is technologically feasible and will perform
as expected. Schedule risk is the uncertainty regarding whether a
new product can be developed in the time allowed. Budget risk is
the uncertainty regarding whether a new product can be developed
with the financial resources available. Lastly, market risk is the
uncertainty regarding whether a new product accurately addresses
changing customer needs, product positioning with respect to dynamic
competition and price tolerance to ensure profitability.

12.2.4

Attraction and Retention of Commercialisation
Partners

As described in Section 12.1, the main actors on the “buy” side of
the valley of death are the companies with existing whole
products on the market that could benefit from the nanotechnology
and the financial institutions wishing to invest capital into the
nanotechnology commercialisation venture to assist in its productsearching and new product development activities.
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For the facilitators of nanotechnology commercialisation, we
believe it is critical to attract both the large corporate companies
with their whole products already incumbent in the marketplace
and the financial institutions as commercialisation partners. Maine
and Garnsey also argue that access to complementary assets (such
as sector specific design and marketing capabilities) and access
to finance are critical to demonstrating value in nanomaterials
commercialisation [20].
McGahn [24] is adamant that the market-based demonstration
of irrefutable value must be the immediate commercial objective
of a nanotechnology commercialisation venture. He argues that,
to the extent that it has the resources and capabilities to deliver
prototypes, it is in its own best interest to do so because it reduces
the development time (resources and risk) that the marketincumbent large corporate commercialisation partner needs to
contribute. Moreover “the easier you make the sale for the partner
to its own management or from the partner to their customers,
the quicker you [the nanotechnology commercialisation venture]
will get to revenue”.
Finance permitting, McGahn [24] believes that it is
advanta-geous for the nanotechnology venture to “develop the
manufacturing process and the materials to a point where the
company can sell direct to the market. It allows for direct market
feedback, enabling ongoing technology development to continue
with a full under standing of market needs and impact. It also
better allows partners to see the technology packaged in a way
that is complementary to their business. They can understand the
possible versus the probable, with the probable usually being
worth more to them because they can see an immediate or short
path to break-even and revenue”.
A point in case is the Carbon Nanotechnologies–Unidym
case study (Box 12.1). Whilst CNI was manufacturing and marketing
its own carbon nanotubes, it was not learning from its customers
as to what its product performance needs were or what may be
the single most commercially valuable and attainable application
of its nanotubes. That changed immediately following the forward
integration M&A transaction with Unidym being an industry
leader in the use of carbon nanotubes technology in electronics
applications. Interestingly, commercialisation of the nanotech-
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nology underwent another round of forward integration with the
combined entity being acquired in 2010 by Wisepower Co Ltd.
Wisepower is a large multinational corporate company which has
a focus on electronic products, including Li-polymer batteries for
mobile appliances and wireless charging systems for electronic
devices.
We believe that the CNI–Unidym–Wisepower case study
illustrates the business model that will become the cornerstone for
nanotechnology commercialisation: intense and interactive market
engagement, beachhead application, spiral product development
and forward integration by merger and acquisition.
This model for nanotechnology commercialisation has some
analogy to the forward integration strategy employed in the early
stages of the biotechnology industry, with the acronym FIPCO,
standing for “fully integrated pharmaceutical company”.
However, venture capital firms wishing to invest in
nanotechnology ventures may find themselves at a disadvantage
compared with investing in biotechnology or other, more mature
industries such as aviation and aerospace, computer and IT.
The reason being that nanotechnology commercialisation does
not have irrefutable indicators for the removal of product
development risk or heuristics to measure the increase in value
when a risk is abrogated. This makes the process of predicting
verifiable, unambiguously defined product development milestones,
the time between those milestones and the increase in value of
the nanotechnology venture upon achievement of a milestone
extremely challenging.
By comparison, the more mature industries have their own
indicators and measures of product development. Companies in
aviation and aerospace use the Technology Readiness Level (TRL)
framework, which is a measure to assess the maturity of the
evolving technologies (for example, materials, components, devices)
prior to incorporating that technology into a system or subsystem.
Generally speaking, when a new technology is first invented
or conceptualised, it is not suitable for immediate application.
Instead, new technologies are usually subjected to experimentation, refinement, and increasingly realistic testing. Once the
technology is sufficiently proven, it can be incorporated into a
system or subsystem. There are nine technology readiness levels,
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although there were previously seven in the original definitions
as developed by NASA in the 1980s [30].
In the computer and IT industry, the stages of development
are generally accepted to be alpha, beta and advanced beta stage
testing before product freeze and release. It is a linear sequence
of stages with movement from one stage to the next dependent
upon the recognition of value attained by one or more independent
third parties such as vendors, customers and end-users.
In the biotechnology industry, the universally accepted
signals of an increase in technology value are from the country’s
impartial health regulator. In the United States, it is the Food and
Drug Administration (FDA) which is responsible for assessing the
safety and efficacy of candidate medical therapies, devices and
diagnostics before they commence the clinical trial process. For
example, only if a candidate drug is found to be safe in a Phase 1
clinical trial then the FDA will announce that it can progress to
a Phase 2 clinical trial to assess its health benefit for patients.
With increasing rigor, the clinical efficacy and health cost-benefit
are assessed in the following Phase 3 trial clinical trial then
market approval determination by the FDA. Biotechnology and
pharmaceutical companies must follow this linear stage-gate
process. As an impartial customer-oriented entity, the FDA makes
a series of “yes/no” decisions which the financial market has
elected to use as product development milestones.
It follows that passing through each of these FDA outcome
stagegates is a major determinant of the stepwise increase in the
value of a biotechnology company. Accordingly, they are milestones which justify and enable the sequential rounds of financial
investment to achieve the next milestone on the path towards a
product launch. Schematically illustrated in Fig. 12.3, this relationship between regulatory approval and technology value is the
cornerstone of financing in the biotechnology industry. Furthermore, the “universal” nature of these milestones as stages in
biotechnology product development with sufficient years of
market data has provided deal comparables and heuristics for
determining the value of a biotechnology venture dependent,
amongst other things, the stage of product development and the
nature of the market need it aims to address [14].

Nanotechnology Commercialisation Critical Success Factors

Legend

Figure 12.3 Biotechnology and nanotechnology
progress and valuation “signals”.

commercialisation

In stark comparison, nanotechnology does not possess
universal milestones for its product development. Nanotechnology
is not regulated by the FDA (unless its application is a medical
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use, which is outside of the terms of reference of this chapter) or
any other similar governmental body (other than nanotoxicology
and safety regulators). There are no impartial product development milestones along the product development pathway that
are universally accepted by the market as generic “signals” of
attaining an increase in technology value, let alone an accepted
way to measure the absolute value of the nanotechnology
commercialisation progress. Hence, a nanotechnology company
may use spiral product development and be making significant
progress towards a successful nanotech-enabled whole product
but have no extrinsic signal to justify a commensurate increase in
company value. As shown schematically in Fig. 12.3, it is debatable
whether the nanotechnology venture has attained an increase
in value (or decreased). We believe this to be a root cause for the
lack of funding to traverse the valley of death for this class of
technology.
The definition of product development milestones and the
acceptance that they have been attained by commercialisation
partners (investors, corporate partners and the financial markets)
is critical for successful nanotechnology commercialisation.
Retention of the commercialisation partners is important because
their capital is necessary to fund the next stage of product
development to move closer towards product launch. Hence, it
was somewhat surprising that our review of the nanotechnology
commercialisation literature regarding valuation milestone events
found only the paper by Stewart [34].
Stewart [34] suggested that there are two milestone events
which have the potential to act as an extrinsic signal of an
increase in nanotechnology (or firm) value. The first event relates
to nanotechnology intellectual property receiving government
R&D grants for product development and commercialisation; the
second is the achievement of a significant product development
milestone in a corporate sponsored R&D program. Later in this
section, we propose our own schema for a nanotechnology
investment model, with milestone events, which is integrally linked
with end user led product development and market demand.
Before proposing our own schema for nanotechnology
valuation milestone events, we first need to describe the dynamic
forces which we believe will shape the availability of finance for
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nanotechnology commercialisation. The authors believe that over
time, the venture capital industry will move towards valuation
milestones for nanotechnology ventures which are dependent on
lead user feedback. It may have hallmarks of the computer and
IT industry with generally accepted stages of development such
as alpha, beta and advanced beta which are predicated on market
feedback and acceptance by the commercialisation partners.
The subjective nature of the milestones will mean that the
nanotechnology commercialisation partners will need to deeply
understand the market, the product development process and the
underlying nanotechnology to determine the worthiness of further
product development in light of the external market feedback and
ability of the nanotechnology venture’s management team. It will
require considerable time for such investor experience and nanotechnology commercialisation successes to emerge before the
industry reaches a tipping point and the philosophy of marketcorrecting milestones in concert with spiral product development
becomes the new norm in nanotechnology investing.
A consequence of the nanotechnology commercialisation
venture needing to develop its technology and demonstrate its value
in the form of the nanotech-enabled whole product means that
they will attract interest from multiple large corporate companies
already in the marketplace. Such companies are competing in the
marketplace and their product could benefit from the inclusion of
the nanotechnology into their whole product. This is a desirable
scenario of the nanotechnology commercialisation venture as it
creates competitive tension amongst the large corporate companies
and is likely to maximise the value of the nanotechnology venture
in the scenario of a corporate acquisition.
By deduction, we predict that large companies with existing
whole products will attempt to make strategic corporate investments
in a number of late stage nanotechnology commercialisation
ventures. In this manner, the investing company gains a strategic
advantage over its rivals as it has privileged knowledge of the
nanotechnology, placing it in pole position for a future acquisition
of the nanotechnology venture. We suspect, however, that in many
cases venture capital investors who invested in the company at an
early stage of development will resist such late-stage corporate
investment. The venture capital investors may be wary that a

249

250

Nanoparticles for Targeting T Cells in Allergy and Inflammatory Airway Conditions

corporate investment may preclude other potential acquirers of
the company, and in doing so impair company valuation at exit
and reduce the venture capital firms’ return on capital.
As a consequence, we believe that market forces will lead the
dominant nanotechnology commercialisation model towards
venture capital investment (and possibly non-controlling
corporate investment) through to acquisition, with the milestones
for investment anchored in the outcomes of continuous market
engagement, beachhead application selection and spiral product
development.

12.2.5

Mitigation of Nanotechnology-Specific
Technology Risks

For emerging nanotechnologies and new nanomaterials there are
numerous challenges and bottlenecks facing both innovators and
adopters. These range from scale-up and system optimisation to
metrology, quality control, occupational hygiene, and health and
safety concerns. Inventors and innovators need to start addressing
these challenges early if they are to successfully traverse the valley
of death.

12.2.5.1 Manufacturing methods and scale-up

Every day the scientific journal literature publishes work describing
a raft of new nanostructured permutations and combinations
in the field of nanomaterials. The very high degree of “versatility
and tenability” of nanostructured objects, ensembles and systems
also typically represents significant challenges when it comes
to manufacture and scale-up. Nanomaterials, whether they be
particulates, membranes, composites or complex combinations
designed to interface with biological systems, can be highly
sensitive to variables such as its thermal history, moisture levels,
shear rates in processing or the purity of precursor materials. The
temptation for researchers is to explore this seemingly endless
array of variables to achieve better performance.
However, the reality for scale-up is that “fixating” solely
on the most promising recipes or formulations earlier in the
innovation process, and placing more of an emphasis on things
such as quality, reproducibility, and the development of more
“forgiving”, cost effective and industrially acceptable manufac-
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turing methods and characterisation tools will ultimately lead
to better commercial outcomes. Our experience has been that in
many cases, each individual customer or end-user will be need
to adjust the technology to suit their own specific performance
criteria in any case, so having a robust, industrialised technology
which demonstrates utility is more important that having a
finely optimised technology that is unreliable.

12.2.5.2 Quality control and specification tolerance of
nanotechnology in the whole product

From a manufacturing perspective, a dilemma of a different kind
faces manufacturers of nano-enabled products. In an excellent
article, Richman and Hutchison [29] explained that in order for
nanotechnology discoveries to progress fully to mature applications,
more efficient high-throughput characterisation tools with
multiple capabilities are required in order to assure customers of
quality, performance and safety. If you compare a new technology
introduced in a mature field (e.g. the semiconductor industry)
contrasted with new nanotechnology implementation, a much
slower “rate of decrease in level of metrology” is required for
the nanomaterial-enabled product assurance. For example, for
nanoparticles, exotic techniques such as dynamic light scattering
and transmission electron microscopy are often required for
characterisation; however this equipment is far too sophisticated
and expensive for all but the most advanced small to medium
scale manufacturing enterprises. This relationship goes some way
towards explaining the tremendous lag between early stage
nanotechnologies and workable regulatory frameworks. A particularly pertinent example is again carbon nanotubes, which are
arguably the most inherently variable nanomaterials available.

12.2.5.3 Occupational and environmental health and safety

As nanotechnology discovery and innovation marches rapidly
ahead, there is a critical nexus which exists between the science,
public opinion and government. Generation of new toxicological
scientific data and methodologies, rate-limited by finite R&D
funding for “risk-related” nanomaterials research, are balanced and
influenced more by political agenda. Regulators and policy decision
makers are working hard to arrive at more workable frameworks.
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In a collaborative paper summarising conclusions from a 2008
NATO workshop on nanomaterial regulation, a multidisciplinary
working group reviewed, compared and contrasted an exhaustive
amount of information under the categories of (1) science and
research aspects, (2) legal and regulatory aspects, (3) social
engagements and partnerships and (4) leadership and governance
[17]. Clearly, such in-depth international information sharing
is going to be required to more efficiently address the existing
bottle neck.
Choi and colleagues estimated that if all nanomaterials
required long-term in vivo testing (comprehensive precautionary
approach), in the United States alone, it would cost $1.18 billion
and require up to 53 years if all existing nanomaterials were to
be thoroughly tested [8]. They strongly supported a more tiered
risk assessment strategy, similar to the European Union’s 2008
REACH legislation for regulating chemicals. In such a system,
initial screening comprising simple and inexpensive tests is used
to prioritise substances for further more complex and expensive
tests, with increasing degrees of selectivity for adverse effect.
Clearly, for this to happen most effectively, risk assessors need
to be engaged very early in the nanomaterial research, development and manufacturing processes, so that lowest risk options
or formulations can be selected without compromising ultimate
product performance, and so that researchers and workers
handling the nanomaterials can be properly protected from the
outset.

12.3

Conclusions

In summary, the five critical success factors for nanotechnology
commercialisation are as follows:
(i) presenting the technology in a market-oriented whole product
form to readily demonstrate its value to a would-be buyer
(product orientation)
(ii) focusing on the development of the single most commercially
viable and attainable product opportunity once known, to the
exclusion of all else, until it is successfully commercialised or
it fails (beachhead application)
(iii) engaging with lead users and utilising iterative product
development to increase the probability that the product
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(iv) attracting and retaining investors and corporate partners
through effective sharing of context-rich technology–market
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In conclusion, we propose to bring the critical success factors for
nanotechnology commercialisation into a single coherent strategic
framework: the nanotechnology commercialisation diamond in
Fig. 12.4. It is based on the Strategy Diamond of Hambrick and
Fredrickson [13] but adapts their five key business questions (in
relation to differentiators, arenas, economic logic, vehicles and
staging) to what we believe are the critical success factors for nanotechnology commercialisation. It can serve as a nanotechnology
commercialisation checklist and as a means to ensure the elements
of the strategy mutually reinforce each other and fit within the
macro-environment.
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by UniQuest). Since 2013 as a Senior Director at UniQuest, he
leads a team responsible for industry engagement and building
strategic relationships with leading national and international
companies. Prior to UniQuest, he worked in Cambridge, UK, for
7 years and was involved in business development at Cambridge
Antibody Technology Limited doing biotechnology licensing deals
in to the US and Europe. He has also worked for unlisted biotech
companies, including Cambridge Drug Discovery in the UK.

Richard Marshall has over 25 years’ industry
experience in creating technology solutions in
the US, the UK and Australia. Since 2013 he has
been CEO with TenasiTech, a nanotech plastics
startup originally from the Australian Institute
for Bioengineering and Nanotechnology at the
University of Queensland. From 2007 to 2012 he
was with Uniseed, an Australian seed stage venture investor, where
he specialized in nanotech and materials investments. Whilst at
Uniseed he was Chairman of materials start-up Hydrexia Pty Ltd,
during which time Hydrexia raised $4.8 M in venture funding.
Earlier in his career Richard worked with Goldman Sachs, BP
Oil, Deutsche Bank, as well as two engineering startups. Richard
has a technical background in engineering and ICT, holding a
Bachelor of Engineering and a Bachelor of Applied Science from
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the Queensland University of Technology. He has an MBA
(distinction) from Oxford University, and is a graduate of the
Australian Institute of Company Directors.

Grant Edwards has a PhD in chemical engineering
from The University of Queensland and since 2007
has been are search engineer at TenasiTech Pty
Ltd (nanotech plastics) in St. Lucia, Queensland,
Australia.

Darren Martin is a group leader and Deputy
Director-Postgraduate Studies in the Australian
Institute for Bioengineering and Nanotechnology
at The University of Queensland (UQ) and holds
a joint appointment at UQ’s School of Chemical
Engineering in the Faculty of Engineering,
Architecture and Information Technology. Darren
is globally recognised for his work in translational materials science
and engineering and has published over 100 book chapters and
peer reviewed papers, plus 7 patent applications, and attracted
over $10 M in research funding since 1999. From 1993–1999,
Darren’s research contributed to AorTech Biomaterials Pty Ltd
(pacemaker leads). After joining The University of Queensland,
his research in nanotech plastics led to the founding of the
start-up company TenasiTech Pty Ltd in 2007. Darren is the Chief
Scientific Officer, commercialising a polymer nanocomposites
platform as applied to large high performance polyurethane and
acrylic polymer markets and applications. Darren’s research
operates at the nexus of three key themes; (1) Strong fundamental
materials science with global benchmarking; (2) Safe biomaterials
and nanomaterials; (3) Scalable advanced manufacturing. His
efforts in these areas during the past two decades have contributed
to numerous products and a sound approach to nanomaterials
and polymer nanocomposites innovation. Around 2014, Darren
and his research team at The University of Queensland discovered
high aspect ratio renewable cellulose nanofibrils derived from
Australian semi-arid grasses, or “Spinifex”. It is the subject of a
patent application, technology scale-up and is at the beginning of
the validation process for commercial opportunities.

References

References
1. Bennett, R. P. (2008). Commercialization-friendly innovation/R&D
model for superior exploitation of nanotechnologies. Nanotech. Law.
Bus., 5, 441–446.

2. Chesbrough, H. (2003). Open Innovation: The New Imperative for
Creating and Profiting from Technology, Harvard Business School
Press, Boston.

3. Christensen, C. M., Musso, C. S., Anthony, S. D. (2004). Maximizing the
returns from research, Research and Technology Management, July–
August, 12–18.
4. Cohen, W. M., Levinthal, D. A. (1990). Absorptive capacity: A new
perspective on learning and innovation, Admin. Sci. Quart., 35,
128–152.
5. Cooper, R. G. (1988). Predevelopment activities determine new product
success, Ind. Market. Manag., 17, 237–247.

6. Cooper, R. G. (1990). Stage-gate systems: A new tool for managing new
products, Business Horizons, May–June, 44–54.

7. Cooper, R. G. (2008). The stage-gate idea-to-launch process—Update,
what’s new and nextgen systems, J. Prod. Innovat. Manag., 25, 213–
232.

8. Choi, J. Y., Ramachandran, G., Kandlikar, M. (2009). The impact of
toxicity testing costs on nanomaterial regulation, Environ. Sci. Technol.,
43, 3030–3034.

9. Daily, M. R., Sumpter, C. W. (2005). A structured process for transitioning
new technology into fieldable products, Proceedings of the 2005
International Engineering Management Conference, IEEE, 77–81.

10. Frank, C., Sink, C., Mynatt, L., Rogers, R., Rappazzo A. (1996). Surviving
the “valley of death”: A comparative analysis, J. Tech. Transfer., 21,
61–69.
11. Greenwood, R., Hinings, C. R. (1996). Understanding radical organizational change: Bringing together the old and the new institutionalism,
Acad. Manage. Rev., 21, 1022–1054.

12. Greenwood, R., Suddaby, R. (2006). Institutional entrepreneurship
in mature fields: The big five accounting firms, Acad. Manage. J., 49,
27–48.

13. Hambrick, D. C., Fredrickson, J. W. (2001). Are you sure you have a
strategy? Acad. Manage. Exec., 19, 51–62.

257

258

The Commercialisation of Nanotechnology

14. Kalamas, J., Pinkus, G. (2003). The optimum time for drug licensing.
Nat. Rev. Drug Discov., 2, 691–692.
15. Kaulio, M. A. (1998). Customer, consumer and user involvement in
product development: A framework and a review of selected methods,
Total Qual. Manage., 9, 141–149.

16. Leonard, D. (1995). Wellsprings of Knowledge: Building and Sustaining
the Sources of Innovation, HBS Press, Cambridge MA.

17. Linkov, I., Steevens, J., Adlakha-Hutcheon, G., Bennett, E., Chappell, M.,
Colvin, V., Davis, J. M., Davis, T., Elder, A., Foss Hansen, S., Hakkinen,
P. B., Hussain, S. M., Karkan, D., Korenstein, R., Lynch, I., Metcalfe, C.,
Ramadan, A. B., Satterstrom, F. K. (2009). Emerging methods and tools
for environmental risk assessment, decision-making, and policy for
nanomaterials: Summary of NATO Advanced Research Workshop, J.
Nanopart. Res., 11, 513–527.
18. Maine, E. M. A., Ashby, M. F. (2002). An investment methodology for
materials. Mater. Des., 23, 297–306.

19. Maine, E., Garnsey, E. (2004). Challenges facing new firms commercializing nanomaterials, Proceedings of the 9th International Conference on
the Commercialization of Micro and Nano Systems, Edmonton, Alberta,
Canada.

20. Maine, E., Garnsey, E. (2006). Commercializing generic technology:
The case of advanced materials ventures, Res. Policy, 35, 375–393.
21. Maine, E., Lubik, S., Garnsey, E. (2012). Process-based vs. productbased innovation: Value creation by nanotech ventures, Technovation,
32, 179–192.
22. Markham, S. (2005). Product champions: Crossing the valley of
death, PDMA Online Seminar Series.

23. Mazzola, L. (2003). Commercializing nanotechnology, Nat. Biotechnol.,
21, 1137–1143.
24. McGahn, D. P. (2005). Commercializing a new technology in six easy
pieces: It all starts with focus, Nanotech. Law. Bus., 2, 90–94.

25. Moore, G. A. (1991). Crossing the Chasm, Harper Business Press, New
York.

26. Morrison, P., Roberts, J., von Hippel, E. (2000). Determinants of user
innovation and innovation sharing in a local market, Manage. Sci.,
46(12), 1513–1527.

27. Murphy, S. A., Kumar, V. (1997). The front end of new product
development: A Canadian survey, R&D Manage., 27, 5–15.

References

28. Osman, T. M., Rardon, D. E., Friedman, L. B., Vega, L. F. (2006). The
commercialization of nanomaterials: Today and tomorrow, J. Manuf.,
58, 21–24.
29. Richman, E. K., Hutchison, J. E. (2009). The nanomaterial characterization bottleneck, ACS Nano, 3, 2441–2446.
30. Sadin, S. R., Povinelli, F. P., Rosen, R. (1989). The NASA technology push
towards future space mission systems. Acta Astronaut., 20, 73–77.

31. Serrato, R., Chen, K. (2007). Mergers and acquisitions of nanotechnology
companies: A review of the Unidym and CCNI merger, Nanotech. Law.
Bus., 4, 205–210.

32. Smith, P. G., Reinertsen, D. G. (1998). Developing Products in Half the
Time, 2nd ed., Van Nostrand Reinhold Book, New York.
33. Stevens, G., Burley, J., Divine, R. (1999). Creativity + Business discipline
= Higher profits faster from new product development. J. Prod. Innov.
Manag., 16, 455–468.

34. Stewart, J. (2005). The nanotech university spinout company:
Strategies for licensing, developing, commercializing and financing
nanotechnology, Nanotech. Law. Bus., 2, 365–375.
35. Unger, D. W., Eppinger, S. D. (2002). Planning design iterations, SMA
Working Paper.
36. Urban, G. L., von Hippel, E. (1988). Lead user analyses for the
development of new industrial products, Manage. Sci., 34, 569–582.

37. von Hippel, E. (1986). Lead users: A source of novel product concepts,
Manage. Sci., 32, 791–805.

259

Chapter 13

Overcoming the Odds: How to Incubate
Fledging Bioscience Companies
Patti Breedlove, MS
University of Florida’s Sid Martin Biotechnology Incubator, Florida, USA

Keywords: entrepreneurship, investor groups, business incubation, NASDAQ,
UBI Index, bioscience startups, infrastructure investment, royalty streams,
partner institutions, talent pipeline, technology transfer, venture capital,
customer service, business development, comprehensive goal management,
business networking

13.1 Introduction

Early-stage bioscience companies (including those of the nanotech
variety) are among the most difficult companies to grow. With
their voracious need for capital, lengthy research and development
cycles, and steep regulatory hurdles, it often takes them well over
ten years to get a product on the market. A well-designed tech
business incubation program can reduce new venture failure by
supporting bioscience entrepreneurs when they are at their most
This chapter is reprinted with kind permission of Nanotechnology Law & Business
(Pasadena, California, USA) and is a revised version of the original that appeared in
Nanotechnology Law & Business, 11, 101–106 (2014).
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Content copyright © 2014 Nanotechnology Law & Business
Layout copyright © 2016 Pan Stanford Publishing Pte. Ltd.
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vulnerable. Effective incubation programs tend to offer services
such as early recruitment of experienced leadership, introductions
to potential investor groups, partnerships with qualified service
partners, as well as highly-specialized scientific equipment at
affordable rates. This chapter discusses the University of Florida
Sid Martin Biotechnology Incubator, which was ranked “World’s
Best University Biotechnology Incubator” by the Sweden-based
research group UBI Index in 2013.
Less than 10,000 people live in the quiet, semi-rural town of
Alachua, Florida. If you drive up U.S. Highway 441, you’ll cruise past
lengthy stretches of idyllic cow pastures and purple wildflowers
before encountering the sleek, high-rise buildings that demarcate
Progress Park: home to the award-winning University of Florida
(UF) Sid Martin Biotechnology Incubator.
Despite being thousands of miles away from traditional
biotechnology powerhouses in Boston and San Diego, this unlikely
biotech hub has captured headlines in recent years. For example,
Sid Martin Biotech graduate Nanotherapeutics recently earned
a competitive, $358 million contract from the U.S. Department
of Defense [1]. In October 2013, Nanotherapeutics broke ground
on the site of its 180,000 sq. ft. advanced drug development and
manufacturing facility where the company plans to create 150 jobs
with an average salary of $90,000 [2]. Other highlights include
Syngenta acquiring Sid Martin Biotech ag-bio company Pasteuria
Bioscience for $113 million [3], graduate gene therapy company
Applied Genetic Technologies launching a $50 million IPO [4] and
resident nerve regeneration company AxoGen uplisting to NASDAQ
[5]... all since 2012.
The Sid Martin Biotech program itself was thrust in the
international spotlight when the National Business Incubation
Association (NBIA) granted it the 2013 Dinah Adkins Technology
Incubator of the Year award and the 2013 Randall M. Whaley
Incubator of the Year award, for overall excellence [6]. Selected
from 1,900 members in 60 countries, Sid Martin Biotech topped
incubators more than twice its size, like the Hong Kong Science
and Technology Parks Corp., in the process. The program was
honored a third time that same year, when it was ranked “World’s Best
University Biotechnology Incubator” by the Sweden-based research
group UBI Index [7]. In 2014 they won a national SSTI Award for
Excellence in Technology Based Economic Development [8].

The Climate

The secret to this incubator’s overnight success? About two
decades of quiet, hard-work! In this chapter, the author discusses
best management practices for technology commercialization
and offers insight into the challenging world of biotech startups.

13.2

The Climate

Early-stage bioscience companies (including those of the nanotech
variety) are the most difficult companies to grow. With their
voracious need for capital, lengthy research and development
cycles and steep regulatory hurdles, it often takes them well over 10
years to get a product on the market. This creates a “perfect
storm” that many young bioscience startups fail to weather. A welldesigned tech business incubation program can reduce new
venture failure by supporting bioscience entrepreneurs when they
are at their most vulnerable. Effective incubation programs tend
to offer services such as early recruitment of experienced leadership, introductions to potential investor groups, partnerships with
qualified service partners, as well as highly-specialized scientific
equipment at affordable rates.
The Sid Martin Biotechnology Incubator complex accommodates embryonic academic spinouts developing therapeutic,
diagnostic, drug delivery, ag-bio, and bio-energy products. Our
program has admitted forty-seven companies since it opened
in 1995 as one of the first bio-business incubators in the United
States. Our companies have attracted more than 1.3 billion in
funding to date. Some companies were acquired at an early stage,
or continued as small businesses with few employees. Twelve of
51 companies admitted to date have failed entirely—an unusually
low failure rate for this sector.

13.2.1

Ingredients for Success

13.2.1.1 Highly specialized physical infrastructure
Unlike software startups, which require minimal equipment expense
to get off the ground, bioscience startups need capital-intensive
laboratory space to perform their work. Basic tools like autoclaves
and centrifuges can cost more than $100,000 each. These are crucial
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resources startups can seldom afford to purchase on their own.
Our 40,000 sq. ft. BSL II lab and office facility includes an attached
6,000 sq. ft. small animal facility and climate-controlled greenhouses. We follow the “Lean Startup” philosophy of reducing overhead
costs through shared spaces—offering our companies nearly
one million dollars’ worth of core scientific equipment. Investors
like this model because it allows companies to launch quickly
and affordably—with less crippling infrastructure investment.
Under this model, if the company fails, less has been invested; if it
succeeds, the cost to market has been reduced.
Raising the funding necessary to establish a facility like Sid
Martin Biotech requires intensive capital and strong public-private
partnerships. The USDA, the University of Florida, and State of
Florida jointly funded the design, construction, and equipping of
our $11.5 million incubator complex (1995 prices). We continue
to operate the program in this facility. Such programs must be
subsidized, but UF’s upside will come from future royalties,
license fees, equity, etc. Space license fee revenue has increased
dramatically since the program’s early days and now covers twothirds of the incubator’s annual operating expenses.

13.2.1.2 Vigorous research ecosystem

A successful incubator program needs far more than facilities and
equipment to be successful. First, it needs a robust pipeline of life
science research. This can come in the form of local universities,
research institutes or nearby corporations that may be shedding
intellectual property and scientists as they downsize. The ‘build
it and they will come’ approach does not work, as a number of
communities have learned the hard way.
An incubator also needs partner institutions to have
strong technology licensing operations that understand how to
commercialize research and build relationships with investors
and entrepreneurs. Bioscience startup creation requires deep
expertise. Many academic discoveries are too raw and too risky to
be of interest to large corporations and need further development
in a startup.
With an over $700 million research budget last year, the
University of Florida provides the knowledge and talent pipeline
needed to establish a prosperous biotech incubation climate. UF

The Climate

created 15 startups last year—ranking it fourth in the country, in
a survey of 194 universities [9]. A yearly audit by the Association
of University Technology Managers (AUTM) found only three other
schools had more startups: the entire University of California system,
the entire University of Texas system and Massachusetts Institute
of Technology. A 2006 Milken Institute study named UF North
America’s top public university for tech transfer [10].

13.2.1.3 Collaborative culture and responsive management

The incubator program itself—its internal features, processes and
personality—forms the engine of any thriving incubation program.
Managers must create a lively, welcoming atmosphere that puts
a premium on interactions among peers, mentors, and service
providers. In major biotech hubs such as Boston, this type of internal
incubator environment might not be as essential—because of the
critical mass of research institutes and biotech experts. Successful
entrepreneurs would be available with the venture capital (VC)
contacts to fund startup costs and appropriate facilities would be
available. This is not true in the UF market which is centered in
North Central Florida, in an MSA of 250,000 people. The incubator
itself is located 20 minutes from campus in Alachua—a small town
with a population of 10,000.
The incubator has full-time on management and operates
efficiently with a small team that puts a high value on quick,
responsive customer service, creating a private sector culture
in a large university. Primary oversight and control comes from
a university unit, not a board of directors. The incubator director
reports to the head of the technology transfer office who reports to
the head of UF’s research foundation.
At UF, business development support begins at a company’s
inception, often through the Office of Technology Licensing which
takes a leadership role in providing entrepreneurial training
and introductions to investors and mentors. Once admitted, our
incubator staff meets regularly with resident clients to determine
their needs. There are frequent on-site seminars and networking
events on business topics or industry topics. Sid Martin Biotech
has taken a leadership role in Progress Park, the private research
park in which it is located, and is recognized for contributing to
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an unusual sense of community among the 35 companies with
their local 1,100 employees.
A small, backyard social at the incubator eleven years ago
has now become second largest annual biotechnology event in
Florida, the Celebration of Biotechnology, attracting 500 people
and raising more money for their industry trade group, BioFlorida,
than any other state chapter.

13.2.1.4 Effective tenant screening

Selectivity in accepting clients is critical for success, but programs
must balance this need for exclusivity against their need to bring
in revenue through high building occupancy. Sid Martin has
found an efficient way to balance these competing needs. We
look to our Biotechnology Advisory Committee (BAC)—a team
of venture capitalists, bio-entrepreneurs, regulatory specialists
and other experts—to review company applications and make
recommendations on admissions. The BAC is also available to
mentor companies and leverage their relationships for valuable
introductions.
Companies entering the Sid Martin Biotech program receive
one-year renewal terms and must be reviewed annually by the BAC.
Renewal decisions are based on supply and demand for program
space. If needed, slow-performing companies are moved out
(with appropriate lead time), to ensure that the incubator’s
resources are used for the best portfolio of companies available at
that point in time. But, we continue to support these companies
as appropriate. For example, we work hard to assist them with
finding space outside the incubator and offer external memberships
that continue to provide startups with limited access to the
incubator during business hours. This practice sets the Sid Martin
Biotech Incubator apart from some incubators that allow poor
performing companies to languish for years.
Sid Martin Biotech strives to keep one lab available at all times
or, on short notice, to minimize the risk of a promising company
being turned away. To date, we have never refused a company that
was a good fit for lack of space; yet, our occupancy rate is typically
over 90 percent.
We also charge market rates for office/lab space. Providing
below-market rates does clients a disservice by allowing them to
develop their business around an unsustainably low cost structure.

Learning from Missteps

13.2.1.5 Comprehensive goal measurement
Program evaluation for biotech requires the right metrics. Sales
can be a poor indicator of success, as many accomplished biotechs
will license their technologies to larger companies, or get acquired
pre-market. Sid Martin Biotech tracks companies admitted, number
graduated, survival, total funding, regulatory progress, patents,
corporate partnerships, acquisitions, initial public offerings, and
finally, getting products or services to market with sales revenue.
We also consider economic development as an important
performance measure. We evaluate local jobs created as well as
community investment. An independent survey found that our
program’s companies and graduates created 1467 local jobs from
2004–2010 [11]. Our companies and graduates generate an average
local economic impact of $100 million each year [12].
We maintain relationships with alumni companies, continuing
to monitor their progress post-graduation. Eighty-six percent of
our biotech companies were still actively operating five years after
graduating from our program. Forty-two percent had obtained
VC funding within ten years of admission. Seventeen percent of
companies have been acquired within 10 years of admission to the
incubator.
Five years ago, Sid Martin Biotech developed the Florida
Biodatabase (FBD) a unique, free online database with a unique
profile of every bioscience company in Florida [13]. It shows
name, location, year founded, technology, sector, research focus,
whether or not the company is in clinical trials, and whether it has
products on the market. The FBD also tracks life science venture
funding in Florida. The database is updated twice a year. Sid Martin
Biotech has used the database to track the growth of the biotech
industry in Florida as a whole. This attentive biotech company
monitoring approach has contributed to Florida’s recognition as a
Top 10 biotech state [14].

13.3

Learning from Missteps

While the incubator has experienced tremendous success, there
have also been missteps. The incubator’s initial 1995 program
structure included professors leading companies. Under this model,
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few of the companies made progress. This was a flaw in the initial
design, which we continue to see in many other incubators. Seven
years later, with new leadership from the Office of Technology
Licensing, professor-led companies were eliminated. UF focused on
early recruitment of experienced bio-management and aggressive
courting of venture capitalists. The original advisory committee,
comprised mostly of UF researchers, was revamped to reflect
this change, which required finding talent outside of Florida and
holding annual company reviews via web-conferencing.
Sid Martin Biotech continued the practice of having oneyear renewal leases but, uncapped the original three year limit
customizing the length of stay around each company’s needs. These
changes have yielded the multi-million dollar successes described
above.
UF also came to realize that, for this industry, seminars and
mentoring of startup entrepreneurs is not enough. Given the
complexity of running biotech companies, UF determined that,
helping startups with early recruitment of experienced biobusiness management that has credibility with investors is the
single most important business assistance UF can provide. In most
cases, UF will not license its technology to a company unless it is
led by an “investable” CEO. This approach is part of the formula
for improved outcomes.
Given the trend toward virtual or distributed startups, Sid
Martin Biotech has had successful resident incubator companies
operate with CEOs located in Boston, San Diego, and St. Louis.
We also created a fast track admission opportunity for companies
doing proof-of-concept or prototyping work. Additionally, we meet
with these very young companies monthly, invite them to seminars
and networking events, and find mentors and advisors. They
work with a State of Florida program, called the Institute for
Commercialization of Public Research, to provide selected
companies with extra mentoring on business plan and presentation reviews, interim CEOs, investor introductions, information
technology and marketing support, and product commercialization
plan development.
Demand for Florida biotech incubation is at an all-time high.
While south Florida and the Tampa Bay area boast a greater
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number of bioscience companies (especially larger ones), Alachua’s
Progress Park region is seen as a critical nascent bioscience hub.
Fledging bioscience companies require deep capital support,
experienced mentorship and hefty research pipelines to be successful. Scientific innovation is risky and adventurous by nature, but
seasoned incubation programs like the Sid Martin Biotechnology
Incubator can significantly improve the chance of success for many
bioscience entrepreneurs.
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14.1

Introduction

According to a survey conducted in 2001, 75% of cancer patients
did not respond to treatment, indicating that a “one size fits all”
approach is less than ideal [1]. The heterogeneity of the molecular
profile of individual tumors coupled with the differential ability
of individuals to process drugs is the main factor explaining the
variability in responses to current cancer treatments.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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Over the past two decades, there have been significant
advances in our understanding of some of the common molecular
aspects of cancer, facilitating targeted drug development for
patients sharing features that are identified from their tumor.
The introduction of trastuzumab in 1998 ushered in the era of
personalized medicine in oncology. Trastuzumab is indicated
for HER2+ breast cancer patients identified by the companion
diagnostic HercepTest. For patients who do not overexpress HER2
(75–80% of the total), trastuzumab would not be beneficial at all.
In a hypothetical “all comers” clinical trial, trastuzumab probably
would have required many more patients to prove a statistically
significant benefit. The actual registration trial of trastuzumab
included only 470 patients screened by the HercepTest and took
only 1.6 years to complete. Based on the response rate and
frequency of HER2 amplification, it was calculated that without the
pre-selection of patients, the minimum number of patients needed
for the trial would have been 2200 and the trial would have taken
10 years. The “targeted” trial saved $35 million and the faster
market entry led to $1.7 billion of additional revenue [2, 3].
Personalized treatment (for a definition see Fig. 14.1) is
obviously more attractive for patients and payers. However, drug
developers have been reluctant to embrace the concept because
of the reduced size of the treatable patient population. The
commercial success of trastuzumab itself ($6.6 billion sales in
2013) may have led to the realization of a significant market and
full insurance reimbursement opportunity, even for subpopulationtargeted drugs.
“Recent biomedical research breakthroughs, including the sequencing
of the human genome and a deeper understanding of the molecular
underpinnings of disease, have the potential to transform the treatment
of disease and the practice of medicine. One of the most profound
changes to medicine is the movement toward tailored therapeutics,
or personalized medicine. As defined by the President’s Council of
Advisors on Science and Technology, personalized medicine is the
tailoring of medical treatments to the individual characteristics of
each patient, and the ability to classify individuals into subpopulations
based on their susceptibility to a particular disease or their responses
to a specific treatment.”

Figure 14.1 Definition of personalized medicine (Source: FDA Innovation
Report, 2011).

Introduction

Fast forward to 2012, where one-third of all approved drugs
contained genomic biomarker information in the original data
submission, of which some were relevant to patient selection,
efficacy/activity or dosing parameters [4]. The Personalized
Medicine Coalition found that 30% of surveyed biopharma
companies require the inclusion of biomarkers for all of their
experimental drugs and in 50% of all clinical trials DNA is collected
for potential biomarker development [5].
While there were no new treatment options for malignant
melanoma approved between 1990 and 2010, during the last four
years, four new drugs were approved in the US. Three of these
drugs (vemurafenib, dabrafenib, and trametinib) are targeting a
specific mutation in the BRAF gene—present in ~50% of melanoma
patients. Companion diagnostics to detect the mutation were
also approved simultaneously. The fourth drug, ipilimumab, an
immunotherapy, was approved without a biomarker that could
identify the estimated 11% responsive patient population. Whereas
the incidence of melanoma is relatively low in the US (76,000 new
cases annually [6]), prior to the approval of targeted drugs, there
was no market for melanoma biomarker tests.
An accidental finding led to the rapid development and approval
of a targeted drug (crizotinib) by pharmaceutical giant, Pfizer
(New York, NY), for a very small population of non-small cell lung
cancer patients. Four years prior to the approval of crizotinib in
2011, the anaplastic lymphoma kinase (ALK) was identified as a
potential therapeutic target for lung cancer [7]. Pfizer happened to
have a kinase inhibitor in development with known activity against
ALK. Since only 5% of lung cancer patients actually harbor the
ALK genetic defect, for every treated patient, 20 genetic tests will
have to be performed. Still, Pfizer decided to conduct a Phase 1/2
trial including only preselected patients for ALK translocation.
Due to the extremely high response rate in this population,
FDA granted an ultrafast marketing approval without further
randomized studies. Crizotinib costs almost $10,000 per month
and is reimbursed by payers since patients identified by the ALK
biomarker are responding to therapy for almost a year [8].
Sequential treatment with alternative pathway inhibitors
and combination approaches are being pursued to address tumor
escape. In addition, in an era when all the genetic alterations can
be identified at a relatively low cost by next generation sequencing,
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single-gene based companion diagnostics will offer limited clinical
and commercial value. On the other hand, a single test that
delineates the comprehensive molecular profile of a tumor and
organizes the matching treatment options for the patient will
revolutionize the field of oncology. In this context, the term
companion therapeutics describes the paradigm of one genetic
diagnostic test identifying multiple treatment options.

14.2

Targeted Drug Revolution

Currently, there are more than 30 targeted therapies in clinical use
and more than 200 in clinical development. Moreover, hundreds
of such compounds are in preclinical development. Thus, a
“tsunami” of targeted drugs could arrive to the market in the next
years. The wave was initiated in 2003 by the Human Genome
Project [9] and amplified by the Cancer Genome Atlas Project during
the past 10 years [10]. The simple idea to target the molecular
cause of cancer, similarly to targeting bacteria in infectious
disease, has proven to be to be a winning strategy; therefore many
pharmaceutical companies are developing therapies for these
“driver” genes. Presently, only 10–20% of cancers can be treated
with “driver-hitting” drugs in clinical use; however, a patient could
receive immediate benefit if referred to a clinical trial where a
targeted compound is being tested against a “driver” gene present
in the patient’s tumor. It has been proven that patients participating
in molecular matching trials benefit significantly more from the
experimental treatments than from the registered chemotherapy
protocol they received before entering the trial [11].

14.3

The $1000 Genome Is Here

In his 2010 book, Kevin Davies writes, “The $1,000 genome has
long been considered the tipping point that would open the
floodgates to this [personalized genomic medicine] revolution”
[12]. On January 14, 2014, Illumina (San Diego, CA) announced that
with their HiSeqTM Ten sequencing system the $1000 genome goal
has been achieved [13]. The floodgates are indeed open. However,
today we are confronted with another floodgate: molecular
informatics.

The $1000 Genome Is Here

14.3.1

Mapping the Cancer Genome

Even before this momentous milestone announcement by Illumina
in 2006, the National Cancer Institute (NCI) had initiated The
Cancer Genome Atlas project to sequence 500 tumor samples for
20 different cancer types (10,000 samples) [10]. While researchers
are still analyzing the data, at least two noteworthy findings have
already emerged from this sequencing effort [14]. First, within
a tumor type—for example lung, liver, or brain—the molecular
signature indicates the existence of multiple subtypes. Accordingly,
tumor classification, based on tissue origin alone, would have to be
re-examined. Second, genetic aberrations in the same molecular
pathways were observed across tumor samples from different
tissues. These two findings suggest that a molecular signaturespecific description and diagnosis of a tumor, independent of
tumor location, may lead to more optimized, personalized patient
care.
Cancer is now viewed as a large collection of rare diseases.
The Catalogue of Somatic Mutations of Cancer (COSMIC) database
at Sanger Institute contains 1.5 million mutations [15]. Although
some of these are not true “driver” mutations, but are simply
neutral “passenger” mutations, the complexity seems enormous.
However, based on statistical methods, mutations of a limited
number of genes, 138 “driver” genes, appear to be main causes of
cancer. Each human tumor contains 2–8 of these “driver” cancer
genes in different combinations [15].
Although some of the gene mutations are more frequent than
others, it is obvious that most molecular subtypes will occur with
a frequency of around 1%. These rare molecular subtypes may
be associated with better or worse prognosis, or sensitivity or
resistance to therapy. Therefore, larger scale studies are required
to better understand the consequences of mutations with rare
frequency.

14.3.2

Lung Cancer Master Protocol

An unprecedented collaboration between academia, government,
and industry, the so-called Lung Cancer Master Protocol (LungMAP) trial, got under way in June 2014 [16]. The trial, conducted
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by NCI’s newly formed National Clinical Trials Network, will focus
on finding treatments for a subtype of lung cancer, squamous
cell carcinoma (~25% all lung cancer). Every patient’s tumor
sample will be analyzed by next generation sequencing (NGS) by
commercial company, Foundation Medicine. Amgen (Thousand
Oaks, CA), Genentech (South San Francisco, CA), Pfizer, AstraZeneca
(London, UK), and Medimmune (Gaithersburg, MD) will test four
different targeted drugs and a single anti-PD-L1 immunotherapy
in five different arms of the Lung-MAP trial, stratified by tumor
genetic signature.
Drugs from five different sponsors have never before been
tested in the same clinical trial. Based on a demonstration of early
clinical benefit, each drug can be advanced to registration-track
trials. The study, which was designed in close collaboration with
the FDA, could yield multiple winners (i.e., approved drugs) from
a single “master” protocol. The Lung-MAP trial is the first large,
prospectively designed study, where the clinical utility of molecular
profiling by NGS will be validated.

14.3.3

Exceptional Responders Initiative

Some drugs, which have failed in clinical trials, have nonetheless
been proven effective in a very small subset of patients, who were
actually “exceptional” or “super responders.” In some cases, the
positive response was linked to the genetic background of the
tumor. The NCI will explore 100–200 such patients in a trial with
dozens of drugs that were not approved for a particular cancer
type, because of low (1–10%) response rates [17]. Potential linkage
to genomic alterations will be investigated by sequencing 200–
300 genes from tumor samples.
In the past, such an analysis led to the first very effective
targeted therapy of lung cancer. Gefitinib, developed by AstraZeneca, failed in a randomized Phase 3 trial, but some exceptional
good responders were identified (5–10% of patients). Subsequent
biomarker studies have led to the discovery of EGFR mutations,
which identify this subpopulation of responders. Today, there are
three targeted drugs registered for this small subset of patients
whose life expectancy, due to these treatments, has become almost
three times longer than with the previous standard of care [18].
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14.3.4

Companion Therapeutics

Squamous cell carcinoma, like all other cancer types, is characterized by a host of genomic alterations. A single diagnostic test,
interrogating aberrations in a single gene, is not adequate to capture the complexity of individual tumors. Commenting on the LungMAP trial, Richard Pazdur, head of the FDA’s oncology division
stated [19]:
“The paradigm of each drug with its own companion diagnostic will
not be a coherent drug development pattern as we go forward in
oncology.”

While the FDA is in the process of finalizing guidance for the
development of companion diagnostics, the agency will most likely
have to factor in the complexity of cancer. Indeed, the FDA has
already acknowledged the impact of cancer complexity. In the
trade journal, BioCentury, Elizabeth Mansfield, the Director of the
Personalized Medicine Staff at the Office of In Vitro Diagnostics
and Radiological Health in the FDA’s Center for Devices and
Radiological Health, was quoted as saying [19]:
“The companion diagnostic paradigm is changing. With next-gen
sequencing, you can get all the information you need with one test.
We recognize that next-gen sequencing tests that can measure many
things at one time may change that paradigm in a short time. FDA
hopes to be able to tell manufacturers how to move forward with
panels that measure many things.”

14.4 Molecular Diagnostics for Targeted Drugs
It is envisaged that within five years every single tumor sample
will be profiled by NGS. The prerequisites to achieve this goal
include proving analytical validity and clinical utility and having
reimbursement in place. Panelists at a recent discussion organized
by the National Comprehensive Cancer Network (NCCN) were
asked the following question:
“By 2020 will we have a system in place that all patients receive tumor
genome sequencing and research, regulation, and reimbursement are
aligned and capable of handling all the information?”
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The answer was a unanimous “yes”, except for the timing,
which was thought to be optimistic [20].
According to the American Cancer Society, there are 1.6 million
newly diagnosed cancer patients in the United States every year
[21]. In addition, a portion of the 12 million patients living with
cancer in the United States could also benefit from a comprehensive
molecular diagnostic test. The European market size is comparable
to the US market [22].

14.4.1

Commercial Opportunity for the First Movers

Several companies have begun to offer services to characterize the
molecular signature of tumor samples. For example, Foundation
Medicine (Cambridge, MA) currently provides a service assessing
~250 biologically relevant tumor genes by NGS. The goal is to detect
aberrations in pathways for which marketed or investigational
drugs can be identified for the patient. In a prospective study, it
was demonstrated that in a cohort of 98 patients, the originally
recommended therapy was modified for 28% of the patients
based on the NGS test results [23].
As more and more targeted therapies enter clinical testing and
eventually the market, it is anticipated that a much higher number
of treatment decisions will be based on molecular profiling. Over
the last two years, Foundation Medicine has analyzed more than
22,000 tumor specimens [24] and anticipates to test between
22,000 and 25,000 samples in 2014 [25].
Recently, large diagnostic companies, such as LabCorp
(Burlington, NC), Qiagen (Venlo, the Netherlands), Thermo Fisher
Scientific (Waltham, MA) and Quest Diagnostics (Madison, NJ),
have also launched oncology sequencing test panels comprised of
30–400 actionable genes [26–29]. European diagnostic company
KPS Life Sciences (Budapest, Hungary) lists 58 genes for their
standard NGS oncology panel [30]. KPS Life Sciences incorporates
the pre-screening of the clinical trials for patients based on their
clinical history and molecular profile to provide relevant treatment
options to the physician. On average, KPS finds ongoing clinical
trials, which are positively associated with a patient’s tumor
profile, for 87% of the cancer patients referred to KPS for testing
[30].
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Memorial Sloan Kettering Cancer Center (MSKCC) in New York
City is the pre-eminent academic institution in comprehensive
tumor profiling. MSKCC physicians led a pioneering study to match
lung cancer patients with targeted therapies [31]. Oncogenic drivers
were identified in 64% of the 733 patients tested. Clinicians were
able to recommend targeted drugs to 28% of these patients.
Encouragingly, the median survival of those treated with targeted
drugs was 3.5 years vs. 2.4 years for those receiving conventional
treatment.
MSKCC has developed an oncogenic test panel (MSK-IMPACTTM)
to reliably and accurately screen for mutations in 341 genes.
Leveraging its expertise in clinical annotation of test results,
MSKCC established collaboration with Quest Diagnostics to extend
molecular testing across the US [32]. The two parties will share
patient data to enable rapid translation of discoveries into clinically
actionable information to optimize patient care. MSKCC also recently
received a $100 million gift to establish a Center for Molecular
Oncology, which will build out NGS capabilities to eventually
analyze every single cancer patient entering the MSKCC facility
[33]. MSKCC expects to sequence more than 10,000 tumor samples
annually.

14.4.2

Interpretation of NGS DATA—Need Help!

The field of molecular oncology is advancing at an incredible
pace. To stay up to date, it is estimated a physician would have to
spend 160 hours reading medical publications every single week
[34]. According to a recent study, only 20% of the knowledge
derived from available trial-based evidence is used by oncologists
when diagnosing and treating patients [35]. Twenty-two percent
of 160 physicians from an NCI-designated comprehensive cancer
center from Boston had low confidence about their knowledge of
genomics and 26% doubted they could make treatment recommendations from genomics data [36].
Reports on the molecular profile of tumors and corresponding
treatment options provided by Foundation Medicine and others
somewhat alleviate the burden on the oncologist. However, the list
of available treatment options provided in the reports does not
factor in the patient’s medical history and most importantly the
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reports do not rank order drugs or experimental therapies identified
in the reports as treatment options. Which one is the best option?
What if every oncologist could rely on the expertise and
experience of the entire clinical staff of MSKCC and MD Anderson?
Soon they might. Both MSKCC [36] and MD Anderson [37] are
teaching IBM’s supercomputer Watson to become an oncology
“consultant.” In 2012 IBM and MSKCC, in collaboration with private
insurer WellPoint, began “feeding” Watson 600,000 pieces of
medical evidence, two million pages from medical journals and the
ability to search through 1.5 million patient records. MD Anderson
contributes its Oncology Expert Advisor database, containing
hundreds of thousands of patient records, including treatment
outcomes. IBM plans to make Watson’s capabilities available to
any institution or individual physician through a cloud-based
service. Would Watson replace the oncologist? Probably not, but
it could assist in providing the best, evidence-based, personalized
treatment for the patient.
Flatiron Health takes a different approach [38]. Rather than
turning to academic centers, they collect anonymized patient
data from 1000s of community-based cancer specialists. The
data, including patient outcomes to various therapies, including
targeted drugs, is made accessible via cloud servers to physicians
to provide evidence-based treatment options. In the future, health
information technology will empower every oncologist to treat
patients based on state of art scientific knowledge.

14.4.3

Who Will Pay for Molecular Profiling?

Foundation Medicine’s solid tumor test and hematological
malignancy test have a list price of $5800 and $7200, respectively
[39]. A representative from insurer WellPoint claimed at the
aforementioned NCCN-organized panel discussion that for its
insured cancer population, the cost of sequencing would be
$350 million/year, necessitating an increase in premiums of
$10/year/member [40]. At this point, NGS tumor profiling is
considered by insurers to be experimental. WellPoint, Medicare
and other insurers do not yet have coverage in place for this type
of service. However, Foundation Medicine and other private and
public stakeholders are investing in prospectively designed clinical
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studies to establish the clinical utility of the molecular profiling
of every tumor.
Providing molecular profiling each year of the tumors of a
million cancer patients (of the 1.6 million newly diagnosed in the
United States) would cost $6–7 billion for the healthcare system.
The biggest value provided in exchange for this expenditure of
healthcare dollars is the avoidance of treating a patient with
therapies that would not be effective for that patient, as molecular
profiling also includes information on mutations that the patient
does not have. As we will make a case below, where an oncologist
could identify the ipilimumab-responding patient prior to the
commencement of treatment via a biomarker, the annual savings
to the healthcare system would be ~$750 million. This represents
the amount saved by avoiding unmatched, useless treatment.
Analysts following Foundation Medicine estimate that the
addressable US market for NGS in oncology is one million patients
per year [41], but their opinion as to the value for the market
leader ranges from $1.8 billion [42] and $4–7 billion [43].

14.5

Molecular Diagnostics for Targeted
Immunotherapy

Immunotherapy has emerged as a new treatment paradigm
exploiting a patient’s own immune system to fight cancer immune
system to fight cancer [44]. Cancer cells are present in every
person, but in most they are recognized as foreign to the body and
killed by the person’s immune system responses. Immunotherapies
boost a cancer patient’s immune system to eliminate cancer cells.
Two immunotherapeutic approaches are of particular interest:
(i) immune checkpoint inhibition, which aims to counteract the
physiologic mechanisms of immune tolerance co-opted by some
tumors, and (ii) vaccine therapy, which enables enhanced exposure
to tumor antigen. Immune checkpoint inhibition therapies include
the monoclonal antibody blockade of the cytotoxic T-lymphocyte
antigen-4 (CTLA-4) with ipilimumab, as well as antibody blockade
of the programmed cell death-1 (PD-1) receptor and the PD-1
ligand. Vaccines include antigen specific therapies, which induce
specific antitumor immunity against relevant tumor-associated
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antigens, such as melanoma-associated antigen-A3 (MAGE-A3) and
membrane-associated glycoprotein (MUC-1). With immunotherapy,
cancer could become a chronically manageable and perhaps
preventable disease.

14.5.1

Gold Rush for Immunotherapies

Encouraged by initial successes, the pharmaceutical industry began
to invest heavily to develop immunotherapies. There are over
1000 clinical trials being conducted to test new immunotherapies,
vaccines and cell therapies [45, 46]. Several large pharmaceutical
companies have entered the field, including Bristol-Myers Squibb
(New York, NY), Merck (Whitehouse Station, NJ), Roche (Basel,
Switzerland) and AstraZeneca. These companies have committed
an estimated $1.3B to evaluate their immunotherapy drugs in
78 clinical trials enrolling 19,000 patients [47]. Analysts project
that the immunotherapy market will reach $35 billion in value
by 2023, based on the currently visible drug pipeline [48]. If
realized, cancer immunotherapy would represent the largest ever
pharmaceutical opportunity, exceeding previous mega-blockbuster
classes, such statins for cholesterol management.

14.5.2

Large Benefit for a Small Subgroup

Immunotherapies have been shown to provide a very significant
clinical benefit, albeit to a small segment of the patient population.
Some melanoma patients, who were expected to live for six
months, are alive up to 10 years following treatment with the socalled checkpoint inhibitor, ipilimumab [49]. Unfortunately, 89%
of patients do not respond at all and many of these non-responders
may experience substantial toxicity [50]. Another checkpoint
inhibitor, nivolumab (different target from ipilimumab), produced
a higher, 32% response rate in a 107-patient advanced melanoma
trial [51]. When ipilimumab was combined with nivolumab, the
response rate rose to 42% [52]. While response rates improved,
toxicity also increased: 53% of treated patients experienced grade
3–4 adverse events [52]. Data from another promising checkpoint
inhibitor, pembrolizumab (same target as nivolumab), were
reported at the 2014 ASCO conference. Response rates were 40%
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for patients with no prior history of ipilimumab treatment and 28%
for those who had been exposed to ipilimumab previously [53].
These data demonstrated that checkpoint inhibitors cause serous
toxicity for some patients even in the absence of any benefit.
MAGE-A3 is present in numerous tumors including melanoma
and lung cancer and is absent in normal adult tissue, with the
exception of the testis and placenta. For this reason, MAGE-A3 is
a selective target for tumor-specific immunotherapy. MAGE-A3
vaccinations blocked the relapse of cancer in many lung cancer
patients, albeit the improvement in disease free survival was not
statistically significant when compared to placebo [54]. The results
demonstrated low response rates and the need of a biomarker
to enrich likely responders to cancer vaccines. Consequently, an
84-gene expression signature biomarker was developed for the
MAGE-A3 antigen expressing cancers [55]. Despite the initial
promising results, this gene expression biomarker did not enrich
the responding patient population. MAGE-A3 vaccination was found
not to be superior against control, when tested in large clinical trials
in non-small cell lung cancer and separately in melanoma patients
[56]. These disappointing clinical results were achieved even
though in earlier trials, ~30% of patients had exhibited immune
responses against the vaccine.
MUC-1, another tumor-associated antigen, is normally
expressed in epithelial cells. MUC-1 expression is greatly increased
in cancer cells, including non-small cell lung cancer (NSCLC), breast,
colorectal, prostate, and multiple myeloma. A MUC-1 peptide
vaccine also missed the primary endpoint in a large Phase 3 trial in
NSCLC. In the trial, which randomized 1239 patients, median
over survival was 25.6 months in the vaccine arm vs. 22.3 months
in the placebo arm [57]. However, in a large predefined subset of
patients (n = 806), who were treated with chemotherapy
concurrently with the vaccine, a 10-month survival benefit was
observed, prompting the sponsor to re-initiate development [58].
Because of the favorable safety profile of vaccines, they represent
excellent opportunities, either as a single agent or in combination
studies, if responder populations can be identified prior to
treatment.
IMA901 renal cell cancer vaccine consists of nine tumorassociated peptides (TUMAPs) confirmed to be naturally presented
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in human cancer tissue. A clinical trial conducted in 64 human
leukocyte antigen A (HLA-A)*02+ subjects with advanced cancer
showed that only 26% of the treated renal cell carcinoma patients
responded to more than one of the nine peptides. Coincidentally,
these so-called multi-peptide responders experienced a significant
survival benefit in the Phase 2 trial [59]. A Phase 3 program is
under way in order to confirm the benefit observed previously.
Not all nine tumor antigen peptides selected by Walter and
co-workers in the IMA901 trial [59] may actually be present in a
particular patient’s tumor. In addition, even if present, the patient’s
immune system may not be able to process these peptides due to
immunogenetic incompatibility, as illustrated by the observation
that 74% of the patients either did not responded to the vaccine,
or responded to one out of nine peptides [59]. There are research
efforts under way to “ultra-personalize” peptide vaccines [59, 60].
According to this paradigm, the individual’s tumor sample would
be screened for antigens that are unique to the tumor, as emerged
in the process of tumorigenesis (neo-antigens). The peptides
identified would be further tested for the patient’s ability to process
them for immune recognition. A specific, individualized peptide
cocktail would be manufactured for every single patient.

14.5.3

Payers Demand Biomarkers for Immunotherapies

What is the difference between a responder and a nonresponder patient to immunotherapy? We do not have an answer.
Immunotherapies, such as vaccines (peptide, protein or DNA) or
checkpoint inhibitors, either activate or reactivate T cell responses
against specific tumor antigens [61]. These specific T cells can
recognize and kill tumor cells. T cell responses depend on the
individual’s ability to process vaccine or tumor antigens by the
MHC/HLA molecules of the immune system. The genes encoding
MHC/HLA proteins are amongst the most polymorphic in the
entire genome [62]. Consequently, every patient generates different
T cell responses.
Indeed, when first rejecting reimbursement for ipilimumab,
the National Institute for Health and Care Excellence (NICE) in
the UK alluded to the possibility of HLA diversity (subtype) as a
potential predictor of responder status [63]:
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“NICE has concluded that a lack of appropriate biomarker
(e.g. HLA subtype) to predict patients who are likely to benefit is a
major deficiency in the current Yervoy [ipilimumab] submission.”

In the pivotal ipilimumab trial, only patients with HLA-A*0201
type were enrolled [64]. The study did not test the hypothesis of
a potential correlation between responders and HLA status. HLA
restriction was included because in a control arm, ipilimumab
was combined with a peptide vaccine gp100, which binds to HLAA*0201, a common allele, with high affinity [65].
In addition, trials with dozens of peptide vaccines, which were
designed for binding to other common HLA alleles (A1, A2, A3),
have also failed to increase response rates even when given only to
individuals with these haplotypes (Table 14.1). It is not surprising
that a correlation between responders and HLA status was not
found, when singling out only one specific allele of the thousands
identified to date.
Table 14.1

HLA biomarker does not select likely responders to immunotherapy

Indication Treatment

HLA restriction Sponsor Response rate

Renal cell IMA-901
carcinoma peptide mix

HLA-A02

Breast
cancer

NeuVax
peptide vaccine

Prostatic
Neoplasm

Prostavac
DNA vaccine

HLA-A2 or
HLA-A3

Melanoma Gene-engineered HLA-A 0201
lymphocytes
Anti-p53
TCR-Gene

Transduced
lymphocytes

Melanoma Peptide vaccine

Melanoma Helper and
multi-epitope
peptide vaccine

14.5.4

HLA-A2

HLA-A 0201

HLA-A*0201
HLA-A1,-A2,
or -A3

Immatics 26% [59]
NCI

20–50% [66]

NCI

40% [68]

NCI

NCI

NCI

NCI

25% (partial)
[67]
8% [69]

10% [70]

5–47% [71]

Impact of Personalizing Immunotherapy

The discovery of immunogenetic biomarkers to select or enrich
likely responders to immunotherapies would represent a major
advance in the treatment of cancer.
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According to IMS Health, the worldwide drug spending on
oncology treatment is approaching $100 billion [72]. The US
bears the largest burden with an estimated 41% of the total drug
expenditures [72]. Should a good portion of the current crop
of immunotherapies succeed in gaining approval, the burden
could become even more substantial in the absence of responder
selection biomarker. Combination or sequential administration to
all comers of $100,000+ immunotherapies, many of which are
already being tested in the clinic, could strain the healthcare
system towards a tipping point.
The current “bill” for US payers for the first immunotherapy
drug, ipilimumab, is estimated to be a relatively modest ~$1 billion
(Fig. 14.2). Should, as envisaged, “immunotherapy will likely form
the backbone of 60% of all developed world cancer management
regimes” the bill could rise to a staggering $35 billion [48].
If a suitable biomarker for ipilimumab were to be discovered, the
savings, due to prescribing only to likely responders, could be
$3.8 billion over a five-year period for ipilimumab alone (Fig. 14.2).
IPILIMUMAB CASE STUDY

• Approved for melanoma in 2011 in the US
• Response rate: 11%
• Median survival benefit: + 4 months; responder survival is up to 10
years
• Cost: $120,000
• 2013 sales: $960MM
• Number of patients treated: ~8000
• Number of patients benefited: ~880 (11%)
• Ipilimumab is widely reimbursed (in US)—total bill for payors:
$960MM
• Total Rx bill, if responders were pre-identified: $132MM
•
•
•
•

Total Dx bill for all 8000 patients: $10,000 × 8000 = $80MM
Total Dx + Rx bill for 8000 patients: $212MM
Total savings to payors: ~$750MM for ipilimumab in 1 year
Total savings for ipilimumab over 5 years: $3.8B

Figure 14.2 Pharmacoeconomic benefit of a biomarker test.

Should a universal biomarker be discovered applicable for
the entire class of immunotherapies and assuming a 30% overall
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response rate, theoretically, 70% of the projected $35 billion
(i.e. $25 billion) could be saved by the healthcare system every
year. Offsetting the savings would be the potential eligibility of
the patient to an alternative therapy within or outside of the
immunotherapy class. Assuming a $100,000 price/treatment figure,
the $35 billion revenue estimate implies 350,000 patients treated.
With a universal biomarker, seventy percent, or 245,000 patients,
would not have to be needlessly exposed to a potentially toxic therapy
that is prospectively determined NOT to provide any benefit.
Patients, physicians, and payers would adopt and demand
such a biomarker test that could personalize immunotherapy.

14.5.5

A Glimpse at the Future: Nanomedicine

By virtue of their design, the class of protein and monoclonal
antibody checkpoint inhibitors and T cell activators cannot be
easily modified to target non-responsive populations. When
combining these therapies to broaden efficacy, toxicity is also
enhanced. Off-target toxicity is a consequence of the systemic
delivery and the lack of cancer tissue specificity of these therapies.
However, cancer vaccines are well tolerated and the targeted
delivery of antigens expressed only by the tumors to the lymph
nodes greatly improves their immunogenicity [73]. Targeted delivery
of DNA-encoded protein antigens is achieved by nanoparticle
formulation mimicking infectious organisms. Targeting specific
cells of the immune system, such as the dendritic cells, could
maximize effectiveness by stimulating cytotoxic T cell populations
to eliminate cancer [74].
“When a particular cancer vaccine belongs to a class of agents that
has been previously administered to humans, a body of safety and
activity data may already exist. In such situations, depending on
the relevance of the available clinical data, additional preclinical
studies may not be needed to support the starting dose and dosing
schedule. The sponsor should provide comprehensive information
in the IND, including existing clinical data regarding the activity
and safety profile, to support the safety of the cancer vaccine in the
proposed trial”

Figure 14.3 FDA guidance on cancer vaccines.
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Nucleic acid-based, nanoparticle formulated targeted vaccines
hold a great promise because of their safety and versatility. These
vaccines offer a cost-effective opportunity not only to treat cancer
patients but also prevent cancer in individuals with high risk. Once
the therapeutic index of a prototypical vaccine is established,
additional vaccines, addressing different populations, could be
developed in a straightforward fashion. While the antigens
encoded by DNA or RNA might be different, the delivery system
(vector and formulation) remains the same; therefore, the toxicity
profile of various members of a family of vaccines is anticipated
to be similarly benign. The FDA recognizes the reduced necessity
of additional preclinical testing, once the prototypical vaccine has
been evaluated in human subjects [75] (Fig. 14.3).

14.6

Conclusions

Targeted drugs, vaccines, and immunotherapies are gaining
ground every month. So what does it take for a company to
capitalize on the biggest pharmaceutical business opportunity
of the 21st century? First and foremost, a new medicinal product
must be susceptible to “personalization” by a biomarker. It is
envisioned that cost-effective personalization of targeted therapies
may be accomplished with platform technology that supports
the development of a “family” of medicinal products. Genetic
biomarkers for cancer medicine will be identified based on the
molecular profile of the tumor and the genetic background of
the patient. Molecular profiling of every tumor will lead to a
comprehensive molecular diagnosis suitable to select the best
matching targeted medicine for every single patient. Payers will
reimburse molecular diagnostic services as they reimburse any
blood test that helps physicians to select treatment for their
patients. We expect that in five years every patient will benefit from
such cancer molecular diagnosis and targeted medicine.
This “personalization” of the practice of medicine as described
above will have profound and long lasting positive effects on a
multitude of fronts. From the individual perspective, a patient
seeking therapies for cancer will receive better care since any
therapy prescribed by the doctor will have a high likelihood of
being effective. This means the patient will have to endure potential
side effects from a prescribed therapy only in cases where the

Conclusions

prescribed therapy is predicted to provide the patient clinical
benefit.
In addition, there will be a substantial business opportunity
for diagnostic companies with health information technology to
access, organize, analyze, and interpret “Big Data” generated from
widespread NGS-based tumor profiling. Molecular diagnostic
companies could inform oncologists about the best matching
treatment protocols and play a pivotal role in advising payers on
the likely efficacy of therapies to reimburse (Fig. 14.4).

2014

TREATMENT GUIDELINES
Rx recommendation based on
clinical experiences
1st line therapy = XA
2nd line therapy = XB
....
other choices

Doctors’ decision

2019

I
N
F
O
R
M
A
T
I
O
N

HEALTH INFORMATION TECHNOLOGY
Matching patient & Rx based on
current scientific knowledge
Highest matching therapy = XD
2nd highest matching therapy = XL
....
Non‐matching (ineffective) therapies

Doctors’ decision

Figure 14.4 Molecular diagnostic-guided, personalized cancer treatment.
Present cancer treatment is based on clinical experience.
Selection of the best physician has a significant impact on
outcome. In the future, every physician will use molecular
diagnosis and health information technology and every patient
will obtain the best treatment available for her/his disease.

From a macroeconomic perspective, “personalization” has
the potential to salvage on a worldwide basis a healthcare system,
which is not presently sustainable based on the current
therapeutic models. “Personalization” will eliminate or at least
substantially reduce the prescribing of a costly therapy for a patient
where molecular diagnostic testing and biomarkers demonstrate
that the therapy will not be effective for that patient, thereby
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saving the healthcare system billions of dollars. Thus, with the
personalization of cancer treatment with molecular diagnostics,
the healthcare system will finally be able to start reversing a
decades old downward spiral since payers will only reimburse
therapies that are likely to be effective and safe for patients.
As with the personal computer revolution three decades
ago, there will be both winners and losers among the companies
attempting to ride the personalized medicine wave. Microsoft
(Redmond, WA) became one of the winners in the personal computer
revolution by deploying an operating system which became the de
facto industry standard and then developing a family of applications
integrated with that operating system. Similarly, the winners in
the personalized medicine revolution will be those companies
that develop widely applicable molecular diagnostic tests and
biomarkers with companion medicine offerings designed to treat
cancer, regardless of physical location, based on the genetics of
both the patient and the patient’s cancer.
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In recent years, research on the social implications of nanotechnology has resulted in a number of studies that have led to debates both
within and outside the academic community [1]. For its part, the
political agenda on the regulation of nanotechnology has progressed, and today issues such as nomenclatures, certifications
and risks to health and the environment are under consideration
[2].
Neither the research nor the political agenda have addressed
the implications of nanotechnology for labor. In this chapter, we
address the subject from an analysis of the characteristics of
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nanotechnology products that are on the market.We show that
nanotechnology will have a significant impact on employment
distribution among sectors, the international division of labor and
the skills required for work.

15.1

Nanotechnology and Employment

The debate over the implications of new technologies for
employment has a long history. Adam Smith, who lived through
the birth of the industrial revolution, believed that technological
change would benefit workers because it would make the goods
they buy cheaper [3]. Half a century later, David Ricardo in his last
writings argued that, due to the unemployment caused by the use
of machinery, industrialization was often detrimental to working
class interests [4]. Yet another half century later, around 1860, Karl
Marx wrote extensively about the impacts of capitalist technology
on increasing unemployment, and criticized the compensation
theory that argued that the loss of jobs due to technology would
be compensated by new ones created in the new activities and
companies that resulted from these technologies [5]. By the end of
the 19th century, the neoclassical economic theory embraced the
compensation theory and claimed that the free market would lead
to full employment [6].
Since then, the perspectives of employment compensation
and the negative impact of technology on employment have
confronted each other with each new wave of innovations. It is
difficult to separate the effects that technology has on employment
from the other factors that influence it, such as the commercial
value of such technology, economic cycles, imports or relocation of
production. What makes it difficult to reach a consensus concerning
this controversy is not, however, a problem of empirical data, but
rather that both positions are based on different assumptions
and observations. The perspective of employment compensation
overlooks the fact that progressive reduction of the working day due
to class struggle has in part hidden technological unemployment.
The reduction from between sixteen or eighteen hours, which was
typical during the industrial revolution, to the eight‐hour days
of our times, was made possible by the increased productivity
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resulting from technology and the social redistribution of working
hours [7]. Furthermore, the evidence of job compensation is
usually based on developed central regions from the viewpoint
of the birth and diffusion of technological changes, where new
industries are normally created for the growing world market. But
when the global context is considered, this compensating capacity
is limited. After over two decades of global markets driven by
microelectronics and information and communication technology,
and before the impacts of the current crisis were felt, experts were
already recognizing problems with labor. The director general of
the United Nations International Labor Organization, for example,
stated that the growing world economy was producing millions of
new jobs, but could not reverse the high levels of unemployment
(about 190,000,000 people), nor could it help in the case of
precarious jobs that did not ensure minimum living conditions,
a situation in which 50 percent of workers around the world find
themselves [8].
A new technological revolution based on nanotechnology is
currently taking place. Nanotechnology based products are more
and more readily available in the market and experts envision
radical innovations for the coming decades. Along with conditions
of production and competition, employment will also be affected.
It is worth noting that employment has yet to enter the research
agenda of the social implications of nanotechnology. When it
comes to working conditions, research has only begun on the risks
of this technology to workers’ health.
Is it too early to study the impacts of nanotechnology on
employment? Could it be that nanotechnology is still in the
earliest stages of development and has yet to have much effect
on productive processes? Moreover, how can we analyze the
implications of nanotechnology for employment when there are not
even any classifications that describe new occupations [9]? Jobs in
nanotechnology have yet to appear in the statistics. The few studies
available show that business executives fear that there will be a
shortage of qualified workers [10], and that the current size of the
nanotechnology work market is still small and limited to those
sectors of the workforce that are involved in research and
development [11]. Projections for the coming years, however,
suggest a growing dynamic in the labor markets to keep up with

305

306

Nanotechnology Implications for Labor

the rapid growth of the nanoproduct market. The Senior Advisor
for Nanotechnology at the National Science Foundation foresees
the creation of two million direct jobs and five million indirect
jobs in connection with nanotechnology at the global level by 2015
[12]. Lux Research foresees up to ten million jobs in 2014, 11%
of manufacturing jobs worldwide [13].

15.2 Analyzing Nanotechnology Impacts on
Labor
15.2.1

Methods

We conducted an exploratory study [14] of the common characteristics of the nanotechnology products that appear to have a
potential impact on labor. We used two databases containing nanotechnology products: the Inventory of Consumer Products prepared
by The Project on Emerging Nanotechnologies of the Woodrow
Wilson International Center for Scholars [15] and the Inventory of
Brazilian Companies and Products prepared by Noela Invernizzi
[16].
From a review of the databases, we identified four characteristics of nanotechnology products that impact labor. These
characteristics are: (1) the products are more efficient, (2) the
products are multifunctional, (3) the products require fewer
and/or different raw materials, and (4) the products have a longer market lifespan. We noted which products combine these
characteristics. Their analytical individualization was, nonetheless, relevant when it came to exploring their implications for labor. Furthermore, these characteristics were examined under the
scope of the specificity of the current technological revolution in
material terms (changes in how matter is manipulated, new
properties of materials on the nano‐scale and the importance
of size), and also in socio‐economic terms (concentration of
research and development in nanotechnology, fast pace of development, trans‐sectoral application, geographical expansion).
From our review, we identified the following impacts of
nanotechnology products on labor: employment creation/
destruction, changes in sectoral distribution of the workforce,
changes in the global spatial distribution of the workforce and
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changes in qualifications for jobs. We selected examples of
products already commercialized to represent each of the four
characteristics identified.

15.2.2

The Products Are More Efficient

Products incorporating nanotechnology are more efficient than
their non‐nanotechnology based counterparts. Many companies
are bringing these products incorporating nanotechnology into the
market. Several companies providing products in the automotive
industry use nanotechnology. LANXESS, for example, manufactures
Nanoprene [17], which is an additive for car tires providing them
with a better grip and greater resistance to abrasion, extending
their mileage by 15% and lowering fuel consumption [18].
Similarly, the AMSOIL Company produces AMSOIL Ea Air Filters
for cars, which were publicized as a breakthrough in filtration
technology because they are “the highest efficiency filters that
are available for the auto/light truck market” [19]. The filters’
synthetic nanofibers remove five times more dust and capture up to
two and a half times more contaminants than traditional cellulose
filters and last four times longer [20]. Companies serving other
industries are also using nanotechnology in their products. The
Behr® Process Corporation, for example, uses nanotechnology in
its Behr PREMIUM PLUS® paint which consumers use for kitchens
and bathrooms [21]. The paint contains nano‐sized additives
that help create a harder and more durable film that is resistant
to water, mildew, stains and grease [22]. DEPT®, manufactured
by Contech Biodegradable Products [23], is a solid material with
nanostructured synthetic clay for the remediation of effluents in
the textile and paper industries [24]. The clay eliminates 95% of
the color of effluents, compared with the 50% achieved through
traditional methods that use activated carbon [25]. Moreover, it is
recyclable and can be reused several times [26].
All of these products that use nanotechnology are more
efficient than those which do not use nanotechnology. Furthermore,
what they all have in common is that they either last longer or
require fewer applications and can be reused more times than
the products they replace. The new products thus can replace
competing products on the market while at the same time both
reducing the demand for the product itself and reducing the need
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to use and repair the product. Taken together, this means that
manufacturing these products will require a smaller workforce as
long as demand for these products remains constant. Additionally,
these product improvements reduce demand for competing
products.

15.2.3

The Products Are Multifunctional

Not only are nanotechnology products more efficient, but they are
also multifunctional. This multifunctional aspect to nanotechnology
can be prominently seen in the food industry. Companies add
vitamins, collagen, phyto‐extracts and other nanoencapsulated
substances to food and drinks. George Weston Foods, for example,
adds “Omega‐3 fatty acids to one of Australia’s most popular brands
of white bread” [27]. To prevent the bread from having a fishy taste
that consumers may not like, the company adds nanocapsules of
tuna fish oil [28]. The Qinghuangdao Ialji Ring Nano‐Product Co.,
Ltd. enriches its Nanotea with selenium [29]. The nanosize of
the doses enhances the uptake and bioavailability of selenium
[30]. These are examples of nutraceuticals, or products that
simultaneously serve feeding, esthetic and medicinal purposes
that were previously provided by different products. Using
nanotechnology allows these companies to provide consumers with
products that are more nutritious.
In the textile industry, there have also been advances in
multifunctional products such as fibers or fabrics containing
moisturizing lotions, perfumes, vitamins or medicine. Generally,
the nanotechnology additions are distributed in nanoscopic
capsules in textile fibers. CHT Brasil Quimica, a Brazilian chemical
company, produces Nouwell E, a textile fiber that performs cosmetic
functions by transferring vitamin E to the skin and releasing a
perfume [31]. Nanocapsules contain both the vitamin E and the
perfume and they open when the fibers touch the skin or are
activated by movement [32]. The medical industry is also using
textiles. Specifically, “medical device technology include textiles
used as transdermal slow‐release drug delivery systems” that
work in a similar way to that of the Nouwell E product [33].
Medical firms are also integrating biomedical sensors, made
out of textiles, for monitoring vital body functions [34]. The Life
Shirt, for example, monitors “respiration, heart activity, inductive
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cardiography, motility, postural changes, and other functions” and
stores these results in a handheld computer [35].
Multifunctional products demonstrate a trend toward greater
interaction and even the merger of branches of production, which
may reconfigure current industrial sectors and the distribution
of the labor force among them. Given the internationalization
of global production chains, these changes will exceed national
borders. If there is a merger of sectors, it is likely that there will
be fewer jobs available and a demand for broader, less sector‐
specific skills. The agglomeration of functions in one product also
leads to the centralization of transport, distribution, marketing
and commercialization, which may possibly result in fewer jobs in
these fields.
Products can also be considered multifunctional when they
include ways of maintaining or preserving themselves that were
previously the task of individuals. Nanovations, for example,
developed a bactericidal and microbicidal paint that reduces the
need for cleaning [36]. Nanum® produces a Glass Coating TiO2
nanoparticles that make glass self‐cleaning when exposed to
sunlight [37]. Textiles produced in several countries advertise their
anti‐wrinkle and anti‐stain properties. L.L. Bean and Dockers, for
example, offer water, wrinkle and stain resistant trousers [38].
Similarly, Tsung‐Hau Technologies, in Korea, sells odor repellent
clothing such as the anti‐odor socks [39]. Many jobs, especially
low‐skill jobs, will be affected by the falling demand for cleaning,
washing, ironing, dyeing and durability as a result of the new
qualities and features being incorporated into products.

15.2.4

The Products Require Fewer and Different Raw
Materials

Products incorporating nanotechnology generally require fewer
and/or different raw materials than do their counterparts that are
not incorporating nanotechnology. Functional Mikron, for example,
produces encapsulated active, bioactive and functional ingredients
such as Omega 3, collagen, vitamins, calcium and aromas to add
to foodstuffs [40]. A major advantage of nanotechnology is that it
enables companies to use smaller quantities of raw materials, in
some cases many times smaller, and achieve considerable enhance-
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ments in terms of flavor, aroma, bioavailability and biocompatibility
of ingredients [41]. Pharmaceutical companies also find the reduced
amount of main ingredients, along with a faster‐working and longer‐
lasting therapeutic action, appealing. Incrementha Pharmaceuticals,
for example, produces topical anesthetic that reaches the nerve
endings of the skin in a biodegradable nanoscopic capsule [42].
In these cases, there is less need for raw materials, thus directly
affecting jobs in the sectors involved.
Other products exploit the advantages of new materials
produced by nanotechnology to substitute for other raw materials.
Companies are beginning to use carbon nanotubes which have
excellent conductivity, mechanical resistance that is a hundred
times higher than steel, and flexibility and pliability in a number of
different production sectors [43]. Adidas, for example, uses them to
manufacture the lightest spike running shoes ever created by the
company [44]. Easton Sport uses carbon nanotubes to produce a
bicycle frame called the SLC01 Pro Machine, which is 23% lighter
than the previous lightest model, weighing in at just 960 grams
[45]. Eiko´s Invisicon takes advantages of the carbon nanotubes
conductive properties in the manufacture of transparent coatings
for flat panel displays, OLED lighting, and solar cells [46].
Similarly, state‐of‐the‐art resins are replacing plastics,
metals and other materials. Braskem, for example, is producing a
polypropylene resin with added nanometrically sized clays which
is four times more resistant to impacts and fractures, 30% more
rigid, 30% lighter and much more heat‐resistant than other resins
available on the market [47]. This product is replacing metals
and other plastics in the home appliance and car industries [48].
One special case is the substitution of natural raw materials.
Studies done by the ETC Group [49] and the Meridian Institute [50]
show the possible disruptive effects in the economies of developing
countries, where there are millions of jobs in the production of
natural raw materials such as cotton, jute and rubber. Aside from
replacing labor, using nanotechnologies would also open up new
possibilities to add value to some raw materials. Thus, companies
could create new applications for existing products such as
rubber by adding nanoparticles, which would provide this rubber
with new properties [51]. At the same time, the demand for
rubber’s main traditional market, tires, would fall because of
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the longer lifespan of the product. It is also possible that natural
materials would lose their advantages over industrially produced
products. Carbon nanotubes, for example, could potentially replace
copper in the manufacture of electric cables. Similarly, artificial
fibers with nanotechnology that imitates the look and feel of cotton
could replace cotton [52]. Such replacements of raw materials
would lead to less employment opportunities in the sectors
producing these raw materials.
These changes in materials will alter the distribution of the
workforce among different sectors. This change in the workforce
could also enhance or devalue professional skills. Given that the
exploitation of raw materials is closely linked to geographical
features, both at a national and international level, changes in
demand will lead to a new regional and international distribution
of labor.

15.2.5

The Products Have a Longer Market Lifespan

Some nanotechnological innovations help perishable products
extend their market lifespan, increasing the time available for
consumption and reducing the time consumed in transportation
and maintenance. Embrapa (The Brazilian Agribusiness Company)
[53] is developing organic barriers (edible films) nanoparticles
to cover macadamia nuts [54]. These barriers block the entry of
oxygen and water vapor, making the nut last longer [55]. Miller
Brewing is using plastic bottles with Imperm technology, a plastic
imbued with clay nano‐particles. “The layout of the nano‐particles
is designed to provide a stricter barrier between the carbon dioxide
molecules that are trying to escape the beverage and the oxygen
molecules that are trying to sneak in, keeping the beer fresher and
giving it up to a six‐month shelf life” [56].
Companies are also developing several types of “intelligent” or
“active” packaging that can react to environmental conditions and
thus preserve their content. Scientists at companies such as Kraft,
Bayer and Kodak are developing a range of smart packaging
materials that will absorb oxygen, detect food pathogens, and alert
consumers to spoiled food [57]. Active packages are also able to
reletase preservatives once the packaging detects he first signs of
spoilage [58].
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Using nanotechnology will allow companies to produce
products that have a longer lifespan. This will generally be good for
companies because it will reduce spoilage and waste. But, because
these products can remain longer in storage and on supermarket
shelves, activities involving the transport of goods, taking stock,
checking on the state of products, maintaining the products and
sales will likely be reduced. That is, there will be less jobs as a
result of this efficiency.

15.3

Conclusions

Any attempt to predict or anticipate the implications of new
technologies is risky because of the complexity of the social,
economic, and technological systems into which they are introduced.
Nevertheless, an early evaluation can help in the formulation of
policies that prepare society for these changes.
Product multifunctionality, smart products and replacement
of raw materials are long‐term technological trends. Nevertheless,
the current nanotechnological revolution has specific features of
its own. First, what is changing is how matter is manipulated–
rather than an energy source or a system of machinery—which
will affect all the branches of industry and services. Second, nano
sizes allow companies to incorporate sensors in manners and
places that were once impossible. In doing so, this technology
will greatly broaden the geophysical and biological boundaries
for the application of smart products and devices. In some cases,
nanosensors will perform functions that have so far been the tasks
of humans or even natural biological responses of living beings.
Third, current conditions of concentration of capital result in the
concentration of nanotechnology research and development, of
patents in nanotechnology, and of the commercialization of raw
materials and products with nanotechnology which are used in
other industries. These factors, in addition to the multifunctional,
trans‐sectoral nature of many nanotechnology products, will
favor a greater centralization of industrial sectors, such as the
growing merger of the food, pharmaceutical and cosmetics
industries.
These technological changes will have a significant impact on
jobs: on professional training, geographical distribution of labor,
the number of jobs filled by productive branches and services,
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and skills and wages. The degree of instability that the change
from one technological system to another will cause will depend
on the speed that it takes place and the foresight and policies of
governments.
Job losses will not necessarily be absolute if we consider a
company, a branch and even a country, because those players
that position themselves rapidly in the global market can gain
commercial space. Additionally, new jobs related to emergent
skills will be necessary. Nevertheless, at the global level and in
particular for developing countries, significant negative impacts
on labor are likely (except perhaps for some countries with huge
markets). First, there is already a heavy concentration of capital
in the development of nanotechnology in the richer countries and
a few developing countries. Second, nanotechnology products
will lead to the replacement of natural raw materials upon which
many developing countries depend economically. Third, the
global economic crisis has reduced public investment in science
and technology, the main source for research and development
in many developing countries. Finally, the growing free trade of
recent decades will pressure for mass exports of nanotechnology
products to developing countries, potentially accelerating the
reduction and loss of jobs in local industries.
The impacts of nanotechnology will add to global
unemployment and underemployment. There is no technological
solution, nor is there a market solution for this problem. Like
other social problems, this one requires a political solution.
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16.1

Introduction

The insurance industry is one of the main stakeholders capable
of contributing to the safer and more sustainable development of
nanotechnologies and nanomaterials. This, however, also means
that the industry is one of the bearers of potential losses that can
arise from nanomaterials production and use. Despite its role in
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sustaining technology development in modern society, insurers’
perception on nanomaterials has been largely overlooked by
researchers and regulators alike. This chapter seeks to address
this gap by providing some insight into the insurers’ awareness
and perception on nanotechnology and nanomaterials risks.

16.2

Nanotechnology and Insurance

Nanotechnology and nanomaterials production are still in their
research and development stage. Nevertheless it is rapidly making
its way into the consumer market. The Project on Emerging
Nanotechnologies (2010) reports that the number of products
containing nano-applications already available to consumers has
grown by nearly 521 per cent from 212 products in 2006 to 1317
in 2010. The use of nanomaterials is not specific to any particular
industry and the new products can be found across different
sectors such as health and fitness, automotive, food, clothing,
cosmetics and electronics.
There are a number of uncertainties regarding the production
and use of nanomaterials. The real impact of nanoparticles and
nanomaterials on human health and the environment is still largely
unknown. However, recent research shows that nanoparticles
less than 100 nm in diameter can enter cells, those with diameters
below 40 nm can enter the cell nucleus and those that are smaller
than 35 nm can pass through the blood–brain barrier and enter
the brain (Dawson, Salvati and Lynch, 2009). Scientists are calling
for a holistic and comprehensive nanotechnology life cycle
assessment (LCA) in order to better manage these uncertainties
(Klöpffer et al., 2007).
Insurance losses can arise at any stage of nanomaterial
production and use. Figure 16.1 shows how different insurance
policies relate to the life cycle of products containing nanomaterials.
Workers can become exposed to nanoparticles and nanomaterials
during different stages of the product life cycle such as research
and development, raw material production, consumer product
manufacturing as well as at the end of the product’s life (Mullins
et al., 2013). The employer’s liability insurance policies can be
triggered if some nanomaterials happen to be hazardous to the
workers’ health. Consumers and the public can come into contact

Research Design

with nanomaterials once the product has reached retailers’
shelves. The probability of exposure increases if the consumer does
not follow the instructions and/or directions for product use and
handling, or if the product is damaged. All sellers or providers of
services and repair (e.g., manufacturers, wholesalers or retailers
of products containing nano-applications) may incur liability to
their customers and others for injury, illness, loss or damage
arising from the supply of goods. Liability may arise under common
law, under contract, or under statute. In addition to employer
liability and product liability losses, there can be losses arising
out of environmental liability. There are numerous scenarios in
which the environment can become contaminated at any stage of
the nanotechnology life cycle. These include industrial accidents
at the production and manufacturing stage, spillages, leakages
and toxic waste accumulation in landfills. Products containing
nanomaterials are becoming increasingly more available in areas
like medicine, automotive, food, electronics and appliances. This
means that professionals such as medical doctors and corporate
directors and officers can become subject to some nanotechnology
risks (e.g., professional liability can arise from wrong dosages or
drug prescription).

Figure 16.1 The life cycle of products containing nanomaterials and the
type of insurance products that can be impacted.

16.3

Research Design

A mixed methods approach was adopted in order to assess the
perceptions of the insurance market on the development and use
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of nanotechnology and nanomaterials. In doing so, the perceptions
of nanotechnology experts and laypeople were also explored.
The rationale behind including laypeople and experts was to
control for the level of knowledge, which then allowed us to
identify the level of awareness within the insurance market with
regard to nanotechnology. Two primary data collection methods
were employed. The first phase of research involved interviewing
experts in the insurance and nanoscience fields. In total, seven
in-depth research interviews were conducted. Three interviewees
were from the nanoscience field and the remaining four came
from within the insurance market. The second phase of research
involved designing a questionnaire regarding the perceived
benefits and risks of nanotechnology. The data collected during
the first phase of research and literature review helped in the
development of the questionnaire which was then distributed to
insurers, experts and laypeople. Study participants were asked
to express their judgements on the perceived risks of different
nanomaterials applications, as well as whether they believed
nanomaterials posed potential hazards for workers, consumers,
public and animal health and environmental pollution. These
areas of interest were purposely selected as they represent the
main perils insured under general commercial liability insurance
(e.g., employer’s liability and public and product liability). A total
of 173 usable research instruments were generated, of which
39 were nanotechnology experts, 31 insurers and 103 laypeople.

16.4

16.4.1

Results

Nanotechnology Awareness

Qualitative and quantitative data analysis results show that
insurers are relatively aware of nanotechnology and nanomaterials.
Over 64 per cent of surveyed insurers said they were vaguely
familiar with nanotechnology and nanomaterial terms, and
over 25 per cent said they had a moderate working knowledge
and were able to define the terms. The interview data, however,
suggests that this knowledge is at a basic level and there is a need
for more information in order to allow this group to differentiate
between distinct nanomaterial risks. Only one participant from
within the insurers’ group stated that he/she had an in-depth

Results

understanding of the field. However, the insurers’ group was still
significantly more aware of nanotechnology and nanomaterials
terms compared to the laypeople group, at a p ≤ 0.001 level of
significance according to the Mann–Whitney U test results* (see
Fig. 16.2). Over 40 per cent of surveyed laypeople heard nothing
at all about nanotechnologies and nanomaterials, 47.5 per cent
said they were vaguely familiar with the technology and the
remaining 11.7 per cent of respondents reported having moderate
working knowledge. This finding is in line with the observations
from previous nanotechnology perception studies (see Priest,
2006; Seigrist, et al., 2007; Bostrom and Löfstedt, 2010). A metaanalysis conducted by Satterfield et al. (2009) estimated that 51
per cent of respondents had heard nothing about nanotechnology
between 2002 and 2007.

Figure 16.2 Insurers (N = 31) and laypeople (N = 103) awareness of
nanotechnology and nanomaterials risks.

16.4.2

Perceived Nanomaterial Risks

The survey results reveal that insurers are mostly worried about
the environmental pollution in the five areas covered by the

*The Mann-Whitney U test was used to look for the differences between the three
groups surveyed. The test was chosen in this case for three main underlying reasons.
Firstly, it is a standard non-parametric test which deals with categorical data that
is not normally distributed. Secondly, it is suitable for both small and large samples
(Bajpai, 2011). Finally, it is used for samples that are independent and possibly of
different sizes.
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survey (see Fig. 16.3). Over 35 per cent of insurance professionals
indicated that they believed nanomaterials to pose a high risk to
the environment and 45.2 per cent believed that it was a minor
risk. Only 6.5 per cent of insurers said they thought that the
production and use of nanomaterials would not contribute to
environmental pollution. In comparison, the experts group was
marginally more concerned about the risk to the environment,
with nearly 39 per cent of the scientists believing that nanomaterials could pose a high risk to the environment and only
2.6 per cent said that they considered this technology to be risk
free. The experts group was also significantly more worried about
workers’ health than the insurers group was, at a p ≤ 0.10 level
of significance, according to the Mann–Whitney U test results.
Nearly 60 per cent of the surveyed nanoscientists said that they
believed nanomaterials posed a high risk to workers’ health,
whereas only 32.3 per cent of the insurers surveyed thought them
to be high risk. Overall, insurers were relatively more worried
about consumers and public and animal health as compared to
the experts group’s perceptions, which mainly considered the
exposure to nanomaterials in these areas to pose minor risks.
The laypeople group was significantly less concerned about the
exposure to nanomaterials in relation to the environment, workers,
consumers and public health in comparison to the surveyed
insurers group.
We also asked study participants to state whether or not they
considered nanotechnology applications in the areas of medicine,
computing, energy application, cosmetics, clothing and food to
pose potential risks to society over the next 15 years (see Fig. 16.4).
Nearly 60 per cent of surveyed experts and about 50 per cent of
the insurers indicated that they considered nanotechnology
applications in the food sector to pose a high risk to society. The
second area of concern according to the survey results was the
use of nanomaterials in the cosmetics industry. Over 20 per cent of
the surveyed experts and insures said it to be a high risk and more
than 40 per cent indicated it to be a minor risk to society. In
comparison to the experts group, the insurers group was relatively
more worried about the use of nanomaterials in medicine,
whereas the experts group was more concerned with the use
of nanomaterials in the clothing sector than was the insurance
professionals group. However, these differences between the two
groups are not statistically significant. Both groups of experts
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and insurers surveyed agreed that the use of nanomaterials in the
computing and energy application sectors pose only minor risks
to society. The laypeople group was significantly more optimistic
about the use of nanomaterials in the food, clothing, cosmetics and
medicine sectors in comparison to the insurers group. This finding
is in line with a general pattern as demonstrated in the existing
literature, with nanotechnology’s benefits seen as exceeding risks
(see e.g., Gaskell et al., 2005; Priest, 2006; Fujita, Yokoyame and
Abe, 2006; Kahan, et al., 2007). Satterfield et al. (2009) argue that
the widely reported “benefit centrism” may be overestimated
and that publics’ judgements could move in either direction in
response to any risk information that may yet emerge.

Figure 16.3 Insurers, experts and laypeople’s perceptions about the risk
posed by nanomaterials to society over the next 15 years in
the following areas: workers health, consumers health, public
health, animal health and environmental pollution.
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Figure 16.4 Insurers, experts and laypeople’s perceptions about the risk
posed by nanomaterials to society over the next 15 years in
the following areas: medicine, computing, energy applications,
cosmetics, clothing, and food sectors.

16.5

Discussion and Conclusion

Some claim that nanotechnology is the driving force behind a
new industrial revolution. However, in reality, nano-developments
outside of nanomedicine and nanoelectronics are progressing in
the backdrop of what many refer to as “nanopotential” (Bawa,

Discussion and Conclusion

2015). Insurers’ perceptions of nanotechnology and nanomaterials
should be taken into account in order to assure the sustainable
development of the technology. Insurance does not only compensate
for losses, but it can also incentivise nanotech companies to
engage in more responsible practices in the production and use of
nanomaterials.
The qualitative and quantitative data presented in this chapter
indicate that insurers are familiar with nanotechnology and
nanomaterials terms. Moreover, although insurers are more aware
of the technology than the laypeople, this familiarity is still at a
basic level. Given the fact that the insurance industry is one of the
main bearers of the potential nanotechnology and nanomaterials
risks, this suggests a need for more information transfer and
exchange between the different stakeholders such as nanoscientists,
regulators, nanotech companies and insurers themselves. This
in turn could inspire the insurance market to move beyond the
“wait and see” approach and encourage the adoption of different
strategies to manage potential risks arising from nanomaterials
production and use. For example, Mullins et al. (2013) propose a
control banding (CB) approach that can be used by underwriters
to assess the relative level of nanomaterials production risk.
It can also form the basis for an underwriting decision-making
process. Better risk communication and collaboration between
the insurance market, nanoscientists, regulators as well as
nanotech companies could also lead to the introduction of new
insurance products. This, in turn, would directly contribute to the
sustainability of nanotechnology and nanomaterials development
and use.
The vast majority of the insurers surveyed said that they
considered the benefits of nanotechnology to outweigh the
risks. However, this optimistic view is in part due to the fact that
there have been no reported major adverse events involving
nanotechnology and/or nanomaterials to date. The insurance
industry has a tendency to base their underwriting decisions on
past experiences (i.e., claims history) rather than hypothetical
future scenarios. The perceptions of insurers could shift towards a
much more cautious approach in response to new information or
due to a loss of a larger scale caused by nanomaterials production
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and/or use. This was the case with the terrorism risk which was
generally included under open peril property insurance policies.
However, after 9/11, most insurers excluded terrorism risk from
their insurance policies, as it was perceived to be too large and
unpredictable, which in turn made the risk temporarily uninsurable
in the U.S. market. To avoid a situation where nanotechnology
risks become uninsurable, the insurance market has to actively
engage in risk communication with other main stakeholders in
the field, as well as to adopt a number of precautionary risk
management strategies. This is needed in order to manage the
impact of possible adverse events that could threaten the ability of
the nanotechnology sector to procure insurance, which ultimately
could threaten the sustainability of nanotechnology development
and use.
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17.1

Introduction

Emerging technologies bring with them concerns and uncertainties
about how they should be regu
lated [1]. Clearly, when these
technologies relate to human healthcare, regulation in some form
is warranted. But, what if the regulatory agencies lack the expertise
or will to fully understand these technologies? There can be other
barriers to regulation when current laws lack clear direction or
are non-uniform. For example, an identical dose of the same active
ingredient (e.g., caffeine) in a supplement as a powder is regulated
differently than if it were in an over-the-counter compressed hard
tablet or blended into a soft drink. These are some of the critical
issues facing regulatory agencies globally. Since the early 1990s,
the US Food and Drug Administration (FDA) has struggled to
handle the issue of nanogovernance. The “baby steps” this federal
agency has taken in the past decade are generally inadequate and
have contrib
uted to regulatory uncertainty. How long will this
bumpy ride last? Has such inaction contributed to discouraging
commercialization? Will it stifle big pharma’s desire to pursue
nanodrug development? Will the consumer-patient loose
confidence in nanotherapeutics? Will venture shy away even more?
Obviously, the FDA is a critically important regulatory agency of
the US government. In fact, the breadth of products that it regulates
represent about 20% of US consumer products worth billions of
dollars. Employing various laws and regulatory mechanisms (and
depending on the particular product class (Section 17.3)), the
FDA conducts specific pre-market and/or post-market oversight.
The mission of the FDA is to ensure that drugs, medical devices,
vaccines, veterinary products, and tobacco prod
ucts reaching
the consumer are both safe and effec
tive. It is responsible
for the safety of foods (including dietary supplements and food
additives), dyes and cosmetics. This is a tough job for an agency
that is plagued by numerous issues that impact its effective
performance. There are many high-profile instances where it has
failed in its mission of providing safe and effective products to the
American consumer in a timely manner.
Many products that the FDA sees during its review utilize
nanotechnologies or contain nanomaterials, some lack disclosure
of this while other identify them as such. Should these products be
regulated? If so, how and to what degree? These are some of the
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questions the FDA is grappling with in relation to “nanogovernance”
(Box 17.1).
Internationally, robust regulatory guidance for nanotechnology
is also lacking. In fact, regulatory agencies around the world continue
to struggle in their efforts to develop, meaningful regula
tory
definitions and balance them with policies that are already in
place (Section 17.3). However, guidance is critically needed to
provide clarity and legal certainty to manufacturers, policy-mak
ers, healthcare providers, and the consumer-patients. Common
sense warrants that some sort of guidance, oversight, or regulation
by the FDA is in order, at least on a case-by-case basis. But, so far
it has chosen to regulate nanomedicines and nanoproducts solely
via laws and regulations that are already on the books. There
are hundreds, if not thousands, of nanoproducts in the market
for human use, but little is known of their health risks, safety data,
or toxicity profiles. Even less is known of nanoproducts that are
released into the environment that can potentially contact humans.
Then, there are products such as cosmetics that are flooding
the market but are not even subject to any pre-market review by
the FDA. Under the current regulatory regime, it continues to
be the FDA’s position that nano-ingredients (e.g., nanoparticles)
are presumed to be “bioequiv
alent” to their bulk counterparts
(Section 17.3). Thus, manufacturers of nanoproducts are neither
required to obtain pre-market approval from the FDA nor
required to list nano-ingredients on product labels at this time.
These nanoproducts, whether they are a drug, device, biologic, or
combination of any of these, are creating challenges for the FDA
regulators as they struggle to accu
mulate data and formulate
testing criteria to ensure the development of safe and efficacious
nanoproducts.
In 2011, the FDA reopened a dialog on nanotech regulation
when it published “proposed” guidelines on how the agency will
identify whether nanomaterials have been used in FDA-regulated
products. However, since these draft guidelines and their later
revision in 2014, there has been little concrete movement on this
issue. Meanwhile, evidence continues to mount that many (if not
most) nanoproducts inherently possess novel size-based properties
and toxicity profiles. This scientific fact was initially largely
ignored by the FDA. Even now, the agency continues to adopt
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a precautionary approach to the issue in hopes of countering
negative publicity. In a sense, the FDA has simply maintained
the status quo with regard to its regulatory policies pertaining to
nanotech, content to rely on laws already on the books. As a result,
it has been criticized for having a “one-size-fits-all” approach to
nanogovernance.
Box 17.1 Key questions for the FDA to consider regarding nanogovernance:
Balancing public health and encouraging nanomedicine development

• When will nanotech take prominence on the FDA’s regulatory agenda?

• It is likely that various marketed nanoproducts (e.g., sunscreens
containing zinc oxide and titanium dioxide) warrant some sort of safety
labeling to alert the unsuspecting consumer. Are most nanomaterials
used in nanoproducts inherently toxic?
• Are nanoscience and nanotechnology moving too fast for meaningful
FDA review to take place? Can regulations truly tame the vastness
encompassed by “nano”? Should a different set of principles for regulating
products as diverse as cosmetics and cancer medicines be sought?
• As a general rule, should industry input drive the formulation of
appropriate rules and regulations by US federal agencies?
• It is clear that the FDA is pushing industry to provide the agency with
product specific data for areas like cosmetics, where the FDA lacks
statutory pre-market review authority. Are such voluntary industry
measures transparent and meaningful?
• Is the FDA’s so-called “broadly inclusive approach” of considering
whether FDA-regulated products containing nanomaterials or involving
nanotechnology sufficient?
• It does not appear that the present nanotech specific review process/
regulatory framework at the FDA is appropriately based on current
science. Has the FDA kept pace with emerging advances in nanotech R&D
with respect to predicting, defining, measuring and monitoring potential
“nanotoxicities”?
• Should there be a wider coordinated effort on the part of federal
agencies to review, amend, or create nanoregulations where appropriate
and warranted? Who in addition to the FDA should be given the key
responsibility to regulate nanomedical products for human use?
• Can nanotech, as applied to public health, be solely regulated under
existing regulations and authorities?
• Are new regulations needed for all FDA-regulated products containing
nanomaterials or involving nanotechnology or should they be limited to
only a subset of products containing nanomaterials?
• It appears to this author that there is a general lack of strategic planning,
effective collaboration and cohesion among US federal agencies with
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•
•

•

•

respect to a nanogovernance framework. In fact, in 2012, the President’s
Council of Advisors on Science and Technology (PCAST) concluded
that “individual agency contributions” to the NNI strategic plan “lack
the cohesion of an overarching framework.” Has this delayed and
uncoordinated effort hurt venture and commercialization activities
in the US? [The NNI is the US government’s interagency program
for coordinating, planning and managing R&D in nanoscale science,
engineering, technology, and related efforts across 25+ agencies and
programs. The NNI is regularly reviewed by the PCAST since the council
was designated in 2004.]
The FDA has “unofficially” embraced the inaccurate definition of
nanotechnology proposed by the NNI (Section 17.2). What is the
“official” position of the FDA regarding the definition of nanotechnology,
nano-scale, nanotherapeutic, nanodrug, nanomaterial and nanomedicine?
Industry and stakeholders fully understand that generalized and broad
guidelines, assays or tests may not be possible for all nanomedicines
or nanoproducts. Still, will the FDA provide selective guidelines,
at least on a case-by-case basis (other than nonbinding, unofficial
“draft guidelines”), for industry to rely upon in determining whether
their nanoformulations or products might be subject to regulatory
examination beyond what is typical for small-molecule drugs?
How much harmonization of drug regulation can reasonably be expected
between the US and the rest of the world? Should pharmacoeconomic
data be required prior to commercialization of nanomedicines to
demonstrate both social and economic added value in comparison to
“conventional” established treatments?
Can the safety and efficacy of complex follow-on nanotherapeutics
(nanosimilar products) ever be assured without a full slate of clinical
trials? Will the complexity and expense of approving such nanosimilar
products tilt the balance in favor of the original inventors (branded
products) even after patents expire?

17.2

Defining Nanotechnology in the Context of
Medicine: Does Size Matter?

One of the major problems that regulators, policy-makers, researchers, and lawyers continue to face regarding nanotechnology is
the confusion about its definition [2a, 2b, 3]. Although this “generic”
term is widely used, there is no internationally accepted definition
or nomenclature for it. In fact, nanotechnology is a misnomer,
since it is not one technology but encompasses many technical and
scientific fields like medicine, materials science, chemistry, physics,
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engineering, and biology. One can view nanotechnology as an
umbrella term used to define products, processes, and properties
at the nano/microscale. Clearly, the need for an internationally
agreed definition for key terms like nanotechnology, nanoscience,
nanomedicine, nanobiotechnology, nanodrug, nanotherapeutic,
nanopharmaceutical and nanomaterial, has gained urgency. In this
chapter, conforming to convention, the applications and products
of nanotechnology as they relate to medicine or pharma will be
referred to as nanomedicines. Alternate analogous terminology used
in the scientific literature or in patents includes nano-biotechnology
and medical nanotechnology. Nanomedicines include drugs,
therapeutics, vaccines and biologicals that are intended to remedy a
medical condition or disease.
Due to the confusion over nano-nomenclature, numerous
size-based or dimension-based definitions of nanotechnology have
sprung up over the years. One often cited, yet clearly incorrect,
definition is that proposed in the 1990s by the US National
Nanotechnology Initiative (NNI), a federal R&D program established
by the US government to coordinate the efforts of government
agencies involved in nanotechnology. The NNI defines
nanotechnology as “the understanding and control of matter at
the nanoscale, at dimensions between approximately 1 and 100
nanometers, where unique phenomena enable novel applications…”
[4]. Various regulatory agencies and entities such as the FDA, the
European Medicines Agency (EMA), Environmental Protection
Agency (EPA), Centers for Disease Control and Prevention (CDC),
National Institute for Occupational Safety and Health (NIOSH), the
US Patent and Trademark Office (PTO), International Organization
for Standardization (ISO), ASTM International and the Organization
for Economic Cooperation and Development (OECD) continue to
use this definition based on a sub-100 nm size. This overly rigid
NNI definition presents numerous difficulties. For example,
although the sub-100 nm size range may be important for a
nanoelectronics or nanophotonics company where quantum
effects are critical, this size limitation is meaningless to a drug
company from a formulation, delivery, or efficacy perspective
because the desired or novel physiochemical properties (e.g.,
improved bioavailability, reduced toxicities, lower dose, or
enhanced solubility) may be achieved in a size range greater
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than the arbitrary size limit of 100 nm. For example, the surface
plasmon-resonance (SPR) in gold or silver nanoshells or nanoprisms
that imparts their unique property as anticancer thermal drug
delivery agents is often because of their size being greater than
100 nm. Similarly, at the tissue level, the enhanced permeability
and retention (EPR) effect that makes nanoparticle drug delivery
an attractive option operates in a wide range, with nanoparticles of
100–1000 nm diffusing selectively (extravasation and accumulation)
into the tumor. At the cellular level, size range for optimal
nanoparticle uptake and processing depends on many factors but is
often beyond 100 nm. Liposomes in a size range (diameter) of about
150–200 nm have been shown to have a greater blood residence
time than those with a size below 70 nm. Furthermore, there are
numerous FDA-approved and marketed nanopharmaceuticals
where the particle size does not fit the sub-100 nanometer profile
(Table 17.1): Abraxane (~130 nm), Myocet (~190 nm),
DepoCyt (10–20 micometer), Amphotec (~130 nm), Epaxal
(~150 nm), Inflexal (~150 nm), Lipodox (180 nm), Oncaspar
(50–200 nm), etc. Moreover, the NNI definition excludes
numerous devices and materials of micro-meter dimensions
(and also of dimensions less than 1 nm), a scale that is included
within the definition of nanotechnology by many nanoscientists.
Compounding this confusion is the fact that nanotechnology is
nothing new and has been around for hundreds, possibly thousands,
of years. For example, Damascus sword blades, encountered by
Crusaders in the 5th century, have now been shown to sometimes
contain nanowires and carbon nanotubes. Another early example
of nanomaterials in products dates back to the 4th century in
stained glass where gold nanoparticles were incorporated therein
to exhibit a range of colors. The most prominent examples of this
is the Lycurgus Cup on display at the British Museum. One of the
earliest known use of nanoparticles is in the 9th century when
Arab potters used nanoparticles in their glazes so that objects
would change color depending on the viewing angle (the so-called
“polychrome lustre”). Nanoscale carbon black particles (“high-tech
soot nanoparticles”) have been in use as reinforcing additives in
tires for over a century. The accidental discovery of precipitation
hardening in 1906 by Wilm in Duralumin alloys is considered a
landmark development for metallurgists; this is now attributed
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to nanometer-sized precipitates. Modern nanotechnology may be
considered to start in the 1930s when chemists generated silver
coatings for photographic film. In 1947, Bell labs discovered that
the semiconductor transistor had components that operated on
the nanoscale. A large number of nanomaterials and nanoparticles
have been synthesized over the last two decades, yet the
Environmental Protection Agency (EPA) and the Food and Drug
Agency (FDA) are uncertain as to how to regulate most of them.
Obviously, consumers should be cautious about potential exposure
but workers should be more concerned. Technically speaking,
biologists have been studying nanoscale biomolecules (antibodies,
viruses, etc.) long before the term “nanotechnology” was coined or
became fashionable.
The NNI definition presents limitations and the “bright-line”
demarcation of sub-100 nm may blur with respect to what is
truly nanoscale. In this context, consider the following sample
questions and the limitation of this absurd definition will become
amply clear vis-à-vis nanomedicine products:
• What if, the primary nanostructures (below 100 nm) are
in an agglomerated or aggregated form that is above 100 nm?
• What if, the unique “nanocharacter” is lost if the nanomaterial,
nanoproduct or nanoparticles are not in an agglomerated or
aggregated form?
• What if, the size of this agglomerate or aggregate lies
outside of the NNI definition but they nervelessness possess
or display novel nanocharacteristics identical to their
nanoscale counterparts from which they arose?
• What if, unique or novel properties exist at various size
ranges, some above 100 nm?
• What if, only a fraction (1%, 10%, 50%, 90%, etc.) of
nanomaterial, nanoproduct or nanoparticles are in the
sub-100 nm nanoscale while the rest are not?
• What if, macroscale agglomerates (e.g., in a nanoformulation)
give off primary nanoparticles in the presence of surfactants,
enzymes or via action of certain biochemical agents?
• What if, there is a wide batch-to-batch variability in size or
dimensions, yet the batches retain their unique nanoscale
properties? What if, this variability with respect to
nanoscale size is based on unique manufacturing protocols?
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• What if, the assay and characterization of the same
nanomaterial, nanoproduct or nanoparticles provided
disparate data on size (range, fraction, etc.)?
• What if, the nanomaterial, nanoproduct or nanoparticles
display nanoscale properties in a functional context in
certain biological environments but not in others?
• What if, the unique nanocharacter or novel toxicity profile is
only manifested when exposed to a biological environment?
• What if, it loses its nanocharacter in certain biological
environments or as a result or interaction with certain
tissue?

Although the FDA is part of the NNI and participated in the
development of the narrow definition of nanotechnology, it has
not adopted the NNI’s definition for its own regulatory purposes.
Neither has it established any formal or official regulatory
definition of nanomaterials, nanoscale, nanodrug, nanotherapeutic,
nanotechnology or nanomedicine. Instead, as of 2015, the agency is
still taking a so-called broadly inclusive approach by determining
whether FDA-regulated products contain nanomaterials or whether
they involve nanotechnology (Section 17.3). So far, this uncertain
proposal does not appear to be an optimal one.
While the sub-100 nm real-estate may be where much of nanomedicine operates, having an arbitrary cut-off of 100 nm
excludes much of the broad field. A specific and arbitrary sizerange is irrelevant and has no significance to nanomedicine. In
light of this background, the following practical definition of
nano
technology, unconstrained by an arbitrary size limitation,
has been developed by the author [2a, 2b, 3]:
The design, characterization, production, and application of
structures, devices, and systems by controlled manipulation of
size and shape at the nanometer scale (atomic, molecular, and
macromolecular scale) that produces structures, devices, and systems
with at least one novel/ superior characteristic or property.

This definition above has four key features [2b]:

• First, it recognizes that the properties and performance of
the synthetic, engineered “structures, devices, and systems”
are inherently rooted in their nanoscale dimensions. The
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definition focuses on the unique physiological behavior of
these “structures, devices, and systems” that is occurring at
the nanoscale; it does not focus on any shape, aspect ratio,
specific size or dimensionality.
• Second, the focus of this flexible definition is on “technology”
that has commercial potential from a consumer perspective,
not “nanoscience” or basic R&D conducted in a lab-setting
that may lack commercial implication.
• Third, the “structures, devices, and systems” that result must
be “novel/superior” compared to their bulk, conventional
counterparts in some fashion.
• Fourth, the concept of “controlled manipulation” (as compared
to “self-assembly”) is critical.

17.3

FDA Confronts Nano

Professor Gregory N. Mandel, law professor and noted scholar on
intellectual property law, has highlighted the inherent limitations
of and opportunities for regulating nanotech [5]:
Regulatory systems are designed to handle the technology in place
when the regulatory system is adopted. New technologies place stress
on and disrupt these systems. It is not surprising that an advance as
transformative as nanotechnology raises substantial problems for
the existing, mature (some would say “ossified”) regulatory regime.
This disruption, however, can provide an opportunity to illuminate
problems with the existing system and to rethink how emergent
technologies are governed. For the first time in history, there is the
opportunity to develop a governance system simultaneously with an
emerging technology.

There is growing evidence that various nanoproducts marketed
for direct and indirect human consumption may be unsafe
[6, 7]. These products could present unexpected human toxicity
effects due to (i) increased reactivity compared with their “bulk”
counterparts, and (ii) an increased potential to traverse biological
barriers or membranes and reach or accumulate in tissues and
cells owing to their smaller size [8, 9]. In addition, there are concerns
about the occupational and environmental risks associated with
the manufacture and disposal of nanoproducts [10, 11].
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Regulating nanoproducts—whether they are a drug, device,
biologic, or combination of any of the above—is creating challenges
for FDA regulators as they struggle to accumulate data and
formulate testing criteria to ensure the development of safe and
efficacious nanoproducts [12, 13]. To facilitate the regulation of
nanoproducts, the FDA formed a Nanotechnology Task Force, which
issued an FDA Task Force report back in 2007 [14]. One of the
sweeping conclusions of this report was that existing regulations
were sufficiently comprehensive to ensure the safety of all nano
products because these products would undergo premarket
testing and approval [14, 15]:
FDA’s authority over products subject to premarket authorization is
comprehensive and provides FDA with the ability to obtain detailed
scientific information needed to assess the safety and, as applicable,
effectiveness of products, including relevant effects of nanoscale
materials.

However, this conclusion by the FDA in 2007 was errone
ously
based on the assumption that regulatory requirements in place
would detect any and all toxicity issues via the required clinical
studies, even if nanoproducts presented size-related unique “nano”
properties. Many experts, correctly, criticized this inaccurate
extrapolation at that time, especially since most FDA-approved
nanoproducts obtained approval based in-whole or in-part on
studies of “non-nanoversions” (i.e., approval was based on their
already-approved bulk counterparts). In other words, the approvals
of nanoproducts were granted based on safety data for equivalent
non-nanoversions and the nanoproducts did not undergo the
full medical device premarket approval (PMA) process or new drug
approval (NDA) process.*
It has generally been the view of the FDA, especially in the
early 1990s, that existing health and safety tests that it uses to
assess the safety of normal-size materials (i.e., non-nanoversions
or bulk counterparts) are generally considered adequate to assess
*The FDA Task Force report of 2007 [14] did allude to the need for more oversight
of some nanoproducts, but offered no regulatory remedy or framework: In some
cases, the presence of nanoscale materials may change the regulatory status/
regulatory pathway of products. The Task Force believes it is important that
manufacturers and sponsors be aware of the issues raised by nanoscale materials
and the possible change in the regulatory status/pathway when products contain
nanoscale materials.
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the health effects of nanoproducts [12–15]. However, studies
over the years have clearly established that not all nanoscale
materials are created equal. Some nanomaterials or products that
incorporate nanotechnology may be toxic and their toxicities
depend upon various factors that are material-specific (charge,
polarity, chemical residues) and/or geometry-specific (size, shape,
nanoscale features). Although nanoparticle toxicity is complex,
it is well-established that nanoscale products and particles often
have fundamentally different properties as compared to their
larger bulk counterparts [16, 17]. Put differently, “nanoscale” does
not just mean that a product is smaller; it often means that it is
fundamentally different, and one cannot presume that it will be
safe or “bioequivalent” to its larger bulk counterpart.
Let us further elaborate this scientifically [2b]:

• In general, as a particle’s size decreases to nanoscale
dimensions, a greater proportion of its atoms are located on
the surface relative to its core, often rendering the particle
more chemically reactive or endowing the particle with
size-dependent melting properties. The enhanced activities
could either be advantageous (antioxidation, carrier capacity
for drugs, enhanced uptake and interaction with tissues) or
disadvantageous (toxicity issues, instability and induction of
oxidative stress) depending on the intended use.
• It is also a scientific fact that, as we granulate a particle
into smaller particles, the total surface area of the smaller
particles becomes much greater relative to its volume (i.e.,
an enormously increased surface area-to-volume ratio). As
materials are scaled down from macroscopic to nanoscopic,
the interfacial and surface properties dominate particle
interactions instead of gravity. However, from a drug delivery
perspective, smaller particles have a higher dissolution rate,
water solubility and saturation solubility compared to their
larger counterparts. This change in properties may result
in superior bioavailability, as a higher percentage of active
agents are available at the site of action (tissue or disease
site). This may translate into a reduced drug dosage needed
by the patient, which in turn may reduce the potential side
effects and offer superior drug compliance.
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• Finally, nanoscale particles have a greater potential for
interaction with biological tissues, i.e., an increase in
adhesiveness onto biosurfaces. Again, this can be a tricky
double-edged issue. On one side, the multiple binding sites
of nanodrugs (“multivalence”) allow for superior binding to
tissue receptors, but on the other side, intrinsic toxicity of
any given mass of nanoparticles is often greater than that
of the same mass of larger particles.

Clearly, the current scope of FDA’s regulatory authority is
limited. The guiding principle here is that the FDA regulates end
products, not any technology per se. The agency does not regulate
nanomaterials or manufacturing processes, but the end products.
In other words, the FDA only regulates nanoproducts (i.e., products
that incorporate nanotechnology) and not nanotechnology per se
[18].
In 2011, the FDA reopened the dialog on nanotech regulation
by publishing a draft guidance document on how the agency will
identify whether nanomaterials have been used in FDA-regulated
products. The guidelines were published in the Federal Register in
2011. [The FDA’s use of “unofficial” definitions and “draft” guidance
documents is legendary and the subject of concern, ridicule and
criticism.] Their initial purpose was to help industry and developers
identify when to consider the possible regulatory status, safety,
effectiveness, or health issues that could arise from the use of
nanomaterials or nanotech in FDA-regulated products. However,
in this regard it has miserably failed to assist industry stakeholders,
patent practitioners, policy makers or the venture community. All
of this clearly highlights the importance of establishing a uniform
“nano” terminology for harmonized regulatory governance. In
fact, the FDA uses an awkward, loose and “unofficial” size-based
definition for engineered nanoproducts or products that employ
nanotechnology that either (i) have at least one dimension in the
1–100 nm range; or (ii) are of a size range of up to 1000 nm
(i.e., 1 μm), provided the novel/unique properties or phenomenon
(including physical/chemical properties or biological effects)
exhibited are attributable to these dimensions outside of 100 nm.
In other words, if needed, the FDA applies the upper limit of
1000 nm (rather than 100 nm proposed by the NNI), albeit
unofficially. The FDA like other governmental bodies in the
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US and abroad, cannot let go of a specific size range while
discussing nanoproducts. Obviously, this is scientifically and
legally counterproductive. In this context, another unofficial FDA
guidance document dated June 2014 (based on the original 2011
document mentioned above) is worth quoting where you can
clearly note the FDA grappling with this size issue yet promising
to “refine” this at a later date [19]:
At the present time, available scientific information does not
establish a uniform upper boundary above 100 nm where novel
properties and phenomena similar to those seen in materials with
dimensions in the nanoscale range cease for all potential materials
or end products. For this reason, at this time, FDA finds it reasonable
to consider evaluation of materials or end products engineered to
exhibit properties or phenomena attributable to dimensions up to
1,000 nm, as a means to screen materials for further examination
and to determine whether these materials exhibit properties or
phenomena attributable to their dimension(s) and associated with
the application of nanotechnology. An upper limit of one micrometer
(1,000 nm) applied in the context of properties or phenomena
attributable to dimensions serves both to: (1) include materials
with dimension(s) outside the nanoscale range of approximately
1 nm to 100 nm that may exhibit dimension-dependent properties
or phenomena associated with the application of nanotechnology
and distinct from those of macro-scaled materials; and (2) exclude
macro-scaled materials that may have properties attributable to
their dimension(s) but are not likely associated with the application
of nanotechnology. An upper limit of 1,000 nm, combined with
the presence of dimension-dependent properties or phenomena
similar to those seen in materials with dimensions in the nanoscale
range, provides an initial screening tool to help identify materials
or products with properties or phenomena of particular relevance
for regulatory review. The use of 1,000 nm as a reference point in
this context should not be interpreted to mean that materials or
products with dimensions above 1,000 nm cannot exhibit dimensiondependent properties or phenomena of importance to safety,
effectiveness, public health impact, or regulatory status of the
material or product. As noted above, we may further refine these
Points to Consider, including this upper limit, either as applicable
broadly to FDA-regulated products or as applicable to specific
products or product categories…
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In a 2012 FDA publication, the then-FDA commissioner, Dr.
Margaret Hamburg, emphasized science-based nanoregulation
[20]:
Our goal is to regulate these products using the best possible science
… Understanding nanotechnology remains a top priority within the
agency’s regulatory science initiative and, in doing so, we will be
prepared to usher science, public health, and FDA into a new, more
innovative era.

Surprisingly, in the same publication [20], FDA officials
make the following sweeping assessments, this time pointing to
cosmetics, without any scientific or legal basis:
FDA has experience with regulating emerging technologies.
Challenges of regulating nanotechnology are not unlike those related
to other emerging and cross-cutting scientific and policy issues...

Right now, we don’t have any information to make us believe that use
of nanotechnology in cosmetics would cause a safety issue...

Also in 2012, Dr. Hamburg summarized in general terms a
“broadly inclusive initial approach” with respect to nanogovernance
in a two-page policy paper published in Science [21]:
[The] FDA does not categorically judge all products containing
nanomaterials or otherwise involving the application of
nanotechnology as intrinsically benign or harmful. As with other
emerging technologies, advances in both basic and applied
nanotechnology science may be unpredictable, rapid, and unevenly
distributed across product applications and risk manage
ment
tools. Therefore, the optimal regulatory approach is iterative,
adaptive, and flexible ... . It is iterative by developing and delivering
incremental components of a regulatory system, such as guidances
specific to product areas, each as warranted and when ready. It is
adaptive by providing a mechanism, within statutory constraints,
to change the rules, presumptions, or pathways for these regulatory
components, in light of new information gained from research or
from experience in regulating earlier products. And it is flexible by
using all available means, ranging from workshops to consultations
to guidances to rules, in order to match the burden of regulation to
its need. (citations removed).
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Box 17.2 FDA’s 2015 Approach to Regulation of Nanotechnology Products
(Source: FDA; see: http://www.fda.gov/)

• FDA is maintaining its product-focused, science-based regulatory
policy. Technical assessments will be product-specific, taking into
account the effects of nanomaterials in the particular biological
and mechanical context of each product and its intended use. And
the particular policies for each product area, both substantive and
procedural, will vary according to the statutory authorities. We advise
manufacturers to consult with the FDA early in their development
process to facilitate a mutual understanding of the scientific and
regulatory issues for their nanotechnology products.

• FDA’s approach respects variations in legal standards for different
product-classes. Food additives are considered safe when there is a
reasonable certainty of no harm from their intended use. Drugs, by
contrast, are evaluated not only on the basis of their risk profile but also
their predicted benefit. These differing legal standards demonstrate
how different contexts could lead to different regulatory outcomes,
even if two products present the same level of risk. Other products
regulated by FDA are subject to yet different standards for safety or
effectiveness. The result may be divergent regulatory outcomes for
different product classes and different applications of nanomaterials,
even where objective measures of risk are similar.
• Where premarket review authority exists, attention to nanomaterials
is being incorporated into standing procedures. For example, new
drugs, new animal drugs, biologics, food additives, color additives,
certain human devices, and certain new dietary ingredients in dietary
supplements are subject to premarket review requirements. Premarket
review processes for these products require applicants to submit data
to answer questions related to the safety, effectiveness (where
applicable), or regulatory status of the product. Individual premarket
review procedures include attention to whether the use of nanomaterials
suggests the need for additional data on safety or effectiveness, as
applicable.

• Where statutory authority does not provide for premarket review,
consultation is encouraged to reduce the risk of unintended harm
to human or animal health. Some FDA regulated products, such as
dietary supplements (except certain new dietary ingredients), cosmetics
(except color additives), and food (except food or color additives) are
not subject to mandatory premarket review. In these cases, FDA relies
on publicly available or voluntarily submitted information, adverse
event reporting (where applicable), and on post-market surveillance
activities, to provide oversight. Where nanotechnology applications
are involved, FDA encourages manufacturers to consult with the
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agency before taking their products to market. Such consultation can
help FDA to advise companies, review safety information, and design any
necessary post-marketing safety oversight.

• FDA will continue post-market monitoring. FDA will continue to
monitor the marketplace for products containing nanomaterials and will
take actions, as needed, to protect consumers.
• Industry remains responsible for ensuring that its products meet
all applicable legal requirements, including safety standards.
Regardless of whether products are subject to premarket review
or authorization, manufacturers are required to ensure that their
product satisfies applicable safety standards and complies with other
applicable requirements. Therefore, industry must work with current
information in product development, and continue to monitor products
once marketed. FDA encourages industry to consult early with the
agency to address questions related to the regulatory status, or to
the safety, effectiveness, or other attributes of products that contain
nanomaterials or otherwise involve application of nanotechnology.
These early consultations afford an opportunity to clarify the
methodologies and data that will be needed to meet the sponsor’s
obligations. Additional public meetings or workshops may be held to
advance regulatory science, identify product-specific data needs, or seek
input on specific issues.
• FDA will collaborate, as appropriate, with domestic and international counterparts on regulatory policy issues. FDA engages
in policy dialogue with other U.S. government agencies through the
“Emerging Technologies Interagency Policy Coordination Committee”
and other forums, among other things, to contribute to overarching U.S.
government policies relevant to nanotechnology and, as appropriate,
coordinate its policy activities. FDA also works with foreign regulatory
counterparts to share perspectives and information on the regulation of
nanotechnology products and their intended uses.

• Both for products that are not subject to premarket review and those
that are, FDA will offer technical advice and guidance, as needed,
to help industry meet its regulatory and statutory obligations. FDA
prepares guidance documents for its staff, applicants/sponsors, and
the public to describe the agency’s interpretation of or policy on a
regulatory issue. Guidance documents will emerge over time, and
(depending upon the product-class) will address interpretation of
relevant statutory and regulatory standards, and provide guidance on
the technical data needed to meet those standards (see list below for
guidances already published). FDA will tailor guidances to the unique
confluence of the statute governing the product-class, the level of
scientific knowledge relevant to those applications, and the likely extent
of effects on human and animal health.
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The FDA on its website highlights certain issues in its
nanoregulatory approach that on their face appear most appropriate
(Box 17.2). However, underneath this veneer remains the real
point for nanoregulation: “attributes” of materials at the nanoscale
(“nanocharacteristics”) that may require unique assays/testing
and premarket approval beyond what current laws or regulations
can tackle to provide safe products to the consumer. Moreover,
clear guidance is needed, instead of nonbinding draft reports,
regulatory discussions or a listing of what will be done by the FDA
in future. Regulation of nanomedicine must be conducted with the
overarching principle that it is science-based, not politically
motivated or policy-based. Transparency is also urged, not internal
close-door meetings where critical stakeholders are specifically
excluded from discussion (e.g., the 2nd Nanotechnology Regulatory
Science Research Symposium held at the FDA on May 29, 2015
touted as “a venue for FDA Scientists and Reviewers to share
their regulatory science research activities, review challenges and
issues, build contacts for communication and collaboration, and
share new innovations in nanotechnology.”) Real progress in
nanoregulation is needed that is meaningful from an industry and
public perspective.
The “baby steps” by the FDA regarding nanoregulation, continue
to be criticized as being lax and generally uncoordinated. As of
November 2015, no clear industry guidelines or regulations have
been proposed by the FDA. In this regard, it should be restated
that industry and key stakeholders understand that no broad
and overarching nano-guidelines, documents, assay protocols or
regulations are needed. In this context, only clearer, transparent
and science-based guidelines, documents, assays or regulations
are requested that address key points on a case-by-case basis. For
example, the agency has data on liposomal drugs that dates back
to the 1950s. Perhaps such data pertaining to “nanoliposomes”
can be compiled and released into the public domain as this will
be invaluable to a potential sponsor developing nanoliposomal
medicines (which the majority of current nanomedicines submitted
for FDA review are). At present, the only document that industry
can rely upon is the June 2014 draft guidance that is short on
specifics [19]. The so-called “broadly inclusive initial approach”
that Hamburg alluded to in her 2012 Science policy paper
[21] needs to be expanded into real-world regulatory guidelines
that can be depended upon by industry and consumers alike.
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All in all, US regulatory agencies are still in disarray over
nanotech. The situation is not much different at regulatory
agencies in other countries either [22–27]. As numerous nanoproducts move out of the laboratory and into the clinic, US federal
agencies such as the FDA [11–14, 18–20, 27, 28] and the PTO
[1, 2a] continue to struggle to encourage the development of
nanoproducts while imposing some sort of order. Numerous
challenges confront the FDA as important unanswered questions
linger (Box 17.1). All the while, a steady stream of nanoproducts,
particularly nanomedi
cines (Fig. 17.1; Table 17.1), continue to
be approved by the FDA under preexisting regulations. A large
number of these approved nanomedicines have already reached
the marketplace, approved by the FDA, EMA or foreign equivalent.
Both FDA and industry data clearly shows that most of the
approved or pending nanotherapeutic formulations/nanodrug
products are oncology-related and based on protein-polymer
conjugates and liposomes. The first FDA-approved nanomedicine
was Doxil® while AmBisome® was the first one approved by EMA
in Europe. It should be noted, however, that a nanoparticulate
iron oxide intravenous solution in the market since the 1960s and
certain nanoliposomal products approved in the 1950s and later
should, in fact, be considered true first nanomedicines. There
is no formal definition for a nanotherapeutic formulation (i.e.,
nanodrug product); my definition being: (1) a formulation, often
colloidal, containing therapeutic particles (nanoparticles) ranging
in size from 1–1,000 nm; and (2) either (a) the carrier(s) is/are
the therapeutic (i.e., a conventional therapeutic agent is absent)
or (b) the therapeutic is directly coupled (functionalized,
solubilized, entrapped, coated, etc.) to a carrier. This definition
parallels that proposed by numerous experts and disregards
that presented by US federal agencies like the NNI.†

†See also:
Bogunia-Kubik, K., Sugisaka, M. (2002). From molecular biology to nanotechnology
and nanomedicine. BioSystems, 65, 123–138.
Junghanns, J.-U. A. H., Müller, R. H. (2008). Nanocrystal technology, drug delivery and
clinical applications. Int. J. Nanomed., 3(3), 295–310.
Ledet, G., Mandal, T. K. (2012). Nanomedicine: Emerging therapeutics for the 21st
century. U.S. Pharm., 37(3), 7–11.
McDonald, T. O., Siccardi, M., Moss, D., Liptrott, N., Giardiello, M., Rannard, S., Owen,
A. (2015). The application of nanotechnology to drug delivery in medicine. In: P.
Dolez, ed. Nanoengineering: Global Approaches to Health and Safety Issues, Elsevier,
pp. 173–223.
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Figure 17.1 Schematic Illustrations of Nanoscale Drug Delivery System
Platforms (Nanotherapeutics or Nanodrug Products). Shown are
nanoparticles (NPs) used in drug delivery that are either approved, are
in preclinical development or are in clinical trials. They are generally
considered as first or second generation multifunctional engineered NPs,
generally ranging in diameters from a few nanometers to a micron. Active
biotargeting is frequently achieved by conjugating ligands (antibodies,
peptides, aptamers, folate, hyaluronic acid) tagged to the NP surface via
spacers or linkers like PEG. NPs such as carbon nanotubes and quantum
dots, although extensively advertised for drug delivery, are specifically
excluded from the list as this author considers them commercially
unfeasible for drug delivery. Non-engineered antibodies and naturally
occurring NPs are also excluded. Antibody-drug conjugates (ADCs) are
encompassed by the cartoon labelled “Polymer-Polypeptide or PolymerDrug Conjugate.” This list of NPs is not meant to be exhaustive, the
illustrations are not meant to reflect three dimensional shape or
configuration and the NPs are not drawn to scale. Abbreviations: NPs:
nanoparticles; PEG: polyethylene glycol; GRAS: Generally Recognized
As Safe; C dot: Cornell dot; ADCs: Antibody-drug conjugates.
NOTICE: Copyright © 2016 Raj Bawa. All rights reserved. The copyright holder permits
unrestricted use, distribution and reproduction of this figure (plus legend) in any
medium, provided the original author and source are clearly and properly credited.
Reproduction without proper attribution constitutes copyright infringement.

nanocrystal fenofibrate

nanocrystal aprepitant,
nanocrystal fosaprepitant
dimeglumine

TriCor

Emend

propofol liposomes

nanocrystal sirolimus
(rapamycin)

Rapamune

Diprivan

amphotericin B
liposomes (<100 nm)

AmBisome (AmBi)

intravenous injection

oral capsule,
intravenous injection

oral solid tablet

oral solution,
oral solid tablet

intravenous injection

albumin-bound paclitaxel (taxol) intravenous infusion
NPs (~130 nm)

Abraxane (ABI-007,
nab-paclitaxel)

intravenous injection

Delivery System/
Route

doxorubicin hydrochloride
(adriamycin) pegylated
liposomes (~100 nm)

Nanoscale
Formulation

Fresenius Kabi,
Hospira, Teva

Merck, Sandoz

AbbVie
Lupin, Mylan,
Valeant

Pfizer (Wyeth)

Astellas, Gilead

Celgene

Janssen, ALZA,
Sun

Manufacturer/
Alliance/
Marketer/
Generic

1999, 2003,
2015

1997
2000

2005, 2012,
2013

1995, 1999,
2003

Year
Approved

intensive care sedation and conscious sedation
for surgical as well as diagnostic procedures

nausea in chemotherapy patients

(Continued)

1989, 1991,
1993

2003, 2005,
2008

2004
primary hypercholesteremia, mixed
lipidemia (Fredrickson Types IIa and IIb),
hypertriglyceridemia (Fredrickson Types IV and
V hyperlipidemia);
oral tablet versions approved in 1993 and 2001
to Abbott are discontinued

immunosuppressant for the prophylaxis
of organ rejection in patients aged
≥13 years receiving renal transplants,
lymphangioleiomyomatosis (LAM)

fungal and protozoan infections
Cryptococcal meningitis in HIV patients

various cancers

AIDS-related Kaposi’s sarcoma, ovarian
cancer, multiple myeloma in combination with
bortezomib; sold as Caelyx in the EU; Lipodox,
the generic version of Doxil, was the first
nanogeneric approved by the FDA in 2013

Therapeutic Indication + Comment

Select FDA-Approved Nanopharmaceuticals (Copyright © 2016 Raj Bawa. All rights reserved.)

Doxil

Drug Product

Table 17.1
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doxorubicin HCl liposomes
(~190 nm)

Myocet

topical emulsion

ophthalmic
intravitreal injection

pegaptanib sodium
(polymer-aptamer conjugate)

estradiol hemihydrate
micellar emulsion

Macugen

Estrasorb

intravenous injection

intrathecal injection

intravenous injection

oral solid tablet

oral solid tablet

Delivery System/
Route

DaunoXome (L-DNR) daunorubicin citrate liposomes
(~45 nm)

sustained release cytarabine
liposomes (~10–20 µ)

nanocrystal fenofibrate

Triglide

DepoCyt
(Liposomal Ara-C)

cross-linked poly(allylamine)
resin (sevelamer hydrochloride)

Nanoscale
Formulation

(Continued)

Renagel

Drug Product

Table 17.1

Gilead, Eyetech

Valeant (Medicis)

Gilead
Galen

Sigma-Tau, Pacira

Sopherion,
Cephalon, Teva

Skyepharma
(Shionogi),
Aenova

Genzyme

Manufacturer/
Alliance/
Marketer/
Generic

neovascular (wet) age-related macular
degeneration

moderate to severe vasomotor symptoms of
menopause

first-line therapy against advanced Kaposi’s
sarcoma associated with HIV

lymphomatous meningitis

Breats neoplasms, not approved by
the FDA

lipid disorders; reduces elevated plasma
concentrations of triglycerides, LDL and total
cholesterol and raises abnormally low levels of
HDL; 50 mg tablet is now discontinued

2004

2003

1996

1999
(accelerated
approval),
2007 (full
approval)

2000
(EU, Canada)

2005

Year
Approved

reduction of serum phosphorus in patients
2000, 2004,
with end-stage renal disease (ESRD), serum
2007
phosphorus in patients with chronic kidney
disease (CKD); oral capsule approved in 1998 is
discontinued

Therapeutic Indication + Comment
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PEGinterferon α-2a
(polymer-protein conjugate)

copolymeric mixture of
L-glutamic acid, L-alanine,
L-tyrosine and L-lysine
(polypeptide colloidal
formulation) (1.5 to 550 nm)

PEG-G-CSF or PEG filgrastim
and monomet hoxypolyethylene
glycol
(polymer-protein conjugate)

Neulasta

Copaxone
(glatiramer acetate,
Copolymer 1)

PEGvisomant (PEG-hGH)
(polymer-protein conjugate)

Somavert

pegylated bovine
adenosine deaminase
(pegademase bovine)
(polymer-protein conjugate)

PEGASYS

Adagen

amphotericin B liposomes
(< 5 µm)

Nanoscale
Formulation

Abelcet

Drug Product

subcutaneous
injection

subcutaneous
injection

subcutaneous
injection

subcutaneous
injection

intravenous injection

intravenous injection

Delivery System/
Route

Teva

Amgen

Pfizer
(Pharmacia &
Upjohn)

Hoffmann-La
Roche, Nektar

Sigma-Tau,
Enzon

Sigma-Tau

Manufacturer/
Alliance/
Marketer/
Generic

relapsing-remitting multiple sclerosis (RRMS)
20-mg daily dose
40 mg thrice-a-week dose

febrile neutropenia

growth hormone receptor antagonist for the
treatment of acromegaly in patients who have
had an inadequate response to surgery or
radiation therapy, or for whom these therapies
are not appropriate

chronic hepatitis B and C virus infection

(Continued)

1996
2004

2002

2003

2002

1995

Year
Approved

enzyme replacement therapy for the treatment 1990
of severe combined immunodeficiency disease
(SCID) associated with a deficiency of adenosine
deaminase

invasive fungal infections in patients who are
refractory to or intolerant of conventional
amphotericin B therapy

Therapeutic Indication + Comment
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nanocrystal megestrol acetate

Megace ES

Elestrin

Meda, DPT

Crucell
Berna Biotech

Sigma-Tau
Baxter

Merck

Sequus
Alkopharma

Manufacturer/
Alliance/
Marketer/
Generic

oral liquid suspension PAR
TWI

transdermal gel

intramuscular,
in the deltoid
muscle

hepatitis A vaccine adjuvanted
with immunopotentiating
reconstituted influenza
virosomes (IRIV) (~150 nm)

Epaxal
(HAVpur,
VIROHEP-A)

calcium phosphate NPs of
estradiol

intravenous or
intramuscular
injection

PEGINTRON

Oncaspar
PEGasparginase (50–200 nm)
(PEG-L-asparginase) (polymer-protein conjugate)

intravenous injection

Delivery System/
Route

subcutaneous
injection

amphotericin B liposomes
(~130 nm)

Nanoscale
Formulation

(Continued)

PEGinterferon α-2b
( polymer-protein conjugate)

Amphotec

Drug Product

Table 17.1

anorexia and cachexia associated with AIDS

moderate to severe vasomotor (hot flashes)
symptoms in menopausal women

active immunization against hepatitis A for
adult and children >12 months (age may vary
and depend upon the country); not approved
by the FDA

first line treatment of patients with acute
lymphoblastic leukemia (ALL) and for
the treatment of patients with ALL and
hypersensitivity to native forms of
L-asparaginase

chronic hepatitis C virus infection in patients
with compensated liver disease
Sylatron approved for melanoma with nodal
involvement after surgical resection

invasive aspergillosis patients who are
refractory to or intolerant of conventional
amphotericin B

Therapeutic Indication + Comment

2005

2006

Canada
and
elsewhere

1994

2011

2001

1996, 2014

Year
Approved
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denileukin diflitox NPs

paclitaxel micelles

sodium ferric gluconate
complex

Ontak

Taxol

Ferrlecit

intravenous injection

intravenous injection

intravenous injection

verteporfin liposomes (<100 nm) intravenous injection

Visudyne

intravenous injection

vincristine sulfate encapsulated
liposomes (~120 nm)

Marqibo (ONCO
TCS, optisomal
vincristine,
vincacine, VSLI)

Sanofi-Aventis
Hikma, Watson

Bristol Myers
Squibb, HQ, SPCLT
Teva, Mylan,
Actavis, Hospira

Eisai

QLT, Valeant,
Novartis

Talon

oral liquid suspension Bristol-Myers
Squibb, Teva,
PAR, Roxane,
Wockhardt

Delivery System/
Route

nanocrystal megestrol acetate

Nanoscale
Formulation

Megace

Drug Product

Manufacturer/
Alliance/
Marketer/
Generic

iron deficiency anemia in adult patients and in
pediatric patients age 6 years and older with
CKD receiving hemodialysis who are receiving
supplemental epoetin therapy

cancers

(Continued)

1999

1992

2000

2012

1993

Year
Approved

persistent or recurrent cutaneous
1999
T-cell lymphoma whose malignant cells express
the CD25 component of the IL-2 receptor

wet age-related macular
degeneration; light-activated
drug used in photodynamic therapy

philadelphia chromosome-negative
(Ph-) acute lymphoblastic leukemia

anorexia and cachexia associated
with AIDS; oral tablet is discontinued

Therapeutic Indication + Comment
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iron sucrose NPs

Nanoscale
Formulation

(Continued)

sevelamer carbonate
(polymer-polymer conjugate)

Renvela

brentuximab vedotin (~10 nm)
(antibody-drug conjugate)

peginesatide acetate
(polymer-polymer conjugate)

Omontys

Adcetris

pegloticase
(pegylated uricase)
(polymer-protein conjugate)

ferumoxytol
(iron SPION)

Krystexxa
(Puricase)

Feraheme

Cimzia
PEGylated anti-TNF-α
(certolizumabpegol, (polymer-protein conjugate)
CDP870)

Venofer

Drug Product

Table 17.1

intravenous injection

oral solid tablet
or oral suspension

intravenous or
subcutaneous
injection

intravenous injection

intravenous injection

intravenous injection

intravenous injection

Delivery System/
Route

Seattle Genetics

Genzyme

Takeda

Savient

AMAG

UCB

Therapeutic Indication + Comment

2010

classical Hodgkin lymphoma (HL), systemic
anaplastic large cell lymphoma (sALCL)

control of elevated serum phosphorus
(hyperphosphatemia) in CKD patients on
dialysis

2011

2007

2012
erythropoiesis-stimulating agent (ESA) for
anemia due to CKD in adult patients on dialysis;
product discontinued following postmarketing
reports of serious hypersensitivity reactions

chronic gout in adult patients refractory to
conventional therapy

iron deficiency anemia in adult patients
with CKD

2009

2000

Year
Approved

Crohn’s disease, rheumatoid arthritis, active
2008, 2013
psoriatic arthritis, active ankylosing spondylitis
in adults

Luitpold, Fresenius iron therapy for the treatment of iron
American Regent, deficiency anemia in adult and pediatric
Vifor
patients 2 years and older with CKD

Manufacturer/
Alliance/
Marketer/
Generic
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methylphenidate HCl
nanocrystals

Ritalin LA

dexmet hylphenidate HCl
nanocrystals

morphine sulfate nanocrystals

Avinza

Facalin XR

tizanidine HCl nanocrystals

Zanaflex

lucinactant
(synthetic peptide surfactant)

Surfaxin

poractant α (porcine lung
homogenate) liposomes

Curosurf

beractant (bovine lung
homogenate) liposomes

Nanoscale
Formulation

Survanta

Drug Product

oral extended-release
capsule

oral extended-release
capsule

oral extended-release
capsule

oral solid capsule
or tablet

intratracheal
suspension

intratracheal
suspension

intratracheal
suspension

Delivery System/
Route

2002

1996

2012

1999

(Continued)

2005

attention-deficit hyperactivity disorder (ADHD) 2002

management of pain severe enough to require
daily, around-the-clock, long-term opioid
treatment and for which alternative
treatment options are inadequate

muscle spasticity

RDS in premature infants; company announced
plans in 2015 to cease production due to
restructuring

rescue treatment of RDS in premature infants

Year
Approved

respiratory distress syndrome (RDS) (hyaline
1991
membrane disease) in premature infants whose
lungs have not fully developed

Therapeutic Indication + Comment

Novartis
ADHD
Intelli, Mylan, Teva,
Watson

Novartis
Barr, Watson

King, Pfizer
Actavis

Acorda
Apotex, Core,
Dr. Reddys, Mylan,
Prosam, Sandoz,
Su, Teva, Unichem

Discovery

Chiesi

Abbott

Manufacturer/
Alliance/
Marketer/
Generic
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lanreotide acetate

ado-trastuzumab
emtansine (~10 nm)
(antibody-drug conjugate)

Somatuline Depot

Kadcyla

nanocrystal paliperidone
palmitate

pemetrexed or
pemetrexed disodium

Alimta

Invega Sustenna

leuprolide acetate
agonist/synthetic
nonapeptide analog

Nanoscale
Formulation

(Continued)

Eligard

Drug Product

Table 17.1

intramuscular
injection

intravenous injection

subcutaneous
injection in
superior external
quadrant of the
buttock

intravenous injection

subcutaneous
injection

Delivery System/
Route

Janssen

Genetech

schizophrenia, schizo affective disorder as
monotherapy and as an adjunct to mood
stabilizers or anti-depressants

HER2-positive, metastatic breast cancer who
previously received trastuzumab and a taxane,
separately or in combination

acromegaly, gastroenteropancreatic
neuroendocrine tumors

in combination with cisplatin for (i) treatment
of malignant pleural mesothelioma (MPM);
(ii) the initial treatment of advanced
nonsquamous non-small cell lung cancer
(NSCLC); (iii) for treatment of advanced NSCLC

Ipsen

Lilly

palliative treatment of advanced prostate
cancer

Therapeutic Indication + Comment

TOLMAR

Manufacturer/
Alliance/
Marketer/
Generic

2009

2013

2007

2004, 2008

2002

Year
Approved
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Copyright © 2016 Raj Bawa. All rights reserved. All requests to reprint or use this table should be directed to the copyright holder.

8. The company names may not be comprehensive and subject to change. Changes result from acquisitions, mergers, name changes, restructuring,
distributor changes, manufacturer changes, etc.

7. All updates and errors should be reported to Dr. Bawa (bawa@bawabiotech.com). Negative side effects should be reported to the FDA (www.fda.
gov/medwatch or 1-800-FDA-1088).

6. Abbreviations: NPs: nanoparticles; EU: European Union; EMA: European Medicines Agency; AIDS: acquired immunodeficiency syndrome; HDL:
high-density lipoprotein; LDL: low-density lipoprotein; PEG: polyethylene glycol; PEG-G-CSF: pegylated granulocyte colony-stimulating factor;
PEG-hGH: pegylated human growth hormone; VEGF: vascular endothelial growth factor; SPION: superparamagnetic iron oxide nanoparticle;
ONCO TCS: optisomal vincristine; ESA: erythropoiesis-stimulating agent; VSLI: vincristine sulfate liposomes; RRMS: relapsing-remitting
multiple sclerosis; ALL: acute lymphoblastic leukemia; SCID: severe combined immunodeficiency disease; CKD: chronic kidney disease; LAM:
lymphangioleiomyomatosis; IRIV: immunopotentiating reconstituted influenza virosomes; ESRD: end-stage renal disease; RDS: respiratory distress
syndrome; ADHD: attention-deficit hyperactivity disorder; NSCLC: non-small cell lung cancer; HL: Hodgkin lymphoma; sALCL: systemic anaplastic
large cell lymphoma; MPM: malignant pleural mesothelioma; CHC: chronic hepatitis C.

5. Some discontinued products are included in the table.

4. The “Nanoscale Formulation” column includes the Active Pharmaceutical Ingredient (API), the nanomaterial or drug form and, in some instances,
the mean nanoparticle diameter.

3. The “Year Approved” column may list dates when the new or modified indication was approved in addition to the original approval date. It excludes
dates reflecting new dosage forms, drug strength changes, manufacturing changes or combination therapy supplemental approvals to expand the
indication.

2. Approval by FDA or equivalent foreign regulatory body does not necessarily mean that the approved drug product is commercially available to
consumers. Various factors, in addition to the regulatory approval (e.g., drug patents, drug exclusivity, litigation, manufacturing issues, adverse
reactions, etc.) influence the commercialization of a product.

1. This table lists selected FDA-approved nanopharmaceuticals; occasional non-FDA approved nanopharmaceutical is included. Specifically excluded
are: (a) nanomaterials, unless they serve as a drug product per se; (b) FDA-approved imaging and diagnostic agents; and (c) nanodrug candidates
in pre-clinical research, including basic research, bench-science or early animal testing.

NOTES:
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Given this backdrop, investors have been cau
tious and
confused as to what route, if any, the FDA will take in regulating
nanotechnologies, and to what degree. Additionally, the FDA’s delay
in addressing nanoregulation could have a chilling effect on public
confidence and commercialization efforts [13, 17, 27]. Meanwhile,
various stakehold
ers—government, industry, academia, and the
public at large—have offered various proposals (if/when needed)
to regulate nanomedicine. These include [29]:
• creating new laws and regulations;

• revising/modifying existing laws and regulations to cover
nanomedicine;
• designing new nonregulatory governance approaches such
as voluntary industry standards;
• revising/modifying existing nonregulatory approaches.

17.4

Nanoproducts as Combination Products?

Products submitted to the FDA for market approval, including
some that may contain nanomaterials or involve nanomedicine,
are evaluated according to a category-based system in one of the
nine centers that focus on a specific area of regulation. For example,
a drug, biologic, or device would be assigned for evaluation to
the Center for Drug Evaluation and Research (CDER), the Center
for Biologics Evaluation and Research (CBER), or the Center
for Devices and Radiological Health (CDRH), respectively.
Obviously, categorizing nanoproducts according to this legal FDA
classification is critical owing to the widely divergent regulatory
approval standards employed by the FDA [29, 30]. According
to the Federal Food, Drug and Cosmetic Act of 1938, the scope of
the FDA’s authority varies from category to category, with the
strongest authority being over new drugs and devices and the
weakest authority being over cos
metics and whole foods [12].
As a result of these variations, the FDA’s ability to regulate nanoproducts effectively will depend largely on the category into which
the product seeking approval falls.
However, certain therapeutics are “combination products,”
(Box 17.3) which consist of two or more regulated components
(drug, biologic, or device) that are physically, chemically, or

Nanoproducts as Combination Products?

otherwise combined or mixed to produce a single entity [31,
32]. The Federal Food, Drug, and Cosmetic Act (21 USC 353(g))
requires that FDA assign a component of the agency to have
primary jurisdiction for the premarket review and regulation of a
combination product. That assignment must be based upon a
determination of the “primary mode of action” (PMOA) of the
combination product. The PMOA of the product is “the single
mode of action of a combination product that provides the most
important therapeutic action.” However, this process is frequently
imprecise as it is not always possible to clearly elucidate a
combina
tion product’s PMOA. This is because, at the time
of an investigational application, it is not clear which mode
of action provides the most important therapeutic action or
because the product has two different equally critical modes
Box 17.3 FDA’s Definition of a Combination Product (Source: FDA)

A combination product is a product composed of any combination of a
drug and a device; a biological product and a device; a drug and a biological
product; or a drug, device, and a biological product. Under 21 CFR 3.2 (e), a
combination product is defined to include:

1. A product comprised of two or more regulated components (i.e., drug/
device, biologic/device, drug/biologic, or drug/device/biologic) that are
physically, chemically, or otherwise combined or mixed and produced as
a single entity;

2. Two or more separate products packaged together in a single package
or as a unit and comprised of drug and device products, device and
biological products, or biological and drug products;

3. A drug, device, or biological product packaged separately that according
to its investigational plan or proposed labeling is intended for use only
with an approved individually specified drug, device, or biological
product where both are required to achieve the intended use, indication,
or effect and where, upon approval of the proposed product, the labeling
of the approved product would need to be changed (e.g., to reflect a
change in intended use, dosage form, strength, route of administration,
or significant change in dose); or
4. Any investigational drug, device, or biological product packaged
separately that according to its proposed labeling is for use only with
another individually specified investigational drug, device, or biological
product where both are required to achieve the intended use, indication,
or effect.
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of action. Determining which framework will apply to any
combination product is the task of the Office of Combination
Products (OCP). Obviously, the OCP will be the first office within
the FDA to review many nanoproducts. The OCP makes its assign
ments on a case-by-case basis depending on the PMOA. But this
process is again, frequently imprecise as it is not always possible
to clearly elucidate a combination product’s PMOA, often because
at the time of an investigational application it is not clear which
mode of action provides the most important therapeutic action,
or the product has two different equally critical modes of action.
It is very possible that nanoproducts will blur the distinction
between mechanical and chemical action at the nanoscale or that
they may be both therapeutic and diagnostic in operation. In fact,
this spanning of regulatory boundaries between the various
categories has often resulted in inconsistency [33].

17.5

Recommendations, Conclusions and
Future Prospects

Advances in medical or health-related nanotech and the system
for governing it are inevitably intertwined. However, emerging
technologies are particularly problematic for governmental
regulatory agencies, given their independent nature, slow response
rate, significant inertia and a general mistrust of industry. Major
global regulatory systems, bodies and regimes regarding
nanomedicines are not fully mature, hampered in part by a lack of
specific protocols for preclinical development and characterization.
Additionally, in spite of numerous harmonization talks and meetings,
there is a lack of consensus on the different procedures, assays
and protocols to be employed during pre-clinical development
and characterization of nanomedicines. On the other hand, there
is a rise of diverse nanospecific regulatory arrangements and
systems, contributing to a dense global nanotechnology regulatory
landscape, full of gaps and devoid of central coordination. It is
often observed that governmental regulatory bodies lack technical
and scientific knowledge to support risk-based regulation, thereby
leaving a significant regulatory void. In fact, the “baby steps” the
FDA has undertaken over the past decade have led to regulatory
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uncertainty. The bumpy ride is expected to continue. There are some
excellent reports highlighting this issue [34–39].
It appears that the Environmental Protection Agency
(EPA) is leading the way in nanomaterial regulation [27, 39].
However, numerous challenges confront all federal agencies
regarding reform of regulatory guidance for nano-toxicological
evaluation. Among these are the limited availability of information
correlating the physicochemical properties of nanomaterials
with risks, and a lack of validated preclinical screens and animal
models for the assessment of nanomaterials [40]. The toxicity of
many nanoscale materials will not be fully apparent until they
are widely distributed and their exposure is felt by a diverse
population. Therefore, postmarket tracking or a surveillance
system must be adopted (along with any proposed legislation) to
assist in product recalls. Although toxicological testing for health
risks of nanoparticles is not currently a complete science [41], it is
crucial to monitor their unique properties (if any) that may lead to
serious adverse effects and toxicity. Because it is well established
that premarket testing of drugs will not detect all adverse reactions
[42], it is essential that long term testing of nanoscale materials
be in place to allow safety testing. In this regard, toxicity data
specific to nanomaterials needs to be collected and an effective
risk research strategy devised.
This author recognizes the fact that current nanoproducts
and medical nanotechnologies fall within existing regulatory laws;
it is the adequacy of these frameworks (or lack thereof) and their
implementation that is at issue. Although in the past the FDA has
downplayed nanoproduct safety issues [43] and the need for
modification of the current regulatory regime, it now recognizes
that there are knowledge gaps and a lack of scientific expertise in
these areas [13, 14, 21, 27, 28]. Obviously, a greater understanding
of potential risks and their assessment along with sound scientific
information will be needed prior to refining legal provisions in
FDA law. Note that our knowledge base is expanding in this regard
and the FDA should “educate” itself via industry experts. Effective
regulation will require that the FDA take a science-based flexible
and adaptive approach based on various regulatory models. The
FDA is also encountering problems in applying its current
regulations to all nanoproducts, as well as in placing these
products into its present classification scheme. However, if the FDA
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plans properly now to mitigate foreseeable problems, it will go a
long way toward overcoming scientific, ethical, commercialization,
and legal obstacles. In any case, regulating these products will
require greater cooperation between drug companies, policymakers
and the FDA. In light of these challenges, a multidisciplinary team of
experienced regulators from the drug, biologic, and device areas of
the FDA (working with a scientific panel of experts) should be formed
to assist across the board. Box 17.4 lists additional recommendations
for the FDA to consider as it tackles the regulatory framework for
nanomedicine.
Because the FDA regulates only the claims made by the
manufacturer (“product sponsor”), if no nanoclaims regarding
the manufacture or performance of the product are specified,
the agency may be left in the dark during the product review and
approval process. Related to this and as discussed previously is
the critical issue of nomenclature and the definition of nanotech
(Section 17.2).
So far, the process of converting basic research in nanomedicine into commercially viable products has been difficult. Securing
valid, defensible patent protection from the PTO [2, 3, 44] along
with clear regulatory/safety guidelines from the FDA [5, 11–13,
18, 21, 27, 28, 34–38] is critical to any commercialization effort.
In spite of the above-mentioned bottlenecks, a large number of
FDA-approved nanomedicines (Table 17.1) have been launched,
and many more are poised to receive regulatory approval [16, 17].
Furthermore, there are currently hundreds of unregulated and unlabeled nanoproducts on the market that incorporate engineered
nanoparticles and nanomaterials. Tons of these continue to be
produced and recycled annually. It would be best if the FDA were
to acknowledge that some nanomaterial-containing formulations
(or “nanoformulations”) are indeed new chemical entities (NCEs).
When warranted, nanoversions of active ingredients should be
treated by the FDA as NCEs. This will ensure that drugs, biologics, etc. that have been previously approved by the FDA but later
modified as nanoversions will undergo a new and rigorous
round of safety testing in order to obtain premarket approval.
It is difficult to foresee how nanoproducts will be regulated.
Size changes within the nanoscale range and the potential
unpredictability arising therefrom are likely to add complexity
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to the FDA review process. The traditional product-by-prod
uct
regulatory model that the FDA currently employs may not be
effective for all nanoproducts (e.g., advanced nanotheranostics)
because it may be difficult to put them into one of the available
traditional classifications or categories (i.e., drug, device, biologic,
or combination product). However, in many cases, the FDA may
view nanoproducts as technologically overlapping (miniaturization
will blur distinctions between different categories) from a review
perspective, and therefore consider them as highly integrated
nanomedical combination products. These complexities are likely to
pose additional challenges and review issues for the FDA [13, 27,
28, 32, 33].
Currently, there are few reliable means to identify marketed
“nano-containing” products, and consumers are unable to judge
for themselves which ones may be toxic. Given this, the FDA
should seriously contemplate nano-ingredient labeling on a caseby-case basis, balancing the public’s desire for such labeling
with the likelihood that the public may shy away from some
beneﬁcial products given the negative image of certain nanoscale
ingredients.
For now, nanoproducts submitted for FDA review will
continue to be subjected to an uncertain regulatory pathway.
This could negatively impact venture funding, stifle research and
development in nanomedicine, and erode public acceptance of
nanoproducts. The end-result of this could be a delay in or loss of
commercialized nanoproducts. Some experts say this has already
happened. Ultimately, the true value of a particular nanoproduct
lies in its clinical utility balanced against any potential adverse
effects. Therefore, effective translation of nanomedicine candidates
requires a “technological push” coupled to a “clinical pull”
guided or catalyzed by regulatory agencies, patent offices and
venture community [45]. All of this has to be bridged by logical
intermediary data that mechanistically demonstrate the efficacy
and biosafety [45]. Whether the FDA eventually creates new
regulations, tweaks existing ones, or establishes a new regulatory
center to handle nanoproducts, for the time being it should at least
look at nanoproducts on a case-by-case basis. The FDA should
not attempt regulation of nanomedicine by applying existing
statutes alone, especially where scientiﬁc evidence suggests
otherwise. Incorporating nanomedicine regulation into the current
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Box 17.4 Recommendations for the FDA Regarding Nanomedicine
Regulation

• Safety and Risk

• On a case-by-case basis and in conjunction with industry, identify unique
safety issues associated with nanomedical products.
• Actively seek product safety data from industry where FDA statutory
authority exists for pre-market review.
• Incentivise and encourage voluntary industry submissions of safety data on
nanomaterials or products that incorporate nanotechnology prior to market
launch, especially in cases (e.g., cosmetics) where the FDA lacks statutory
authority for pre-market review.
• Correlate physiochemical properties with in vivo biological behavior and
therapeutic outcome.
• Since there are few protocols to characterize nanomedicines at the
physicochemical, biological and physiological levels, it is essential to develop
a research strategy that involves adsorption, distribution, metabolism, and
excretion (ADME) studies. A holistic approach to understanding ADME can
be realized through the integration of mechanistic ADME data through the
mathematical algorithms that underpin physiologically-based pharmacokinetic
(PBPK) modelling, routinely utilized to support regulatory submissions for
conventional medicines in the US by the FDA and in Europe by the EMA.
• Develop toxicology tests and conduct physico-chemical characterization
(PCC) studies for nanomaterials. Although complexity and diversity of
nanomedicines pose a problem, biocompatibility and immunotoxicity must
be taken into consideration during preclinical assessment.
• Understand mass transport across membranes and body compartments
as well as biodistribution profiles following administration via a specific
route.
• Develop standards that correlate the biodistribution of various nanomaterials
with safety/efﬁcacy by using parameters such as size, surface charge,
stability, surface characteristics, solubility, crystallinity, and density.
• With industry input, create a databank relating to the interactions between
nanomaterials and biological systems.

• Data

• Adapt existing methodologies, as well as develop new paradigms for
evaluating in vivo animal and clinical data pertaining to safety and efﬁcacy
of nanomedical products before and during the product life cycle.
• Develop guidance that provides speciﬁcs as to what kind of data is needed.
• Share data in an internationally harmonized environment.

• Standardization and Nomenclature

• Create reference classes for nanomaterials that are synthesized and
characterized.
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• Develop consensus testing protocols to provide benchmarks for the creation
of classes of nanoscale materials.
• Create uniform standards for and/or working deﬁnitions of nanomaterials.
Reﬁne the current deﬁnitions of nanomaterial, nanotechnology, nanoscale
and nanomedicine for the purpose of regulation.
• Explore international harmonization efforts and formal treaties.
• In addition to governmental bodies, involve in a major way various standardsetting organizations such as the ISO and ASTM International.
• Consult and collaborate with other federal agencies in a more effective,
transparent manner.

• Tools

• Assist in developing unique tools and techniques to characterize
nanoscale materials as it is well known that minor structural alterations
in nanomedicines can significantly alter biological properties and
biodistribution.
• Develop imaging modalities for visualizing biodistribution.
• Develop mathematical and computer models for risk/beneﬁt analysis.
Monitor quality, safety, product liability, and effectiveness.

• Classiﬁcation Scheme

• Reevaluate the current FDA classiﬁcation scheme.
• Develop a classiﬁcation based on (a) function or (b) risk of potential harm.

regulatory scheme is unwise. Regulation of nanotech must balance
innovation and R&D with the principle of ensuring maximum
public health protection and safety. Moreover, it is important to
note that regulatory oversight must evolve in concert with newer
generations of nanomedical products [46–48]. Two critical topics
important in the current regulatory regime include (i) nanosimilars
(which combine generic drugs and nanocarriers as innovative
excipient); and (ii) non-biological complex drugs (NBCDs) that
highlight critical issues in specific formulations (e.g., iron oxide
nanoparticles, glatiramoids, liposomes, polymeric micelles)
[46–49].
It is worth quoting a recent publication that highlights
some of the challenges confronting the FDA regarding nanotech
regulation [50]:
There are potentially serious and inhibitory consequences if
nanodrugs are overregulated, and a balanced approach is
required, at least on a case-by-case basis, that addresses the needs
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of commercialization against mitigation of inadvertent harm to
patients or the environment. Obviously, not every nanotherapeutic
or nano-enabled product needs to be regulated. However, more
is clearly needed from regulatory agencies like the FDA and EMA
than a stream of guidance documents that are in draft format,
position papers that lack any legal implication, presentations that
fail to identify key regulatory issues and policy papers that are often
short on specifics. There is a very real need for regulatory guidelines
that follow a science-based approach that are responsive to the
associated shifts in knowledge and risks.

It is hoped that the “baby steps” that the FDA has taken in
the past decade regarding nanogovernance will translate into
more meaningful, flexible and science-based guidance in the near
future. On the other hand, if the FDA makes subjective judgements
based on policy or priority and less on scientific rigor, we will
all continue on the bumpy road towards regulatory uncertainty.
In the end, the long-term prognosis of nanomedicine will hinge
on effective, transparent nanogovernance requiring the full
commitment of various regulatory agencies such as the FDA, as
well as the regulated community such as the manufacturing sector.
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18.1

Introduction

Nanotechnology is the science of the very small, where particles
are manipulated and altered at nanoscale dimensions [1]. To put
this in some perspective a single human hair is between 50,000 to
100,000 nanometers across. At this remarkably small size the very
elements of the periodic table may behave differently than they
do on the larger macro scale at which they naturally occur. Since
nanomaterials operate at the atomic or molecular level they become
subject to forces such as quantum mechanics which are otherwise
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irrelevant at larger “bulk” scales. Gold, for example, in its natural
form is completely inert but at the nanoscale it can become highly
reactive.
Like many technologies with a degree of risk, nanotechnology
raises a number of social and ethical issues, the primary one is the
high level of uncertainty surrounding the technology. The Royal
Commission of Environmental Pollution has stated, “Currently
it is extremely difficult to evaluate how safe or how dangerous
nanomaterials are, because of our complete ignorance about so
many aspects of their fate and toxicology” [2]. The industry is
fraught with these uncertainties, a fault which is acknowledged
by many of the official reports [3]. Risk to human health is
obviously the biggest fear factor in relation to nanotechnology. The
fundamental benefit from nanotechnology—the fact that the
nanoparticles act differently from the naturally occurring bulk
substance—can also be its biggest flaw as it makes it extremely
difficult to predict how the nanoparticles will react in different
situations.
The main existing use of nanobiotechnology is in the area of
drug delivery systems, particularly in vivo [4]. These nanodelivery
systems have the ability to target specific cells. Universities in
Edinburgh, Grenoble, and Daresbury have created bacteria with
nanomagnets with the hope of sending the bacteria to abnormal
cells in the body, heating them from the outside and subsequently
destroying those cells [5]. Another current use lies in bone and
tissue repair where nanoparticles inserted into bones enhance
new bone growth [6]. However, some of these current uses
have revealed some of the potential dangers involved with
nanobiotechnology.
A study carried out by Craig Poland proposed a broad similarity
between exposure to carbon nanotubes and exposure to asbestos,
a substance which has proven to be responsible for a serious
increase in the chances of contracting cancer [7]. Such a reaction
could have disastrous effects on human health in addition to
effects on corporate liability and nanobiotechnology market
development [8]. This example demonstrates one of the serious
potential dangers involved with this technology. Like asbestos
several years ago, nobody at this time can determine what long
term exposure to this nanobiotechnology will eventually reveal.
At the moment all tests are taking place on a short term scale [9].

The European Union Approach

While the above study has been strongly discredited [10], it shows
the need for this area to be closely controlled.
Silver nanoparticles also pose a potential risk to humans.
Silver is used extensively in medicine due to its antimicrobial
properties [11]; however, recent studies have shown a number
of problems with nanosilver including its ability to interfere with
DNA [12]. There are several other studies demonstrating a serious risk to humans from nanotechnology, such as diamond nanoparticles [13] and iron nanoparticles [14] showing harmful effects
while one study stating a general link between nanoparticles and
kidney stones [15]. Other significant areas where nanotechnology crosses with biology are cosmetics and food. These fields, to
which I will return, have the potential to be a real danger to human
safety.

18.2

The European Union Approach

Like most problems facing the regulatory system, balancing
competing interests is the key to providing a successful regulatory
framework, particularly where there are significant possible
benefits from this research [16]. The key to effectively regulating
this area is to protect public safety and also not unnecessarily stifle
research. Ireland is extremely unlikely to offer any framework,
given its general unwillingness to regulate any of these contentious
areas in the past, so any regulation of this area will come from the
European Union.
The first question to be addressed by the EU was whether
they were going to introduce specific legislation to deal with
nanotechnology or try and fit the new issues within the existing
regulatory framework. In 2008 the Commission’s eagerly
anticipated report on nanomaterials [17] found that the existing
framework was capable with dealing with the risks posed by
nanotechnology, although it did concede that the current legislation
will need to be altered when new information arises. This broad
framework is divided into three distinct areas, the regulation of
chemicals, worker protection, and product protection.
The
chemical
framework,
Registration,
Evaluation,
Authorization and Restriction of Chemicals (REACH) [18] is the
main pillar of the EU’s regulatory policy. Under this legislation
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importers and manufacturers are required to ensure that products
do not adversely affect the health of humans or the environment.
REACH works on the principle of “no information no market”
[19], which requires manufacturers and importers to register all
substances they make or import over one tonne per year. If it is
over ten tonnes a chemical safety report will be required. As a part
of this process the European Chemical Agency has the power to
require additional information on a particular substance.
When nanomaterials are used in conjunction with other
materials they will meet this threshold quite easily. However, if
used on their own, nanomaterials will be unlikely to meet this
minimum barrier and there is some evidence to suggest that this
is already occurring [20]. There is also a possibility that companies
will deliberately use a low enough amount of nanomaterials so as
not to trigger REACH and so avoid the registration requirements.
REACH fails to take into account the fact that nanotechnology
could exhibit high levels of toxicity and provide serious threats
despite being produced at a very low volume.
There are other problems with REACH in its practical
applications to nanotechnology. Before REACH was implemented,
chemicals were classified by their potential hazardous effects
under the dangerous substances directive [21]. This directive, while
no longer in force, is broadly similar to the classification process
being used under REACH. The problem arises when a particular
substance is not on this list of dangerous materials, in which case
the suppliers gather information and set the risk classification
themselves [22]. As already stated, in the case of nanoscale material
it is very difficult to gauge exactly how dangerous it can be over
the longer term or how it will react given different situations.
This theory of self classification combined with this relatively low
level of information coupled with a supplier’s economic interest
to get these potentially very profitable technologies into the
market could well lead to materials being wrongly classified. The
lack of information or information taken from bulk materials
may well be used as evidence that the nanomaterials are risk
free [23].
Yet another difficulty under REACH is the method of assessing
the risks of nanotechnology. REACH is legislation not designed
specifically for nanotechnology and so does not contain any
provision for testing or risk assessing any nanomaterials [24]. This

Nanobiotechnology Regulations

essentially means that risk evaluation of nanomaterials is judged
by the standards of bulk materials which as stated earlier can
have absolutely no correlation to the behavior of the substance at
the nanoscale. Since the fundamental basis for REACH is transfer
of information, this inadequacy has the power to significantly
undermine REACH. The initial mismatch of information may lead
to difficulties at all levels in the market. The Scientific Committee
on Emerging and Newly Identified Health Risks has stated:
In the absence of data to the contrary it cannot be assumed, for risk
assessment purposes, that the nanoparticle form of a chemical(s)
has similar effects on biological systems to those of the same
chemical in other physical forms. To maintain a high level of public
health, occupational and environmental protection in the European
Union, it is essential that a specific risk assessment is conducted …
if there is any potential for humans and the environment to be
exposed to particular forms of nanoparticles. [25]

Legislation in the area of worker protection could also
be applied to nanotechnology [26]. Under this directive [27],
employers must carry out risk assessments and where a risk is found
eliminate it, and consult with workers when introducing new
technologies.
Although not tailored for nanotechnology it would still apply,
but again there are questions to be raised as to the quality of
the risk assessment methods. Also any risk assessment will be
limited to known risks which again pose a difficulty with regard
to nanotechnology. EU product legislation could also be applied to
nanotechnology, for example, the general product safety directive
[28], but again this legislation meets similar difficulties as other
laws which are not designed for nanotechnology.

18.3

Nanobiotechnology Regulations

A primary area where nanobiotechnology is used is in the medical
devices industry but because currently there is no nano-specific
regulation in this area, nanobiotechnology equipment must be
incorporated into the traditional categories already set out in
the broad EU framework [29]. The area of drug delivery systems
proves particularly difficult in this respect. Drug delivery systems
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are subject to a categorization process depending on what
functions they serve. It is extremely difficult to exactly determine
which category the nanobiotechnology devices fit into. Since
different categories require different testing standards this could
lead to a potentially insufficient testing being conducted [30].
Even if a correct classification is carried out, the directives are not
developed for nanotechnology, so the testing that is required, is
again designed for bulk materials and not nanotechnology.
An area of nanobiotechnology which has been specifically
regulated is cosmetics law [31]. Direct application to the skin
coupled with a lack of knowledge over long term effects of
nanomaterials makes cosmetic nanotechnology a prime candidate
for human health concerns. Under the legislation all cosmetic
products must be safe “for human health when used under
normal or reasonably foreseeable conditions of use” [32]. The
commission has to be notified of all cosmetic products and a
safety assessment is to be carried out under specific criteria for
nanotechnology [33]. In addition, Article 16 of the regulation
requires all cosmetics with nanomaterials to be specifically
reported to the commission a full six months before the product
can be placed on the market. This is an extremely important
provision as it allows potential concerns to be addressed at an
early stage. As part of this provision the commission can consult the
scientific commission for consumer safety at any time as a further
safeguard [34]. Another requirement unique to cosmetic regulation
is the labeling requirement. Under Article 16(2) all nanomaterials
must be included on the label of cosmetic products. Such labeling
allows consumers to make judgments on social and ethical
issues as well as personal choice on the risks associated with
nanotechnology.
One of the most controversial issues of nanobiotechnology
is the area of nanofoods. Again no nano-specific rules govern this
area but nanofoods are subject to the extensive EU regulatory
controls for food. The general food regulations are expressed
under regulation 178/2002 which establishes the European food
safety authority and lays down the general procedures for food
safety. Also despite the fact that nanofoods do not automatically
fall within the framework of REACH many nanofoods may well
fit under its scope [35]. An interesting part of the nanofood law
is that societal, economic, traditional, ethical, and environmental
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factors [36] are all considered in the overall risk assessment
process. This assessment involves the commission (who has the
final say), the European food safety authority, and is subject to
Member States and the European Parliament. This potentially
does allow for a full examination of nanofoods and not only their
physical risk to humans but also other ethical questions prompted
by religious and cultural objections. While there is a great amount
of general safety legislation dedicated to food there is nothing
directly attributed to nanotechnology or the problems it gives
to legislation not designed for nanofoods. There are no testing
parameters set out and no specific risk classification process.
As Maria Lee [37] points out, it is surprising that in the
European Union, food law, unlike cosmetics law, has not been given
any labeling obligations. The European Parliament has proposed
such a measure, but it has been rejected by the council. Given
the potential benefits labeling has and the choice it offers to the
public, labeling should really be considered an available option
for nanofood.
Similar to the EU, the United States has also tried to fit nanotechnology within the existing legal framework. Nanotechnology is
governed by a patchwork of regulations from a number of different agencies depending on the products and applications involved.
The 21st Century Nanotechnology Research and Development
Act promoted the national nanotechnology initiative which splits
the substantial U.S. funding for nanotechnology between the
different governing bodies, but offers no regulatory framework,
nor any coordination among the regulatory bodies.
The Environmental Protection Agency, the Food and Drug
Administration, the Occupational Safety and Health Administration,
and the Center for Biologics Evaluation and Research all have
significant roles to play in the regulation of nanotechnology. But
this system is far from ideal, with several academics calling for
specific oversight mechanisms to assure both public confidence
and public safety [38].

18.4

Regulating Nanobiotechnology and the
Precautionary Principle

There is one fundamental difficulty when it comes to regulating
nanotechnology and nanobiotechnology—scientific uncertainty.
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How do you regulate the unknown? As demonstrated earlier,
there are several reports and evidence outlining the potential
dangers of nanotechnology may pose to humans or the environment
but the exact risks are still unknown. There is no historic data or
studies conducted over an extended number of years, and there is
no likelihood of any in the near future. The bottom line is that it
is very difficult to regulate these unknowns to adequately ensure
safety, without unnecessarily hampering the development of the
technology.
The EU has dealt with such health and environmental
protection problems in the past by adopting the precautionary
principle [39]. The precautionary principle provides guidance
when the scientific knowledge of a particular activity is incomplete.
It is the theoretical basis for regulators to restrict individuals
and companies where there is possible long term damage and
pure scientific risk assessment is inadequate. Put simply, the
precautionary principle is based on the idea that risks from a new
technology should be considered very carefully before proceeding
with the technology. However, despite reflecting a degree of
common sense, the precautionary principle is the subject of
constant scrutiny and criticism [40]. A certain amount of scrutiny
may be warranted, given the broad range of definitions used
and the general lack of certainty surrounding the principle. In
addition, it is often used to service different agendas, something
which is acknowledged even by the proponents of the theory [41].
Non-governmental organisations such as Friends of the Earth,
The Action Group on Erosion Technology and Concentration
(ETC Group), and Greenpeace have often used the precautionary
principle in an attempt to further their own interests. Friends
of the Earth recently called for a moratorium on the release of
nanofoods [42], citing the precautionary principle as the reasoning
for such action. In 1999 Greenpeace called for a complete with
drawal of genetically modified maize when butterflies showed an
increased mortality rate, again citing the precautionary principle
as the legal justification [43]. This threat to butterflies was later
proved to be completely unfounded. Yet another example of this
alarmist usage of the precautionary principle is given by the ETC
Group in relation to nanobiotechnology. “Given the concerns raised
over nanoparticle contamination in living organisms, the ETC
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proposes that governments declare an immediate moratorium
on commercial production of new nanomaterials” [44].
Such cases are examples of the strong version of the
precautionary principle, a version which should have no place
in the regulation of nanobiotechnology. According to this strict
version of the precautionary principle any possibility of harmful
effects of a new technology should effectively stop its development
and introduction onto the market.
This is the position adopted by many environmental and
consumer organizations as well as many NGO’s. Such an ideal
is logically untenable and could only be justified in the most
extreme apocalyptic scenario [45]. Many of the technologies on
which we now depend had risks associated with them when they
were first released [46]. Many environmentalists are quick to
pounce on any such reports, which are often exaggerated, and call
for caution, as seen in the above example with Greenpeace and
the butterflies. The reality is, had humanity applied this strong
precautionary principle to every new technology released, we
would never have made many of the advances in communication,
travel, and energy production, among many others. This approach
to stop the release of nanotechnology into the market or impose a
moratorium would prevent many of the risks from the technology,
but would also negate any possible benefits. Environmentalists
would argue that nanobiotechnology represents a threat to
human health and that this is enough justification for such a
moratorium—but such justifications ignore current and future
benefits of the technology.
What is alarming is that the EU commission has seemed to
adopt this extreme precautionary approach so comprehensively
over the last several years. For example, the precautionary
principle is incorporated into article 174 of the EC treaty and is
mentioned four times in the recent directive on the placing of
genetically modified organisms on the market [47]. In 2000 the
Commission released its communication [48] on the precautionary
principle which argued that the principle had already become part
of international customary law. This argument is questionable
given the United States’ obvious disregard to the approach,
as evidenced by the numerous suits in the WTO in relation to
genetically modified food [49]. The Commission’s document
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endorses the precautionary principle as a crucial part of EU Law
and risk assessment processes. It does fail to give any concrete
definition of the principle but such quotations as “if there is an
uncertainty over scientific evidence (e.g., conflicting data exist),
the safety assessment should normally be based on the evidence
that gives rise to highest concern” [50] illustrate the commission’s
stance on the topic. Unlike many of the environmentalist groups
that call for the rigid use of the precautionary principle, the EU
commission applies a series of additional criteria to its application.
The commission has stated that the precautionary principle must
be subject to customary procedural criteria such as nondiscrimination, proportionality, consistency, and also must
satisfy a cost/benefit analysis. This does reduce the likelihood the
commission would apply the strong version of the principle,
but it does not mean that such an interpretation is completely
unforeseeable.
Some commentators say that a strict application of the
precautionary principle and subsequently a moratorium is unlikely
[51], but given the moratorium placed on GM food in recent years
and the EU’s general commitment to the precautionary principle,
it may not be that unlikely. Should more reports surface
surrounding the dangers of nanobiotechnology, coupled with
increased pressure from NGO’s and a consequent shift in public
opinion against nanotechnology, this could leave the EU in a
similar position to the one it faced in relation to GM food.
There are several significant problems with such a
moratorium. It would not only interfere with research and the
technological development but also damage any opportunity to
increase the scientific certainty of nanotechnology [52]. Such
restrictions would also heavily impact private companies, cutting
off extensive opportunities in addition to the spin-off effects of
shutting down such companies—effects such as loss of employment.
While a moratorium would substantially reduce risk to human
health, risk prevention is not always a risk-free venture [53]. For
every positive there is a negative effect of this moratorium. It may
reduce risk to humans, but stopping research into nanomedicine
may also endanger humans in the future. Nanomaterials present
a risk to the environment but iron-based nanomaterials are used
to prevent groundwater contamination. It would be counter
productive and a step too far in the regulation of nanotechnology

Conclusion

and nanobiotechnology. For now the EU position is clear,
nanotechnology fits into the existing frame-work of regulations,
but when this is revisited the strict version of the precautionary
principle should not have any impact on future decisions.
This does not mean however, that specific regulations should
not be introduced. There is one major reason for needing a tailor
made framework for nanobiotechnology—the current regime may
not sufficiently address the potential dangers posed to humans,
animals, and environmental systems [54]. It does not require a
major overreaction to the problem leading to a moratorium, but
it does need specific nanotechnology regulation. Specific tailoring
of current legislation to meet the specific needs of nanotechnology
could go a long way to striking the correct balance. REACH,
which works on a notification and information on toxicity of
substances structure, would adequately cover nanotechnology
should current loopholes be closed. If the volume requirement
was removed or lowered significantly for nanotechnology it would
provide a much more effective system. There are some aspects to
nanotechnology which are extremely difficult to control accurately,
but this should not mean that it should just be force-fit into
a framework that not designed to accommodate it.

18.5

Conclusion

As has been demonstrated, nanobiotechnology is far from
unregulated. However, applying assumptions about bulk materials
to the nanoscale can be very problematic [55]. Many of the
existing regulations, such as REACH, rely on conventional methods
used for bulk materials which often include mass or volume
thresholds. Nanobiotechnology is a very sensitive area. It brings
nanotechnology into the living world where the potential impacts
on people and the environment are very real. Large caveats in
the law cannot be allowed to exist as many companies will be all
too willing to take advantage of this in search of profit.
In this respect, cosmetics regulation should be seen as the
way forward. If it is specifically designed for the nanoscale and
includes strict labeling requirements, then cosmetics regulation
may be the best solution available, and could serve as a model for
regulation in other areas. It is still impossible to perfectly gauge
the long term effects of certain nanotechnology applications,
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but while there remains scientific uncertainty, a tailor–made
framework is the best chance to provide a high degree of safety
without unnecessarily hindering the development of this limitless
technology. It is remarkable that a similar framework has not
already been applied to chemicals and food regulations, and also
that any promise of gaining such a structure has been rejected
by the commission [56]. However, what is most important is that
this technology does not become the subject of an absurd
application of the precautionary principle which could stifle the
benefits for both current and future generations.
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19.1

Introduction

In 1979, a Hebrew University biochemist named Yechezkel
Barenholz (see his fascinating chapter in the companion handbook
[1]) teamed with Alberto Gabizon, a newly minted PhD from
the Weizmann Institute of Science, to find a better way to give
chemotherapeutic doxorubicin to patients with cancer.
Sixteen years later, the result of that collaboration—Doxil®—
won approval from the U.S. Food and Drug Administration (FDA).
It was a reformulation of doxorubicin into tiny, drug-loaded
membrane spheres—liposomes—fewer than 100 nm across. They
were so small they could course through the bloodstream until
Reproduced with kind permission of IEEE Engineering in Medicine and Biology
Society from IEEE Pulse, 5(2), 21–24, 2014.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
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they leaked right through the particularly porous vasculature that
marked a cancer site. And though the particles did not necessarily
fight the cancer better, they did fight it with fewer side effects. As it
happens, they were also the first formal nanodrug in history.
Since its arrival to market, Doxil® has made more than
US$600 million in annual sales battling Kaposi’s sarcoma, multiple
myeloma, and ovarian and breast cancer. It has been joined by
dozens of nano bedfellows, most of them also anticancer drugs,
many also liposomes, although there are also dextran-coated iron
oxide nanoparticles for in vivo organ imaging, hydroxyapatite
nanocrystals that act as bone substitutes, and even gold
nanoparticles that work outside the body to diagnose infections.
But there is a catch: None of these nanomedicines were approved
under any specific nano guidelines. Even Doxil passed with a
mere expedited review as a reformulation of doxorubicin. But
nanomedicines do not always act like their larger counterparts, and
when they differ, it’s not always predictable. The fact is, despite all
the successes and the billions of dollars invested, nanomedicine
remains a regulatory minefield rife with exotic toxicology and
uncertain policies, badly in need of a few clear answers.

19.2

What’s the Problem?

The problem is that something at the nanoscale is not just the
miniaturized equivalent to its larger self. For one thing, its
shrunken size results in an enormously increased ratio of surface
area to volume ratio. That translates in vivo as exponentially more
surfaces that can interact with the biological environment. That
may be a good thing—a nanosized drug can be more bioavailable,
more stable, or more easily decorated with interactive add-ons
that help target organs of interest—but, in some cases, especially
with certain nanomaterials, like metal oxides, it also magnifies
toxicities that might have been absent or unnoticeable at a larger
size.
Then, too, is the fact that when particle sizes drop to under
100 nm or so, all sorts of physicochemical properties can begin to
shift in ways that scientists still have not fully mapped. Thermal,
optical, and magnetic properties might be different; particles
may become more reactive, have faster ion transport or different
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structural integrity. And, maddeningly, everything from the
particle’s size and shape to its surface area, solubility, crystallinity,
charge, and even aspect ratio affects exactly how those properties
manifest.
Because of these variations, the end result of any given
nanoscaled particle may be a unique behavior markedly different
from one variation to the next. That, again, is part of the technology’s
desirability—harness these qualities correctly and the result
is a potential drug or device that arrives at a given disease site
with maximal efficiency and potency. But it can just as easily add
unexpected twists. In rats, for example, positively charged
nanovesicles caused swelling at the blood–brain barrier, but
neutral ones, and small amounts of negatively charged ones, did
not. In another study, 10 and 60 nm-sized gold particles resulted
in liver damage in mice, but 5 and 30 nm sized particles did not.
Unfortunately, that pattern does not necessarily apply to other
particles, or other sizes, or even the same particles with altered
parameters; scientists are still trying to develop the measures they
need to predict how such particles will behave because they just
do not know yet.
“For bulk size materials, you’re basically talking about the
chemical composition, dose, and exposure route when studying
toxicity—that’s a few parameters,” says Huan Meng, who studies
nanomedicines and nanotoxicology at the Jonsson Comprehensive
Cancer Center and the Center for Environmental Implications of
Nanotechnology (CEIN) at the University of California, Los Angeles
(UCLA). “But with nanomaterials, you have multiple directions
that you can play with,” Meng says. “You’re talking about a really
dynamic, complicated system that traditional toxicology cannot
fully address.”

19.3

Caution Is Advised

So far, the regulation of nanomedicines and devices has erred on
the side of caution. The FDA, for example, has not adopted any
formal guidelines for nanotechnology, although it has released
guidelines describing how it defines a nanoscale product—
specifically, as having at least one dimension between 1 and 100 nm,
or as being fewer than a micron in size and demonstrating size-
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dependent behaviors. With that, however, the FDA reviews
nanomedicines and devices on a case-by-case, component-bycomponent basis under existing drug and device guidelines, with
additional questions and tests as desired—although in a 2012
comment in Science, FDA Commissioner Margaret Hamburg
indicated that it may yet fold in product-specific regulation in the
future.
Russell Mumper, vice dean of the University of North Carolina’s
Eshelman School of Pharmacy, calls it a rational, thoughtful
approach given how little is known and how stringent the review
process is. “It’s really no different than a non-nanotechnology
approach,” he says, “they’re going to want to see, on a nanomedicine
by nanomedicine basis, a comprehensive data set of not only
the physicochemical characterization of the manufactured
nanomedicine, but batch-to-batch reproducibility. They want to
see this comprehensive data set and manufacturing information,
before they’ll ever let you dose even the first patient.”
Other countries take a similar approach, including Canada,
Japan, and some in the European Union (EU), which, like the
United States, also rely largely on the scrutiny of their pre-existing
processes to evaluate nanomedicines (which they define similarly
to the United States, although there is still no formal internationally
agreed definition). Indeed, according to a 2013 Organization
for Economic Cooperation and Development survey of a dozen
different nations, including Australia and Poland, as well as the EU
and the United States, folding nanoproducts into existing regulatory
and legislative processes is by far the most common strategy to
date.
And to an extent, it’s worked. After all, nanobased medical
products have been on the global markets for nearly 20 years, and
no major incidents have occurred. Yet, many are not entirely
satisfied with current measures, and the situation remains in flux.

19.4

What We Don’t Know Can Hurt Us

Critics accuse the measures of being both too risky and too
cautious. Cautious because such hesitancy toward definite regulation, along with the absence of established testing protocols or
manufacturing guidelines, leaves the powerhouses of the industry

What We Don’t Know Can Hurt Us

reluctant to join the fray. Big pharma has dabbled in nanomedicine, but it has yet to throw its muscle into the field largely because
of the potentially multiplied expense and time that such an
amorphous regulatory landscape will likely entail, especially for
novel nanomedicines that propose to use new ingredients.
And it’s also a risky stance because of how many unknowns
remain in the science, says Raj Bawa, adjunct professor at
Rensselaer Polytechnic Institute, patent agent at Bawa Biotech LLC
and scientific advisor to Teva. Nanoparticles are so unpredictable
in vivo, he explains, in ways that hinge on so many different elements
and properties that it is entirely possible current toxicology
tests simply cannot ask the right questions. Maybe they do, but
it is hard to even know that for sure. “We’re dealing with a very
dynamic system in the human body, and really, we don’t understand
fully the interaction of nanoparticles and the biosurface at that
nanoscale,” he says. “You’re having reactions at the molecular and
atomic level that aren’t fully studied.”
But regulators are first to acknowledge their failings, and
many are at work to address these shortcomings. The FDA has
invested heavily in new in-house nanotechnology regulatory
science programs, aimed at ramping up new methods to profile
and test nanomaterials in vitro and vivo. The National Cancer
Institute’s Nanotechnology Characterization Laboratory (NCL) has
examined nanomaterials and their complexities since 2004. Every
year, it accepts a dozen or so potential nanotherapeutics developed
from labs nationwide and runs a battery of tests that serve to both
assess those drugs and add to its growing body of assay protocols
and troublesome manufacturing pitfalls such as sterility and
batch-to-batch variability—all of which it shares with the science
community and FDA. In the past ten years, it has characterized nearly
300 different nanomaterials and sent six on to clinical trials.
Meanwhile, the information and standards that it has gathered
have begun to unofficially reshape not only the FDA’s own review
practices but strategies internationally.
“As the field is developing very quickly, a benefit is that people
are looking to establish protocols and norms—similar to best
practices—and the NCL has helped to establish that,” Mumper
says. His lab, he explains, has submitted investigational new drug
applications to the FDA for nanomaterials and was referred to
protocols established by the NCL. “The position the FDA takes,”
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he says, “is: ‘These are the accepted best practices in terms of
standard operations, and this is generally what the community
has adopted. You may not have to do all the protocols, but you
have to justify why you’re not doing them’.”
Internationally, the European Commission is collaborating
with the NCL to develop a European nanotechnology characterization lab network of its own, which it hopes to launch this year in
existing labs. Recently, the European Medicines Agency (EMA)—
partially in collaboration with Japan’s Pharmaceuticals and
Medical Devices Agency—has published a series of reflection
papers highlighting specific considerations for novel so-called
next-generation nanomedicines and known classes of nanomedical products, such as liposomes and copolymer micelles. In addition, in 2009, the EMA, with the United States, Japan, and Canada,
launched an international dialogue on the technology through
the International Regulators Subgroup on Nanomedicines. This
exchange was also aimed at identifying global knowledge gaps
and upcoming regulatory needs.
Work like this—identifying gaps, building the science—has
become a global effort, taking place in government and academic
labs alike. At UCLA, Andre Nel, the director of CEIN, and chief of
the Nanomedicine Division, are developing a robotic system to
perform high-throughput and high-content screenings to assess
the safety of and even discover new nanomedicines. “One of the
goals is to link the material properties to the biological outcome
and establish the predictive biology,” says Meng, who works with
Nel. Between them, labs like his and the funding agencies “are
gaining a lot of new knowledge and expertise,” he says. “We
are learning. And we are practicing.”

19.5

Future Tense

Laying this foundation will be essential to the future. Across the
world, hundreds of nanomedicines and devices are wending their
way through the clinical testing pipeline. If the pace continues
as is, market forecasters predict that the global nanomedicine
market will hit US$130.9 billion by 2016.
Many of these compounds will still be relatively known
quantities—liposomes, nanocrystals—but as time goes on, more
novel creations will emerge and begin to blur the lines between

Future Tense

physical devices and chemical drugs, and that may be a problem.
The FDA has an Office of Combination Products to determine
whether multifunction products should be assessed as the drug,
biologic, or device, depending on its primary mode of action.
Multipurpose “theranostic” agents that can diagnose, treat, and
track diseases may not always be easily categorized and some
researchers worry that that could lead to inconsistent evaluations.
Critics such as Bawa are concerned that this process is too
imprecise—particularly because, he says, at the time of an
investigational application, it’s not always clear which mode of
action provides the most important therapeutic action and some
products can even have two different, equally critical modes of
action.
Furthermore, not all regulatory bodies have defined
combination product offices, either—the EU assesses medical
products and devices separately and differently. Currently,
advanced and biotechnological drugs like nanomedicines are
evaluated under the centralized body of the EMA, but devices are
regulated under the various authorities of the individual member
states. If a medicine with a device component arrives for review
at the EMA, the EMA evaluates it in consultation with medical
device authorities, and vice versa.
With respect to the evaluation of the device component,
“Logistically, it’s more difficult,” says Falk Ehmann, the Innovation
Task Force coordinator in the EMA’s Specialised Scientific Disciplines
Department. A worst-case scenario where one state rules one way
and its neighbor rules differently can happen, he says. There are
robust procedures in place to prevent that occurrence, and
collaboration is the norm, “but still the potential is there,” he says.
“And with the theranostics, it’s getting more and more complicated.”
Rogério Gaspar, vice rector at the University of Lisbon and
head of its Pharmaceutical Technology Department in Portugal,
worries that current device regulations in particular are poorly
constructed to handle the type of nanobased therapeuticdiagnostic devices that might be delivered by routes traditionally
used for drug products. “They will fall into the gap between medical
devices and medical products,” he says, “and that might bring us
a number of products that are not consistently regulated.”
In time, yet thornier quandaries will emerge. As Mauro
Ferrari, president and chief executive officer of the Houston
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Methodist Research Institute and the Alliance for NanoHealth
in Houston, Texas, points out, nanotechnology’s improvements
on drug delivery and kinetics could be readily weaponized for
mass destruction. “For instance,” he argued in a 2012 discussion
of nanomedical ethics, “nanoparticles could be used to change
the modality of infection of certain viruses, from blood contactonly to nanopathogens that are effective through inhalation or
oral ingestion.” Regulatory hurdles will not slow that concern, he
points out. Terrorists, after all, are hardly beholden to the FDA.
Less alarming but more complicated will be the fact that
nanotechnology will almost certainly enable truly personalized
medicine. “Microtechnology opened the way to genomics,” Ferrari
tells me. “Nanotechnology opens proteomics and metabolomics,
and all the other ‘omics’ where you need to be a lot smaller to
process a lot more information.” When that area hits its stride, he
worries, it will open a more potent Pandora’s box of privacy and
consent issues than even genetics has done. “Genomic information
tells who you are and tells you your risk profile. When you unlock
the proteomic and metabolomic world, it not only tells you risk,
it tells you where you are, where you’ve been, what you’re doing,
how you’re feeling,” he says. On one hand, the benefits to health
care are huge. On the other hand, it means a brave new world
where the definition of privacy is concerned.
These are more difficult issues that regulations cannot handle
on their own. Discussions among researchers and ethicists are
underway, but the critical group that needs to participate will
be the public, and that has yet to happen at a broad level. But
the greatest fear, as far as Ferrari can see, is that regulatory fears
and ethical quandaries be allowed to grow so large that
nanomedicine’s future is stifled. “It’s easy to build scary scenarios,”
he says. “But I live in a world where every patient who comes to
me is facing death.” Nanomedicine’s abilities, in the end, will be
key to saving lives like theirs from cancer and other diseases,
and not to take advantage of it would be the greatest risk of all.
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Nanomedicine holds tremendous promise to revolutionize
medicine across disciplines and specialties, but this promise
has yet to be fully realized. Beyond the typical complications
associated with drug development, the fundamentally different
and novel physical and chemical properties of some nanomaterials
compared to materials on a larger scale (i.e. their bulk counterparts)
can create a unique set of opportunities as well as safety concerns,
which have only begun to be explored. As the research community
continues to investigate nanomedicines, their efficacy, and the
associated safety issues, it is critical to work to close the scientific
and regulatory gaps to ensure that nanomedicine drives the next
generation of drug innovation.

20.1

Nanomedicine: The Nexus of Medical
Research and Nanotechnology

Nanomedicine, as a branch of nanotechnology, covers science and
technology of delivering nanosized drugs or drug carriers to specific
cell types and biological structures not targeted via conventional
medicinal products. Basically, it refers to any application of
nanomaterials for medical purposes, ranging from diagnostic to
therapeutic applications. Although a consensus definition has not
been reached by the various scientific and international regulatory
bodies, a construct is loosely classified as a nanomedicine if it has
at least one dimension in the nanoscale range (i.e. measured in
nanometers, up to 1000 nm) and exhibits properties dependent upon
those dimensions. Putative medical applications of nanotechnology
include drug delivery and targeting, imaging, surgery, and tissue
engineering—all being applied to such diverse medical specialties
as oncology, immunology, osteopathy and urology.
The New York Academy of Sciences* (New York, New York)
*Editor’s

Note: The New York Academy of Sciences is the world’s nexus of scientific
innovation in the service of humanity. For nearly 200 years—since 1817—the
Academy has brought together extraordinary people working at the frontiers of
discovery and promoted vital links between science and society. One of the oldest
scientific organizations in the United States, the Academy has become not only a
notable and enduring cultural institution in New York City, but also one of the most
significant organizations in the international scientific community. Throughout
its history, the Academy’s membership has featured leaders in science, business,
academia, and government, including U.S. Presidents Jefferson and Monroe, Thomas
Edison, Louis Pasteur, Charles Darwin, Margaret Mead, and Albert Einstein. The
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and Teva Pharmaceutical Industries, Ltd.† (Petah Tivka, Israel)
held a conference at the Academy headquarters in New York
City on November 21, 2013, to discuss recent topics in the area
of nanomedicine. The meeting, “Nanomedicines: Addressing the
Scientific and Regulatory Gap,” gathered experts from academia,
the pharmaceutical industry, nanomedical societies, and federal
regulatory bodies to discuss the history and the current state of
nanomedical research and development; to emphasize the critical
lessons learned from past medical applications of nanotechnology,
both successful and unsuccessful; and to highlight the gaps in
both knowledge and regulatory oversight that must be addressed
to advance the broad fields of nanomedicine and nanopharma. In
this chapter, the following terms are used interchangeably:
nanodrugs, nanotherapeutics, nanomedicines and nanopharmaceuticals.

20.2

Keynote Address: The Current State of
Nanomedicine

Sally Tinkle (IDA/Science and Technology Policy Institute) delivered
a keynote address on the evolving roles of government and scientists
in filling the scientific and regulatory gaps in nanomedicine.
Nanoscience and nanotechnology focus on the un
derstanding
and control of matter at the nanoscale, including applicationspecific top-down or bottom-up design and engineering of
nanoscale materials, systems, and devices. Nanotechnology
integrates knowledge from physics, mathematics, materials and
pharmaceutical science, chemistry, biology, and engineering.

Academy‘s Board of Governors and President’s Council includes 27 Nobel Laureates
and other prominent leaders of academia and industry. The Academy numbers more
than 20,000 members in 100 countries.
†Editor’s Note: Teva Pharmaceutical Industries, Ltd., is an international pharmaceutical
company headquartered in Petah Tikva, Israel. It specializes in generic and proprietary
pharmaceuticals and active pharmaceutical ingredients. It is the largest generic drug
manufacturer in the world and one of the 15 largest pharmaceutical companies
worldwide. Teva’s facilities are located in Israel, North America, Europe, and South
America. Teva is a member of both the New York Stock Exchange and the Tel Aviv
Stock Exchange. 1 in 7 generic prescriptions in the US are filled with Teva products,
and on average, 2500 Teva packs are dispensed in the EU, every single minute of every
single day.
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Medical research encompasses primarily human biology and
bioengineer
ing, research tools and methods, therapeutics, and
diagnostics. Nanomedicine lies at the intersection of these many
disciplines, bringing the power of advanced materials with novel,
size-dependent properties to the maintenance, diagnosis, and
restoration of human health through the development of innovative
medical products.
Complex scientific and economic factors shape the U.S.
science and technology (S&T) enterprise, and have done so for
nanotechnology and nanomedicine. Research challenges include
the measurement of physical, chemical, and functional properties;
synthesis, reproducibility, and scale-up; and in vivo assessment,
tracking, and imaging of materials with nanoscale size or features.
Nanotechnology and nanomedicine have been affected by shifts
in the research enterprise that include multidisci
plinary team
science; the changing value of data, information, and knowledge;
the requirement for transparency and data sharing; and the
disruption of funding streams. Economic realities and the global
marketplace have added to this mix the challenges of internationally
distributed research collaborations and manufacturing facilities
and the race to capitalize on nanotechnology for commercial benefit
in faltering economies.
According to Tinkle, the regulatory communities are challenged
by a confusion of definitions for nanomaterials and nanotechnologyenabled products and devices and by limited standard
nomenclature and reference materials. Within the context of an
increasingly complex nanomedicine product pipeline (mainly
nanopharmaceuticals), regulators grapple with the application
of existing regulations to nanoscale materials and devices with
complex and frequently novel properties. The data and information
needed for fundamental research, product development, safety
assessment, regulation, and policy are acquired on differing
timelines and timetables. This is evident, for example, in the mis
match between the rate at which products are developed and
the rate at which data for policy and regulation are produced.
Products are developed but not released to market until safety
testing is completed; however, regulations cannot be developed
until a weight of evidence and a convergence of data support
conclusions on safety. This timeline mismatch, coupled with the
complex scientific and economic factors that influence the S&T
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enterprise and the accelerated rate at which new technologies now
move from the laboratory to the marketplace, has reshaped the
research business model, the regulatory process, and the roles of
its principal participants, the scientist and the federal government.
Scientists no longer work primarily within the dual roles
of researcher and teacher. There is in
creased emphasis on
collaboration through centers, consortia, and networks, making
management skills more necessary and time intensive. The
multidisciplinary nature of data, the vast amounts of data generated
by high-throughput, large data–content experiments, and the
requirements for data organization, mining, and sharing require
informatics and data management skills. There is increasing
pressure on academic scientists to become entrepreneurs and
innovators and to transfer fundamental research to products and
to develop start-up companies. As start-ups become successful,
scientists become busi
ness persons responsible for employees,
infrastructure, and profit. Reverberating through all of these roles
is the increased awareness of public and product safety—the
scientist as socially responsible ethicist. The question of what
is possible to do with technology now intersects with questions
about what is desirable for medical research and the human
condition and what is viable in the marketplace.
The federal research enterprise is also responding to changes
in the S&T ecosystem and the global economy. Federal efforts to
organize nanotechnology under the National Nanotechnology
Initiative (NNI) have proven useful where they align with existing
agency missions and operating procedures, and in certain areas
and under certain conditions provide momentum and rationale
for change. Technology is emphasized as a driver for jobs and
the economy, and federal research agencies have revised center
and network funding mechanisms to propel the translation of
fundamental research to technol
ogy transfer and product
development. Federal big-data sets, such as weather and
astronomical data, were released for public use, with others under
consideration, and better stakeholder access to federal research
facilities has been devised. Regulatory agencies are actively
evaluating the application of their authorities to nanomedicine,
and efforts continue to make this a more open, transparent, and
consistent process.
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It is against this backdrop—applying precisely engineered,
nanotechnology-enabled solutions to the challenges of drug delivery,
imaging, and diagnostics—that nanomedicine leads the next gen
eration of biomedical advances.

20.3

Characterization and Safety of
Nanomedicines: Lessons Learned from
the Nanotechnology Characterization
Laboratory (NCL)

Nanomaterials used in medicine are becoming in
creasingly
sophisticated. Researchers have developed techniques to create
complex multifunctional conjugates. Investigators now routinely
attach coat
ings, targeting molecules, drugs, prodrugs, track
ing moieties, and imaging agents to nanoparticle platforms. As
developers engineer and test this next generation of sophisticated
nanomedicines, they must develop methods to characterize the
nanomedicines’ physical and chemical properties (including size,
morphology, charge, purity, etc.) and techniques to characterize
performance (including protein binding, cellular uptake, drug re
lease, and metabolism). Of course, these aspects are inextricably
linked, since physical and chemical properties contribute to a
nanomaterial’s biocompatibility and performance.
Scott E. McNeil (Nanotechnology Characterization Laboratory
(NCL), Frederick National Laboratory for Cancer Research)
described research conducted at the NCL and its implications for
the characterization of nanomedicines. The NCL was launched by
the National Cancer Institute (NCI) in 2004 to accelerate the pace
at which cancer nanomedicines get into clinics. The NCL is a
partnership among the NCI, the U.S. Food and Drug Administration
(FDA), and the National Institute of Standards and Technology
(NIST). The NCL conducts translational studies to help
nanomedicine developers bridge the so-called “valley of death”
between academic research and clinical trials. As of 2014, the
NCL has collaborated with more than 80 companies and academic
labs, and after 9 years of running such studies on some 300
nanomaterial formulations, has helped put seven medicines into
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clinical trials. In doing so, the lab has accumulated knowledge
about what approaches are effective in characterizing the
properties of nanomedicines. The NCL works with developers
and regulators to align advances in materials science with
clinical standards and to assist with standards and methods
development.
As part of its assay cascade of scientific tests for nanomedicines,
the NCL characterizes nanoparticles’ physical attributes, their
in vitro biological properties, and their in vivo compatibility using
animal models. The NCL also looks at trends across nanoparticle
platforms and parameters that are critical to nanoparticle
biocompatibility and develops assays for the preclinical
characterization of nanoparticles. The NCL has developed more
than 40 protocols that rigorously characterize nanoparticle
physicochemical properties, as well as in vitro immunological and
cytotoxic characteristics and absorption, distribution, metabolism,
excretion, and toxicity (ADME/Tox) profiles in nonhuman
animal models. These assays have undergone extensive inhouse validation and are subjected to regular revision to ensure
applicability to a variety of nanomaterials.
At the NCL, McNeil and colleagues recommend the use of
multiple methods based on different principles to measure each
physicochemical and perfor
mance property of a nanomedicine.
Different instruments are sensitive to different effects, and using
multiple methods based on different principles can provide a
more complete picture of the particle population being studied.
Thorough characterization data allows a developer to know what
they have, which is critical since the manufacturer’s specifications
for nanomaterials may not always be correct. For example,
carbon nanotubes often come with detailed characterization data
specifying a particular average diameter, chirality, and length,
but the actual product may look more like a cotton ball under an
electron microscope. The NCL has tested gold nanoparticles where
the supplier specified an “equivalent sphere average diameter,”
but the vast majority of the particles were not spherical. Rather,
they were a range of shapes and sizes, including rods and trapezoidal
particles.
Reliable, validated characterization data will provide a
foundation for understanding nanomedicine biology and for
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realizing the promise of these new technologies to diagnose
and treat disease. As sophisticated nanomedicines enter clinical
tri
als, regulators are increasingly asking for physic
ochemical
characterization data obtained through several methods and
seeking a detailed understanding of how the unique properties
of nanomedicines influence their biological performance. This
type of thorough understanding can be achieved only through an
integrated approach where physicochemical characterization
informs biological performance testing and vice versa. This type
of integrated testing will allow identification of scientific and
regulatory gaps in nanomedicine and help developers and
regulators strategize new ways to bridge those gaps.

20.4

Nanosimilars and Follow-On Nanosized
Therapeutics

Nanomedicines have been successfully used as medicinal products
in clinical routine over the last several decades, frequently without
taking into account either their specific nanoparticular struc
ture or the resulting complexity of their mechanical, chemical,
and pharmacological properties (Fig. 20.1, Table 20.1). Stefan
Mühlebach (Vifor Pharma Ltd. and the University of Basel)
discussed this nano-character, which has a potentially strong and
important impact on the quality, efficacy, and safety of such high
molecular weight, polymeric products composed of structurally
related components [1]. Examples include synthetic macromolecular non-biological complex drugs (NBCDs) like nanocolloidal
formulations for intravenous (IV) use and innovative biological
complex therapeutics like monoclonal antibodies (mABs). Such
non-homomolecular therapeutics contrast in their characteristics
from well-defined classical small-molecule drugs and cannot be
fully identified by the physicochemical means typically used to
define the quality and pharmaceutical identity of a product, as
described in pharmacopoeial monographs. As a consequence,
the European Directorate for the Quality of Medicines and
Healthcare (EDQM), the body issuing the European Pharma
copoeia, has established a specific working group for non-biological
complexes [2]. For copies, the regulatory challenge is to identify
minor but clinically meaningful differences between a test and
the reference product. Additional preclinical and clinical
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Figure 20.1 Schematic Illustrations of Nanoscale Drug Delivery System
Platforms (Nanotherapeutics or Nanodrug Products). Shown are
nanoparticles (NPs) used in drug delivery that are either approved, are
in preclinical development or are in clinical trials. They are generally
considered as first or second generation multifunctional engineered NPs,
generally ranging in diameters from a few nanometers to a micron. Active
biotargeting is frequently achieved by conjugating ligands (antibodies,
peptides, aptamers, folate, hyaluronic acid) tagged to the NP surface via
spacers or linkers like PEG. NPs such as carbon nanotubes and quantum
dots, although extensively advertised for drug delivery, are specifically
excluded from the list as this author considers them commercially
unfeasible for drug delivery. Non-engineered antibodies and naturally
occurring NPs are also excluded. Antibody-drug conjugates (ADCs) are
encompassed by the cartoon labelled “Polymer-Polypeptide or PolymerDrug Conjugate.” This list of NPs is not meant to be exhaustive, the
illustrations are not meant to reflect three dimensional shape or
configuration and the NPs are not drawn to scale. Abbreviations: NPs:
nanoparticles; PEG: polyethylene glycol; GRAS: Generally Recognized
As Safe; C dot: Cornell dot; ADCs: Antibody-drug conjugates.
NOTICE: Copyright © 2016 Raj Bawa. All rights reserved. The copyright holder permits
unrestricted use, distribution and reproduction of this figure (plus legend) in any
medium, provided the original author and source are clearly and properly credited.
Reproduction without proper attribution constitutes copyright infringement.
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nanocrystal fenofibrate

nanocrystal aprepitant,
nanocrystal fosaprepitant
dimeglumine

TriCor

Emend

propofol liposomes

nanocrystal sirolimus
(rapamycin)

Rapamune

Diprivan

amphotericin B
liposomes (<100 nm)

AmBisome (AmBi)

intravenous injection

oral capsule,
intravenous injection

oral solid tablet

oral solution,
oral solid tablet

intravenous injection

albumin-bound paclitaxel (taxol) intravenous infusion
NPs (~130 nm)

Abraxane (ABI-007,
nab-paclitaxel)

intravenous injection

Delivery System/
Route

doxorubicin hydrochloride
(adriamycin) pegylated
liposomes (~100 nm)

Nanoscale
Formulation

Fresenius Kabi,
Hospira, Teva

Merck, Sandoz

AbbVie
Lupin, Mylan,
Valeant

Pfizer (Wyeth)

Astellas, Gilead

Celgene

Janssen, ALZA,
Sun

Manufacturer/
Alliance/
Marketer/
Generic

1999, 2003,
2015

1997
2000

2005, 2012,
2013

1995, 1999,
2003

Year
Approved

intensive care sedation and conscious sedation
for surgical as well as diagnostic procedures

nausea in chemotherapy patients

1989, 1991,
1993

2003, 2005,
2008

2004
primary hypercholesteremia, mixed
lipidemia (Fredrickson Types IIa and IIb),
hypertriglyceridemia (Fredrickson Types IV and
V hyperlipidemia);
oral tablet versions approved in 1993 and 2001
to Abbott are discontinued

immunosuppressant for the prophylaxis
of organ rejection in patients aged
≥13 years receiving renal transplants,
lymphangioleiomyomatosis (LAM)

fungal and protozoan infections
Cryptococcal meningitis in HIV patients

various cancers

AIDS-related Kaposi’s sarcoma, ovarian
cancer, multiple myeloma in combination with
bortezomib; sold as Caelyx in the EU; Lipodox,
the generic version of Doxil, was the first
nanogeneric approved by the FDA in 2013

Therapeutic Indication + Comment

Select FDA-Approved Nanopharmaceuticals (Copyright © 2016 Raj Bawa. All rights reserved.)

Doxil

Drug Product

Table 20.1
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doxorubicin HCl liposomes
(~190 nm)

Myocet

topical emulsion

ophthalmic
intravitreal injection

pegaptanib sodium
(polymer-aptamer conjugate)

estradiol hemihydrate
micellar emulsion

Macugen

Estrasorb

intravenous injection

intrathecal injection

intravenous injection

oral solid tablet

oral solid tablet

Delivery System/
Route

DaunoXome (L-DNR) daunorubicin citrate liposomes
(~45 nm)

sustained release cytarabine
liposomes (~10–20 µ)

nanocrystal fenofibrate

Triglide

DepoCyt
(Liposomal Ara-C)

cross-linked poly(allylamine)
resin (sevelamer hydrochloride)

Nanoscale
Formulation

Renagel

Drug Product

Gilead, Eyetech

Valeant (Medicis)

Gilead
Galen

Sigma-Tau, Pacira

Sopherion,
Cephalon, Teva

Skyepharma
(Shionogi),
Aenova

Genzyme

Manufacturer/
Alliance/
Marketer/
Generic

neovascular (wet) age-related macular
degeneration

moderate to severe vasomotor symptoms of
menopause

first-line therapy against advanced Kaposi’s
sarcoma associated with HIV

lymphomatous meningitis

Breats neoplasms, not approved by
the FDA

lipid disorders; reduces elevated plasma
concentrations of triglycerides, LDL and total
cholesterol and raises abnormally low levels of
HDL; 50 mg tablet is now discontinued

(Continued)

2004

2003

1996

1999
(accelerated
approval),
2007 (full
approval)

2000
(EU, Canada)

2005

Year
Approved

reduction of serum phosphorus in patients
2000, 2004,
with end-stage renal disease (ESRD), serum
2007
phosphorus in patients with chronic kidney
disease (CKD); oral capsule approved in 1998 is
discontinued

Therapeutic Indication + Comment
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PEGinterferon α-2a
(polymer-protein conjugate)

copolymeric mixture of
L-glutamic acid, L-alanine,
L-tyrosine and L-lysine
(polypeptide colloidal
formulation) (1.5 to 550 nm)

PEG-G-CSF or PEG filgrastim
and monomet hoxypolyethylene
glycol
(polymer-protein conjugate)

Neulasta

Copaxone
(glatiramer acetate,
Copolymer 1)

PEGvisomant (PEG-hGH)
(polymer-protein conjugate)

Somavert

pegylated bovine
adenosine deaminase
(pegademase bovine)
(polymer-protein conjugate)

PEGASYS

Adagen

amphotericin B liposomes
(< 5 µm)

Nanoscale
Formulation

(Continued)

Abelcet

Drug Product

Table 20.1

subcutaneous
injection

subcutaneous
injection

subcutaneous
injection

subcutaneous
injection

intravenous injection

intravenous injection

Delivery System/
Route

Teva

Amgen

Pfizer
(Pharmacia &
Upjohn)

Hoffmann-La
Roche, Nektar

Sigma-Tau,
Enzon

Sigma-Tau

Manufacturer/
Alliance/
Marketer/
Generic

relapsing-remitting multiple sclerosis (RRMS)
20-mg daily dose
40 mg thrice-a-week dose

febrile neutropenia

growth hormone receptor antagonist for the
treatment of acromegaly in patients who have
had an inadequate response to surgery or
radiation therapy, or for whom these therapies
are not appropriate

chronic hepatitis B and C virus infection

1996
2004

2002

2003

2002

1995

Year
Approved

enzyme replacement therapy for the treatment 1990
of severe combined immunodeficiency disease
(SCID) associated with a deficiency of adenosine
deaminase

invasive fungal infections in patients who are
refractory to or intolerant of conventional
amphotericin B therapy

Therapeutic Indication + Comment
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nanocrystal megestrol acetate

Megace ES

Elestrin

Meda, DPT

Crucell
Berna Biotech

Sigma-Tau
Baxter

Merck

Sequus
Alkopharma

oral liquid suspension PAR
TWI

transdermal gel

intramuscular,
in the deltoid
muscle

hepatitis A vaccine adjuvanted
with immunopotentiating
reconstituted influenza
virosomes (IRIV) (~150 nm)

Epaxal
(HAVpur,
VIROHEP-A)

calcium phosphate NPs of
estradiol

intravenous or
intramuscular
injection

PEGINTRON

Oncaspar
PEGasparginase (50–200 nm)
(PEG-L-asparginase) (polymer-protein conjugate)

intravenous injection

Delivery System/
Route

subcutaneous
injection

amphotericin B liposomes
(~130 nm)

Nanoscale
Formulation

PEGinterferon α-2b
( polymer-protein conjugate)

Amphotec

Drug Product

Manufacturer/
Alliance/
Marketer/
Generic

anorexia and cachexia associated with AIDS

moderate to severe vasomotor (hot flashes)
symptoms in menopausal women

active immunization against hepatitis A for
adult and children >12 months (age may vary
and depend upon the country); not approved
by the FDA

first line treatment of patients with acute
lymphoblastic leukemia (ALL) and for
the treatment of patients with ALL and
hypersensitivity to native forms of
L-asparaginase

chronic hepatitis C virus infection in patients
with compensated liver disease
Sylatron approved for melanoma with nodal
involvement after surgical resection

invasive aspergillosis patients who are
refractory to or intolerant of conventional
amphotericin B

Therapeutic Indication + Comment

(Continued)

2005

2006

Canada
and
elsewhere

1994

2011

2001

1996, 2014

Year
Approved
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denileukin diflitox NPs

paclitaxel micelles

sodium ferric gluconate
complex

Ontak

Taxol

Ferrlecit

intravenous injection

intravenous injection

intravenous injection

verteporfin liposomes (<100 nm) intravenous injection

Visudyne

intravenous injection

vincristine sulfate encapsulated
liposomes (~120 nm)

Marqibo (ONCO
TCS, optisomal
vincristine,
vincacine, VSLI)

Sanofi-Aventis
Hikma, Watson

Bristol Myers
Squibb, HQ, SPCLT
Teva, Mylan,
Actavis, Hospira

Eisai

QLT, Valeant,
Novartis

Talon

Manufacturer/
Alliance/
Marketer/
Generic

oral liquid suspension Bristol-Myers
Squibb, Teva,
PAR, Roxane,
Wockhardt

Delivery System/
Route

nanocrystal megestrol acetate

Nanoscale
Formulation

(Continued)

Megace

Drug Product

Table 20.1

iron deficiency anemia in adult patients and in
pediatric patients age 6 years and older with
CKD receiving hemodialysis who are receiving
supplemental epoetin therapy

cancers

1999

1992

2000

2012

1993

Year
Approved

persistent or recurrent cutaneous
1999
T-cell lymphoma whose malignant cells express
the CD25 component of the IL-2 receptor

wet age-related macular
degeneration; light-activated
drug used in photodynamic therapy

philadelphia chromosome-negative
(Ph-) acute lymphoblastic leukemia

anorexia and cachexia associated
with AIDS; oral tablet is discontinued

Therapeutic Indication + Comment
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iron sucrose NPs

Nanoscale
Formulation

sevelamer carbonate
(polymer-polymer conjugate)

Renvela

brentuximab vedotin (~10 nm)
(antibody-drug conjugate)

peginesatide acetate
(polymer-polymer conjugate)

Omontys

Adcetris

pegloticase
(pegylated uricase)
(polymer-protein conjugate)

ferumoxytol
(iron SPION)

Krystexxa
(Puricase)

Feraheme

Cimzia
PEGylated anti-TNF-α
(certolizumabpegol, (polymer-protein conjugate)
CDP870)

Venofer

Drug Product

intravenous injection

oral solid tablet
or oral suspension

intravenous or
subcutaneous
injection

intravenous injection

intravenous injection

intravenous injection

intravenous injection

Delivery System/
Route

Seattle Genetics

Genzyme

Takeda

Savient

AMAG

UCB

Therapeutic Indication + Comment

2010

classical Hodgkin lymphoma (HL), systemic
anaplastic large cell lymphoma (sALCL)

control of elevated serum phosphorus
(hyperphosphatemia) in CKD patients on
dialysis

(Continued)

2011

2007

2012
erythropoiesis-stimulating agent (ESA) for
anemia due to CKD in adult patients on dialysis;
product discontinued following postmarketing
reports of serious hypersensitivity reactions

chronic gout in adult patients refractory to
conventional therapy

iron deficiency anemia in adult patients
with CKD

2009

2000

Year
Approved

Crohn’s disease, rheumatoid arthritis, active
2008, 2013
psoriatic arthritis, active ankylosing spondylitis
in adults

Luitpold, Fresenius iron therapy for the treatment of iron
American Regent, deficiency anemia in adult and pediatric
Vifor
patients 2 years and older with CKD

Manufacturer/
Alliance/
Marketer/
Generic
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methylphenidate HCl
nanocrystals

Ritalin LA

dexmet hylphenidate HCl
nanocrystals

morphine sulfate nanocrystals

Avinza

Facalin XR

tizanidine HCl nanocrystals

Zanaflex

lucinactant
(synthetic peptide surfactant)

Surfaxin

poractant α (porcine lung
homogenate) liposomes

Curosurf

beractant (bovine lung
homogenate) liposomes

Nanoscale
Formulation

(Continued)

Survanta

Drug Product

Table 20.1

oral extended-release
capsule

oral extended-release
capsule

oral extended-release
capsule

oral solid capsule
or tablet

intratracheal
suspension

intratracheal
suspension

intratracheal
suspension

Delivery System/
Route

2002

1996

2012

1999

2005

attention-deficit hyperactivity disorder (ADHD) 2002

management of pain severe enough to require
daily, around-the-clock, long-term opioid
treatment and for which alternative
treatment options are inadequate

muscle spasticity

RDS in premature infants; company announced
plans in 2015 to cease production due to
restructuring

rescue treatment of RDS in premature infants

Year
Approved

respiratory distress syndrome (RDS) (hyaline
1991
membrane disease) in premature infants whose
lungs have not fully developed

Therapeutic Indication + Comment

Novartis
ADHD
Intelli, Mylan, Teva,
Watson

Novartis
Barr, Watson

King, Pfizer
Actavis

Acorda
Apotex, Core,
Dr. Reddys, Mylan,
Prosam, Sandoz,
Su, Teva, Unichem

Discovery

Chiesi

Abbott

Manufacturer/
Alliance/
Marketer/
Generic
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lanreotide acetate

ado-trastuzumab
emtansine (~10 nm)
(antibody-drug conjugate)

Somatuline Depot

Kadcyla

nanocrystal paliperidone
palmitate

pemetrexed or
pemetrexed disodium

Alimta

Invega Sustenna

leuprolide acetate
agonist/synthetic
nonapeptide analog

Nanoscale
Formulation

Eligard

Drug Product

intramuscular
injection

intravenous injection

subcutaneous
injection in
superior external
quadrant of the
buttock

intravenous injection

subcutaneous
injection

Delivery System/
Route

Janssen

Genetech

schizophrenia, schizo affective disorder as
monotherapy and as an adjunct to mood
stabilizers or anti-depressants

HER2-positive, metastatic breast cancer who
previously received trastuzumab and a taxane,
separately or in combination

acromegaly, gastroenteropancreatic
neuroendocrine tumors

in combination with cisplatin for (i) treatment
of malignant pleural mesothelioma (MPM);
(ii) the initial treatment of advanced
nonsquamous non-small cell lung cancer
(NSCLC); (iii) for treatment of advanced NSCLC

Ipsen

Lilly

palliative treatment of advanced prostate
cancer

Therapeutic Indication + Comment

TOLMAR

Manufacturer/
Alliance/
Marketer/
Generic

(Continued)

2009

2013

2007

2004, 2008

2002

Year
Approved
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8. The company names may not be comprehensive and subject to change. Changes result from acquisitions, mergers, name changes, restructuring,
distributor changes, manufacturer changes, etc.

7. All updates and errors should be reported to Dr. Bawa (bawa@bawabiotech.com). Negative side effects should be reported to the FDA (www.fda.
gov/medwatch or 1-800-FDA-1088).

6. Abbreviations: NPs: nanoparticles; EU: European Union; EMA: European Medicines Agency; AIDS: acquired immunodeficiency syndrome; HDL:
high-density lipoprotein; LDL: low-density lipoprotein; PEG: polyethylene glycol; PEG-G-CSF: pegylated granulocyte colony-stimulating factor;
PEG-hGH: pegylated human growth hormone; VEGF: vascular endothelial growth factor; SPION: superparamagnetic iron oxide nanoparticle;
ONCO TCS: optisomal vincristine; ESA: erythropoiesis-stimulating agent; VSLI: vincristine sulfate liposomes; RRMS: relapsing-remitting
multiple sclerosis; ALL: acute lymphoblastic leukemia; SCID: severe combined immunodeficiency disease; CKD: chronic kidney disease; LAM:
lymphangioleiomyomatosis; IRIV: immunopotentiating reconstituted influenza virosomes; ESRD: end-stage renal disease; RDS: respiratory distress
syndrome; ADHD: attention-deficit hyperactivity disorder; NSCLC: non-small cell lung cancer; HL: Hodgkin lymphoma; sALCL: systemic anaplastic
large cell lymphoma; MPM: malignant pleural mesothelioma; CHC: chronic hepatitis C.

5. Some discontinued products are included in the table.

4. The “Nanoscale Formulation” column includes the Active Pharmaceutical Ingredient (API), the nanomaterial or drug form and, in some instances,
the mean nanoparticle diameter.

3. The “Year Approved” column may list dates when the new or modified indication was approved in addition to the original approval date. It excludes
dates reflecting new dosage forms, drug strength changes, manufacturing changes or combination therapy supplemental approvals to expand the
indication.

2. Approval by FDA or equivalent foreign regulatory body does not necessarily mean that the approved drug product is commercially available to
consumers. Various factors, in addition to the regulatory approval (e.g., drug patents, drug exclusivity, litigation, manufacturing issues, adverse
reactions, etc.) influence the commercialization of a product.

1. This table lists selected FDA-approved nanopharmaceuticals; occasional non-FDA approved nanopharmaceutical is included. Specifically excluded
are: (a) nanomaterials, unless they serve as a drug product per se; (b) FDA-approved imaging and diagnostic agents; and (c) nanodrug candidates
in pre-clinical research, including basic research, bench-science or early animal testing.

NOTES:
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characterization data are needed to document the product
profile, and as a consequence, the comparability, especially
for nanoparticulate structures, between a test and reference
product [3]. Whereas for the biological products and their
follow-on therapeutics the biosimilarity approach has been
established by the European Medicines Agency (EMA), such a
defined regulatory assessment is lacking for NBCD similars of
often even more complex structures [3, 4].
The generic paradigm based on comparability of the
pharmaceutical properties and the bioequivalence measured in
volunteers facilitates conclusions on the therapeutic equivalence
of well-defined small-molecule drugs. Therapeutic equivalence
is a prerequisite for interchange and (automatic) substitution
between innovator and follow-on therapeutics. The successfully
applied generic paradigm is, however, no longer valid if the
complete pharmaceutical characterization and the comparability
of bioequivalence cannot be established (Fig. 20.2). For biosimilars,
as well as other similar therapeutics, the determination of the
extent of similarity is crucial to allow an alternative use in ther
apeutically naive patients. The clinical differences for such intended
follow-on versions of nanosized NBCDs have been published for
intravenous iron nanocolloids authorized in some geographic
areas by a generic approach (reviewed in Refs. 3 and 4). This
shows that the extent of similarity and the summary or weight
of evidence of qualitative, preclinical, and clinical data is even
more demanding when it comes to interchange or substitution of
the medication in pre-treated patients. That special challenge is
mirrored by several EMA and FDA regulatory reflection/industrial
guidance papers for follow-on nanoparticular intravenous iron
NBCDs (nanosimilars) asking for expert comments to fill the
regulatory science gap [5, 6]. In the absence of supportive clinical
data, a switch in a well-established therapy from the innovator to
the copy product and vice versa is discouraged without assuring
appropriate traceability [2, 4, 7]. According to Mühlebach, this
substitution/interchange aspect has to be regulated by the FDA in
the United States, but not by the EMA, as in Europe this decision
is made by national authorities. NBCDs typically use multiple
starting components and the final product represents the result of
a laborious and difficult-to-control manufacturing process, which
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Figure 20.2 Categories of follow-on versions of drugs. From Ref. 7, with
permission.

Evaluation of

Manufacturing

Pharmaceutical
equivalence

• Complex,
proprietary
process
• In‐process
controls

Bio‐equivalence

Specific
nanoparticle
formulation

Pharmaco‐
kinetics

• Not fully
characterizable
• Structure,
surface,
morphology of
particles
• Stability
• Quality

• Tissue
targeting
• Uptake into
physiological
metabolism
• Biodisposition

Pharmaco‐
dynamics

• Efficacy
• Efficiency
• Tolerability
• Toxicity

Figure 20.3 Full control of the manufacturing process for NBCDs and their
follow-ons to define the therapeutic product’s (nanoparticular)
profile. Redrawn from Ref. 7, with permission.

The FDA’s Approach to the Regulation of Nanotechnology Products

is key to determining the product’s properties. If one of these
components or the final products exhibits nanodimensions or nano
characteristics, the term nanomedicine or nanosim
ilar applies.
The need for an in-depth understanding of the physicochemical
functionality at the surface of nanostructures is key and has an
important im
pact on regulatory assessments of nanomedicines
resulting from a coating process of the core structure [1]. This shell
influences the distribution, tissue targeting, and clearance of such
a product, which is ultimately relevant to its efficacy and safety
but also to the comparability of a test and reference product. It
stresses the need for full control of the critical manufacturing
process, which defines the therapeutic product (Fig. 20.3) [7]. This
also indicates the importance of realizing a common terminology
for a harmonized regulation approach [3, 8, 19, 20].

20.5

The FDA’s Approach to the Regulation of
Nanotechnology Products‡

Ritu Nalubola (U.S. Food and Drug Administration) discussed
elements of the FDA’s approach to regulating nanomedicines. The
FDA recognizes that nanotechnology is an emerging technology
that has the potential to be used across the full spectrum of FDAregulated products, including drugs, biolog
ical products, and
medical devices. Over the past several years, the FDA has taken
multiple steps to help ensure the responsible development of
nanotechnology products.
In a policy statement articulating its approach [9], the FDA
noted that it does not categorically judge all products involving
the application of nanotechnology to be either inherently benign or
harmful. The FDA continues to regulate nanotechnology products
under its existing statutory authorities in accordance with the
specific legal standards applicable to each type of product under
its jurisdiction. The FDA believes that this regulatory policy
allows for tailored approaches that adhere to applicable legal
frameworks and reflect the characteristics of specific products
or product classes and evolving technology and scientific understanding. The FDA intends to ensure transparent and predictable
regulatory pathways grounded in the best available science.

‡Editor’s Note: This section, provided by Ritu Nalubola, PhD, of the FDA, reflects
her presentation at the meeting, “Nanomedicines: Addressing the Scientific and
Regulatory Gap,” held on November 21, 2013. Per her request, no other portion of
this article should be construed to represent her opinions or the views/policies of
the FDA.
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Nanomaterials can have unique physical or chemical
properties that potentially offer great promise, but these same
properties may also merit further examination to determine if
they affect product safety or other product attributes. The FDA has
invested in a nanotechnology regulatory science program to help
address key scientific gaps in knowledge, methods, and the tools
necessary for regulatory assessments of nanotechnology products
[10].
Nalubola and colleagues consider their current frameworks for
safety assessment sufficiently robust and flexible to be appropriate
for a variety of materials, including nanomaterials. Regardless of
whether a product contains nanomaterials, the FDA asks relevant
questions concerning product safety in order to ensure that the
product meets statutory and regulatory requirements for safety.
Industry remains responsible for ensuring that its products
meet all applicable requirements, and the FDA continues to offer
technical advice and guidance, as needed, to help industry meet
its obligations.
In 2011, the FDA issued a draft guidance for industry entitled
“Considering Whether an FDA-Regulated Product Involves the
Application of Nanotechnology” to present its current thinking on
nanotechnology and to seek public comment [11]. As noted in that
draft guidance, the FDA has not adopted a regulatory definition of
nanotechnology or related terms. In determining whether an FDAregulated product involves the use of nanotechnology, the FDA asks
(1) whether an engineered material or end product has at least
one dimension in the nanoscale range (approximately 1–100 nm);
or (2) whether an engineered material or end product exhibits
properties or phenomena, including physical or chemical properties
or biological effects, that are attributable to its dimensions,
even if these dimensions fall outside the nanoscale range, up to
1/m. Table 20.2 provides a comparison of the FDA’s Points to
Consider and the definitions proposed by Health Canada and the
European Commission. In 2012, the FDA issued one additional
draft guidances for industry to address technical issues related to
the use of nanotechnology in cosmetic products [12] and in 2014
one (final) in food substances [13]. Nalubola and colleagues are
currently working to finalize these three draft guidances, taking
into account public comments received. Early nanotechnology
applications surveyed by the FDA’s Center for Drug Evaluation and
Research cover a variety of platforms (Fig. 20.4).

The FDA’s Approach to the Regulation of Nanotechnology Products

Table 20.2 Comparison of nanomaterial-related descriptions
FDA’s Points to Consider

• Whether an engineered material or end product has at least one
dimension in the nanoscale range (approximately 1 nm to 100 nm); or
• Whether an engineered material or end product exhibits properties
or phenomena, including physical or chemical properties or biological
effects, that are attributable to its dimension(s), even if these dimensions
fall outside the nanoscale range, up to one micrometer

Health Canada Working Definition of Nanomateriala

Any manufactured substance or product and any component material,
ingredient, device, or structure if:

(a) It is at or within the nanoscale in at least one external dimension, or
has internal or surface structure at the nanoscale, or;
(b) It is smaller or larger than the nanoscale in all dimensions and exhibits
one or more nanoscale properties/phenomena
(i) The term “nanoscale” means 1 to 100 nanometres, inclusive;
(ii) The term “nanoscale properties/phenomena” means properties
which are attributable to size and their effects; these properties
are distinguishable from the chemical or physical properties of
individual atoms, individual molecules and bulk material; and,
(iii) The term “manufactured” includes engineering processes and the
control of matter.
European Commission Recommendation on the Definition of
Nanomaterialb

A natural, incidental or manufactured material containing particles, in
an unbound state or as an aggregate or as an agglomerate and where,
for 50% or more of the particles in the number size distribution, one or
more external dimensions is in the size range 1–100 nm. In specific cases
and where warranted by concerns for the environment, health, safety or
competitiveness the number size distribution threshold of 50% may be
replaced by a threshold between 1 and 50%

aPolicy

Statement on Health Canada’s Working Definition for Nanomaterial (2011).
Available at: http://www.hc-sc.gc.ca/sr-sr/pubs/nano/pol-eng.php (accessed on
June 30, 2015).

bEuropean

Commission Recommendation on the definition of nanomaterial (Draft
2011). Available at: http://ec.europa.eu/environment/chemicals/nanotech/pdf/
commission_recommendation.pdf (accessed on June 10, 2015). Also see: Definition
of a nanomaterial. Available at: http://ec.europa.eu/environment/chemicals/
nanotech/faq/definition_en.htm (accessed on June 30, 2015).
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Figure 20.4 Early nanotechnology applications surveyed by the Center for
Drug Evaluation and Research cover a variety of platforms.
(Courtesy of FDA, 2014).

The FDA’s Center for Drug Evaluation and Research provided
an update on its ongoing work related to the use of nanotechnology
in drug products to the Advisory Committee for Pharmaceutical
Science and Clinical Pharmacology in August 2012 [14]. As
explained in this update, the FDA evaluated its existing regulatory
review processes for drug products and determined that current
procedures are ad
equate to identify and address the potential
risks associated with the use of nanomaterials in drug products.
Certain areas were identified for improvement, including the need
for increased regulatory science research and the training of review
staff. The FDA also established specific policies and procedures
for use by internal reviewers of human drug [15] and animal drug
submissions [16].
As noted in the draft guidance documents, the FDA encourages
industry to consult early with the agency to address questions related
to the safety, effectiveness, or regulatory status of nanotechnology
products. These early consultations afford an opportunity to clarify
the manufacturer’s obligations and discuss methodologies and
data needed to meet those obligations.
The FDA also continues to collaborate with relevant domestic
and international counterparts on regulatory science and policy

Nanopharmaceuticals in the Post-Blockbuster World

issues, including through the NNI, the Emerging Technologies
Interagency Policy Coordination Committee, and international
regulatory cooperation forums.

20.6

Nanopharmaceuticals in the
Post-Blockbuster World: Critical
Patent Issues

Rapid advances and product development in nanomedicine are in
full swing as it continues to influence the pharmaceutical, device,
and biotechnology industries [17, 18]. The most robust sector
within nanomedicine is nanotech-enabled drug delivery (Table
20.1; Fig. 20.1), although bottlenecks persist (Table 20.3). Currently,
the field is poised at a critical juncture, as numerous market
forces and drivers are dictating a change in the pharmaceutical
industry’s quest for discovering, developing, and delivering novel
therapeutics owing to numerous challenges ranging from revenue
losses caused by patent expirations on blockbusters to enhanced
regulatory oversight to an ever-increasing challenge from generic
manufacturers. In the process, these diverse forces are altering
the drug landscape. Clearly, new ground rules and competitive
business strategies are needed in this post-blockbuster drug era.
As a result, pharmaceutical companies are partly turning to
miniaturization and nanotechnology to enhance or supplement
drug target discovery and drug development.
Raj Bawa (Bawa Biotech LLC; Rensselaer Polytechnic Institute
and the American Society for Nanomedicine) discussed critical
issues related to patent strategy, FDA regulation, and commer
cialization of nanopharmaceuticals. Advances in nanomedicine
and the FDA system for governing it are inevitably intertwined,
argued Bawa. Hence, clear regulatory and safety guidelines from
the FDA are critical to any commercialization effort pertain
ing to nanopharmaceuticals [19–21]. Similarly, securing valid,
defensible patent protection from the U.S. Patent and Trademark
Office (PTO) is essential (Table 20.4) [19–21]. However, since
the early 1990s, “patent prospectors” have been staking
their claims and have been on a quest for a sort of “nanopatent
land grab.” The PTO classifies U.S. nanopatents into Class 977,
and they number fewer than 10,000 to date. However, these
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numbers and the classification system they are based on is clearly
inadequate, argued Bawa, because it is based on the ill-conceived
NNI definition of nanotechnology that limits all nanostructures
and nanoproducts to a sub-nanometer range [17–21]. Therefore,
he concluded, these numbers are an underestimate and miss the
majority of patents that are nanotech related (out of ~8 million
total issued U.S. patents); they simply represent a starting point.
Scientifically, the shortfalls with this definition, especially for
nanomedicine, are well documented [20]. In fact, the confusion
and ambiguity surrounding the definitions of nanotechnology,
nanomedicine, and other “nano” terms continues to be one of
the most significant problems facing regulators, policy makers,
researchers, drug companies, and patent practitioners [17–21].
Table 20.3

Bottlenecks to commercialization of nanomedicines

• lack of standard “nano” nomenclature: imprecise definition for
nanomedicines
• lack of precise control over nanoparticle manufacturing parameters
and control assays
• currently used compounds/components for nanodrug synthesis often
pose problems for large scale Good Manufacturing Production (GMP)
• lack of quality control: issues pertaining to separation of undesired
nanostructures (byproducts, catalysts, starting materials) during
manufacturing
• scalability complexities: enhancing the production rate to increase
yield
• reproducibility issues: control of particle size distribution and mass
• high fabrication costs
• lack of rational pre-clinical characterization strategies via multiple
techniques
• biocompatibility, biodistribution and toxicity issues: lack of knowledge
regarding the interaction between nanoparticles and biosurfaces/
tissues
• consumer confidence: public’s general reluctance to embrace innovative
medical technologies without clearer safety or regulatory guidelines
• relative scarcity of venture funds
• ethical issues and societal issues are hyped up by the media
• big pharma’s continued reluctance to seriously invest in nanomedicine
• patent review delays, patent thickets, and issuance of invalid patents by
the U.S. Patent and Trademark Office
• regulatory uncertainty and confusion due to “baby steps” undertaken
by U.S. Food and Drug Administration: a lack of clear regulatory/
safety guidelines

Copyright © 2016 Raj Bawa. All rights reserved.

Nanopharmaceuticals in the Post-Blockbuster World

Another significant issue pertaining to nanopatents is the
lack of a universal nano-nomenclature, whereby distinct terms
frequently refer to identical or similar nanostructures or
nanomaterials. In addition, contrary to U.S. patent law fundamentals, the PTO has continued to issue multiple nanopatents on
the same inventions. This situation initially developed because
the search tools and commercial databases that were being used
by patent examiners at the PTO were not well suited to search
most of the early nanotech-related prior art that resided in sci
entific publications instead of patents. In addition, the U.S. patent
examiners generally lacked expertise and training with respect
to the emerging fields of nanotechnology and nanomedicine.
Table 20.4

Legal requirements to obtain a U.S. patent [54]

U.S. patent statute

Brief description of statute

35 USC § 102
Novelty
requirement

Invention must be novel (i.e., sufficiently new and unlike
anything that has been previously patented, marketed,
practiced, publicized, or published.

35 USC § 101
Utility requirement

Invention must have utility (i.e., the invention has some
use and it actually works or accomplishes a useful task).

35 USC § 103
Nonobviousness
requirement

35 USC §112(1)
Written description
requirement
35 USC § 112(1)
Enablement
requirement, part I

Invention must be nonobvious to a person with
knowledge in the field related to the invention, meaning
that the person would not automatically arrive at the
present invention from a review of existing ones (i.e.,
trivial variations that are readily apparent to a person
with knowledge in the field related to the invention
cannot be patented).
Invention must be adequately described to the public to
demonstrate “possession” of the invention at the time of
filing.

Invention must enable a person with knowledge in the
field related to the invention to make/carry out the
invention without “undue experimentation” (i.e., to make
the claimed product or carry out the claimed process).

35 USC § 112(1)
Invention must enable a person with knowledge in the
Enablement
field related to the invention to use the invention.
requirement, part II
35 USC § 112(2)
Clarity requirement
35 USC § 112(2)
Best mode
requirement

Invention must be described in clear, unambiguous, and
definite terms.

Invention must set forth the best mode of making or
using the invention, contemplated by the inventor at the
time of filing of the patent application.
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As a result of these limitations, in certain sectors of nanotech,
“patent thickets” exist today that could stifle commercialization
efforts in future. The classic example is the issuance of multiple,
foundational U.S. patents on carbon nanotubes, where a classical
patent thicket exists today [22]. It is hoped that such U.S. patents
will expire before widespread commercialization so that there
will be little or no need for litigation, otherwise such patent thickets
could stifle commercialization efforts. These limitations become
more serious given the fact that the PTO continues to experience
budgetary issues, skyrocketing patent pendency, quality concerns,
and a relatively high attrition of experienced examiners.
Maybe it is time, suggested Bawa, to seriously contemplate
governmental action under the U.S. Bayh–Dole Act of 1980, whereby
an imposition of compulsory licensing or exercise of march-in
rights is considered for certain U.S. “upstream” nanopatents. Some
experts have even urged creation of an open-source type process to
rectify the erroneous issuance of some of these basic nanopatents
so that downstream development and commercialization of
nanopharmaceuticals is not stifled.
In the end, governmental policies, regulatory clarity, valid
patent protection, venture activity, and public confidence are all
critical to nanomedicine commercialization.

20.7

Addressing the Regulatory Gap of
Nanosimilars

During a panel discussion on the global regulation of nanomedicines
and the potential to harmonize guidelines, Gerrit Borchard (School
of Pharmaceutical Sciences Geneva–Lausanne) argued that the
variety of innovative and existing nanomedicines is too complex
and difficult to address to allow the harmonization of even partially
complete guidelines. From the panel discussion, it was concluded
that a more successful approach could be to harmonize regulatory
assessment proposals on follow-on versions of established
nanoparticular therapeutics like most actual representatives of
NBCDs, also referred to as nanosimilars. Such NBCDs are defined
as synthetic (non-biologic), large-molecular nanoparticulate
complexes in which the entire formulation represents the

Addressing the Regulatory Gap of Nanosimilars

pharmaceutically active ingredient. Many classes of parenteral
nanomedicines, such as liposomes, iron carbohydrates, and
glatiromoids, fall under this definition. Common to all NBCDs
is the failure to fully characterize the NBCD by physicochemical
means (Fig. 20.2). The U.S. Pharmacopeial Convention includes
a monograph on iron sucrose injection, and several FDA draft
guidance documents on NBCDs (e.g., liposomal doxorubicin
[23] and iron sucrose [6]) exist. The FDA draft guidance
on iron sucrose dated 2013 recommends extensive in vitro
characterization studies to demonstrate bioequivalence between
the originator and generic products, and recommend particle
size and distribution between originator and generic products to
meet population bioequivalence criteria.
Special consideration has to be paid to the same
ness in
physicochemical properties and the qualitative and quantitative
equivalence between the test and reference product in their
relevant components. This includes stoichiometric ratio, iron
core characterization, composition and surface properties of
the carbohydrate shell, and the labile iron determination under
physiologically relevant conditions. Clinical analyses required
would include (1) single-dose (100 mg diluted and administered
over 5 min), randomized, parallel bioequivalence studies;
(2) measurements of total iron and transferrin-bound iron;
(3) bioequivalence (90% CI) based on the maximum value of the
difference in concentration between total iron and transferrinbound iron over all time points measured; and (4) difference in AUC
between total iron and transferrin-bound iron.
The Committee for Medicinal Products for Human Use
(CHMP) of the European Medicines Agency (EMA) [5] suggested
non-clinical comparabil
ity studies including assessment of iron
distribution in plasma, the reticuloendothelial system (RES), and
target tissues in suitable animal models, realizing that sampling in
serum alone is insufficient to determine bioequivalence between
an originator and a follow-on product. In addition, the “Leiden
proposal” of the joint working party on NBCDs demanded
comparison of safety, minimally in rodents, once pharmaceutical
quality is assured [4]. This example, argued Borchard, shows that
a pure generic approach to show bioequivalence for NBCD is not
sufficient.
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In 2011, the FDA approved the first generic sodium ferric
gluconate iron complex NulecitTM, an alternative to Ferrlecit® for
the treatment of iron deficiency in chronic kidney disease (CKD)
patients. In 2013, the FDA issued a solicitation to evaluate the
therapeutic equivalence of the generic sodium ferric gluconate
iron complex Nulecit and Ferrlecit. This study is part of the FDA’s
post-market surveillance that can help address potential concerns
regarding the quality of generic iron complex products and supports
the agency’s review standards [24, 27]. Several assays, beyond
simple physicochemical characterization, have been suggested to
be used in this approach, including in vitro phagocytosis assays,
tion studies
in vivo uptake of labile iron leakage, iron distribu
in tissues (preclinical species), and non-transferrin–bound iron
(NTBI) formation and comparison of levels in hemodialysis
patients.
Acknowledging the challenges associated with the assurance of
NBCD products, the EDQM [25], a council of the Europe Directorate,
established a non-biological complex (NBC) working party in
2011, following an initiative by the Swiss agency for therapeutic
products, Swissmedic. The working party, headed by Gerrit
Borchard, has the task to elaborate European Pharmacopoeia (Ph.
Eur.) monographs on non-biological complexes (e.g., nanoparticle
solutions, such as iron sucrose concentrated solution) allocated to
the working group by the European Pharmacopoeia Commission.
Working party members are representatives from European
academia, industry, and regulatory authorities.
The Ph. Eur. is the official pharmacopoeia in Europe,
mandatory in 37 European member states and the European
Union [25]. The U.S. and Japanese pharmacopoeias are involved
as observers to achieve global harmonization of pharmacopoeial
standards. The pharmacopoeia defines legally binding quality
standards for all medicinal products in its member states (i.e.,
raw materials, preparations, dosage forms, container compliance
with requirements) [26]. Legislation foresees a mechanism to
provide the pharmacopoeia authority with information on the
quality of products on the market, which ensures that monographs
are routinely updated to reflect the state of the art. The European
Pharmacopoeia is complemented by national pharmacopoeias
for products of interest to only one member state.

Doxil®, the First FDA-approved Nano-Drug

20.8

Doxil®, the First FDA-approved
Nano-Drug: Experience Gained
and Lessons Learned

Yechezkel Barenholz (Hebrew University–Hadassah Medical School)
discussed the development of the first FDA-approved nanodrug,
the anticancer drug Doxil® (pegylated liposomal doxorubicin
(PLD); Caelyx® in Europe), which today, 20 years later, is still
extensively used and remains the gold standard of injectable nanodrugs and drug delivery systems [27–30].
Doxil® is based on three unrelated principles: (1) prolonged
drug circulation time and avoidance of the RES due to the use of
pegylated nanoliposomes [27, 30, 31]; (2) high and stable remote
loading of doxorubicin driven by a transmembrane ammonium
sulfate gradient [32–34], which also allows for drug release at
the tumor (Silverman and Barenholz, unpublished data); and
(3) having the liposome lipid bilayer in a liquid-ordered phase
composed of the high-Tm (53°C) fully hydrogenated soy phos
phatidylcholine together with cholesterol and PEGDSPE [27].
This lipid composition helps to maintain the transmembrane
ammonium gradient and the excellent drug retention during
storage and in vivo in human plasma, and to achieve a zero-order
slow drug release at the tumor site [27, 34]. Owing to the enhanced
permeability and retention (EPR) effect [35, 36], Doxil® is
passively targeted to tumors [31], and its doxorubicin is released
and becomes available to tumor cells by factors related to the
unique tumor microenvironment and metabolism (Silverman
and Barenholz, unpublished data). Doxil®’s success stems from
the lessons learned from the lack of success in clinical trials of a
previous liposomal doxorubicin formulation developed by Gabizon
and Barenholz, which was based on 200–500 nm oligolamellar
negatively charged liposomes (DOX-OLV), in which the positively
charged doxorubicin was passively loaded by electrostatic
interaction (reviewed in Ref. 37). DOX-OLV was designed to treat
liver cancer. In spite of being efficacious in mouse tumor models,
the DOX-OLV formulation failed in human clinical trials due to a
dilution-induced release of most of the drug immediately after
its infusion [37, 38]. This phenomenon was not observed in mice,
where the dilution upon intravenous administration is 300 fold
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less than in humans. In addition, imaging studies revealed that, in
humans, the empty liposomes reach the RES rather than the liver
tumor target. The experience gained from the DOX-OLV studies
in mice and humans led to applying a better understanding of
the crosstalk between physicochemical, nano-technological, and
biological principles, which resulted in the successful development
of Doxil®.
However, in spite of the considerable success of Doxil®’s
large and continuously growing sales worldwide, more than
3 years after the last Doxil®-related patent expired [39], there is
only one FDA-approved generic Doxil® available, although many
companies are trying to develop generics and obtain approval. The
one current generic is Lipodox, which was approved by the FDA
(but not yet by the EMA) in February 2013. Lipodox has replaced
the original product Doxil®/Caelyx, whose availability was very
limited for the last 2 years and recently stopped production
entirely.
The scientific, technological, and regulatory difficulties in
obtaining approval for Doxil® generics can be best understood
from the FDA requirements for approval of Doxil® generics, as seen
in the FDA draft guidance [23] and reviewed by Jiang and
colleagues [40]. The development of a generic equivalent to Doxil®
requires in vitro characterization and chemistry, manufacturing,
and controls (CMC) level assuring the generic has the same drug
product composition, is manufactured by an active (remote)
liposome drug-loading process with an ammonium sulfate gradient,
and shares liposome characteristics with Doxil® at the CMC level
including liposome composition, state of encapsulated drug,
internal environment of liposome, liposome size distribution,
number of lamellae, grafted PEG at the liposome surface, electrical
surface potential or charge, and in vitro leakage rates. The clinical
requirements include (1) a single-dose, two-way cross over study in
ovarian cancer patients whose disease has recurred or progressed
after platinum-based chemotherapy; (2) a dose of 50 mg/m2; (3)
bioequivalence based on 90% CI; and (4) a pivotal bioequivalence
study con
ducted using test product produced by the proposed
commercial-scale manufacturing process (however, due to the
low free doxorubicin plasma level and a large patient-to-patient
variability, such a study becomes a challenge and may require a
large number of patients).

Doxil®, the First FDA-approved Nano-Drug

Other aspects of the comparability studies that cannot be
ignored are the side effects recognized at Doxil’s first clinical trial:
hand and foot syndrome and complement activation [41, 42].
Doxil® development required developing and validating a large
repertoire of QC methods to deal with the chemical, biological,
and physicochemical characterization of a liposomal drug [43].
According to Barenholz, the FDA guideline drafts on liposomal
drugs and on generic Doxil® further increase this repertoire. While
quality control for the chemical aspect of the liposomal drug is
familiar to the pharmaceutical industry, this is not the case for the
unique biological assays (such as quantification of complement
activation) and unique physicochemical assays. The latter include
the use of so
phisticated equipment and methodologies such
as electron microscopy (especially cryo-transmission electron
microscopy, X-ray diffraction (SAXS and WAXS), differentialscanning calorimetry (DSC), and methods to determine size
distribution (such as dynamic light scattering (DLS)).
Figures 20.5 and 20.6 demonstrate the complexity of measuring
size distribution and structure of nanodrugs such as Doxil®
(Caelyx). The Caelyx cryo-TEM (Fig. 20.6) reveals the prolate
ellipsoid shape and the long doxorubicin sulfate crystal whose
presence and structural details were confirmed by small angle Xray diffraction measurements (Ref. 44 and Schilt, Barenholz, and
Raviv, unpublished data). However, the cryo-TEM does not show
the PEG layer, and therefore size measurement based on cryoTEM is misleading. DLS measures the diffusion coefficients of the
liposomes from which hydrodynamic radius (which includes the
PEG layer) can be determined [44]; however DLS assumes a
spherical shape for the liposomes, which is not the case for Doxil®
(Fig. 20.5). X-ray diffraction studies enable determination of the
PEG layer dimension (Ref. 45 and Schilt, Barenholz, and Raviv,
unpublished data). This example demonstrates the need to use
a broad spectrum of physical approaches and methods that
complement each other, such as DLS, X-ray diffraction, and cryoTEM.
The above FDA requirements for the approval of generic
Doxil®, argued Barenholz, can also serve as a good example of the
broad spectrum of requirements for the FDA approval of any nanodrug.
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The 25 years of preclinical and clinical experience with
Doxil® facilitate the initiation of research into developing novel
formulations and means aimed at improving the performance
of PLD and similar drugs by enhancing the therapeutic efficacy
(by optimizing drug release rate at the tumor) and reducing the
major side effects (hand and foot syndrome and complement
activation), thereby further improving the nano-drug’s therapeutic
index.

Figure 20.5 A cartoon of a Doxil®–pegylated nano (<100 nm) unilamellar
liposome. The cartoon is based on cryo-TEM, SAXS, WAXS, DLS,
compressibility, and doxorubicin absorbance and fluorescence.
Courtesy of Prof. Y. Barenholz (Hebrew University–Hadassah
Medical School).

Figure 20.6 Cryo-TEM of Caelyx batch 101371803. Scale bar, 100 nm.

Using Nanotechnology to Change Cancer Care

20.9

Using Nanotechnology to Change
Cancer Care

Currently, most cancer patients first undergo surgery to remove the
tumor, followed by chemotherapy and/or radiation treatment; all
too often such patients present with recurring disease. Lawrence
Tamarkin (CytImmune) proposed a different strategy that relies
upon the unique biology of the newly formed tumor blood vessels
and gold nanoparticles to deliver a potent but toxic vasculardisrupting agent directly to tumors. The underlying rationale for
this strategy is based upon the now established fact that newly
formed tumor blood vessels are inherently leaky, with fenestrations
of 200–400 nm in size [46]. By allowing blood-borne proteins to
leak into the tumor perivascular space, a physical barrier is
created to systemically administered drugs, since the intratumor
interstitial pressure is greater inside the tumor than outside
it, leading to poor penetration of chemotherapeutics [46].
To address this challenge, CytImmune has created a gold
nanoparticle–based drug delivery system (Fig. 20.7) that
(1) avoids immediate immune detection by binding an analog of
polyethylene glycol (PEG–thiol) to the gold nanoparticles’ surface,
and (2) carries the potent but toxic vascular-disrupting agent
tumor necrosis factor  (TNF-) [47]. When injected systemically,
this 27 nm drug, termed CYT-6091, travels safely through the
body, unable to exit the circulation until it reaches the tumor
neovasculature, where the blood pressure forces the particles out
into the tumor. The TNF- on CYT-6091 then binds to the tumor
blood vessel endothelial cells, causing them to die and breaking
down the high intratumor fluid pressure [48]. By equilibrating this
pressure differential, follow-on chemotherapies may penetrate
the tumor more effectively, killing cancer cells better.
Clinically, dosing with 1 mg TNF- followed by chemotherapy
is only safe when administered regionally, not systemically, in the
rescue of tumor-burdened limbs. With this procedure, isolated
limb perfusion, patients have an 85% response rate with just
one treatment [49]. This clinical success forms the rationale for
treating cancer patients with CYT-6091 systemically first, followed
by standard-of-care chemotherapy with the goal of achieving
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similar response rates. However, before a combinational study is
undertaken, a single-agent CYT-6091 trial needed to be conducted
in cancer patients to demonstrate the nanomedicine’s safety.
To that end, the first task was to create a robust, reproducible,
scalable, and cost-effective manufacturing process.
PEG-THIOL

TNF
THERAPEUTIC

TNF TARGETING
LIGAND

Water absorbed by
PEG-Thiol shields
nanoparticle from
form
immune detection

Figure 20.7 The unconventional drug tumor necrosis factor (TNF) is
bound by a thiol linkage to a gold nanoparticle along with PEG.
Courtesy of Dr. L. Tamarkin (CytImmune).

This manufacturing process relies on two large vessels, one
containing colloidal gold and the other a mixture of PEG–thiol
and TNF- (these two molecules do not bind to each other). The
fluid from each container is drawn via a single peristaltic pump
into a Y-connector, where TNF- and PEG–thiol instantaneously
and individually bind to the gold nanoparticles. The resultant
nanomedicine is then ultra-filtered to concentrate the drug for dis
pensing and lyophilizaton. The shelf life for this product is over 3
years when stored at 4°C.
Following IND approval, a dose-escalation Phase I clinical study
was conducted at the NCI, where advanced-stage cancer patients
were injected systemically twice, 2 weeks apart, with CYT-6091.
The first objective was to safely reach a dose level of 1 mg of TNF-

Using Nanotechnology to Change Cancer Care

formulated as CYT-6091, and the second objective was to determine
if the gold particles trafficked to tumors, not healthy tissues and
organs. Both objectives were met [50].
A Phase II clinical trial dosing CYT-6091 before standard-of-care
docetaxel treatment for patients with non-small cell lung cancer
(NSCLC) is planned to determine if pretreatment with CYT-6091
improves response rates to docetaxel.
However, the ideal nanomedicine would deliver the
vascular disruptor TNF- and chemotherapy on the same gold
nanoparticle. While TNF- forms a dative covalent bond with
the gold nanoparticles through available thiol groups found on
cysteine residues in the TNF- protein, small molecule therapeutics,
such as paclitaxel, cannot bind, since there are no available thiol
groups to bind to the gold nanoparticle. Consequently, a linker
containing a distal thiol that releases native paclitaxel either by
self-immolation or hydrolysis was bound to paclitaxel. With these
analogs, various nanomedicine formulations were created using
the same manufacturing process used for CYT-6091. Each
formulation contained TNF-, PEG–thiol, and a paclitaxel analog,
all bound to the same gold nanoparticle.
This formulation, termed CYT-20000, exhibited a number
of features when tested in mice. First, little to no paclitaxel was
released into the circulation. Second, TNF- in the nanomedicine
formulation was essential for tumor targeting and was not de
pendent on TNF- receptors on the cancer cells. Third, paclitaxel
was slowly released in the tumor, suggesting that the nanomedicine
behaved like a slow-release depot in the tumor. Based on these
characteristics, AstraZeneca engaged CytImmune to rescue a potent
but toxic small drug candidate molecule using the CYT-20000
linking chemistry and the CYT-6091 platform.
In closing, the CytImmune family of nanomedicines, built
on TNF- bound to PEGylated gold nanoparticles, relies upon
naturally occurring leaky tumor blood vessels for tumor targeting
and vascular disruption for improved responses to chemotherapy,
leading to the conclusion that solid tumors should be treated with
these nanomedicines first to reduce tumor burden in situ, before
surgical resection.
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20.10 Lessons Learned From Albumin-Bound
Nanoparticles
Neil Desai (Celgene Corporation) applied the lessons learned
from the successful development of Abraxane® (albumin-bound
paclitaxel, nab-paclitaxel) to illustrate the key considerations,
strategies, and major hurdles that occur during the design,
manufacture, and regulatory approval process of nanomedicines.
The strong motivations that drive the rapid advance in this
emerging field come as a result of many potential advantages
conferred by nanomedicines that differentiate them from con
ventional therapies, including the ability to overcome biological
barriers, the effective delivery of hydrophobic drugs and biologics,
specific targeting of disease sites, and improved therapeutic
index.
One of the very first protein nanotechnology-based
chemotherapeutics and one of the many nanomedicines currently
approved by the FDA (Table 20.1), Abraxane is a cremophorfree, albumin-bound nanoparticle formulation of paclitaxel with
a mean particle size of approximately 130 nm that was developed
to leverage the unique transport mechanisms of albumin in
penetrating tumors and to eliminate the toxicities associated
with the cremophor EL/ethanol vehicle used in solvent-based
paclitaxel (Taxol®), resulting in an improved efficacy and safety
profile [51]. Currently approved in metastatic breast cancer,
non-small cell lung cancer, and metastatic pancreatic cancer,
the distinct pharmacology and drug delivery of Abraxane led to
differentiation of its clinical efficacy and safety from conventional
paclitaxel. Desai highlighted that patients who were previously
treated with or refractory to other taxanes could still respond to
Abraxane. Abraxane improves clinical outcomes across multiple
tumor types, including historically non-taxane–sensitive tumors
such as pancreatic cancer. Previous in vitro results from the NCL
demonstrated that conventional paclitaxel but not Abraxane
results in strong complement activation through both classical
and alternative pathways, which is consistent with hypersensitive
reactions and anaphylaxis observed clinically with conventional
paclitaxel. Despite the use of premedication, fatal reactions can
still occur with cremophor–paclitaxel, posing a serious safety issue
[52].

Lessons Learned From Albumin-Bound Nanoparticles

Desai further summarized the clinical and regulatory strategies
for the development of nanomedicines, which can incorporate a
novel active pharmaceutical ingredient or a previously approved
drug. For the latter, developers need to deliberate whether to
compete with an approved drug in the same indications or to
develop new indications unapproved for the conventional drug.
A nanomedicine needs to demonstrate clear advantages over an
approved counterpart or existing therapies to achieve market
and reimbursement success. Incorporating the latest advances
in personalized medicine and molecular profiling, targeted
nanomedicines can utilize additional clinical enrichment strategies
directed toward the target of the carrier and/or the target of
the payload. The car
rier nanoparticle has the capacity to be
engineered to contain different targeting moieties that home to the
overabundance of their targets at the disease site, thus enhancing
the delivery and accumulation of the drug. On the other hand, a
nanomedicine can carry a payload that is a molecular-targeted
therapeutic agent modulating a disease-specific pathway or process.
It is therefore possible that a nanomedicine using a combined
approach may convey additional clinical benefits by incorporating
both a targeted carrier and a targeted payload.
While an innovator nanomedicine will face significant clinical
development and regulatory hurdles, the emerging nanosimilars—
similar or generic versions of an existing nanomedicine—pose a
different set of regulatory challenges. An example of such a
nanosimilar is generic Doxil® (manufactured by Sun Pharma,
Mumbai, India), which was approved by the FDA in February
2013 following a draft guidance for generic Doxil® issued by the
FDA in 2010. Regarding the regulation of nanomedicines, the FDA
recognizes that each case may be different and can require specific
testing and an understanding of critical aspects of physicochemical
properties and structure [53]. The EMA has also paid close
attention to the regulation of nanosimilars and has issued several
relevant reflection papers on intravenous liposomal products,
nanosized colloidal iron–based preparations, block copolymer
micelles, and nanomedicine surface coatings [1]. Like the FDA,
the EMA recognizes that follow-on nanomedicines (nanosimilars)
need a case-by-case evaluation due to the complexity of the
product and that safety of nanomedicines may be different from
traditional medicines. In particular, surface properties such as
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surface ligand orientation can govern the PK, biodistribution,
stability, and intracellular fate of nanomedicines, and thus are
critical for their safety and efficacy. Further, the physicochemical
properties of nanomedicines are critical and sensitive to
manufacturing process (i.e., the process is the product); therefore,
conventional bioequivalence testing may not be enough and
determining the scale of clinical data required for follow-on
nanomedicines is a challenge.
To illustrate the challenges and complexity of testing and
regulating nanosimilars, Desai used Doxil® and Abraxane
as examples. FDA draft guidance for Doxil® indicated that a
nanosimilar drug would need to have the same drug product
composition and equivalent liposome characteristics, and that the
manufacturing process is critical, in addition to other attributes
of pharmacokinetic bioequivalence. In contrast to Doxil®, which
uses well-defined phospholipids as the carrier and circulates in
the body as intact liposomal particles carrying the drug, Abraxane
contains a biologic component, albumin, and the nanoparticles
are designed to dissociate for rapid drug release and distribution.
In addition to clinical PK studies measuring unbound/total
paclitaxel and particle size distribution, the FDA draft guidance
for Abraxane recommends extensive in vitro characterization of
nanoparticles, including particle morphology, size, surface potential,
paclitaxel crystallinity, free and bound paclitaxel or albumin
in reconstituted suspension, the nature of the bond between
paclitaxel and albumin, in vitro release kinetics, and the oligomeric
status of albumin in excipient and drug product [53]. The albumin
component in Abraxane also raises the testing issues related to
biologics and biosimilars, such as immunogenicity. Abraxane
nanoparticles are complex three-dimensional structures with
multiple components, and variations in the manufacturing process
can create unintended changes in critical particle characteristics
as well as product safety and efficacy profile. Therefore, additional
clinical studies may be required to ensure the safety and efficacy
of a nanosimilar drug, because conventional testing methods may
be unable to detect such subtle changes. Desai highlighted that
the urgency of this issue has been underscored by several
unsuccessful attempts in the marketplace to copy the Abraxane
formulation. Alleged nanosimilars of Abraxane marketed in a
non-Western country were unable to maintain the stability of
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nanoparticles in suspension and failed to match the Abraxane
albumin-coating composition, raising serious questions of product
safety and efficacy.
Finally, Desai emphasized the challenges involved in bringing
a novel nanomedicine to the market by showcasing the long
development history of Abraxane from early concept in 1992 to
initial approval in 2005 and the failures of Tocosol (TPGS/Vitamin
E formulation of paclitaxel, Sonus Pharmaceuticals) and Opaxio
(paclitaxel–polyglumex, Cell Therapeutics) in Phase III clinical trials.
The ultimate success or failure of a nanomedicine depends on its
complexity and our knowledge about its mechanisms of transport,
dissociation, pharmacokinetics, biodis
tribution, pharmacology,
and safety, as well as clinical trial design and patient selection.

20.11 Conclusions and Future Perspectives

Active agents that failed as conventional formulations due to
unacceptable toxicity profiles, poor bioavailability, solubility issues,
or physical/chemical inability have been successfully reformulated
as nanopharmaceuticals [1, 17, 18]. Additionally, with targeting
ligands, nanomedicines can be innovative therapeutic agents for
the enhancement of cellular uptake into tissues of interest. From
a business perspective, nanopharmaceuticals offer the ability
to extend the economic life of proprietary drugs and create
additional revenue streams, thereby significantly affecting the
drug commercialization landscape.
Nanopharmaceuticals offer the potential to create
“magic bullets” to improve and innovate the therapeutic armory
to diagnose, prevent, and treat human diseases, both emerging
diseases and those that have not yet been appropriately addressed.
However, the scientific and regulatory gap is large and chal
lenging. It could be addressed most effectively in a multipronged
approach combining scientific and regulatory efforts from
academia, industry, and governmental bodies with a focus on
patient health and safety (Table 20.5).
There has been a classic lifecycle management op
tion
practiced by drug companies in case of reformulation via “nano.”
According to Bawa, nanopharmaceuticals, whether they are
small-molecule drugs, biologic drugs, or NBCDs, are usually not bioe
quivalent to their parent versions (“bulk counterparts”).
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Table 20.5

Recommendations for the FDA Regarding Nanomedicine
Regulation

• Safety and Risk

• On a case-by-case basis and in conjunction with industry, identify unique safety
issues associated with nanomedical products.

• Actively seek product safety data from industry where FDA statutory authority
exists for pre-market review.
• Incentivise and encourage voluntary industry submissions of safety data on
nanomaterials or products that incorporate nanotechnology prior to market
launch, especially in cases (e.g., cosmetics) where the FDA lacks statutory
authority for pre-market review.

• Correlate physiochemical properties with in vivo biological behavior and
therapeutic outcome.

• Since there are few protocols to characterize nanomedicines at the physicochemical,
biological and physiological levels, it is essential to develop a research strategy that
involves adsorption, distribution, metabolism, and excretion (ADME) studies. A
holistic approach to understanding ADME can be realized through the integration
of mechanistic ADME data through the mathematical algorithms that underpin
physiologically-based pharmacokinetic (PBPK) modelling, routinely utilized to
support regulatory submissions for conventional medicines in the US by the FDA and
in Europe by the EMA.
• Develop toxicology tests and conduct physico-chemical characterization (PCC)
studies for nanomaterials. Although complexity and diversity of nanomedicines
pose a problem, biocompatibility and immunotoxicity must be taken into
consideration during preclinical assessment.
• Understand mass transport across membranes and body compartments as well
as biodistribution profiles following administration via a specific route.

• Develop standards that correlate the biodistribution of various nanomaterials
with safety/efﬁcacy by using parameters such as size, surface charge, stability,
surface characteristics, solubility, crystallinity, and density.
• With industry input, create a databank relating to the interactions between
nanomaterials and biological systems.

• Data

• Adapt existing methodologies, as well as develop new paradigms for evaluating
in vivo animal and clinical data pertaining to safety and efﬁcacy of nanomedical
products before and during the product life cycle.
• Develop guidance that provides speciﬁcs as to what kind of data is needed.
• Share data in an internationally harmonized environment.

• Standardization and Nomenclature

• Create reference classes for nanomaterials that are synthesized and
characterized.

• Develop consensus testing protocols to provide benchmarks for the creation of
classes of nanoscale materials.

Conclusions and Future Perspectives

• Create uniform standards for and/or working deﬁnitions of nanomaterials.
Reﬁne the current deﬁnitions of nanomaterial, nanotechnology, nanoscale and
nanomedicine for the purpose of regulation.
• Explore international harmonization efforts and formal treaties.

• In addition to governmental bodies, involve in a major way various standardsetting organizations such as the ISO and ASTM International.
• Consult and collaborate with other federal agencies in a more effective, transparent
manner.

• Tools

• Assist in developing unique tools and techniques to characterize nanoscale
materials as it is well known that minor structural alterations in nanomedicines
can significantly alter biological properties and biodistribution.
• Develop imaging modalities for visualizing biodistribution.

• Develop mathematical and computer models for risk/beneﬁt analysis. Monitor
quality, safety, product liability, and effectiveness.

• Classiﬁcation Scheme

• Reevaluate the current FDA classiﬁcation scheme.

• Develop a classiﬁcation based on (a) function or (b) risk of potential harm.

Copyright © 2016 Raj Bawa. All rights reserved.

Hence, they cannot be automatically con
sidered as generics or
follow-ons and cannot apply for FDA approval via an Abbreviated
New Drug Application (ANDA) under section 505(b)(j) of the
Federal Food, Drug, and Cosmetic Act [20]. Hence, a New Drug
Application (NDA) under the 505(b)(1) route may need to be
filed at the FDA. If a nanopharmaceutical is bioequivalent to its
parent version, an ANDA can be filed to seek regulatory approval.
Therefore, when warranted, the FDA may treat nanoversions
of active ingredients as new chemical entities. This will ensure
that therapeutics that have been previously approved by the FDA
but later modified as “nanoversions” will also undergo a new and
rigorous round of safety testing before market approval [20].
So far, lessons learned show that classical approaches for
drug development and (non-)clinical assessment are partially
erroneous and very costly. In addition, those approaches have
delayed the progress of innovation and left safety concerns. Even
nanoparticular medicines used safely for many years are heavily
challenged when it comes to follow-on versions, where the classical
paradigms for abbreviated authorizations are no longer valid
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because of the lack of full characterization of the follow-on versions
and the lack of knowledge of this new class of drug products not yet
accompanied by appropriate evaluation processes (Fig. 20.1). The
complexity of the products and their non-homogenous structures
defined by laborious and difficult-to-control manufacturing
process involving nanomaterials on several steps is key to their
profile. As a consequence, biodistribution and tissue/cell targeting
is not fully understood with relation to physicochemical prod
uct characteristics. A sameness approach with therapeutic
equivalence of copy products seems likely impossible to reach, and
clinically meaningful differences among comparable drug products
might only be detected through human exposure (Fig. 20.2). The
somewhat vague definition of nanomedicine calls for proper
and globally accepted terminology also addressing concerns and
unnecessary litigations for patent-related issues. Harmonization
and adaptation of regulatory requirements is ur
gently needed,
probably starting with combined efforts from a scientifically
oriented stakeholders group on a simpler and at least partially
well-understood nanomedicine issue. This conference showed,
through the presentations of experts and the intense interaction
with highly interested participants, the relevance and timely need
for education, exchange, and common projects to direct drug
innovation by nanotechnology into a benefit with low and acceptable
risk for patients and improved therapy and restoration of health
for society.
The toxicity of many nanoscale materials is not fully apparent,
and premarket testing of nanomedicines will not detect all adverse
reactions, so it is critical that long-term safety testing be con
ducted. Therefore, postmarket tracking or analogous surveillance
systems need to be adopted to assist in recalls, toxicity data specific
to nanomaterials needs to be collected, and an effective risk
research strategy must be devised.
In the future, novel multifunctional nanopharmaceuticals may
be designed as new generations of drug delivery systems to target
specific organs, tissues, or cells. As we rapidly enter the age of
theranostics, complex combination nanoproducts will continue to
be designed—these are further likely to test the limits of regulatory
authority. Therefore, it is imperative that the regulatory gaps
that currently exist in nanomedicine should be addressed now;
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21.1

Introduction

This chapter addresses the regulation of combination products in
the United States. As the discussion below indicates, combination
products present particular challenges. For example, issues may
arise with respect to premarket data requirements and postmarket
regulatory requirements, as well as associated practical considerations such as information technology needs and collaboration with
other regulated entities.
The following topics are addressed: what products are
considered “combination products”; the standards for determining
whether a product is a combination product and for determining
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which component of the US Food and Drug Administration (FDA)
has primary responsibility for the regulation of a combination
product; how to obtain a formal product classification or
assignment determination from the FDA; premarket review and
post-market regulatory considerations for combination products;
the role of the FDA’s Office of Combination Products (OCP);
examples of expected, near-term regulatory developments in the
US that may be of interest to combination product developers;
international harmonization and coordination activities with
foreign counterparts; and FDA resources for obtaining additional
information.

21.2 What Products Are Considered
Combination Products

In the United States, the term “combination product” refers to a
product comprising any combination of a drug and a device; a
device and a biological product; a biological product and a drug;
or a drug, a device, and a biological product (21 CFR 3.2; see 21
USC 353(g)). Types of combination products include physically
or chemically combined products (such as drug-eluting stents or
syringes marketed prefilled with a drug or biological product);
co-packaged products (such as an ampule of a drug packaged
together with a delivery device, first aid kits that include bandages
and drugs to treat wounds and other injuries, or surgical kits that
include devices and drugs that might be used for a particular type
of surgical procedure); and certain separately distributed but
“cross-labeled” products (as might be the case for a laser and a lightactivated drug that are distributed separately from one another but
labeled specifically for use with one another). See 21 CFR 3.2(e).

21.3 The Standards for Determining If a Product
Is a Combination Product

Because a combination product comprises two or more different
types of medical products (constituent parts), a determination of
whether a product is a combination product begins with determining
the classification of the articles of which it is comprised. If the
product includes at least two, distinguishable medical products

FDA Component with Primary Responsibility for Regulating a Combination Product

that are classified differently from one another, it is a combination
product. Generally, it may be fairly obvious whether a product is
a combination product. A prefilled syringe, for example, clearly
consists of a device (the syringe) and the drug or biological product
contained in the syringe. In some cases, classification may be more
difficult to determine. Regardless of how apparent the classifications
may be, the answer depends on an assessment of which of the
statutory definitions—that for biological product, device, or
drug—best applies to each article of which a product is comprised.1

21.4 The Standards for Determining Which FDA
Component Has Primary Responsibility for
Regulating a Combination Product

The FDA has three components, called “Centers,” that regulate
medical products for humans: the Center for Biologics Evaluation

1Section 201(g) of the Federal Food, Drug, and Cosmetic Act (21 USC 321(g)) provides

that the term “drug” means:
(A) articles recognized in the official United States Pharmacopoeia, official
Homoeopathic Pharmacopoeia of the United States, or official National Formulary,
or any supplement to any of them; and (B) articles intended for use in the diagnosis, cure, mitigation, treatment, or prevention of disease in man or other animals;
and (C) articles (other than food) intended to affect the structure or any function of
the body of man or other animals; and (D) articles intended for use as a component
of any articles specified in clause (A), (B), or (C)… .
Section 201(h) of the FD&C Act (21 USC 321(h)) provides that the term “device”
means:
… an instrument, apparatus, implement, machine, contrivance, implant, in vitro
reagent, or other similar or related article, including any component, part, or
accessory, which is—
(1) recognized in the official National Formulary, or the United States Pharmacopeia,
or any supplement to them,
(2) intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or
(3) intended to affect the structure or any function of the body of man or other
animals, and which does not achieve its primary intended purposes through
chemical action within or on the body of man or other animals and which is not
dependent upon being metabolized for the achievement of its primary intended
purposes.
Section 351(i) of the Public Health Services Act (42 USC 262(i)) provides that:
The term “biological product” means a virus, therapeutic serum, toxin, antitoxin,
vaccine, blood, blood component or derivative, allergenic product, protein (except
any chemically synthesized polypeptide), or analogous product, or arsphenamine
or derivative of arsphenamine (or any other trivalent organic arsenic compound),
applicable to the prevention, treatment, or cure of a disease or condition of human
beings.
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and Research (CBER); the Center for Devices and Radiological Health
(CDRH); and the Center for Drug Evaluation and Research (CDER).
Section 503 of the Federal Food, Drug, and Cosmetic (FD&C) Act
requires that the determination of which Center will have primary
responsibility for the regulation of a combination product be based
upon the “primary mode of action” (PMOA) of the combination
product. See 21 USC 353(g). There are three modes of action for
purposes of this analysis, that of a biological product, a device, or
a drug. See 21 USC 353(g); 21 USC 3.2(k). If the PMOA is provided
by a biological product constituent part, the combination product
is typically assigned to CBER. If the PMOA is provided by a device
constituent part, the combination product is typically assigned to
CDRH, and if the PMOA is provided by the drug, the combination
product is typically assigned to CDER. See 21 USC 353(g)(1); 21 CFR
3.4(a).
PMOA is defined as the mode of action that provides the greatest
contribution to the overall therapeutic effect of the combination
product. See 21 CFR 3.2(m). Like classification, the PMOA may be
obvious in some cases. For example, the drug or biological product
provides the PMOA for a prefilled syringe because the syringe serves
merely to deliver the drug or biological product that then treats
the disease or condition the combination product is intended to
address. In other cases, PMOA may be more difficult to determine,
for example, if more than one constituent part of the combination
product directly contributes to the treatment effect. In such cases,
data on the relative contribution of the different constituent parts
may be needed to make the determination.
However, in some cases, it may not be possible to determine
PMOA directly. For example, if sufficient data are not available on the
relative contributions of the constituent parts to the overall intended
therapeutic effects of the product, or because the product consists
of two articles that address different diseases or conditions, so that
there is no overall therapeutic effect to which either contributes
more than the other. In such circumstances, PMOA is determined
indirectly through the use of an algorithm. See 21 CFR 3.4(b). The
first step of the algorithm asks whether one of the Centers already
regulates a combination product that raises similar questions of
safety and effectiveness to those raised by this combination product.
If there is one such Center, the combination product will be assigned
to that Center. If there is not such a Center, the second step of the
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algorithm applies. Under the second step, the combination product
is assigned based on which Center has the most experience with
the most significant safety and effectiveness issues presented by
the combination product.

21.5

Requests for Designation

Section 563 of the FD&C Act provides that a request for
designation (RFD) may be submitted to obtain a formal, binding
determination from the FDA as to the classification or Center
assignment for a product. 21 USC 360bbb-2. The FDA is required to
respond to RFDs not later than sixty days after they are filed. See
21 USC 360bbb-2(b). If the agency does not respond within that
time-frame, the classification or assignment recommended by the
RFD submitter applies. See 21 USC 360bbb-2(c). A classification
or assignment made through the RFD process can only be changed
either with the consent of the RFD submitter or for public health
reasons based on scientific evidence. See 21 USC 360bbb-2(b),(c);
see 21 CFR 3.9.
RFDs are submitted to OCP, which is charged with determining
whether products should be classified as biological products,
devices, drugs, or combination products, and with assigning
them to the appropriate Center. The FDA permits and encourages
sponsors to seek guidance from OCP before submitting an RFD, to
confirm whether one is needed and to help ensure that the RFD will
be complete for filing. Among other requirements, an RFD must
describe the product, its components and ingredients; state the
product’s intended use; provide the submitter’s understanding of
how the product works; and provide a justification for the product’s
PMOA if the product is a combination product. See 21 CFR 3.7. For
further guidance see How to Write a Request for Designation (RFD),
Guidance for Industry (http://www.fda.gov/RegulatoryInformation/
Guidances/ucm126053.htm).

21.6

Premarket Review Considerations

There are no special premarket standards or requirements
specifically for combination products. The basic concern for them, as

Premarket Review Considerations

for all medical products, is to ensure that they are safe and effective
for their intended uses. While the lead Center for a combination
product is determined based on the PMOA of the product as
discussed above, other Centers may participate in the premarket
review of combination products, bringing to bear their expertise
and informing the review process. See, e.g., 21 USC 360bbb-2(g)(1),
(4)(C).
A principal consideration for combination products is to
ensure that product development and testing addresses all
relevant considerations relating to each constituent part and
their interactions. Accordingly, for example, in assessing whether
a syringe is an appropriate delivery device for a particular drug,
relevant considerations would include whether the syringe interacts
with the drug, whether it will deliver the correct drug dosage, and
whether the integrity of the syringe material can be maintained
in accordance with the combination product’s shelf-life. Similarly,
in the case of a drug-eluting stent for example, considerations
for the drug constituent part would include (in addition to its
effectiveness to achieve its intended therapeutic purpose) such
factors as whether the formulation of the drug is appropriate in light
of the need to control the elution rate and resist flaking from the
stent.
Strong, clear business arrangements between regulated entities
can be important to obtaining marketing authorization. Access
to third-party proprietary data submitted by one manufacturer,
for example, can reduce data development demands and expedite
product review and approval, including with respect to postmarket changes. A related issue with regard to cross-labeled
combination products in particular, is whether it makes better
sense to seek a single marketing authorization for the combination
product or to seek separate marketing authorizations for each of
the separately marketed constituent parts of the combination
product. Separate applications may facilitate further development
of these constituent parts for independent uses not involving
the other constituent part. However, reliance upon separate
applications may also pose challenges, for example, with respect
to coordination of post-market modifications to either constituent
part, particularly if the applications are held by different
sponsors. FDA provide that FDA can require two applications
in appropriate cases for combination products. See 21 CFR 3.5(c).
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21.7

Post-Market Regulatory Considerations

In the context of two rulemakings, for postmarketing safety
reporting (PSR) and for current Good Manufacturing Practices
(CGMPs), for combination products, among other contexts the
FDA has stated that combination products are subject to the
legal requirements applicable to their constituent parts, and that
combination products comprise a distinct category of medical
products that can be regulated in light of the distinct regulatory
considerations they raise. See Current Good Manufacturing Practice
Requirements for Combination Products (final rule), 78 FR 4307
(https://www.federalregister.gov/articles/2013/01/22/201301068/current-good-manufacturing-practice-requirements-forcombination-products); Postmarketing Safety Reporting for
Combi-nation Products (proposed rule), 74 FR 50,744 (https://
www.federalregister.gov/articles/2009/10/01/E9-23519/
postmarketing-safety-reporting-for-combination-products).
The FDA has taken a similar approach in both rulemakings
for PSR and for cGMPs. Specifically, for each topic the agency reviewed the regulations applicable to biological products, drugs, and
devices, and assessed in which ways those sets of regulations overlap
and in which ways they may be distinct. Based on this review, the
FDA developed approaches it states are intended to enable regulated
entities to comply with the multiple sets of regulations applicable
to their combination product without unnecessary redundancy
of requirements or burden. In both cases, the FDA has pursued an
approach under which some regulations applicable to constituent
parts of the combination product must be implemented in their
entirety while only specified provisions of other such regulations
need to be met. These two rulemakings offer some insight as to the
FDA’s thinking regarding what requirements apply to combination
products and how to clarify and streamline appropriate measures
to comply with them. Further insight can be expected from the
finalization of the PSR rule and other policy initiatives announced
by the FDA such as those noted in the discussion of near-term
developments below.
As in the premarket context, various staff from Centers other
than the lead Center and from other FDA components may participate

Figure 21.2 The OCP chart.
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in post-market regulatory activities for combination products.
Such coordination may be appropriate, for example, to ensure staff
with appropriate expertise participate in site inspections, assessing
and responding to post-market event, and the review of post-market
changes to products.

21.8

Role of Office of Combination Products

OCP is a statutorily mandated office tasked with oversight for the
regulatory lifecycle of combination products and to serve as the focal
point for resolving combination product issues raised by agency
staff and stakeholders. OCP responsibilities include ensuring the
timely, effective premarket regulation of combination products and
their consistent and appropriate post-market regulation. See 21 USC
353(g)(4). OCP undertakes a wide range of activities in accordance
with this mandate, including: responding to RFDs as discussed
above; facilitating the consultation process between Centers and
other FDA components on combination product regulatory issues;
offering input on regulatory issues; convening working groups
and coordinating initiatives to develop policies; participating in
agency working groups and initiatives that may affect regulation
of combination products; and resolving disputes within the FDA
and between FDA and regulated entities. In addition, OCP acts as
a resource to combination product developers and manufacturers
to answer regulatory questions and facilitate interactions with the
agency, including Center review staff, field staff, and enforcement
and inspectional personnel.

21.9 Near-Term Developments That May Arise
in the US

OCP and other FDA components have announced various projects that
may be of particular interest to combination product developers and
manufacturers. These include: continued development of productspecific guidance for imaging products, injectors, and drug-eluting
stents. In addition, OCP has announced plans to develop further
general guidance for combination products on post-marketing
changes, registration and listing, human factors studies, and crosslabeled combination products. Also, the FDA has announced plans
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for finalizing draft guidance on cGMPs for combination products
and finalization of its proposed rule on postmarketing safety
reports for combinatin products. FDA is also continuing efforts
on guidance on standards to determine whether medical
products should be classified as biological products, devices,
drugs, or combination products.

21.10 International Harmonization and
Coordination Activities with Foreign
Counterparts

The FDA has expressed interest in working with foreign counterpart
agencies to promote coordination and convergence of activities with
respect to combination products. Some preliminary discussions
have taken place with Australian, Canadian, European, and
Japanese regulators regarding identification of topics of shared
interest. In addition, OCP continues to work with and provide
technical assistance to foreign counterparts throughout the world.
A practical consideration is that harmonization and coordination
with respect to combination products largely depends on related
efforts with respect to biological products, devices, and drugs.
Accordingly, progress on some topics may depend on preliminary
work with respect to each of these types of products.

21.11 FDA Resources for Obtaining Additional
Information

For further information, OCP’s Web page on the FDA Web site is an
excellent resource: http://www.fda.gov/CombinationProducts/
default.htm. In addition, as noted above OCP itself is an important
resource to address questions and obtain assistance for engaging
with the FDA on regulatory issues for combination products and
medical product classification issues.
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22.1

Introduction: Legal Basis

In Europe, there are two regulatory routes for drug–device
combination products, either as medical devices incorporating
ancillary medicinal substances or as medicinal products utilizing a
delivery device.
Following are the regulations covering these two options:
• Medical Devices Directive 93/42/EEC (MDD)/Active Implantable Medical Devices 90/385/EEC (AIMDD)
• Medicinal Products Directive 2001/83/EC (MPD)

As a general rule, a combination product is regulated either
by the MDD/AIMDD for the conformity assessment procedure

Note: The medical device directives are undergoing revision at the time of publication–
please refer to the EC website for current information: http://ec.europa.eu/growth/
sectors/medical-devices/regulatory-framework/revision/index_en.htm
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com
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relevant to medical devices or by the MPD for the marketing
authorization procedure applicable to medicinal products. The
procedures of both Directives do not apply cumulatively; however,
some cross-references are made within one regime to specific
requirements of the other regime.
The two procedures have different requirements and the
correct classification is crucial for development and regulatory
approval of a combination product in Europe.
The appropriate regulatory procedure depends upon the
principal mode of action of the combination product.
• Drug-delivery products presented as an integral combination
with a medicinal product are regulated as medicinal
products.
		
Example: pre-filled syringes
• Drug-delivery products presented separately from the
medicinal product are regulated as medical devices.
Example: drug delivery pump
• Medical devices incorporating, as an integral part, an ancillary
medicinal substance are regulated as medical devices but
with additional requirements for the ancillary medicinal
substance.
Example: drug-eluting stent

Guidance on which regulations are applicable, particularly in
cases where the principal mode of action is not clear, can be found in
the MEDDEV 2.1/3: EC Guidance document on “Borderline products,
drug-delivery products and medical devices incorporating, as
an integral part, an ancillary medicinal substance or an ancillary
human blood derivative”. See the European Commission website
[1].
The information provided in the following sections is based,
to a large extent, on the text of the MEDDEV 2.1/3 document. The
reader is directed to this document for more detailed information
and examples of drug–device combination products. Although the
guidance does not specifically refer to nanomaterial medicines or
devices, the principles to be applied in deciding upon classification
remain the same.
However, in 2014 the EC Scientific Committee on Emerging and
Newly Identified Health Risks (SCENIHR) published a Preliminary
Opinion on the Guidance on the Determination of Potential
Health Effects of Nanomaterials Used in Medical Devices. This
stimulated discussion of the borderline and combination product
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considerations of nanomaterials. As a result of comments made on
the Preliminary Opinion, additional text and clarification on these
topics was added to the final document, published January 2015.
The reader is referred to the comments document for detailed
discussion of particular products and borderline/combination
issues [2]. In addition to recognition that similar products may be
regulated as either medical devices or medicinal products (which
will be dependent on claimed mode of action, supporting scientific
evidence and/or interpretation by regulatory bodies) it was noted
that there is a divergence in data requirements between EU and
US for the same product. Also, a particular challenge is the subject
of complex combination products involving nanotechnologies,
e.g., a combination may include one or more medical devices in
addition to an injected “medicinal product”. Various combinations
of drugs, nanomaterials and activating devices are possible and
these combination products are increasingly likely in the future.
The document primarily focusses on medical devices, however,
it is helpful that reference to the EMA’s reflection papers on
injectable nanomedicines is included [2]. During the writing of
this chapter, another useful reference was published by RIVM,
The National Institute for Public Health and the Environment, The
Netherlands, entitled “Assessing health and environmental risks of
nanoparticles: current state of affairs in policy, science and areas of
application.” The reader is referred to the very useful Chapter 6 on
Nanomedicine, discussing the regulation of both medical devices
and medicinal products and questioning whether the currently
used risk assessment strategies and testing methods provide
a sound scientific basis for adequate evaluation of the quality,
safety and efficacy of these products within the current regulatory
frameworks [3].

22.1.1

Definitions

22.1.1.1 Medical device
Article 1(2) (a) MDD defines a medical device as

Any instrument, apparatus, appliance, software, material or
other article, whether used alone or in combination, including the
software intended by its manufacturer to be used specifically for
diagnostic and/or therapeutic purposes and necessary for its proper
application, intended by the manufacturer to be used for human
beings for the purpose of:
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• diagnosis, prevention, monitoring, treatment or alleviation of
disease,
• diagnosis, monitoring, treatment, alleviation of or compensation for an injury or handicap,
• investigation, replacement or modification of the anatomy or of
a physiological process,
• control of conception,
and which does not achieve its principal intended action in
or on the human body by pharmacological, immunological or
metabolic means, but which may be assisted in its function by such
means.

The medical device function is usually achieved by physical
means (including mechanical action, physical barrier, replacement
of or support to organs or body functions).

22.1.1.2 Medicinal product

Article 1(2) MPD defines a medicinal product as follows:

(a) Any substance or combination of substances presented as
having properties for treating or preventing disease in human
beings; or

(b) Any substance or combination of substances which may be
used in or administered to human beings either with a view
to restoring, correcting or modifying physiological functions
by exerting a pharmacological, immunological or metabolic
action, or to making a medical diagnosis.

This definition comprises two limbs, one relating to presentation
and the other to function. A product constitutes a medicinal product
if it is covered by one or other or both of those limbs.
The definition of a medicinal product is applied on a case by
case basis and determination takes into account current European
Case Law. The Medicinal Products Directive (MPD), Article 2(2), is
clear that, in cases of doubt, taking into account all of a product’s
characteristics, if a product meets both the definition of a medical
device and a medicinal product, then the MPD will apply.

22.1.1.3 Combination products: Principal mode of action

The principal intended action of a combination product is determined based on the mechanism of action of the device and medicinal
substance aspects.

Introduction

The manufacturer’s labelling and claims are also taken into
account, but they should be in line with, and not contradict, current
scientific data. The product manufacturer should be able to justify
scientifically their rationale for the design and classification of
the combination product.

Useful definitions from MEDDEV 2.1/3

“Pharmacological means” is understood as an interaction
between the molecules of the substance in question and a cellular
constituent, usually referred to as a receptor, which either results
in a direct response, or which blocks the response to another
agent. Although not a completely reliable criterion, the presence of
a dose-response correlation is indicative of a pharmacological
effect.
“Immunological means” is understood as an action in or on the
body by stimulation and/or mobilisation of cells and/or products
involved in a specific immune reaction.
“Metabolic means” is understood as an action which involves an
alteration, including stopping, starting or changing the speed of the
normal chemical processes participating in, and available for, normal
body function.
Medical devices may be assisted in their function by pharmacological, immunological or metabolic means, but as soon as
these means are not ancillary with respect to the principal intended
action of a product, the product no longer fulfils the definition of
a medical device and the product will be regulated as a medicinal
product.

Examples
Bone cements and gentamicin-loaded polymethylmethacrylate
(PMMA) beads are useful examples of combination products for
illustration of the classification rules:
• Plain bone cement without antibiotics is a medical device
since it achieves its principal intended action (the fixation of
prosthesis) by physical means.
• Bone cements containing antibiotics, where the principal intended action remains fixation of prosthesis, are also medical
devices. In this case the action of the antibiotic, which is to
reduce the possibility of infection being introduced during
surgery, is clearly ancillary.
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• If, however, the principal intended action of the combination
product is to deliver the antibiotic (for example, gentamicinloaded beads for insertion into and withdrawal from an
infected bone cavity), this will be regarded as a medicinal
product with the beads acting as a delivery device for local
action of the gentamicin.

Note: at the time of publication, these definitions were being
considered for revision–the reader is directed to the current version
of MEDDEV 2.1/3.

22.1.1.4 Borderline products: MEDDEV 2.1/3

The EC guidance document MEDDEV 2.1/3 is an extremely useful
document which provides detailed information on the classification
criteria between medical devices and medicinal products. In cases
where it is not clear which regulatory regime applies, numerous
examples and explanatory notes are provided to aid in the decision
making process.

22.1.1.5 Borderline products: Manual of decisions

There have been a number of cases of disagreement about classification over the years, between manufacturers and notified
bodies and also between different notified bodies and medicines
competent authori-ties (the EU national regulatory bodies for
medicines). A Medical Device Expert Group (MDEG) on Borderline
and Classification issues has been set up to discuss products where
there is a divergence of opinion across Europe. The Expert Group
meets regularly to help reach agreement on classification issues.
The decisions of the MDEG on Borderline and Classification are
published in the Manual of Decisions available on the European
Commission website [4]. However, the manual is designed to aid
case-by-case application of the legislation by the competent
authorities and is not a legal document itself.

22.2

Combination Products Regulated as
Medicinal Products

This classification refers to devices that are intended to administer
a medicinal product in the case where the device and the medicinal

Drug-Delivery Products Regulated as Medical Devices

product form a single integral product, which is intended exclusively
for use in the given combination and which is not reusable.
According to the MDD, this single product is governed by the
MPD but the relevant essential requirements of Annex I to the MDD
apply as far as the safety and performance-related device features
are concerned.

22.2.1

Examples of Combination Products Regulated
as Medicinal Products

• Pre-filled syringes containing pharmacologically active
products
• Aerosols containing a medicinal product
• Patches for transdermal drug delivery
• Implants containing medicinal products in a polymer matrix
whose primary purpose is to release the medicinal product
• Intrauterine contraceptives whose primary purpose is to
release progestogens
• Temporary root canal fillers incorporating medicinal
products, whose primary purpose is to deliver the medicinal
product

22.3

Drug-Delivery Products Regulated as
Medical Devices

This category refers to devices that are intended to administer a
medicinal product, but are not combined with a specific medicinal
product. They may be re-useable and may be used with different
medicinal products.
In this case, that device is governed by the MDD or the AIMDD.

22.3.1
•
•
•
•
•

Examples of Drug-Delivery Products Regulated as
Medical Devices

Drug delivery pump
Implantable infusion pump
Iontophoresis device
Nebulizer
Syringe, jet injector
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• Spacer devices for use with metered dose inhalers
• Port systems

22.4 Combination Products Regulated as
Devices Incorporating, as an Integral Part,
an Ancillary Medicinal Substance
These relate to a device that incorporates, as an integral part, a
medicinal substance which, if used separately, may be considered
to be a medicinal product and which is liable to act upon the body
with action that is ancillary to that of the device.
In this case, the principal mode of action is attributable to the
device element and the medicinal substance has a secondary effect.
The device is assessed and authorised in accordance with the
MDD or the AIMDD, with additional requirements in line with
MPD applied to the medicinal substance component.
According to the directives, the substance incorporated in the
device must meet the three following conditions:
• The substance, if used separately, may be considered to be a
medicinal product.
• The substance is liable to act upon the human body.
• The action of this substance is ancillary to that of the device.

In addition, a medical device incorporates a medicinal substance
as an integral part, within the meaning of the directives only if the
device and the substance are physically or chemically combined at
the time of administration (i.e., use, implantation, application, etc.)
to the patient.

22.4.1
•
•
•
•

Examples of Devices Incorporating an Ancillary
Medicinal Substance

Drug eluting stents
Catheters coated with heparin or an antibiotic agent
Bone cements containing antibiotic
Root canal fillers which incorporate medicinal substances
with ancillary action
• Bone void filler intended for the repair of bone defects where
the primary action of the device is a physical means or matrix,

The Consultation Process

which provides a volume and a scaffold for osteoconduction
and where an additional medicinal substance is incorporated
to assist and complement the action of the matrix by enhancing
the growth of bone cells
• Condoms coated with spermicides

22.4.2
•
•
•
•
•

Examples of Drug Substances Incorporated
into Devices

Antibiotics, e.g., gentamicin, vancomycin
Other anti-microbials, e.g., silver, chlorhexidine, rifampin
Anti-proliferatives, e.g., paclitaxel, sirolimus
Heparin
Dexamethasone

22.4.3

Assessment of the Medicinal Substance Aspects
of a Device Incorporating an Ancillary Medicinal
Substance

For devices incorporating, as an integral part, an ancillary medicinal
substance, the notified body should first of all verify the usefulness
of the substance as part of the medical device themselves. They
must then seek a scientific opinion from one of the EU competent
authorities for medicines on the quality and safety of the substance
including the clinical benefit/risk profile of the incorporation of
the substance into the device.
The aspect of “usefulness” is interpreted as the rationale for
using the medicinal substance in relation to the specific intended
purpose of the device. It refers to the suitability of the medicinal
substance to achieve its intended action, and whether the potential
inherent risks (aspect of “safety”) due to the medicinal substance
are justified in relation to the benefit to be obtained within the
intended purpose of the device.

22.5

The Consultation Process

The notified body and the manufacturer may choose the EU
competent authority with whom they consult. However, the European Medicines Agency (EMA) must be consulted for all medical
devices incorporating ancillary human blood derivatives, e.g., human
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albumin or medicinal products manufactured using biotechnological processes (i.e., those falling within the scope of Annex I to
Regulation (EC) No. 726/2004 [1]).
In accordance with MEDDEV 2.1/3, Section C, the notified body
should ensure that data supplied by the manufacturer in relation
to the device and its intended use includes a specific segment
regarding the medicinal substance being incorporated with
ancillary purpose. Detailed submission guidance is available on
the websites of EMA, MHRA and other competent authorities (See
section 22.6.2.3).

22.6 Information to Be Provided on the
Ancillary Medicinal Substance
22.6.1

General

Information addressing the safety, quality and usefulness of the
medicinal substance should be prepared by the manufacturer,
submitted to the notified body, and then forwarded by the notified
body to the competent authority (e.g., MHRA in UK). In addition,
a report on the usefulness of the medicinal substance should be
prepared by the notified body and included with the application
form.
Because of the wide range of medical devices which incorporate,
as an integral part, an ancillary medicinal substance, a flexible
approach to the data requirements is necessary. However, the
information should be based in principle and to the relevant extent
on Annex 1 to Directive 2001/83/EC (MPD).

22.6.2

Quality, Safety, Usefulness (Clinical Benefit/Risk)

22.6.2.1 Quality
Relevant information should be provided on both

• the drug substance itself and
• the drug substance as incorporated into the medical device.

With regard to the drug substance, evidence should be provided
that the drug substance is manufactured to a high, reproducible
quality and is suitably controlled by an appropriate specification.

Information to Be Provided on the Ancillary Medicinal Substance

Where a European Pharmacopoeia (PhEur) monograph exists
for a substance, the specification should be that of the PhEur as a
minimum.
With regard to the combination product, information relevant
to the medicinal substance should be provided, i.e., on the
quantitative composition, details of manufacture, control of critical
excipients, and control of intermediate and finished products.
Validation data should be provided where appropriate, in particular
for analytical methods. The data submitted should demonstrate
that the amount of medicinal substance incorporated is based on
safety and efficacy considerations, that it can be suitably controlled
within specified limits, that it is evenly distributed within/across
the device as necessary, is released at the intended rate for the
necessary duration and maintains satisfactory performance over
the shelf-life of the product.

22.6.2.2 Safety and usefulness (clinical benefit/risk)

There should be a clear rationale and safety consideration for
including the ancillary medicinal substance at the proposed dose.
Where well-known medicinal substances for established
purposes are involved, original data on all aspects of safety and
usefulness may not be required and many of the headings of
Annex 1 to Directive 2001/83/EC will be addressed by reference
to literature sources, including standard textbooks, experience and
other information generally available. However, all headings should
be addressed, with either relevant data or justification for absence of
data, based on the manufacturer’s risk assessment.
For new active substances and for known medicinal substances
for a non-established purpose, comprehensive data is required
to address the requirements of Annex 1 to Directive 2001/83/
EC. The evaluation of such active substances would be performed
in accordance with the principles of evaluation of new active
substances.

22.6.2.3 Guidance

MEDDEV 2.1/3, Section C, provides guidance on the consultation
procedure for devices incorporating ancillary medicinal substances
or ancillary human blood derivatives [1]. In addition, the EMA and
national competent authorities publish guidance on procedures
and documentation requirements for the consultation [5a, 6b].
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There are also a number of useful European guidelines relating
to the quality, safety and efficacy of medicinal substances as used in
medicinal products which can be found on the EMA website [5b] and
in these consultation guidance documents.
It is not intended that the guidelines should be strictly adhered
to for ancillary medicinal substances used in devices, however,
as for medicinal product evaluation, justification for the use of
different approaches should be provided.

22.7

Other Combination Products

This chapter has focused on the combination of medical devices with
chemical medicinal substances. There are also other combination
products in the early developmental stage, e.g., gene therapy, cell
therapy, tissue engineered products combined with medical devices
such as scaffolds, implants, stents and extracorporeal circuits.
These combinations are regulated as advanced therapy
medicinal products (ATMP) and are assessed centrally by the
Committee for Advanced Therapies (CAT) and CHMP at EMA.
In this case, consultation with a notified body is required on
the device aspects in a similar manner to consultation with a
competent authority on the medicinal substance aspects of devices
incorporating an ancillary medicinal substance. A similar approach
has also been proposed for medicinal products incorporating
integral medical devices, in relation to the revision of the medical
device directives.
More information on ATMP products can be found on the EMA
[5c] and MHRA websites [6c].
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23.1

Introduction

A simple online search finds numerous remarkable nanoscale
materials that seem to be on the verge of path-breaking new
applications. Illustrative examples include chitosan nanoparticles
(which could transport medications to specific disease-targets in
the body), nano-cellulose (which can produce exceptionally fine
screens for testing purposes and turn ordinary wearing apparel into
body armor), carbon nanotubes (which can increase energy storage
This chapter is reprinted with kind permission of Nanotechnology Law & Business
(Pasadena, California, USA) and originally appeared in Nanotechnology Law &
Business, 11, 39–47 (2014).
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Content copyright © 2014 Nanotechnology Law & Business
Layout copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
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efficiency in batteries and could also help desalinize sea water),
titanium dioxide (whose anti-biofouling properties could give ship
hulls greater longevity and longer service between overhauls),
nanoscale mineral zeolites (which can retard evaporation and
thereby maintain scarce supplies of fresh water), nanostructured
glass and tungsten (which give military ordnance greater armorpiercing capability), and nanoscale zero-valent iron (which can
help remediate environmental hazards).
While the steady accumulation of remarkable new potential
uses for nanotechnology seems to be accelerating, actual
commercialization has not kept pace for two related reasons. First,
in many cases nanotechnology involves new chemicals and
substances that are subject to pre-manufacture review under the
federal Toxic Substances Control Act of 1976 (TSCA) [1]. For new
chemicals subject to TSCA, the transition from the laboratory
to the marketplace cannot take place unless the developer has
first provided a pre-manufacture notification (PMN) to the
Environmental Protection Agency (EPA) allowing the agency to
conduct a review that will help determine whether the substance
can be handled, manufactured and used in ways that will safeguard
both the Environment and Human Health and Safety (EHS). Unlike
regulation of chemicals in Europe, under TSCA the burden is on
the agency to show an unreasonable risk, i.e. the PMN is
automatically approved after 90 days (which can be extended
for a second 90 days) unless EPA determines that the substance
“may present an unreasonable risk of injury to health or the
environment.” So in cases where EPA chooses not to comment or
take action on the PMN, there is no actual, affirmative safety
“approval.” And even in instances where EPA takes specific action
on a PMN and imposes conditions (see below), no positive safety
affirmation will thereby necessarily have been pronounced by the
agency.
Second, developers and their financial supporters may be
loath to commit resources to innovative projects unless they see
a reasonably clear regulatory path to product approval. There is
also the longer-term concern about potential liability risk—will
these new materials cause EHS harms that might expose developers
and manufacturers to potentially massive legal liability? And to
take one step further, might the pre-manufacture regulatory
approval process give the materials the practical equivalent of an

Standard-Setting

actionable EHS “clean bill of health”—i.e., one that could provide
a solid defense to the future EHS claims that will predictably be
filed by individuals and groups who may assert they have been
injured by exposure to the nanoscale material?
In the United States numerous nanoscale substances have
long been working their way through EPA’s regulatory review
process. At the same time a parallel, foundation-building effort
by domestic and international standard-setting bodies has been
underway to develop a system of uniform, consensus-based
standards and methods for addressing and hopefully resolving EHS
risk assessment questions. The two systems—standard-setting
and regulatory review—are currently moving forward slowly
and in tandem. In the meantime there has been almost no hint of
the litigation outbreak that some have been predicting would
accompany the arrival of nanotech products [2]. As a consequence,
U.S. courts have not yet spoken on important legal questions
determinative of how nanoscale materials and product applications
will fare when confronted with EHS liability claims, and thus
industry cannot yet make plans with a high degree of confidence
that their new nanotech products will be free of (or protected
from) potential liabilities in the U.S. tort system.
Set forth below is a brief summary of some of the more
important recent nanotechnology-related developments in the
U.S. regarding standards, regulatory approvals and court rulings.

23.2

Standard-Setting

The first challenge for business firms and regulatory agencies
responsible for EHS assessment of new chemical substances is
to have an agreed, reliable, widely-recognized evaluation system
that gives a high degree of assurance regarding the nature of the
material being tested; the measurement devices, techniques and
test methods that must be used to ensure the evaluation will be
accurate; and the levels and routes of potential human exposures
that are most likely to be meaningful.
A host of domestic and international standard-setting bodies
have been addressing these issues in the nanotechnology field for
many years. These include the International Standards Organization
(ISO) Technical Committee (TC) 229 [3], the American National
Standards Institute (ANSI) [4], the American Society of Testing
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Materials (ASTM) International Committee E56 [5], and the National
Institute of Standards and Technology (NIST) [6]. Inter-governmental groups like the Organization for Economic Cooperation &
Development (OECD) Working Party on Nanotechnology [7] and
industry sector entities like the International Electrotechnical
Commission [8] have also been actively involved.
Among the topics that have generated published standards
in the field of nanotechnology are the most basic ones: how to
define and characterize nanoscale materials, how to measure
and classify them, how to determine exposures, and how to
communicate relevant information about potentially problematic
exposures to stakeholders and the public. Some examples of
these published threshold standards are listed below [9]:

Definition/Characterization

(a) ASTM International E2456–standard entitled: “Standard
Terminology Related to Nanotechnology.”
(b) International Electrotechnical Commission IEC 62565-2-1–
standard
entitled:
“Nanomanufacturing—Material
Specifications—Part 2–1: Single-Wall Carbon Nanotubes
Material Specifications-blank detail specification.
(c) International Organization for Standardization 14101standard entitled: “Surface Characterization of Gold
Nanoparticles for Nanomaterial Specific Toxicity Screening:
FT-IR method.”

Measurement/metrology standards

(a) ASTM International E2859—standard entitled: “Standard
Guide for Size Measurement of Nanoparticles Using Atomic
Force Microscopy.”
(b) Organization of Economic Cooperation & Development—
Working Party on Manufactured Nanomaterials ENV/
JM/MONO (2012) 40—standard entitled: “Guidance on
Sample Preparation and Dosimetry for the Safety Testing of
Manufactured Nanomaterials.”

Exposure testing standards

(a) International Organization for Standardization ISO/DIS
14644-12—standard entitled: “Clean Rooms and Associated

The Role of Standards Compliance in the Determination of Product Safety

Controlled Environments—Part 12: Classification of Air
Cleanliness by Nanoscale Particle Concentration.”
(b) Organization of Economic Cooperation & Development—
Working Party on Manufactured Nanomaterials ENV/JM/
MONO (2010) 47—standard entitled: “Compilation and
Comparison of Guidelines Related to Exposure to
Nanomaterials In Laboratories.”

Labeling and disclosure standards

(a) ASTM International E2909—standard entitled: “Standard
Guide for Investigation/Study/Assay Tab-Delimited Format
for Nanotechnologies (ISA-Tab-Nano): Standard File Format
for the Submission and Exchange on Nanomaterials and
Characterizations.”
(b) International Organization for Standardization TR 13329–
standard entitled: “Nanomaterials–Preparation of Material
Safety Data Sheets (MSDS).”
(c) International Organization for Standardization TS 13830–
2013 (en)—standard entitled: “Nanotechnologies—Guidance
on Voluntary Labeling for Consumer Products Containing
Nano-Objects” [10].

23.3

The Role of Standards Compliance in the
Determination of Product Safety

Certainly companies that are developing new nanotechnologyenhanced products will want to be sure their products comply
with all applicable safety-related standards. Unfortunately, mere
compliance with safety standards will not guarantee that the
compliant product will be exonerated if an injury or accident
occurs to a production worker as the product is being made, or to a
user or consumer after the product enters the marketplace. Under
the law of strict product liability as it is applied in most states in
the US, compliance with safety standards is treated as being
“relevant” evidence that may be probative of the product’s positive
safety features. But mere compliance is not dispositive of the
question whether the product might nonetheless present an
unreasonable safety risk. A recent statement by an appellate court
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in California provides a good example of the way most courts in
the US treat the defense of standards compliance in tort cases:
Deviation from an industry norm is not necessarily the test for
a defective product … . When the plaintiff alleges strict product
liability/design defect, any evidence of compliance with industry
standards, while not a complete defense, is not “irrelevant,” but instead
properly should be taken into account through expert testimony as
part of the design defect balancing process … . [E]xpert evidence
about compliance with industry standards can be considered on the
issue of defective design, in light of all other relevant circumstances,
even if such compliance is not a complete defense. [11]

23.4

Regulation of Existing and New Nanoscale
Substances by the EPA

The main federal agencies that have been given responsibility
for assessing the ESH characteristics of nanoscale materials are:
(a) for environmental hazards—the Environmental Protection
Agency (EPA) [12], (b) for worker safety—the Occupational Safety
and Health Administration (OSHA) [13] and the National Institute
for Occupational Safety and Health (NIOSH) [14], and (c) for
consumer safety—the Food and Drug Administration (FDA) [15].
Each of these agencies has also been collaborating with the others
on nanotechnology research and development activities under
the federal government’s National Nanotechnology Initiative,
formed in 2000 [16].
EPA is the federal agency with broadest authority for
conducting EHS review of nanoscale substances, and so for the
sake of illustration and brevity this summary of recent US regulatory
developments will focus on that agency and in particular its
authority under TSCA. EPA exercises a wide range of regulatory
authorities over both “existing” nanoscale substances listed on the
agency’s “TSCA Inventory” and “new” nanoscale substances [17],
as exemplified by a number of recent actions. Thus, on August 27,
2013, the agency conditionally registered an existing nanosilver
product as an anti-microbial pesticide for use in suppressing odor
and stain-causing bacteria in plastics and textiles [18]. The agency
conditioned its registration approval on a requirement that the
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company generate additional information, including data on the
size of the nanosilver particles.
More broadly, EPA has authority under Sec. 8(a) of TSCA to
require reporting of available use, production volume, exposure
and toxicity data for existing nanoscale materials on the agency’s
TSCA Inventory [19]. Similarly, under Sec. 4(a) of the Act the
agency is authorized to develop test rules for chemical
substances, and EPA announced in its regulatory agenda for
Spring 2011 that it was planning to exercise this authority with
respect to “certain clays (e.g., kaolin (including halloysite) and
bentonite (including montmorillonite)), alumina, and spray-applied
nanomaterials” [20].
Developers of all new chemical substances that are not listed
on the EPA Inventory, however, are required to file PMNs with the
agency pursuant to TSCA Sec. 5(a), and must then wait for 90 days
to see whether the agency will impose conditions announced
through so-called Significant New Use Rules, or “SNURs” pursuant
to TSCA Sec. 5(a)(2), which are published in the Federal Register
to allow public comment prior to finalization in 40 CFR Sec. 721.
The agency also has authority to impose conditions on the developer
through use of consent orders under TSCA Sec. 5(e). In the case of
nanoscale substances, the conditions imposed under SNURs and
consent orders, sometimes in combination, have typically been
strict and sharply limiting.
There is no official computation of the number of nano-related
SNURs that have been issued to date, nor any reliable database
dedicated to nanomaterials that has compiled all such regulatory
approvals. Nor would it be easy to generate such a complete listing,
since the suffix “nano” will not always be found in the PMN and
SNUR listings of the nanoscale chemicals that are being reviewed
[21]. Nevertheless, one can get a sense for the relatively small
number of approvals by searching 40 CFR 721 for such keywords
as “nanotubes” (where one will find references to SWCNT and
MWCNT) [22], “fullerenes” [23], “nanoparticles” [24], “carbon
black” [25], and the word “nanometers” (which picks up references
to substances for which production restrictions are mandated
at the nanoscale) [26]. It is believed that EPA has granted a total
of between 50–100 final SNURS relating to nanoscale
materials, subject in the great majority of cases to strict limiting
conditions.
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It appears that the first two SNURs for nanoscale materials
were issued by EPA on November 5, 2008 in reference to PMN
P-05-673 and PMN-05-687. See 73 Fed. Reg. 65,743 (approving
manufacture of silica nanoparticles and alumina nanoparticles,
subject to conditions).
On June 24, 2009 the EPA issued final SNURs for certain
single- and multi-walled carbon nanotubes (SWCNTs and
MWCNTs), but these SNURs (for PMN P-08-177 and P-08-328) were
quickly withdrawn by the agency two months later on August 21,
2009. (74 Fed. Reg. 42177) On November 6, 2009 EPA re-proposed
SNURs for these two substances. (74 Fed. Reg. 57430).
A further SNUR for a MWCNT was proposed by the agency on
February 3, 2010 relating to PMN P-08-199 (75 Fed. Reg. 5546) and
the public comment period for this action was later reopened on
July 29, 2010. (75 Fed. Reg. 44198).
Final SNURs were issued for the above three PMNs (P-08-177,
P-08-1998 and P-08-328) pursuant to Federal Register notices
published on September 17, 2010. (75 Fed. Reg. 56880) and on
May 6, 2011. (76 Fed. Reg. 26186).
On December 28, 2011, EPA issued a Federal Register notice
(76 Fed. Reg. 81447) proposing SNURs for 17 chemical substances
of which 14 had chemical names indicating they contained
nanoscale materials: 7 carbon nanotubes (CNTs) and 7 fullerenes.
On April 4, 2012, EPA issued a Federal Register notice (77 Fed.
Reg. 20296) providing a direct final SNUR for “infused carbon
nanostructures (generic)” PMN P-11-188.
On October 5, 2012, EPA issued a Federal Register notice
(77 Fed. Reg. 61118) proposing a SNUR for potassium titanium
dioxide, a substance for which potential nanoscale functionality
had been prohibited in a prior consent order under TSCA Sec.
5(e). The SNUR conditions included the consent order’s prohibition
against manufacture of the material at a particle size less than
100 nanometers.
On February 25, 2013 EPA issued another Federal Register
notice (78 Fed. Reg. 12684) proposing SNURs for another set of
14 nanoscale chemicals, this time all CNTs.
On May 9, 2013 EPA issued a Federal Register notice (78 Fed.
Reg. 27048) announcing its intention to promulgate SNURs
for 15 new chemicals including one covering a “Functionalized
Multi-Walled Carbon Nanotube (MWCNT).”

Regulation by Category or by Case

On August 7, 2013 the EPA issued a Federal Register notice
(78 Fed. Reg. 48051) announcing final SNURs for two additional
MWCNTs (PMN P-09-198 and PMN P-09-199). The conditions
imposed by these SNURs were highly limiting and are representative of the extreme caution being exercised by the agency in granting
approvals for new nanoscale technologies:

• mandatory use of protective equipment preventing dermal
and inhalation contact during manufacture or processing
• no domestic manufacturing allowed
• use allowed only in conformity with terms of accompanying
Sec. 5(e) consent order
• no releases to surface water permitted during processing
and use.

23.5

Regulation by Category or by Case

It has been conventional wisdom accepted by much of the federal
regulatory community that existing regulatory systems for ESH
oversight of nanotechnology are adequate and that there should
be no need to develop an entirely new nano-specific system for
ESH regulation. As noted in a recent (October 24, 2013) posting on
the FDA’s official blog, for example, senior officials at the agency
believe: “Our risk management exercise determined that our
current regulatory review processes indeed can adequately
protect the public from potential risks associated with the use of
nanomaterials in drug products” [27].
That was also the initial approach of EPA, which stated in its
2007 White Paper on the subject that “The overall risk assessment
approach used by EPA for conventional chemicals is thought to
be generally applicable to nanomaterials” [28]. In October 2010,
however, EPA submitted to OMB a proposal to issue a new set of
rules, not yet released to the public, that would provide for the
collection of data on products pursuant to TSCA Sec. 8(a) and for
the issuance of SNURS pursuant to TSCA Sec. 5(a)(2) on a categorywide basis for all nanoscale substances, including both existing
and new such substances [29]. The agency has reportedly received
no response from OMB over the ensuing three years and so that
plan appears to be stalled, at least for the time being.
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23.6

The Role of Regulatory Compliance in the
Determination of Product Safety

As with the case of standards compliance described above, US
tort law does not offer a complete safe harbor for products that
are in full compliance with government safety regulations. Rather,
absent preemption, regulatory compliance is most often considered
to be merely a minimum requirement and therefore only a relevant
factor in the ultimate determination of whether the defendant
was negligent or the product was unreasonably dangerous. This
“majority” body of law was summarized in the Restatement
(Second) of Torts as follows:
Compliance with a legislative enactment or an administrative
regulation does not prevent a finding of negligence where a
reasonable man would take additional precautions. [30]

Note, however, that there is a growing minority viewpoint
expressed in some more recent state statutes and court opinions
that great weight should be accorded to a defendant’s regulatory
compliance, and this may indeed have become a complete defense
in some states [31].

23.7

Conclusion: No Meaningful Judicial
Guidance Yet on Nanotechnology ESH

The broad ESH framework of standard-setting and regulatory
approvals summarized above unfortunately leaves unanswered
the ultimate or “bottom-line” question that for most nanotechnology
entrepreneurs and producers is among the most important-If
I build and commercialize my product following all pertinent
guidelines but I am nevertheless sued by plaintiffs claiming
injuries of various kinds, will my compliance efforts protect me
from liability in court?
In the United States, responsibility for ultimate determination
of the inherent safety characteristics and potential harmful effects
of products, including environmental impacts, is in the hands of
courts and juries. To date, there have been no court rulings that
provide meaningful guidance as to how nanoscale products will
fare once the inevitable legal claims are filed.

Disclosures and Conflict of Interest

There has been one marginally interesting ruling in this
area: the HeiQ decision issued by the U.S. Court of Appeals for the
Ninth Circuit on November 7, 2013, holding that EPA improperly
approved an application by a company named HeiQ for conditional
registration of its nanosilver product as an antimicrobial agent for
use in clothing [32]. Although the court accepted one important
aspect of the agency’s decision-making that the plaintiff had
challenged (EPA’s determination that toddlers should be considered
the most vulnerable subpopulation for risk assessment purposes
rather than infants), the court nevertheless went on to overturn
EPA’s approved registration after finding that the agency had
technically violated its own rule. The agency’s analysis had found
that a “risk concern” existed for the product at a “margin of
exposure” equal to 1000, but then approved the substance despite
the fact that EPA rules specifically called for denial where the margin
of exposure was “less than or equal to 1000,” (emphasis added).
The court remanded the case to the agency for reconsideration of
its registration approval.
The HeiQ decision is probably not particularly momentous
both because nanosilver is already used as an approved microbial
agent in textiles, and because it would appear that the infirmity
in the agency’s action was relatively narrow and most likely can
be readily corrected. At most, the HeiQ decision provides a reminder
that, while courts will be inclined to give considerable deference
to expert agencies in the regulatory determination of ESH risk,
they will still require regulators to abide by their own rules to
the letter. And of course the ultimate determination of whether a
product or substance is reasonably safe in the case of a particular
claimant is often highly context-specific and will be subject to
the unpredictable inclinations of judges and juries.
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24.1

Introduction

The U.S. Environmental Protection Agency has taken an aggressive
approach to regulation of nanoscale silver under the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA). In this chapter,
the authors summarize historical and recent regulations governing
nanoscale silver and provide recommendations for companies
involved in selling products containing nanoscale silver.
The EPA, like other parts of the massive federal bureaucracy,
gallops about the land in a cloud of dust with a warrant to address
This chapter is reprinted with kind permission of Nanotechnology Law & Business
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real or imagined threats to environmental health and safety. Its
latest target is products impregnated with ultramicroscopic
particles of nanosilver for purposes of killing bacteria, mold and
fungus, which EPA regulates as (antimicrobial) pesticides under
FIFRA. Although it’s not yet known whether the risk profile for all
potential applications of nanoscale silver in terms of environmental
health and safety differs appreciably from that of conventional or
bulk silver, EPA is taking no chances—acting as if nothing at all is
known about the chemistry and toxicology of extremely small
particles of silver, which is basically what “nano” means.
Notwithstanding that EPA and its predecessors have registered
a vast array of nanoscale silver products across a wide range of
applications (including swimming-pool products and drinkingwater filters) since the 1950s without any evidence of adverse
health effects, EPA announced four years ago an intention to
treat the presence of nanoscale silver (and other nanomaterial)
as a new active or inert ingredient for FIFRA’s reporting and
registration purposes, even if the parent material is already
registered [1]. As Ronald Reagan famously quipped, the nine
most terrifying words in the English language—at least for nano
business interests—just might be, “I’m from Washington, and I’m
here to help you.”

24.2

The Case of the Accidental Pesticide
Retailer

In November 2013, “a duly-commissioned EPA inspector” came
knocking at Pathway Investment Corporation’s doors in suburban
New Jersey asking questions about and seeking samples of the
company’s popular line of food-storage containers [2]. Although
his questions were answered by Pathway’s owner, his request for
product samples was refused. After his visit, this small family-owned
business was cited by EPA for selling “Kinetic Go Green Premium”
and “Kinetic Smartwise” food-storage containers in violation of
FIFRA, and issued an order “not to sell or use any and all quantities
and sizes” of the offending products and “not to remove (i.e., move
from one warehouse, showroom or office to another location)”
them without written approval from the EPA [3]. These plastic
products are embedded with particles of nanosilver “to protect
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the containers against mold, fungus and other microorganisms”
and marketed with claims that this technology “allows food to stay
fresh up to 3 times longer” [4].
In the byzantine world of federal regulatory commandments—
where it is estimated that “a new regulation is issued every two
hours and nine minutes—24 hours per day, 365 days per year,
[5]”—Pathway’s health claims about the germ-killing properties
of its food-storage containers meant that it was operating a
pesticide “establishment” and selling unregistered “antimicrobial
pesticides” in violation of FIFRA [6].
All “pesticides” sold in the US must be registered with EPA [7].
This includes traditional pesticides—such as weed killers, insect
repellants, home disinfectants, flea and tick pet pesticides, and
many agricultural or industrial use chemicals—as well as nontraditional pesticides that do not typically leap to mind when one
thinks “pesticide,” such as any product that is labeled or marketed
with express or implied health claims regarding properties that
eradicate “pests” like mold or bacteria [8]. Claims of this sort can
only be made in respect of products that have been tested for
safety and registered with EPA under FIFRA.
This news probably came as a surprise to Pathway’s husbandand-wife management team, who imported the offending
products from Southeast Asia, where the antimicrobial activity of
nanosilver particles is viewed so benignly that they are “commonly
and openly … sprayed in Hong Kong subways and touted on
Korean toothpaste tubes [9].” While no excuse, their ignorance of
the law is at least understandable. What’s not is how larger, more
sophisticated e-commerce and big-box retailers like Amazon, Sears
and Wal-Mart (which received letters from the EPA warning them
to stop selling Pathway’s products) managed to get caught with
their regulatory-compliance pants down in this day and age [10].
This incident is believed to be the first time that a nanotechnologybased food-related product has been withdrawn from the market.

24.3

Nanotechnology and FIFRA: Nomenclature
Over Matter?

FIFRA makes it unlawful to sell an unregistered pesticide product
in the US [11]. EPA’s enforcement powers, moreover, are broad
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enough to reach any company in a product’s chain of distribution
[12].
While food-storage containers in most eyes would not normally
be considered a pesticide, FIFRA defines the term “pesticide” to
include, among other things, “any substance or mixture of substances
intended for preventing, destroying, repelling or mitigating any pest”
[13]. This statute prohibits the distribution or sale of unregistered
pesticide products. Its implementing regulations provide:
A pesticide is any substance (or mixture of substances) intended
for a pesticidal purpose, i.e., use for the purpose of preventing,
destroying, repelling, or mitigating any pest or use as a plant
regulator, defoliant, or desiccant. A substance is considered to
be intended for a pesticidal purpose, and thus to be a pesticide
requiring registration, if:
(a) The person who distributes or sells the substance claims,
states, or implies (by labeling or otherwise):
(1) That the substance (either by itself or in combination
with any other substance) can or should be used as a
pesticide; or
(2) That the substance consists of or contains an active
ingredient and that it can be used to manufacture a
pesticide; or
(b) The substance consists of or contains one or more active
ingredients and has no significant commercially valuable
use as distributed or sold other than (1) use for pesticidal
purpose (by itself or in combination with any other
substance), (2) use for manufacture of a pesticide; or
(c) The person who distributes or sells the substance has
actual or constructive knowledge that the substance will
be used, or is intended to be used, for a pesticidal purpose
[14].

24.4

EPA’s About-Face on FIFRA Registration

FIFRA imposes strict liability throughout a product’s distribution
chain, without regard to fault, and until just a few years ago there
was no need to register products under it containing ingredients
already registered in other forms with EPA. That changed in 2010,
however, when EPA’s Office of Pesticide Programs announced a
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new regulatory approach to nanoscale materials, declaring that
active or inert nanoscale materials would henceforth be considered
“new” for purposes of FIFRA’s registration requirements—based
on generalized concerns about potential adverse effects of
nanoparticles on humans and the environment—even if the parent
material has already been registered by EPA [15]. This is contrary to
the approach being taken by other federal agencies pursuant to the
federal government’s National Nanotechnology Initiative, making
EPA a lone ranger in Washington [16].
Put another way, at the same time that the federal government
has invested a total of $21 billion in the development of
nanotechnology under the multi-agency umbrella of its National
Nanotechnology Initiative (NNI) [17]—budgeting over $1.5 billion
in funding for the NNI in 2015 alone—EPA is basically stigmatizing
that technology, “making ‘nano’ a fear word in some of the largest
global industries” [18]. Regulators in the EU have taken a similar
position [19].
EPA broadly defines nanotechnology as “research and
technology development at the atomic, molecular, or macromolecular
levels, in the length scale of approximately 1–100 nanometer (nm)
range in any direction; the creation and use of structures, devices,
and systems that have novel properties and functions because of
their small size, and the ability to control or manipulate matter on
an atomic scale,” based in part on the definition of nanotechnology
used by the NNI [20]. It operates on “the asserted assumption that
nanoparticles are something fundamentally ‘new’ and thus cannot
be compared to conventional chemicals and bulk materials” [21].
Citing lack of data on the risks of long-term exposure to
nanosilver, EPA has thus far withheld its authority to grant
unconditional registration to nanosilver pesticide products under
FIFRA. It has instead granted (or proposed granting) only two
conditional registrations to date, with the registration for those
products automatically expiring after four years and subject to
the results of a series of studies, including “route-specific toxicity
studies for occupational exposure scenarios as well as product
characterization and stability tests to determine if nanosilver
breaks away” from materials treated with nanosilver, and in that
event, “additional testing … to determine [its] effect … on humans
and the environment” [22]. Upon either company’s failure to take
appropriate steps to initiate the required studies, or to submit
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the protocols or data, EPA has reserved authority to cancel
conditional registration under Section 6(e) of FIFRA [23].

24.5

A Fork in the Road

The test case that has been watched closely by many for guidance
as to how EPA intends to regulate nanosilver under FIFRA is HeiQ
Material AB’s application for AGS-20 and AGS-20U (collectively
AGS-20), antimicrobial powders containing nanosilver particles
that suppress the growth of bacteria that cause odors, stains, and
similar damage to textiles such as clothing [24]. EPA granted AGS20 a conditional pesticide registration in December 2011, making it
the first pesticide with the “new active ingredient” of nanosilver to
win registration under FIFRA [25]. The Natural Resources Defense
Council then took EPA to court, challenging its decision to use
the characteristics of toddlers rather than infants in determining
whether AGS-20 placed consumers at risk as well as its conclusion
that there was no risk concern requiring mitigation for short- and
intermediate-term aggregate oral and dermal exposure to textiles
that are surface-coated with AGS-20 [26].
In November 2013, the Ninth Circuit partially vacated the
EPA’s decision, “to the extent that it concludes that there is no risk
concern requiring mitigation for short- and intermediate-term
aggregate oral and dermal exposure to textiles that are surface
coated with AGS-20”—on the grounds that this finding was contrary
to EPA’s own technical rules for risk calculation—and remanded
the matter to the EPA [27]. Because the court did not tackle
nano-specific issues, however, grounding its ruling instead on
EPA’s failure to follow its own risk-calculation rules, this case
sheds little light on how EPA is likely to handle the registration of
nanosilver pesticides going forward [28].
All that can be said with certainty for now is that it looks like
EPA will apply pretty strict (time-consuming and expensive) scrutiny
to nanosilver-based pesticides—burdening (or closing) American
industry, choking innovation, delaying the commercialization of
potentially beneficial technologies (in terms of both environmental
safety and human health), and generally casting nanotechnology
in a negative light in the court of public opinion.

Is Nanosilver Really Something New Under the Sun?

The bigger question is whether EPA’s judgment in regard to
“nano” materials across the board is an indisputable truth or a
convenient fiction. What’s in a word, though—or, in this case, use of
the prefix “nano”?

24.6

Is Nanosilver Really Something New Under
the Sun?

While many engineered nanomaterials (such as fullerenes and
carbon nanotubes) are undoubtedly novel, a good case can be made
that nanosilver is different—and that case has already arguably
been made by EPA itself, and even before its establishment in 1970
by the US Department of Agriculture and the FDA. As Nowack et al.
explain [29]:
Although changes in nomenclature over the decades have created
confusion among scientists and policy makers, it is undeniable that
products containing nanoscale silver particles have been commercially
available for over 100 years and were used in applications as diverse
as pigments, photographics, wound treatment, conductive/antistatic
composites, catalysts, and as a biocide. With this long and diverse
history of use it is clear that an extraordinary amount of research
into the chemistry of nanoscale silver has been conducted over the
past 120 years.

Most of this research, however, “did not use ‘nano’ nomenclature,”
which suggests that much of the present-day fuss about nanosilver
amounts to the elevation of nomenclature over matter [30]. Among
other things, EPA has registered “multiple silver-impregnated water
filters since the 1970s” [31].
The upshot, seemingly lost in EPA’s political correctness, is that
“[a] significant portion of the historical toxicological research on
the effects of silver on humans can … be considered early examples
of ‘nanotechnology’—predating what is currently considered
to be nanotoxicology by more than 80 years” [32]. In sum, the
evidence used by the EPA and predecessors to register and regulate
pre-modern “nano” products under FIFRA was based on the
nanoscale properties of silver by other names at different points in
history (e.g., colloidal, millimicron, sub-micron, etc.), which calls into
question EPA’s reinterpretation of FIFRA [33]. EPA’s overzealous
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search for hidden meaning behind today’s nano-prefix calls to
mind how Sigmund Freud responded to those trying to uncover the
underlying significance of his cigar smoking: “Sometimes a cigar is
just a cigar,” he said [34].
Since its about-face policy shift on FIFRA’s pesticide registration
program, EPA has used the statute’s prohibition against trade in
unregistered pesticides to go after a wide range of manufacturers
and retailers of products incorporating nanoscale silver—ranging
from air purifiers to computer keyboard and mouse combinations.
A California company doing business under the name Rabbit Air,
for instance, was fined $82,400 for claiming that the filters used in
its air purifiers contained nanosilver that eliminated “650 types of
bacteria” [35].
The only way to duck the EPA’s registration requirements is
by removing (or not making) any claims about pesticidal activity
in a product’s labeling or advertising. As an EPA official in the Office
of Pesticide Programs has explained, “[u]nless you’re making a claim
to kill a pest, you’re not a pesticide” [36]. If only Pathway knew it
was that easy, or that FIFRA had any application to its food-storage
containers, or that by virtue of its marketing claims regarding
the antimicrobial properties of its food-storage containers it had
become a pesticide retailer. The company apparently thought it
was in the clear based on the fact it was using “FDA-approved
nanosilver technology,” which it also touted in its product labeling
and otherwise (in addition to “BPA free”). Likely as not, in drawing
up its business plan, Pathway gave no thought to EPA’s about-face
on pesticide regulation. And why should it have, given EPA’s lack
of rule-making transparency?

24.7

A Cautionary Tale: The Pathway Saga

Cautionary tales are characterized by three components. Something
is said to be forbidden or dangerous; someone disregards the
warning or performs the forbidden act; and the violator meets a
grisly fate. Pathway’s saga is true to this form.
It was about the time of EPA’s policy shift that Pathway began
selling its nanosilver food-storage containers in the US—plainly
unaware of EPA’s about-face on FIFRA’s registration requirements
[37]. Not surprisingly perhaps, it was Pathway’s website marketing

The Silver Lining in Pathway’s Cloud

that put the company in EPA’s cross hairs. Describing the company’s
“Kinetic Smartwise” containers, it states: (a) “Nano silver particles
help reduce the growth of mold, fungus and bacteria allowing
food to say fresh up to 3 times longer”; (b) “Kills over 650 types
of bacteria”; and (c) “Permanent: Nano silver’s effectiveness is not
weakened as it destroys bacteria” [38].
In November 2013, EPA conducted an inspection of Pathway’s
facility in a tony suburb of New York City [39]. A month later,
EPA followed up with a letter requesting information about the
company’s “Kinetic Go Green Premium Food Storage Containers
with Nano Silver” and “Kinetic Smartwise Series Containers.”
Pathway responded in early 2014 with, among other things, the
labels for these products—none of which contained “an EPA
pesticide registration and establishment number.” In addition,
Pathway provided EPA with a copy of the product description
sheet for its “Kinetic Go Green” series of food containers, which states
that “each of the Kinetic Green Food Storage Containers [is]
made with ‘our very popular nano silver technology’ and that the
‘[t]echnology allows food to stay fresh for up to 3 times longer
than normal containers.’” Clearly not understanding the maw into
which it had fallen, but in an apparent play for exculpation, the
company claimed that it had “been providing its vendors with
Benefit Sheets which highlight the benefits of the [food-storage]
products that contain nano-silver … consistent with the product
labels, product inserts and information contained in Kinetic’s
websites” [40].
No dice. Hoisted by its own marketing petard, Pathway’s “use
of the term ‘Nano Silver’ on its labeling, its website, its Product
Description, and its Benefit Sheets” amounted to an unauthorized
pesticidal claim, which led EPA to find that the company had “actual
or constructive knowledge that its customers would use these
food storage containers as pesticides” [41] All that remains in doubt
is how much Pathway will be fined [42].

24.8

The Silver Lining in Pathway’s Cloud

It comes too late for Pathway, but for others doing business at onebillionth of a meter (or nanoscale), there’s a silver lining in the storm
clouds that engulfed that company. Prudent manufacturers can
take certain steps to guard against the risk of FIFRA liability.
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24.8.1

The Shelter of FIFRA’s “Safe Harbor” Provision
and Indemnification Agreements

In the first instance, FIFRA liability can be managed with good
draftsmanship and due diligence: it’s an old saw, but in summary,
“put it in writing.” One tool is to include indemnity provisions
in purchase agreements that obligate the seller to hold the
buyer harmless against FIFRA liability, such as: “Seller agrees to
indemnify Purchaser and each of its officers, directors, employees,
stockholders, agents, representatives, successors and assigns,
against and hold them harmless from any loss, liability, damage or
expense (including all legal fees and expenses) suffered or incurred
by Purchaser arising from any claim, action, investigation, or
proceeding under federal or state laws and regulations, including
the Federal Insecticide, Fungicide, and Rodenticide Act, related
to the Products described in this Agreement.”
Another option is to seek the cover of the “safe harbor” provision
of FIFRA § 12(b)(1), which shields innocent sellers against liability
for unregistered products to the extent of reasonable reliance
upon an express written guaranty that the offending product was
“lawfully registered” under FIFRA’s pesticide program at the time
of sale and delivery [43].
These “safe harbor” requirements, established by EPA’s
Environmental Appeals Board, are strictly enforced and require
careful attention to detail. To create a valid FIFRA guaranty: (1)
the guaranty must be written; (2) the guaranty must include
the signatures, names, and addresses of the guarantors; (3) the
guaranty must provide that the unregistered products were
lawfully registered at the time of sale and delivery to the person
claiming safe harbor; (4) the guaranty must provide that the
unregistered products comply with the other requirements of
FIFRA subchapter II (regarding environmental pesticide control);
(5) the person claiming safe harbor must have received the
unregistered products in good faith; and (6) the person claiming
safe harbor must have purchased or received the unregistered
products in an unbroken package [44].
“[U]nless all of the requirements of the guaranty provision
have been met, the distributor does not qualify for an exemption
of liability [45].” Special care is also required to ensure that each
product subject to FIFRA registration is expressly guaranteed as

The Silver Lining in Pathway’s Cloud

“lawfully registered” in the written instrument, as a guaranty for
one product in a shipment “cannot apply to other pesticide products
that have different compositions, packaging or labeling, or include
different delivery or application apparatus”—even if the products
share the same active ingredient [46].
Sultan Chemists shows that EPA will “rigorously enforce
FIFRA against the distributor if the requirements of the guaranty
provision have not been met” [47]. In short, “[t]he guaranty
provision releases an innocent distributor who reasonably relies
on the written assurances of the products’ manufacturers but it
does not shield the distributor of pesticides from the responsibility
of ensuring to the extent possible that the manufacturer has
complied with FIFRA’s requirements” [48]. The court held that
EPA’s enforcement policy, which “places responsibility on the
distributor, thereby providing additional protection for the
consumer,” is consistent with the overarching purpose of FIFRA’s
registration program “to protect human health and the environment
from risks associated with pesticides” [49].

24.8.2

The Importance of Compliance Plans

Finally, regulatory compliance programs can be an effective tool
for managing risk on a broad-spectrum, cross-border basis, in both
regulatory and litigation settings. Robust, well-managed programs
of this sort, which can protect a business from regulatory errors
and omissions as well as from potentially severe criminal and civil
penalties in the event of an inadvertent violation, are particularly
important in light of liability schemes like FIFRA, under which
“arguments based upon a lack of knowledge or intent to violate,
or the intervening acts or omissions of third parties, do not
provide a defense to liability” [50]. They can also be an effective
means of avoiding or mitigating liability in litigation, which in the
US tends to follow regulatory enforcement actions like pilot fish
accompany sharks [51]. Above all, compliance programs can be an
instrument for safeguarding a company’s most valuable asset—its
reputation.
The goal is to avoid running afoul of the law in the first
instance and, if possible, to avoid enforcement actions entirely as
well as the business disruption of regulation, regulator visits and
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related inquiries. Achieving that goal requires not only awareness
of all relevant laws and regulations, but also compliance controls to
ensure that the company is taking steps to comply with regulatory
requirements—together with the ability, if necessary, to document
its actions to those ends. Among other things, a good compliance
program can help a company comply with reporting obligations, alert
it to a potential violation for purposes of suspending sales, removing
items from inventory, cooperating with EPA (and other regulators,
including those at the state level) [52], and possibly reduce exposure
to potential fines [53].
Another consideration is that a well-managed compliance
program can also support a due-diligence defense in litigation,
serving as evidence that a company has made reasonable, pro-active
efforts to address risks, identify, prevent, and correct legal violations,
and generally ensure compliance with the law, for purposes of
avoiding liability altogether or mitigating against a finding of
recklessness or gross negligence in support of a claim for punitive
damages [54].

24.9

Conclusions

Pathway learned the hard way. The current regulatory landscape, in
which federal and state regulations seem to rain from the sky on a
daily basis, makes it easy for companies to run afoul of regulatory
requirements. This is especially true for players venturing to
bring innovative nanotechnology products and services to the
marketplace. As if funding obstacles were not challenging enough,
nanotech companies must also scale a towering mountain of laws
and regulations constructed by Washington bureaucrats just to
know what the rules of the road are.
For big business, which can afford to keep Sherpa teams of
lawyers and compliance-control advisors on retainer, keeping
up with this federal leviathan is just a cost of doing business.
For small business and start-ups, it often means no business. With
respect to nanosilver, one can only hope that someone at EPA
might one day stumble upon the vast amount of research regarding
the toxicology of extremely small particles of silver that the agency
holds and has used in the past to approve the commercialization of
silver products that scientists today would call “nanosilver”—and
stop elevating nomenclature over matter.
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25.1

Graphene: What Is It?

Graphene (Fig. 25.1) is one of the hottest areas of research in
nanoscience and nanotechnology. With its incredible electrical,
mechanical, and optical properties, it could be used in a variety
of different products in different industries. While academic and
corporate research labs around the world invest in development of
graphene-based products, little attention has been devoted to the
regulatory issues associated with commercialization of graphene.
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This chapter reviews the regulation of graphene, with a focus on the
Toxic Substance Control Act.

Figure 25.1 Graphene is an atomic-scale honeycomb lattice made of carbon
atoms (from From Wikimedia Commons, the free media
repository).

There has been much buzz within the scientific community
and popular imagination about nanoparticles and their seemingly
endless uses and applications. One of the more recent wunderkinds
in the world of nanotechnology is graphene, a two-dimensional
allotrope composed of a single layer of carbon atoms, hexagonally
arranged [1]. Stack several of these layers together and you
have common graphite. But isolate a single layer of graphite as
“graphene” and it exhibits a host of unique properties [2]. Graphene
is stronger than steel, harder than a diamond, more flexible than
rubber, and more conductive than copper [3]. It is also extremely
thin (some call it the “thinnest material on earth”), light in weight,
transparent, and versatile in its applications [4]. While the only
commercial use known to the authors is as an additive to lithium
ion batteries to improve energy density, researchers are exploring
dozens of other potential commercial applications, including
use in transistors, television and phone screens, solar cells, DNA
sequencing, and camera sensors [5].

25.2

How Is Graphene Regulated?

Given the exciting possibilities and ever expanding research into
uses for graphene, it is important to consider potential regulations
that may affect the manufacture or import of graphene. While it

Regulation Under the Toxic Substances Control Act

does not appear that there is any federal or state regulation that
specifically identifies and addresses graphene, as a nanoscale
material, graphene is likely regulated by the United States
Environmental Protection Agency (EPA) under the Toxic Substances
Control Act (TSCA). It may also be regulated under other federal
laws depending on any intended future use (such as in a pesticide),
but this article focuses on TSCA because it is broadly applicable
to most commercial and industrial uses. California’s new Green
Chemistry Initiative and Safer Consumer Products Regulations
also encompass nanoscale materials, but regulation will not
take effect until the California Department of Toxic Substances
Control identifies specific nanomaterials in a “priority product”
that it is targeting for regulation—an unlikely event for at least a
couple of years given the status of the regulatory roll-out of this
program.

25.3

Regulation Under the Toxic Substances
Control Act (TSCA)

TSCA governs various aspects of the use of new and existing
chemical substances, including nanoscale materials. As defined by
the law, a “chemical substance” is “any organic or inorganic
substance of a particular molecular identity…” [6]. Graphene is,
thus, a “chemical substance” under TSCA and subject to EPA
regulation under that statute. But what does that mean?
If a chemical substance is “new” or manufactured for a “significant
new use,” TSCA—in an effort to regulate both public health and
environmental safety—imposes certain requirements with which
a manufacturer or importer must comply [7]. Thus, when deciding
whether to work with graphene, the relevant questions are: (1) is
graphene a “new” chemical substance under TSCA, and (2) if not,
has the EPA promulgated a “significant new use rule” for graphene
that would affect manufacturing or import?
As to the first question, graphene does not appear to be a “new”
chemical substance because graphite is listed on the TSCA Chemical
Substance Inventory (“TSCA Inventory”). Graphite and graphene
have the same molecular identity, so for purposes of TSCA’s
definition of a chemical substance, graphene would not be a
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“new” chemical substance. An EPA guidance document published
January 23, 2008 entitled “TSCA Inventory Status of Nanoscale
Substances—General Approach” reinforces this conclusion as it
defines graphite as “carbon atoms arranged in hexagonal sheets
with each atom bonded to three other atoms in the plane of a given
sheet” [8].
That begs the second question: has the EPA promulgated
a significant new use rule for graphite that would encompass
graphene? As of right now, the answer is no [9]. That could change,
however, if evidence is developed suggesting graphene creates
a risk of harm to the public or environment.
Take carbon nanotubes (“CNTs”), for example. Scientists
have been studying whether CNTs pose a potential health or
environmental risk. While this research is still ongoing, researchers
have expressed a variety of concerns, ranging from potential
pulmonary reactions to the environmental impact of releasing CNTs
into waterways [10]. The EPA has expressed its own concern about
CNTs over the years. In 2008, EPA published a report stating that
it “generally considers CNTs to be chemical substances distinct
from graphite or other allotropes of carbon listed on the TSCA
Inventory” [11]. Many CNTs are thus considered “new chemicals”
under TSCA Section 5, requiring manufacturers and importers to
comply with TSCA’s premanufacture notice requirements.
On April 14, 2014, significant new use rules issued by EPA
affecting four generic multi-walled carbon nanotubes became final.
Citing concerns for “pulmonary toxicity, fibrosis, carcinogenicity,
mutagenicity, and immunotoxicity” as well as potential harm from
water releases, the EPA now requires any potential manufacturers
or importers of these CNTs to, among other things, use certain
personal protective equipment and to avoid use of the substances in
a manner that will result in surface water releases [12].
These significant new use rules do not—and should not—
affect the manufacture or import of graphene. While graphene is a
component of a CNT and has a similar carbon structure, graphene
itself is not a CNT because it has a completely different shape [13].
Where graphene is a flat allotrope of carbon, CNTs are allotropes
of carbon with a cylindrical nanostructure [14]. Essentially, if
you slice the cylinder vertically and lay it flat, you have a sheet of

Future Regulation of Graphene?

graphene [15]. Because it is flat, graphene has certain advantages
over CNTs, including better interfacing with polymer materials
and more effective crack deflection processes [16].

25.4

Future Regulation of Graphene?

Given the EPA’s specific regulations regarding CNTs, there is reason
to believe that the EPA will regulate other nanomaterials—including
graphene—in a similar fashion if scientific studies suggest that
there are potential health and environmental risks for a substance.
In fact, the EPA is currently pursuing a comprehensive regulatory
approach under TSCA for nanoscale materials in an effort to protect
against “unreasonable risks to health and the environment” [17].
Now that studies are surfacing that suggest that graphene may
interfere with normal cell function and may negatively impact the
environment, a future with graphene-specific regulations may
not be too far off [18]. As such, it is imperative that any potential
manufacturer or importer of graphene be well aware of the TSCA’s
evolving nanomaterial regulations before beginning any such
manufacture or import.
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rules and routines, narrowly configured judicial decisions,
and embedded institutional norms endures, even with its
inadequacies, because relevant political actors are unable, even
unwilling, to make changes in the absence of a perceived crisis.
As a result, the continued embrace of the ancien régime on
current policy discourse will powerfully shape how we define and
address the relative benefits and risks of a new generation of
nanomaterials and applications.
This is a story about a revolutionary technology. Its was hailed
as transformative, and to its many proponents it promised a new
era of greater productivity, economic growth, new jobs, material
comfort, and healthier lives. Its reach and impacts were soon
evident in virtually every sector of the nation’s economy, and in
much of everyday life for average citizens.
But this is not a story about nanotechnology. Rather, it is
about the generation of synthetic chemical pesticides that entered
the global marketplace in the years after World War II and very
quickly transformed the production of food, the fight against
disease, and, by extension, the health of and daily life for hundreds
of millions of people around the world [1]. Compelling evidence
about the adverse environmental and health impacts of pesticides
took longer to coalesce, and it would be decades until sharpened
public concerns about those risks would lead to major changes in
thinking about and regulating these now ubiquitous compounds.
We are now a bit more than a decade into the “nanotech
revolution,” if we mark that era as starting with the formation of the
U.S National Nanotechnology Initiative (NNI) in 2001. Like synthetic
chemical pesticides two generations earlier, nanotechnology
broadly defined has been hailed as a transformative enabling
technology, with projected major economic, health, and societal
impacts. Unlike pesticides, the development of nanotechnology
has been accompanied by strongly expressed concerns about
possible environmental, health and safety (EHS) risks posed by
nanomaterials and nano-enabled products (NEPs), leading to
calls for effective and responsive governance of nanotechnology
before adverse effects manifest themselves [2].
Moreover, as we will discuss, the societal and policy contexts
within which nanotechnology is emerging are very different from
those in place during the early years of the pesticides revolution.
Such differences matter to current discourse over and prospects

The Pesticides Revolution

for aligning existing regulatory policy to the particular challenges
raised by new technologies. This paper therefore looks first at
lessons obtained from the policy trajectory of the post-World
War II generation of chemical pesticides for the development of a
suitably nuanced nanotechnology EHS governance regime. It then
ponders the “problem” of nanotechnology and considers prospects
for reformulating the U.S. regulatory system in response. While
my primary focus is on the United States, the insights derived
here are relevant to other political systems.
In particular, I argue that nanotechnology is emerging within
an established environmental regulatory framework created
decades previous, in response to earlier generations of chemical
technologies. That ancien régime [3] of decades-old statutes, longstanding bureaucratic rules and routines, narrowly configured
judicial decisions, and embedded institutional norms endures,
despite its purported inadequacies [4], because relevant political
actors are unable, even unwilling, to make changes in the
absence of a perceived crisis. As a result, the continued embrace
of that regulatory ancien régime on current policy discourse
will powerfully shape how we define and address the relative
benefits and risks of a new generation of nanomaterials and
applications.

26.2

The Pesticides Revolution

The technological breakthrough in chemical control of pests
after World War II burst onto the agricultural scene without a
professional technocracy to guide and control its use. Literally
over-night, some of the most toxic and ecologically disruptive
chemicals known to science were placed in the hands of farmers,
agribusiness salesmen, and federal farm advisors almost totally
unaware of their genetic and ecological implications [5].
The iconic postwar chemical was, of course, DDT, a synthetic
organochlorine developed by the Swiss in the 1930s. Compared
to then-available compounds, DDT was a near-miraculous solution
to a spectrum of agricultural and human health problems. It was
uniquely persistent; once applied, DDT remained lethal to pests far
longer than older formulations based on arsenic, lead, or copper.
It required fewer applications, and could be diluted and still achieve
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desired effects. Most important, it was essentially non-toxic to
humans. In fact, in the closing years of the war it proved critical
to preventing outbreaks of typhus and malaria, and scenes of U.S.
soldiers dusting refugees with DDT powder became commonplace.
It was also comparatively inexpensive, and it had multiple
applications in agriculture, fighting vector-borne diseases, and
controlling and eradicating common house-hold pests—the list
went on and on as scientists unlocked ever more uses for this
wonder chemical and others like it. It was, without hyperbole, a
technological revolution.
There were, to be sure, early cautions raised about the lethality
of these new compounds to beneficial insects (e.g., honeybees),
their lack of efficacy on some crops or pests, and the potential
for chemical accumulation in body fats and organs. However,
such cautions were vague and based on incomplete information,
and as such were easily swept aside in the frenetic rush to acquire
and use the new products [6]. Overall opinion was that with
“proper use” the new formulations were safer and more effective
than anything known previously. Use of the new compounds grew
dramatically over a very short period of time for more purposes
than the even their developers envisioned, and enthusiasm for
the new technologies soon permeated consumer consciousness.
“The publicity given DDT,” one food company executive remarked
in 1950, “might well be envied by any Hollywood movie star”
[7]. Popular magazines breathlessly reported each new pestcontrol breakthrough, while a chemical industry excited by the
enormous commercial potential for their new products extolled
their virtues to a society receptive to the capacity of technology
to make their lives cleaner, safer, and more materially comfortable.
To be sure, promoters of pesticides did worry about possible
problems arising out of the new chemical age. Farmers and
other major users worried about the quality and efficacy of their
purchases, a concern warranted by an inundation of new products
that in many cases were worthless or even dangerous [8]. Their
concerns were shared by major chemical firms eager to keep out
“unfair” competition and safeguard their growing markets, and by
the farm community’s governmental patrons in Congress and in
the U.S. Department of Agriculture. Congress in 1947 responded
to these shared concerns with passage of the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA). FIFRA, which updated
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the 1910 Insecticide Act, was essentially a labeling law that
required chemical makers to register new products with the
USDA and to promise that the product in question was effective
as claimed and safe when used properly. However, the USDA bore
the onus of proof on any decisions to restrict or ban a chemical
for any reason beyond misrepresentation or outright fraud. From
the vantage of hindsight, John Blodgett observed, FIFRA contained
a number of serious flaws:
Fundamentally it was intended to serve the same basic function of
the 1910 Act—to protect the farmer from adulterated, ineffectual, or
unsafe products. The Act was not intended to provide direction and
authority for dealing with health and environmental problems; nor
did it recognize the need to protect beneficial insects or the potential
of insects to develop resistance. [9]

In fairness, too little was known about potential toxic and
chronic effects of these new formulations to warrant alarm.
Available testing procedures indicated that DDT and its kin were
non-toxic when used properly, and, if not entirely safe, certainly
were less dangerous to humans than the products derived from
arsenics and leads that dominated pre-war pest control. Even
those raising cautions admitted that the new synthetics, applied
properly, were preferable to the older chemicals.
The story that unfolded thereafter is well known. Use of the
new chemicals literally exploded, reaching very quickly into every
sector of U.S. (and then global) life, in the process transforming
food production, the fight against pests and environmental diseases
of all kind, and the very rhythms of human existence. In fact, it is
hard today to imagine daily life without these chemicals. In the
decades to follow, nearly unchecked pesticides use would generate
accumulating evidence of their negative environmental and
human health effects. Growing public concerns about the adverse
effects of such chemicals, particularly following the controversy
sparked by Rachel Carson’s Silent Spring in 1962, would eventually
lead to a ban on DDT use in the United States [10].
More important, the emergence of strong and organized
public concerns about the safety and environmental impacts of
pesticides would lead to a major overhaul in FIFRA, 25 years
after its enactment. The 1972 Federal Environmental Pesticides
Control Act (FEPCA) shifted FIFRA from a labeling law into a more
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overtly regulatory framework with tighter product registration
requirements and more explicit rules about product use. More
important, it moved enforcement from the USDA to the new
Environmental Protection Agency (EPA) and gave it the authority
to determine what types of data were to be submitted with each
application and new procedures with which to cancel or suspend
a product that posed unreasonable environmental effects. Forty
years later FIFRA, as amended by FEPCA and adjusted by
subsequent legislative action, as interpreted by the courts, and as
defined by the EPA in the routines of implementation, remains the
nation’s basic framework for regulating any substance for which
its producer make claims on its capacity to fight or eliminate a
range of environmental pests or diseases.
Nowhere, of course, does FIFRA mention nanoparticles.

26.3

The “Problem” of Nano

In March 2010, a decade into the “Nanotechnology Era,” AOL News
released a multi-part series on nanotechnology by investigative
reporter Andrew Schneider. The series—The Nanotech Gamble: Bold
Science, Big Money, Growing Risks—made several broad claims [11]:
• Nanoparticles may cause disease and death—yet government
is doing little to address these concerns.
• Nano-foods are coming soon—yet without adequate
government oversight, evoking images of genetically modified
organisms (GMOs).
• Promoters of nanotechnology are emphasizing technological
innovation and economic growth over concerns about worker
safety or consumer health.
• Billions are being spent on basic science and technology
development—but relatively little on environmental, health,
and safety (EHS) research.
• No single federal agency is in charge of research or decisionmaking on nanotechnology EHS concerns—producers thus
have considerable latitude in action, and are using their
influence in Congress to stall proposed reform efforts.
• While the rush to commercialize nanomaterials has not yet
sparked a GMO-like backlash, that may change if citizens
become alarmed about the health and safety of nanoparticles.

The “Problem” of Nano

While the series did not generate much attention in other
media, and got little public notice overall, it stirred no small
concern among promoters of nanotechnology development and
commercialization. An official response came quickly from the
National Nanotechnology Coordinating Office (NNCO), the central
unit of the U.S. National Nanotechnology Initiative. Without openly
calling the series sensationalistic, NNCO officials stressed that it
wrongly presumed that nanoparticles were inherently dangerous
and noted that U.S. federal funding for nano-related EHS research
had tripled from $34.8 million in fiscal year 2005 to $91.6 million
in fiscal 2010. Most telling, the NNCO made the following
concluding argument: “Risk must be balanced against benefits,
and the essentially theoretical risk that has so far been identified
should be balanced against the benefits in terms of sophisticated
products and economic growth and jobs created by this expanding
industry” [12].
This argument, reasonable on its face, sounded eerily familiar
to those made by proponents of synthetic chemical pesticides when
Congress enacted FIFRA in 1947, and when it revisited the law in
1972. Moreover, the argument itself contains within it a vexing
dilemma. As Hodge, Bowman, and Maynard observe, incentives
driving nanotechnology development and commercialization—
billions of dollars invested annually in research and development,
tantalizing prospects for dramatic technological breakthroughs
in a range of sectors, and the specter of great profits or power for
those developing those technologies—are outpacing incentives
for more anticipatory, systematic and effective oversight of
nanotechnology’s potentially adverse environmental and health
risks [13]. In this regard, they continue, nanotechnology presents
a “wicked” problem, characterized by “a multitude of stakeholders
showing interest, but an inability for stakeholders to agree on
either the nature of the ‘problem’ (to the degree that it exists at all),
or on the most desirable solution to be applied . . .” [14].
The history of synthetic chemical pesticides exhibited precisely
those asymmetries. The benefits of the new compounds were clear
and immediate—more food with less labor, eradication of disease,
greater material comfort, economic growth, profits—while any
risks for human and non-human species took decades to detect,
measure, and acknowledge [15]. Similar asymmetries emerge with
GMOs (greater yields, greater resistance to pests and drought)
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and profoundly with respect to global climate change, in which
the benefits of burning carbon-based fuels are immediate and any
risks—at least in the developed world—far off, perhaps beyond
our immediate lifetimes [16]. Overall, then, the benefits of any new
technologies always seem clear, tangible, and immediate, and any
risks they generate less clear, intangible, and, often, distant.
So what is the particular “problem” of nanotechnology for risk
governance? In some respects it stems from a tendency to focus
on nanotechnology’s uniqueness and its revolutionary potential.
For example, both technological optimists like Ray Kurzweil and
technophobes like Michael Crichton frame the societal challenges
posed by nanotechnology as ultimate and unfamiliar [17], whether
in merging our biological and virtual realities (Kurzweil) or in
losing control of self-replicating nanobots (Crichton) [18]. In each
instance we encounter challenges we have not encountered before
and can only dimly understand. Such challenges are, in some ways,
the stuff of the distant future, and whose form can be utopian or
dystopian. Neither citizens nor political systems are well equipped
to think about, much less plan for, futures that are far off and
may not even occur [19].
For others, nanotechnology poses challenges that are more
intermediate and vaguely familiar. Similar challenges have emerged
before in the context of other technologies and, as a result, we
have some experience and resources with which to address
their effects. For example, nanoscale genetic therapies may soon
make it possible to alleviate symptoms of, if not cure, a range of
neurological diseases like Alzheimer’s, and even many forms of
cancer. Such breakthroughs will have dramatic impacts on human
health and longevity, enabling many already born to live well beyond
100 years [20]. Such longevity will have powerful effects on
“traditional” social relationships (e.g., notions of adulthood,
family structures), not to mention a range of social policies (e.g.,
social security, health care) [21]. Yet, in some ways, such concerns
are new versions of previous technological break-throughs,
whether sanitary sewers, pesticides, or antibiotics.
All of these concerns, no matter how distant or improbable,
merit our attention. Yet, insofar as current policy is concerned,
the relevant challenges posed by nanotechnology are more
immediate and familiar. They are challenges that commonly arise
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in the development and application of all new technologies,
whether the internal combustion engine, the post-World War II
generation of synthetic pesticides and plastics, nuclear power, or
the current generation of therapies derived through biotechnology.
Every new technology, by itself or in its modes of production, use,
and disposal, generates challenges to human health (e.g., air and
water pollution, worker exposure, consumer safety), economic
impacts (e.g., labor market effects, intellectual property), justice
issues (e.g., differential access, issues of accountability), and
impacts on individual rights and liberties (e.g., loss of privacy,
autonomy).
In this respect, whatever the particular uniqueness of the
technological platforms on which nanoscale applications are based,
the environmental, health, and safety challenges to be generated
by nanotechnology in our lifetimes are likely to be variations on
established themes. For example, we do not need to know whether
nanoparticles hold unique properties to know that we should be
concerned about their possible health risks. We have sufficient
experience with other types of particulates (e.g., asbestos, silica)
take appropriate measures to reduce uncontrolled exposure,
whether in the workplace, through everyday use, or in the
environment. Equally important, we already have some technological,
management, and policy resources to address such challenges.
Should EHS-focused research eventually show nanoparticles to be
uniquely toxic or as presenting uniquely chronic risks, we would
look for appropriately new ways to address them. Until then,
however, we are not confronted by, or held prisoner to, uniqueness.
We do not need to wait for definitive “proof” of nanotechnology’s
environmental and health risks to anticipate their first order
effects, and to prepare accordingly.
However, even if not “revolutionary,” the broad range of new
and new types of nano-enabled products and applications soon
to emerge in so many different sectors of the marketplace will
pose additive challenges to existing governance regimes and
institutions. If nothing else, nanotechnology—even in its most
elemental form—exacerbates the complexity of even the most
immediate and familiar challenges, such as protecting workers
from exposure to particles, which in turn will generate new
stresses for businesses and governments alike. If this is the case,
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we need to focus our immediate attention on whether current
frameworks for environmental and health governance adequately
address known, even somewhat prosaic risks.

26.4

Path Dependence in U.S. Environmental
Policy

A central concern in contemporary environmental policy debates
is the political difficulty of modernizing the core statutes from the
1970s . . . to improve their coherence, effectiveness, and efficiency.
Countless recommendations for sensible reforms from scholars
and policymakers notwithstanding, those statutes remain largely
unchanged. As a result, they cannot assist sufficiently in promoting
the kind of environmental governance needed for the twenty-first
century. [22]

The crystallizing comprehension that nanotechnology, by
itself and combined with other so-called NBIC (nanotechnology,
biotechnology, information technology, cognitive science)
technologies will pose a range of challenges to environmental and
health governance has generated among experts and policymakers
a consensus on the need for a more systematic approach to risk
governance that combine principles of precaution, life-cycle
thinking, sustainability, transparency, and meaningful public
engagement [23]. The question is to what degree any of these
principles are embodied in current law and practice. In the
European Union, one can argue that they infuse the 2006 REACH
framework on chemicals [24]. Less certain is how key elements
in that framework—notably its emphasis on data completeness
and transparency, and its greater onus on industry to manage
risks—will fare in over time in the struggle over implementation.
Even so, the fact that these principles are embedded into law will
have long term implications for how EU nations think about and
act on the environmental and health risks of a broad range of
materials.
In the U.S., by contrast, one is struck by the reality that, as Table
26.1 illustrates, the laws that laid the foundation for what Klyza and
Sousa call the American “green state” were enacted from 1969 to
1976, the “golden age” of environmental lawmaking [25].

Path Dependence in U.S. Environmental Policy

Table 26.1

Major U.S. environmental laws, 1969–1976

1969 National Environmental Policy Act
1970 Resources Recovery Act

1970 Clean Air Act Amendments

1970 Occupational Safety and Health Act

1972 Federal Water Pollution Control Act

1972 Federal Environmental Pesticide Control Act (FIFRA)
1972 Marine Mammal Protection Act
1972 Coastal Zone Management Act
1973 Endangered Species Act

1974 Safe Drinking Water Act

1976 Fisheries Conservation and Management Act
1976 Toxic Substances Control Act

1976 Resource Conservation and Recovery Act

The seismic changes in U.S. environmental policy during this
remarkable period of policy change were generated in large part
by intense competition between Republican presidents and a
Congress dominated by Democrats, each side determined to
win the hearts of voters newly concerned about environmental
and health issues [26]. This wave of assertive environmental
policymaking ebbed by the late 1970s, victim to the cumulative
stresses of successive oil shocks and economic recession, as well
as to the growing dominance of elements in the Republican Party
skeptical about the efficacy of regulation in general, but the laws
lain down years earlier survived. As a result, the decades to follow
saw a notable ebbing in the pace of legislative action, mirroring
the overall ideological and partisan stalemate that has come to
characterize U.S. politics. Few new environmental laws would be
enacted, and few of the laws established in the 1970s were revised
or updated [27].
Equally critical, as Figure 26.1 shows, the laws enacted in
the 1970s have been judged by experts to be pivotal in defining
contemporary U.S. environmental policy. In part, as with the
reworking of FIFRA in 1972, these laws marked a “starting from
zero” period of innovation in environmental policy, particularly in
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terms of more assertive approaches to regulating risks. These laws
remain disproportionately important because in most instances
there has been little success in amending them to reflect the
practical experiences of regulators, new scientific understanding
about risk, or recent thinking about effective governance. Indeed,
these laws have remained on the books, altered (if at all) largely by
narrowly focused court decisions, the daily routines of rulemaking,
and a legacy of resource constraints—not by the purposive actions
of democratically elected representatives.

Figure 26.1 Ranking the importance of US environmental laws. (Source:
Rejeski, D., (2011). Has the pizzazz gone out of environmental
protection? Environ. Forum, 28(5), 38, www.eli.org.)

In social science terms, the contours of the current U.S. environmental regulatory system are highly path dependent, operating
largely within formal-legal contexts set decades previous [28].
This notion of path dependence suggests that decisions or actions
taken in the past still leave their mark on, if not exactly determine,
the boundaries of discourse on and legitimate action years
later. More important, Levi notes, “once a country or region has
started down a track, the costs of reversal are very high. There
will be other choice points, but the entrenchments of certain
institutional arrangements obstruct an easy reversal of the initial
choice [29].

Path Dependence in U.S. Environmental Policy

Why does this matter for nanotechnology broadly understood?
For one thing, these laws were put into place long before notions
of precaution, risk management, or life cycle assessment
emerged at the center of scholarly and policy discourse, so such
comparatively holistic thinking is nowhere clearly embodied into
U.S. statutory authority beyond, perhaps, requirements in the
National Environmental Policy Act (1969) mandating environmental
impact assessment before facilities like dams or nuclear power
plants can be constructed. Such statutory silences make it difficult
for U.S. regulatory agencies to break out of the kinds of narrowly
constructed and highly legalistic notions of impact and risk that
dominated 1970s-era policymaking, and which endure to this
day [30].
More to the point, these statutes—encrusted by decades of
judicial opinions, regulatory rules, and bureaucratic norms—may
actually preclude environmental policymakers from acting with
the flexibility arguably needed to address contemporary challenges.
For example, while the EPA has promoted greater “cradle to cradle”
life cycle thinking in product manufacturing, use, and reuse or
disposal, current language in the Toxic Substances Control Act
(TSCA) does not make it easy for the agency to even obtain the
information on which to develop essential life cycle inventories,
much less incorporate life cycle analysis in regulatory decisionmaking [31]. Indeed, provisions in TSCA—enacted in 1976 and still
the nation’s primary statutory vehicle for regulating chemicals—
exempt producers from submitting data or information deemed as
confidential business information (CBI). Over time, such exemptions,
which are defined almost entirely by companies seeking to
register their products, has left major holes in the EPA’s knowledge
base, or in the ability of other stake-holders (e.g., environmental
nongovernmental organizations) to judge the validity or utility
of the information submitted by registrants [32]. More telling, the
EPA’s Nanoscale Materials Stewardship Program (NMSP), a voluntary
program promoted during the George W. Bush administration,
failed to generate useful information about which companies are
working with what kinds of nanomaterials. The outside observers,
such shortcoming underscored the EPA’s comparative weakness
vis producers and highlighted its structural/legal incapacity to
incorporate integrated and more flexible modes of thinking into

557

558

The Enduring Embrace

its decision-making [33]. Some observers go so far as to argue
that the political and statutory origins of the EPA itself, overlayered by limits on agency discretion imposed by Congress and
the courts, has over time locked the agency into path dependent
processes and behaviors that leave little room for a nuanced
balancing of benefits and risks [30]. If, as argued, the problems
of nanotechnology are immediate and familiar, the continued
persistence of this regulatory ancien régime spells trouble for
those hoping to promote norms of anticipation and precaution in
environmental governance.
Prospects for statutory change are poor. In 2009–10,
Democrats in Congress, working with the Obama administration,
exerted considerable effort to revise the Toxic Substances Control
Act in no small part out of concern about the law’s relevance to
manufactured nanomaterials [32]. Those efforts had some support
from major chemical companies such as DuPont and Monsanto,
which already must comply with provisions in REACH and
other non-U.S. regulatory systems [34]. However, proposals to
enable EPA to gather more information and to shift the burden of
proof to registrants were opposed by congressional Republicans,
backstopped by smaller chemical firms and by ideological
conservatives skeptical about regulation overall. The drive to
revise TSCA lost momentum, and collapsed after Republicans took
control of the House of Representatives after the 2010 election.
To Richard Denison of the Environmental Defense Fund, a leading
U.S. environmental NGO, the failure to reform TSCA embodied a
stalemate that only ensures the “continuation of a government
oversight system that is too antiquated, resource-starved, legally
shackled and industry-stymied to provide to the public and the
marketplace any assurance of the safety of these new materials as
they flood into commerce” [35].
In December 2011 the EPA’s Office of Inspector General (its
in-house oversight office) issued a report on the agency’s capacity
to manage risks posed by nano-enable products. While the
Inspector General argued that the EPA can find sufficient statutory
authority over nanomaterials in existing laws, TSCA in particular,
the agency “does not currently have sufficient information or
processes to effectively manage the human health and environmental
risks of nanomaterials” [36]. The report called on the EPA to

A Path Ahead?

improve its information collection and distribution efforts, yet was
silent about the agency’s fundamental legal or institutional capacity
to obtain the information necessary to make nuanced decisions
on environmental and health risks. As suggested, such capacity
may not exist as a result of constraints imposed by laws enacted in
the 1970s. The ancien régime endures.

26.5

A Path Ahead?

To repeat an earlier question: What is the problem of nanotechology?
It is not uniqueness, or even uncertainty (an overused term).
Rather, in many ways the problem of nanotechnology today is
identical to the fundamental dilemma posed by pesticides in
the 1960s, recombinant DNA research in the 1970s, or GMOs in
the 1990s: How do we balance evident, proximate, and usually
material benefits with unclear, less proximate, and often intangible
risks? If we look back over history, we find that incentives for
action are almost always in favor of those promoting technological
innovation and commercialization: greater efficiency, more
material comfort, better physical health, longer life, and so on. By
contrast, those seeking to avoid or reduce “unacceptable risks”
face a much more difficult task, starting with the contested notion
of what is “acceptable” and confronted by the reality that so many
risks may take years, if not longer, to show themselves.
In this regard, the Age of Nanotechnology, whatever else
it produces, has focused our attention on the challenges facing
democratic governments as they seek to balance benefits and
risks. In the United States, the promise of nanotechnology forces
the even its promoters to also worry that laws enacted decades
ago are no longer—if they ever were—adequate to address
the multiplicity and complexity of risks likely to derive from
contemporary technological development. If the “command
and control” approaches embedded in 1970s-era statutes were
seen over time as overly rigid, legalistic, and adversarial, calls
for corporate “self-regulation” and voluntary industry codes
frequently fail to fulfill stated goals and face heavy criticism for
being overly lenient on polluters [37]. The challenge, as stated by
the Intergovernmental Risk Governance Council, “is really how to
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move beyond simplistic notions, such as self-regulation, to building
systems of accountability and governance that are conducive to
appropriate expansion of both science and democracy” [38]. Yet
such exhortations neglect a reality that, in the United States, a
regulatory regime forged in the age of chemicals will continue to
exert its path dependent effects for years to come, leaving the U.S.
to limp along with the tools it has, inadequate as they may be.
What are prospects for needed statutory change? Partly as
consequence of stalemate at the federal level, one does observe
growing activism at the grassroots level for more effective and
accountable approaches to risk governance, demands borne out of
mounting citizen concerns that they are being subject to harms over
which they have little real understanding or personal control [39].
However, heightened citizen concern and activism are necessary
but not sufficient conditions for major policy change [40]. If
history is a guide, such change may require an existential crisis of
faith in science and technology that dislodges the old order. Silent
Spring catalyzed a major (if imperfect) rethinking of U.S. chemicals
policy, Three Mile Island dramatically altered attitudes toward
nuclear power, and outbreaks of “mad cow” disease (BSE) in the
1990s forced EU nations to overhaul their food safety systems [41].
Promoters of nanotechnology development, their minds firmly
fixed on “lessons” of GMOs and other technologies, worry that
about such crisis of faith in nanotechnology writ large [42]. Yet,
short of a fundamental ideological and partisan realignment in the
larger political system, the regulatory ancien régime will continue
to define the capacity of government to balance benefits and risk in
more accountable, effective, and responsive ways.
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27.1

Introduction

The development of engineered nanomaterials (ENMs) and nanotechnology applications has grown exponentially, along with the
awareness of nanosafety issues in government, industry and public
groups. A problem for the nanotechnology-related industries is that
there is also a growing public concern from the negative perception
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
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in certain high-profile groups of an uncontrolled proliferation and
release of nano-enabled products that have not been adequately
tested for their safety to humans and the environment. There
are indications that this may be impacting nanotechnology
development, with the rapid increase in the worldwide “nano”
share of venture capital funding from 2001 to 2002, leveling off
after 2002 along with the initial wave of nanotoxicology reports
in the scientific literature [47].
It is important to first note that there are many types of
ENMs—not all are alike or a potential hazard, and the possibility of
exposure to nanoparticles (NPs) shed by ENMs is a major factor.
The next step is to undertake a whole of life cycle analysis to
determine if there are any “hotspots” of potential exposure to
shed NPs. From this one can identify who or what may be exposed,
as well as the eventual fate of these NPs, and whether there is
the potential for adverse biological effects from the exposure
scenarios. The physicochemical characteristics of NPs are very
important in cellular uptake, which leads to their biological effects
and their potential to cause toxicity.
The smart development and manufacture of nano-enabled
products would therefore involve a safety-by-design approach
(also termed by green chemistry specialists as the “benign-bydesign” approach), where nanosafety information is used in the
early development of nanomaterials to provide products that
can be marketed as being safer to use, for consumers and the
environment. Effective nanosafety research for those nanomaterials
being scaled up to production will also help provide nanomanufacturers with a “licence to operate,” as well as demonstrate
their legal duty of care to provide a safe workplace for their
employees, and also minimize environmental impact.
It is therefore important for nanomaterial developers and
manufacturers to understand the major factors influencing the
bioactivity of NPs in order to re-engineer nanomaterials to
reduce their intrinsic hazard, or use appropriate workplace and
environmental controls to reduce the potential risk of exposure
to nanomaterials of concern.
This chapter provides an overview of the toxicology of
ENMs and the occupational health and safety (OH&S) issues and
workplace controls for using ENMs. Focussing on commercial-scale
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ENM production, the majority of examples in this chapter concern
inorganic engineered nanoparticles.

27.2

Overview of Nanotoxicology

Focus Point 1: Nanoparticles are most likely to have higher toxicity
than bulk material if they are insoluble, penetrate biological
membranes, persist in the body or are long and fiber-like.
Focus Point 2: The physicochemical characteristics of nanoparticles
are very important in cellular uptake, which leads to their biological
effects.

Focus Point 3: Incorporating the safety-by-design approach in
nanomaterial development provides a marketing edge for
products that have a reduced potential impact on health and the
environment.

27.2.1

Toxic Potential of Nanoparticles

Epidemiology and toxicology studies have recently linked exposure
to NPs from anthropogenic sources, such as diesel exhaust, to
increased mortality rates, impaired lung function and cardiovascular
disease. Evidence is mounting that some nanomaterials may alter
critical body processes, while further potential health risks are
posed by the rapidly expanding applications of nanostructured
materials, and the development of numerous engineered NPs
and their hybrid forms with modified surface characteristics to
enhance their functionality and applications (reviewed in [46]).
Minimal knowledge of health effects for nanomaterial exposure
is now seen as a major hurdle to the growth of this burgeoning
industry. Information concerning the potential hazards, biomarkers
and safe handling of these materials is urgently needed to generate
evidence-based risk assessments, which will allow the scientific
development and technical exploitation of nanomaterials [30, 40].
To date, there have been few published systematic or comprehensive nanotoxicology studies undertaken that would allow
adequate risk assessment of engineered NPs, although the findings
will soon be made available of the safety testing of representative
manufactured nanomaterials by international research consortia,
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co-ordinated by the Organisation for Economic Co-operation and
Development (OECD) (detailed in Section 27.2.7). The comprehensive
database of nanotoxicology publications listed by the International
Council on Nanotechnology (ICON) (http://icon.rice.edu/, based
at Rice University, Texas, USA [23]) shows that the initial emphasis
has been on inhalation studies and exotic NPs, such as carbon
nanotubes (CNTs) and fullerenes, with a growing number of studies
now investigating well-established NPs in the marketplace, i.e., zinc
oxide (ZnO) and titanium dioxide (TiO2) NPs in sunscreens, personal
care products and coatings, and silver NPs (nano silver) used for
biocidal applications.
There does not appear to be a nano-specific toxicity that is
novel compared with toxicity caused by the bulk form of the same
material—only changes in biological potency and distribution
within the body. Nanoparticles are most likely to have higher
toxicity than the bulk material, if they are insoluble, penetrate
biological membranes, can persist in the body, or are long and
fiber-like (termed “nanoparticle of concern,” NPOC) [26]. The
insolubility and biological penetrance characteristics impart an
increased uptake by the body (termed “bioavailability”) compared
with the bulk material, while persistence within the body may
be due to either extensive tissue distribution and binding, or
sequestration and slow remobilization from such tissue deposition
sites within the body [26]. The physical characteristic of being
long, thin and fiber-like relates to the well-known toxicity of biopersistent long fibers, including long fiber asbestos [9].
Previous research has suggested that a nanomaterial’s toxicity
is likely to be due to physicochemical properties that are not
routinely monitored in traditional toxicity studies for substances,
including particle size and size distribution, agglomeration state,
shape, crystal structure, chemical composition, surface area,
surface chemistry, surface charge and porosity [12, 41].
The small size of NPs and their greatly increased surface area
per mass mean that there is also a far greater proportion of more
reactive surface atoms with elongated electron orbitals [40]. The
enhanced chemical reactivity of NPs compared with their larger
particle counterparts potentially results in increased production
of reactive oxygen species (ROS), including free radicals, that may
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result in oxidative stress of exposed cells leading to mitochondrial
and DNA damage [58]. Photoactivity is also important for some
NPs, as TiO2 and ZnO NPs can produce free radicals that cause
in vitro DNA damage to human skin cells when exposed to ultraviolet
light, even though they are considered to be relatively non-toxic
metals [35]. However, results from such in vitro photogenotoxicity
studies need to be evaluated as part of an overall “weight of
evidence” approach, which assesses a range of both in vivo and
in vitro studies, considers the dose ranges that are necessary to
achieve the biological effects, and the likelihood of these effects
occurring at the target site of toxicity. In the case of ZnO NPs, the
photogenotoxic effect only occurred in a few in vitro genotoxicity
tests, while all in vivo and most in vitro genotoxicity tests were
negative for ZnO—indicating that ZnO is not likely to cause this
effect during sunscreen use.
Therefore, to fully understand the potential toxicity of
engineered NPs, their structural, physical and chemical properties
need to be comprehensively elucidated, in both starting materials
and within the actual physiological environments they encounter.
This is easier to perform in simple in vitro test systems that
involve biologically relevant fluids and/or cells, but characterizing
NP-cell interactions in vivo can be further complicated by difficulties
in tracking NPs in an organism, as well as it’s active/adaptive
processes of bio-transformation, clearance and defensive/immune
responses [45]. Fortunately, the potential for NPs to interact with
several specific biological pathways may be screened for by using
simple in vitro test systems with proteomic/genomic arrays and/
or functional assays. But the relevance of such in vitro toxicity
findings should always be confirmed where possible using in vivo
studies via appropriate exposure routes, as this takes into account
the complex interactions between organ systems that may modify
toxic effects, and whether the NPs reach the relevant target organ
site in sufficient amounts, and for long enough, to cause toxicity
(known as the “toxicokinetic” characteristics).
It is also important to remember that humans are not
necessarily the most sensitive species when exposed to substances,
especially to dissolved metal ions, so ecotoxicology issues and the
potential for accumulation of some NP types in certain ecosystems
should also be considered.
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27.2.2

Toxicokinetic Characteristics of Nanoparticles

To assess the potential for nanoparticles to be taken up by the body
and accumulate following exposure, it is important to understand
the nanomaterial characteristics that influence the toxicokinetic
parameters of absorption, distribution, metabolism and excretion
(also known as the “ADME” parameters) (reviewed in [12]).

27.2.2.1 Absorption

Exposure to NPs can potentially occur via three routes: inhalation,
oral ingestion and dermal exposure. Animal studies indicate that
the inhalational route of exposure leads to absorption of NPs into
the body. The size of inhaled particles influences the region of the
respiratory tract that receives the majority of particle deposition,
with smaller particles finding their way into the alveolar sacs.
Large inhaled particulates can be removed from the lung by mucociliary clearance, after which they can also be swallowed, adding
to the amount of exposure via the oral route. Smaller particulates
are engulfed by alveolar macrophages or translocate across the
alveolar wall into the capillaries and, thereafter, mainly to the liver
and spleen via the blood stream [41].
Inhaled metal oxide, gold or carbon nanoparticles can also
deposit at the rear of the nasal airway and translocate across cell
membranes into the olfactory bulb and along nerves to the brain
[11]. Numerous inhalation studies in rodents have used very
high doses of NPs by intratracheal instillation that were well in
excess of the <0.4 mg/kg dose recommended to avoid pulmonary
particle overload–the resultant overwhelming of the pulmonary
clearance mechanisms is difficult to relate to low-dose exposures
in humans but typically leads to macrophage activation,
inflammation, lung fibrosis and cancer [9].
Oral ingestion of NPs can result in absorption across the
intestinal wall, with smaller particles being absorbed better—these
can pass through the portal blood stream to the liver and other
organs. The mechanism of uptake from the gastro-intestinal tract
is under investigation for certain NPs; however, smaller particles
are taken up more readily, and it is presumed that specific cell types
are involved (e.g., M-cells that sample the gut lumen contents).
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There is also the potential for some NPs (TiO2 and SiO2) to trigger
immune responses in intestinal dendritic cells [12].
Skin penetration following NP exposure is minimal in humans.
Comparative animal dermal studies have shown that human skin
is less penetrable by NPs that pig or rodent skin [7]. Indications
of negligible penetration of certain NPs through healthy human
epidermis in the short term [61], are now being followed up studies
involving NP exposure to damaged (e.g., sunburnt) human skin
[4] and skin flexure, which may lead to increased transdermal
penetrance of NPs. However, the issue of chronic dermal exposure
over decades (e.g., with cosmetic use) will be more difficult and
complex to assess.

27.2.2.2 Distribution

The exposure route influences the target sites of NP distribution
in the body, but overall the main target organ for particulate
accumulation is the liver, followed by the spleen, lungs and kidneys
[12]. This is not surprising as the liver sinusoids are responsible
for the capture and elimination of viruses and other particulates
larger than 10–20 nm from the circulation. However, NPs can also
directly penetrate across the blood–brain and testes barriers [41].

27.2.2.3 Metabolism

Unlike fullerenes (e.g., C60), there is no evidence of metabolism of
inorganic engineered nanoparticles, although partially oxidizing
and dissolving NPs (e.g., nano silver) can generate metal ions that
are then complexed or otherwise processed within biochemical
pathways that handle either mono- or di-valent metal ions [12].

27.2.2.4 Excretion

Particle size is very important in the mode of elimination from
the body. Generally, particles with a hydrodynamic diameter (i.e.,
including the plasma proteins that bind to the NP surface) of
greater than 5 nm cannot readily pass through the glomerular
filter of the nephrons within the kidney in order to get into the
urine and so do not undergo renal clearance [4].
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27.2.3

Mechanisms of Nanoparticle Toxicity in
Biological Systems

In order to understand the potential hazard of certain engineered
nanomaterials once they have entered the body, it is important
to consider the mechanisms by which nanoparticles enter cells
and subsequently cause toxicity. Nature itself is the master
nanotechnologist as cellular processes occur at the nanoscale. The
most critical characteristics that affect nanoparticle uptake by
cells are the particle size, surface charge or modification and the
specific cell type involved (Table 27.1). Changes in one (or more)
of these parameters can cause major differences in the efficiency
and type of cellular uptake [52].
Table 27.1
NP factor
Particle size
Particle
surface
charge
Particle
surface
modification

Different factors that affect nanoparticle uptake by cells
Effect on cellular uptake of nanoparticle

• Smaller nanoparticles are taken up/internalized with greater efficiency than larger particles of the same chemical composition.
• Small nanoparticles bypass cellular degradation pathways better
than larger particles.

• Cellular membranes are generally negatively charged and therefore positively charged particles are taken up preferentially into
live cells.
• Nanoparticle surfaces that are positively charged at the low pH
found in endosomes may undergo “endosome escape” into the
cytosol.

• Receptor-mediated uptake mechanisms occur for some
nanoparticles with specific ligands conjugated to their surfaces—
dependent on the expression of specific cell surface receptors;
can also be used to target specific cell types.
• Endosomes can be bypassed and rapid uptake achieved by
conjugating protein transduction domains onto the surface of
nanoparticles.
• Oligodeoxynucleotide conjugation aids specific sub-cellular
localization due to the presence of complementary cellular
deoxyribonucleic acid (DNA) sequences in organelles, such as the
nucleus or mitochondria.
• Nanoparticle surfaces bind proteins when they come in contact
with biological fluids, forming a protein corona that influences
how the particles are processed by the cell.

Source: Adapted from [52].
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27.2.3.1 Particle uptake pathways in cells
Due to their small size, nanoparticles are easily taken up into
cells by a range of uptake pathways used for macromolecules.
Such macromolecules must be carried into the cell in membranebound vesicles derived by the invagination and pinching-off of
pieces of the plasma membrane—a process termed “endocytosis.”
Endocytosis occurs by multiple mechanisms that involve either
“phagocytosis” (cell eating), which takes up large particles, or
“pinocytosis” (cell drinking) that involves the phagocytosis of
fluid-filled vesicles by all cell types [5].
Receptor-mediated endocytic mechanisms involve receptors
on the cell membrane that capture particles or substances via
binding to specific ligands. These include the following, with the
first three uptake pathways being part of pinocytosis [59]:
• clathrin-mediated endocytosis, the classical and welldescribed mechanism involving clathrin, the cage-forming
protein that forms pits in the membranes of most nucleated
cells (<150 nm);
• caveolin-mediated endocytosis, the clathrin-independent
uptake mechanism via flask-shaped cholesterol-rich invaginations of cell membranes (50–80 nm);
• caveolin- and clathrin-independent, yet lipid raft-associated
endocytosis, which is specific for the internalization of
certain cytokine receptors and proteins (~90 nm); and
• phagocytosis is typically restricted to specialized mammalian
cells, i.e., predominantly by macrophages and Langerhans
cells (immature dendritic cells in the skin), which are
antigen-presenting cells that act as sentinels of the immune
system (>500 nm). Langerhans cells, and stimulated
macrophages and endothelial cells, also perform the receptorindependent uptake process of macropinocytosis (0.5–5 µm).

Consequently, endocytosis of virus-sized particles (20–200 nm)
occurs in most nucleated eukaryotic cells, while the endocytosis
of bacteria and larger particles (>0.5 µm) occurs in antigenpresenting immune cells. Based on the relative size of these
invaginations in the cell membranes, individual nanoparticles will
be taken up by receptor-mediated endocytosis, while the uptake
of their larger agglomerates/aggregates is via phagocytosis and
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the receptor-independent endocytic pathway of macropinocytosis,
whereupon the nanoparticles have essentially free access to all
cellular compartments, depending on the intracellular processing
that occurs [59].

27.2.3.2 Protein corona effects

Once nanoparticles have entered the body, the nanoparticle surface
binds proteins present in biological fluids—this forms a protein
corona, conferring a “biological identity” that greatly influences
how the particles are “seen” and processed by the cell [31]. Thus,
the exposure route is significant, as it affects the nature of the
endogenous coating of protein and lipids absorbed in situ onto
the NP surface. The high surface energies of pristine NPs means
that they are rapidly coated with biomolecules, but these exchange
over time until it stabilizes to form a hard protein corona that
survives entry to cell or early processing. However, lysosomes are
able to digest off the hard protein corona via proteolytic activity
in their acidic microenvironment of pH 4.8. This initial exchange
of the soft corona before the NP enters the cell implies that there
may be a time-scale to the surface appearance [32]. This also has
important implications for environmental exposures with regard
to the potential for NPs to act as nanovectors and also for some of
the early short-term in vitro toxicity studies that may not have preincubated the test NPs sufficiently to obtain a stable corona.
So while entry into non-immune cells is faster for smaller
particles, the surface characteristics matter because the biodistribution of NPs is governed by the surface protein binding, as
NPs travel into cells via existing energy-dependent pathways to
sorting endosomes [8]. Thus, most NPs are processed as proteincoated particles and as there is no cellular export, there is a different
rate of accumulation at different cell cycle phases. However,
slowly oxidizing and/or dissolving nanomaterials, such as Ag
and ZnO, are different as they can be degraded and release high
localized concentrations of ions. Similarly, phototoxic NPs may
exhibit additional toxicity if they distribute to living cells that
are also exposed to UV light. Larger-sized particles go into the
phagosomes of macrophages, where they can burst or damage
lysosomes by different mechanisms [8]. Unfolding of proteins in
the corona caused by the tight binding and wrapping of proteins
around the curvature of NPs is not common, but under some
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circumstances could potentially lead to inflammatory pathways
[32]—as described in the section on the potential for immune
effects (Section 27.2.4.6). Protein refolding by NPs may also cause
protein fibrillation and the formation of protein aggregates and
plaques; however, this uncommon effect and its implications are also
under further investigation.
The effects of the protein corona highlights the differences
between particles and chemicals in test systems, i.e., chemicals
partition into cells, while nanoparticles are processed by cells.
Small particles that are not excreted by the kidneys or evade
capture by the reticulo-endothelial system (including the liver and
spleen), can circulate longer than larger particles and interact
with non-specialized cells and cross blood–organ barriers. Recent
studies have reported that different kinds of proteins can bind the
NP surface at the different plasma/serum concentrations present
for in vitro tests versus in vivo exposures. As many are signaling
proteins, we cannot solely depend on in vitro assays that typically
use 10% serum in cell culture media, and therefore need to also
investigate the effect of pre-incubating in whole serum [32].

27.2.4

Summary of Nanoparticle Bioactivity

Certain NP characteristics are important in exerting their
biological effects, in which several intracellular organelles are
potentially involved–especially the endosomes that are involved in
the processing of endocytosed particulates, and the mitochondria
that are the “energy powerhouses” of the cell and very sensitive
to redox imbalances within the cell, which can lead to oxidative
stress. These NP characteristics include particle/agglomeration
size, surface area, charge and chemistry, particle shape and
crystalline form, target cell characteristics, and the presence of
contaminants (reviewed in [9, 12, 25]).

27.2.4.1 Nanoparticle size, and surface area, charge and
chemistry effects

The effects of these particle characteristics on cellular uptake are
listed in Table 27.1. Thus, NP cytotoxicity can be progressively
reduced by polymer coatings of increasing thickness, preventing
cellular uptake and degradation. The formulation of the NP is also
a very important determinant of their behavior and penetrance
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characteristics in a biological system, as polymer (polyethylene
glycol) coated NPs can diffuse far more rapidly through mucus than
the uncoated versions.
Polarity (hydrophilicity) can influence toxicity; for instance,
carbonaceous NPs (fullerenes) are less cytotoxic when derivatized
to increase their polarity, although this will also alter their
agglomeration state in aqueous systems and, therefore, will also
change their delivered dose to humans and the environment.
Surface chemistry affects the extent of serum protein binding to
NPs, which forms the dynamic coating of NPs when in the body
that can alter the pathway and rate of clearance from the body
depending on the final hydrodynamic diameter of the particulate
in biological fluids (as detailed in the ADME parameters in
Section 27.2.2).

27.2.4.2 Nanoparticle shape and form effects

Different forms of the nanomaterial can differ in toxicity despite
having the same chemical composition, e.g., the many forms of
carbonaceous NPs (bucky balls and CNTs) only consist of pure
carbon, but their cytotoxicity varies widely. The aspect ratio of
fiber-like nanomaterials is important, as not all CNTs are alike in
their biological effects. Only straight CNTs that form “asbestos-like”
aggregates longer than a macrophage may engulf (i.e., over 15 µm)
can induce the asbestos-like effects of mesothelioma in animal
models. Short or tangled CNTs (or indeed short fiber asbestos)
do not appear to cause mesothelioma but can still generate other
proinflammatory particle effects. The crystallinity state is also
important for certain nanomaterials such as nano silica and TiO2,
for which NPs of different crystalline forms have different
reactivities (as detailed in Sections 27.2.6.1 and 27.2.6.6 on specific
inorganic nanomaterials).

27.2.4.3 Nanoparticle effects on target cells

Cell types can vary greatly in their susceptibility to cytotoxicity
induced by identical NPs. Selection of cell types for in vitro exposure
studies is critical as immortalized cells often lack components
of apoptotic and cell cycle processes (and various transport,
biotransformation and inflammatory pathways), that may render
them less sensitive to cytotoxicity from NP exposures. Conversely,
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cell lines with altered tumor suppressor genes may also be more
sensitive to genotoxicity caused by in vitro NP exposures. Cell
death by either apoptosis (controlled cell death) or by necrosis
(cell death that leads to inflammation) have profoundly different
implications for the surrounding tissues, and determining the
type of cell death is important for designing effective handling
strategies for different NMs.
The immune system is very important in clearing particulates
from the circulation but can result in their accumulation/
sequestration within cells making them crucial targets for potential
toxicity from NP exposure (as detailed in Section 27.2.4.6 on
immunotoxic potential).
Overall, when employing the weight of evidence approach
concerning cell-specific effects of nanomaterials, a greater weight
should be placed on data derived from in vivo rather than in vitro
studies. With regard to in vitro studies, the best evidence will come
from studies using human primary cells, whereas a lower level
of evidence is provided by studies using immortalized/tumor
cell lines and animal cells. The premise is that the closer a study
mimics a human system, the more useful are the data that it
provides.

27.2.4.4 Contaminant effects

NPs can act as nanovectors for toxins, or contain dopants/
impurities that may exert their own cytotoxicity, especially if
these agents produce ROS and oxidative stress. Impurities may be
residual catalysts or precursors present in the nanomaterial from
the synthetic process. For example, unlike “clean” acid-washed
CNTs, those containing up to 5% iron after synthesis are as potent
inflammatory and fibrogenic agents as quartz or asbestos, in part
due to transition metal catalyzed Fenton chemistry producing
ROS and oxidative stress.

27.2.4.5 Neurotoxicity potential of nanoparticles

There have been few investigations of the potential for neuronal
effects in vivo from engineered NPs; however, it should be
considered due to the ability of inhaled NPs to travel to the brain
via the olfactory bulb. Translocation of particles along nerves
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is well known in neuroscience research, which has employed
fluorescent NPs injected systemically to track peripheral neural
pathways via retrograde transport back to the brain. Metal NPs
injected in vivo into rats can bypass the blood–brain barrier and
also disrupt its function with the leaking of blood factors to cause
brain edema, and neurotoxicity enhanced by hyperthermia (Ag,
Cu > Al; 50–60 nm) [51]. In vitro exposure of brain cells (astrocytes)
to anatase TiO2 results in ROS production leading to mitochondrial
disruption and oxidative stress. Interestingly, nanomedicine
applications for nanoneuroprotection are under investigation, in
which NPs are being developed as nanopharmaceuticals for drug
delivery across the blood–brain barrier, as well as for therapeutic
antioxidant effects in ROS-dependent neurological diseases [51].

27.2.4.6 Immunotoxic potential of nanoparticles

The immune system is a complex multi-organ system involving
biomolecules and cells present throughout the body that have
evolved to respond to biological particulates such as viruses and
bacteria. Many NPs are similar in size to viruses or the components
of larger pathogens and consequently have the potential to cause
immune activation. Some nanoparticles can act as nanovectors
for antigens to the immune system, and also have a strong
stimulating (“adjuvant”) effect, which is desired in vaccine
technology. Therefore, the immune system is a crucial target for
toxicity from exposure to NPs, with its unique responses to viralsized particles and great importance in clearing particulates from
the body [34].
The immune system is unable to eliminate insoluble
nanoparticles because its arsenal of mechanisms for killing
biological pathogens is ineffective with persistent nanoparticles,
which can lead to “frustrated” macrophages that produce ROS and
promote chronic inflammatory responses. Following exposure to
certain non-biodegradable nanoparticulates, there is potential for
direct immunosuppression of immune cell function, due to immune
cells phagocytosing and accumulating NPs but being unable to
degrade them; as well as inappropriate immunostimulation and/
or cell activation (e.g., frustrated phagocytes producing ROS)
causing cytokine release, which may result in nanoparticleenhanced allergy and/or nanoparticle-induced autoimmunity.

Overview of Nanotoxicology

Animal studies have indicated that allergen (ovalbumin)coated polystyrene NPs <50 nm may invoke virus-like responses
from the immune system (known as a T-helper 1 or “Th1” type
response), while particles >90 nm may induce bacteria/parasitelike responses that are similar to that seen for allergic reactions
(known as a T-helper 2 or “Th2” type response), including dermatitis
and asthma [34]. Metal and metal oxide NPs can elicit the release of
a cytokine profile from exposed immune cells that is neither a
typical Th1 nor Th2 type response but is instead a general proinflammatory response that for particulates typically involves
cytokines such as interleukin-8 (IL-8) [18].
Depending on the type of cytokines secreted, we may observe responses that promote excessive inflammation and tissue
injury or responses that support allergic reactions. Each response
type produces a range of specific cytokines, including key
cytokines that could be important in biomonitoring for the effects
of nanoparticles on the immune system. However, there is
currently little information available on the immune effects of
industrial NPs.
Furthermore, workers with a genetic predisposition to allergy
(e.g., “atopic” individuals who already have an immunoglobulinE response to an inhaled allergen, which comprises 30–40% of
the general population, and up to 50% of the workforce in certain
workplaces) are potentially at greater risk from an interactive
response between concurrent nanoparticle and allergen exposures.
These are important factors that need to be considered when
developing workplace controls and monitoring strategies to reduce
the risk of allergy from nanomaterial exposure in the working
environment. Consequently, the development of appropriate
exposure assessment practices in the workplace is fundamental
to evaluating the effectiveness of risk management processes [41].
The formation of a protein corona by adsorption of proteins
onto NPs may also result in the exposure of amino acid residues
on the surface of these proteins that are normally buried in the
core of the native protein. These conformationally changed protein
areas can act as “neo-allergens” and, if recognized by immune
cells, are called “cryptic epitopes” that may trigger inappropriate
cellular signaling events leading to autoimmune reactions (as
opposed to being rejected by the cells as foreign bodies). However,
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the identification of such surface-exposed epitopes is very difficult,
and models that account for the biophysical properties of
nanoparticles, molecular protein structures and cell signaling are
currently being developed [32].
Overall, nearly any influence of NPs on immunity may be
regarded as having a potential negative impact on our health
status, as the immune system is a finely tuned mechanism that may
be unbalanced by NP exposure.

27.2.5

Potential Biomarkers of NP Exposure

The analysis of various biomarkers after NP exposure is of
fundamental importance in developing future diagnostic tests of
exposure and consequent risk assessment. Also, the investigation
of potential biomarkers of the effect will help determine the toxic
mechanisms involved, which can be used in the “green” design of
safer nanomaterials (i.e., the “safety-by-design” approach).
The cellular responses to in vitro NP exposures generally
indicate that oxidative stress caused by ROS and free radical
generation initially upregulates stress responses (anti-oxidant
defense), and can then lead to inflammatory signaling and finally
cytotoxicity [37]. Bioindicators for each of these stress responses
include:
(1) antioxidant defense proteins, e.g., glutathione transferases
and hemoxygenase,
(2) inflammatory mediators leading to the production of
cytokines and chemokines, and
(3) cytotoxic events involving cell membrane and mitochondrial
disruption, leading to cell death via either apoptotic
(caspase-dependent) or necrotic pathways [37].

Currently, comprehensive investigations of such pleiotropic
effects from chemical exposure commonly involve the toxicogenomic
approach of employing gene chips to compare the differential gene
expression profiles of control and exposed cells/tissues. Using
human and animal cells from different critical target organs enables
the elucidation of the effects of chemical exposure on organ-specific
gene expressions. These techniques are increasingly being used
to investigate the effects of NP exposure in both in vitro and in
vivo human and animal test systems, in order to confirm the most
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appropriate biomarkers for future diagnostic tests of NP exposure
and risk assessment.

27.2.6

Toxicology of Specific Inorganic
Engineered Nanomaterials

27.2.6.1 Nano titanium dioxide (reviewed in [9])
TiO2 is regarded as an insoluble particle in biological systems,
exhibiting low acute toxicity in a variety of traditional hazard/
safety tests. Experimental animals exposed to high concentrations
of nano TiO2 through inhalation, may exhibit impairment of normal
alveolar clearance mechanisms in the lung, resulting in particle
build-up leading to excessive lung burdens that cause chronic
alveolar inflammation. The International Agency for Research
on Cancer (IARC) has classified TiO2 as a Group 2B carcinogen–
possibly carcinogenic to humans. The main data used for this
classification concerned lung tumors in rats after high chronic
exposures that would have caused the “particle overload
phenomenon” (whereas mice and hamsters did not develop
tumors). IARC considered the biological mechanisms occurring
in the rat were still relevant to workers in situations of high
exposures. However, with the mode of action involving a sustained
inflammation, this implies that there is a threshold dose below
which exposures will not be harmful. Some acute and intratracheal
inhalation studies did not give the expected results of increased
pulmonary toxicity due to aggregation and agglomeration of TiO2.
Dermal absorption studies for nano TiO2 have consistently
concluded that TiO2 is not absorbed through healthy human skin.
Oral studies indicated that nano TiO2 is absorbed from the
gastrointestinal tract and distributed throughout the body.
Intravenous and oral studies both resulted in TiO2 retention in the
lung, kidney, liver and spleen, but not in the lymph nodes, brain,
plasma or blood cells.
Current research implies that the toxicity of TiO2 is related
to decreasing particle size and crystallinity. Anatase nano TiO2 is
more toxic/phototoxic than the rutile crystalline form, and anatase
has also shown in vitro genotoxicity from the generation of
oxyradicals via oxidative stress. However, both forms can induce a
pulmonary inflammation response if the concentration of exposure
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is high enough in rat inhalation studies. Some of the toxic effects
of nano TiO2 can be scaled based on surface area considerations
from the toxicity of micro-sized TiO2 [12].
Concerns about potential biological effects from the
photoactivation of nano TiO2 were raised when BlueScope Steel
researchers Barker and Branch (2008) reported that metal oxide
nanoparticles in some sunscreens had photocatalytic activity
capable of bleaching the painted surfaces of coated steel [2]. The
relevance of photobleaching of pre-painted steel roofing materials
to potential biological effects of human sunscreen is highly
unlikely, as both the nature of the target site affected and the UVsunscreen co-exposure circumstances are very different. Several
studies have shown that there is negligible penetration of metal
oxide nanoparticles past the outer dead cell layer (in the stratum
corneum) of healthy or damaged skin. The skin is also constantly
shedding its outer layer of dead cells.
In conclusion, when formulating a new nano TiO2 product or
use, its potential toxicity can be controlled by varying the crystalline
form used. For example, the UV-photocatalytic activity of nano
TiO2 can be reduced by partial or full replacement of the anatase
form with the less reactive rutile form, especially in sunscreen
applications and personal care products. The use of dopants and
coatings of nano TiO2 to attenuate the effects of photocatalysis
should also be considered in such applications where UVabsorption, but not reactivity, is required. In applications involving
the use of an industrial-grade TiO2 photocatalyst, such as the
coatings on “self-cleaning” glass surfaces, then the potential for
shedding of anatase nanoparticles into the environment needs
to be assessed and minimized to reduce environmental impact.

27.2.6.2 Nano cerium dioxide (reviewed in [25])

Many of the unique properties the rare-earth oxide cerium dioxide
(CeO2, ceria) are enhanced in the nano form due to the increase
in both the Ce3+ concentration and the lattice constant, including
its oxygen storage capacity and redox activity. Nano ceria can be
made in a range of shapes, including spheres, rods and cubes. Nano
ceria could be used for several biomedical applications within
biological systems, including drug delivery, prevention of cell death
or injury caused by oxidative stress and associated diseases.
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Although nano ceria exhibits antioxidant (superoxide
dismutase-mimetic activity) and biocompatible properties under
specific conditions, its redox cycling ability may be pro-oxidant
outside of this range of conditions and cause in vitro oxidative
DNA damage. Nanoparticle-sized CeO2 has exhibited higher photochemically induced toxicity than similar micron-sized material in
a freshwater algae aquatic test system [48].
In conclusion, nano ceria has useful antioxidant and biocompatible properties, but its redox cycling ability may also be
pro-oxidant in certain conditions. These characteristics can be
modified by doping the crystalline lattice with other elements to
modify its antioxidant activity, while the minimal cytotoxicity of
nano ceria can be further reduced by surface modification.

27.2.6.3 Nano zinc oxide (reviewed in [9])

Nano ZnO has low systemic toxicity and is partially soluble in
biological systems, especially in acidic conditions (e.g., skin, gut
and intracellular endosomes) and environments (e.g., acidic
water and soils). Dissolving ZnO releases zinc ions that readily
precipitate as salts, while zinc itself is the second most common
essential metal in the body (after calcium) and is used as a cofactor
in over 200 enzymes, interacting with other essential metal
pools (i.e., iron and copper).
Concerns about ZnO toxicity have been raised by reports that
both nano and micron-sized ZnO can be clastogenic (i.e., causing
chromosomal damage, a form of genotoxicity) and induce DNA
damage in cultured mammalian cells in vitro under the influence
of UV light. Such often-mentioned in vitro studies showing that
ZnO nanoparticles are slightly positive for causing DNA damage
in only a few specific cell exposure systems, have been difficult
to relate to the whole body situation, because of an identified
experimental artifact known as “psuedo-photoclastogenicity” [10].
This pseudo effect may occur because of an increased sensitivity
of these cells after UV exposure.
Importantly, all in vivo and most in vitro genotoxicity tests
were negative for ZnO and no evidence has been found of
phototoxicity on intact skin from studies involving human
volunteers. Furthermore, there are issues with the high
concentrations used in many in vitro studies that report the
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cytotoxicity of nano ZnO, and many studies do not report a direct
comparison with the cytotoxicity profile of soluble zinc in the
test system. Interestingly, the report by Barker and Branch (2008)
about the photocatalytic activity of metal oxide nanoparticles in
some sunscreens also included a sample containing nano ZnO
[2]. However, the relevance of these findings to human sunscreen
usage is highly unlikely, as ZnO is much more water soluble than
TiO2 and far less likely to persist on the skin as intact nanoparticles
following sunscreen application.
Therefore, the main issue is whether intact ZnO nanoparticles
are able to penetrate the skin–the weight of evidence indicates
that nano ZnO when applied to the skin remains on the surface and
in the outer layer, and does not penetrate through the stratum
cornea. This has been confirmed in several studies and most recently
in an animal study of UVB-damaged skin [33], which showed
only a slight enhancement of penetration within the stratum
corneum itself, but no absorption through the skin, as well as
nano ZnO being even less penetrating than nano TiO2. Therefore,
it is extremely unlikely that sufficient ZnO nanoparticles penetrate
and remain in the important target zone of the basal epidermal
layer for long enough to generate a significant amount of free
radicals by photocatalysis, compared with the known large amounts
of free radicals already being produced by UV exposure itself.
Finally, the concerns about nano-metal oxides easily penetrating
human skin specifically have not been supported by the latest
research. A landmark Australian study recently used a rare
stable zinc isotope to directly measure the absorption of zinc from
sunscreen formulations in humans with concurrent UV exposure
under typical beach conditions [21]. It showed minimal absorption
of zinc from both nano and bulk ZnO, following twice-daily
dermal application over 5 days. Zinc ions found in the blood from
sunscreen during the researcher’s five-day beach trial were only
1/1000th of the total blood zinc levels. As zinc is an essential metal
for maintaining good health, the body would easily handle this
very small amount of zinc absorbed from the sunscreen.
Environmental toxicity seen in ecotoxicity test systems for
nano ZnO appears to be related to the release of zinc ions and
therefore should be scalable to the toxicity of bulk ZnO with its less
efficient ion leaching from its smaller surface area per mass [12].
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In conclusion, nano (and micro) ZnO used in sunscreen type
products and for other similar applications exhibits negligible
toxicity and penetration into the human body. There are surface
modification options available that can make ZnO more biocompatible by reducing particle dissolution and the release of zinc
ions, which would further reduce the in vitro cytotoxicity seen
at relatively high concentrations. The crystalline lattice of ZnO
particles can also be doped with other elements to modify
photoactivity.

27.2.6.4 Nano gold (reviewed in [28])

Colloidal gold has been used in the treatment of rheumatoid
arthritis since the 1920s, while nano gold has been used in
biotechnology for nuclear transfection and targeting in non-viral
gene delivery applications because they easily enter cells. Gold
nanoparticles and tunable nanoshells have most recently been
employed in the field of nanomedicine as multipurpose contrast
agents for tumor imaging (due to the increased “leakiness”
of tumor blood vessels) and killing via their photothermal
properties. Their in vitro cytotoxicity in certain cell types at high
concentrations has limited the use of uncoated nano gold and
prompted the search for more biocompatible coatings that also
aid in cell uptake. There is also evidence of other adverse effects,
such as the potential for affecting immunological responses, and
particle shape-dependent effects for the in vitro cytotoxic potential
of nano gold particles, shells and rods.
In conclusion, it is possible to use surface coatings or
encapsulation with biocompatible polymers to reduce the cytotoxic
potential of nano gold, whilst retaining its functionality and usability.
The particle surface can also be capped (e.g., with alkanethiol
groups) to increase biocompatibility, and also functionalize the
nano gold for a range of biomedical applications.

27.2.6.5 Nano silver (reviewed in [57])

Of the more than 1300 nano products on the market in 2011, over
a quarter contain nano silver and include clothing and medical
applications such as antibacterial wound dressings [47]. As one
of the main functions of nano silver is its antimicrobial toxicity,
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it should therefore be regarded as a toxic agent. This antimicrobial
activity is due to the oxidation of surface silver atoms to release
Ag+ ions, which is dependent on both the size and dispersal of
nano silver particles.
Rodent inhalation studies have shown toxicity in the lungs
(with mixed inflammatory cell infiltrate, chronic alveolar
inflammation, and small granulomatous lesions) and liver (bileduct hyperplasia) following sub-chronic exposure to nano silver,
but shorter oral exposure studies did not show toxicity, despite
a dose-dependent accumulation of silver content in all the tissues
examined, especially the kidneys. Dermal exposure in damaged skin,
as in the case of wound dressings, can result in systemic exposure
with the liver being a target organ. Silver ions are often considered
not to be toxic to humans, as some people have intentionally
ingested considerable quantities of nano silver as a dietary
supplement over long periods of time, without overt adverse
effects except for skin discolouration (argyria) [12].
The main concerns have been the potential of nano silver to
adversely impact the environment due to the high sensitivity of
aquatic organisms to Ag+, and also the possibility for bacterial
resistance to arise. However, recent studies indicate that the
environmental fate of nano silver is to generally form insoluble
precipitates (e.g., silver sulfide) that are unlikely to be sufficiently
bioavailable to interfere with nitrogen-fixing bacteria that are
important to effective agriculture.
In conclusion, nano silver can be surface-modified with
hydrophilic groups to increase biocompatibility, but such modifications would also decrease its antibacterial activity and potential
usefulness in many current applications. These modifications
may also slow oxidation and dissolution of nano silver particles to
make them more biopersistent. However, further functionalization
of biocompatible forms of nano silver may also provide potential
new applications, such as in biomedical diagnostics and biosensors.

27.2.6.6 Nano silica (reviewed in [25])

The toxicity of silica is dependent on crystallinity, as amorphous
silica is far less hazardous than crystalline silica. Excessive and
prolonged exposure to fine particulate crystalline silica (silica
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dust) is well known for causing silicosis in miners, a non-cancerous
lung disease. In 1996, the IARC categorized crystalline silica
as a Group 1 carcinogen—carcinogenic to humans, based on
occupational lung cancer incidence after a review of the available
epidemiological data. Exposure standards for amorphous silica are
set on the basis of having less than 1% crystalline silica content,
e.g., fumed silica (respirable dust) has a National Exposure Standard
of 2 mg/m3 in Australia, and a number of other amorphous silica
types have a National Exposure Standard of 10 mg/m3.
Nano silica exhibits concentration dependent toxicity in
several cell types, and the mechanism of toxicity is thought to be
due to its highly adhesive properties to cellular surfaces, which can
lead to changed membrane structures and cellular surfaces. The
particle shape of nano silica is also an important factor in its toxic
potential as silica nanowires, but not nanospheres, are highly toxic
to embryonic zebrafish—causing toxicity, deformities (“teratogenic”)
and interfered with nerve development [38].
In conclusion, the surface of nano silica can be modified to
increase its hydrophobic character, causing increased particle
aggregation and reduced direct membrane effects, and thereby
improving its biocompatibility. Due to potential toxicity of silica
nanomaterials with high aspect ratios, consideration should also
be made as to whether nanowires may be substituted with nanospheres, while retaining functionality for a particular application.

27.2.6.7 Quantum dots (reviewed in [9, 28])

Many of the core elements in quantum dots (QDs) are known to
be toxic at low concentrations, e.g., cadmium, selenium, lead and
arsenic. Therefore, stability is a critical factor in the cytotoxic
potential of QDs, as toxicity will eventuate from the leaching of
toxic metal ions under conditions that promote QD degradation,
such as an oxidative environment.
Bare QD cores, and some QDs with biodegradable shells, are
readily endocytosed by cells into endosomes, which are then
trafficked to various cellular compartments. These include the
acidic (pH 4–5) and oxidative environments of lysosomes and
peroxisomes, which can degrade QDs and result in the leaching of
toxic metals from the core.
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Studies of the cytotoxic potential of QDs have mainly
concerned CdSe/ZnS cores, as these are considered the most
versatile for biological applications. Cytotoxicity of quantum dots
(QD) is progressively reduced by polymer coatings of increasing
thickness, as this prevents cellular uptake QDs—intravenous
injection of these modified QD do not appear to cause acute toxicity.
Depending on the surface coating, QDs may be recognized as being
foreign to the body and be sequestered by the reticuloendothelial
systems in the major organs. Zwitterionic or neutral organic QD
coatings can prevent the adsorption of serum proteins that would
otherwise increase QD hydrodynamic diameter >5 nm and prevent
rapid renal excretion through the glomerular filter of the nephron
[4].
In conclusion, it is possible to encapsulate QD cores with stable
shell coatings made from biocompatible polymers to significantly
reduce their cellular uptake and degradation, and consequently
their cytotoxicity, whilst retaining functionality and usability.

27.2.7

Latest Initiatives in Nanosafety Research

As part of the international effort to co-ordinate safety testing
of common nanomaterials, the Organisation for Economic Cooperation and Development (OECD, www.oecd.org), through its
Working Party on Manufactured Nanomaterials (WPMN) launched
the “Sponsorship Programme for the Testing of Manufactured
Nanomaterials” at the end of 2007, with a priority list of 13
nanomaterial types and specific endpoints relevant for human
health and environmental safety (www.oecd.org/env/ehs/
nanosafety/) [42]. A range of national research consortia were
formed to become lead sponsors, co-sponsors or contributors for
conducting the safety testing of a representative set of manufactured
nanomaterials, including fullerenes (e.g., “bucky balls”), singlewall (SWCNTs) and multi-wall (MWCNTs) carbon nanotubes, silver,
iron, titanium dioxide, aluminum oxide, cerium oxide, zinc
oxide, silicon dioxide, dendrimers, nanoclays, and gold. Direct
comparisons were also made in most test systems between the
nanoparticulate and bulk forms of these materials. A total of
59 selected endpoints have been investigated, which included
specific endpoints for nanomaterial information/identification,
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physico-chemical properties and material characterization,
environmental fate, environmental and mammalian toxicology,
and material safety.
At the time of the publication of this book, the various national
consortia have completed the collation of their research findings
for Phase 1 of the testing program. This initial exploratory phase
necessarily involved the development of methods both for preparing
nanoparticle samples and for testing them. This work has identified
that in order to correlate physicochemical parameters with specific
bioactivities, it is essential for nanoparticle characterization,
including agglomeration state, to be performed by appropriate
metrology methods, both before and after nanoparticle addition to
the biological test systems.
These experimental findings have been uploaded onto the
NANO-hub database hosted by the European Commission Joint
Research Centre’s Institute for Health and Consumer Protection
(EU JRC-IHCP, https://ec.europa.eu/jrc/en/scientific-tool/jrcnanomaterials-repository) [17]. This is in preparation for Phase 2 of
the program, which will consider those cross-cutting issues or tests
that were identified by analysis of the Phase 1 data. The outcomes
of this important nanosafety research program will be progressively
made available to the public via the OECD and related websites and
scientific publications.
This co-ordinated international research effort is of immense
benefit to the developers and manufacturers of nanomaterials,
as it will provide crucial hazard-specific information that will
enable the correlation of important physico-chemical properties
with biological activities—whether they are desirable bioactivities to be exploited, or unwanted bioactivities to be avoided
through re-engineering of the nanomaterial.

27.3

Overview of Occupational Health and
Safety Issues and Workplace Controls

Focus Point 4: It is important to conduct a whole of life cycle
analysis of potential “hotspots” for exposure to nanomaterials,
especially where there is a likelihood of the nanomaterial shedding
particulates.
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Focus Point 5: When implementing workplace control measures,
the processes need to move up the hierarchy of controls for scale-up
from R&D processes to the manufacturing phases.
Focus Point 6: Adopt the Precautionary Principle to limit
work-place exposure when the exposure standard is unknown;
benchmark exposure levels and the “control banding” approach
should be used where there is limited hazard and risk information.
Focus   Point  7: Adopt the “As Low As Reasonably Practicable
(ALARP)” approach when the exposure standard is known.

27.3.1

Occupational Health and Safety Issues Relating
to Engineered Nanomaterials

Over the last decade, nanotechnology-enabled productivity has
been promoted as the solution to solve a broad range of current
problems, including energy production, conversion and storage,
water purification, agricultural productivity, and more effective
medicines and diagnostics. To harness the benefits of nanotechnologies and successfully deliver these promised benefits to industry
and society, nano-related industries must ensure the smart
development and manufacture of such nano-enabled solutions, by
using a safety-by-design approach for nano-products that are safer
for workers, consumers and the environment. Nano-manufacturers
must also ensure that they provide a safe workplace for their
employees, by using appropriate workplace and environmental
controls to reduce the potential risk of exposure to nanomaterials
of concern.
In many countries, the public attitude towards nanotechnology
is seeing the perceived benefits moving to strongly to outweigh
the perceived risks. However, this current positive public opinion
towards nanotechnology is heavily dependent on the participants
in nano-related industries acting responsibly and proactively, as
well as being aware of the potential risks versus benefits for the
whole life cycle of nano-products.
The risk assessment process for a whole life cycle analysis
involves the identification of potential exposure risks to a
nanoparticle of concern during the life cycle of the nano-product
[26]. It includes the following stages:
• starting/precursor materials
• process of manufacture
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•
•
•
•
•
•
•

method of isolation/purification/separation
storage and transport
product applications
potential for release in use/abuse of products
disposal of product
removal/clean-up of waste streams
additional components added to life cycle as necessary.

At each step through the life cycle there are multiple owners
of the safety problem. As most companies are involved in only
part of the life cycle, some European countries have instituted
measures to ensure disclosure in business-to-business interactions
of the “nano-ness” of industrial feedstock. The growing concern
about end-of-life and safe disposal issues is also prompting the
incorporation of built-in recycling options at the development
phase.
Nanowaste management is a growing issue for which some
treatment options have been proposed, but their overall effectiveness is unknown in many cases. These options include the following:
treatment as hazardous waste; treatment based on known
physicochemical properties; containment, e.g., in solid matrices;
recycling; solubilizing, e.g., high alkalinity for ZnO particulates;
and incineration (e.g., for CNTs).
There are a multitude of ENM types and hybrids being
developed with a wide range of physicochemical and biological
properties—this means that risk assessment and management
processes need to be appropriately adapted to each workplace
setting. In the absence of comprehensive hazard and toxicity data
for each individual nanomaterial in development or production,
it is appropriate to employ existing workplace control measures
where necessary that have been successfully applied in the
handling of ultrafine particles (such as in mining) or in maintaining
a “clean room” environment (e.g., in biotechnology processes).
There are currently few ENMs for which exposure standards
have previously been established (i.e., fumed silica and carbon
black)—this indicates that there is evidence of safe levels of
exposure to some ENMs, but such evidence is lacking for most
engineered NMs. However, several recommended Occupational
Exposure Limits have been published [26].
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There are also issues associated with limited amount of
nano-specific information currently provided on product labels
and (material) safety data sheets or “(M)SDSs” that impacts on
how well ENMs are controlled in the workplace. Changes in the
regulation of nanomaterials are ongoing in several countries
and regions, especially for nanolabeling, with European Union
countries implementing mandatory labeling from mid 2013 by the
inclusion of “(nano)” on the packaging of products containing
nanomaterials. The information on SDSs for nanomaterials will
also include nano-specific information as part of E.U. REACH
program (Registration, Evaluation, Authorisation and Restriction
of Chemical substances) and the Global Harmonization Scheme
(GHS) for chemical regulation.
A number of public interest groups have called for specific
regulation of nanomaterials, including for nanomaterials to be
assessed as new chemicals. In some cases this would require new
safety testing to determine whether a nanomaterial presents a
different hazard potential to its bulk counterpart, before being
permitted for commercial use. Due to the long time period needed
to adopt new regulatory legislation in many countries and regions,
the generally accepted approach has been to adapt existing
regulatory frameworks to bridge perceived gaps in the regulation
of nanomaterials.

27.3.2

Nanomaterial Health Risk Assessment

The process of health risk assessment is the analysis of possible
negative health effects from current or future processes that may
be caused by a hazardous material and/or process, taking into
account the actions taken to mitigate or control exposure, i.e.,
“risk = probability × severity” [22]. The goal of risk assessment is
to evaluate whether or not the exposure in a specific workplace is
above an acceptable level of risk defined by the specific legislation
or by decision-makers, in order to inform decision-makers about
the need for the further strengthening of risk management
processes. This process is sufficiently flexible that it can be adapted
to the risk assessment of nanomaterials [26]. The four components
of the process of risk assessment are [22]:
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(a) hazard identification—hazards (intrinsic toxicities) are
identified that contribute significantly to risk and exposure
(b) hazard (dose-response) characterization—potential adverse
health effects that are related to identified hazards are
determined
(c) exposure assessment—pathways by which individuals can
be exposed to the hazard in the workplace, and the level of
this exposure, are evaluated
(d) risk characterization—this incorporates the information
from (a), (b) and (c) in order to evaluate the potential risk of
exposed individuals in the workplace.

Aspects of hazard identification and dose-response
characterization for nanomaterials have been discussed in the first
part of this chapter. Additional information for both will soon to
become available through the OECD safety testing program for
ENMs, especially with regard to the generation of quantitative
(surface) structure activity relationships (Q(S)SAR) from the
growing number of mechanistic toxicology studies of related
ENMs, as biological properties can vary greatly within ENM classes.
The key OH&S issues required to be addressed concerning
potential exposure to ENMs in nanotechnology workplaces have
been identified by the U.S. National Institute for Occupational
Safety and Health (NIOSH) on their nanosafety website (http://
www.cdc.gov/niosh/topics/nanotech/) [54], which has a wide
range of resources for nanomanufacturers. These issues include
the following [54]:
•
•
•
•

Are the nanoparticles hazardous to workers?
How can workers be exposed?
Can nanoparticles be measured?
Can worker exposures be controlled?

The potential for exposure of workers during nanomaterial
production depends on the method employed, i.e., whether it is a
“bottom-up” or “top-down” approach, that is, whether NPs are built
from the bottom up using atoms and small molecules, as in the
case of precipitation, microemulsion, and vapor phase reactions, or
NPs are derived from bulk material by attrition milling or reactive
grinding (Table 27.2). Each of these NP production routes have
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their relative cost, and own set of production process, occupational
health, safety and environmental issues.
Major challenges still exist for the nanomaterial health risk
assessment in the area of workplace exposure assessment and
monitoring. Workplace monitoring can involve the following:
• personal monitoring—using active sampling of breathing
zones by personal pumps
• area monitoring—usually of work stations by air sampling
and surface wipes
• biological monitoring—measuring industrial contaminants in
blood, urine or exhaled breath.
Table 27.2

Nanoparticle production routes and their relative cost, process
issues, and occupational health, safety and environmental
issues

Method

Production
costs ($/kg)

Process
issues

OH&S
issues

Precipitation

1–20

Poor dispersity,
Separation

Liquid disposal,
redispersion

Vapour phase
reactions

20–200

High capital cost,
scale-up, poor
dispersity

Free particulates,
redispersion

Microemulsion

Attrition milling

15–50

2–20

Reactive grinding 5–40

Source: Adapted from [29].

Separation,
recycle

Energy costs,
contamination
Separation,
contamination

Liquid disposal,
redispersion

Free particulates,
redispersion
Free particulates,
redispersion

Although standard industrial hygiene methods can be used,
there is still the need for the following: well-validated detection
methods for exposure assessment monitoring in workplaces;
benchmarking dosimetry measurements with Standard Reference
Materials (SRMs); and suitable biomarkers of exposure and effect
in workers. However, none are currently available as they are
presently complicated by the need to fully understand in vivo
“particokinetics” following exposure to nanoparticles.
While traditional monitoring instruments assess mass per
volume (i.e., mg/m3), other NP parameters are also relevant, such
as the particle number, size distribution, surface area and chemistry.
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The measurement of multiple NP parameters is desirable as no
single metric will completely characterize exposure. NIOSH’s
Nanoparticle Emission Assessment Technique (NEAT) recommends
a graded approach to nanomaterial workplace monitoring [19]:
• Step 1: screen area and process, using particle counters and
simple size analyzers
• Step 2: collect samples at source, obtaining filter based
samples for electron microscopy (EM) and elemental analysis
• Step 3: collect personal samples, also of filter based samples
for EM and elemental analysis
• Step 4: use less portable equipment, such as more sensitive
aerosol sizing equipment.

Although a greater range of multipurpose transportable
detection instruments are starting to become available for use in
the workplace, most standard instruments are expensive and still
require specialist expertise to operate. The issues of nanoparticle
measurement and standardization are discussed in detail
elsewhere.
Given the current issues with nanomaterial exposure
assessment in the workplace, the remainder of this chapter details
the workplace controls that are effective in reducing the exposure
of workers to ENMs.

27.3.3

Hierarchy of Workplace Controls for
Handling Nanomaterials

The control of worker exposure is paramount in the workplace and
is achieved using the widely recognized “hierarchy of controls,”
i.e., elimination, substitution/modification, engineering controls,
administrative controls and personal protective equipment.
There are a range of existing workplace control methods
that are known to be effective to protect or minimize exposure of
workers to engineered NMs during their life cycle of manufacture,
handling, use and disposal (reviewed by [26], with several control
measure recommendations adopted specifically for laboratory
guidelines by the OECD [43]). These control methods are mainly
based around the lower levels of the “hierarchy of controls,” i.e.,
engineering controls (enclosure, ventilation/extraction), administrative controls and personal protective equipment (PPE).
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In order to promote a safe workplace rather than a safe
person strategy, it is necessary to move up the hierarchy of
controls and consider options for the elimination, substitution
and/or modification of engineered NMs that have the highest
hazard potential. Further testing and data are needed in specific
workplace situations to better understand the levels of protection
afforded, and ensure effectiveness. The minimal amount of health
effects data currently available for many ENMs means that it is not
possible to fully inform risk management processes for working
with ENMs. A further implication of the limited amount of
toxicological data available is that a precautionary approach
to the prevention and control of workplace exposures should be
used.
A summary of the evidence for the effectiveness of workplace
controls from each strategy in the hierarchy of control are shown
below (reviewed by [26]).

27.3.3.1 Elimination controls

Since the specific properties of engineered nanomaterials are
usually required for manufacturing a novel product, it is unlikely
that this option will often be feasible.

27.3.3.2 Substitution and modification controls

The control options for substitution of nanomaterials and
modification of nanomaterials and/or processes have not yet
been widely used in the workplace for nanomaterials. It should be
noted that the likelihood of NP exposure in the workplace is
highest when handling free particles (e.g., during equipment
maintenance, clean-up of spilled NMs, transfer of NMs in open
systems, and cleaning “dust” collection systems), and lowest
when working with embedded NPs and during manufacturing in
enclosed systems. Therefore, simple generic modification options
can be considered, e.g., using wet pastes or pelleted nanomaterials
instead of dry powders wherever possible.
A range of nanomaterial modifications have been shown to
reduce the in vitro cytotoxicity of various nanomaterials, including
metal/metal oxide nanoparticles, quantum dots, fullerenes and
CNTs (reviewed by [25]). The methods of surface modification,
encapsulation, particle size control, functional group addition
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and crystalline phase type control can each be employed for
different engineered nanomaterials to decrease their potential
toxicity (see Table 27.3). Carbonaceous NPs are included in Table
27.3 to highlight the issue concerning fiber-like NPs (i.e., CNTs),
and that while reduced hydrophilicity may decrease the
cytotoxicity of some inorganic NPs like nano silica, the opposite is
the case for the hydrophobic CNTs and fullerenes.
Table 27.3

NP type

Summary of substitution/modification options to reduce
potential hazards from different engineered nanomaterials

Suggested strategies

Substitution/
Modification options

Metal oxide NPs
Titanium
dioxide
Cerium
Dioxide

Utilize the known
differences in reactivity
and phototoxicity between
the two main crystalline
phases of titania.

Nano ceria is biocompatible
in several applications, but
can be pro-oxidant and is a
potential issue for aquatic
environments.

Substitute the less toxic and
reactive rutile form for the
more toxic and reactive anatase
form in applications where it
does not remove functionality.
Not possible to suggest
modifications at this time.

Zinc oxide Already of low toxicity,
and can reduce potential
toxicity further through
surface or crystal lattice
modification.

Surface modification with
silane (APTES) or oleic acid/
SiO2 or polystyrene; crystal
modification by lattice doping
with other mineral elements.

Silver

Surface functionalization with
phosphorylethanolamine,
phosphorylcholine or
alkanethiol capping, in
applications where it does not
remove functionality.
(Continued)

Metal NPs
Gold

Encapsulation with a
biocompatible polymer
to reduce toxicity, whilst
retaining functionality.
Surface modification
by conjugation with
hydrophilic moieties to
reduce toxicity of nano
silver products.

Encapsulation with chitosan
or polyethylene glycol; surface
coating with phosphatidylcholine; functionalization by
alkanethiol capping.
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Table 27.3
NP type

(Continued)

Suggested strategies

Substitution/
Modification options

Other inorganic NP
Silica

Reduce hydrophilicity to
increase aggregation and
reduce direct membrane
effects.

Quantum Decrease cellular uptake
dots
and intracellular
degradation to reduce
toxicity from leaching
metals, whilst retaining
functionality in most cases.
Carbonaceous NPs

Carbon
Increase hydrophilicity
nanotubes by surface modification
to decrease toxicity and
increase biocompatibility;
modify biodistribution to
reduce persistence; Keep
CNTs shorter than 5 µm in
length.
Fullerenes Increase hydrophilicity
by surface modification
in order to decrease
toxicity and increase
biocompatibility.

Source: Adapted from [25].

Partial hydrophobization by
polymer or protein coating, or
alkylsilylation.

Encapsulation of core with
stable biocompatible shell, e.g.,
with chitosan, silica or PEG,
that decreases endocytosis and
endosome degradation.
Sidewall functionalization with
hydrophilic functional groups;
surface modification with
grafted polyetherimides or low
molecular weight chitosan.
Functional group modification
by attaching water soluble
groups, such as alcohols or
carboxyl groups.

When undertaking surface modification to change the efficiency
and uptake of an engineered nanomaterial there is also the
consideration of biocompatibility, which is important in negating
or reducing potential toxic effects. However, in some cases, such
modifications may affect the functionality of nanomaterials in
relation to intended end-uses.
Recent surveys of nanotechnology-related activities show that
substitution/modification processes are most often used to change
the functional properties of the product by altering particle size,
physical properties, agglomeration properties, chemical properties
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and conductive properties. However, the use of substitution/
modification options to change the health or toxicological
properties is minimal at present. Nevertheless, suitable substitution/
modification methodologies are well known and used and thus
there is an existing capability that might be applied more broadly
to work health and safety related purposes [25].
If researchers, developers and manufacturers of ENMs adopt
these methods, then it is possible to re-engineer nanomaterials
in the early stages of development to reduce the potential toxicity
of manufactured nanomaterials. The downstream effect of this
will be to reduce the risk posed by the use of these nanomaterials,
not only in the workplace but also in the general community [25].

27.3.3.3 Enclosure controls

Current evidence indicates that worker exposure is significantly
reduced or negated if a process involving engineered nanomaterials, which would otherwise result in the release of airborne
particles, is performed in a properly designed enclosure/containment
(reviewed by [26]). The method of containment or enclosure is
designed for the specific processes but is usually implemented
in combination with other control measures when enclosures are
opened, e.g., administrative controls and/or personal protective
equipment (PPE).

27.3.3.4 Extraction controls

Evidence indicates that worker exposure is significantly reduced
or negated through the use of correctly designed and implemented
local exhaust ventilation (LEV) and filtration for processes
involving engineered nanomaterials that would normally result in
the release of airborne particles (reviewed by [26]). This control
measure is usually implemented in combination with other control
measures, e.g., administrative controls and/or PPE. The better
extraction methods have involved the use of high-efficiency
particulate air (HEPA) filtration and electrostatic precipitation.
The EU Nanosafe2 program recently reported that HEPA filters
and fibrous respirator and mask filters are efficient in clearing
nanoparticulates, thus confirming the conventional filtration theory
and disproving the “skimmer model” that only particles larger
than the pore size should be stopped [15]. The capture efficiency
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depends on flow rate and type of filter material, with the maximum
penetrating particle size (MPPS) of HEPA filters is 150–300 nm,
but can be between 20–80 nm for other types of filters
(i.e., N95). The primary mechanism of capture is a function of
particle diameter, as larger particles are blocked by interception
(i.e., collision with fiber) and inertia (so they cannot deviate with
air flow around the fiber), while smaller particles are trapped by
diffusion and collision enhanced by Brownian motion, with no
thermal rebound as NPs lack sufficient kinetic energy [15].
Geraci (2008) has presented a number of important points
about process enclosure and LEV, which needs to be very close
to the emission source, including the relationship between the
effectiveness of LEV in the capture of particles of different sizes
[19]. For example, nano silver particles up to 500 nm are easily
captured by LEV, whereas particles above this size show a lower
capture efficiency, i.e., a reduction to 96% and 93% for particle
sizes of 1 and 10 µm, respectively. Geraci (2008) also indicated
that a reduction of 74–96% in air particulate mass concentration
can result if efficient and well-maintained LEV is effectively utilized
during a reactor cleanout operation [19].
Most traditional engineering controls are expected to be
adequate, i.e., enclosure, fume hoods and biohazard cabinets,
although it is important to emphasize that laminar flow hoods are
not protective owing to outward air flow blowing material onto
the user. HEPA and personal cartridge filters can be appropriate
measures for NP risk management due to historical use with
vehicle exhaust fumes and viruses [27].
In controlling exposure to ENMs, the same principles as those
applied to the management of fine powders, dusts and dusty
materials should be considered [24]:
• preventing dust from becoming airborne

• handling combustible nanopowders in liquid form, when
possible
• design of machinery to prevent ignitions and sparks
• operating temperature of the electrical equipment
• use of controlled-atmosphere production and storage
processes
• risk of asphyxiation.
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As the minimum ignition energy drops steeply with particle
size, certain highly reactive metallic nanomaterials (e.g., aluminum),
the physical hazard of explosivity and flammability of nanopowders
also requires workplace controls during handling [14]. When
working with potentially explosive nanomaterials, the following
additional steps may be necessary [16]:
• anti-static shoes and mats used in areas where materials
handled
• distillation system for evaporating solvent from a colloidal
dispersion housed within explosion proof enclosure.

Engineering control options can also be implemented to
reduce the possibility of dermal exposure by the re-engineering
of work processes to avoid immersion, splashes or spillage.

27.3.3.5 Administrative controls

There are a range of administrative workplace controls that
may be implemented for workers involved in using engineered
nanomaterials (reviewed by [26]). These are usually implemented
in combination with other control measures, e.g., enclosure,
extraction and PPE; however, their application should be based on
a risk assessment of a specific process or situation and may in
certain cases, but not usually, be sufficient on their own (e.g., for
nanomaterials embedded in matrices that do not shed nanoparticles
during specific processes).
The following are procedural controls that are usually used in
conjunction with engineering controls [24]:
•
•
•
•
•

limiting the process to specified areas
limiting access to areas
reducing time spent in possible exposure area
reducing the number of personnel that may be exposed
specific personnel training, i.e., information provision about
special measures and the potential for negative health effects
from exposure to ENM particulates.

Administrative controls can also be used to supplement
engineering controls, because even if these are very efficient,
there could still be potential exposure to NPs during clean-up and
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maintenance. Also, normal good hygiene practices are applicable.
Some nanomaterial-specific practices include [24] the following:

(i) work practices
• sticky mats at room entrances to prevent transfer
(ii) routine maintenance and clean-up of work areas and spills
• wet wiping and vacuum cleaning (with HEPA-filter)
• dry wipe only for liquid spills
• use of respirators and dermal protection
• frequent hand washing
(iii) waste disposal (of nanomaterials and used PPE, wipes and
equipment)
• separate disposal containers
• recycling nanomaterials
• incinerating waste nanomaterials on-site (for carbonaceous ENMs)
• returning nanomaterials to suppliers.

27.3.3.6 Personal protective equipment

Evidence indicates that there are a range of PPE that may be
used for engineered nanomaterials and can provide a good level
of protection (reviewed by [26]):

• Respiratory protective equipment (RPE): there is good evidence
that a range of facemasks and their filters (e.g., N95 cartridge
filter pieces or better) effectively remove engineered NM,
including N95, N100 and P100 face mask and N95 and N100
filters. Particulate filters are classified by U.S. NIOSH based
their resistance to oil, i.e., “N” not resistant, “R” resistant (for
one shift in oil mist) and “P” (oil proof), and also efficiency
in particulate removal, i.e., “95” (95%), “99” (99%) and “100”
(99.97%, HEPA filter) [55]. The US N95 filter classification
corresponds approximately to the Australian type P2 filters,
while P100 and N100 approximately correspond to P3 filters.

		 The main risk is from poor fitting, i.e., a lack of tightness
between the face and mask. Otherwise, self-contained
breathing apparatus (SCBA) is appropriate for respiratory
protection in certain ENM handling situations with greater
exposure potential.
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• Protection from dermal exposure: There is good evidence that
a glove protection plan (e.g., double-gloving using nitriletype glove materials) and other garments made of nonwoven air-tight (e.g., Tyvek polymer) materials are effective
against NP penetration if applied correctly [15].
• Eye protection: There is evidence that a range of eye
protection devices (e.g., goggles) have been successfully
used in order to reduce ocular exposure [15].

The use of PPE should be considered as the last line of defense
in the hierarchy of workplace exposure mitigation approaches,
after all other available measures have been implemented. PPE
should also be worn on a precautionary basis whenever the failure
of a single control, including an engineering control, could entail
a significant risk of exposure to workers. PPE will also be needed
in situations where the use of engineering controls is impractical.
PPE is usually implemented in combination with other control
measures, e.g., process enclosure, extraction and administrative
controls.

27.3.4

Risk Management and Control Banding

Risk management frameworks are now available, including
the highly regarded Nano Risk Framework developed by the
Environmental Defence Dupont Nano Partnership (EDDNP, http://
business.edf.org/projects/featured/past-projects/dupont-safernanotech/) for use in projects involving engineered nanomaterials
[13]. The EDDNP framework covers research, development,
production, use, disposal/recycling stages of a nanomaterial’s
life cycle and also includes a communication strategy in the
last of its six step framework (along with case studies for
TiO2, CNTs and nano FeO) [13]:
		 Step 1: Describe material and application.

		 Step 2: Profile life cycle(s), including properties, hazards and
exposure characteristics.
		 Step 3: Evaluate risks.
		 Step 4: Assess risk management.
		 Step 5: “Decide, document and act.”
		 Step 6: Review and adapt.
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The risk management process that is generally proposed now
for research and early development activities involving nanomaterials, is that of “control banding,” where similar control
approaches are used within categories of nanomaterials that have
been grouped (“banded”) according to their exposure potential
and hazardous properties, i.e., grouped according to risk [50].
Control banding is considered to be an appropriate method because
of the current lack of data available for the risk assessment of
many individual nanomaterials, but there is some understanding
of hazards posed by different groups of nanomaterials, e.g., CNTs.
Control banding is possible because there are few basically
different approaches to control (so risks can be banded), and
many similar problems have previously been solved by these
control methods. It is a qualitative risk management process used
in pharmaceuticals industry that was developed by the UK Health
& Safety Executive (HSE) in the Control of Substances Hazardous
to Health (COSHH) Essentials model [53]. Control banding is
defined as a strategy (or process) using a single control technology
(e.g., general ventilation or containment) applied to a defined
range or band of exposure to a chemical (e.g., 1–10 mg/m3) that
falls within a given hazard group (e.g., harmful by inhalation, or
irritating to respiratory system) [53]. It is used to facilitate the
control of chemicals in the workplace, especially used in the
control of chemical hazards with limited toxicological information
and when workplace exposure limits are absent [50].
The British Standards Institute (BSI) published a hallmark
guide in December 2007, designed to specify protocols for the
safe handling and disposal of engineered nanomaterials [3].
The document considered the different types of nanomaterials
that may need to be handled, defined exposure and risk in the
framework of nanomaterial types, and provided a general
approach based on previous practice with respect to the handling
of nanomaterials. Protocols were also defined for the handling
of spills and accidental releases, based on the nanomaterial spilt
or released. Disposal procedures were discussed based on the
types of nanomaterials that were being handled, together with
the requirements for preventing fire and explosion concerned
with the handling of nanomaterials. The most notable aspect of
the BSI document was the suggestion of benchmark exposure
levels for proposed classes of nanomaterials based on hazardous
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properties that used safety factors compared with the bulk materials.
It also suggested control approaches that are intended to keep
potential exposures below the benchmark exposure levels using
a control banding scheme [3]. The four categories (bands) of
nanomaterials in the BSI guide were [3]:
• fibrous
• carcinogenic/mutagenic/asthmagenic/reproductive  toxin
(CMAR)
• insoluble or partially soluble
• soluble

For this exercise, the CMAR nanomaterial was assumed to
have increased bioavailability and thereby required a 10-fold
safety margin over the bulk material, while fibrous nanomaterials
received the most rigorous U.K. limit for fibers in the air (0.01
fibers/mL). The insoluble nanomaterial benchmark exposure level
was based on the NIOSH time-weighted average proposed limit
for ultrafine TiO2 particulates, which is 15-fold lower compared
with fine TiO2 particulates. Soluble nanomaterials received a
minor safety margin of two-fold over the bulk material, despite
indicating that their nanoparticulate forms are unlikely to have
greater bioavailability [3].
Several regulatory authorities internationally have since
evaluated the BSI control banding method and have adopted most
of the guidelines with minor modifications. A control banding
nanotool has been developed by Paik et al. (2008) [44], and there are
a range of online assessment tools to assist with risk management,
with three being especially useful:
• Control Banding for Nanotechnology Applications (http://
controlbanding.net/) [6]
• Safe Work Australia–Work health and safety assessment
tool for handling engineered nanomaterials (http://www.
safeworkaustralia.gov.au/) [49]
• Workplace Health & Safety Queensland (WHSQ), Australia—
Nanomaterial control banding tool worksheet, based upon
the nanomaterial control banding approach described by
Paik et al. (2008) [44] and incorporating changes suggested
by Zalk et al. (2009) [3, 60], and containing content on
identifying flammability of nanomaterials [56].
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The control measures indicated by the control banding
include similar workplace controls detailed above, including the
engineering controls of enclosure, HEPA filtration and LEV for
the nanomaterial process; administrative controls; and using
face piece masks or self-contained breathing apparatus (SCBA) as
appropriate for respiratory protection, double-gloving and nonwoven fabrics for dermal/general protection. The same control
measures that are expected to be able to protect workers in
operations associated with research, including maintenance and
cleaning of the work space, should also be effective in downstream
operations such as manufacturing or construction activities,
although their usage would have to be determined by an appropriate
risk management process. However, if nanoscale materials are
classified as potential carcinogens on the macroscale (i.e., Risk
Phrase R45), then specialist advice should be sought when
handling these materials.
Then in later development/production activities, and once
the toxicological and other relevant properties of the nanomaterial
have been determined, the control measures should be reviewed
through a thorough process-specific risk assessment and, if
warranted, modified accordingly. It is always recommended that
a complete life cycle analysis of the nanomaterial should be made
to identify potential “hotspots” of worker exposure, including
construction, packaging, manufacturing, handling, maintenance or
cleaning work, and end-of-life and safe disposal issues. There are a
whole range of jobs and tasks that need to be considered. Existing
ventilation systems that are effective for extracting ultrafine dusts
in other industries should also be employed and optimally
maintained where appropriate, in order to reduce exposure to
ENMs.
A specific issue identified is the limited amount of data on
the effectiveness of controls for nanomaterial types that are more
commonly produced and used by nanotechnology industries, such
as silicon, metal/metal oxide and CNT-based nanomaterials. Assessment requires research studies that involve actual workplace measurements taken before/after a nanomaterial process commences,
and before/after control measures have been employed, thereby
providing accurate comparisons of the levels of both engineered
and incidental particulates between each situation. As indicated
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above, there are a whole range of jobs and tasks that need to be
examined in the assessment process.
Several work safety authorities (such as the U.S. NIOSH [54],
EU Nanosafe [15], Safe Work Australia [49] and the German
programs of AP4:Tox NanoCare [1] and NanoGEM [36]) have
ongoing specialized nanosafety research programs to progress
the development of NMs emissions and exposure measurement
capability in the workplace. There are also very useful Web information resources with training for safe handling of nanomaterials,
such as the GoodNanoGuide (https://nanohub.org/groups/gng) [20]
and the NIEHSnano webpage of the U.S. National Institutes of
Environmental Health Sciences (NIEHS, http://is.gd/NIEHSnano/)
[39]. Currently, the capability of measuring exposures to ENMs
is limited. The development of easily operable, transportable,
inexpensive and accurate real-time monitoring techniques to
determine airborne concentrations of nanomaterials in the workplace is an urgent goal that would greatly assist in environmental
monitoring, detection of airborne nanomaterials and validation
of workplace controls.
The following are some initial questions to assist nanomaterial
producers in considering potential OH&S issues for nanoenabled
processes (from the nanosafety short course by Wright, Jackson
and Jeremy Allan of Nanosafe Australia, at the 3rd International
Conference of Nanosciences and Nanotechnology, Sydney, 2010):
Q1. List the main characteristics of your nanomaterials that are
most likely to increase their toxic potential to cause biological
effects greater than those seen in the bulk material.
Q2. Briefly describe the potential toxic effects of the different
nanoparticle types that you use.
Q3. What are the main hazards that concern you when fabricating
engineered nanomaterials?
Q4. What part(s) of your nanomaterial’s life cycle do you consider
to be your highest potential risk?
Q5. Briefly outline the workplace controls that you use (or may
want to use) to reduce exposure to nanomaterials in your
workplace.
Q6. What strategies do you use for modifying/substituting
your nanomaterials to reduce their hazard potential?
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Q7. Where could you use “control banding” to help select
appropriate workplace controls to reduce exposure to
nanomaterials in your workplace?
Q8. What nanowastes do you generate in your workplace, how
do you dispose of them, and what changes would you make
to your nanowaste disposal practices?
Q9. What are your perceptions of how the risk and benefits
of nanotechnology are being communicated to the public?
Q10. How do you think the public perceives your nano-technologyrelated activities?

In conclusion, the uncertainties about health and safety risks,
limited measurement capability, and the possibility of a long
latency period before any symptoms of disease develop, suggest a
precautionary approach is required to control workplace exposures
during the manufacture, use, storage, handling and disposal of
nanoparticles. However, the principle of “As Low As Reasonably
Practicable” (ALARP, also known as “As Low As Reasonably
Achievable,” ALARA) can be adopted once specific ENM data about
the health and safety risks have been determined and defined, the
accurate and detailed methods developed for their monitoring in
workplace environment, and further validated evidence provided
of the effectiveness of workplace controls to protect workers from
exposure in the actual workplace.
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28.1

Introduction

Technical processes and the use of their products may release
energy and material into the environmental compartments water,
soil, and air. In case of nanotechnology the released material may be
in form of atoms, molecules and mainly nanoobjects (nanoparticles
with different shapes) and nanostructured materials. In the
discussion about possible consequences of material release in
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nanotechnology and from its products the focus is on nanoobjects
and their agglomerates or aggregates emitted into air. We will
call these material forms engineered nanoparticles (ENPs). This
is due to the already existing knowledge about particles emitted
from other technical processes into air causing exposure followed
by inhalation by mainly human beings and their effects in the
human body. Currently, numerous types of novel nanoparticles
with different properties are being produced for widespread
applications in consumer products as well as for therapeutic,
diagnostic and other novel technological applications. In the wake
of this development literally hundreds of thousands ‘new’ types of
nanoparticles are already or will be manufactured differing in size,
surface area and mass per particle, agglomeration stage, shape,
surface charge, composition as well as surface functionalization,
layered structure and many more properties. Workplace exposure
during synthesis and handling of ENPs has been identified as
the most likely source of uncontrolled inhalation of engineered
aerosolized nanoparticles, but release of ENPs causing exposure of
human beings may occur at any stage of the lifecycle of (consumer)
products. The dynamic development of nanomaterials with
possibly unknown toxicological effects poses a challenge for the
assessment of nanoparticle induced toxicity and safety [1]. In the
past the effects were mainly related to the chemical composition
and therefore to the mass of particles. In case of mass related
effects larger particles with more mass per particle are of great
importance. Nanoobjects and the primary particles of their
agglomerates are small. Agglomerates are larger particles, maybe
not in the size range of nanoparticles, but there is a discussion
about their possibility to fall apart during transport to or at the
effect point. The physical and chemical behavior of nanoobjects
after release into any media is different from large particles.
Several physical and chemical processes of interest in case of large
particles like sedimentation and impaction lose their importance,
others like interface processes and mobility gain importance.
Also the measures for effects in the human beings may change.
They may become number [2] or surface area [3] dependant.
Biologists and toxicologists try to determine the dose–effect
relationships for many different endpoints. The dose depending on
the considered effect is described by several particle and aerosol

Introduction

properties. Particle properties of interest are size, shape, surface
area per particle, solubility. Aerosol properties are described
by concentration measures like number, surface area or mass
(volume) concentrations. The measured exposure concentrations
have to be weighted with the (particle property dependant)
transfer function, also known as exposure–point of effect
relationship. If the effect is not particle size-dependent the total
relevant concentration maybe determined by integration of the
concentration over size. Then the size integrated concentrations
are time integrated to deliver the dose, the amount of ENPs by
number, surface area or mass at the point of effect. Toxicology
researchers need information about relevant doses to choose for
their studies, which they estimate from exposure measurement
results. Once we do have the dose–effect relationship we can
determine the actual dose via exposure measurements in the same
way we described above to estimate the risk. As long as the dose–
effect relationships are unknown, any release should be avoided
(precautionary principle); there will be no effect without exposure.
Therefore, exposure control measurements should be seen
independent from exposure studies investigating the dose–effect
relationship or assessing exposure risks. In this case the measurement of number concentration may be the best choice, because it
is the most sensitive measure and easy to use measurement
techniques are available.
In this chapter, we will discuss aspects of the release of
engineered nanoparticles into air [4]. Especially a strategy
will be discussed to reduce the effort for ENP release and exposure
studies. We will follow the pathway of engineered nanoparticles
through the air to the point where exposure takes place and
discuss possible changes of the released ENPs. For the following
inhalation pathway we also will discuss the exposure–dose
relationship, leading finally to a balance between ENP release and
dose. The location of exposure measurements for exposure control
or effect assessment, the relevant measures, the need for
concentration size distribution measurements, the available
measurement techniques as well as new developments will be
described. Finally some problems with exposure measurements
and strategies to overcome these problems will be discussed.
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28.2

ENP Release into Air

Technical processes and their products release—besides energy—
material into the environmental compartments water, soil and
air, which may cause unwanted effects in the environment.
Nanotechnology produces nanoobjects and nanostructured
materials with new or at least improved properties. Nanomaterial
is defined as material with external or internal dimensions at the
nanoscale [5, 6]. Most important building blocks are nanoobjects
with one or more external dimension at the nanoscale. These are
spherical nanoparticles, nanofibers, or nanoplates. Often they occur
as assembled nanomaterials, as a subgroup of nanostructured
material with internal or surface structure at the nanoscale in form of
loosely connected agglomerates and strongly connected aggregates.
Both together, since they are man-made, are called engineered
nanoparticles (ENPs). Besides shape and structure differences
ENPs may also differ with respect to the composition and their
surface properties. All properties may also change during lifetime,
because of different stress situations. After synthesis in the
solid, liquid or gaseous phase they may be introduced into other
gaseous, liquid or solid matrix material. We can differentiate
between several forms of nanostructured materials: aerosols,
powders, suspensions and composites. Coatings can be considered
to be a thin layered form of composites on a substrate.
It is assumed that there is a release risk for ENPs from
synthesis processes and the different material forms leading to
an exposure risk and followed eventually by a hazard risk. Up to
now there does not exist any study, which considers all these steps
for one nanostructured material [4]. Instead exposure and hazard
are treated independently. The exposure studies are justified
mainly based on arguments such as the following:
• Any material consisting of or containing ENPs is a potential
source for ENP release—a tremendous amount of different
materials has to be investigated
• Any treatment or stress of ENPs or nanostructured materials
may cause ENP release—a tremendous amount of different
treatment and stress processes under different conditions has
to be investigated

ENP Release into Air

• Often only a few ENPs are occurring in exposure situations;
we cannot detect them because their small contribution disappears in a large background. The result is a big measurement effort for eventually not hazard relevant ENPs

Figure 28.1 Design of existing and future studies.

The greatest interest of industrial hygienists and toxicologists
is in the release of synthesized ENPs during production (synthesis),
handling or application (treatment) of nanostructured materials
containing ENPs and use, recycling and littering (treatment)
of products containing ENPs into the environment. The case of
ENP release during synthesis is best described by an emission
factor (EF), which is defined as number, surface area and/or mass
(volume) per unit of time released to the environment. One can
also consider relating the amount of ENP release to the amount
of nanostructured material produced. The ENP release per unit
of mass of produced or treated nanostructured material is best
described by a release factor (RF), defined as number, surface
area and/or mass (volume) per unit of mass of nanostructured
material. This is depending on properties of the nanostructured
materials and the amount and kind of energy input during the
different kinds of treatment of the material. The ENP emission
and release factors can be considered to be important process and
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material properties, since with no emission and release there is
no exposure and therefore no risk.
Recently a literature review [4] about workplace situations
was published, covering the work done thus far to determine the
release of ENPs from different synthesis and treatment processes of ENPs as well as treatments of nanostructured materials like
composites. In all studies, more or less defined exposure measurements for different materials in combination with different
practical treatment or stress processes were performed. An ENP release versus exposure measurement relationship was not derived.
According to this review different approaches have been
pursued to derive exposure relevant information in workplaces: (a)
process-based studies in simulated workplaces and of simulated
work processes and (b) studies based on real workplaces.
Many ENP release studies have been made under laboratory
conditions with different nanostructured materials and simulating
different treatments of the nanostructured materials. They are
listed in [4] in Table 5. Most of the time they are interpreted as an
example for workplace conditions, although they concentrate on
the release of nanoparticles, especially on the release of ENPs. In
only a few cases, ENPs were detected. In most cases the released
particles consisted out of matrix material containing ENPs or newly
formed nanoparticles (out of the gas phase) containing either
vaporized ENP-material or no ENP-material at all. The question
arises, whether the latter releases can be considered to be ENPs
from the nanostructured material. They may also be considered to
be background particles.
Clear differentiation of ENPs released by an investigated
material from background aerosols (either coming from other
sources or being formed during the release process) is easier under
laboratory conditions than in real workplace measurements. If
ENPs are of interest, these background particles have to be avoided
or the analysis has to allow for a separation of ENPs and background particles. Process-based studies in simulated workplaces
and of simulated work processes also enable investigations on
how variances in handling or process conditions influence release
rates. Release rates are important pieces of information for
workplace modeling approaches as investigated and described in
detail by Schneider et al. [7].

ENP Release into Air

Systematic and quantitative analysis of processes and
materials can be performed under defined boundary conditions
in the laboratory. Therefore, potential sources must be previously
identified and selected. Relevant process-related parameters have
to be chosen for the transferability to real exposure situations. To
meet these requirements, some studies used already standardized
procedures for the experimental process simulation. Due to the
multitude of nanostructured materials and processes that may
lead to the release of particles, the number of studies is steadily
increasing.
Process control (e.g., avoidance of background concentration
and particle contamination, sampling), conditioning of the generated
aerosol (e.g., dilution, neutralization, size selective particle
deposition), and the combination with suitable measurement
technologies are crucial for the quality of investigations on particle
release in the laboratory. Particle number based aerosol measurement devices, originating from clean room monitoring, enable the
highest sensitivity for the quantification of low particle amounts.
The nanoparticle release has to be expressed as a particle number
released from a sample of defined size [8]. The comparability
requires the reporting of treated sample size, for instance sample
mass. The particle number released per unit of mass is only of
limited value with respect to dose estimation, where the number
size dependency has to be known to determine the size dependant
changes during transport to the effect point. If other measures like
surface area or mass(volume) are of relevance for the investigated
effect or effect end point, the measured size, in case of nonspherical particles the equivalent size, has to be related to the
wanted measures either by model (spheres, loose agglomerates) or
by calibration.
In Table 5 in the review article [4], the investigated nanomaterials have been grouped according to the material groups,
powders, suspensions, coatings and composites, very similar to
the earlier introduced material structure we propose. According
to these groups the experimentally simulated treatment processes
are different like rotating drum processes for powders or sanding
processes for coatings.
The outcome is that in principle as many studies have been
performed as there are cases. Because of different materials,
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different synthesis and treatment processes the results are not
comparable and do not allow any summarized and transferable
conclusion. The authors in the review article [4] came to the
following conclusion: “The review of the laboratory test procedures
shows that many workplace related processes are currently
simulated in the laboratory. While some approaches are quite
advanced we still lack a coherent, systematic approach over all
work related processes as well as studies on single simulations.
This area, important for modeling of work processes and
subsequent possible exposure, has to be further developed on
the basic research level as well as in view of a standardized
method.”
There is a need for reducing the tremendous work that has
to be done, if we want to cover the huge and still increasing
matrix of different nanostructured materials and processes under
many different conditions. It does not make sense to reduce the
number of different materials to begin with. Later on, after we
get more experience, we might want to do that. But we should
start to think about how to reduce the number of synthesis and
especially treatment cases. The number of different treatment
processes and their conditions may be even larger than the
number of different materials. Thus far processes like pouring and
mixing of powders, finishing and repair of coatings, sanding of
paint, drilling, polishing, shredding, cutting, abrasion, etc., of
solid materials containing ENPs have been investigated under
not standardized conditions. A more systematic approach has to
be taken. Since it is obvious that without ENP release there is no
risk, the interest is first in the ENP release risk of nanoobjects
and nanostructured materials, which can be considered to be a
material property.
In case of synthesis we may not look for a material property
in the first place, but for a process property. Here only release and
exposure studies in real situations do make sense. But in case of
material treatment we may be able to reduce the effort quite a bit.
The first step in any ENP release process from nanostructured
materials is the separation of the ENPs from the matrix material.
This can be done by
• Comminution (mechanical energy input)

ENP Release into Air

• Evaporation and/or oxidation of matrix material (thermal
energy input)
• Dissolution of matrix material (chemical energy input)
• Weathering, a combination of radiative, chemical and mechanical energy input in the environment

The result may be left over ENPs in form of agglomerates,
even if they were separated in the matrix material. If they are not
separated from the matrix material they are not introduced into
the environment in form of original ENPs. The agglomerates can
de-agglomerate in the environment, but this has to be described
as an additional property of the agglomerates.
The separation of ENPs from the matrix material is easily
possible in case of a gaseous matrix (aerosols, powders). Also the
dispersion into the environmental media is easily done in case of
air. This and also the fact that inhalation is an important intake
route and the lung is an important end point are the arguments
for the importance of the air pathway of ENPs.
In the first necessary step nanomaterials are subjected to
mechanical, thermal, chemical and/or environmental energy
input. We call this different stress cases (Fig. 28.2). We try to sort
the different kinds of treatments according to their energy input
(stress cases).

Figure 28.2 Reduction of future work.
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To reduce the huge number of different treatment processes
with possible release of ENPs and to concentrate on the release
properties of the new nanostructured materials, we propose to
define different stress situations for the material according to the
kind of energy input, which may cause ENP release. These are listed
in Fig. 28.3. Also listed are processes that are more or less well
defined and could replace the huge amount of different cases. It is
also important that they have the potential to be standardized.

Figure 28.3 Processes representing different stress situations.

For each process a release risk criterion has to be developed.
In case of mechanical stress this could be the number of ENPs
released per unit of material mass determined with size distribution
measurements and followed by size integration, derived from
either dustiness or spray tests. In case of thermal stress applied
in the TGA analysis, it could be either the temperature difference
in evaporation or oxidation between the ENPs and the matrix
material. Further information about the material behavior could
be derived from additional analysis of the effluents of the process.
The criteria should allow the categorization of release risk of
the different materials within groups of different matrix materials
(Fig. 28.4).

ENP Exposure Pathway in Air and Dose

Figure 28.4 Categorizing according to increasing risk.

The chemical composition is still an important risk parameter
for all nanostructured materials. ENPs in the form of powders do
have a higher release risk with higher dustiness, which is described
by a higher amount of smaller particles. Their release risk increases
also with increasing evaporation, oxidation or dissociation temperature. The observation of an increased number of released
ENPs from composites during mechanical stress as well as an
increasing difference between temperatures for evaporation or
dissociation of matrix material and ENPs are thought to be indicators
for an increased release risk for these materials.

28.3

ENP Exposure Pathway in Air and Dose

The released ENPs are distributed in the environmental
compartments air, water and soil. Some of them are released
directly into these media and stay there; others—after release into
one medium—are transferred to another medium, especially from
air to soil and water. The processes occurring after release along
the exposure pathway can be described in form of a process chain
consisting of the transmission in the environmental compartment—
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here air, transmission in the effect system—here mainly the lung,
and finally the effect itself (Fig. 28.5).

Figure 28.5 Exposure pathway and effect.

In order to control these process steps, in a first step the ENP
release is determined. In a second step, the relationship between
ENP release and exposure has to be considered.. Of greatest interest
is the situation at the point of intake by the effect system. In case
of air and inhalation by human beings this is the situation close
to mouth and nose of human beings. For this purpose so called
personal samplers are needed for inhalation control measurements. It would be even better to measure at the point of effect (in
the lung), but that is practically impossible.
The released material may be changed during transmission in
the environment by chemical or physical processes. Nanoparticles
do have a high mobility especially in gases. Their easy distribution
in air is obvious. If we deal with high number concentrations
(>107 #/cm³) at the point of release, the released engineered
nanoparticles will be changed by coagulation forming loose
agglomerates; liquid particles can coalesce and form larger
spherical droplets. One important, always occurring process is
dilution, which reduces the ratio of released ENP matter per mass
(volume) of environmental media. During transmission ENP can
be further modified by evaporation or by picking up other

ENP Exposure Pathway in Air and Dose

molecules via chemical reaction, condensation, adsorption and
photochemical transformation. The mechanisms are depending on
the thermal state and the composition of the air and the residence
time until the ENPs are finally picked up by the effect system.
Therefore, the differences between an exposure situation and a
dose situation will decrease with decreasing distance between the
effect system and the location where the exposure control takes
place. Studies have been performed to model the distribution and
changes of ENPs close to the source as well as in rooms to detect
critical situations for workers and to determine appropriate
positions for control measurements [9].
The released material may also be changed during transport
in the effect system. For instance particle losses may occur during
inhalation in the upper airways. This affects the dose, which is the
time integrated material at the point of effect or where the dose–
effect relationship has been investigated.
The dose–effect relationship is commonly investigated by
human toxicologists and eco-toxicologists. The determined effect is
a parameter that contributes to the risk assessment.
ENPs released into the air may affect the ecosystem as well
as human beings. The field of nanotoxicology focuses on gaining
a thorough understanding of the relationship between the
toxicity of ENPs depending on their dose levels and properties
such as size, shape, reactivity and material composition, i.e., their
physicochemical characteristics.
General entrance ports for human beings are the skin and
inhalation followed by deposition in the lung. Several skin studies
have shown that the uptake via skin is negligible. There are still
some questions about injured skin [10, 11].
The amount of ENPs contained in inhaled air is typically
referred to as the exposure level for ENPs. The ENPs inhaled by
human beings are deposited in the different compartments of the
lung [12]. However, the biologically more relevant measure is the
(biological) dose, i.e., the amount of particles seen by the biological
response (effect) system. For inhalation exposure, as considered
here, the dose refers to the amount of particles reaching the lung
epithelium. Once the dose is known one can infer the biological
effect from toxicological dose–response measurements using
either in vivo (animal) or in vitro (cell) models. In the lung airborne
particles are mainly deposited onto the lung epithelium due to the
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combined effects of diffusion, sedimentation and impaction. For the
nano-sized ENPs diffusion is the main deposition mechanism, but
for ENPs larger than about 200 nm sedimentation also starts to
play a role. This may be the case for ENPs in form of agglomerates
or aggregates. Since diffusion is an isotropic process, the deposition
of nanoparticles is spatially quite uniform on the lung tissue for a
given lung depth, but its regional deposition efficiency varies
significantly depending on particle size, lung morphology and
respiratory parameters. For typical breathing patterns, nanoparticles between about 10 and 50 nm deposit very efficiently
(maximum of about 50% at 20 nm) in the alveolar region, which
represents the potentially most vulnerable site of deposition
(very thin tissue barrier toward the circulation) and accounts for
more than 90% of the lung surface area. Detailed discussions of
the governing parameters of regional lung deposition have been
presented elsewhere [12]. The dose can be determined if the
exposure to nanoparticle (ENP) concentration at the entrance
point and the breathing parameters breathing frequency, tidal
volume as well as the sampling time are known. With the known
dose–effect relationship the effect can be determined. Besides for
effect determination, exposure concentration measurements are
also of interest for estimating the relevant dose for studying the
dose–effect relationship. For several reasons in vivo studies are not
very popular. In vitro studies are preferred. For the investigation
of lung toxicity, a strong preference was expressed for air–liquid
interface (ALI) cell exposure systems (rather than submerged
cell exposure systems) as they more closely resemble in vivo
conditions in the lungs and they allow for unaltered and
dosimetrically accurate delivery of aerosolized nanoparticles
to the cells. Ultimately this will result in linking nanoparticle
(physicochemical) properties with toxicological pathways and
cellular uptake mechanisms, yield sufficient and appropriate
information for risk assessment, and lead to societal acceptance
of nanomaterials and products made using nanotechnology. To
determine the dose, the nanoparticle concentration in the air is
measured. Models including the description of the forces acting
on the particles in the air flow as well as a flow description have
to be used to determine the deposited amount of particles.
There are many different pathways for released ENPs in the
environment as well as in the effect system with several endpoints.
We start with ENP release from synthesis and from products

Relevant Measures

described by emission factors or release factors. Finally we would
like to get insight into and quantify the possible effects. Figure
28.6 describes the necessary relationships for the case of ENPs in
air inhaled by human beings. The needed knowledge to perform
such a balance is available. The quantitative balance can be based
on ENP number, surface area or mass(volume) depending on the
considered effect. Quantitative effect estimations can be made. In
[4] and also in additional papers in the literature nobody tried to
do such a calculation. Only qualitative judgment with respect to
the effect—based on whether they observed released ENPs or
not—has been made.

Figure 28.6 From ENP release to effect.

28.4

Relevant Measures

As mentioned above, a critical issue for ENP release and exposure
measurements is the identification of the most relevant dose
metric for the considered effect. Out of the numerous ways to
characterize particles and particle systems (Fig. 28.7), the measures
most frequently used for airborne ENPs are the concentration of
particle mass (mass of particles per volume of air, mg/m3), surface
area (mm2/m3) and number (1/m3) (see also Fig. 28.8). While particle
mass is most suitable for water-soluble material, its predictive
power for toxicological effects of non-soluble nanoparticles
(as considered here) is very limited [13]. Similarly, particle number
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Figure 28.7 Properties of particles and particle systems.

Figure 28.8 Relevant concentration measures for nanoparticles.

Relevant Measures

does not appear to provide a relevant dose metric for different
types of nanoparticles [14]. Therefore, an increasing number of
authors recommend surface area (according to the BET method,
if it does make sense and is possible) as the most relevant
dose metric for nanoparticle toxicity over number or mass
concentration [3], while size is mostly relevant to determine the
site of action and the mechanism of toxicity (regional deposition
efficiency in the lungs, cellular uptake rate, translocation into
organs other than the lung, etc.). As a caveat we add that in light
of the wide range of nanoparticle properties such as shape, size
and chemical composition used in modern nanotechnology
combined with the complexity of the human organism, it is unlikely
that there will ever be a single dose metric suitable for all types
of nanoparticles and any kind of biological response.
While there are numerous aerosol devices for exposure
measurements, direct dose measurements are impossible, since
the detector would have to be placed on the lung epithelium, i.e.,
inside the human lungs. Consequently, alternative methods have
to be developed for inhalation dose measurements. The most
commonly used approach is to measure the size-resolved exposure
levels using conventional aerosol devices (e.g., a scanning mobility
particle sizer) and model the subsequent size-dependent lung
deposition with computational models [15, 16] or with standard
lung deposition curves as provided by the ICRP software [12].
More recently, an alternative more direct technology has become
available, which infers the lung-deposited nanoparticle surface
area (between 10 and 400 nm in diameter) by adjusting the sizeresolved response function of the instrument so that it corresponds to the lung-deposited particle surface area concentration
[17–19].
In the meantime several instruments of this kind have been
made commercially available. They all assume that the particles
are non-hygroscopic and that the equivalent mobility diameter
corresponds to the equivalent surface area diameter, i.e., they
assume spherical, non-hygroscopic particles with smooth surface.
While the mean effect of individual lung physiology and respiratory
parameters can be incorporated into the response function of
these devices via a calibration factor [17], these instruments are
not personal samplers, which determine the breath-by-breath lung
deposited particle dose, but this parameter can be calculated from
the measured lung deposited nanoparticle surface area, when the
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breathing parameters of a person are known. We note that this is
an approximation of the breath-by-breath personal dose, if the
measurement is performed close to mouth or nose. It assumes that
the particle lung deposition of an individual can be predicted by
the ICRP-Model and the slope of the deposition curve does not
change in the covered size range with the kind of person and the
activity [17].

28.5

Concentration Measurement Techniques

There are many ways to categorize particle concentration measurement techniques. Considering measurements related to ENP
release and exposure, we find it helpful to differentiate between
near real time and time-integrated measurements, on one hand,
and ensemble techniques that determine integral concentrations of
aerosol properties (size, mass, surface area, etc.) and those which
resolve these properties, on the other hand.
Traditionally, particle exposure measurements in the workplace
as well as in the ambient environment are time integrated or near
real time particle mass concentration measurements. Sampling
aerosol particles on filters followed by gravimetric analysis is
still the—worldwide—reference method where regulations set
particle mass concentration limits. In this context, inlet preseparators that let particles smaller than a certain size (e.g.,
the inhalable fraction) penetrate to the filter are common
practice. Since filter sampling, even with high flow rates, does not
allow near real time measurement, faster particle concentration
measurements were established to compliment filter sampling.
For aerosol particles smaller than approximately 100 nm, mass
concentration measurement techniques lack sensitivity; especially
if large background particles are present in the measured
aerosol. With respect to ENPs, applying these techniques makes
sense only if the aerosol consists of large agglomerates of ENPs.
Table 28.1 gives an overview over established particle concentration measurement techniques with good sensitivity in the below
100 nm size range. The measured quantities are also shown.
Time-integrated particle measurement techniques like
sampling on filters or deposition on substrates in electrostatic
precipitators [20] or thermal precipitators [21] require a minimum
time interval to collect the sample. This time interval depends on
the sampling flow rate, on the total particle concentration of the
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aerosol to be analyzed, and on the sensitivity of the chosen analysis
technique with respect to the properties of the particles to be
analyzed. Time intervals are typically in the order of hours.
Table 28.1

Aerosol measurement techniques applicable for particles
smaller than 100 nm

Near real time

• Condensation particle counter
No size
(number)
resolution
• Electrical detector (response
depends on design)

Time-integrated

• Filter sampler and
gravimetric (mass) or
chemical (composition)
analysis

Low size
• Electrical low pressure impactor • Low pressure impactor
resolution
(number or charge)
and gravimetric (mass)
• Diffusion battery + condensation or chemical analysis
Particle counter (number)
(composition)
• Electrical diffusion battery
• Diffusion battery and
(number)
gravimetric (mass) or
• Fast mobility spectrometer
chemical (composition)
(number)
analysis
• Electrostatic
High size • Scanning mobility particle
spectrometer (number)
precipitator & SEM,
resolution
• Universal nanoparticle
TEM, XRF, etc. (number,
analyzer (number, agglomerate
shape, agglomerate
properties)
properties,
• Aerosol particle mass analyzer
composition)
+ condensation particle counter • Thermal precipitator
& SEM, TEM, XRF,
(number, but resolves particle
etc. (number,
mass to charge ratio instead of
shape, agglomerate
size)
• Differential electrical mobility
properties,
Classifier + aerosol particle mass composition)
analyzer + condensation particle
counter (number, mass and
agglomerate properties)
• aerosol mass spectrometer
(number, composition)

Near real time particle measurement methods are able to report
measurement results within seconds or at least some minutes.
For a given concentration (e.g., number concentration) the time
necessary for a measurement, in general, increases with its
resolution for a certain property of the analyzed particles (e.g., the
size resolution).
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28.5.1

Near Real-Time Measurement Techniques for
Total Concentration

Measurement techniques that do not classify or otherwise
analyze aerosol particles according to one of their properties
report a single concentration value that is defined by the
method’s upper and lower size detection limit. Two measurement
principles are actually available: Condensation particle counters
(CPC) report the total particle number concentration. Instruments
based on unipolar diffusion chargers and aerosol electrometers
have a size-dependent response R(D), which can be approximated
by R = k · Dx. The exponent x for submicron particles is in the
range of 1.1 to 1.4; it depends on the particle charging efficiency of
the unipolar charger and internal particle losses and may change
with D.
In condensation particle counters, a working fluid vapor
(examples are butanol, isopropanol, or water) is condensed on ENPs
and other nanoscale particles, which act as condensation nuclei.
The working fluid droplets grow to a size that is easily
detectable by a simple light scattering detector. Counting the
particles at a known flow rate through the detector gives the
number concentration. CPCs are available as hand-held or as
bench-top instruments. Depending on the instrument design, the
lower detection limit for particle size varies. It can be as low as
1 nm; but somewhat larger detection limits for particle size
(3–10 nm) are more common. A detailed description of CPCs and
recommendations for their use can be found in [22].
Instruments based on unipolar diffusion chargers and aerosol
electrometers measure different moments of the size distribution,
according to the exponent x in their response function [23].
If x is in the range of 1.3 to 1.4, the measurement result is the socalled active or Fuchs surface area concentration [23]. This surface
area is determined by the ability of aerosol carrier gas ions to
attach to the particle surface; it is generally smaller than a particle’s
BET surface area. Other devices have a response function
exponent close to 1 [24], their response can be interpreted as the
concentration of the first moment of the number distribution,
which is particle diameter. Last but not least the already mentioned
nanoparticle surface area monitor [17–19] falls into this class
of devices as well: An electrostatic precipitator between the
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charger and the electrometer is used in this instrument to modify
the response curve such that it approximates the lung deposited
surface area of (spherical) inhaled aerosol particles.
Size-dependent particle collection in a particle separator
placed downstream of the charger can also be used to derive
additional information about the measured aerosol. If both the
current due to particle charge deposition in the particle separator
and the current due to particle charge penetration through
the separator are measured and if a mono-modal log normal
size distribution is assumed, an estimate of the total number
concentration and the number median particle diameter becomes
possible. Electrostatic precipitators [25] as well as diffusion
screens [26] serve as size-dependent particle separators in
commercial instruments.

28.5.2

Property-Resolving Near Real-Time
Measurement Techniques

The majority of the existing measurement techniques that can
resolve particle properties classify the particles according to their
size. The reported size, however, is always a so-called equivalent
diameter: particles with the same response to the physical sizing
principle appear in the same size class. Note that only for spherical
particles with a density of 1 g/cm³ the equivalent diameters of all
principles discussed here are equal.
Physical principles capable of sizing ENP particles in the below
100 nm size range are electrical mobility, Brownian (thermal)
diffusion, and inertia in an accelerated air flow at reduced pressure.
All differential electrical mobility analyzing systems (DMAS)
[27] measure particle size based on the migration velocity of
charged particles under the influence of an electrical field. The
classified particles are detected either by a CPC or by an aerosol
electrometer. Besides the size-dependent mechanical mobility
of a particle, the polarity and amount of charges determine its
migration velocity. Therefore, a charger (bipolar or unipolar) that
produces a known, repeatable and reproducible charge on the
particles is an important component of all DMASs. Commercial
systems are meanwhile available with quite a variety of chargers,
electrical mobility classifiers and particle detectors. Systems with
bipolar chargers, differential electrical mobility classifiers and
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a single-particle detector (commonly called DMPS or SMPS) are
typically able to measure particle size distributions in the order
of minutes. The size resolution of these systems is high (up to
100 size channels per size decade). The electrical mobility
classifier can also be designed to allow multiple particle detectors
(e.g., FMPS). Such systems measure much faster (measurement
time less than a second) but have approximately 10 times lower
size resolution compared to the systems with only one detector.
A new development is the universal nanoparticle analyzer
(UNPA) [28]. Basically UNPA adds a diffusion charger and
electro-meter detector (electrical sensor (ES)) with response
R = k · Dx downstream of the electrostatic classifier of a differential
electrical mobility analyzer with a CPC (SMPS). For particles with
known mobility equivalent diameter exiting the classifier, the
Dx response of the electrical sensor in combination with the D0
response of the counter yield information about the structure of
the particles (loose agglomerates, aggregates, spheres) and the
mean size of the primary particles of loose agglomerates.
The aerosol particle mass analyzer (APM) [29] uses centrifugal
force in addition to electrostatic force to classify particles based
on their mass to charge ratio. Typically, APM is used downstream
of an electrical mobility classifier to determine the mass of preclassified particles of which size and charge are already known
[30]. Such rather complex measurement systems can provide useful
information, typically in research applications. When electrical
mobility equivalent size, charge and mass to charge ratio of a
particle are known, effective particle density can be derived.
Additional knowledge of the density of the particle material yields
information about the particle structure [28].
Particle diffusion in gases caused by collisions with the
surrounding gas molecules leads to a net particle flow from higher
concentrations—within the aerosol—to any available deposition
surface. The migration velocity due to diffusion increases with
decreasing particle size. Diffusion Batteries use this effect to
classify particles [31]. Fine wire mesh screens (wire diameter 10
to 20 µm) are commonly used as diffusion samplers because of
their large surface area combined with a relatively low resistance
to the gas flow. From sampling stage to sampling stage, the surface
area increases; the smallest particles are therefore collected on
the first stage while larger particles can penetrate the first stages
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and are deposited on the following stages. The particles sampled
on the stages of a diffusion battery can be analyzed post sampling;
in this case the diffusion battery is a time-integrating device. If
the reduction of the particle concentration from stage to stage is
measured, e.g., with a condensation particle counter or with an
electrical sensor, the diffusion battery becomes a near-real time
technique [32]. Another option is to charge the particles in a
unipolar charger before they enter the first stage of a diffusion
battery with electrically insulated stages. In this case, the charge
per unit of time deposited on each stage can be measured as
electrical current with an electrometer [33]. Due to the statistical
nature of the particle deposition by diffusion, the achievable
size resolution of a diffusion battery is low. The lower particle
detection limit is determined by the detection efficiency of the
particle detector for small particles, depending on the detection
method it is in the range of approximately 1 nm to 10 nm.
For particles larger than approximately 200 nm, deposition by
other mechanisms (interception and inertial impaction) dominates.
Therefore, these particles must be separated in a pre-separator
before the measurement with a diffusion battery.
Low pressure impactors are a well-known method to classify
and sample particles down to an aerodynamic diameter of
approximately 30 nm. If the particles are charged in a unipolar
charger before entering the first impactor stage and if the stages
are electrically insulated from each other, electrometers can be
used to measure the electrical charges deposited by the particles
on each stage per unit of time. This real-time concentration
measurement method is realized in the Electrical Low Pressure
Impactor [34]. Small particles passing through the last impactor
stage can be collected on a particle filter connected to an
electrometer. If operated in this way, ELPI can classify particles
between approximately 10 nm and 10 µm. The size resolution
within this size range is determined by the number of impactor
stages (e.g., 15 in the ELPI+ instrument).
Aerosol mass spectrometers are used to analyze the elemental
composition of particles in real time or near real time. The particles
are either collected on a target for thermal vaporization [35] or
decomposed by laser ablation [36]. Quadrupole and time-of-flight
mass spectrometry are the most common analysis techniques. While
entering the mass spectrometer through a skimmer that works
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as an aerodynamic lens [37], the so-called vacuum aerodynamic
diameter of the particles can be measured. Particle sizing is
possible from approximately 40 nm to one micrometer [38].
Aerosol Mass Spectrometers are large, heavy and expensive;
therefore they are mainly found in research applications.
Figure 28.9 summarizes the size ranges for which the methods
described above can be applied.

Figure 28.9 Size range of size-resolving concentration measurement
techniques.

In general, all characterization techniques are calibrated
with spherical particles and the data evaluation procedure is also
based on spherical particles. In powders and aged airborne ENPs
we deal with agglomerates and aggregates. In size distribution
measurements only equivalent (e.g., electrical mobility diameter
in case of SMPS and optical diameter in case of OPC) sizes are
measured. The relationship between the measured equivalent
diameter and the geometric volume diameter has to be known to
transfer the number distribution as function of equivalent diameter
into a distribution as function of geometric dimensions of the
agglomerate or aggregate. This relationship then also allows the
calculation of the volume distribution. Similar approaches have to
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be taken to determine for instance the surface area distribution
as function of size [39, 40].
Some of the above techniques, especially diffusion batteries
and low pressure impactors, can also be operated—with or
without the real time measurement capabilities—simply as size
classifying particle samplers. After a sufficient sampling period, the
collected particle fractions can then be analyzed. Their mass can
be measured or their chemical composition can be determined
by various methods like XRF, EDX or PIXE. Like for all sampling
methods, it must be considered that the analyzed particle
properties can undergo changes due to the sampling process itself,
which can bias the results. For example, particles sampled on a
substrate can change their composition due to chemical reactions
with neighboring particles, which might not occur while the
particles are airborne.

28.5.3

Combining the Measurement of Total
Concentration with Size-Selective
Pre-Separators

Any integral sampling method (like particle filters, thermal
precipitators or electrostatic precipitators) should be combined
with size-selective inlet pre-separators, as this is the only way
to derive a meaningful particle concentration if the particle size
distribution itself is not known or measured. For ENP exposure
related measurements, the inlet should mimic the size-dependent
particle deposition in the human respiratory system, as for
example modeled in [12].
If this principle is applied, all properties further analyzed
in the bulk sample are directly related to a related dose via the
time-integrated breathing rate of an exposed person during the
sampling period. Most available size-selective inlets, however,
only provide an upper size limit. Samplers used to characterize
work-place exposure often use inlets that let only the inhalable
fraction pass. While this is sufficient for mass concentration
measurements, where the contribution of small ENP is insignificant,
new inlet designs that mimic the lung-deposition efficiency curve
over their full size range are necessary for ENP monitoring.
Standardized sampling conventions are described in [41].
If the total concentration measurement itself already has an
according response, such an inlet may, of course, not be applied
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because the lung deposition efficiency would be considered twice
(once in the instrument and once by the size-selective inlet). An
example is the Nanoparticle Surface Area Monitor [17–19].

28.6

Exposure Measurements

We previously recommended to develop standardized methods to
determine the ENP release in terms of number, surface area and
volume per mass of nanostructured material of different kinds
for agreed upon stress situations according to the kind of energy
input. This should allow a first estimate of possible exposure in
the air in different practical situations during lifetime of the
material. For this the amount of material involved and the stress
situation has to be estimated. Also the changes occurring between
release point and exposure point have to be included. In case
of dose estimation the exposure-dose relationship also has to
be known. There are a lot of unknowns in this process chain. It
seems to be necessary to perform exposure measurements in real
situations to clarify the actual exposure and to get experience of
possible exposure scenarios; especially because unknown material
ENP release properties for new materials may be combined
with complicated mixtures of stress situations and a missing
release–exposure relationship.
The major advantage of this approach is that data for real
work conditions are obtained. As explained earlier there is also a
need for exposure measurements, when an emission of ENPs from
synthesis processes has to be controlled to protect the worker in
these workplaces. These ENP releases cannot be seen as a material
property; instead they have to be considered material release from
a process. Therefore first studies of workplace related exposure
were initiated by the International Carbon Black Association
(ICBA) in 1998 [42, 43]. In parallel Maynard et al. [44] conducted
first studies related to nanomaterial exposure of carbon nanotubes
(CNT). The number of workplace studies and published results
has increased significantly since then and a first ISO-guideline on
inhalation exposure characterization and assessment has been
set-up [45].
In a review of existing studies [4] we have taken into account
exposure related nanoparticle measurements at workplaces, where
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engineered nanoobjects and their agglomerates or products using
nanomaterials are processed or used. These include industrial
production facilities, processing plants, pilot plant investigations,
crafting of nanomaterials (drilling, sawing, etc.) as well as research
related work area settings. The work activities investigated can be
structured along the production pathway: production, handling
and refinement of the raw material, bagging and shipping of the
nanomaterial, processing of the nanomaterial and work processes
with the nanomaterial product. It is obvious from the review
and practical thinking that it will be impossible to investigate
all nanostructured materials in combination with all possible
application processes with different conditions. The existing set of
publications reveals already a lack of comparability due to different
processes and their parameters, used measurement techniques
and data evaluation procedures, different background treatment
and so on. The amount of work has to be reduced by determining
the nanostructured materials with high ENP release risk and by
fostering the development of guidelines and standards for agreed
upon measurement strategies.
Measurement techniques and measurement strategies have
to be optimally combined to allow sensitive and cost-effective
determination of airborne engineered nanomaterials at workplaces. Measurement strategies can mean tiered approaches as
has been suggested by [46] and [47]. Tiered approaches may
facilitate cost-effective screening of many workplaces if sensitive
sensors exists. The NEAT strategy, as developed by NIOSH [46],
applies a handheld device that determines particle number
concentration. Particle number concentration is quite sensitive
for nanoscale particles and thus a real-time screening allows
identification of possible “hot spots”. If the initial screening reveals
that the workplace is “clean”, i.e., measured concentrations are
below a certain threshold value, no further investigations may be
necessary. If a nanomaterial release is suspected due to increased
concentration levels, the next step of investigations of the tiered
approach will be more detailed.
This can be personal exposure related, process related or
approaches closely linked to toxicological and epidemiological
questions.
Directly after the screening, detailed measurements related
to the above-mentioned aims and approaches may be pursued
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in the areas that are possibly affected by airborne nanomaterial.
Personal exposure approaches will be based on either personal
devices and samplers or areal measurements combined with the
recording of personal activity patterns to allow the calculation of
personal exposure. So far no legal binding framework concerning
nanoparticle specific limit values exists. Personal exposure studies
related to nanomaterial exposure are therefore dominantly linked
to research studies. A good discussion can be found in Maynard
and Aitken [48].
Process-related approaches will mainly be based on real
measurements, allowing for the concurrent use of several and more
sensitive devices. Measurement locations will be often close to the
process, handling or work activity of interest.
Approaches with the aim of deriving detailed information for
toxicological and/or epidemiological studies will use a variety of
sampling and measurement devices with possibly health relevant
metrics. The variety of devices used for this purpose is high as
the metric that best fits to nanomaterial related health effects is still
under discussion.
A severe problem in exposure measurement is the always
existing background, which is interfering with the measurement
of the nanoparticle originating from the workplace activities. The
solution thus far is the application of a reference measurement
according to recently developed procedures [49]. It has to be noted
that background aerosols may stem from areas outside of the work
area and from the process itself. The latter can again be divided
into background aerosols released from other sources within the
process, e.g., electrical motors used in the process, or unintentionally
produced particles from the production process as a side product.
This clear differentiation of background aerosols is also necessary to
understand what type of background aerosol can be differentiated
by which measurement approach.
Four basically different approaches for background distinction
can be differentiated as follows:
• time series approach,
• spatial approach,
• approach based on comparative studies with and without
nanomaterial,
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• (size resolved) chemical and/or morphological analysis.
The different background distinction approaches are part of the
measurement strategies presented above.
The task to be tackled determines the combination of needed
measurement strategy and devices. Time series analysis is generally
coupled with online detection methods. This analysis basically
assumes that the concentration determined during no work activity
is the background concentration and any increased concentrations
during the work activity can be attributed to the process, the
nanomaterial or both. The spatial analysis assumes that a background
measurement location is representative for the background at the
workplace of interest. Any difference between the determined
background and workplace concentrations can be linked to the work
activity and the nanomaterial investigated.
Most of the studies published so far use a combined approach
of time series and spatial analysis, or link the spatial analysis
with morphological or chemical analysis. Morphological analyses
are often included when single-particle chemical analyses are
conducted (SEM-EDX) or when distinct features of the nanomaterial
can be used for its identification, like a fiber structure. We
recommend that in a tiered approach after screening and detection
of a nanoparticle source samples are taken and analyzed to proof
the existence of released ENPs. Then a detailed analysis including
the relevant nanoparticle properties and concentration measures
are performed.

28.7

Conclusions and Outlook

The starting point of nanostructured materials is the synthesis of
nanoobjects and their agglomerates or aggregates in the solid,
liquid and gaseous phase. The processes may cause the release
of nanostructured materials in the form of nanoobjects and their
agglomerates (ENPs), which may lead to exposure especially in the
workplace close to the processes. To control the release and the
exposure, measurements have to be performed in real situations.
They allow the determination of unwanted ENP release and also
allow the estimation of possible workplace exposure to determine
the relevant dose for effect studies or to quantify the effect. Thus
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far almost all studies [4] investigate the possible release in real
operations during synthesis, some of them together with follow
up handling procedures of the then existing nanostructured
materials. Half of the studies perform mainly handling simulation
studies in the lab. This allows the elimination or at least a
better definition of the background. In none of the overall all 46
publications considered in [4], a general conclusion, which can
be transferred to other cases, has been drawn. They are all single
case studies.
The proposal to achieve progress beyond state-of-the-art
(Fig. 28.10), which was described here, is not to try to investigate
all kinds of different handling processes under different conditions
in the real world as well as in process simulation studies, but to
concentrate on the different nanostructured materials and to treat
them with defined stress situations. ENP release factors as material
properties are determined for the different stress situations. If
the ENP release–exposure relationships and the exposure-dose
relationships are known, ENP release factors—in combination
with some other process parameters—should allow the estimation
of ENP release, the corresponding exposure and maybe even the
dose. With the dose–effect relationship the effect and maybe the
risk can be quantified. The known ENP release factor also allows
a decision about which real situations are worthwhile to be
considered, because their likelihood causing exposure is high.
The materials may be grouped according to their different
matrix materials into powders with gases (aerosols), suspensions
with liquids, coatings and composites with solids as matrix materials.
The coatings have to be separated from the support material and
can then be considered as solid nanostructured materials. The
stress situations describing different kinds of energy input can be
distinguished as mechanical, thermal, chemical and environmental
stress. All stress situations are represented by as few as possible
processes with corresponding measurement techniques. It is
very important to make sure that the technique does not deliver
biased results because of interference with background particles,
which can have several sources. This is easier done here, because
the environment in these measurement set ups are easier to
control than in exposure measurements. One also should look for
processes that can be standardized.
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Figure 28.10 Progress beyond state of the art.

One of the most interesting pathways of the released ENPs
into the environment is the transmission in the air and the intake
of human beings by inhalation. Under certain assumption this
transfer including the occurring changes can be modeled, which
can be a great help in exposure and dose estimations. If exposure
measurements are performed, the best way would be to measure
as close as possible to the place where the effect takes place.
New developments toward portable or even personal sampler
measurement techniques are on the way (EU7-Nanodevice).
Another approach is to include model information in measurement techniques, which relates the measured quantity to the one
at the effect place. An instrument of this kind is the NSAM, which
measures the surface area concentration and weighs it with the lung
deposition curves to get the information about the lung deposited
surface area. Exposure is mainly described by concentration
measures (ENP number, surface area and mass (or mass of certain
components). But increased number concentration is not a final
proof of the existence of ENPs. Morphological analyses are often
included when single-particle chemical analyses are conducted
(SEM-EDX) or distinct features of the nanomaterial can be used
for its identification, like a fiber structure.
Whereas in the past almost all effects were described to be
related to mass concentration, inhalation and toxicology specialists
argue that surface area or even number concentration may be
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more relevant in case of ENPs. Number concentration is the most
sensitive measure for ENPs. Therefore it is justified to use a number
concentration measuring device to detect increased number
concentrations as first indicators for possible ENP release in a
tiered approach of an exposure measurement strategy for real
situations.
Measurement metrics and corresponding measurement
technology remain to be an extremely important issue. The metric
best related to possible health effect is still not identified. The lack
of comparability always became evident, when trying to compare
results from the various studies in the review [4], because a
harmonized approach for data evaluation concerning metric, size
range, etc., is still missing. This lack hinders the development of
general conclusions. Particle number concentrations and particle
number size distributions are the most commonly used metrics
within the reviewed workplace and laboratory studies. Almost all
46 studies in [4] measure the number size distribution using
an SMPS or FMPS. This approach is currently seen as the one to
further develop due to the high sensitivity of the metric to airborne
nanoobjects as well as due to the availability of the measurement
devices.
These techniques are based on sphere calibration and data
evaluation procedures. Most of the time, ENPs are not spherical.
They are agglomerates or aggregates. Then only equivalent sizes
and also—with a minor effect—equivalent number concentrations
are measured based on bipolar charging efficiencies of spheres and
their transport behavior in electric fields. In case of agglomerates
and aggregates the real number concentration distribution is
different because of changes in the bipolar charge distribution
effecting the necessary multiple charge correction and the
relationship between the number of singly charged and the total
number of particles. A more relevant diameter for agglomerates
and aggregates is their volume diameter, which differs from their
mobility diameter. If this relationship is known, the relevant
distribution volume concentration as function of volume per
agglomerate can be determined. For surface area distributions
the surface area per agglomerate as function of mobility diameter
has to be known. For simplified loose agglomerates, models exist
for calculating these relationships. In case of other shapes and
aggregates calibration procedures can be developed [39, 40].
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29.1

Introduction

Nanotechnology is a promising, enabling technology that many
consider will revolutionize the way things are created, literally
atom by atom, from the bottom up. Although not agreed upon
by all experts, some estimate that by 2018, it will become
a US$3 trillion industry worldwide [21, 22]. Current firstgeneration nanotechnology is already present in the marketplace
and involves many industry sectors, including medicine, food,
textiles, construction and packaging. Applied nanotechnology has
increased the efficacy of therapeutics, produced bandages with
anti-bacterial properties, made fabric spill/water proof and so on
[2]. Nanotechnology in later generations has the potential to enable
the creation of new quantum computers and will see the creation of
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other materials like cable with nearly 100% electrical conductivity
efficiency, and even strong enough to take humans into space
[15, 17]. Indeed, the business and commercial opportunities are
there. However, much is still unknown about the toxicity level of
some nanomaterials. Preliminary research and laboratory tests have
shown that some nanoparticles can cause damage to animal cells
[31], and the buildup of nanoparticles in cells can affect the food
chain in ecosystems [30]. There are even reports that nanoparticles
transferred from sunscreen on workers’ skin can cause extensive
weathering to steel roofs [40]. These risks can translate to damage of
a company’s reputation, brand, and even the bottom line if liability
is established.
This chapter analyzes the business strategy implications of
nanotechnology, which covers a wide range of issues. It briefly
introduces the reader to nanotechnology and then explores how
corporate sustainability strategies can be used to manage risk and
exploit opportunity in the nanotechnology industry. This chapter
takes an interdisciplinary approach covering science, law, and
business. Section 29.2 looks into what nanotechnology is and the
opportunities the technology presents followed by Section 29.3,
where the environmental health risks are explored. Section 29.4
examines the drivers for environmentally sustainable corporate
practices. Section 29.5 considers the risks to business and industry
when the drivers for environmental sustainable practices are not
heeded. Section 29.6 provides strategies that can be adopted by
companies within the industry (or the industry as a collective)
to attain shareholder value while also producing environmental
outcomes satisfying the drivers outlined in Section 29.4.

29.2

What Is Nanotechnology and What Are
the Opportunities?

Nanotechnology is said to be the next industrial revolution [1–4].
It is only recently that scientists discovered how to manipulate
individual atoms to create revolutionary unique molecules at
the nanoscale. Thus, today the study and development of
nanotechnology, beginning as a discipline in the 1980s, has led to
the marvelous engineering of nanoparticles to produce molecular
structures and achieve a vast range of applications in almost all

What Is Nanotechnology and What Are the Opportunities

industries, including electronics, construction, medicine, textiles,
energy, cosmetics, food, and beverages [2].
By analogy, the size of a nanoparticle has often been explained
as 1/100,000 the width of a human hair [5] or the size of a marble
compared to that of the Earth [6]. There is no precise or uniform
internationally agreed definition of nanotechnology [7]. There is,
however, mounting criticism [7] of the widely used US National
Nanotechnology Initiative (NNI) definition of nanotechnology
that limits the size of nanotechnology to particles between 1 and
100 nanometers [8, 9]. Commentators have argued that the NNI
definition fails to include nanoparticles under 1 nm and that the
limitation of 100 nm precludes, in particular, therapeutic substances
just over the 100 nm threshold that nevertheless achieve the same
unique properties [7]. Instead, commentators propose that a
practical definition unencumbered by size limitations be utilized.
In particular, Dr. Raj Bawa (Bawa Biotech LLC and Rensselaer
Polytechnic Institute) recommends that nanotechnology be
defined as controlled manipulation (as compared to “selfassembly”) on the nanometer scale that achieves or produces at
least one innovative/superior property or characteristic in the
nanoproduct generated (in contrast to its corresponding “macro or
bulk counterpart”) [7]. This chapter adopts Dr. Bawa’s definition of
nanotechnology that is essentially a broader and more functional
definition of particular advantage when discussing regulatory,
patent, policy and ethical issues [7].

29.2.1

Immediate Production Cost Benefits

Current first-generation nanotechnology takes advantage of
constructing nano versions of macro/bulk counterparts, thereby
exploiting the changes in properties and molecule behavior
which occur at the nanoscale. Creating nano-sized versions of
their macro counterparts takes advantage of the smaller size (e.g.,
increased surface area to volume/mass ratio, increased capacity
of electrical conductivity, etc.) and thereby increases the reactivity
of the particular substance and efficacy among other properties
[7, 10]. This change of substance properties can dramatically
reduce the amount of raw materials needed to manufacture
products and can potentially reduce environmental impact and
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pollution levels. In the long term, production costs are driven down
in comparison to current macro-technological counterparts where
scarcity can increase raw material costs [9]. For example, a company
that manufactures medical equipment or pharmaceuticals would
benefit from requiring less platinum or gold to manufacture
their products since nanotechnology affords greater efficiency of
precious and rare raw commodities. Use of the nanoscale form of
active therapeutic ingredients has been approved by regulatory
bodies and has since been introduced into the marketplace. One
example is sunscreen containing nano versions of the active
ingredient zinc oxide (ZnO) and titanium dioxide (TiO2) [11]. Often,
nano versions of these particles have shown increased efficiency
and enhanced properties when incorporated into cosmetic and
therapeutic products [11].

29.2.2

New Discoveries

One of the most widely publicized developments in nanotechnology
were the discovery of fullerenes in 1985—the Buckminster fullerene
(C60 or Buckyball) [12] and later the discovery of carbon nanotubes
in 1991 [13, 14]. These forms of carbon are stronger than diamond,
conduct electricity at near 100% efficiency, are light weight,
and are flexible when in the form of tubes [13, 15]. Discovery
of these particles can lead to new green technology by creating
revolutionary new products ranging from energy-efficient electronic
devices to light yet strong aircrafts that use less fuel. Carbon
nanotubes are 117 times stronger than steel at only one sixth of
the weight [16] and are identified by the scientific community as
the only material that has the potential to be used to build the cable
of a space elevator [17], among other more immediate industrial
uses in construction and other industries [2].

29.2.3

Future Possibilities and Opportunities

In fact, the promise of nanotechnology is beyond imagination.
Examples range from the theoretical possibilities of quantum
computing [18], and super-efficient solar cells [19], to nanorobots repairing damaged human cells [4]. As an enabling
technology, nanotechnology has extremely wide applications and
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commentators have remarked that humanity is only at the early
stage of this new industrial revolution [20].
In 2008, it was estimated that 850 nanotechnology-based
products were already in the marketplace. It is estimated that the
production of nanomaterials is currently in the millions of tons
worldwide and is expected to rise significantly [23].
However, as promising as nanotechnology is, very little is
known about the impact it can have on human health and the
environment as actual research into the effects of nanoparticles
in the environment and on humans is still at the early stages.
Moreover, there has been a heightened concern among academics
and researchers about the potential toxicity and environmental
risk of nanomaterials.

29.3

The Environmental Health Risks

The risks of nanomaterial pollution in the environment are
largely unknown. In theory, it is generally accepted that some
nanoparticles have the potential to affect the health of people,
animals and the environment [24], but it is also agreed by the
scientific community that more research is warranted. The
United Kingdom Royal Commission on Environmental Pollution
commented that there is insufficient understanding of the toxicity
of nanomaterials, and that little research has been conducted
on their environmental impact as they become detached from
products or used at the point of disposal [25].
However, results from the limited research which has been
conducted on the effect of nanoparticles on laboratory rats and fish
give cause for concern [26, 31]. As mentioned earlier, nanoparticles
do not act in the same way as their larger macro counterparts
do and some have startling properties like the ability to remain
airborne longer [3]. Studies have found that Buckminster fullerene
(C60) can cause inflammatory reactions, induce lipid peroxidation
and oxidative stress to fish [27, 28], and death to bacteria [29].
Similarly, exposure of aquatic animals to nanoparticles may cause
toxicological risk to aquatic ecology and the food chain [30]. A carbon
allotrope in the form of nanotubes has a similar structure to that
of asbestos and studies have suggested that, after inhalation, these
nanoparticles can stick to tissue walls in the lungs of rodents causing
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inflammation, granuloma formation and the formation of lesions
[31–33]. Manchikanti and Bandopadhyay [34] also mentioned
that nanoparticles are small enough to reach the DNA in the cell’s
nucleus and could attach to it. Further, nanoparticles are small
enough to seep through the soil, enter the water table, and spread
through such watercourse [35].
The most alarming prospect of nanotechnology is the
suggestion by some commentators that rogue self-replicating
nanomachines fuelled by “elements common in the natural
environment” could convert biomass into replicas of themselves
on a global basis, turning everything into “grey goo” [36]. But such
apocalyptic dangers have been dismissed by many scientists as too
far-fetched and fanciful, on the verge of “quackery” [36]. Nevertheless,
it has startled some members of the public [39].
The more immediate and real issue concerning nanotechnology
and the environment is that nanoparticles can be environmental
hazards [26]. Potentially, nanoparticles, due to their small size,
could rapidly distribute throughout the environment during their
lifecycle and bio-accumulate in soil, plants, and animals with
unknown long-term effects [26]. For instance, a few years after
the introduction of sunscreens containing nanoparticles, the Blue
Scope Steel Company discovered that the nanoparticles in the
sunscreens somehow was transferred from installation workers
to the steel roofing and caused dramatic weathering [40]. No
further research was conducted, but this finding demonstrates that
materials created by nanotechnology affect other materials with
which they come into contact.
Thus, these issues of risk have sparked debate to regulate
the production, monitoring, use and disposal of nanotechnology
products, which would certainly have an impact on innovation and
a company’s ability to exploit discoveries, and, in turn, profitability.

29.4

The Drivers of Environmental Protection
and Sustainability

Currently, the United States of America (US), Canada, and Australia
take a traditional approach to nanotechnology regulation, where
regulators respond only when nanotechnology-enabled products
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have reached the market and threats arise [41]. Under the
traditional approach, if there is no known quantifiable risk,
regulations are not imposed, which is currently the case for the
nanotechnology industry. Hence, the sources of environmental
pressure to limit possible hazardous impacts of nanotechnology
are mainly from academics, as they are the first group of people
to become aware of the toxicities of certain nanomaterials. Since
much is still unknown about the precise nanomaterial toxicity
risk, they call for a precautionary approach to regulation. This
approach stipulates that where scientific uncertainly exists about
a particular product regarding risks [42] to human and
environmental health, regulators should categorize these products
as harmful until it is demonstrated that they are safe. Thus, under
the precautionary principle, nanomaterials that are not proven safe
would be barred from entering the marketplace.
Current international conventions do not fully deal with
the regulation of nanomaterial production or disposal. As a
matter of fact, countries adhering to the traditional approach
of regulation, such as Canada, advocate that nanomaterials should
not be governed by current international environmental treaties
such as the Basel Convention, which governs the transnational
movement, production, and disposal of hazardous wastes [43, 44].
The US in particular has shown little support for the precautionary
principle in the past, judging from its international negotiations
concerning the environment [45]. Indeed, the US and Canada,
in refusing to be proactive in implementing comprehensive
nanotechnology regulation have indicated that they consider new
nanomaterials to be chemical substances and as such are subject
to already established regulations and practices under the
appropriate laws [46]. This has led commentators to propose
a tiered approach to nanotechnology regulation where it is
phased from soft to hard law-starting from industry self-regulation
then to internationally binding framework treaties and protocols
[47, 48]. The current reality is that by adhering to the traditional
approach there is delay in direct or specific regulation of
nanotechnology in municipal law in such states [49, 50].
Consequently, companies currently within the nanotechnology
industry are relatively unhindered by local and international
regulation; however, they should query how long the status quo
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will be maintained and whether it would be wise to prepare for a
change when it arrives, or take a proactive approach to avoid the
need for change in a proactive and responsible manner [51].
Already, there are signs that global public opinion and
pressure are causing a trend towards the precautionary approach.
In November 2006, the US Environmental Protection Authority
decided that pursuant to the Toxic Substances Control Act [52],
“any company wishing to sell a product that it claims will kill
germs by the release of nanotech silver or related technology will
first have to provide scientific evidence that the product does not
pose an environmental risk” [53]. This is clearly a move towards
a more precautionary stance. In 2009, Canada is reported to
have implemented new regulations to record and track the use
of nanomaterials in quantities greater than 1 kilogram per year
[41]. Australia initiated a public consultation process as the first
stage of reforming the existing National Industrial Chemicals
Notification and Assessment Scheme to address the uncertainties
in potential risks posed by nanomaterials to health, safety and the
environment [54]. The aim is to introduce new approaches to the
regulation of industrial nanomaterials [55]; perhaps this move
towards precautionary principles is due to growing public concerns
[54]. While Australia is considering precautionary approaches to
regulation, the European Union (EU) has already adopted
precautionary principles [56].
Implementation of the EU Registration, Evaluation, and
Authorisation of Chemicals (REACH) legislation specify a single
“directive on chemicals and their safe use” for the whole of the
EU by promoting early identification of the inherent properties
of chemical substances [56]. REACH is aligned closely with
precautionary principles that require new chemicals to be
scrutinized and demonstrated as safe before they become available
in the marketplace. REACH does not directly apply to nanomaterials, as no definition of particle size is provided. Instead,
nanomaterials will be considered the same as their bulk (i.e.,
macro) counterparts [57]. However, commentators have suggested
that the implementation of REACH would nevertheless capture
nanomaterials as it requires new products containing novel
technologies (or indeed, indirectly, novel nanotechnologies) to be
scrutinized by the scientific community before they can reach the
marketplace [41].

The Drivers of Environmental Protection and Sustainability

Pressure from four more sources can be identified as
immediate drivers for change and companies should respond, or be
prepared to respond, to these drivers in order to manage risks and
exploit the opportunities that nanotechnology has on offer.
The first is the internal driver comprising staff and other
members of the workforce. Personal and occupational health and
safety concerns about the toxicity of nanomaterials will obviously
require implementation of an appropriate policy for producing
and handling nanomaterials. It will also undoubtedly move staff
to push for an environmental policy to protect their immediate
family and community that may come into contact with
nanomaterials produced by the company.
Second, increasing consumer awareness about nanotechnology
and the toxicity risks involved with its production, use, and disposal
will become market drivers to implement environmental policies
and to address specific concerns that consumers might have.
It is generally accepted that public awareness and support for
environmental protection has been steadily increasing over the
past few decades [58] and some consumer groups will refrain,
reduce or even boycott nanomaterial products if they become
aware of risks to health or harm to the environment by its
production, use or disposal.
Third, social drivers such as pressure from environmental
non-government organizations (NGO) can also affect a company’s
profitability when operating in the nanotechnology industry. NGOs
have various strategies, methods, and channels to communicate
their beliefs and can influence a large number of people. In some
situations, NGOs can even move the government to act or legislate
against corporate activities. Indeed, some of the methods that
NGOs deploy can be extremely confrontational—the Brent Spar
incident, for example [59].
Fourth, media efforts in creating newsworthy stories, which
may not reflect the truth about nanotechnologies, may instead
sometimes unnecessarily exaggerate harm and cause alarm. This
would create bad publicity for the industry or particular businesses
involved in nanotechnology. It may even call for authorities to
act swiftly despite exaggerated claims of risks presented by the
media.
There is a possibility that further drivers will emerge as
nanotechnology develops, in particular, when more is known
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about the risks involved with production, handling, use, and
disposal of nanomaterials. One example would be that insurance
companies may require businesses to implement risk reduction
policies. For now, it is too early to tell how wide the scope of
drivers will be but as nanotechnology has the potential to span
all industry sectors, it is probable that stakeholder groups will
grow, and so will the drivers for environmental protection
and sustainability measures.

29.5

Risks to Business and Industry

Different drivers will yield different corporate risks and concerns.
Under regulatory pressure, the industry may be required to comply
with certain standards and reporting requirements that would
ultimately affect profitability. A precautionary approach to
regulation will increase the cost of putting new and innovative
nanotechnology products into the market because companies will
be required to fund further research. Thus, strict precautionary
regulation has the potential to affect a company’s growth, innovation,
and access to evolving markets, in particular if regulation is
more relaxed elsewhere in other countries.
On the other hand, if companies are not constrained by
regulatory forces, other drivers mentioned above could nevertheless
cause damage to business and industry. Such harm includes (1)
damage to brand image and company reputation, (2) reduction
of overall operating efficiency, (3) the undermining of industry/
company growth, (4) slow innovation, and (5) tort liability.

29.5.1

The “Magic Nano” Case

A good example of risk exposure is the case of “Magic Nano,” a
bathroom cleaning spray, distributed and marketed by Kleinmann
GmbH (Sonnenbühl, Germany) for residential consumers. The
alleged active ingredient in the product is a “nanofluid” containing
silicon dioxide nanoparticles that create a thin nanoscopic (about
100 nm) layer of silicon, which repels water, oil, and dirt when
sprayed onto surfaces [2, 72–73]. It was withdrawn from the market
less than six months after it was reported that it caused about

Risks to Business and Industry

100 cases of breathing difficulties and other symptoms similar to
the common cold and a strong cough [2, 73]. Eight extreme cases
were reported with the most extreme causing hospitalization
of the individuals showing pulmonary edema, coughing fits,
vomiting, and diarrhea [73]. These extreme symptoms appeared
to correlate with lifestyle choices such as heavy smoking and
excessive alcohol consumption [73]. Despite all victims having
recovered within a few days of treatment in the hospital, no follow
up was done to assess whether there were any long-term effects
of the spray [73].
Pressured by NGO groups and the media, the German
government-delegated authoritative body, Bundesinstitute für
Risikobewertung—Federal Institute for Risk Assessment, and
another scientific body of the government were driven to act in,
among other measures, the establishment of an inquiry into the
product. The consortium later found that the spray contained
no active silicon dioxide nanoparticles ingredient [2, 73]. A
scientist informant, who was involved in the manufacturing of the
product, stated that the active ingredient was indeed added in the
production of the spray, but commented that there is a possibility
that the product may have been altered in the process of
distribution/consumption, to the effect that the active ingredient
was “destroyed and fell out of the solution” [72].
Whether or not this event involved nanoparticles, the product
name containing “nano” induced the belief that it did. This
event teaches some important lessons for the nanotechnology
industry. First, it shows that the novelty of nanotechnology and
insufficient knowledge of nanoparticle toxicology to human and
environmental health will cause an outcry for greater accountability
and limitation of the sale of products containing nanoparticles
until they are better understood [2]. Second, when nanotechnologyapplied products cause purported damage, it can lead to product
liability suits against all parties involved in the product wheel of
the nanotechnology-based product [2]. Legal suits also lead to
undesirable and unwanted queries into corporate planning and
business practices. It can possibly undermine company brand image
and the image of the nanotechnology industry [2]. Thus, it would
make good business sense to implement strategies to manage
these risks.
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29.5.2

Win-Lose or Win-Win for Companies
Engaged with Environmental Policies in the
Nanotechnology Industry?

Can companies still profit if they address the environmental
concerns of nanotechnology? Generally, the nanotechnology
industry does not rely on large quantities of raw commodities. It
is dissimilar to industries like forestry, fishery, and other resourcebased industries where unsustainable environmental practices
can hurt or even destroy the longevity of such business and
industry. So, in this sense, one may argue that any initiative of
environmental sustainability will be a win-lose activity [60].
However, environmental damage from the nanotechnology
industry can affect the industry’s bottom line in a manner similar
to other industries like forestry, fishery and other resourcebased industries. Environmental degradation from nanomaterial
pollution can affect a business’ profitability within the sector
because the above-mentioned drivers will somehow cause, and in
some way exert, pressure to limit of nanotechnology production,
use, deployment and development. Thus, a win-win outcome
should be sought as a long-term strategy [61]. A win-win outcome
stipulates that both the industry (or a company within the
industry) and the stakeholder (e.g., the public) will benefit from
implementation of corporate environmentally sustainable policies.
On the one hand, the corporate body will ultimately derive economic
benefits and on the other, stakeholders ensure some economic
benefit or environmental protection.
With a long-term perspective, a win-win approach for the
nanotechnology industry will work, as it is a rapidly changing
industry, yielding fast development of technologies. As it is a large
industry branching out into almost all other industry sectors,
nanotechnology will gain proximity with everyday consumers.
This, in turn, creates a high profile and visibility in the public
domain among a wide constituency of stakeholders.
Some commentators [10, 62], warned that the nanotechnology
industry should act now and in a way that will avoid a negative
public response as experienced in Europe over genetically
modified (GM) foods. The causes of such an uproar in Europe

Corporate Sustainability Strategies to Achieve Win-Win Outcomes

were misinformation, lack of public participation and loss of
confidence in GM technology [63]. One example is Monsanto
failing to engage in candid public discussion about the social,
ethical, and technological issues raised by the then new
GM technology; instead, Monsanto pressed forward on its GM
agenda [64]. Hence, due to the stigma of GM foods, the European
public will not (and probably will never) accept GM foods even if
proof of its safety is now provided [65].
It is submitted, therefore, that instead of resisting or reacting
to health and environmental concerns, the nanotechnology
industry and the corporations within it should act proactively
and strategically manage risks to take advantage of opportunities
through corporate environmental responsibility [58]. This may
mean deploying corporate strategies like: (1) committing to
scientific research and environmental policy development through
community relations and communication; (2) establishing green
alliances and endorsements; and, (3) conducting life cycle analysis.
Only as a final resort, to limit substantial financial loss from
unavoidable liability claims, insurance and corporate restructuring
strategies may be implemented.

29.6

29.6.1

Corporate Sustainability Strategies to
Achieve Win-Win Outcomes
Commitment to Scientific Research and
Environmental Policy Development

It is of great importance for the industry to commit to and
continuously conduct research into the degree of toxicity and
harm, if any, that nanomaterials can have on human health and the
environment during the lifecycle of nanomaterials. Through this
research, the industry will be able to identify nanomaterials that
pose risks to the environment and human health. Moreover, this
will enable the industry to produce and disseminate accurate
information about nanotechnology benefits and risks, thereby
paving the way forward for good corporate risk management and
the development of safe handling protocols. In addition to handling
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internal drivers of environmental concern, this would allow the
industry to approach the academic community, which is pushing for
unnecessary precautionary principles in regulation.
Further, when firms move from a policy of confidentiality to
openness, promote transparency of data, and invite the community
to participate in some corporate planning (corporate planning
in a limited sense: plans that would otherwise dramatically affect
the community’s environmental health), it will ultimately build
trust among stakeholders and the general public. In particular,
information hubs or information delivery services should be
provided by the industry to end users of nanotechnology products.
For local manufacturing firms producing nanomaterials, such
information should include outlines of the benefits of such
production and the positive economic effects it may have on the
immediate community. In addition, manufacturing corporations
should endeavor to find creative ways to mitigate any pollution
that is emitted in the production of nanomaterials. Such mitigation
could include projects that benefit the immediate community such
as free health clinics, parks, and other sponsorships to help the
community.
If mitigation is conducted successfully, certain nanotechnology
sectors within the industry may find themselves able to continue
production of mildly hazardous nanomaterials in particular
pockets of society. In these instances, the society in which it
operates is said to have given a “social license” [66] to the local
corporation to continue operations within its proximity. In this
event, it is imperative to ensure that the research conducted and
funded by the industry is not perceived as biased towards their
cause. Any trusted publication that alleges insincerity would
cause damage to the relationship with the community that will
certainly take more effort to rebuild, as cover up and deception
are the worst violations of a social license.
However, social licenses, although often very powerful, may
not be helpful to all sectors of the nanotechnology industry. Social
licenses are arguably limited to polluting activities that cause
environmental ecosystem damage and, to a lesser degree, to
human health. Thus, in cases where manufacturing activities cause
irreversible human health damages, a grant of social license to
operate is highly unlikely.

Corporate Sustainability Strategies to Achieve Win-Win Outcomes

29.6.2

Establish Green Alliances and Endorsements

Getting civil society involved with the industry will enhance the
credibility of the information produced by the industry. It will also
help in giving the public assurance that the industry is doing, or
attempting to do, the right and responsible thing in environmental
and health protection. Both outcomes can be achieved through
NGO partnerships and through green endorsements.

29.6.2.1 Non-Government Organization (NGO) partnerships

NGO partnerships endeavor to pursue mutually beneficial goals
for all parties involved. In addition to enhancing the credibility and
legitimacy of information presented or claimed by the industry,
NGO partnerships also bring political goodwill that translates to
risk reduction, decreased costs, and even increased revenue
[67]. NGOs find these cooperative agreements with business and
industry more productive than confrontations, boycotts, media
campaigns and the like. A good example on the industry level is
the Environmental Defence (ED) partnership with the American
Chemistry Council (ACC) (representing an industry sector), and
on the company level DuPont with the same Environmental
Defence NGO.
The cooperation between ED and ACC is less detailed with
broad aspirations. It aims to ensure “open and transparent, multistakeholder dialogue” of nanotechnology risks and calls for
standardization [47]. ED and DuPont, on the other hand, have yielded
a practical Nanorisk Framework that endeavors to understand and
manage nanotechnology risk by aiming to implement a “responsible
approach to development, production, use, and disposal of nanoscale
materials across the entire nanotechnology product lifecycle” [47].
Marchant et al. [47] states that it appears to be well designed to
achieve trust among stakeholders and the general public.
Despite the above-mentioned benefits of NGO partnerships,
limitations and drawbacks to such arrangements do exist. They
may involve high transaction and maintenance costs, greater time
consumption, and may prove less beneficial to export-only corporations [67]. However, given the otherwise possible consequences
of draconian regulation [68], perhaps NGO partnerships are
feasible in the long term for the nanotechnology industry to pursue.
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29.6.2.2 Green endorsements
Alternatively, and in particular for nanotechnology products that
are already in the marketplace, green endorsements or certification
can be of assistance to satisfy the calls for environmentally
responsible practices. Certification essentially gives assurance to
consumers that the product they are buying satisfies a standard
set by a body (usually an NGO responsible for environmental or
health agendas) that guarantees certain environmental and health
measures have been met. Such a scheme will signal to the consumer
that the products containing nanomaterials are of a standard that
has been tested and found relatively risk free to the human body
and the environment. This strategy has been proven to work
with limited reservations in the forestry industry concerning
wood products certified under the Forest Stewardship Council
principles [71]. Similarly, the endorsements made by Greenpeace
for greenhouse gas-friendly Foron-built propane-butane
refrigerators saw the saving of a company on the verge of
bankruptcy [69]. However, considering that there are no current
standards for safety or environmental sustainability in the
nanotechnology industry, it would be very difficult for NGOs to
properly define a series of tests for certification or endorsement.
Thus, although it would be a worthwhile strategy for a firm that
already has nanotechnology products in the market, wide use
of this strategy may not be powerful until more is known about
nanotechnology risks.

29.6.3

Conduct Life Cycle Analysis: Recycling, Pollution
Prevention and Product Stewardship

Life cycle analysis looks at how products that are produced,
packaged, transported, sold, used, re-used, recycled, and/or
disposed can be changed to achieve an environmentally positive
outcome. It is a process that can be costly as it will require
listing various environmental pros and cons and collecting large
amounts of information from various sources, which could be time
consuming and expensive. In some cases there will be insufficient
information to fully conduct such an analysis.
However, if it can be done, Reinhardt suggests that it is a
strategy that will lead to redefining one’s market and will achieve
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increased revenue, reduce costs, and improve environmental
performance [60]. Xerox is a great example. By leasing their
machines and collecting their end of life machines to recycle for
parts and place them into new machines for resale or re-lease,
Xerox has changed costs into savings and opportunities. Likewise,
the manufacturers of nanomaterial-based machines can configure
their products’ life cycle to include a parts or raw material
recycling program similar to that which Xerox established to create
shareholder value. It generally makes good business sense to collect
and recycle, where possible and appropriate, certain nanomaterials
that require massive amounts of energy to produce, or requires
rare minerals like platinum, gold or radioactive elements. Hart
[70] describes these outcomes as pollution prevention and product
stewardship. He argues that these are the first two of the three
stages of successful environmental strategy beyond the traditional
methods of risk reduction, re-engineering, or cost cutting.
Indeed, recycling and reusing nanomaterials where possible
into new products, is an excellent method of keeping them from
the open environment, where they may degrade and may come into
contact with humans or animals, causing them harm. In addition
to creating shareholder value using this strategy, companies may
also avoid law-suits where the disposed nanomaterials becomes
toxic and cause irreversible harm to ecosystems, human health
or health of other animals of interest to other stakeholders.

29.6.4

Address Liability Threats: Insurance, Corporate
Restructuring

If liability cannot be avoided, a final strategy would be to limit
potential financial loss through insurance and corporate
restructuring. Liability comes under the law of torts and may
include product liability, liability on the short and long-term health
of workers in the corporation, product recalls, property damage,
and interruptions in business activities. Although firms can
seek insurance to cover these risks, as the current knowledge
of nanomaterial toxicity is very limited, it is extremely hard for
insurance companies and industry to find the right price for
premiums without the danger of over-insuring or under-insuring
[2]. In any event, reliance on insurance should be a strategy of
last resort. Even if a particular liability is covered by insurance,
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the industry or company will face bad publicity when the matter
is dragged to the courts and sparks media attention. Damage to
industry, company and brand image should also be factored in
when planning the strategies to take, as, in some instances, damage
to reputation may be worth substantially more in the long term.
Corporate restructuring into many companies and their
corresponding brands -, thereby having each separate entity being
responsible for certain phases of manufacturing and the marketing
process of nanomaterials-, may be a method of protecting a parent
company’s reputation and brand. However, NGOs and the public
these days are clever enough to find the corporate connections and
publish them through the media and internet, thereby undermining
such efforts of corporate diversification.

29.7

Conclusions

Increasing environmental awareness in society is driving
most of the changes in corporate behavior towards corporate
environmental responsibility and implementation of sustainable
business practices in response. The nanotechnology industry
cannot escape this trend. However, while the nanotechnology
industry remains in the early stages of development, managers of
companies within the industry should take a long-term approach
and seek win-win strategies. Win-win strategies have been shown
to work in the long term and are much easier to implement in the
early stages of a technical revolution. If sustainable strategies are
successfully implemented, corporations within the nanotechnology
industry will gain improvements in financial performance (increase
to shareholder value) by reducing costs and risks, increasing
productivity, product quality, market access, and market share,
leading to deepening customer loyalty and spurring innovation.
In particular, pharmaceutical organizations and industry should
consider the above strategies, especially organizations that
already have nanoparticles in their products in market. The legal
and regulatory environment in jurisdictions taking the traditional
approach could change rapidly and such change can significantly
affect organizations with products already marketed. Thus, it is
sound business practice for organizations to stand ready for potential
change.

References

Disclosures and Conflict of Interest
The author would like to thank Neil Gunningham for his comments
and advice. The author declares that he has no conflict of interest
and has no affiliations or financial involvement with any
organization or entity discussed in this chapter. This includes
employment, consultancies, honoraria, grants, stock ownership
or options, expert testimony, patents (received or pending) or
royalties. No writing assistance was utilized in the production of
this chapter and the author has received no payment for its
preparation.

Corresponding Author

Joseph Luke Huan
ANU College of Law
Australian National University, 5 Fellows Road
Canberra, Australian Capital Territory 0200, Australia
Email: joseph.huan@anu.edu.au

About the Author

References

Joseph Huan is an attorney and has worked
in litigation and business management. He is a
graduate of the Sydney Law School, University of
Sydney, the UNSW Business School, University of
New South Wales, and is currently undertaking
research at the ANU College of Law, Australian
National University.

1. Gerber, C., Lang, H. P. (2006). How the doors to the nanoworld
were opened. Nat. Nanotechnol., 1, 3–5.
2. Bergeson, L., Hester, T. (2008).
Environmental Law Institute, US.

Nanotechnology

Deskbook,

3. Allhoff, F., Lin, P., Moore, D. (2010). What is nanotechnology and why
does it matter? Wiley-Blackwell, UK.

4. Smith, L. M. (2010). Molecular robots on the move. Nature, 465,
167–168.

677

678

Managing Environmental and Health Risks in the Nanotechnology Industry

5. Bergeson, L., Auerbach, B. (2004). Reading the small print. Environ.
Forum, 21, 30–32.

6. Kahn, J. (2006). Nano’s big future (nanotechnology). Natl. Geographic,
6, 98–119.

7. Bawa, R. (2016). What’s in a name? Defining “nano” in the context of
drug delivery. In: Bawa, R., Audette, G. and Rubinstein, I. eds.: Handbook
of Clinical Nanomedicine: Nanoparticles, Imaging, Therapy, and Clinical
Applications, Chapter 6, Pan Stanford Publishing, Singapore.
8. Hood, E. (2004). Nanotechnology: Looking as we leap, Environ.
Health Perspect., 112, A740–A749.

9. Lin-Easton, P. C. (2001). It’s time for environmentalists to think smallreal small: A call for the involvement of environmental lawyers in
developing precautionary policies for molecular nanotechnology.
Georgetown Int. Environ. Law Rev., 14(1), 107–134.

10. Faunce, T., Shats, K. (2007). Researching safety and cost-effectiveness
in the life cycle of nanomedicine. J. Law Med., 15, 128–135.

11. Jacobs, J. F., van de Poel, I., Osseweijer, P. (2010). Sunscreens with
titanium dioxide (TiO2) nano-particles: A societal experiment.
Nanoethics, 4, 103–113.

12. Smalley, R. E. (1985). Supersonic bare metal cluster beams. Technical
Progress Report. Available at: http://www.osti.gov/accomplishments/
documents/fullText/ACC0056.pdf, pages 1–14 (accessed on March 29,
2015).
13. Ball, P. (2001). Roll up for the revolution. Nature, 414, 142–144.

14. Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature,
354, 56–58.
15. Owen, R. (2005). Nanotechnology and the environment: Risks and
rewards. Mar. Pollut. Bull., 50, 609–612.

16. Popov, V. N. (2004). Carbon nanotubes: Properties and application.
Mater. Sci. Eng., 43, 61–102.
17. Edwards, B. C. (2000). Design and deployment of a space elevator.
Acta Astronaut., 47, 735–744.

18. Ladd, T. D., Jelezko, F., Laflamme, R., Nakamura, Y., Monroe, C., O’Brien,
J. L. (2010). Quantum computers. Nature, 464, 45–53.

19. Kim, Y., Cook, S., Tuladhar, S. M., Choulis, S. A., Nelson, J., Durrant, J. R.,
Bradley, D. D. C., Giles, M., McCulloch, I., Ha, C., Ree, M. (2006). A strong
regioregularity effect in self-organizing conjugated polymer films and

References

high-efficiency polythiophene: Fullerene solar cells. Nat. Mater., 5,
197–203.

20. Roco, M. C. (2005). The emergence and policy implications of converging
new technologies integrated from the nanoscale. J. Nanoparticle Res.,
7, 129–143.
21. Global Industry Analysts Inc. (2008). Nanotechnology: A global strategic
industry report, Global Industry Analysts Inc., San Jose, CA.

22. Project Emerging Nanotechnologies (2008). Consumer products
inventory. Available at: http://www.nanotechproject.org/44 (accessed
on March 29, 2015).
23. BBC Research (2007). Market research reports and technical
publications, BCC Research, Wellesley, MA.

24. Maynard, A. D. (2006). Safe handling of nanotechnology. Nature, 444,
267–269.

25. UK Royal Commission on Environmental Pollution (2008). Novel
material in the environment: The case of nanotechnology. UK Royal
Commission on Environmental Pollution, UK. Available at: https://
www.gov.uk/government/uploads/system/uploads/attachment_
data/file/228871/7468.pdf (accessed on March 29, 2015).
26. Stern, S. T., McNeil, S. (2008). Nanotechnology safety concerns revisited.
Toxicol. Sci., 101(1), 4–21.

27. Oberdörster, E. (2004). Manufactured nanomaterials (fullerenes,
C60) induce oxidative stress in the brain of juvenile Largemouth
bass. Environ. Health Perspect., 112, 1058–1062.

28. Zhu, S., Oberdörster, E., Haash, M. L. (2006). Toxicity of an engineered
nanoparticle (fullerene, C60) in two aquatic species, Daphnia and
Fathead Minnow. Mar. Environ. Res., 62, S5–S9.
29. Lyon, D. Y., Fortner, J. D., Sayes, C. M., Colvin, V. L., Hughe, J. B. (2005).
Bacterial cell association and antimicrobial activity of a C60 water
suspension. Environ. Toxicol. Chem., 24, 2757–2762.
30. Moore, M. N. (2006). Do nanoparticles present ecotoxicological risks
for the health of the aquatic environment? Environ. Int., 32, 967–976.

31. Poland, C. A., Duffin, R., Kinloch, I., Maynard, A., Wallace, W. A. H.,
Seaton, A., Stone, V., Brown, S., MacNee, W., Donaldson, K. (2008).
Carbon nanotubes introduced into the abdominal cavity of mice
show asbestos-like pathogenicity in a pilot study. Nat. Nanotechnol.,
3, 423–428.

679

680

Managing Environmental and Health Risks in the Nanotechnology Industry

32. Lam, C. W., James, J. T., McCluskey, R., Hunter, R. L. (2004). Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days after
intratracheal instillation. Toxicol. Sci., 77, 126–134.
33. Warhead, D. B., Laurence, B. R., Reed, K. L., Roach, D. H., Reynolds, G.
A. M., Webb, T. R. (2004). Comparative pulmonary toxicity assessment
of single-wall carbon nanotubes in rats. Toxicol. Sci., 77, 117–125.

34. Manchikanti, P., Bandopadhyay, T. K. (2010). Nanomaterials and effects
on biological systems: Development of effective regulatory norms.
Nanoethics, 4, 77–83.
35. Powell, M. C., Griffin, M. P. A., Tai, S. (2008). Bottom-up risk regulation?
How nanotechnology risk knowledge gaps challenge federal and
state environmental agencies. Environ. Manag., 42, 426–443.
36. Drexler, K. E., Peterson, C. (1991). Unbounding the future: The
nanotechnology revolution. William Morrow and Company, New York.

37. Service, R. F. (2000). Is nanotechnology dangerous? Science, 290,
1526–1527.
38. Detrouzos, M. (2000). Not by reason alone. MIT Technology Review,
WL11628617.
39. Sheetza, T.,Vidal, J., Pearson, T. D., Lozano, K. (2005). Nanotechnology:
Awareness and societal concerns. Technol. Soc., 27(3), 329–345.

40. Barker, P. J., Branch, A. (2008). The interaction of modern sunscreen
formulations with surface coatings. Prog. Org. Coatings, 62, 313–320.
41. Fairbrother, A., Fairbrother, J. R. (2009). Are environmental regulations
keeping up with innovation? A case study of the nanotechnology
industry. Ecotoxicol. Environ. Saf., 72, 1327–1330.

42. Rio Declaration on Environment and Development (1992). Article
15. Available at: http://www.un.org/documents/ga/conf151/
aconf15126-1annex1.htm (accessed on March 29, 2015).
43. Canada’s Comments on the Draft Proposed Structure of the 2011–2020
Strategic Plan. September 2009. Available at: http://www.basel.int/
stratplan/dps/comments/canada-response.doc (accessed on March
29, 2015).

44. Japan’s Comments on the Draft Proposed Structure of 2011–2010
Strategic Plan, 8 October 2009. Available at: http://www.basel.int/
stratplan/dps/comments/japan-structure.doc (accessed on March 29,
2015).
45. Fullen, G. D. (1995). The precautionary principle: Environmental
protection in the face of scientific uncertainty. Willamette Law Rev., 31,
495–522.

References

46. US Environmental Protection Agency. Available at: http://www.
epa.gov/oppt/nano (accessed on February 19, 2015); Environment
Canada. Available at: http://www.ec.gc.ca/subsnouvelles-newsubs/
default.asp?lang=En&n=D179F162-1 (accessed on March 29, 2015).
47. Marchant, G. E., Sylvester, D. J., Abbott, K. W. (2008). Risk management
principles for nanotechnology. Nanoethics, 2, 43–60.

48. Abbott, K. W., Marchant, G. E., Sylvester, D. J. (2009). Transnational
regulation of nanotechnology: Reality or romanticism? International
Handbook on Regulating Nanotechnologies (2009). Available at:
http://ssrn.com/abstract=1424697 (accessed on March 29, 2015).
49. Brown, K. G. (2008). Innovative nanotechnologies and the application
of current safety legislation. Legal Issues Bus., 10, 57–66.

50. Morello, L. (2006). FDA not ready to regulate—report. Greenwire
(October issue).
51. Thornton, D., Kagan, R. A., Gunningham, N. (2003). Sources of corporate
environmental performance, Calif. Manag. Rev., 46, 127–141.
52. 15 U.S.C. §§ 2601.

53. Dawson, S. (2007–2008). A proposal for an international framework
convention to assess the environmental risks of commercially available
nanomaterials. Univ. Baltimore J. Environ. Law, 15, 129–150.

54. Faunce, T. A. (2009). Policy challenges of nanomedicine for Australia’s
PBS. Aust. Health Rev., 33(2), 258–257.

55. Department of Health and Ageing, National Industrial Chemicals
Notification and Assessment Scheme. Available at: http://www.
australia.gov.au/directories/australia/nicnas (accessed on March 29,
2015).

56. Treaty on European Union Article 130r, Maastricht, Netherlands, 7
February 1992, O.J.C 224/1.
57. Health and Safety Executive—Registration, Evaluation, Authorization
and Restriction of Chemicals (REACH): Chemicals. Available at: http://
www.hse.gov.uk/reach/ (accessed on March 29, 2015).

58. Gunningham, N. (2009). Shaping corporate environmental performance: A review. Environ. Policy Governance, 19, 215–231.
59. Löfstedt, R. E., Renn, O. (1997). The brent spar controversy: An example
of risk communication gone wrong. Risk Anal., 17, 131–136.

60. Reinhardt, F. L. (1999). Bringing the environment down to earth. Harv.
Bus. Rev., 77(4), 149–157.

681

682

Managing Environmental and Health Risks in the Nanotechnology Industry

61. Walley, N., Whitehead, B. (1994). It’s not easy being green. Harv. Bus.
Rev., 72(3), 85–104. Available at: https://hbr.org/1994/05/its-noteasy-being-green.
62. Resnik, D. B., Tinkle, S. S. (2007). Ethical issues in clinical trials
involving nanomedicine. Contemp. Clin. Trials, 28, 433–441.
63. Mehta, M. (2004). The future of nanomedicine looks promising, but
only if we learn from the past. Health Law Rev., 13(1), 16–18.

64. International Institute for Management Development (2001).
Monsanto’s genetically modified organisms: The battle for hearts and
shopping aisles. International Institute for Management Development,
Lausanne, Switzerland.
65. Marchant, G. E., Sylvester, D. J. (2006). Transnational models regulation
of nanotechnology. J. Law Med. Ethics, 34(4), 714–725.

66. Thornton, D., Kagan, R. A., Gunningham, N. (2003). Sources of corporate
environmental performance. Calif. Manag. Rev., 46, 127–141.
67. Gunningham, N. (2002). Green alliances: Conflict or cooperation in
environmental policy? Aust. J. Environ. Manag., 9, 148–157.
68. Similar to the Californian rice growers study done by Gunningham,
N. (2002). Green alliances: Conflict or cooperation in environmental
policy? Aust. J. Environ. Manag., 9, 148–157.
69. Porter, M. E., Van Der Linde, C. (1995). Green and competitive: Ending
the stalemate. Harv. Bus. Rev., Sep–Oct 1995, 131–167.
70. Hart, S. L. (1997). Beyond greening: Strategies for a sustainable world.
Harv. Bus. Rev., Jan–Feb 1997, 105–129.

71. Austin, J. E., Reficco, E. (2002). Forest Stewardship Council, Harvard
Business School, US.

72. vonBubnoff, A. (2006). Study shows no nano in magic nano, the
German product recalled for causing breathing problems. Small Times,
May 26, 2006. Available at: http://www.electroiq.com/articles/
stm/2006/05/study-shows-no-nano-in-magic-nano-the-germanproduct-recalled-for-causing-breathing-problems.html (accessed on
March 29, 2015).

73. Hahn, A., Begemann, K., Burger, R., Hillebrand, J., Meyer, H., Preußner,
K. (2006). Cases of poisoning reported by physicians. BfR Press
and Public Relations Office, Germany. Available at: http://www.
bfr.bund.de/cm/364/cases_of_poisoning_reported_by_physicians_
2006.pdf (accessed on March 29, 2015).

Chapter 30

Risk Perception and Risk Communication
on the Issue of Nanotechnology
Gaby-Fleur Böl, PhD, Guido Correia Carreira, PhD, Astrid Epp,
PhD, Eva Häffner, PhD, and Mark Lohmann, PhD
Department of Risk Communication, Federal Institute for Risk Assessment,
Berlin, Germany

Keywords: risk perception, risk awareness, risk-benefit considerations, risk
communication, media coverage, citizen involvement, public engagement,
informed dialog, political decisions, legal regulations, stakeholder engagement, perceived benefit, freedom of choice, risk management, social reinforcement

30.1

Introduction

Today, nanotechnology is widespread in all areas of daily life.
Nanoparticles are used in optics, electronics, information technology,
aircraft and motor vehicle construction, in textiles and cosmetics
as well as in food and food packaging. Synthetic nanoparticles are
used to make surfaces easier to wipe, to produce more efficient
and even smaller electronic components, to save energy and
to create new products that enhance the everyday lives of
consumers. As a result, people already come into contact with “nanoproducts” on a daily basis. How they feel about and react to the
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use of new technologies is ultimately a key factor in the spread of
nano-products. Like any other product on the market, new products
manufactured using nanotechnology should be safe and should not
pose a health hazard for consumers. One of the things consumers
want when it comes to new products is freedom of choice, so that
they can weigh the possible benefits against the potential risks.
Discussions are therefore currently ongoing on the labelling of
nano-products and the creation of a central product register on the
Internet (based on the model of the Woodrow Wilson Center in
the USA). If they are to be of help to consumers, platforms of
this kind should provide information and not stigmatise nanoproducts, as smoked foods and even milk contain nanoparticles.
The relevant legislation stipulates that only safe products are
allowed on the market, and producers are held responsible for
ensuring product safety.
On the one hand, there are a large number of new products
and in-depth product research in the field of nanotechnology; on
the other, there is the field of risk research, the job of which is to
ensure that these new products do not entail any health hazards
for the people who use them. In line with the principle of
precautionary action, the available data must be used to compile
at least preliminary risk assessments that allow political
decisions on legal regulations in this area [12]. As with all new
technologies, there is both a knowledge base of new insights and
experience as well as a large amount of uncertain knowledge, and
the status of information and knowledge at our disposal changes
on a daily basis. The interplay of these factors constitutes a
major challenge for any society that not only wants to foster new
developments but also seeks to avoid being suddenly confronted
with unexpected and unknown risks. Assessment of the
consequences of new technologies is therefore of key importance
when societies open the door to new technical challenges. When
it comes to nano-technology, it is interesting to note that, in some
areas, experts see greater risks than the public at large, who hope
that new products will generate a high level of benefit in their
daily lives [63]
In contrast to the way in which the topic of genetic technology
was handled vis-à-vis society in Germany, for example, the
relevant actors were quick to seize the opportunity to raise public
awareness for nanotechnology; when product development was
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still in the nascent phase, they set a public debate in motion in
order to ensure that all the relevant stakeholders were integrated
in the process. Moreover, numerous studies on the risk perception
of this new technology have been (and still are being) conducted
on international level since 2006 [4, 11, 34, 64, 76]. Although both
privately and publicly funded spending in this field of research
(as well as in the field of scientific risk assessment) falls well short
of the sums spent on industrial product research, it does provide
cause for hope that lessons have been learned from the past and
ensures the integration of various societal stakeholders in the
process of dialogue from an early stage.
While the risk assessment process analyzes and assesses risks
based on the available scientific data, consumers tend to perceive
risks intuitively and generally subconsciously through a “media
filter” [50]. Risks tend to be underestimated if people are familiar
with the topic in question, if the potential harm is seen as being
in the distant future or if people assume they will not be personally
affected. By the same token, risk awareness is greater and hazards
tend to be overstated if there appears to be no freedom of choice,
if high numbers of people could be harmed by a single incident or
if there is no perceivable advantage that would counteract the
potential harm. In this scenario, risk communication has the
important job of providing easy-to-understand recommendations
for action to ensure that consumers can control the risk
themselves—by deciding to use other products, for example. This
gives people a feeling of security and changes their personnel risk
perception. Subjective perception also assesses risks based on
whether they are anthropogenic, in other words man-made, or
whether they are natural risks. The latter are seen as being less
dramatic and are more likely to be accepted. A further key factor
in risk perception is whether an institution that publishes
information on risks is credible or dubious. The general public has
far less faith in politicians—who might be accused of only wanting
to win the next election—and representatives of industry, who
are assumed to be interested solely in marketing their products,
than in independent or public consumer protection institutions
or non-governmental organisations [76]. All societies would do
well to explicitly include trustworthy institutions in the public
debate in order to build acceptance for political decisions.
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The following article provides an overview of the perception
of the risks of nanotechnology by experts compared to the risk
perception of laypeople and highlights the role of the media in this
process. Moreover, it explains the integration of various societal
stakeholders through participatory measures to date and outlines
recommendations for more effective participation.

30.2

Risk Perception of Nanotechnology:
Differences between Experts and
Laypeople

In contrast to the situation with previous emerging technologies,
the public perception of nanotechnology has been extensively
studied in several countries. So far there is little evidence that
there will be strong feelings against nanotechnology in the near
future [20, 53, 76]. However, this does not mean risk communication
is not important. On the contrary, especially if there is little public
concern and awareness about potential risks, decision-makers
should seek participation of the public in order to avoid the massive
loss of trust that would ensue if an incident does occur.
Several studies have assessed the perception of nanotechnology
among laypeople or experts or both. Many of these studies are based
on the psychometric paradigm [30, 34, 66], relating risk perception
to several quantifiable characteristics of the risk (such as disaster
potential or possible benefits) or the individual (such as trust or
knowledge). The aim is to understand which factors influence the
perception of nanotechnology in order to allow predictions for
the future and ensure appropriate risk communication choices.
However, there are limitations to the psychometric paradigm
[65]. Qualitative research can help elucidate the motivations and
thinking patterns behind nanotechnology perceptions [76].

30.2.1

Risk Perception of Nanotechnology among
Laypeople

Since the first opinion survey was published on awareness and
perception of nanotechnology among the general public [4], two key
characteristics of nanotechnology perception have been remaining
fairly constant: not many people are familiar with nano-technology
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[11, 15, 34, 54, 76], and feelings about nanotechnology are
predominantly positive [22, 34, 76]. There are national variations
in the way nanotechnology is seen by the public: in Japan, 88%
(n = 1011) are hopeful regarding the benefits [20]. In Europe, the
population seems to be more critical towards nanotechnology
than in the USA [21], reflecting the fact that Americans are generally
more optimistic about technology than Europeans [21]. At the core
of many studies is the question of which factors have the greatest
influence on the perception of nanotechnology. The actual application
of nanotechnology was shown to be one of the most important
factors [13, 66, 68, 76]. Risk–benefit considerations varied widely
for different applications [76].
It was shown that perceived benefit was the most important
predictor for willingness to buy [67]. Acceptance for nanotechnology
decreased the closer the application was to the body [76]. This
factor even outweighed the general attitude, i.e., whether people
had a positive or negative general feeling about nanotechnology.
Whereas 69% of the people who had a negative feeling towards
nanotechnology would still buy nano-products for surface treatment,
only 46% of respondents with a very positive feeling would buy
nano-food (representative survey in Germany, n = 1000). This
underlines the need to investigate the perception and acceptance of
specific applications and products rather than using nanotechnology
as an abstract term in these kinds of surveys.
Alongside risk–benefit considerations, freedom of choice is
one of the most important factors influencing risk perception [68].
If individuals are able to actively choose or avoid a product that
might turn out to pose a risk, they feel in control of the situation.
Accordingly, most of the respondents polled in a qualitative
consumer study favoured labelling of nano-products [75].
Apart from these common principles, individual reactions
to the same information can differ greatly depending on cultural
background. Social scientists aim to identify the main factors
that influence individual risk perception. One important factor
is trust [11, 34, 46, 47]. The more people trust in the fairness of
decision-makers, the greater is their acceptance of nanotechnology.
Knowledge about nanotechnology is a factor that has been identified
as crucial in several studies. Most of the results suggest that people
that are or feel better informed about nanotechnology have more
positive feelings towards it [32, 75]. This holds true not only for
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individuals but also for entire nations [31]. Possible interpretations
are that “early adopters” who see technological progress as a good
thing actively obtain information about nanotechnology [31], but
also that exposure to information makes people see the benefits of
nanotechnology more than the risks.
In this connection, it is worth noting that media reports on
nanotechnology focus on the benefits of nanotechnology much
more frequently than on the potential risks [78], see also section
30.4. However, it would be unwise to therefore conclude that
acceptance of nanotechnology can be enhanced or guaranteed
merely by providing more information. What is rather the case is
that providing people with balanced information about the risks
and benefits of nanotechnology can polarise their views according
to their personal values [34]. In the USA, in particular, values and
beliefs have been shown to play a major role in the perception of
nanotechnology [8, 30, 34]. Given the fact that many people still
know little about this technology, it must be borne in mind that
additional information is processed in a very individual way
determined by the cultural background of the person in question.

30.2.2

Risk Perception of Nanotechnology among
Experts

In the controversies surrounding other technologies such as GM
food or nuclear energy, experts have often assessed the associated
risks as less severe than the general public [31, 61]. Experts
frequently saw the concerns of laypeople as an uninformed and
irrational reaction and attributed these concerns to a lack of
knowledge and scientific literacy [31, 68]. Indeed, the heuristics
employed by laypeople who lack knowledge but want to form
an opinion about a potential risk are often prone to distortion.
Media reports can be unbalanced and negative incidents are
usually overrated. But this is only one side of the story. The other
side is that the layperson’s conceptualisation of risk is much more
comprehensive than that of the experts [68]. Whereas experts
often assess a risk based on individual technical parameters such
as the number of fatalities within a certain period of time, the
layperson’s risk perception is determined by factors like potential
benefit, threat to future generations, social aspects or disaster
potential [61, 66, 68].

Risk Perception of Nanotechnology

How do perceptions of nanotechnology differ between experts
and laypeople? A number of studies have investigated risk
perceptions of experts on the issue of nanotechnology. Some studies
allow direct comparison between experts and laypeople as they
asked both groups the same questions [63, 64]. The results are
ambiguous: in a convenience sample interviewed in Switzerland
(375 laypeople and 46 experts), laypeople gave higher risk ratings
than experts for all mentioned applications [66]. This result mirrors
previous findings for GM food or nuclear energy. While a US survey
(1015 laypeople and 363 experts) also found greater optimism
among experts in general, it also showed that experts were
significantly more concerned about the adverse environmental
and health effects of nanotechnology than laypeople [63]. In this
particular study, laypeople were more concerned about social
consequences like the invasion of privacy or the loss of jobs.
As an example, the following two studies provide a detailed
description of expert views on different nanotechnology
applications. A Delphi study initiated by the German Federal
Institute for Risk Assessment (Bundesinstitut für Risikobewertung,
BfR) [77] was designed to create a framework for risk assessment
requirements in connection with future nanotechnology
applications but also provides insights into the risk perceptions of
experts. The Delphi method is based on structured group surveys
and draws on both the participants’ knowledge and intuitive
information. In the BfR Delphi survey, around 70 experts from
research, industry, public authorities and nongovernmental
organisations were systematically interviewed in two survey
rounds about the potential risks of nanotechnology for consumers.
The feedback from the first round gave the experts an
opportunity to compare their personal impressions with the range
of opinions held by the participants. The experts identified nanomaterials that are already being or could potentially be used and
assigned them to concrete applications. Based on the available
knowledge on exposure and hazards, the applications were then
classified according to the level of probable risk and strategies
for risk reduction were developed. Most experts were convinced of
the benefits of certain applications like nanoscale titanium dioxide
for skin protection. Experts see the largest growth potential for
nano-products in the area of surface coatings. Only moderate
health risks were seen for most applications. Twenty-two out of
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30 nano-products covered in the survey are safe in the opinion of
experts. Minor harmful effects were expected for 7 products. Only
in the case of fullerenes in cosmetics were more serious harmful
effects on human health predicted. Experts were also concerned
about inhalation exposure to nanoparticles and recommended
avoiding inhalation of nanomaterials in general. According to the
experts, the most important criteria for extended risk assessment of
nanomaterials are their bioavailability, their persistence and a generally inadequate knowledge base on these materials. When asked
about possible regulation of nanomaterials, 50% of the experts
saw a need for additional legal regulations. A majority said it was
necessary to label cosmetics and food that contain nanoparticles.
A survey of 363 leading US nanotechnology experts [6] came
to similar conclusions. Benefit ratings were higher than risk ratings
for all surveyed applications. US experts were most concerned
about risks to human health and possible nano-weapons. They
also saw a need for wider-ranging legal regulations, especially in
areas they saw as entailing the highest risk. The authors conclude
that, alongside their optimism regarding the benefits of nanotechnology, experts also have significant concerns about possible risks.
In general, experts surprisingly seem to be more concerned
about potential nanotechnology risks than the general public.
But there is also evidence that public opinion, although quite
stable in recent years, is heavily influenced by factors like the
trustworthiness of groups and institutions and the kind of
information provided. There is still potential for change and
polarisation as a possible consequence of unfavourable information
or poor risk management in the case of an incident involving
nanotechnology. Considerable effort must therefore be devoted
to risk assessment, risk management and risk communication,
despite or even because of the relative calmness and optimism of
the public.

30.3

The Role of the Media in the Perception of
Nanotechnology Risks

Alongside the aforementioned factors such as disaster potential
or confidence in official regulatory bodies that primarily relate
to individual risk perception, there are further mechanisms that
promote an increased public focus on certain technologies or that

The Role of the Media in the Perception of Nanotechnology Risks

determine how certain technologies are perceived by the public at
large [40].
The mass media play a key role in this respect. Back in 1996,
Niklas Luhmann said that “whatever we know about our society,
or indeed about the world in which we live, we know through the
mass media” [44]. This is all the more true of nanotechnology, as it
is a technology that the individual cannot experience through the
senses. In order to form an opinion, therefore, the individual has
to rely on the available information on nanotechnology, and this
information will typically come primarily from the media. This is
shown by a representative survey conducted by the BfR in which
just under 90% of respondents (n = 1024) said that they had first
heard about the problem of “pesticides in fruit and vegetables” in the
media; the corresponding figure for the “rotten meat” scandal was
even higher at just under 100% [24]. The process by which each
individual forms an opinion is influenced by the way the issue of
nanotechnology is presented in the media. In the model of the
“social amplification of risk” [50], the media are key amplifiers;
alongside other amplifiers like the involved scientists, risk
management or personal networks, the media ensure that there is
a greater public focus on some topics than on others. This means
that persistent media reporting can socially reinforce risks that are
of relevance to society or that the media can turn specific events
into socially relevant issues. This can ultimately lead to a situation
where scientifically relevant risks are neglected in the public
perception while risks that deserve less attention from a scientific
point of view have a high profile in the public arena.
The fact that media reporting on nanotechnology has a significant
influence on public perceptions is of particular importance, as
it means the media can guide and determine the response of an
“inexperienced public” [40]. Moreover, a representative population
survey [76] shows that the overwhelming majority of respondents
(91%) have noticed very little information on nanotechnology
to date. 67% of respondents said they knew less about nanotechnology than about other technologies. Media reporting on
nanotechnology provides some pointers for the treatment of and
attitudes towards this new technology [62] and therefore serves as
a central point of reference. Consequently, the media can be seen as
a decisive—if not the decisive—factor in determining the image of
nanotechnology among the public at large and among consumers.
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An international research overview of reporting on
nanotechnology lists 11 long-term studies dating as far back as
1986 [41]. An analysis of media reporting in Germany is available
for the period from 2000 and 2008 [41, 78]. The following
media were analysed in terms of the frequency with which they
mentioned nanotechnology: Financial Times Deutschland,
Frankfurter Allgemeine Zeitung, Frankfurter Rundschau, Süddeutsche
Zeitung, taz, Die Welt, Focus, Der Spiegel and Die Zeit. During the
period from 2000 to 2008, nanotechnology was mentioned only
two times a month per newspaper, indicating that it was not the
subject of controversial debate in the German media. A further,
albeit more arbitrary, analysis looks at German broadsheets for
the period from 2001 to 2005 [25]. A long-term frame analysis by
[41] provides systematic empirical analysis of German reporting,
examining the relevant copy to identify different interpretation
patterns and thereby allowing systematic classification. This means
that frames can be understood as “selective, complex situation
descriptions and interpretations” [41].
This frame analysis is based on 1807 articles in nine German
news media (listed earlier) in the period from 2000 to 2008.
The analysis shows that in almost all the years in question
the dominant perspective (the “frame”) was that of scientific
progress (45.5%, n = 823). 508 articles (28.1%) looked at
nanotechnology from the perspective of economic benefit. The use
of nanotechnology in medicine was the dominant perspective in
214 articles (11.8%). The only perspective that also gave rise to
critical questions was the ambivalent perspective, which recorded
its highest share in the year 2000. This was the year which saw the
beginning of a fundamental discussion on nanotechnology. One
article claimed, for example, that—like genetic engineering and
robotics—nanotechnology posed the threat of turning humankind
into an endangered species [32]. However, the debate resulting
from this threat scenario was not of a lasting nature. During the
overall period under review, this perspective was expressed in
262 articles (14.5%). Even though the relative dominance of the
various perspectives changed slightly over time, reporting on
nanotechnology in Germany during the specified period was very
positive on the whole and was dominated by information on the
medical and economic benefits of this technology.

The Role of the Media in the Perception of Nanotechnology Risks

Findings are also available for a comprehensive long-term
study conducted in the USA and the UK for the period from 2000 to
2009 [18]. This study covered 20 US and 9 British daily newspapers
as well as 2 news agencies. Here again, the focus was on the kind of
information that the readers of these daily newspapers were able
to obtain on nanotechnology and on the core themes of reporting
on nanotechnology. The study found a total of 2200 articles
on nanotechnology during the specified period; however, only
around 17% of the articles contained information on health or
environmental risks and were included in the analysis. The study
identified three reporting perspectives; similar to the findings
for Germany, there was a technology-critical debate from 2000 to
around 2004, and this debate painted a picture of nanotechnology
as a potentially uncontrollable technology. It was around the year
2004 that a science-based perspective on nanotechnology was
developed, and this perspective has been of relevance ever since.
The discourse on this topic includes scientific studies as well as
articles focusing on health risks (73.6% of all articles, 185 (US), 85
(UK)), environmental risks (67% of all articles, 174 (US), 72 (UK))
and risks to society (66.5% of all articles, 152 (US), 92 (UK)). 2004
was also the year that saw the start of a discourse in the UK on the
regulation of nanotechnology, a debate that was also conducted in
the USA from 2005 onwards. In both of these countries, there is
relatively little reporting on the topic of nanotechnology overall,
and the reporting that does take place is, as is the case in Germany,
dominated by the science-based perspective.
Similarly, the media in India, Hong Kong, South Africa and
Kenya focus to only a lesser extent on the potential risks of
nanotechnology [35, 41]. There is also little or no evidence of
critical reporting in other European countries. A survey in Norway
covering the period from 2000 to 2007 showed the dominance of
the positive perspective accompanied by hardly any reports on
potential risks [39]. There are similar findings for Denmark, where
a survey for the period from 1996 to 2006 comes to the conclusion
that there are hardly any reports on risks and that scientific policy
aspects and reports on scientific discoveries dominate reporting
on nanotechnology [38]. The only country that is out of step with
these findings is the Netherlands, where a study covering the years
from 1992 to 2006 shows a development from initial euphoria
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towards a cost-benefit approach as well as an increase in the
number of critical voices in the public arena [72].
In summary, it can be said that nanotechnology is primarily
on the agenda of the industrialised nations as part of a
scientifically based discourse focusing on the topic as a beneficial
future technology. This treatment in the media also explains why in
Germany, for example, people assess their own level of knowledge
as relatively low while attitudes towards nanotechnology are
generally positive at the same time: 77% of people in Germany
say they have a “good feeling” about nanotechnology [76]. The
high assessment scores for the benefits of this technology—66%
of respondents in this survey said they saw the benefits as being
greater than the risks—can largely be attributed to the way this
issue was reported in the media.
The dominance of these less-than-critical attitudes will generally
not prompt consumers to seek information on nanotechnology.
Whether, as it is often supposed, the image of nanotechnology in
the media is changing with the result that reports are now more
frequently critical than used to be the case is a question that
needs to be addressed empirically. The image of nanotechnology
in the public arena is still not complete. Due to this scope for
interpretation and because the population depends on reports in
the media for information, one could see a change in attitude in the
population at any time if the image of this technology presented
by the media should change in future.

30.4

30.4.1

Citizen Involvement and Participation

Citizens as Stakeholders in Risk Communication

In the past, the involvement and participation of stakeholders in
the implementation of all manner of projects—like the introduction
of new technologies with all their risks and benefits—have mainly
been restricted to technical “elites” such as industry, scientists and
government regulators. Particularly in the area of risk assessment
and management, the public was neither supposed nor expected to
have a say in the decision-making process. This was the situation
when risk communication began some 40 years ago with the
introduction of a number of innovative technologies such as
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nuclear energy. In retrospect, the purpose of risk communication
was to inform laypeople about expert assessments and thereby to
convince them to accept “official” policy.
This perspective was based on the (false) premise that the
knowledge deficit of the public at large is the primary obstacle to
acceptance. It was assumed that all citizens would interpret the
scientific and technical facts in the same way—in other words, in
the way they were interpreted by expert commissions and policymakers. This perspective is called the (information) deficit model,
as it focuses on the deficit of information as the main factor to be
addressed in the communication of scientific findings or risks [48].
Risk communication has evolved beyond the deficit model
mainly as a result of research in the field of psychological risk
perception in combination with the theoretical underpinning
of the sociological paradigm of social constructionism. Social
constructionism sees the human perception of reality as being
deeply rooted in the social and cultural environment [5]. Risk
perception is merely a special case of this phenomenon.
The paradigm of social constructionism was consistent with
the findings of research into psychological risk perception. It was
found that people make up their minds about technology and
associated risks based not solely on a formal, logical analysis of
the bare data and scientific facts but also based on emotion and
affect (e.g., the feeling that something is good or bad). The cognitive
process of feelings influencing people’s judgement or decisionmaking is known as “the affect heuristic” [71]. Cognitive psychology
thereby supplied an important mechanism showing how social
and cultural factors can impact risk assessment. The affect heuristic
builds on feelings about good and bad, but whether something is
perceived as good or bad is heavily influenced by the sociocultural
environment.
What lies behind the affect heuristic is a whole host of
psychological and socio-cultural variables which influence risk
perception and thus risk assessment on a personal level. There
are religious beliefs, beliefs about procedural justice or perceived
trustworthiness of information sources which have an important
influence on people’s risk perception [55].
Moreover, scientific information is processed in the various
“societal stages” that it passes through during the communication
process on its way from scientists to the media to interest
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groups and other parties. This process shapes the raw scientific
information and can lead to social amplification or attenuation
of risk perception [36, 37].
Simply leaving the information to the mechanisms of social
amplification and subsequent risk perception may lead to
considerable polarisation regarding a specific risk issue. One
hypothesised benefit of greater citizen involvement in risk
communication, therefore, is that it may help to mitigate highly
polarised reactions towards technologies.
Another line of argument emphasises that active involvement
of citizens is an important element of participation in a democratic
system. At the current point in time, Western democracies
are experiencing a decline in electoral participation. Greater
involvement of citizens through participation in deliberative
processes is therefore seen as a possible means of regaining some
degree of democratic legitimacy [56]. At the same time, citizen
participation means sharing some of the responsibility for risk
management with the public at large [59]. Furthermore, citizen
participation may effectively enhance public knowledge and
thereby also enhance the decision-making competence of
laypeople in their capacity of citizens and consumers.
There are also some aspects of participatory processes that
should be examined critically [43]. The purpose of risk communication
in the area of emerging technologies is not always clear. Is it
designed to manufacture consent for official policy positions? Or is
it the other way around? Is the idea to manufacture a consensus
which is then used to shape official policy? Is the aim to empower
citizens and consumers to make informed risk decisions? Or is it to
hedge against the social amplification of risks?
Participants may have different perceptions of the purpose
of such communicative engagement. While citizens may believe
that they are involved in a decision-making process, the political
regulators may only be interested in appearing to empower citizens
to make informed risk decisions while continuing to make policy
decisions and ignoring the debate they have set in motion. This
can result in frustration among the public at large when people
realise that their input had no impact on political or regulatory
decisions [10]. This is particularly likely if there is no formal
mechanism linking deliberative processes and their outcome to
policy decisions.

Citizen Involvement and Participation

The clear definition of the goal of a deliberative process is
therefore important and has its own implications. If the defined
goal is solely to inform the public, this may distort the
representativeness of the participants. Only the most interested
citizens and those who are open to the issue in question will
take part, and they may just be the people who do not need this
personal exchange with scientists to come to an informed decision
in the first place.
Empirical data seem to indicate that deliberation in small
groups is most effective [10]. It is unclear, however, how small groups
(of maybe 15 citizens) can claim any democratic legitimacy at all.

30.4.2

Citizen Involvement in Risk Communication on
Nanotechnology

Scholars have argued that one of the best and most effective forms
of risk communication includes participation and deliberation
involving a broad spectrum of stakeholders, including citizens, with
particular emphasis on dialogue-based communication formats
between scientists, social groups and organised or unorganised
citizens [26, 51]. Following this line of thinking, a whole host of
initiatives were launched for the creation of a dialogue between
experts and laypeople on the potential benefits and risks of
nanotechnology [19, 27, 52, 55, 75].
With its Board of Technology established in 1986 by the Danish
Parliament, Denmark is at the vanguard of institutionalised citizen
participation in the area of risk communication. The board is an
independent institution tasked with performing comprehensive
assessments of the possibilities and consequences of technologies
for society and citizens and furthering public debate on technology.
It approached this two-fold remit by developing participatory
methods like scenario workshops and consensus conferences
[1]. While there has not been a consensus conference on
nanotechnology in Denmark to date, the Danish participatory
model has inspired similar activities in other countries on the issue
of nanotechnology. Two examples are described in more detail
below: the Consumer Conference on Nanotechnology in Germany
initiated by the German Federal Institute for Risk Assessment
(BfR) in spring 2006 [75] and the National Citizens’ Technology
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Forum (NCTF) in the United States organised by the Center for
Nanotechnology in Society at Arizona State University and North
Carolina State University in March 2008 [27]. Both cases are
examples of so-called consensus conferences. This is a process in
which ordinary, non-expert citizens are recruited and provided
with background information on the topic in question as well as
access to experts in the field. Professional moderators support the
citizens in their deliberations to reach a consensus judgement,
which is then documented in a report outlining recommendations
for policy-makers and decision-makers.
The goal of the consumer conference conducted by the BfR was
to determine the potential opportunities and risks arising from the
use of these technologies by consumers and the extent to which
consumers are willing to accept the risks in view of the promised
benefits. For the BfR Consumer Conference on Nanotechnology,
16 citizens of differing ages and from different professions were
drawn by lot from a cohort of 6000 randomly selected people
based on sociodemographic criteria. This group came together
on two preparatory weekends to obtain in-depth information on
nanotechnology. The participants drew up questions on the various
aspects of the technology that are of relevance to consumers and
selected experts from the scientific field, various associations,
state institutions and industry to answer these questions. At a
public hearing, the invited experts answered questions from the
consumer group on the use of nanotechnology in food, cosmetics
and textiles. Then, in a closed session, the group prepared its report
on nanotechnology, which was handed over to representatives of
the parliament, the Ministry of Food, Agriculture and Consumer
Protection and relevant associations.
The following are some excerpts from the consumer report
focusing on specific areas:
Food
“We welcome the fact that nanotechnology creates opportunities which
will offer benefits to consumers—particularly in respect of food safety,
whether it be re-examining the cooling chain or tracking down spoiled
food. The question in our minds is whether we need foods that can change
their properties (the flavour, for example) at the press of a button. At the
end of the day, it is the consumer who decides whether these products
will be successful in the market or not.”

Citizen Involvement and Participation

“We call for mandatory labelling for “nano” so that consumers not only
have freedom of choice but can avoid being misled. We believe that
mandatory labelling is particularly important in the food sector, as food
substances can be directly absorbed by the body.”
Cosmetics

“There are many examples for the use of nanotechnology in this field:
day creams with UV protection, toothpaste or active substances in hair
products. What is particularly interesting is that sunscreens can only
achieve SPFs of more than 15 by using nanoparticles. In today’s world
with its higher incidence of skin cancer, this is a particularly welcome
application.”

“Apart from the three common substances titanium dioxide, zinc oxide
and silicon dioxide, there has not yet been any comprehensive examination
of the associated risks. All the same, health risks cannot be ruled out.
This is probably less true of creams than of sprays. Nanoparticles may
reach the blood stream, where they may have an oxidative impact and, by
extension, affect the heart, brain, other internal organs and the embryo.
We call for further studies on health impact.”
Textiles
“The use of nanotechnologies to improve the functionality of textiles,
which is gaining ground in many areas of life (e.g., industrial safety,
sports clothing, clothing with an antibacterial finish and UV protection)
is important. It is our belief that this development constitutes a step
towards improved quality of life.”

“If pure nanomaterials are manufactured or there is mass use of
materials finished with nanoparticles, then the recycling systems
must be upgraded to keep pace with these technological developments.”

The BfR consumer conference on nanotechnology generally
supplied competent, consistent and transparent results. The
procedure is cost-effective and can be implemented within a short
period of time. Because of the low number of consumers involved,
the criteria of fairness and legitimacy are satisfied to only a limited
degree. Whether the opinions of the participating consumers
can really be deemed to be representative of consumer interests
in general is questionable. If that is the goal, then one needs to
make use of other procedures (several parallel citizen forums, for
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example). These more comprehensive procedures will not supply
representative results in the statistical sense either but they can
serve as a more extensive forum for diversity of attitudes and
establish a consensus in a more valid manner.
The NCTF was a much broader forum as it was a national
forum and included participants from different parts of the United
States. The primary goal of the NCTF was to investigate the options
for a nationwide consensus conference. The organisers hoped to
demonstrate that ordinary, non-expert citizens can understand a
complex technological issue and arrive at an informed judgment
on this issue. In addition to generating public input on the topic
of nanotechnology through a deliberation process culminating in
a consensus judgment, the NCTF organisers conducted extensive
interviews and performed an in-depth analysis of the entire process.
One example is the use of pre-test and post-test questionnaires to
monitor changes in attitudes towards and comprehension of the
issue as well as changes in opinions about scientific experts. The
NCTF therefore served as a consensus conference and a proof-ofconcept for this mode of deliberative process on new technologies
on a nationwide scale.
The organisers selected 74 citizens in 6 distinct geographical
locations (Atlanta, Georgia; Berkeley, California; Golden, Colorado;
Durham, New Hampshire; Madison, Wisconsin and Tempe, Arizona)
from a pool of applicants. Targeted advertisements offering a $500
fee were published in each of the six cities to encourage people
to apply. Due to the geographic distances between the cities,
Internet technology was used to facilitate the process of discussion
between citizens in the different locations. Participants also
discussed the issues with each other face-to-face in their respective
cities. They received a 61-page background document to read
before attending the first meeting. During the Internet and faceto-face deliberation sessions, participants discussed the issues
and held question-and-answer sessions with experts in the field.
After the last meeting, the participants drafted a report, each of
the six local groups drawing up a consensus judgment. The citizens
discussed four areas of technology: nanotechnology, biotechnology,
information technology and cognitive science with respect to
their application in the enhancement of human life. In the case of
the NCTF, this included medical applications that cure illnesses
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as well as applications to enhance capabilities such as “normal”
human memory. The participants were encouraged to reach a
consensus judgment on regulatory issues, public information,
access and equity, funding priorities, safety, entrepreneurship and
development, ethical considerations, privacy, health insurance,
military use and environmental impacts. Compared to the outcomes
of the consumer conference conducted by the BfR, the judgments
of NCTF participants were more general as they addressed the
aforementioned issues (regulation, public information, etc.) rather
than specific applications.
There were six different opinions from the six different sites
in the US which reflect the specific concerns of the sites but also
show a significant overlap. The number of the following results is
limited to just a few examples:
Regulatory issues

All six sites expressed significant concern about the regulation of nanotechnology (with regard to its use in human enhancement). Some called for
the creation of a new regulatory agency or the strengthening of existing
regulatory bodies like the U.S. Food and Drug Administration.
Public information
All six sites strongly endorsed programmes to keep the public
informed about the use of nanotechnology in human enhancement,
including more deliberative panels and discussions in schools.
Safety

Nearly all sites (5 of 6) called for careful monitoring of nanotechnology
in human enhancement and the development of international safety
standards for this purpose.
Environmental impacts

Half of the sites (3 of 6) were concerned about possible environmental
pollution especially with respect to waste management and toxicity.

In the wake of the NCTF process, the organisers concluded that
it is possible to stage a complex national consensus forum using
Internet technology. There are, however, several points that merit
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careful consideration. The logistical details of Internet communication are of key importance, for example, as it was apparent that
NCTF participants found it difficult to follow multiple discussion
threads in the chatroom-like discussions. As in normal in online
forums, the threads were shown in chronological order rather than
by theme.
Another issue is how participants access and search for
information beyond that which is provided. Participants perform
Google searches on their own initiative and share the information
they find. This process could have drawbacks if it takes place without
any moderation or discussion. Poor quality of information or
unreliable sources may skew the discussion results. One way of
addressing this issue is to institutionalise the method by which
“outside information” is shared. The participants could, for
example, be encouraged to create a wiki via which outside
information is shared, discussed and put in the appropriate context
in a transparent form.
It would also seem to be worth considering monetary incentives
to recruit participants. Incentives might increase the diversity of
applicants and prevent potential distortions in representativeness.
The interview data of the NCTF confirmed that the $500 fee was
the key motivational factor for participants.
People’s opinions about scientists changed during the NCTF.
Before the NCTF, participants had a more favourable opinion of
scientists than afterwards. The change was not a sweeping one,
as overall views remained favourable; but they were clearly less
positive than before deliberations began. The reasons for this
remain to be determined. It could be that the different perspectives
of laypeople and scientists lead to misunderstandings and
alienation. Or it could be that participants simply downgraded
their overly positive opinion of scientists.
In conclusion, it is clear that there is still a need for empirical
investigation to determine the full potential of these deliberative
activities. The hope and challenge is to turn these activities
into an institutionalised tool and thereby pave the way for the
incorporation of the public’s views and concerns in the overall
decision-making process on the policy issue in question. This
challenge can only be successfully met through continuous
efforts drawing on insights gained from research into deliberative
processes and the development of best practices.

Risk Communication on New Technologies

30.5
30.5.1

Risk Communication on New Technologies:
Best Practice
Fundamental Aspects of Risk Communication

Based on the level of risk awareness among the populations of the
European Union member states, risk communication in the area of
food is defined as follows by the European Union:
Risk communication is the interactive exchange of information and
opinions concerning hazards and risks, risk related factors and risk
perceptions, throughout the risk analysis process: risk assessors, risk
managers, consumers, industry, the academic community and other
interested parties. It includes the communication of risk assessment
findings and the basis of risk management decisions. [57]

In a broader sense, one of the main jobs of risk communication
is to ensure the availability of objective information on the
status of scientific research on the effects and side-effects of
incidents, substances and activities on the environment and
human health.
However, communication on potential health risks entails
three problems that complicate this process [9].

(1) Health risks are shown to be complex cause-and-effect
mechanisms frequently characterised by non-linear effects,
delayed onset or intervening variables that cannot be clearly
recognised.
(2) In addition, the resulting finding is almost always uncertain—
in other words, it is subject to statistical uncertainties
and dependent on selected problem localisations and
assumptions. Quantification is therefore of necessity capable
of interpretation.
(3) Moreover, social scientists have identified numerous
qualitative factors that influence the perception of a risk [13,
14].

The last point in particular underlines the fact that the aim
of participation measures cannot be to convince the “other side”
that a risk is acceptable or unacceptable. The aim should rather
be to ensure that stakeholders or their representatives are involved
in the communication process by making it easier for them to
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obtain the necessary information (one-way communication, e.g.,
press and PR activities), as well as providing options for dialogue
and participation in the preparation of decisions.
The decision-making process should therefore additionally
take account of the different values and norms of the people
affected by risk management. Prior to the initiation of the risk
communication process, a risk-assessing institution could, for
example, determine whether risk perception has already been
influenced. In this connection, the first things that come to mind
are any open communication activities that have already taken
place; this includes press reports, PR campaigns, discussions in
Internet forums or TV broadcasts. But it is also conceivable that
organised communication might have already influenced risk
perception, as perception is also influenced by suspicions discussed
in the public arena or in relevant bodies, by evidence of a potential
burden or the discussion of environmental standards. If the
institution in question is aware of any form of pre-influenced risk
perceptions among the parties involved in the discussion, it can
adapt the argumentative reasoning of its risk communication
activities accordingly [14, 29]. However, the additional consideration
of societal-subjective risk perception alone is not sufficient to
communicate scientific-objective risks. In practice, it is also
essential to address the different risk concepts that are used in
different areas of society (e.g., insurance, natural and social sciences,
legal science). It makes a big difference whether risk is seen as the
opposite of safety (technical perspective), for example, as a decisionmaking category (political and economic perspective) or always
as a potential hazard (layperson’s perspective). The dominance of
one risk conception over another can present an obstacle to the
creation of trust.
The process of communication that follows the identification
of risk perception can only be successful if it is possible to convince
all the parties involved that certain basic principles will be
adhered to: for example, that information will be presented
honestly and that the process will be conducted without any
preconceived view as to its outcome [60]. And it must be accepted
that only partial participation of all involved parties is feasible in
far-reaching decisions on complex issues and that the inability to
reach agreement will often lead to disappointment and
dissatisfaction.
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Moreover, a high degree of sensitivity and linguistic variability
is necessary. The term “threshold value”, for example, has different
meanings, and this often causes irritation. As a result, meanings
not only need to be explained but wherever possible also
translated into the language of the addressees. Only then it is possible
to reach a consensus both on decisions as well as on possible
dissent.
One key factor in building trust is the written documentation
of the arguments and reasonings that have led to assessments
and decisions that strike a balance between competing interests.
The way in which supplements or counterarguments are used by
third parties should also be documented. The Internet provides
numerous communication platforms via which this documentation
can be made available to all interested parties.
Alongside this process of information transfer relating to
secured knowledge, care must also be taken to ensure that the
absence of knowledge is processed in public decision-making
systems. For example, the toxic effect of a substance depends on the
specific genetically influenced metabolism and on the way in which
the substance interacts with other substances. As it is extremely
difficult to document these kinds of situations, risk assessment is
always subject to a certain level of uncertainty due to deficits in
the scientific knowledge process resulting from measurement and
observation errors or faults in scientific models. The potential
sources of error, the degree of which can often be qualitatively or
quantitatively determined, must be outlined. Making allowance
for uncertainty is a necessary and integral part of the risk
communication process.

30.5.2

Special Characteristics of Risk Communication in
the Case of Nanotechnology

Nanotechnology is an extremely wide-ranging and complex
discipline; it comprises a far greater number of different processes,
products and phenomena than, for example, nuclear technology.
Nanotechnology is already of relevance for innovations in the
classic product categories like cosmetics, food and textiles. There
are advertisements for nano-based antibacterial surfaces, for nanosensors, nano-semiconductors and also, increasingly, for products
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that are falsely labelled “nano-products” (such as the “Magic Nano”
surface sealing spray that hit the headlines in 2006 as a cause of
pulmonary oedemas or various detergents that were advertised
as “nano” but probably contained no nanoparticles at all).
The term “nanotechnology” is used to describe different
things depending on the prevailing strategy of research policy at
a particular point in time, economic interests and the attention
paid to the subject by the mass media. The complexity and multilayered nature of the way society understands the term therefore
has a major influence on the communication of comprehensive,
precautionary knowledge relating to potential health risks. In the
event that an individual product proves to be questionable, this
can affect societal perception of the entire field of nanotechnology.
By the same token, the identification of risk perception must also
take account of the possibility of an exaggeratedly positive and
unquestioning attitude towards this technology—due to factors
such as promises made by advertising.
It is therefore of enormous importance that the communication
process begins with a “compilation” of all necessary forms of
knowledge with full disclosure of the uncertainty factors. As the
endless number of application combinations and uncertainty
factors makes absolute and conclusive knowledge impossible,
communication between the relevant social actors can only be
performed on a continuous basis using examples and based on
products and /or processes. It is particularly here that discoursebased, participatory risk communication can generate soundly based
knowledge gains by achieving consensus or determining dissent
[9, 29].

30.5.3

Participatory Risk Communication

Participation of social actors extending beyond the mutual exchange
of information should, however, only be facilitated where this is
demanded by the facts of the situation or where it is democratically
mandated. An inadequate scope of participation options raises just
as many problems as an all-too expansive approach to participation.
In the first case, the people who are addressed do not really feel
incorporated in the process and suspect, rightly or wrongly, that
their participation is only of a ritualised nature. In the second case,
the regulatory body might even render itself incapable of action as
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a result of trying to organise too many participation measures. A
good rule of thumb is that participation is only absolutely necessary
if the risk exceeds certain levels of complexity (indicating the need
for the involvement of experts), residual risk (indicating the need
for the involvement of stakeholders) or ambivalence (indicating
the need for a broadly based debate within society).
The following are “ideal-type” communication phases that
should be adapted in practice to suit each particular risk case:
Phase 1: Intra-institutional risk communication

Participants
Specialists in public regulatory bodies; in other words, experts from
different specialist departments or working groups of a public institution
who assess a risk source from different perspectives (e.g., toxicokinetics,
acute toxicity, carcinogenicity, etc.).
Starting point
A written draft of a scientific risk assessment. If it is additionally possible
to clearly identify the arguments that were actually used to arrive at the
conclusions, this helps to increase efficiency.
Challenge
Existing disciplinary and specialist hierarchical relationship patterns
that can make the communication process more difficult, particularly if
arguments are based on historical analogies or “in-house rules”.
Phase 2: Inter-institutional risk communication

Participants
If risk regulation affects the competences of different regulatory
bodies, then representatives of these bodies are to be incorporated in
the process. The relevant actors can be people from public institutions
with different functional remits (e.g., consumer protection, occupational
health and safety, ecotoxicology). The main task here is alignment of and
expert commentary on the incorporated data material and the derived
conclusions.
Starting point
A written draft that—as in phase 1—can be orally discussed.

Challenge
In discussions of this kind, the relevant actors often react sensitively to
existing hierarchy structures. Discussions favour participants with strong
verbal and nonverbal skills and run the risk of arbitrariness if they not
sufficiently structured or moderated.
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Phase 3: Risk communication with external experts
Participants
In this phase, the focus is on communication between specialists in
public institutions and external experts or researchers. The choice of
experts should reflect the spectrum of prevailing scientific opinion; it
should, if possible, take all relevant disciplines into consideration and
ensure that experts are independent.
Outcome

Helps to comprehensively clarify the risk situation and promotes
the necessary differentiation into areas of high and low knowledge
uncertainty. The dual aims are to broaden the knowledge base and
to promote the compact nature of conclusions in the risk regulation
process.
Suitable participation instruments
Delphi method or scientific consensus conferences

Phase 4: Risk communication with stakeholders
Participants
Technical experts from official bodies and stakeholder representatives
Outcome

Underpins mutual trust and focuses on the exchange of riskrelated information (knowledge status, interpretations, conclusions,
assessments). Ideally, risk communication shows how the interests and
concerns of societal groups are integrated in the regulatory process.
The potential disadvantages for individual groups resulting from tradeoff decisions should also be communicated transparently and the
unavoidability of these disadvantages should be justified in way that
those affected can understand.
Suitable participation instruments

Roundtables or mediation procedures

Phase 5: Risk communication with the public at large
Participants
The public

Challenge
The general public is an abstract construct signifying a wide range of
non-organised groups without directly addressable representatives.
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Suitable participation instruments
Hearings, panel discussions, public meetings of competent bodies,
citizens’ consensus conferences, citizens’ forums, future workshops.
In addition, public risk communication should include media-based
instruments like brochures, information sheets, information videos,
telephone hotlines, Internet websites, active Internet forums or
moderated chats and event-based participatory instruments like
presentations, exhibitions, trade fairs, school visits, hands-on trips, talk
shows or open days.
Thanks to their broadly based impact, these instruments can also reach
people who have previously had a critical attitude towards classic
information instruments.
With its “Nanotechnology Action Plan 2015”, for example, the German
government has created a multi-layered concept for a responsible
approach to the new methods and processes. One of the focal points
of the plan is to facilitate dialogue with the public at large. The
“nanoTruck” initiative is part of this action plan. The two-tier nanoTruck
will be on the road for around 220 days, stopping at up to 100 locations
all over Germany and providing theoretical and hands-on insights into
nanotechnology with a show of exhibits, a “nano-cinema”, multimedia
terminals and a multi-functional presentation and event area. The
nanoTruck hopes to attract around 110,000 visitors every year [Internet
publication of the German Ministry of Education and Research].

As a final step, an evaluation of communication measures
is essential in order to increase public acceptance for risk
communication processes [3]. This evaluation should meet the
requirements of quality management systems (as stipulated, for
example, in the EN ISO 9000 group) and at least be able to answer
the following questions:
 Has the targeted objective been achieved?
 Has there been any change in the knowledge status, attitude
and conduct of the parties involved in the process and the
parties responsible for the risk decision?
 Have the trust and credibility of the involved parties been
impaired, maintained or strengthened?

30.5.4

The Challenge of the Media

Alongside the aforementioned dialogue-based processes, there is a
continuing need for classic PR activities.
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It is evident, however, that an “information-only” policy seldom
changes attitudes and can make little or no contribution to a rational
and appropriate assessment of risks.
Classic PR activities should therefore rather aim to focus more
on the legitimacy of the process than on the outcome. It is almost
impossible to communicate via classic PR activities why the
threshold value for nanoparticles in a particular product has been
set at a certain level. Through modern media channels, however, it is
certainly possible to explain how the regulatory authorities arrived
at a certain threshold value, which interests have been taken into
consideration and how any occurring conflicts of aims have been
resolved.
It must be taken into account, however, that media outlets are
business enterprises. For the journalists in question, therefore,
it is a matter of necessity that reports on risks are written from
the perspective of readers rather than that of scientists. Media
reporting is geared towards “news criteria”, which include scale,
impact, dramatic effect and emotions. As risks are generally
associated with fears, this means above all that the public at large
wants its fears to be taken seriously. Individual cases are not
representative for the overall social problem. As, however, rationality
is chiefly communicated in the form of statistics, the veracity of
these “messages” often remains abstract and hard to grasp. As
a result, rational arguments as to why fears are unfounded have
little or no effect [22]. Statements made by scientific experts
are seldom presented in a media-friendly format. They are too
abstract, too complicated and take insufficient account of the
“news criteria”.
When risk experts meet laypeople, they need to listen to their
concerns. In many cases, fears over the possible health hazards of
new technologies or products are generally justified, even if the
probability of these hazards actually occurring is overestimated.
The key aim must be to present the relevant arguments patiently
and to proceed one step at a time [23].

30.5.5

Conclusions

In summary, it can be said that while opinions on the issue of
nanotechnology are characterised by differing assessments of
actual risk and differing subjective perceptions of these risks in
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different countries, nanotechnology has—in contrast to other
new technologies that were introduced in the past—also been the
subject of broadly based public discourse from the very early
stages.
Whereas the debate on earlier technologies was mostly
characterised by so-called “downstream processes” (i.e., the
relevant knowledge was provided by experts and communicated
to laypeople), “upstream models” are becoming increasingly
important in the debate over nanotechnology, and these models
take the fears and hopes of the population seriously and integrate
these fears and hopes in the communication process. It is in this
vein, for example, that the “DEMOS” think-tank has developed
experimental processes together with Lancaster University in the
UK in which the participating citizens have compiled social visions
and ideas about nanotechnology and reached an assessment
and understanding of nanotechnology without drawing on the
information and details provided by experts [74].
The “NanoKommission”, an interdisciplinary advisory body
set up by the German government, is an example for the
combination of a “downstream and upstream model”. The 16member commission, which took up its work at the beginning of
2007, was supported by 15 to 29 experts and tasked with drawing
up recommendations for dealing with the new technology. The
findings of the commission’s work to date were presented and
discussed in plenary session at a final conference in 2011.
Among other things, the commission presented a cross-sector
catalogue of review criteria covering the entire life cycle of nanomaterials from production and use all the way through to disposal.
The commission proposed criteria for preliminary risk assessment,
above all for the toxicologial and ecotoxicological assessment of
nano-materials, and the issues of a product register and mandatory
labelling were the subject of controversial debate. Overall, the
NanoKommission advised the German government to continue its
dialogue with the various stakeholders and proposed the staging
of an annual conference where participants can exchange
information.
The aforementioned activities show that all forms of dialogue
in the context of risk communication primarily serve to generate
knowledge for the purpose of drawing up regulatory decisions
and legitimising these decisions through participation. By
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ensuring transparency, the integration of an increasing number of
stakeholders in the “knowledge production” process can foster
social acceptance for the promotion and use of nanotechnology,
always with the caveat that potential health risks may not be
totally avoidable but can be minimised.
It is recommended that governments continue to provide funding for risk research and risk communication on nanotechnology.
This ideally complements nanotechnology product research and
paves the way for a broadly based social dialogue that is the precondition for exploiting the full potential for innovation offered
by nanotechnology.
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31.1

Introduction

With the increasing production and use of nanoparticles, the
likelihood of human exposure, either accidental or intentional,
whether as consumers or in the occupational setting, is also
increasing. It is therefore paramount to ensure the safety of these
novel materials and allow for restrictions to be placed on their use,
where applicable, or take relevant measures to reduce exposure.
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Nanoparticles present special challenges to in vitro risk assessment,
which relate to their small size and resulting properties, such as
increased surface area and reactivity, their behavior in solution,
the need for extensive physicochemical characterization, and their
interaction with a number of assays. These features necessitate
the implementation of additional controls in many assays
and render some standard assays impracticable. This chapter
comprises a set of standard operating protocols used by the
partners of the FP7 project InLiveTox to give a brief overview of
testing for possible adverse effects of nanoparticles in vitro, using
methods applicable for most adherent cells. The protocols include
culture of human endothelial cells, intestinal epithelial cells, and
hepatocytes; preparation of nanoparticle suspensions; assessment
of particle size distribution; cytotoxicity and viability assays;
testing of specific cellular functionality in intestinal epithelial
cells, endothelial cells, and hepatocytes; quantification of markers
of inflammation on the RNA and protein level; and measurement
of reduced glutathione (GSH) levels as a measure of oxidative
stress.

31.1.1

Nanoparticles and Nanomaterials

Although there is no agreed-upon definition or nomenclature,
materials with at least one dimension measuring 100 nm or
less are often referred to as nanomaterials and include nanofilms
(one dimension ≤100 nm), nanofibers and nanorods (two
dimensions ≤100 nm), and nanoparticles (NPs; all dimensions ≤100
nm [1a, 1b, 1c]). Particles on the nanoscale can occur naturally, for
example, soot particles after combustion processes or large organic
molecules [2]. In the last few decades, however, manufacture
and application of NPs have become a new and increasingly
important branch of industry [3]. The small size of NPs has various
implications in their properties when compared to larger-size
particles. There is an increased surface area per mass unit of
material, and therefore a larger percentage of the atoms are present
on the surface (Fig. 31.1). In addition to the larger surface area, the
decreased stability of bonds in the smaller-size particles increases
the surface reactivity [4].
NPs have become promising tools in many applications and
are added to many consumer products: Nanosilver is used for

Introduction

its antibacterial properties, for example, in medical products
[5]; nanometal oxides are used in paints and cosmetics such as
sunscreens [6, 7]; and various nanomaterials are candidates for
medical applications such as imaging and drug delivery [8, 9].
Particle
Diameter
Particles per mass unit

A B
d 0.1 d
n 1,000 n

C
0.01 d
1,000,000 n

Surface area per mass unit

A 10A

100 A

A

B
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Figure 31.1 Spheres of decreasing size and the relationships between their
diameters and surface areas. As the particle size decreases,
the number of particles per mass unit increases by the cube
of the size difference factor (i.e., a 1,000-fold increase for a
10-fold decrease in size), and the surface area per mass
unit, along with the percentage of atoms in the material
being present on the particle surface, increases by the size
difference (i.e., a 10-fold increase for a 10-fold decrease in
size).

31.1.2

Nanotoxicology

With the increase in the manufacture of NPs and NP-containing
products, there is an increased risk of occupational exposure and
also an increased risk of intentional exposure, for example, to
medical NPs and NPs in cosmetics and personal care products. The
changed properties of NPs compared to larger, or “bulk,” particles
of the same material mean that their effects on the human body
and the environment can be more severe than the effects of an
equal mass dose of larger particles [4]. It has been suggested that
for particles generally associated with low toxicity, the surface
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area dose is a better predictor of their adverse effects than their
mass, meaning toxicity and inflammogenicity of the same mass of
particles increase with decreasing particle radius [10]. Another
concern is that NPs may cross barriers that larger particles are
unable to cross, and indeed transition of NPs from the lungs
and gastrointestinal (GI) tract into the bloodstream have been
observed [11, 12].
On a cellular level, many NPs are of a size where interaction
with the deoxyribonucleic acid (DNA) is possible if transition into
the nucleus takes place [13], and reactive surfaces as well as surface
contamination by metals or organic molecules can cause oxidative
damage to membranes and proteins and also potentially the DNA [14].
For these reasons, it is important that NPs be tested comprehensively
for potential adverse effects. Regulators have acknowledged
this problem in various publications and call for researchers to
investigate NP toxicity [15]. InLiveTox (www.inlivetox.eu) is a
7th Framework Programme project, in which a Quasi-Vivo® system
[16] will be used to investigate transport of particles through
an in vitro model of the GI barrier [17], and effects of transported
particles on endothelial cells and hepatocytes connected to the
GI model by medium flow will be examined and compared to an
in vivo study to evaluate the in vitro model.
Initial experiments focused on establishing protocols
for measuring endpoints associated with NP toxicity, such as
cytotoxicity, pro-inflammatory gene expression cytokine
release, cellular functionality, and antioxidant depletion. These
protocols are summarized in this chapter to provide researchers
with a set of procedures for the evaluation of NP toxicity, which
can be used for most adherent human cells.

31.1.3

Importance of Appropriate Controls and
Physicochemical Characterization

Some challenges in in vitro nanotoxicology are different from the
ones faced when working with larger particles. For instance, it can be
difficult to remove NPs from a cell culture medium by conventional
methods such as centrifugation or filtering. Therefore, additional
controls, for example, a cell-free medium containing NPs, need to
be run to eliminate the possibility of NP interference with assays
such as fluorescent or absorbance measurements [18].

Materials

Another feature of NPs is that their large surface area can
adsorb biomolecules, which can impact protein or cytokine
quantification [19]. For these assays, additional controls must
include incubating known concentrations of the protein or
cytokine, such as a standard curve with NPs, for the duration of
the experimental exposure to see if the particles influence the
recovery rate.
Lastly, it is essential to characterize the particles to be able
to relate their effects to physicochemical characteristics. These can
change depending on the cell culture medium, serum concentration,
pH, and ionic strength [20]. Standard characterization techniques
include size measurement by dynamic light scattering (DLS) or
transmission electron microscopy (TEM), determination of the
surface area (Brunauer-Emmert-Teller, or BET method), charge
measurement (zeta-potential), aggregation state (by DLS), and
solubility for metals and some metal oxides (inductively coupled
plasma mass spectrometry or optical emission spectroscopy, ICPMS or ICP-OES. We describe DLS measurement as a widely used
and relatively simple characterization technique. However, to
understand NP toxicity, more than one technique is generally used.

31.2

31.2.1

Materials

Cell Culture and General Maintenance of Cells

31.2.1.1 Human umbilical vein endothelial cells
(1) Human umbilical vein endothelial cells (HUVECs) can be
obtained from commercial sources (e.g., Promocell, EACC,
ICLC) or by collagenase digestion of the umbilical vein. Cells
can be used for up to eight to nine passages [21, 22]. The
surface cell concentration is 20,000 cells/cm2 at confluence.
(2) Eagle’s minimum essential medium (EMEM) supplemented
with 1% penicillin/streptomycin/amphotericin B 10K/10K/
25 μg, 4 mM L-glutamine, 10% fetal calf serum (FCS), 1%
nonessential amino acids 100×, 1% modified Eagle’s medium
(MEM) vitamins solution 100×, 10 μg/mL endothelial cell
growth supplement (ECGS), 10 ng/mL human epidermal growth
factor (hEGF) 3 μg/mL basic fibroblast growth factor (bFGF),
1 μg/mL hydrocortisone, and 10 μg/mL heparin sodium salt.
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(3) Phosphate buffered saline (PBS), pH 7.4.
(4) 0.25% trypsin (w/v) and 1 mM ethylenediamine tetraacetic
acid (EDTA).
(5) 1% gelatin from porcine skin in PBS solution, autoclaved,
to coat cell culture surfaces, or gelatin-coated tissue culture
plastics such as polystyrene T75 flasks for HUVEC passage.

31.2.1.2 Caco-2 human epithelial colorectal adenocarcinoma
cells

(1) Caco-2 cells’ clones C2Bbe1 Caco were obtained from the
American Type Culture Collection (ATCC). Cells can be used
for 12–20 passages without change of phenotype.
(2) Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS and 1% nonessential amino acids 100x.
(3) PBS, pH 7.4.
(4) 0.25% trypsin (w/v) and 1 mM EDTA.

31.2.1.3 C3A human hepatoma cells

(1) C3A cells are available commercially (e.g., ATCC). C3A cells can
be used for 10–20 passages.
(2) MEM (e.g., M2279, Sigma) supplemented with 10% FCS,
1% nonessential amino acids 100×, 2 mM L-glutamine, 1%
penicillin/streptomycin (10 K/10 μg/mL), and 1 mM sodium
pyruvate.
(3) PBS, pH 7.4.
(4) 0.25% trypsin (w/v) and 1 mM EDTA.
(5) Collagen type I from rat tail (e.g., Sigma).

31.2.2

Particle Preparation and Cell Exposures

(1) Sonicating water bath
(2) Precision weighing balance, to be kept in a glove box or similar
for respiratory protection when using particles in powder
form or fibers
(3) NPs to be tested, positive and negative controls for the
respective assays
(4) Sterile water containing 2% FCS
(5) Cell culture medium

Materials

31.2.3

Particle Characterization by Dynamic Light
Scattering

(1) Sonicating water bath
(2) Precision weighing balance, to be kept in a glove box or similar
for respiratory protection when using particles in powder
form or fibers
(3) Zetasizer Nano, Zetasizer Nano Software 6.20 (Malvern)
(4) Nanosight, NTA software 2.0 (NanoSight)
(5) Respective NPs to be tested
(6) Sterile water containing 2% FCS
(7) Cell culture medium

31.2.4

Toxicity Assays

For all assays:
(1) NP suspensions
(2) Triton-X 100,0.1% in cell culture medium
(3) Respective cell culture medium

31.2.4.1 Alamar Blue

(1) Fluorescent plate reader
(2) CellTiter-Blue® (Promega), Alamar Blue® (Invitrogen) or
similar, 10% in fresh culture medium
(3) Opaque-walled tissue culture plates compatible with
fluorimeter (clear or solid bottom)

31.2.4.2 Lactate dehydrogenase

(1) Absorbance microplate reader
(2) Lactate dehydrogenase (LDH) detection kit (Roche)
(3) 96-well tissue culture plates compatible with photometer
(clear bottom)

31.2.5

Reduced Glutathione Quantification for Analysis
of Oxidative Stress

(1) Fluorescent plate reader (Ex350/Em420)
(2) Plate reader (absorption, 595 nm)
(3) PBS
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(4) Redox quenching buffer (RQB): 20 mM HCl, 2.15 mM EDTA,
10 mM ascorbic acid
(5) 5% trichloroacetic acid (TCA) in RQB
(6) Potassium phosphate buffer 0.1 M (pH 6.9)
(7) Potassium phosphate buffer 1 M (pH 7.0)
(8) 5 mg/mL o-phthalaldehyde in methanol
(9) 7.5 mM n-ethylmaleimide in RQB
(10) Reduced glutathione (GSH) and oxidized GSH dimer (GSSG)
(11) Coomassie Brilliant Blue G-250
(12) 95% ethanol
(13) 85% (w/v) phosphoric acid
(14) Bovine serum albumin (BSA)
(15) Black 96-well plates
(16) Whatman #1 filter paper and funnel

31.2.6 Expression and Quantification of Inflammatory
Markers
31.2.6.1 PCR

(1) Real-time polymerase chain reaction (PCR) cycler (Biorad
CFX96 or similar)
(2) QuantiTect® Reverse Transcription Kit (Qiagen)
(3) QuantiTect® Probe PCR Kit (Qiagen)
(4) Template ribonucleic acid (RNA)
(5) Primers and probes
(6) Standard plasmids for quantification
(7) 1.5 mL and 2 mL Eppendorf vessels (DNase- and RNase-free)
(8) 96-well PCR plates (DNase- and RNase-free)
(9) Ice for cooling

31.2.6.2 FACS Array

(1) BD FACS Array
(2) Plate shaker
(3) Soluble mediator CBA flex sets, for example, interleukin-8
(IL-8), tumor necrosis factor (TNF) (BD)
(4) Human soluble protein buffer master kit—CBA flex set (BD)

Materials

31.2.7 Analysis of Cellular Functionality
31.2.7.1 TEER (Caco-2)
(1)
(2)
(3)
(4)

Epithelial voltohmmeter (EVOM) (World Precision Instruments)
Chopstick electrodes (World Precision Instruments)
Heating plate
12-well plates with Transwell inserts of 0.4 μm pore diameter
(Corning)

31.2.7.2 Von Willebrand factor (HUVEC)
(1)
(2)
(3)
(4)
(5)
(6)

Fluorescent or confocal microscope
Image processing software for quantification, if necessary
70% isopropanol or ethanol
Triton X-100, 0.1% in PBS as a negative control
PBS
Anti-hvWF antibody (e.g., Dako, monoclonal mouse anti-hvWF
clone F8/86) dil 1:50 in 2% BSA solution in PBS
(7) Secondary antibody, fluorescent-coupled (e.g., Molecular
Probe, Alexa Fluor 568) dil 1:50 in 2% BSA solution in PBS
(8) Nuclei-labeling solution: 4¢,6-diamidino-2-phenylindoledihydrochloride (DAPI) (1:15,000) diluted in 2% BSA solution
in PBS
(9) Optical plate with thin bottom

31.2.7.3 Albumin release (C3A)

(1) Microtiter plate reader (absorbance, 450 nm)
(2) Human albumin enzyme-linked immunosorbent assay
(ELISA) quantitation set (Bethyl Laboratories, E80-129 or
equivalent
(3) Positive control for albumin release: medium containing
20% FCS
(4) Negative control for albumin release: FCS-free medium
(5) Coating buffer: 50 mM carbonate-bicarbonate, pH 9.6
(6) Wash solution: 50 mM Tris, 140 mM NaCl, 0.05% Tween 20,
pH 8.0
(7) Blocking solution: 50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0
(8) Sample diluent: 50 mM Tris, 0.14 M NaCl, 1% BSA, 0.05%
Tween 20
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(9) Enzyme substrate for horseradish peroxidase (HRP): 1,3,5trimethylbenzene (TMB)
(10) Stop solution: 0.18 M H2SO4
(11) 96-well plates

Table 31.1
Plate
HUVEC

Caco-2

C3A

31.3
31.3.1

Numbers of cells plated on differently sized cell culture
supports

96-well plate
6×

103

cells

2 × 104 cells

1 × 105 cells

Methods

24-well plate
2.5 ×

104

cells

6 × 104 cells
5 × 105 cells

12-well plate

4 × 105 cells

1.2 × 105 cells
1 × 106 cells

Cell Culture and General Maintenance of Cells

Table 31.1 gives an overview of cell numbers to be plated on
differently sized surfaces. HUVECs are grown for one day before
reaching confluence and use in experiments, Caco-2 are cultured
and differentiated for 10 days in cell culture plates and 21 days in
transwell plates, and C3A cells are seeded one day before reaching
confluence and used in experiments.

31.3.1.1 HUVEC

(1) Put 5 mL of 1% gelatin solution in a T75 flask and incubate
for at least 5 min at 37°C.
(2) Confluent cells are trypsinized using trypsin/EDTA and split
in a 1:3 ratio in order to reach confluence after 48–72 h in
culture. Frequent change of medium (once every 1–2 days) is
recommended.

31.3.1.2 Caco-2

(1) The cells are grown in a T75 flask and passaged every seven
days.
(2) Trypsinise confluent cells using trypsin/EDTA (10 min, 37°C,
5% CO2) and add a fresh culture medium.
(3) Cells are centrifuged for 4 min at 270 g and resuspended in
a fresh cell culture medium.

Methods

(4) Seed 0.5 × 106 cells into a new T75 flask. The medium is
changed every second day.

31.3.1.3 C3A

(1) Cells are grown in T75 flasks with weekly passaging and
medium change every two to three days.
(2) Trypsinise confluent cells using trypsin/EDTA (15 min, 37°C
and 5% CO2) and add a fresh culture medium.
(3) Split cells in a 1:4 ratio for standard passaging. For exposures,
prepare cell culture surfaces by covering in 0.1 mg/mL
of collagen in sterile water, incubation at 37°C for 0.5 h to
2 h, removing the liquid and rinsing with sterile PBS, and
seed cell numbers specified in Table 31.1, 24 h prior to
exposures.

31.3.2

Particle Preparation and Cell Exposures

(1) Weigh or pipette the required amount of NPs.
(2) Suspend in sterile water containing 2% FCS at a maximum
particle concentration of 1 mg/mL and sonicate for 15 min.
(3) Dilute stock to required concentrations using the cell culture
medium.
(4) Remove the medium from cultured cells and apply particle
suspensions immediately.

31.3.3

Particle Characterization by DLS

(1) Weigh out or pipette the required amount of NPs.
(2) Suspend in sterile water containing 2% FCS at a maximum
particle concentration of 1 mg/mL and sonicate for 15 min.
(3) Dilute stock to required concentrations using the cell
culture medium.
(4) Measure the solutions in the Zetasizer:

• Close the lid and turn on the instrument and wait for
30 min for the lasers to heat up and the laser signal to
stabilize.
• Start the Zetasizer software.
• Clean the cuvette and add 1 mL of the prepared sample to
the cuvette.
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• Open a measurement file and follow the on-screen
instructions.
• Insert the cuvette into the instrument, wait for the
temperature to stabilize, and start the measurement.

The result of the measurement is an intensity-weight size
distribution. Each fraction is given a z-average (size value),
a polydispersity index (PdI), and an intensity percentage. A
histogram of size distribution is provided.
(5) Measure the solutions in the Nanosight:

31.3.4

• Samples are diluted with the respective medium to a
final concentration of ~108 particles per mL.
• 500 μL of the sample is injected into the sample chamber
using a 1 mL or a 2 mL syringe. The laser is turned on,
and the correct viewing area is readily located and
viewed on the screen.
• A short video (<2 min) is recorded and analyzed, from
which the particle size distribution and concentration
are reported.

Toxicity Assays

31.3.4.1 Alamar Blue
(1) Plate cells and grow them to confluence according to the
protocol and treat with NPs suspended in the respective cell
culture medium. As a control for 100% cytotoxicity, cells
are incubated with the cell culture medium containing 0.1%
Triton X100. As a negative control, cells are incubated with
the cell culture medium only.
(2) Following the incubation, equilibrate the CellTiter-Blue®
reagent to room temperature prior to use while protecting
from direct light [23].
(3) Remove the culture medium from cells, perform the washing
step, if required, and add a fresh medium. The removed
medium can be used for the LDH assay (Section 31.3.4.2).
(4) In dark conditions add 10% of CellTiter-Blue® reagent
(i.e., in a 24-well plate with 400 μL of medium; add 40 μL
of the reagent) and incubate for the required time, usually
from 1–4 h, at 37°C (see Note 1).

Methods

(5) A “time 0” fluorescence measurement can be taken (see
Note 1). Read the fluorescence after the established time in
the plate reader at 579Ex/584Em.
(6) Calculate the viability as fluorescent units per minute or percentage with respect to the control (untreated) sample value.

31.3.4.2 Lactate dehydrogenase

(1) Plate cells in a 96-well plate, grow them to confluence
according to the protocol, and treat them with NPs suspended
in the respective cell culture medium. As a positive control
(high control) cells are incubated with the cell culture
medium with 0.1% Triton X100; as a negative control
(low control) cells are incubated with the cell culture
medium (see Note 2).
(2) After incubation, transfer 100 μL of the supernatant to a
new 96-well plate. The medium can be stored at 4°C for up
to three days.
(3) Prepare the LDH reagent from the LDH Kit from Roche:
reconstitute the lyophilized powder in bottle 1 with 1 mL
of double dist. water for 10 min and mix thoroughly. The
dye solution in bottle 2 is ready to use. For 100 samples
add 250 μL of bottle 1 to 11.25 mL of bottle 2.
(4) Add 100 μL of the LDH reagent to every supernatant in the
96-well plate.
(5) Incubate the plate for 3 min at room temperature in the
dark.
(6) Measure the absorbance in the microplate at 492 nm.
(7) Calculate the cytotoxicity according to

Experimental
value − Negative control
_____________________________________________
Cytotoxicity (%) =     
   
 × 100.
Triton control − Negative control

31.3.5

Reduced Glutathione Quantification for Analysis
of Oxidative Stress

31.3.5.1 Preparation of extracts and protein pellets
(1) Plate cells on 12-well plates, or in larger wells, and treat with
NPs (see Section 31.3.2) for 2, 6, and 24 h.
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(2) Remove the medium and rinse cells with PBS. Transfer the
plates on to ice.
(3) Scrape cells into 1 mL of ice-cold PBS and transfer into an
Eppendorf tube. Centrifuge (1,500 g, 4°C).
(4) Remove supernatants and resuspend pellets in 100 μL of
ice-cold TCA/RQB. Incubate on ice for 15 min and centrifuge
(15,000 g, 4°C).
(5) Transfer supernatants into a new tube and use directly for
measurements or store at −80°C (see Note 3). Save pellets for
a protein assay, either immediately or after storage at −80°C.

31.3.5.2 GSH assay

(1) For GSH measurements [24], prepare a standard curve with
serial dilutions of 100 to 3.125 μM of reduced GHS in TCA/
RQB and use 100 μM of GSSG as a control for the specificity
of the reaction. Use TCA/RQB as a blank.
(2) In a black 96-well plate, pipette 19 μL of TCA/RQB into every
well. Add 10 μL of the standard or cell lysate sample. For
the initial experiments, examine the potential of particles
in the sample to interact with the assay (see Note 3).
(3) Add 48 μL of 1 M potassium phosphate buffer (pH 7) and
incubate for 5 min at room temperature.
(4) Add 200 μL of 0.1 M potassium phosphate buffer (pH 6.9).
(5) Add 29 μL of 5 mg/mL o-phthalaldehyde in methanol.
(6) Incubate in the dark for 30 min.
(7) Read the plate (365/430 nm)

31.3.5.3 Protein assay (Bradford; 25)

(1) Prepare Bradford reagent by suspending 50 mg of
Coomassie Brilliant Blue in 95% ethanol, adding 50 mL
of 85% (w/v) phosphoric acid, and diluting the reagent to
500 mL.
(2) Filter the reagent through Whatman #1 paper.
(3) Prepare a standard curve using BSA of 1,000 to 0 μg/mL of
protein in serial dilution.
(4) Resuspend protein pellets in 100 μL of water, vortex.

Methods

(5) Add 10 μL of samples or standards in triplicate into a 96-well
plate.
(6) Add 200 μL of Bradford reagent to the wells.
(7) Read at 595 nm.
(8) Normalize the GSH concentration to milligrams of protein.

31.3.6

Expression and Quantification of Inflammatory
Markers

31.3.6.1 PCR
31.3.6.1.1 Reverse transcription reaction (see Note 4)
(1) Isolate RNA according to standard methods and store at −80°C
until the RT reaction takes place.
(2) Thaw the template RNA on ice. Thaw all other reagents at
room temperature (15–25°C) and store on ice.
(3) Prepare the genomic DNA elimination reaction on ice
according to the manufacturer’s instructions (14 μL per
reaction); use the 0.2 mL Eppendorf vessel. Multiple RT
reactions should be performed if more than 1 μg total RNA
is used.
(4) Incubate for 2 min at 42°C and then place immediately on ice.
Do not exceed an incubation time of 10 min.
(5) Prepare the RT master mix on ice:
(6) Add 6 μL of the master mix to each tube of template RNA
from step 4, mix, and store in ice.
(7) Incubate for 15 min at 42°C. The incubation steps
(steps 6 and 7) can be conducted with a PCR machine.
(8) Incubate for 3 min at 95°C to inactivate Quantiscript reverse
transcriptase.
(9) Store at −20°C until use or proceed directly with real-time PCR.
Volume/rxn

Quantiscript reverse transcriptase

1 μL

RT primer mix

1 μL

Quantiscript RT buffer, 5x
Total volume

4 μL
6 μL
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31.3.6.1.2 Semiquantitative real-time PCR using
dual-labeled Taqman probes
(1) Thaw the 2× QuantiTect Probe PCR master mix, template
DNA, primer and probe solutions, and distilled water. Store
on ice.
(2) Prepare a master mix for triplicate measurement, including
the standard plasmids (at least three different concentrations)
and no template control (RNase-free water).

Component

Volume/ rxn

Final concentration

2 × QuantiTect Probe PCR
master mix

6.25 μL

1×

Probe (12.5 μM)

0.1 μL
0.1 μL

0.4 μM

Primer A (50 μM)
Primer B (50 μM)
RNase-free water

0.1 μL

4.45 μL

Total volume

0.4 μM

0.1–0.2 μM

11 μL

(3) Mix the master mix thoroughly and dispense appropriate
volumes into PCR tubes.
(4) Add each 1.5 μL template DNA from the RT step to the
individual PCR tubes. The volume of complementary DNA
(cDNA) added should not exceed 10% of the final PCR
volume.
(5) Program the real-time cycler. Detection channel: Choose
according to the fluorescence dye selected.

Step

Time

Temp.

Additional comments

PCR initial
activation

15 min

95°C

HotStarTaq DNA polymerase
activation step

60°C

Combined annealing/ extension
step

Thermal cycling:
Denaturation

10–15 s

Number of cycles

35–45

Annealing/
extension

30–60 s

94° C

Number of cycles dependent
on the amount of template
DNA and expression level of
the target gene

Methods

(6) Place the PCR tubes in the real-time cycler and start the PCR
program.
(7) Analysis of the real-time PCR generally can be carried out
automatically in the rtPCR cycler software by clicking the
appropriate detection channel on the analysis window. The
threshold will be defined for the best-fit standard curve,
and the cDNA amount will be calculated automatically.
Otherwise the threshold can also be defined manually by
clicking and dragging the threshold line on the graph. The
obtained cDNA amounts are to be calculated by using these
equations:
Measured concentration
Relative mRNA concentration =    
 _______________________________________
    
Measured b-action concentration
Relative mRNA concentration (sample)
________________________________________________________
Fold induction =     
      
Relative mRNA concentration (negative control)

31.3.6.2 FACS Array

The BD FACS array can analyze multiple cytokines in a multiplex
experiment using fluorescent beads. Alternatively, standard ELISA
assays for single cytokines, or other multiplex instruments, can be
used.
(1) Set up the assay protocol according to the manufacturer’s
instructions.
(2) Prewet a round-bottom 96-well plate with a wash buffer
and remove the wash buffer.
(3) Prepare capture beads for analytes and standards according
to the instructions. Add 50 μL of the capture beads to
each well.
(4) Pipette 25–50 μL of the cell culture supernatant (fresh or
stored at −80°C) or standards into the wells.
(5) Mix the plate for 5 min on a shaker (500 rpm) and incubate
(1 h, room temperature).
(6) Prepare a PE detection reagent for the analytes to be
measured. Add 50 μL to each well.
(7) Mix the plate for 5 min on a shaker (500 rpm) and incubate
(2 h, room temperature).
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(8) Remove the liquid from the wells and resuspend the beads
by adding 150 μL of the wash buffer and shaking for 5 min
(500 rpm).
(9) Analyze samples on the BD FACS array according to the
manual.

31.3.7

Analysis of Cellular Functionality

31.3.7.1 TEER (Caco-2, Note 5)
(1) Seed Caco-2 cells on transwell filter inserts (Fig. 31.2) at a
seeding density of 60,000 cells/cm2.

Figure 31.2 Transwell plate.

(2) The electrode of the EVOM is stored in 0.1% KCl. Before the
measurement, the electrode is sterilized with 70% ethanol
for 15 min.
(3) The electrode tip is then air-dried under the laminar flow
hood.
(4) Adjust the EVOM to “Resistance” measuring mode.
(5) Cells are removed from the incubator and placed on a
prewarmed heating plate (37 °C).
(6) The transepithelial electrical resistance (TEER) is measured
in every well by placing the longer leg of the chopstick
electrode at the bottom of the well and the shorter leg just
above the cells in the cell culture insert (Fig. 31.3). Press the
“Measure” button and wait 5 to 10 seconds for the measured
resistance value to stabilize.
(7) The TEER of blank Transwell filter inserts is measured and
subtracted as background resistance from all values.
(8) The TEER value can be used to monitor the formation of
tight, functional epithelial cell layers, or fully differentiated
Caco-2 cells as a measure of cell viability and functionality.

Methods

TEER is normalized to the growth area of cells. Fully
differentiated Caco-2 monolayers reach TEER values between
350 £2/cm2 and 600 £2/cm2.
EVOM
Meßgerät

Figure 31.3 TEER measurement in Transwell with EVOM.

31.3.7.2 Von Willebrand factor (Huvec; 26)

(1) Remove the medium from the plate and wash each well
twice with prewarmed PBS.
(2) Add enough 70% is opropanol to cover the cells and fix at
RT for at least 10 min.
(3) Wash twice with PBS.
(4) Add an hvWF antibody diluted to 1:50 in 2% BSA solution
and leave at RT for 1 h.
(5) Rinse three times with PBS.
(6) Add a secondary antibody diluted to 1:50 in 2% BSA
solution and leave at RT for 30 min in the dark.
(7) Rinse three times with PBS.
(8) Add DAPI diluted 1:15000 in 2% BSA solution and leave at
RT for 5 min in the dark.
(9) Rinse three times with PBS.
(10) Examine cells using a confocal or fluorescence microscope.

31.3.7.3 Albumin release (C3A)

(1) Dilute a capture antibody 1:100 in a coating buffer, add
100 μL/well into a 96-well plate, and incubate at room
temperature for 1 h, or at 4°C overnight.
(2) Wash the plate five times.
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(3) Block unspecific binding sites with 200 μL of a blocking
solution per well (30 min, RT). In the meantime, prepare
sample dilutions (see Note 6) and standards (400 to 0 ng/mL
albumin in sample diluents according to the manufacturer’s
manual).
(4) Wash the plate five times.
(5) Add 100 μL of the standard or diluted sample and incubate
(RT, 1h).
(6) Wash the plate five times.
(7) Add 100 μL of an HRP detection antibody (see Note 6; RT, 1 h).
(8) Wash the plate five times.
(9) Add 100 μL of the TMB substrate solution and develop in
the dark (15 min, see Note 6).
(10) Add 100 μL of a stop solution to each well and measure on
a plate reader (450 nm).

31.4

Notes

(1) Alamar Blue. The ratio of CellTiter-Blue® reagent: The cell
culture volume and incubation time should be adjusted
for optimal performance, depending on the cell type, the
metabolic capacity, the concentration of cells, and the linear
range desired. Another method to analyze Alamar Blue
is to calculate the specific metabolic activity of the cells,
subtracting the “time 0” fluorescence value from the endpoint
value and dividing the difference by time:
SM activity = (Abs2h30¢ − Abs30¢)/120¢

(2) LDH assay. When seeding cells in a 96-well plate, it’s better
not to seed cells at the edge of the plate, Two problems
arise at the edge of the plate: (I) The medium more easily
evaporates, and (II) the thermal gradients are greatest at the
edge of the plate, combining to give an uneven distribution
of the cells on the well bottoms and uneven cell growth,
resulting in higher scattering of cell numbers and data [27].
During the measurement the absorption must be watched.
It might be necessary to modify the incubation time with
the LDH reagent if a different number of cells are seeded

Disclosures and Conflict of Interest

(3)

(4)

(5)

(6)

and high or low LDH amounts are released to avoid positive
control values exceeding the detection range.
GSH assay. GSH is stable for up to four weeks at −80°C. To
ensure correct quantification it is advisable to freeze an
aliquot of a known standard or standard curve at the same
time as freezing the samples to ensure that the samples have
not decayed in storage. Addition of 4 μL of 7.5 mM NEM
in RQB with samples containing NPs inhibits the reaction
and can be used as a background control for interference of
the particles with the assay, for example by particle
fluorescence.
PCR. The protocol is for use with 10 pg-1 μg RNA. If using
>1 μg RNA, scale up the reaction linearly. If the RT-PCR product
is longer than 200 bp, or if RNAs have very high secondary
structure, increase the time of incubation at 42°C up to a total
of 30 min. The QuantiTect Probe PCR master mix provides
an initial 4 mM Mg2+. For a few targets, reactions may be
improved using a Mg2+ concentration of up to 6 mM. ß-actin
also acts as housekeeping gene and can be substituted by
other housekeeping genes.
TEER. TEER is not a constant readout but varies slightly
due to positioning of the electrodes in the well. It is very
sensitive to handling and temperature. Thus be quick but
gentle in your handling of the cell culture plate and put
the cell culture plate on a heating plate at 37°C during the
measurement.
Albumin ELISA. The buffer compositions are for the Bethyl
E80-129 kits and may vary for other kits. We diluted C3A
culture supernatants 1:40 prior to measuring; this may
vary for other hepatocytes. We also recommend running a
standard curve and one control sample at different dilutions
and different concentrations of a secondary antibody before
analyzing a complete plate.
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32.1

Introduction

With the advent of nanotechnology, the interaction of nanoparticles
(NPs) with biological systems including living cells has become
one of the most intriguing areas of basic and applied research at
the interface to biology. As NPs are of the same size scale as typical
cellular components and proteins, such particles are suspected
to evade the natural defenses of the human body and may lead to
permanent cell damage. Although there is substantial evidence
from recent toxicological studies that NPs may cause adverse
health effects, the fundamental cause-effect relationships have not
yet been investigated. Accidental or deliberate human exposure to
nanoparticles is inevitable as NPs are increasingly used. However,
despite intensive investigations our current understanding of
their (patho)-physiological effects on biological barriers and the
underlying molecular mechanisms is still fragmentary [1–4].
Besides the wide use of nanomaterials in industrial products, the
biomedical use of NPs has also enjoyed increasing interest over
the past decade [5]. The ability to manipulate particular NP features
such as their physical, chemical, and biological properties opens up
a plethora of possibilities in rationally designing NP for drug
delivery, as imaging agents, or for diagnostic purposes [6–8]. As
more data regarding the potential cytotoxic properties of NPs have
become available in recent years, the interest in nanotoxicology
and in the safety of nanomaterials for biomedical applications
continues to increase [1–4, 9].
Similar to pathogens, organic or inorganic matter, the skin,
the respiratory system as well as the gastrointestinal tract are
considered the main routes by which NP may access the body
(Fig. 32.1)
As NPs come in contact with the skin, the gastro-intestinal
tract and the respiratory tract, the main task of these biological
compartments is to act as barriers [10]. However, these barriers
are not perfect since nanomaterials have the ability to overcome
natural biological defenses.
The topic “biological responses to nanoscale particles” has been
recently selected for study in a national German priority program
of “Deutsche Forschungsgemeinschaft (DFG)” with the intension to
investigate the molecular and cellular aspects of nanomaterials in
biological environments. The focus of this program is on intended
particles in unintended exposure, meaning that primarily only such

Introduction

particles types should be considered that have been manufactured
for material use and only get in contact accidentally with biological
systems (nanotoxicology). Nevertheless, as the program evolved,
also other particle types, such as those typically designed for biomedical applications, have been considered.

Figure 32.1 Illustration of the main routes by which NP may access the
body.

The organization of this chapter is according to the different
aspects of the interaction of NPs with biological components and/
or systems that NPs encounter sequentially along their life cycle in
biological environments (Fig. 32.2).
The lung is considered by far the most important portal of
entry for NPs into the human body. As illustrated in Fig. 32.2,
therefore the interactions of NPs with the surfactant layers of the
alveolar tract is the first point of contact. As opposed to larger
particles, which are mainly deposited at the walls of the upper
airways, nanoparticles are unique in that they follow the air-
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flow all the way down to the alveoli. After penetration through
the lung epithelial cell system, they are exposed to body fluids
including proteins. As will be shown below, the interactions of NPs
with proteins to establish a protein corona are an integral part of
existence of all NPs in any biological environment. The step following
protein corona formation is the entry of NPs into cells or even the
cell nucleus. The cell membrane (plasma membrane) forms an
effective selective barrier between the cytosol and the extracellular
environment. It maintains a selectively permeable interface to ions
and organic molecules and controls traffic through a variety of
active and passive routes that allow the exchange with substances
varying in size, shape, charge and chemical composition.
1

Air/liquid
phase
boundary

2

IAs with body
fluids, e.g.
proteins

3

IAs with
membranes

4

5

IAs with cells and
cell constituents; Cell-cell interactions,
effects on
translocations etc.
biofunctional

Surfactants

NP

Bio-Nano Interactions along the Route of Exposure

Figure 32.2 Schematic representation of the different forms of interaction
and impacts of nanomaterials in biological environments. For
general discussion, see www.spp1313.de [11].

While the lung is the main entry port for airborne particles,
the skin is responsible for NP uptake by all external contacts. With
approximately 2 m² the skin is the largest organ of the human
body. The complete skin and especially its upper layer, the stratum
corneum, represent the main barrier of the body toward the
environment that consists of cornified cells surrounded by lipids.
When studying the interactions of nanoparticles with cells it
is of substantial interest to assess the fraction and/or the amount

Interactions of Nanoparticles with Proteins

of nanoparticles that are internalized, which mechanisms are
operative to promote such internalizations and how they are
distributed throughout the cell. A number of methods including
fluorescence microscopy-based techniques in combination
with staining techniques of cell constituents have provided
substantial progress in advancing this elementary field of bio-nano
interactions.

32.2

Interactions of Nanoparticles with
Proteins

The bio-nano interface comprises the dynamic physical and
chemical interactions between nanoparticle surfaces and the
biological components, e.g., proteins, membranes, phospholipids,
endocytic vesicles, organelles, DNA etc. It is now widely accepted
that proteins bind to NP surfaces [12–17] and that the interactions
of nanoparticles with a living system are in fact interactions with
protein coated systems [14, 18]. This so-called “protein corona”
forming around the NP will largely define the biological identity
of the NP, and the efficiency of this interaction can be a decisive
factor for the effect of a NP within a biological system.
Understanding the formation and persistence of the protein
corona is a complex task and of great importance for the
elucidation, interpretation and assessment of the biological effects
of nanoparticles. The formation process is essentially a rapid
competition of proteins and other biomolecules for binding to the
NP surface. The terms “hard” and “soft” protein corona have been
introduced [8] and it is believed that the “soft” corona forms on
short timescales (seconds to minutes) and evolves to a “hard”
corona over incubation times on the order of hours.
A key aspect of the adsorption of proteins onto NP surfaces is
that it can lead to structural changes within the protein and hence
altered protein conformations [20–33]. Associated with this can
be the loss of enzyme function [24, 25]. Moreover, the proteins
may then function as receptor antagonists [26] potentially even via
the exposure of novel ‘‘cryptic’’ peptide epitopes [18, 27]. However,
the exact driving forces and mechanistic details of protein unfolding
at NP surfaces remain unidentified and are a focus of current
research [28–31].
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In typical body fluids and intracellular environments, the protein
concentrations can be up to 0.35 g/mL [18], comprising more than
3000 different proteins [32] at different individual concentrations.
While highly abundant proteins will likely dominate the protein
corona for short time periods, proteins with lower abundance but
higher affinities might prevail on longer timescales [14, 28].

32.2.1

Dependence on Particle Size

In order to further understand and assess the mechanistic aspects
of protein corona formation, the physiological situation and,
hence, the composition of the physiologically formed protein corona
and the factors governing this formation need to be known. To this
end, Stauber and coworkers [33] have recently revealed how the
composition of the human plasma protein corona formed around
amorphous silica nanoparticles (SiNPs) can be influenced by the
size of the particles. Their analysis revealed that the binding of
37% of all so far identified corona proteins is significantly affected
by particle size. Even differences in particle size of only 10 nm
significantly influenced the composition of the nanoparticle corona.
They identified proteins that show enhanced binding to larger
(125 nm) SiNPs (e.g., prothrombin or the actin regulatory protein
gelsolin) but also proteins with higher affinities for smaller (8 nm)
particles (e.g., clusterin). On the other hand, the adsorption of
many other proteins such as IgG or actin has shown no dependence
on particle size. This study underlines the complexity of the protein
corona formation in that it shows that a parameter like particle
size can change the composition of the protein corona around
otherwise identical particles.
The SiNP-specific protein signatures identified by quantitative
mass spectrometry are shown in Fig. 32.3. Negatively charged
proteins (pl < 7) preferentially bound to the SiNPs at pH 7.3, i.e.,
the physiological pH of blood plasma (Fig. 32.3a/b). Proteins
with high molecular mass were significantly enriched on the NP
surfaces, whereas proteins with low molecular mass were less
abundant than in plasma (Fig. 32.3c/d).
The physical and chemical characteristics of NPs also determine
the interactions with the surrounding medium by promoting
the adsorption of ions, natural organic materials and detergents,
particle dissolution or even by allowing to minimize free surface
energy by surface restructuring [28, 34, 35]. These characteristics
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(a)

(c)

(b)

(d)

Figure 32.3 The composition of the protein coronae on SiNPs as identified
by quantitative mass spectrometry. Proteins have been
classified by their isoelectric points (pl) as calculated from the
sequence information (a/b) as well as their molecular mass,
or weight (MW) (c/d). (a/b) At pH 7.3 (pH measured in plasma)
SiNPs preferentially bound negatively charged proteins
(pl < 7). Proteins with pl < 5 were enhanced in the protein
corona, independent of particle size (as compared with
plasma). (c/d) A distinct, protein size-dependent particle
binding pattern was not found. Proteins with low molecular
mass were less abundant in the corona than in plasma,
whereas large proteins that were almost undetectable in
plasma were significantly enriched in the corona. The observed
patterns remained unchanged when the most abundant
plasma protein, human serum albumin (b/d: –HSA), was
omitted from the data analysis. (Reproduced with kind
permission from Tenzer et al. [33]).
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can change upon protein adsorption and so may influence the
translocation behavior in biological systems [36, 37]. The level
of understanding of the mechanistic steps involved in these
processes is again still low [38, 39].

32.2.2

Binding Affinities

A better understanding of the causes and implications of the corona
formation needs a reliable picture on the molecular level. Therefore,
the thermodynamic and kinetic parameters of the mechanistic
driving forces for protein adsorption have been addressed. For
instance, Nienhaus and coworkers have quantitatively analyzed
the adsorption of human serum albumin (HSA) onto small
(10–20 nm) polymer-coated FePt and CdSe/ZnS nanoparticles [17].
Using fluorescence correlation spectroscopy (FCS) they were able
to determine the thickness of the protein corona formed around
these nanoparticles with sub-nanometer precision, thus confirming
that the corona consists of a single protein monolayer only
(Fig. 32.4).
9.0
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Figure 32.4 Formation of an HSA corona around polymer-coated
FePt nanoparticles measured by fluorescence correlation
spectroscopy (FCS). The (average) hydrodynamic radii of
the NPs are plotted as a function of HSA concentration. The
blue solid line represents a fit of an anti-cooperative binding
model to the data, and the red dashed lines are Langmuir
binding isotherms fitted to the first and last 20% of the
transition to show the anti-cooperative behavior. Reproduced
with kind permission from [17].

Their work also includes the experimental determination
of apparent binding affinities associated with the NP-protein
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interaction. These were shown to be in the micromolar concentration
range for the systems under investigation. Interestingly, HSA binding
was shown to occur with an anti-cooperative binding isotherm.
Determination of these apparent binding affinities is a very
useful step since these equilibrium constants are comparable
parameters in describing the strength of interactions between
proteins and nanoparticles and the stability of the so-called
protein corona. These parameters may not be proper equilibrium
coefficients in all cases because at least parts of the adsorption layer
can be persistent and are thus not sufficiently well described by a
simple equilibrium model. The fact that the protein concentration
dependence of corona formation (Fig. 32.4) resembles an equilibrium
binding curve when, in fact, it may not be a pure equilibrium
process, is, at present, poorly understood.
In a further step the Nienhaus group has extended similar
studies to the interactions of human transferrin onto 5 nm polymercoated FePt nanoparticles [40]. Transferrin was shown to bind to
the negatively charged nanoparticles with an affinity of
approximately 26 µM. A protein monolayer with 7 nm thickness
formed around the NPs and a cooperative binding behavior was
again found. Using confocal fluorescence microscopy, the uptake
of bare FePt nanoparticles by cells was compared to that of FePt
NPs carrying a transferrin or HSA corona. The results revealed that
the protein corona leads to a clear reduction of the amount of NPs
on the cell surface and in the intracellular space. In a subsequent
study [41], the Nienhaus group used dual-focus fluorescence
correlation spectroscopy (2fFCS) to analyze the adsorption of three
human blood serum proteins (serum albumin, apolipoprotein
A-I and apolipoprotein E4) onto polymer-coated, fluorescently
labeled FePt nanoparticles (~12 nm) carrying negatively charged
carboxyl groups on their surface. Formation of a protein corona
was observed for all three proteins. The apparent binding affinities
were observed to span over almost four orders of magnitude
ranging from 0.021 µM for ApoE4 over 9.9 µM for HSA to 140 µM
for Apo A-I.
An intriguing novel aspect of this work is that they were also
able to deduce the specific orientations of the corona proteins.
The absolute increase in hydrodynamic radius was found to be
well correlated with the molecular shapes of the proteins, as
known from X-ray crystallography and solution experiments. This
behavior is explained in terms of the electrostatic properties of
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the proteins. From structure-based calculations of the surface
potentials, positively charged patches of different extents can be
revealed, through which the proteins interact electrostatically with
the negatively charged NP surfaces.

32.2.3

Dependence on Surface Functionalization

Furthermore, the influence of the chemical surface composition
of the NPs on the corona formation is an important issue. The
physical and chemical nature of the NP surface controls the type
of biomolecules interacting with it and also the efficiency of this
interaction. Therefore, it is of paramount interest to identify the
NP surface properties that enhance or decrease their ability to
interact with proteins since these parameters mediate their access
to cells. Another important aspect in understanding the influence
of the protein corona on NP uptake is the time evolution of the
corona during blood circulation of intravenously administered
NPs [42–44].
In order to reveal the underlying aspects, Treuel et al. used
circular dichroism (CD) spectroscopy to study the thermodynamic
and structural aspects of the NP protein interactions [45]. A
fundamental aspect of this work has been the elucidation of the
influence of the surface composition of NPs on their interaction
with proteins. They determined dissociation constants for the
interaction of serum albumin with citrate coated silver and gold
NPs as well as PVP coated silver NPs and polystyrene NPs. Their
results show apparent binding affinities stretching over three
orders of magnitude depending on the surface composition of
the nanoparticles. Their data underline the importance of the
original surface functionality of the nanoparticles but, more
specifically, they demonstrate how important the persistence of
this original functionalization may be for shaping the in vivo protein
corona.
It has been pointed out, that the surface properties of NPs
can influence their cytotoxicity as well as their intracellular fate
[46]. Moreover, it has been suggested that the corona constituting
proteins may be subjected to NP influenced transport across
membranes, bringing them into biological entities that they would
not normally reach [18]. First correlations between protein corona
formation and biological behavior have been shown; for example,
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it has been demonstrated that immunoglobulin binding leads to
particle opsonization promoting receptor-mediated phagocytosis
[36]. The dependence of the cytotoxicity of NPs on size [37] and
surface coating [38–40] has been described in the literature
[52–55] and it has also been shown that NPs can translocate from
the tissue where they have been absorbed to other target tissues
adding further complexity [52, 55, 56].

32.3

Transfer of Nanoparticles Across
Membranes and Cellular Uptake
Mechanisms

The cell membrane (plasma membrane) forms an effective barrier
between the cytosol and the extracellular environment. It shields
the cell from the outside but also serves as an active interface
to transmit forces, electric signals and chemical stimuli. It is
selectively permeable for ions and organic molecules and controls
traffic through a variety of active and passive routes that allow the
exchange of substances varying in size, shape, charge, and chemical
composition. Structurally, the plasma membrane self assembles
into a bimolecular thin sheet that mainly consists of a lipid bilayer
composed of phospholipids, sphingolipids, steroids and embedded
as well as surface bound proteins. Cell membranes are often
decorated with a glycocalyx, which serves as attachment site for
the cytoskeleton and the extracellular matrix.
Membranes are involved in a variety of processes such as cell
adhesion, migration, signaling, and ion conductivity (transmission
of nerve impulses). Also on the cytoplasmic side, the cell membrane
is interconnected to the cytoskeleton. Fungi, bacteria and plants
possess an additional cell wall, which provides mechanical
strength through a powerful scaffold composed of a meshwork
of carbohydrates such as cellulose. Figure 32.5 shows the typical
structure of a eukaryotic plasma membrane surrounding a cell.
Transfer of molecules or cargo of any kind across the membrane
can be either passive, without consumption of chemical energy,
or active, requiring the cell to expend energy. Electrochemical
gradients are responsible for the necessary thermodynamic forces
to permit exchange of molecules across the bilayer. Water as well
as gases such as oxygen or carbon dioxide can move across the
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plasma membrane by osmosis (gradients) and diffusion. Small
molecules such as saccharides and amino acids enter the cell
through mediated transport involving specialized transporter
proteins that may or may not require any additional chemical
energy from hydrolysis of ATP or can use co-transportation with
another molecule. Larger objects such as nanoparticles, however,
require different entry routes, all of which belong to the process of
endocytosis.

32.3.1

Endocytosis

A more versatile route that allows a cell to internalize material of
larger size by engulfing the cargo is endocytosis [57]. Endocytosis
plays a pivotal role in regulating processes such as signaling cascades,
mitosis, antigen presentation, and cell motility. Additionally, some
pathogens are capable of hijacking specific endocytic routes to
manage their internalization into cells by being wrapped with
a membrane. Although the type of cargo is often known, it is less
clear how these cargos are recruited and internalized. A large
variety of different routes of endocytic uptake into cells exist as
schematically depicted in Fig. 32.6.
In general, the membranes form a small invagination, which
essentially wraps the cargo to be internalized. The deformation
then pinches off from the membrane on the inside of the cell
by creating a vesicle that contains the captured cargo. Model
substances and inhibitors have been used to characterize routes
of uptake [58–60] but many of the components like various
receptors, dynamin, or cytoskeletal components are crucial in
different pathways [61]. Therefore, endocytotic pathways could
be thought of as a network where proteins can act on different
pathways. The cargo is still shielded from the cytosol and
usually resides in late endosomes or lysosomes. Endocytosis
comprises a variety of pathways for internalizing solid particles
such as phagocytosis (larger molecules or solid particles such
as nanoparticles) or pinocytosis (smaller molecules). Formation
of endocytotic vesicles generally requires chemical energy and
therefore belongs to active transport.
Among the various endocytotic routes the most prominent
and best understood one is the clathrin-mediated endocytosis
(CME).

Figure 32.5 Schematic illustration of a eucaryotic plasma membrane (from Scientific American, 1985, 253, 86–90, with
permission).
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Figure 32.6 Possible endocytic pathways (adapted from Doherty and
McMahon [57]). The scheme also shows relevant transmission
and scanning electron micrographs, and fluorescence
micrographs of typical structures that are known to be
involved in the corresponding endocytotic events.

Clathrin-mediated endocytosis

A large number of membrane proteins and nanomaterials enter
cells by CME [57, 62] (cf. Fig. 32.7). For example, receptors
recognizing ligands required for growth such as transferrin or
most prominently low-density lipoprotein are constantly
internalized by this pathway. The process is characterized by
sequential assembly of proteinaceous coat components to form a
clathrin-coated pit at the cytosolic leaflet of the plasma membrane.
The internalized receptors interact with adaptor proteins and form
clusters into the growing coated pit. The adaptors crosslink the
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membrane bound receptors to clathrin forming the outer layer
of the coat. Clathrin forms a triskelion shape composed of three
clathrin heavy chains and three light chains. Coated vesicles at
minimum consist of 60 triskelions assembled into 20 hexagons and
12 pentagons forming a polyhedral lattice to ensure the required
membrane curvature. Clathrin co-assembles with accessory and
regulatory molecules, cargo proteins, and adaptors forming a
growing coated pit that eventually invaginates into the cytosol.
Finally, the membrane neck, which attaches the coated vesicle still
to the plasma membrane, is pinched off to form a closed coated
vesicle that enters the cytosol. The coat is recycled and the cargo
bearing vesicles enter the next stage, the endosome.

(a)

(b)

(c)

Figure 32.7 Clathrin-mediated endocytosis [62]. (a/b) EM micrographs
showing clathrin-coated pits and coated vesicles. Scale bars:
50 nm (a) and 33 nm (b), respectively. (c) High resolution
map of a hexagonal in vitro clathrin barrel assembled from
purified clathrin and AP2 complexes. The middle and right
panels show schematic views of the clathrin cage and the
organization of the triskelion, respectively.
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The diversity of cargos and adaptors as well as accessory
proteins allows to internalize a large variety of nanomaterials
differing in size, shape and surface functionalization. In some cells,
the type of cargo may be restricted, while at synapses more than
20 different cargos are packaged in the same vesicle [57].

Caveolin and flotillin-associated endocytosis

Caveolae are small membrane invaginations that participate
in membrane trafficking and endocytosis [57]. Caveolins are
proteins that play a major role in the formation of the caveolae
membranes. They act as scaffolding proteins to generate caveolae
microdomains, which constitute a special kind of membrane rafts.
There are three mammalian caveolin proteins known, named
calveolin 1–3. One hundred to two hundred caveolin 1 molecules
are usually found in a single caveolae microdomain. Caveolin-3 is
muscle specific, while caveolin-1 and -2 are found in non-muscle
cells with the exception of neurons and leukocytes that apparently
lack caveolae [57, 62].
Homologous flotillin is not enriched in caveolae but form
oligomers in distinct membrane microdomains suggesting that
they may play a role in the ordering of lipids in an analogous
manner to caveolae. Flotillins are also palmitoylated and form a
hairpin structure in the membrane as reported for caveolin.

Internalization of larger volumes: macropinocytosis

The mechanisms described in the preceding sections limit the
size of cargo to a few 100 nm and can therefore be categorized
as pinocytic [57]. An additional pathway, cholesterin-dependent
macropinocytosis describes a form of larger-scale internalization
that frequently involves protrusions from the plasma membrane.
These protrusions subsequently fuse, which results in the uptake
of extracellular components trapped inside (Figs. 32.6 and 32.8).
Macropinocytosis is both rac 1 and actin dependent, and is
associated to the ability to form membrane ruffles. Although this
is a well-known morphological process, the involved molecules
and regulation remain largely unexplored. Phagocytic cells like
macrophages, monocytes, or neutrophils, are dependent upon
small G proteins for their clathrin-independent internalization of
opsonized particles [57].
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(a)

(b)

Figure 32.8 (a) Dark-field image of 1 μm thick slices of cells after
spherical gold nanoparticles (s-GNP) incubation for 20 h,
showing aggregates (yellow and orange) or single spherical
GNPs (green) within cell boundaries. (b) TEM image of
s-GNP treated cells depicting macropinocytosis of singular
particles and aggregation inside early endosomes [66].

32.3.2

Nanoparticle Entry into Cells

Surface chemistry, particle size and shape govern the uptake
efficiency of nanomaterial as well as the route to cross the plasma
membrane or enter into the cell. While qualitative observations
show that in most cases nanomaterials are contained within
vesicular structures and cannot cross cell membrane barriers
directly, like some peptides can, the uptake kinetics, amount, and
mechanism depend on a variety of factors such as purity of the
nanomaterial, incubation conditions, type of cell and treatment,
and naturally the type of nanomaterial [63]. The endocytotic
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pathway largely determines whether the particle enters the
cytosol or remains encapsulated into late endosomes or lysosomes.

Dependence on particle size and shape

Chithrani et al. investigated the uptake of 14, 50, and 74 nm
gold nanoparticles into HeLa cells and found that the kinetics of
uptake as well as the saturation concentration varied with particle
size [64]. It turned out that 50 nm sized particles were the most
efficiently consumed by the cell suggesting an optimal size for
efficient nanomaterial uptake into cells. This was also theoretically
proposed by Suresh and coworkers for receptor-mediated
endocytosis [65]. An optimal size of 25 nm in diameter was found
for spherical particles. Besides receptor diffusion, membrane
curvature and lateral tension as governed by the attachment of the
membrane to the cytoskeleton, are decisive for uptake efficiency.
Tarantola et al. found that uptake efficiency as well as cytotoxicity
is enhanced for spherical gold particles compared to rod-like
shaped particles of comparable size [66]. Other studies confirm
that nanoparticle size strongly affects the binding and activation of
membrane receptors and subsequent protein expression [67, 68].
The size largely determines the pathway since CME and caveolae
do not work for particles larger than 200 nm. Macropinocytosis is
a likely path for larger particles to enter cells.

Dependence on surface functionalization

Typically, incubation of nanomaterials with cells in culture
media results in non-specific adsorption of serum proteins (cf.
Section 32.2) on their surface that might facilitate the entry
of nanoparticles into cells via receptor-mediated endocytosis.
Apart from the size of nanoparticles, their surface chemistry/
amphiphilicity determines the amount of adsorbed serum
ingredients, mainly proteins (opsonins) [63]. Binding of these
opsonins to the surface of nanoparticles is called opsonization
and is largely responsible for the in vivo fate of nanoparticles [63].
Neutral surface coatings such as polyethylenglycol (PEG) diminishes
opsonization and therefore heavily reduces uptake efficiency.
Tarantola et al. recently showed that PEGylated gold nanoparticles
do rarely enter cells compared to CTAB (cetyl-ammonium bromide)
coated ones [69]. The molecular architecture is also important

Trafficking and Intracellular Distribution of Nanoparticles

as it was shown that particles exposing most of the PEG moiety to
the surface resulted in less protein binding and cell interaction,
even with a relatively smaller overall PEG content.
While neutral functional groups largely prevent unwanted
nanomaterial-cell interactions, most charged, particularly positively
charged, functional groups are responsible for active nanoparticle
interaction with cells [63]. Already subtle changes in surface
functionalities, surfactant used and surface ligand arrangement
can lead to varying amounts of cellular internalization [70, 71].
Even negatively charged particles are internalized by cells despite
of the unfavorable interaction between the particles and the
negatively charged plasma membrane. Since positively charged
particles possess the greatest efficiency in cellular internalization,
they build the primary platform for synthetic vehicles for drug and
gene delivery. A strong correlation between the amount of
positive charge and internalization into cells emphasizes the
importance of surface charge for efficient particle uptake [63].
It is also widely accepted that small cationic particles hijack the
clathrin-mediated endocytosis pathway to enter the cell.
Nanoparticles with the same zeta potential may be taken up
by different pathways. Nanoparticles with a positively charged
cationic surfactant and with amino-functionalization of the polymer
were investigated and compared to nanoparticles with only the
positively charged cationic surfactant [72]. Only the amino
functionalized particles followed the clathrin-mediated endocytosis
pathway. For negatively charged nanoparticles with anionic
surfactant +/- carboxyl groups a similar dichotomy was observed
[73]. Nanoparticles with covalently bound carboxyl groups on
their surfaces strongly preferred clathrin-mediated endocytosis,
whereas a large fraction of nanoparticles coated with physically
adsorbed anionic detergent were taken up by macropinocytosis.

32.4

Trafficking and Intracellular Distribution
of Nanoparticles

When studying the details of interaction of nanoparticles with
cells and their effects on the biological system it is imperative to
know whether (i) the nanoparticles are indeed taken up by the
cells, (ii) what the trajectories of this uptake look like, (iii) what
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fraction and/or amount of nanoparticles is internalized and,
finally, (iv) how are the nanoparticles distributed throughout
the cell. As will be shown below, special techniques have allowed
detailed insight into the interaction between NPs and cells.
The dynamics of internalization and the intracellular distribution
of a specific nanoparticle type probably correlate with its
toxic potential. Therefore, such studies can help to predict
the biocompatibility and/or adverse effects associated with
nanoparticle exposure to cells.
Fluorescence microscopy-based techniques are a powerful
tool to answer such questions. By using fluorescence-labeled
nanoparticles in combination with specific staining techniques
of cellular structures, the interactions of nanoparticles with cells
can be directly visualized employing fluorescence microscopy. For
example, single particles can be followed during their pathway
into the cell. For this purpose, the time-dependent movement
of nanoparticles approaching and penetrating into the cells is
recorded by fluorescence techniques in live-cell imaging. The
positions of the particles are determined for a series of consecutive
frames in time, resulting in detailed trajectories of their movements.
Following these methods, information about the location and
velocity of single nanoparticles on their way into and throughout
the cell can be obtained with unprecedented precision [74].

32.4.1

Particle Dynamics

A typical trajectory of a nanoparticle that is taken up by a cell
can often be divided into three different phases [75]. In phase
I, the nanoparticle attaches to and moves with the cell membrane
by forming an endocytotic vesicle (cf. Section 32.3). This phase is
characterized by slow directed motion with an additional diffusion
component. After this first phase of uptake, the vesicle including
the particle pinches off of the cell membrane and is released into
the cytoplasm. Phase II is characterized by a mixture of free,
anomalous, and also confined diffusion. Free diffusion is often
hindered by the local micro-environment such as the cytoskeleton
and large cell organelles. Phase III is distinguished by a longrange active transport of the particle, located inside the vesicle,
throughout the cell. This transport is mediated by motor proteins,
which travel along the cellular microtubules with velocities up to
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(a) (a)

(b)

4 µm/s. This three-phase behavior is characteristic for particle
uptake and can be found for many particle types while the relative
duration and the order of appearance of phases II and III can
vary [75, 76].

(b)

(b)

Figure 32.9 Trajectory of 310 nm SiO2 single nanoparticles during uptake
by a HeLa cell. (a) Plasma membrane and nuclear outline
of a HeLa cell. Selected trajectories of nanoparticles
interacting with the cell are visible. The trajectories were
recorded during 5 minutes. (b) Nanoparticles internalized
by endocytosis typically present a three-phase behavior.
The initial point of the NP is indicated by the arrow. During
phase I (in cyan), the particle attaches to the cell membrane
and is slowly transported. Once the particle is inside the cell,
phase II and phase III can occur in alternate orders. In the
present case, just after entering the cell, the particle inside
an endocytic vesicle undergoes a long-range active transport
and is rapidly moved with motor proteins along microtubules,
characterizing a phase III (in red). Stop and go movements
for binding and unbinding of motor proteins to microtubules
is also typical and can be seen between the red traces.
Next, the particle enters in phase II (in blue), where free,
as well as anomalous and confined diffusion describe the
particles movement.

Figure 32.9 exemplifies the trajectories of 310 nm SiO2
particles in a living cell using fluorescence microscopy detection.
Figure 32.9a displays the plasma membrane and the nucleus of
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a human HeLa (cancer) cell. In addition, selected trajectories of
single silica nanoparticles trafficking into and throughout the cell
are displayed as overlays. Particles 22, 16 and 13 are not localized
inside the nucleus, as could be suggested by the two-dimensional
image, but rather are located above the nucleus. The detailed
movement of particle 3 is depicted in Fig. 32.9b. Its tracking lasted
5 minutes and started when the particle was about to be
internalized (indicated by an arrow). During phase I (in cyan) the
particle moves with slow diffusive drift and is finally internalized
via the membrane. Thereafter, the particle is rapidly transported
(in red) inside an endosome by motor proteins, characterizing
phase III. The particle stops, diffuses for a while (in blue) and is
actively transported again (second trace in red). Finally, the particle
enters phase II (in blue) and starts moving, mostly by anomalous
and confined diffusion, as intracellular structures hinder free
diffusional movement.

32.4.2

Fractional Particle Uptake

In addition to the detailed dynamics of internalization, the
number of particles taken up by an individual cell is of substantial
toxicological interest since cytotoxicity is a concentration-dependent
effect. However, because of their tiny size nanoparticles are not
easily detected. Cells are roughly 50 µm in diameter and can be
visualized by a standard light microscope. Intracellular structures
and nanoparticles, on the other hand, are very small and require
special techniques for their visualization. Electron microscopy
(EM), for example, allows direct imaging with high resolution
and is capable of resolving individual particles. Furthermore, it
can be used to study the subcellular localization of particles [4].
However, EM is usually laborious and in any case cannot be
employed on living cells.
A novel method to quantify the uptake of nanoparticles by
cells is dual-color confocal fluorescence microscopy with an
intensity-based approach (Fig. 32.10 [78]). In this method, both
the nanoparticles and the cell membrane are identified by different
fluorescent dyes. When excited by laser light each dye emits in
a specific range of wavelengths, which can be separated and
visualized in individual detection channels. The confocal image of
the stained cell membrane (Fig. 32.10a) is used to segment the
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(a)

(b)

(c)

Figure 32.10 Quantifying the internalization of nanoparticles by individual
cells. (a) Representative confocal image of a HeLa cell with
stained membrane. (b) The position of the cell membrane is
automatically detected and employed to segment the region
of interest corresponding to the cell. These outlines can be
shrunk to freely chosen distances (1.0 µm in this case) to
define the enlarged membrane region. The image of the
fluorescence-labeled nanoparticles is segmented accordingly
(yellow outlines). This procedure occurs throughout the
image stack, leading to a 3D reconstruction. (c) Nanoparticles
are assigned to different regions and color-coded according
to their location: inside the cell in green, within the enlarged
membrane region in cyan, and outside the cell in gray.
The plasma membrane appears in magenta. An automatic
quantitative image analysis procedure computes the
fluorescence intensities associated with NPs in different
regions and calculates the percentage of internalized particles.
Scale bars = 10 µm.

cellular volume and to delineate the enlarged membrane region
(Fig. 32.10b). This segmentation is transferred to the image of
the fluorescence-labeled nanoparticles, which are then classified
according to their location, i.e., inside the cell or in the membrane
region (Fig. 32.10c, in green and cyan, respectively). The extent
of internalization of particles is then assessed by comparing the
total fluorescent signal of nanoparticles in the two cellular regions
(Fig. 32.10b,c). The total intensity in each region is proportional
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to the number of nanoparticles that they contain. Therefore, the
ratio between particles numbers inside the cell relative to all
particles reveals the fraction of internalization. High ratios indicate
cells that are very active in incorporating foreign material, whereas
low values are indicative for low activities.

32.4.3

Subcellular Distribution of Nanoparticles

The final fate of nanoparticles in the cell provides important information on how the particles interact with the cell. Furthermore, a
clear relation between the subcellular distribution of nanoparticles
and their cytotoxicity has been reported [79]. Figure 32.11 shows
representative cross section images of HUVEC (primary human
vascular endothelial cells) and HeLa cells. Both cell types have been
incubated for 2 hours with 310 nm silica particles in a cell culture
well. The particles color-coded in cyan are located in the membrane
region, whereas those in green are inside the cell.
(a)

(b)

Figure 32.11 Uptake of 310 nm SiO2 nanoparticles by cells. (a) HUVEC and
(b) HeLa cells were incubated for 2 hours with 51 µg/mL of
silica nanoparticles. Both panels on the left (in gray scale)
show differential interference contrast (DIC) images of the
representative cells. The right panels show the internalization
and distribution of particles. The membrane was stained
with CellMask™ Deep Red and appears in magenta. The
nanoparticles, labeled with perylene, appear in green when
inside the cell, in cyan when in contact with the membrane,
and in grey when outside the cell. White spots inside the
cell are co-localization points between stained vesicles
formed from the membrane and nanoparticles. Scale bars =
10 µm.

Impact of Nanoparticles on Biological Functions

Intracellular trafficking of nanoparticles is related to the
mechanism of cellular uptake. Different cell types have distinctly
different functions and therefore the entry, fate and effect of the
same nanomaterial in different cells may be quite different. On
the other hand, cells of the same type may respond differently to
nanoparticles with different chemical composition, size, surface
functionalization, etc.
In a recent study by Brandenberger et al. [80] 15 nm gold
NPs were functionalized either with citrate anions or with
polyethylene glycol (PEG) and allowed to internalize in human
alveolar epithelial cell (A549) during 1, 4 and 24 hours. The
intracellular distribution of these particles was analyzed by
stereology on transmission electron microscopy. It was found
that both particle types were distributed in a non-random way
with most of them localized inside vesicles of different size. This
indicates a predominant uptake by an endocytotic mechanism.
However, some nanoparticles were also freely located in the cytosol,
with significantly more PEG-coated nanoparticles in this region.
Moreover, from the differences in the distribution of particles in
large vesicles after inhibition of clathrin- and caveolin-mediated
endocytosis, it became clear that the coating of the nanoparticle was
a decisive factor to modulate the uptake and trafficking of the two
gold NP species.

32.5

Impact of Nanoparticles on Biological
Functions

Similar to pathogens, organic or inorganic matter, the skin,
the respiratory system as well as the gastrointestinal tract are
considered the main routes by which NPs may access the body
[1–4]. The majority of nanomaterial-based biomedical applications,
on the other hand, is expected to be applied parenterally, i.e.,
through the blood system, and hence will be translocated also
to the liver and kidneys, where they may be stored or excreted
[5]. Whereas the undamaged skin is a rather effective barrier to
prevent NP entry (cf. Section 32.7), the large surface area together
with their specialized physiological functions mark the lung (cf.
Section 32.6) and the gastrointestinal tract as the prime targets
for nanomaterials [81].
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32.5.1

Interactions of Nanoparticles with Cells

As a result of an increased use of nanomaterials biologically different
cell types will thus be frequently exposed to a wide variety of NPs.
The fundamental understanding of the NP-cell interactions therefore
necessitates a thorough mechanistic knowledge of nanomaterialinduced effects on cells. This problem is far from being solved,
as numerous ambiguous findings have been reported, based
on animal models and/or experiments with cultured cells [1, 9,
82, 83].
The assessment of NP-induced effects and thus, NP safety, is
complicated due to a large variety of the physicochemical parameters
of the NPs (diameter, surface charge, surface topography, surface
area, surface coating, etc.) (Fig. 32.12), type and conditions of assay
used, as well as of the cell type employed in mono- or co-culture test
systems [84]. In most cases such efforts have evaluated NPs based
on a single cell line, restricted to only a few different NPs, and by
using a limited number of assays. Consequently, a direct comparison
and knowledge-based discussion of the results between different
studies is currently almost impossible. Nevertheless, several
common features and biological reactions occurring at the nanobio interphase have been recognized.

Figure 32.12 Physicochemical parameters of NPs that affect the
biodistribution and nano(patho)biology of nanomaterials.

Along their life cycle, NPs can exert distinct effects on the
cellular components of the respective organs including:
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• the release of ions with potential interactions with defined
metabolic pathways in the cell
• the interactions with macromolecules localized on the cell
surface
• the specific interactions with cellular structures.

To understand the impact of NPs on biological functions of
cells, special attention is given to the interactions with the cell
surface [85], where the plasma membrane of eukaryotic cells
plays a distinctive role. This membrane represents a very effective
cellular barrier, protecting the cells from damage and allowing
the permeation of only small, uncharged molecules. In contrast,
larger molecules are only capable of entering the cell via defined
channels and membrane transporters. Therefore, the mechanisms
of how synthetic NPs can enter the cells are intensively studied
(cf. Section 32.3).
One of the main mechanisms by which cells internalize NPs is
endocytosis. This mechanism is known to be an energy-dependent
process by which NPs are engulfed into intracellular vesicles
(endosomes), which transfer their cargo into the interior of the
cell [2]. Different mechanisms of endocytosis have been described
so far [86], and there is increasing evidence that NP can enter the
cells by different routes at the same time [87]. Moreover, different
cell types may exhibit different uptake mechanisms and even a
single cell type may differ in its ability toward endocytosis in the
course of its cell cycle [88].
In contrast to the internalization of NPs into the cell in
endosomes via endocytosis, NPs can also be delivered directly
to the cytosol when coated with cationic molecules or with cell
penetrating peptides as typically found in viruses. In this case, they
can directly enter the cell by inducing transient holes, which are
associated with strong cytotoxic effects. Also, the presence of NPs
in the cell nucleus has been reported after functionalizing them
with nuclear translocation sequences [89–91]. Notably, Verma et al.
[92] showed that NPs coated with sub-nanometer scale striations
of alternating anionic and hydrophobic groups penetrate the
cellular membrane without bilayer disruption, whereas NPs with
a random distribution of the same moieties were mostly trapped
in endosomes. Investigations of this kind are expected to provide
more specific insight into the fundamentals of the uptake of NPs
by cells.
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The main interferences of NPs with the subcellular metabolic
pathways were shown to be associated with the generation of
radicals that induce damage on the protein, lipid or nucleic acid
level. The cellular response is the induction of apoptosis
(programmed cell death) or necrosis (dead of a cell by injury or
other pathologic factors). One example is the exposure of carboxyl
polystyrene NPs to endothelial cells [93].
In addition to elucidating potential cytotoxic effects on cells,
NP-mediated approaches for defined therapeutic applications are
becoming increasingly common. For instance, in the delivery of
encapsulated anti-cancer drugs NPs coated with cationic bovine
serum albumin were shown to bypass the blood brain barrier [94]. NPs
decorated with aptamers targeting nucleolin were found to accumulate
in gliomas, where nucleolin is highly expressed on the tumor cell
surface as well as on proliferating endothelial cells [95]. Also
transferrin-appended PEGylated NP are able to pass the bloodretinal barrier in a size dependent manner [96].
In order to understand how NPs interact with cellular systems,
the precise detection and localization of intracellular particles is
of fundamental importance. Since the identification of NPs within
cells represents a challenge due to their small size, different
visualization techniques to detect either fluorescently labeled
NPs and/or electron dense NPs have been established [97–99].
Using the triple cell co-culture model of Rothen et al. the
distribution of NPs between different cell types, as well as within
different cell compartments, can be analyzed. The translocation
of smaller polystyrene NPs into different cell types, however,
differs from that of their larger particle counterparts [100]. The
enlargement of the apical plasma cell membrane in epithelial cells
depends on the particle surface area with only particles of 1 μm
diameter inducing an enlargement, whereas NPs do not [101].
In addition, it was reported that titanium dioxide NPs are able to
cross cellular membranes in a rat lung exposure model by
mechanisms that did not involve commonly known phagocytotic
mechanisms [102]. A small fraction of titanium dioxide NPs is
rapidly transported from the airway lumen into the connective
tissue and subsequently released into the pulmonary circulation
[103].
The focus of several on-going projects is to investigate cellular
trafficking, the relative intracellular particle distribution of
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different NPs, and also whether these aspects are related to any
potential adverse health effects. In an initial project, fluorescently
labeled iron–platinum NPs with a polymer shell were used [104].
A gold core coated with the identical polymer shell (Au-NP) was
also included. Utilizing laser scanning and electron microscopy
techniques, it was observed that the iron-platinum NPs penetrated
all three cell types investigated, but to a higher extent in MDM
and MDDC than in epithelial cells. Co-localization was detected by
laser scanning microscopy (LSM) in lysosomes, but not for
mitochondria or the cell nuclei. By comparing different NP
types with the same polymer shell, it was observed that NPs
combined with these shells were responsible for triggering proinflammatory effects, but not the shells alone. Based on these results
it was concluded that the uptake and pro-inflammatory response
generated by NPs depends upon incubation time, cell type, and cell
culture conditions.

32.5.2

Impact of Gold NPs on Cells

Gold NPs have gained increased attention in recent years, mainly
because of their versatile use in biological applications. For
instance, they have been shown to be promising candidates for the
use as transfection vectors [105–107], as spectroscopic markers
[108–110] or as protein inhibitors [111]. Concerning biomedical
applications, gold has been used in humans for many years, e.g.,
in teeth implants or in cancer treatments [112, 113]. From the
biotechnical point of view, gold NPs are comparatively stable [114].
The synthesis procedure [115] and the coupling of target-specific
ligands is comparatively easy to accomplish [116–118].
Gold NPs seem not to be cytotoxic per se [119]. For example,
no changes in gene expression patterns were seen after the
exposure of HeLa cells to gold NPs of 18 nm in diameter. In
contrast, a cytotoxicity of gold NP can be induced by distinct groups
that are conjugated to the NP surface. A prominent example is the
cationic micellar surfactant cetyl-trimethyl-ammonium bromide
[119–121]. In this case rapid non-specific cellular uptake and
internalization triggered by the cationic NP surfactant was observed.
Moreover, these effects were accompanied by distinct cytotoxic
effects.
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In relation to the mechanisms of cell entry, gold NPs have been
shown to be internalized via the clathrin-mediated endocytosis
pathway, particularly when they are modified with transferrin.
When modified with cell penetrating peptides, on the other hand,
uptake is strongly dependent on its surface properties. In terms
of the ultimate intracellular destination the NPs, extremely small
NPs (2.4 nm) were shown to localize in the nucleus, larger ones
(5.5 to 8.2 nm) predominately in the cytoplasm with a perinuclear
distribution pattern, whereas gold particles larger than 16 nm do
not enter the cell at all [122]. Moreover, there seems to be a cell
specific response in the uptake of non-functionalized gold NPs,
as has been shown by Patra et al. [123].
Stiffness changes in cells were also reported after exposure
to gold NPs. In this case, spherical gold NPs showed a more
pronounced response compared to rod-shaped particles with the
same surface chemistry. Generally, the cells become considerably
stiffer with increasing particle concentration until the lethal dose
leads to necrosis and loss of cell integrity [124]. In relation to
pathobiological cellular responses, gold NPs reduce macrophage
populations with a concomitant increase of the size of these cells.
In contrast to silver NPs they were not shown to induce the
expression of pro-inflammatory genes and the tumor necrosis
factor alpha (TNF-a) [125].
In another project, intracellular deposition of gold NPs with
different surface coatings (plain or polyethylene glycol (PEG))
within different cellular compartments relative to their size was
investigated in A549 lung cells [126]. The analysis revealed a
significant, non-random intracellular distribution for both types
of NPs. No NPs were observed in the nucleus, mitochondria,
endoplasmic reticulum, or Golgi apparatus. The cytosol was
not a preferred cellular compartment for both NP types, with
significantly more PEG-coated than citrate-stabilized NPs present.
The preferred particle localization occurred in vesicles of different
sizes.

32.5.3

Impact of Semiconductor Quantum Dots on Cells

Quantum dots (QDs) are increasingly used as an alternative to
organic fluorescent dyes for in vitro bio-imaging applications.
In contrast to organics QDs exhibit a larger photostability and a
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wider range of excitation and emission wavelengths. But
particularly in relation to both in vivo imaging and therapeutic
(e.g., drug delivery) applications, there is some concern about
possible cytotoxic effects on living cells and organisms [127]. These
deleterious effects are being associated with the metallic
(particularly Cd) components of the NP core and the release
of cytotoxic ions [128]. It was also shown that the size of QDs
contributes to their subcellular distribution and that defined
drugs, such as the antioxidant N-acetylcysteine, can alter QDassociated cytotoxicity [129].
Regardless of their potential cytotoxicity, the use of QDs as
potential tools for intracellular imaging and localized release of
drugs by design of multivalent and endosome-disrupting surface
coatings is being elucidated. In this context, it was shown that
the number of PEG grafts per molecule has an influence on the
intracellular pathways of QDs after internalization. When coated
with PEI-g-PEG [130], QDs are rapidly internalized via endocytosis
and stored into vesicles followed by a slow release into the
cytoplasm [131].

32.6

Uptake of Nanoparticles by the Lung

The respiratory tract has a large internal surface area (>150 m2)
and a very thin air-blood tissue barrier (<1 µm) [132, 133], both
of which are essential for an optimal gas exchange between the
air and blood by diffusion. The respiratory tract can be sub-divided
into functionally and structurally distinct regions [133, 134]. Most
proximally is the extra thoracic region, consisting of the nasal cavity,
mouth, pharynx, and larynx, followed by the tracheo-bronchiolar
region, consisting of the trachea, main bronchi, bronchi and
bronchioles including the terminal bronchioles. The main tasks of
this region are air conditioning and air conduction. Ambient air is
efficiently modified and cleansed of much of the larger particulate
material by mucociliary activity (fast particle clearance) before
being conducted deep into the lungs. The tracheo-bronchiolar region
is followed by the proximal part of the alveolar-interstitial region,
consisting of the respiratory bronchioli with only a few alveoli, the
task of which is air conduction, a small amount of gas exchange
and slow clearance of particulate material. The distal part of the
alveolar-interstitial region consists of the most peripheral airways,
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the alveolar ducts with their “walls” completely covered with
alveoli (i.e., alveolar entrances), and the alveolar sacs (i.e., alveolar
ducts with alveoli closing the end of the terminal ducts) including
the interstitial connective tissue (Fig. 32.13). The main task of
this region is gas exchange of oxygen and carbon dioxide with the
blood [135].

Figure 32.13 Schematic illustration of an alveolus. The alveolo-capillary
barrier can be considered as one of the key targets of inhaled
NP leading to local or systemic effects. (i) The location
of alveolar epithelium beyond the mucociliary escalator
clearance mechanism of the conducting airways. (ii) The
impaired or less effective recognition of NP by alveolar
macrophages, the first line of defense against particulates
that have escaped the mucociliary escalator. (iii) The
relatively large alveolar epithelial surface area estimated at
100 to 140 m2. (iv) A thin cellular barrier from airspace to
capillary blood presented by the alveolar epithelial (type
I and type II) as well as the pulmonary capillary endothelial
cells.

Uptake of Nanoparticles by the Lung

A series of structural and functional barriers protect the
respiratory system against both harmful and innocuous particulate
material [136]. The barriers comprise the surfactant film [137,
138] the aqueous surface lining layer including the mucociliary
escalator, macrophages (professional phagocytes) [139, 140], the
epithelial cellular layer endowed with tight junctions and adherens
junctions between the cells [141, 142] and a network of dendritic
cells (DCs) inside and underneath the epithelium [143, 144].
In the respiratory tract, DCs crucially maintain the fragile
equilibrium between induction of tolerance against innocuous
substances, or mounting an active immune response against
a potentially harmful pathogen. Following antigen capture,
respiratory tract DCs revert from a so-called immature state (high
capacity for antigen uptake, low potential to stimulate T cells)
to a mature state (low capacity for antigen uptake, high potential
to stimulate T cells) while migrating to the draining lymph nodes
along a chemokine gradient [145, 146]. In lymph nodes, DCs are
able to initiate differentiation of naïve T cells into different effector
T cells through cognate interaction and by presentation of antigenderived peptides [147]. Besides the lung epithelium the basement
membrane [148], the connective tissue [149], and the capillary
endothelium [150, 151] serve as structural barriers.
Not only oxygen is inhaled with every breath we take, but
millions of particles enter the respiratory system as well. The
deposition of particles in the lung is size dependent. Besides the
geometry of the airways and the breathing pattern, the particle
size is important for deposition and clearance in the respiratory
tract.
Following inhalation, airborne particles deposit in the different
regions of the respiratory tract in a size-dependent manner [152,
153]. Larger particles (1–10 μm) preferentially deposit in lager
conducting airways (trachea, bronchi), whereas smaller particles
(i.e., NPs) localize to more peripheral lung regions (alveoli) [154].
Once deposited, particles interact with pulmonary surfactant and
are displaced by wetting forces into the aqueous hypophase [138,
155], where they can interact with pulmonary cells. Particles
are cleared by either phagocytosis through macrophages, by
mucociliary clearance within the conducting airways or by
translocation through the air-blood tissue barrier [156]. The
latter can lead to a systemic circulation of NPs that may result in
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a distribution of NPs to secondary organs. Depending on the
particle properties and the rate of clearance, interaction with lung
cells may cause a degree of inflammation or other potentially
adverse cellular effects [157].

32.6.1

Nanotoxicological Dynamics and Kinetics

It has been shown that particulate antigens <0.1 µm (i.e., NPs) are
able to cross the air-blood barrier of the lung and thus can enter
the circulatory system [158]. Concerning the human lung, however,
there is only one study that describes a rapid and significant
translocation of inhaled carbonaceous NPs to the systemic
circulation and other extra-pulmonary organs. Most other studies
have only been able to detect a low degree of translocation for
iridium [159] or carbonaceous NPs [160, 161]. NPs that have passed
through the epithelial and endothelial barrier are transported by
the blood circulation and have been reported to reach secondary
organs including the liver and the heart [162]. There is also evidence
that inhaled NPs can reach the brain [163, 164] by translocation
along, or in neurons from the nasal epithelium to the brain.
It is well known that NPs have the capacity to enter different
cell types [102, 165]. Once inside the cells, they may cause several
biological responses including the enhanced expression of proinflammatory cytokines [166], the generation of reactive oxygen
species (ROS) [176] and DNA strand breaks [168]. Furthermore,
it has been widely reported that in the mechanisms related to
adverse health effects following PM exposure, oxidative stress plays
a key role [169]. The combinations of these cellular responses
following NP exposure are interesting and deserve further research.
since the association between oxidative stress and inflammatory
responses are also widely described within the literature as
eliciting decreased cellular function [170–172], with the latter
strongly connected to the onset of adverse health effects [173,
174]. In addition, such effects have subsequently been associated
with the onset of genotoxicity (mutagenicity) and cancer [171, 175].
Cancer is known to occur as a result of a sequence of events that
include genetic alterations. DNA damage is considered an important
aspect of carcinogenesis, and therefore genotoxicity assays have
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been introduced to assess the potential carcinogenic risks posed
by poorly soluble particles such as diesel exhaust particles (DEPs)
as well as engineered NPs [176].
Despite the need to investigate such parameters and to
maintain a realistic aspect to nanotoxicological research, the
precise mechanisms of NP toxicology are still not fully understood.
Currently, the hypothesis that NPs induce adverse cellular effects
via oxidative means (oxidative stress paradigm) [175] is used
as a basis for many NP-based investigations. Recently, however,
additional paradigms have been suggested for NPs, such as the fiber
paradigm [177] and the theory of genotoxicity [178].
The fiber paradigm was recently, and perhaps most notably,
highlighted in the paper by Poland et al. [179] in which it was
shown that multi-walled carbon nanotubes caused an increased
granulomatous inflammation (granuloma formation) on the
peritoneal aspect of the diaphragm in vivo. This paradigm,
however, can only be attributed to nanofibers and especially those
relating to the specific characteristics of HARN (high-aspect-ratio
nanoparticles) [180]. Thus, the plethora of the availability of
spherical NPs is not consistent with this paradigm. Spherical NPs
may, however, in addition to the fibrous nano-objects fit into the
theory of genotoxicity. This theory has been based upon numerous
testing strategies using NPs > 100 nm in size, with a few actually
based on NPs < 100 nm: As a consequence an increased in-depth
research is required in order to fully comprehend the ability for
NPs to be genotoxic, mutagenic and potentially carcinogenic.

32.6.2

Cell Culture Models of the Human Epithelial
Airway and Alveolar Barrier

There are numerous different in vivo models that can be used
to evaluate the human pulmonary epithelial tissue barrier. They
range from simple mono-cultures [181, 182] to highly sophisticated
3D models, involving different cell types [183]. 3D models
represent a more realistic physiological situation [184]. Therefore
mono-cultures do not sufficiently fulfill the in vivo situation of the
airway epithelial barrier. The airway and alveolar epithelial barrier
consists of many different cell types including macrophages and
DCs, which directly communicate in vivo through intercellular
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signaling to control homeostasis [185]. It has been shown that
DCs and macrophages collaborate as sentinels against foreign
particulate antigens by building a transepithelial interacting cellular
network through cytoplasmic processes between epithelial cells
across the epithelium. Alternatively, they can transmigrate through
the epithelium in vivo and in vitro to capture particles present at
the epithelial surface [186, 187]. These findings showed that the
co-culture of different cells together can have a significant impact
upon study results.
In order to study the cellular interplay and cellular responses
following particle exposure, a triple cell co-culture model system
composed of cuboidal epithelial lung cells (A549 cells, resembling
human alveolar epithelial type II cells), monocyte-derived macrophages (MDM) and monocyte-derived dendritic cells (MDDC) has
been established (Fig. 32.14) [188]. In addition, another epithelial
cell-line was used, i.e., the 16HBE14o-human bronchial cells. This
model mimics the epithelial airway barrier and has been evaluated in terms of its functional relevance in vivo [189] and its use to
study the toxic potential of both particles and NPs [190]. In a recent
study, the triple cell co-culture model was also established using
primary alveolar type II cells isolated from human lung biopsies,
which differentiate in culture into epithelial type I cells, in order
to progress a step closer to the in vivo alveolar epithelial tissue
barrier [191].
(a)

(b)

(c)

Figure 32.14 LSM (laser scanning microscopy) images of the triple cell
co-culture model. Epithelial cells (white, transparent volume
rendering), MDM (red, surface rendering; black arrows),
and MDDC (light blue, surface rendering; white arrows)
are shown. The same data set is shown from top (a), from
bottom (b), and without epithelial cells from top (c) [82].

All in vitro models function at the air–liquid interface. This
allows the direct exposure of cells to an aerosol, thus representing
the realistic situation following inhalation [192, 193]. Cultures of
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lung cells at the air–liquid interface have been used to study the
exposure of engineered NPs such as cerium oxide [194], as well
as accidental NPs produced from scooter emissions [193] or from
the brakes of cars (i.e., brakewear particles) [195]. In all systems
it was shown that the handling and exposure procedures did not
induce any cytotoxicity.
It is important to study the cellular interplay and the specific
role of the cell type in its correct environment. Co-culture models
that utilize various different cell types therefore simulate the
in vivo situation more realistically. Thus, by the combination of 3D
cell culture models of the epithelial airway and alveolar barrier
tissue in conjunction with the use of dose-controlled air–liquid
exposure to various aerosols that are well characterized, an ideal
tool to study the possible toxic health effects of inhaled aerosols
on the lung is available.

32.7

Interaction of Nanoparticles with the Skin

As the human skin is not only exposed to a large variability of the
environment but also to a large number of xenobiotics, a strong
barrier is required. As long as the skin is healthy an intact barrier
is normally provided. As a consequence only small fractions of
the drugs and substances applied topically in dermatology and
cosmetics succeed in penetrating through the skin into living cells.
At present, three penetration pathways have been proposed,
of which the intercellular penetration within the lipid layers
around the corneocytes seems to be the most relevant. In recent
years, however, also the follicular penetration pathway was
shown to be of importance, in particular for fast penetration and
long-term storage [196–198] and especially for the penetration of
particulate substances [199, 200]. Already in 1967 Feldmann et al.
[201] observed that higher absorption rates occur in skin areas
with higher follicular closeness. Nevertheless, only in recent years
it was recognized that hair follicles, which represent invaginations
of the epidermis that extend deep into the dermis, provide a larger
area for potential absorption. Rare evidence, on the other hand,
exists in support of the transcellular penetration pathway [196].
Whereas a large number of methods is available for the
investigation of intercellular penetration, the analysis of follicular
penetration represents a challenge, as spatial resolution is required.
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Several advanced methods, however, have recently been introduced
to solve this problem, including laser scanning microscopy [202],
the selective closure of hair follicles [203], tape stripping combined
with staining methods for the detection of hair follicles [204], or
differential stripping [205]. The latter combines the conventional
stripping procedure with cyanoacrylate biopsies.

32.7.1

Follicular Penetration: A Phenomenon of Open
and Closed Hair Follicles

Penetration investigations using coated titanium dioxide
nanoparticles of approx. 100 nm in diameter, which are commonly
used as UV filter substances in commercial sunscreen products,
revealed an efficient follicular penetration after repeated
applications. Whereas the tape stripping technique indicated that
the particles were only located in the upper part of the stratum
corneum, Raman spectroscopic measurements revealed that for
the lower parts of the skin the particles were only localized in the
areas of the hair follicles, although only a certain number of hair
follicles contained particles [196]. Subsequent studies involving
maps of hair follicles showed that only active hair follicles that
display either sebum excretion and/or hair growth were open for
penetration. If the hair follicles exhibited none of these activities,
penetration was not observed [204].
These observations were incomprehensible at first glance, as
the substances only penetrated when a mass flow from the inside
to the outside (sebum excretion, hair growth) existed. The results
therefore suggest that the hair follicles are closed with a cover,
which opens by the inside-out mass flow, thus allowing topically
applied particles to penetrate into the follicles. The existence of
such a cover is supported by the investigations of Otberg et al.
[206] using optical coherence tomography (OCT) visualization.
According to this study the covers consist of shed corneocytes and
dried sebum. Investigations on the upper forearm revealed that
around 74% of the hair follicles were open for penetration.

32.7.2

Follicular Reservoir for Particulate Substances

As mentioned above hair follicles represent interruptions in
an otherwise highly tight skin barrier that may act as traps for
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topically applied particles [200]. The particles thus entrapped are
only depleted by slow processes, such as hair growth and sebum
flow, meaning that hair follicles represent a long-term reservoir
for particles. This is in contrast to the skin surface and the stratum
corneum where washing or textile contact lead to a rapid removal.
Previous studies revealed that the storage time of a particle in the
hair follicles was significantly longer (up to 10 days) in comparison
to the stratum corneum, where the particles were already removed
after 24 h [196]. Next to storage time, also the size of the follicular
reservoir is remarkable and has been underestimated for a long
time. Otberg et al. [207] determined the follicular morphology
in different body sites in humans and revealed that the highest
infundibular volume and thus potential follicular reservoir is
available on the forehead and the calf. The calculated follicular
volume of these two skin areas was as high as the estimated
reservoir of the stratum corneum.

32.7.3

Dependence of Particle Penetration on the
Particle Size

In recent years, substantial efforts have been made to use particles
as drug delivery systems in order to enhance penetration into
and through the skin [200]. In this context, hair follicles became a
focal point of interest since they represent very interesting target
objects. Not only that they are surrounded by a dense network of
blood capillaries and dendritic cells, they are also the host of stem
cells [200]. In association with the hair follicle, at least four target
sites of interest have been recently defined: the sebaceous gland,
the hair matrix cells and the bulge region, where the stem cells
are located, as well as the hair follicle infundibulum. Particularly
in the inferior part the latter provides an interrupted barrier
with increased permeability [208].
Follicular penetration represents a complex process, whose
effectiveness depends on a number of different factors including
follicular density and size, the activity status of the hair follicles
as well as the physicochemical properties of the penetrating
substance [208]. With regard to these properties, different particles
with variable properties concerning size, material of composition,
surface charge, and loading have been investigated.
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The common result from these studies is that follicular
penetration of particles strongly depends on their size [208].
Schaefer et al. [209] showed that particles <1 µm can be found
in the upper layers of the stratum corneum and in the follicular
orifices, whereas larger particles of 3–10 µm could be observed in
the follicular orifices only. Toll et al. [210] showed that particles
of 750 and 1500 nm penetrated deeper into scalp terminal hair
follicles than those in the size range of 3–6 µm. Lademann et al.
[199] compared the penetration behavior of particles of 320 nm
in diameter to non-particulate substances on porcine ear skin
in vitro and found a threefold deeper penetration into the hair
follicle for the particle-containing formulation, but only when
a massage was applied. Without massage similar penetration
depths were observed for both the particulate and non-particulate
substance. It was therefore concluded that massage seems to
stimulate the movement of the hair shaft inside the hair follicle
in vitro.

Figure 32.15 Histological section of a porcine hair follicle showing the
distribution of 320 nm polymer particles 30 minutes after
topical application.

In Fig. 32.15, a histological section of a porcine hair follicle is
presented. The corresponding biopsy was removed 30 minutes
after treatment with a formulation containing fluorescently labeled
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polymer particles with a size of 320 nm. The distribution of the
particles in the hair follicle is marked in red.
A further study showed that particles around 650 nm
penetrated deepest into the hair follicles, down to the bulge region,
whereas both, smaller and larger particles, showed significantly
lower penetration depths [200]. In Fig. 32.16 the penetration
depths of different sizes of silica particles as observed in porcine
skin [200] are depicted in relation to the target sites within the
human terminal and vellus hair follicles. The morphological data
of the hair follicles in this figure are based on the data of Vogt
et al. [211].
As different types of particles showed the same size dependent
penetration, independently of the material of composition, it has
been hypothesized that this observation may be explained by
a mechanical effect rather than an effect specific to particles. It
seems that the surface structure of the hair (Fig. 32.17) and the
hair follicle as determined by the thickness of the keratin cells
(around 530 nm in human hair and around 320 nm in porcine hair)
acts as a pumping system that pushes the particulate substances
into the hair follicles when the hairs are moving [212]. While
the movement of the hair occurs physiologically in vivo, it has
to be simulated in vitro by application of a massage [199]. The
studies also revealed that particles in the range of the thickness of
the keratin cells penetrate deepest. It was concluded that by
modification of the size of the particles, follicular penetration can
be influenced with regard to penetration depth. Hence, specific
follicular structures can be targeted selectively. This effect offers
a diversity of therapeutic and cosmetic options referring to
selective follicular targeting by topically applied particles [200].
Concerning long-term storage within the hair follicle, particles
were more favorable than non-particulate substances. Whereas
approximately 20% of particulate substances were still detectable
after 10 days within the hair follicle infundibulum, the nonparticulate substances were only traceable for four days [199].
The clearing of the hair follicle probably proceeds by means of
hair growth and sebum secretion. This is essential for practical
application, as an unlimited accumulation in the hair follicles
would induce inflammation and folliculitis.
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Figure 32.17 Surface structure of human hair obtained by electron
scanning microscopy.

32.7.4

Transfollicular Penetration of Particulate
Substances

The term follicular penetration is used as an umbrella term for
three different penetration options in which the topically applied
substance (i) penetrates into the follicular reservoir but does not
cross the barrier to reach the viable tissue, which is applicable for
most particulate substances, (ii) penetrates through the barrier
and reaches viable tissue and immune competent cells, and
(iii) crosses the barrier and reaches the blood system as in systemic
applications as shown for, e.g., caffeine and Minoxidil [197, 198, 208].
Of these, the second mechanism is of particular interest for the
treatment of dermatological diseases and topical vaccination.
However, it cannot operate for particles directly as the skin barrier
in the hair follicle infundibulum cannot be conquered due to the
size of the particles.
So far there is no convincing evidence that particles of
≥100 nm in diameter actually penetrate through the intact skin
barrier by an intercellular or follicular pathway. On the contrary,
there are reports demonstrating that particles of <100 nm in
diameter are able to overcome the skin barrier. However, these
results were obtained from investigations performed on disturbed
skin barriers, such as eczematous skin or artificially induced
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barrier impairment by means of, for example, dermabrasio or
cyanoacrylate skin surface biopsies. Vogt et al. [213] could show
that nanoparticles of 40 nm in diameter were taken up by
Langerhans cells in excised humans skin where mild barrierdisruption and opening of hair follicles were achieved by pretreatment with cyanoacrylate surface biopsies. Subsequent in vivo
studies in mice demonstrated that the hair follicles were the major
sites of such translocation and that diffusion of topically applied
particles into the perifollicular tissue occurred over the time [214].
In Fig. 32.18, a Langerhans cell is shown, which has taken up
topically applied fluorescent nanoparticles. In this case, the skin
barrier has been damaged by cyanoacrylate stripping.

Figure 32.18 Laser scanning fluorescent image of a Langerhans cell that
has taken up topically applied nanoparticles after damaging
the skin barrier with cyanoacrylate stripping.

In order to utilize the carrier properties of particles in intact
skin, efficient release mechanisms of active components from the
delivering particles have to be developed. The loading of particles
with a drug represents an effective opportunity for transporting
the drug to the designated area within the hair follicle, provided
that after reaching the specific depth within the hair follicle,
the drug is released from the particles and allowed to penetrate
independently through the intact barrier. A promising release
mechanism has recently been introduced by Mak et al. [215].

Disclosures and Conflict of Interest

Interactions of biodegradable particles based on polylactic acid
with the skin surface and the hair follicles were extensively
studied by Rancan et al. who showed that, albeit stable in aqueous
solution, unfolding of the polymer chains occurred upon skin contact
[216] and that the release kinetics of incorporated compounds
could be modified depending on the physicochemical properties
of the load [217].
In the near future, the research into drug delivery by means
of particles will certainly focus on the triggered release of drugs.

32.8

Conclusions

Taken together, the impact of NP on cells depends strongly on
their morphological structure. The latter determines the NP
interactions with the cell membrane, the mechanisms and the
extent of uptake, together with their intracellular fate. Particularly
in relation to metallic and semiconductor NP, the stability and
composition of the core are the main determinants for interaction
with metabolic pathways of the cells through the release of reactive
and cytotoxic ions. In view of the large variability of possible NP
features that can be manufactured today, much work remains to
be done to fully elucidate and understand possible impairments
of cellular functions, particularly if they are intended for use
in biomedical applications. Hence, the emerging science of
nanobiology and nanomedicine requires a thorough understanding
of the physicochemical properties of NPs combined with a profound
knowledge of the molecular mechanisms, which ultimately trigger
(patho)biological responses.
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33.1

Introduction

Diamond materials, including microcrystalline diamond,
nanocrystalline diamond (commonly 50–100 nm grain sizes),
ultrananocrystalline diamond (commonly 3–5 nm grain sizes),
and recently diamond nanoparticles, have been considered for
use in nanomedicine [1–6]. Diamond is well known for exhibiting
exceptional corrosion resistance (resistance to corrosion below
800°C), a low coefficient of friction, and highest hardness of any
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material [7–8]. In this chapter, cell and protein interactions with
small-scale diamond materials are described.
Microcrystalline diamond, nanocrystalline diamond, and
ultrananocrystalline diamond are commonly prepared using
chemical vapor deposition (CVD) methods. Hot filament chemical
vapor deposition may be used to create microcrystalline and
nanocrystalline diamond films; microwave plasma-enhanced
chemical vapor deposition may be used to create microcrystalline
diamond, nanocrystalline diamond, and ultrananocrystalline
diamond films [9, 10]. Radio frequency plasma activated chemical
vapor deposition has also been used to prepare nanocrystalline
diamond films [11]. Diamond nanoparticles are commonly
prepared by means of a detonation process, involving rapid cooling
of detonated carbon-containing materials, such as hexogen-TNT
combinations [12, 13].

33.2

Interactions with Cells

Several investigators have examined the biocompatibility of
microcrystalline diamond. Tang et al. (1995) evaluated the
biocompatibility of microcrystalline diamond [14]. They observed
less human polymorphonuclear leukocyte adhesion and activation
on diamond surfaces than on titanium surfaces or on 316
stainless steel surfaces. In vivo studies involving male BalblC
mice revealed minimal inflammatory responses on polished and
unpolished surfaces of CVD diamond implants. In addition, CVD
diamond was shown to adsorb small amounts of fibrinogen.
Implantation of diamond particles has also been studied. In an
in vivo study involving a rabbit model, Aspenberg et al. (1996)
demonstrated that implantation of diamond particles did not
decrease bone formation. In addition, implantation of diamond
particles in a bone harvest chamber was not associated with a
florid foreign body response [15].
The behavior of human monocytes exposed to diamond
particles was investigated by Nordsletten et al. (1996); they noted
inert behavior with regard to interleukin-1b production and cell
morphology following phagocytosis [16]. When silicon carbide and
hydroxyapatite particles were phagocytosed by monocytes, IL-1b
production and release was observed. Also, the cells were elongated

Interactions with Cells

and spindle-shaped. When diamond particles were phagocytosed
by monocytes, monocyte morphology was identical to that of
unexposed cells; cells were round and small. No IL-1b production
was noted.
Cytotoxicity of diamond nanoparticles has also been examined
by Schrand et al. (2007), who showed the cytotoxicity of 2–10 nm
nanodiamonds created by detonation of carbon-containing
explosives in an inert atmosphere [17]. Cell viability such as
mitochondrial function (MTT) and metabolic activity (adenosine
5¢ triphosphate production) studies revealed that nanodiamonds
were not toxic to neuroblastoma, macrophage, keratinocyte, and
PC-12 cells. Nanodiamonds did not induce generation of reactive
oxygen species within the cell.
On the other hand, recent work by Marcon et al. (2010)
indicated that nanodiamond may exhibit toxicity under certain
conditions [18]. They examined the interaction of nanodiamond
with human embryonic kidney 293 (HEK293) cells and Xenopus
laevis embryos. Nanodiamond particles were not cytotoxic to
HEK293 cells at concentrations below 50 µg mL–1; however, a
dose-dependent decrease in cell viability beyond 50 mg mL–1 was
noted. Cytotoxicity of chemical surface functionalities was shown
to be –NH2 >> –OH > –CO2H. In addition, potential embryotoxicity
and teratogenicity were noted for carboxylated nanodiamond.
In particular, abnormalities and high mortality during gastrulation
(stage 10+) and neurulation (stages 14–20) stages of the embryo
were observed.
In addition, bone cell activity on nanocrystalline diamond
has been evaluated by several investigators. Bacakova et al.
(2007) examined human osteoblast-like MG 63 cell growth on
nanostructured as well as hierarchically micro- and nanostructured
diamond coatings grown on silicon substrates, which showed good
support of cells [19]. The number of initially adhered cells was
greater on the nanostructured diamond coatings. Proliferation
was accelerated on hierarchically micro- and nanostructured
diamond coatings. It is believed that this morphology most closely
resembles the natural tissue architecture.
Yang et al. (2009) used microwave plasma-enhanced
chemical vapor deposition to prepare nanocrystalline diamond,
nanostructured diamond/amorphous carbon with platelet grains,
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and microcrystalline diamond coatings [20]. When nanocrystalline
diamond coatings were exposed to H2 plasma at 15 Torr for
30 min immediately after deposition, osteoblast adhesion was
observed on nanocrystalline diamond (grain size < 100 nm)
and H2 plasma-treated nanocrystalline diamond coatings. These
coatings may be more appropriate for the stem of a hip implant.
Inhibited osteoblast adhesion was observed on the nanostructured
diamond/amorphous carbon and microcrystalline diamond
coatings. In addition, Yang et al. (2009) compared osteoblast
adhesion, proliferation, and differentiation on nanocrystalline
diamond with that on submicrometer crystalline diamond [21].
Nanocrystalline diamond (RMS roughness = 19.8 nm) promoted
osteoblast adhesion more than submicrometer crystalline diamond
(RMS roughness = 56.3 nm). In addition, average adherent cell
density on nanocrystalline diamond was 53% greater than that on
submicrometer crystalline diamond. Osteoblasts on nanocrystalline
diamond were well-spread than those on submicrometer
crystalline diamond. In addition, filopodia on nanocrystalline
diamond were noted to spread randomly, which was attributed
to a greater number of sites on the surface for focal contact
formation. Filopodia converged on the same spot on submicrometer
crystalline diamond, indicating only a few binding sites for
focal contact formation. Furthermore, osteoblast filopodia on
nanocrystalline diamond were also longer than those on
submicrometer crystalline diamond. Osteoblast functions, including
adhesion, alkaline phosphatase activity, cell intracellular protein
synthesis, extracellular calcium deposition, and proliferation,
were greater on nanocrystalline diamond than on submicrometer
diamond at 7, 14, and 21 days.
Recently, Pareta et al. (2010) showed that nanocrystalline diamond (grain sizes <100 nm) coated titanium dramatically increased
surface hardness [22]. Optimizing the hydrogen concentration in the
Ar–H2–CH4 plasma (<15 vol% H, 1 vol% CH4) during the microwave
enhanced plasma chemical vapor deposition process was shown
to enhance nontransformed human femur osteoblast adhesion.
In addition, nanocrystalline diamond fabricated using a hydrogen
concentration of less than 10% had similar RMS roughness values
to those of natural bone (70 nm). It was also noted that O2 and
NH3 plasma treatments can increase select protein adsorption and
enhance cell adhesion.

Interactions with Cells

Altering the diamond surface has been shown to alter cell
attachment. Lechleitner et al. (2008) showed that hydrogenterminated nanocrystalline diamond films inhibited cell attachment
as compared with borosilicate glass [23]. On the other hand,
oxygen-terminated nanocrystalline diamond films as well as
diamond powder-coated glass surfaces provided improved cell
attachment and cell proliferation as compared with borosilicate
glass. DNA microarray analysis demonstrated similar phenotypes
for immortalized human renal epithelial proximal tubular (HK-2)
cells grown on all three surfaces. Their data showed that diamond
powder can be deposited by means of ultrasonication on
temperature-sensitive substrates (e.g., polymers). More recently,
Klauser et al. (2010) examined cell behavior on nanocrystalline
diamond coatings, which exhibited fluorine, hydrogen, and oxygen
terminations [24]. Some surfaces were examined using porcine
renal epithelial cells and human pancreatic carcinoma cells. Both
of these cell types were unable to attach to hydrophobic surfaces
(e.g., H-terminated surfaces and F-terminated surfaces) if fetal
bovine serum was absent in the growth medium. The addition
of fetal bovine serum to the growth medium caused adhesion of
cells on both the hydrophilic (e.g., O-terminated surfaces) and
hydrophobic nanocrystalline diamond surfaces. This research
indicates the important role of fetal bovine serum proteins in
mediation of cell adhesion.
Kromka et al. (2009) showed that the surface roughness
of nanocrystalline diamond coatings has a significant effect
on the morphology of human osteoblastic cells [25]. On flat
nanocrystalline diamond surfaces (18 nm), a high density of
structural protein (vinculin) was located in the center of the cells,
indicating strong cell adhesion. On the other hand, small vinculin
patches were noted all over the cells on nano- and microrough
surfaces (18 or 500 nm). In addition, filopodia were noted extending
from the cells; these features indicate that the cells were actively
moving and searching on the surface of this substrate.
Stem cell activity on nanocrystalline diamond is an important
consideration for use of this material in prosthesis and regenerative
medicine applications. Clem et al. (2008) examined stem cell
activity on ultra-smooth nanostructured diamond [26]. Surfaces
that were terminated with either oxygen or fluorine resisted
mesenchymal stem cell adhesion. On the other hand, surfaces that
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were terminated with hydrogen enabled significant mesenchymal
stem cell adhesion; mesenchymal stem cell adhesion was higher
on ultra-smooth nanostructured diamond than on CoCrMo alloy.
Figure 33.1 shows spreading of mesenchymal stem cells on
hydrogen-terminated ultra-smooth nanostructured diamond at
3 h, 24 h, 7 days, and 14 days. In addition, mesenchymal stem cells
were induced to undergo osteoblastic differentiation on ultrasmooth nanostructured diamond.
(a)

(b)

(c)

(d)

Figure 33.1 Fluorescent images showing morphology of mesenchymal
stem cells cultured for up to 2 weeks on H-terminated ultrasmooth nanostructured diamond coatings. The cells were
cultured on an ultra-smooth nanostructured diamond surface
for (a) 3 hours, (b) 24 hours, (c) 7 days, and (d) 14 days.
Mesenchymal stem cells readily attach, spread, and eventually
form a confluent layer on this surface. Scale bar = 50 μm.
Reprinted from Biomaterials, 29, Clem, W. C., Chowdhury,
S., Catledge, S. A., Weimer, J. J., Shaikh, F. M., Hennessy, K. M.,
Konovalov, V. V., Hill, M. R., Waterfeld, A., Bellis, S. L., Vohra,
Y. K., Mesenchymal stem cell interaction with ultra-smooth
nanostructured diamond for wear-resistant orthopaedic
implants, pp. 3461–3468, Copyright (2008), with permission
from Elsevier.

Interaction with Proteins and Blood Components

The cell activity on ultrananocrystalline diamond has also been
examined. Ultrananocrystalline diamond is generally terminated
in hydrogen atoms, which allow for chemical bonds with molecules
on cell surface of the cells. The high surface roughness may enhance
attachment and growth of cells. Bajaj et al. (2007) utilized in vitro
assays to show that spreading of HeLa (epithelial), PC12 (neuronal),
and MC3T3 (osteoblastic) cells was greater on ultrananocrystalline
diamond surfaces than on platinum surfaces or silicon surfaces [27].
Maximum cell attachment, cell spreading and nuclear area coverage
was observed on ultrananocrystalline diamond. In addition, cell
rounding was less on ultrananocrystalline diamond, suggesting
that it was not perceived as cytotoxic by the cells. Popov et al.
(2007) deposited nanocrystalline diamond/amorphous carbon
nanocomposite films using microwave plasma chemical vapor
deposition [28]. In vitro assays showed that osteoblast-like cells
and pneumocytes were not cytotoxic. No traces of hydroxyapatite
were observed after two days of exposure to the simulated
body fluid, which has been associated with bioinert behavior.
Photochemical functionalization of nanocrystalline diamond
has been used to modulate attachment of cells. Chong et al. (2007)
performed photochemical functionalization of nanocrystalline
diamond using ultraviolet light (UV) irradiation in air and using
alkene acid groups [29]. UV light-treated diamond surfaces were
more hydrophilic than undecylenic acid-treated surfaces. Laminin
attached to carboxylic acid groups on functionalized diamond
surface in order to support neuronal cell growth. A gradient of
polyethylene glycol was prepared on the nanocrystalline diamond
surface by means of capillary injection; this surface gradient
was used to generate a cell gradient.

33.3

Interaction with Proteins and Blood
Components

The interaction between blood components and synthetic materials
is of significant concern when considering the use of these
materials in cardiovascular and other blood-contacting devices
[30]. Garguilo et al. (2004) showed that single crystal diamond
as well as microwave plasma chemical vapor-deposited diamond
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films adsorbed little fibrinogen [31]. Single crystal diamond and
polycrystalline diamond showed little change in contact angle
before and after exposure to fibrinogen; the amount of adsorbed
fibrinogen was too small to alter film wettability. On the other
hand, titanium-coated silicon showed a marked decrease in contact
angle after exposure to fibrinogen.
Exposure of diamond to various blood components, including
platelet-rich plasma, platelet poor plasma, and citrated whole
blood, has also been investigated by several authors. Work by Chen
et al. (2002) indicates that materials with optical bandgaps wider
than that of fibrinogen (1.8 eV) exhibit thinner protein layers, less
protein denaturing, and nonthrombogenic properties [32]. Okrój
et al. (2006) deposited nanocrystalline diamond on AISI 316L
stainless steel using radio frequency plasma chemical vapor
deposition [33]. The material exhibited a crystallite size between
40 and 260 nm; a crystallite size of 80 nm was most frequently
observed. Nanocrystalline diamond exposed to platelets in platelet
poor plasma (PPP) for 12 h did not exhibit spreading. In addition,
nanocrystalline diamond exposed to platelets in citrated whole
human blood for 1 h did not exhibit spreading. These results
were attributed to low plasma protein adhesion to nanocrystalline
diamond.
Protein adsorption on unmodified and modified ultrananocrystalline diamond/amorphous carbon composite films has been
studied [34]. Ultrananocrystalline diamond/amorphous carbon
composite films were prepared by microwave plasma chemical
vapor deposition; the surfaces of the as-deposited films were terminated with hydrogen. Some films underwent plasma treatments
in an O2 microwave plasma at room temperature for 10 min, which
replaced terminating H atoms with O atoms and OH groups. Other
films underwent plasma treatments in a trifluoromethane radio
frequency plasma, which replaced terminating H atoms with F
atoms. As-deposited H-terminated films (water contact angle
q = 82 ± 3°) and F-terminated coatings were hydrophobic (water
contact angle q = 91 ± 1°). On the other hand, O-terminated coatings were hydrophilic (water contact angle q = 33 ± 1°). Adsorption
of albumin and fibrinogen was demonstrated using an inverted
enzyme-linked immunosorbent assay. A high amount of albumin
adhesion and a low amount of fibrinogen adhesion is desirable
in preventing thrombus (blood clot) formation. The albumin/

Conclusions

fibrinogen ratio was shown to increase with hydrophilicity;
O-terminated UNCD/a-C composite films exhibited the highest
albumin/fibrinogen ratio and F-terminated UNCD/a-C composite
films exhibited the lowest albumin/fibrinogen ratio.
A recent study compared the adsorption of radio-labeled and
fluorescent dye-label proteins on nanocrystalline diamond. Sakon
et al. (2009) have shown that hydrogen-terminated nanocrystalline
diamond coatings on quartz significantly quenched the fluorescence
of fibrinogen in aqueous solutions at near neutral pH [35].
Fibrinogen was labeled with amine-reactive Alexa-555 fluorescent
dye to aid with visualization. Fluorescence levels of protein on
nanocrystalline diamond were similar to those on polyethylene
glycol-coated quartz. In addition, fluorescence of equal amounts
of adsorbed protein was less on H-terminated nanocrystalline
diamond than on bare quartz. On the other hand, radioactivity
testing demonstrated that radio-label fibrinogen adsorbed to
hydrogen terminated nanocrystalline diamond, oxygen-terminated
nanocrystalline diamond, and bare quartz in approximately
equal levels. Fluorescence quenching was noted to occur on the
surface of the H-terminated nanocrystalline diamond. Smaller
levels of quenching were also observed on oxygen terminated
nanocrystalline diamond surfaces; these results suggest that
oxygenation process applied to H-terminated surface was
incomplete. The adsorption behavior of radiolabeled proteins
remains unclear; however, it was speculated that this result may
be associated with damage of the nanocrystalline diamond surfaces
during sample preparation.

33.4

Conclusions

Medical devices containing microcrystalline diamond, nanocrystalline diamond, ultrananocrystalline diamond, and diamond nanoparticles have significant potential for nanomedical and pharmaceutical applications. As noted by Narayan et al.
(2009), potential applications include usage as a contrast agent
in magnetic resonance imaging, as a therapeutic biomarker, as a
delivery agent for gene therapy, as a delivery agent for chemotherapy, as a coating for retinal prostheses, as an electrode for neural
prostheses, as a substrate for cell-based biosensors, as a coating
for artificial heart valves, and as a coating for temperomandibu-
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lar joint prostheses [6]. Recent studies suggest that the toxicity of
diamond-based materials, including impurities and breakdown
products, must be carefully evaluated prior to clinical use. In addition, surface chemistry and grain size may be optimized for specific
medical applications.
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34.1

Introduction

Polyplexes, complexes of DNA and a variety of different
polycations, are promising non-viral delivery systems that
show promising results both in vitro and in vivo. Several types of
polyplexes have been studied in clinical trials, such as (i)
polyethylenimine (PEI)-based polyplexes for the treatment of
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bladder cancer [1], (ii) polyplexes modified with cholesterolmodified PEI-polyethylene glycol (PEI-PEG) block copolymers for
the treatment of ovarian cancer [2], (iii) mannosylated PEI-PEG
polyplexes for HIV immunotherapy [3], (iv) PEG-polylysine-based
polyplexes for the treatment of cystic fibrosis, and (v) polydextrin,
PEG [4], or polydextrin, PEG and transferrin-containing selfassembling siRNA nanoparticles [5]. Polyplexes have several
advantages over viral vectors such as ease of production/synthesis,
cell or tissue targeting, low immune response, and unrestricted
size of DNA to be transported [6–8].

Figure 34.1 Scheme of PEI-PEG-TAT synthesis.

One of the most often used polymers for formation of
polyplex nanoparticles for gene therapy is positively charged
polyethylenimine [6]. Due to the negatively charged cell surface,
nanoparticles having a positively charged surface generally display
better association and internalization rates [9]. The cationic
surface charge of polyplexes needs to be concealed to ensure the
existence of the nanoparticles in the circulation for extended time
periods sufficient to reach target tissues. For this reason, they are
PEGylated [10, 11]. The PEGylation results in the formation of a
hydrophilic corona around the PEI/DNA core [12] and reduces
interactions of the polyplex with plasma proteins and erythrocytes

Optimization of Polyplexes to Increase Their Transfection Efficacies

[13]. Grafting of PEI with PEG chains reduces the z-potential of
PEI-based polyplexes to less than +3 mV even at the high N/P ratio
(polymer nitrogen to DNA phosphate ratio) of 50 [14]. Quite often
cell-penetrating peptides, like TAT-derived peptides, are included
into non-cell-specific PEI-PEG-containing polyplexes to enhance
their efficacy [15–18]. These block copolymers complexed with
DNA demonstrated good transfection efficacy not only in vitro
but also in vivo. For these reasons, polyplexes with PEI-PEG-TAT
synthetic part are mainly considered in this chapter (a scheme of
PEI-PEG-TAT synthesis can be seen in Fig. 34.1). Notably, the
experimental approaches described here can be applied for
many other types of polyplexes without changes or with slight
modifications.

34.2

Optimization of Polyplexes to Increase
Their Transfection Efficacies

Relatively low transfection efficacy, compared with viral transfection,
was considered as a main problem in the clinical use of these
non-viral vectors [6]. So these synthetic vectors needed to be
optimized, and the physicochemical properties of their synthetic
part should be adjusted to modify gene-delivery properties [19].
Many authors have demonstrated that kinetics of intracellular
transport of polyplexes are rate-limiting steps for DNA transfer,
which include binding to the cell surface [20], endosomal
escape [21], translocation to the nucleus [22], and intracellular
unpacking of polyplexes [23, 24] and their movement from the
cell periphery [25, 26].
Recent attempts [27] to correlate the properties of PEI-PEGTAT-containing polyplex nanoparticles and their behavior in
different cell lines with transfection efficacy (TE) revealed their
optimal combinations, which gave very high TE values, up to ca.
100% for several cell lines. Graphically, the TE dependencies
of both PEG/PEI and N/P appeared to be very similar for many
cell lines, whereas maximum TEs were different. The latter
was due to variability in the transfectability of the different cell
lines and was not caused by the nature of the genetic part of the
polyplexes. So investigation of features of intracellular transport
and/or unpacking of polyplexes in different cell lines becomes
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a necessary component for understanding their efficacy and for
their subsequent optimization.

34.3

Kinetics of Polyplex Intracellular Transport
and Unpacking

Förster resonance energy transfer or fluorescence resonance
energy transfer (both FRET) [28] should be considered at present
as the most adequate experimental approach to quantitative
description of polyplex transport and unpacking in living cells.
To observe packing/unpacking of a complex of two molecules, one
of them is labeled with a donor fluorophore and the other with an
acceptor fluorophore. When the donor and acceptor are in proximity
(<10 nm) due to the interaction of the two molecules resulting
in the complex formation, the acceptor emission is predominantly
registered upon excitation of the donor because of nonradioactive
energy transfer from the donor to the acceptor (FRET). When
the complex is not formed (or the complex is unpacked), only
the donor emission is detected upon excitation of the donor.
The rate constant, kT, of energy transfer decreases very quickly
with increase in the distance between the two fluorophores, R:
6
1 R0  ,
kT =  
t R 

(34.1)

where R0 is the characteristic separation distance of the donor/
acceptor pair, defined as the distance at which the probability
of energy transfer is 50%; t is the donor lifetime in the absence
of the acceptor. Thus, FRET allows discrimination of fluorophorebearing molecules whose fluorophores are separated by ~10 or
less nanometers and distinguish them from those that are
separated by more than 10 nm.
There are several ways of doing a FRET experiment, e.g.,
(i) acceptor photobleaching and (ii) sensitized emission. The latter
is exactly the same approach as described above. The first differs in
that the acceptor should be partially destroyed—e.g., photooxidized/
photobleached—between two measurements of fluorescence
intensities of the donor. In the case of complex formation (FRET is
observed), the second excitation of the donor causes its significantly
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more intense fluorescence than the first due to the photooxidation
of the acceptor. This technique is more error prone when it is
applied to living cells because of movements of the cells and their
components. Breunig et al. [29] used both techniques to assess
PEI-based polyplex packing in the living Chinese hamster ovarian
cells (CHO-K1) and demonstrated that the sensitized emission
approach is a more accurate technique.
Recently, an efficient technique has been developed to
investigate processes of polyplex intracellular unpacking [19, 23,
30] and their intracellular transport using FRET between two
different fluorophores, one of which is quantum dots.
Let us consider three cell lines differing in their maximum TEs
by PEG-PEI-TAT polyplexes: A549 and Calu-1 human lung carcinoma
cell lines, and murine Cloudman S91 melanoma (clone M3),
hereafter called A549, Calu-1, and M3, respectively (Table 34.1).
Table 34.1

Maximal transfection efficacies (TEmax) with polyplexes for
three cell lines with different transfectabilities and their
correlation with reciprocal initial rate of quantum dot entry,
1/v, and rate constant of polyplex unpacking in endo/
lysosomes, kunL; data from [27]).

Incubation
TEmax (%) for the cell lines:
time with
polyplexes, h A549
Calu-1
M3

Correlation coefficient,
r, between TEmax and:

16

–0.999*

24

72

*p ≤ 0.05

3.9

5.2

17.7

15.5

25.6

63.2

25.1

44.0

98.0

1/v
–1*

–1*

kunL

–0.995*

–0.997*

–0.971*

Labeling polyplex DNA with quantum dots did not significantly
change the physicochemical characteristics of the polyplexes
[27]. So it is possible to use polyplexes fluorescently labeled with
Qdot605 quantum dots (plasmid DNA) and Alexa Fluor647
(block copolymers) and, thus, to observe (1) packed polyplexes
(fluorescence of Alexa Fluor647 upon excitation of quantum
dots, FRET) and (2) unpacked polyplexes (absence of FRET: free
plasmid DNA and/or its degradation products). The compartments
of the living cells can be labeled (see Fig. 34.2) with Hoechst
33258 (nuclei), LysoTracker Green DND-26 (endo/lysosomes), and
Cy3-labeled wheat germ agglutinin (WGA) (plasma membranes).
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Figure 34.2 Typical live cell images for analysis of transport and unpacking
of polyplex nanoparticles. Labeled polyplexes with N/P = 40
were formed using Alexa Fluor® 647-labeled PEI-PEGTAT block copolymer and Qdot® 605 ITK™ Streptavidin
conjugate-labeled plasmid DNA in 5 mM HEPES buffer, pH 7,
containing 5% glucose. Human lung carcinoma Calu-1 cells
were incubated for 8 h with double-labeled polyplexes at
37°C and 5% CO2 in POC-mini chambers, dyes for vital cell
visualization were added, and stacks of images were obtained
with a 63× lens (N.A. 1.4) using an LSM 510 META NLO confocal
laser scanning microscope (Carl Zeiss). (a) Hoechst 33258
image obtained with 5 µg/ml of the dye using two-photon
laser beam excitation at 760 nm with Broadband MaiTai™
Ti: Sapphire Laser (Spectra-Physics) (b) LysoTracker™ Green
DND-26 image obtained at 44 nM of the dye with 488 nm
wavelength laser line, (c) cell borders revealed by analysis of
Cy3-labeled wheat germ agglutinin (WGA) image using 488
nm laser line, (d) Qdot605-labeled polyplex image (packed
and unpacked particles, see arrows) were obtained using 458
nm laser line and detection window from 602 to 612 nm, (e)
FRET Qdot605-Alexa647 image (packed particles, see arrows)
obtained using 458 nm laser line and detection window from
634 to 719 nm, (f) combined (a)–(e) panels. Bar = 10 µm.

As a means for intracellular localization of free DNA and DNA–
polymer complexes, specially developed CAPL (computer-aided
polyplex localization) analysis software was used. The software
incorporates multiple image-analysis and image-processing
techniques for automatic preprocessing and primary analysis of
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fluorescent microscopic images that greatly increases the workflow
speed and allows the human-operator to skip routine and timeconsuming tasks and delegate them to CAPL (CAPL is developed
using Matlab®, and it is open-source and available on demand
from the developer Nikita Rodichenko, [31]).

34.4

Models of Polyplex Intracellular Transport
and Unpacking

Let us consider stages of polyplex entry, trafficking, and unpacking
within the cells. Depending on the cell type and chemical nature
of the polyplexes, the latter enter the cells via clathrin-dependent
pathways, accumulating in acidifying compartments, or via
caveolar and lipid-raft pathways (or macropinocytosis) where it
is possible to escape these compartments (for review see [32]).
Considering TAT-containing constructs, one needs to take into
account that TAT enters cells via the clathrin-dependent pathway
[33], though there are some results [34] that contradict these
observations. So it is worth assessing possible impacts of these
endocytotic pathways while choosing models for quantitative
description of kinetics of experimental results (for an example see
below, model 2).
To gain some insight into intracellular processes that affect
gene delivery to its locus in quo, we will consider these events stepby-step starting from the simplest one

Model 1. Polyplex entry (Fig. 34.3a). Entry of quantum dots
into the cell can be described by the equations.
dS
= –kin S
dt

dQ
= kin S
dt

(34.2)
(34.3)

where Q is the total voxel volume of quantum dots per cell; S,
effective concentration of quantum dots on the cell surface; kin, rate
constant of entry of quantum dots into the cell. Solving Eqs. (34.2)
and (34.3), one obtains Eq. (34.4):
v
Q(t )= (1– e – kt )
k

(34.4)
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Figure 34.3 (a) Quantum dots in polyplex entry described according
to model 1. Q, total voxel volume of quantum dots per cell;
v, initial rate of entry of quantum dots, and k, rate constant of
decrease in entry of quantum dots due to their consumption
on the cell surface. (b) Intracellular transport of polyplexes
according to model 2. L, C, and N, quantum dot voxel volumes
per cell in endo/lysosomes, cytosol, and nuclei, respectively;
v, initial rate of entry of quantum dots, and k, rate constant of
decrease in entry of quantum dots due to their consumption
on the cell surface; k2, rate constants of polyplex exit from
endo/lysosomes; k3, rate constant of entry into the nucleus.
(c) Intracellular transport of polyplexes according to model
2¢. L and N, quantum dot voxel volumes per cell in endo/
lysosomes and in nuclei, respectively; C1 and C2, quantum
dot voxel volumes per cell in cytosol and in non-acidifying
compartments, respectively; v, rate of entry of quantum dots
into endo/lysosomes, and v2, rate of cell entry that passes
the acidifying compartments; k2, rate constants of polyplex
exit from endo/lysosomes; k4, rate constant of entry of
quantum dots into endosomes/lysosomes from pathways
other than clathrin-dependent ones. (d) Overall polyplex
unpacking according to model 3. Qp, total voxel volume of
packed quantum dots per cell (FRET was observed), and Qu,
total voxel volume of unpacked quantum dots per cell (FRET
was not observed); kun, unpacking rate constant; v0 and v1,
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rates of cell entry of packed and unpacked quantum dots,
respectively; k0 and k1, rate constants of decrease in entry
of packed and unpacked quantum dots, respectively.
(e) Intracellular transport and unpacking of polyplexes in
the cell compartments according to model 4. Lu2, total voxel
volume of unpacked quantum dots per cell that came into
endo/lysosomes after being previously unpacked on the
cell surface; Lu1, total voxel volume of quantum dots that
underwent unpacking within the endo/lysosomes; N, total
voxel volume of quantum dots per cell within the nuclei;
Сp and Lp, total voxel volumes of packed quantum dots within
the cytosol and endo/lysosomes, respectively; v0 and v1, rates
of cell entry of packed and unpacked quantum dots,
respectively; k0 and k1, rate constants of decrease in entry of
packed and unpacked quantum dots, respectively; kunL,
rate constant of unpacking in endo/lysosomes; kunС, rate
constant of unpacking in the cytosol; k2p and k2u, rate
constants of exit of packed and unpacked quantum dots
from endo/lysosomes, respectively; k3u, rate constant of
entry into the nuclei.

where v = kin . S, initial rate of entry of quantum dots, and k, rate
constant of decrease in entry of quantum dots due to changing
their content on the cell surface.
Experimental data were interpolated according to (34.4) as
shown in Fig. 34.4a and calculated parameters are given in Table
34.2.
Model 2. Intracellular transport of polyplexes (Fig. 34.3b). Quantum
dot voxel volumes per cell in endo/lysosomes, cytosol, and nuclei
were designated L, C, and N, respectively. The rate of entry of
.
quantum dots, v . e–k t, was estimated above. Transport of labeled
polyplex can be described by the following system of differential
equations:
dL
= ve – kt – k2 L
dt
dC
= k2 L – k3 C
dt
dN
= k3 C ,
dt

(34.5)

where k2 and k3 are rate constants of polyplex exit from endo/
lysosomes and entry into the nucleus, respectively. Its solution
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L(t )=

v(e – kt – e – k2t )
k2 – k

N(t )=

 e – k3t –1 e – kt –1 
k2 k3 v


–
(k2 – k )(k3 – k )  k3
k 

C(t )=

k2 v
k2 v
(e – kt – e – k3t )+
(e – k2t – e – k3t )
(k2 – k )(k3 – k )
(k2 – k )(k2 – k3 )

+

 e – k3t –1 e – k2t –1 
k2 k3 v

–

(k2 – k )(k2 – k3 )  k3
k2 

(34.6)

was used for interpolation of experimental data (Fig. 34.4b–d);
the calculated parameters are given in Table 34.2. To assess
possible impacts of endocytotic pathways other than clathrindependent ones (if first steps of transport of polyplexes did not
include acidifying compartments), another model (model 2¢) was
considered (Fig. 34.3c). Here v2, rate of cell entry that passes the
acidifying compartments, k4, rate constant of entry of quantum
dots into endosomes/lysosomes from pathways other than clathrindependent ones. However, only in the case when v2 = k4 = 0 was
it possible to obtain reasonable constants/parameters. So this
model transforms into Model 2, and further considerations can be
based on clathrin-dependent pathways.

Model 3. Overall polyplex unpacking (Fig. 34.3d). The total voxel
volume of quantum dots per cell, Q, consists of Qp, total voxel volume
of packed quantum dots per cell (FRET was observed), and Qu,
total voxel volume of unpacked quantum dots per cell (FRET was
not observed). Experiments revealed that unpacked polyplexes
appeared in the A549 and M3 cells earlier than packed ones,
which indicates cell entry of not only packed but also unpacked
(or partially unpacked) quantum dots from the cell surface. Thus,
the process of overall unpacking was modeled with the following
system of differential equations:
dQp
dt

= v0 e – k0t – kun Qp

dQu
= v1 e – k1t + kun Qp ,
dt

(34.7)

where kun is the unpacking rate constant; v0 and v1, rates of cell entry
of packed and unpacked quantum dots, respectively (v0 + v1 = v; v
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was calculated above); k0 and k1, rate constants of decrease in entry
of packed and unpacked quantum dots, respectively. Its solution
was used for interpolation of the experimental data (Fig. 34.4e–g);
calculated parameters are given in Table 34.2. A generalized
description of polyplex subcellular transport kinetics and unpacking
made by Varga et al. [35, 36] predicted an optimum DNA unpacking
rate for optimum transfection. This value should be ca. 10–2 min–1,
or 0.6 h–1, for overall unpacking. However, observation demonstrated
that polyplex unpacking took place in different subcellular
compartments.
Qp (t )=

Qu (t )=

Table 34.2

v0 (e – k0t – e – kunt )
kun – k0

kun v0  e – kunt –1 e – k0t –1  v1
+ (1– e – k1t )
–

kun – k0  kun
k0  k1

Parameters obtained from experimental data [27] according to
models 1–4 and TEmax.
Cell line

Parametera

A549

Calu-1

M3

TEmax (%)

17.7 ± 5.2

63.2 ± 1.8

98.0 ± 0.8

0.055 ± 0.008

0.015 ± 0.002

v (vxl/h)

9.4 ± 1.0

18 ± 2

v0 (vxl/h)

0.49 ± 0.15

7±2

k

(h–1)

1/v (h/vxl)
k0

(h–1)

v1 (vxl/h)
k1 (h–1)

k2 (h–1)

k2p(h–1)
k2u(h–1)
k3 (h–1)

k3u (h–1)

kun (h–1)

kunL (h–1)
kunC

(h–1)

0.051 ± 0.017

0.107 ± 0.011

0.12 ± 0.03

68 ± 10

0.49 ± 0.08
24 ± 4

0

0

0.28 ± 0.08

1.7 ± 0.6

0.39 ± 0.06

0.37 ± 0.05

8.9 ± 1.0

0.056 ± 0.005
0.2 ± 0.2

2.21 ± 0.13

0.049 ± 0.005

11 ± 3

0.3 ± 0.2

0.52 ± 0.09
3.9 ± 1.7

0.010 ± 0.005

44 ± 10

0.73 ± 0.12

0.24 ± 0.02

0.60 ± 0.06

0.015 ± 0.006

0.047 ± 0.004

0.0061 ± 0.0007

0.013 ± 0.002

≤0.95b

1.5 ± 0.3

0.14 ± 0.03

≤0.84b

0.49 ± 0.05

0.6 ± 0.4

0.217 ± 0.007

0.10 ± 0.02

0.063 ± 0.006

Note: The parameters are described in the legend of Fig. 34.3 and in the text.
voxel.
bupper limit assessment.
avxl,

(34.8)
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Figure 34.4 (a) Time-course of changes in total voxel volume of quantum
dots per cell: experimental data (A549 (), Calu-1 (), and
M3 () cells) and corresponding theoretical curves obtained
from model 1 (correlation coefficients r: 0.996 (A549), 0.991
(Calu-1), and 0.993 (M3)). Time course of changes in quantum
dot voxel volumes per cell in endo/lysosomes (), cytosol
() and in the nuclei (D) (experimental data) in A549
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(b), Calu-1 (c), and M3 (d) cells and corresponding theoretical
curves obtained from model 2 (correlation coefficients r:
0.978 (A549), 0.970 (Calu-1), and 0.956 (M3)). Time course
of changes in total voxel volume of packed () and unpacked
() quantum dots per cell (experimental data) in A549
(e), Calu-1 ( f ), and M3 ( g) cells and corresponding theoretical
curves obtained from model 3 (correlation coefficients
r: 0.996 (A549), 0.981 (Calu-1), and 0.991 (M3)).

Model 4. Intracellular transport and unpacking of polyplexes in the
cell compartments (Fig. 34.4e). This model distinguishes total voxel
volume of unpacked quantum dots per cell that came into endo/
lysosomes after being previously unpacked on the cell surface,
Lu2, and that of quantum dots that underwent unpacking within
the endo/lysosomes, Lu1. The model also takes into account total
voxel volume of quantum dots per cell within the nuclei, N, and that
of packed quantum dots within the cytosol and endo/lysosomes,
Cp and Lp, respectively; v0, k0, v1, and k1 were described and
calculated above. The following parameters were assessed: kunL,
rate constant of unpacking in endo/lysosomes; kunC, rate constant
of unpacking in the cytosol; k2p and k2u, rate constants of exit of
packed and unpacked quantum dots from endo/lysosomes,
respectively; k3u, rate constant of entry into the nuclei. The
following system of differential equations describes the model:
dLu1
= kunL Lp
dt

dLu2
= v1 e – k1t – k2u Lu2
dt
dLp
dt

= v0 e – k0t – kunL Lp – k2p Lp

d(C u + N )
= kunC C p + k2u Lu2
dt
dC p
dt

= k2p Lp – kunC C p

dN
= k3u C u
dt

(34.9)
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Its integration gives
Lu (t )=

t
t
t t
v1
(1– e – k1t )+ kunL  Lp dt – k2u  Lu dt + k2u kunL  Lp dt
k1
0
0
0 0

Lp (t )=

t
v0
(1– e – k0t )–(kunL + k2p ) Lp dt
k0
0
t
t

t

t

C u + N(t )= kunC  C p dt + k2u  Lu dt – k2u kunL  Lp dt
t

0

t

0

0 0

C p (t )= k2p  Lp dt – kunC  C p dt
0

t

N(t )= k3u  C u dt
0

0

(34.10)

These equations fitted the experimental data with correlation
coefficients r : 0.975 (A549), 0.833 (Calu-1), and 0.941 (M3). The
calculated parameters are given in Table 34.2.
Table 34.1 demonstrates a statistically significant negative
linear correlation between 1/v and TEmax. The model-predicted
dependence between 1/v and TEmax was experimentally confirmed
[27]. Negative linear correlations were found between kunL and
TEmax. This finding is not unexpected because the more polyplexes
are unpacked in endo/lysosomes, the more DNA is degraded there
and, therefore, the less effective transfection should be. For
example, it was recently shown that rapid dissociation of chitosan
polyplexes, before lysosomal escape, led to inefficient transfection
[36]. Additional information can be obtained from analysis of
diffusion and active transport of polyplexes and organelles where
the polyplexes are localized. Thus, Dinh et al. [37] included
processes of polyplex diffusion in the hyaloplasm and endosomal
transport along microtubules in their model. This model permitted
the authors to predict (i) dependence of polyplex TE on sizes
and forms of the cells being transfected and (ii) difference between
in vitro and in vivo TEs obtained after transfection of the same
cell lines.

34.5

Conclusions

Gene therapy has recently been transformed from a basic research
to a commercially available method of treatment [38]. Use of
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viral gene delivery methods has generally been better in terms of
efficiency, but they have safety concerns. Non-viral vectors, on the
other hand, offer safety but have often been disappointing in terms
of efficacy of nuclear delivery. Polyplexes are typical examples of
nanoparticles designed for transport of nucleic acids into cells,
and some of them have been studied in clinical trials. The approach
described here can be useful for rational design of polyplexes
by addressing the individual rate-limiting steps such as rate of
polyplex entry and their unpacking into the acidifying endocytotic
compartments. Moreover, the approach provides quantitative
characteristics of transport and state of polyplex nanoparticles
within living cells and helps to interpret the data. Using this
information, one will be able to choose optimal DNA-delivering
constructs for a particular cell type and to optimize them
by modifying their cell specificity as well as features of their
intracellular transport. In the future, it will provide flexible methods
of gene delivery targeted for the particular patient.
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35.1

Introduction

Nanomedicine, one of the fastest advancing frontiers in medicine
today, deals with particulate drugs and agents whose size is in the
nanoscale range (generally 1–1000 nm). Particles in this size range
have unique physicochemical properties that endow them with
unique medical applications as therapeutic or diagnostic agents.
However, these unique physicochemical properties can also entail
unique adverse effects, unusual toxicities, which often represent a
barrier to the clinical use of nanoparticulate medicines. One such
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com

846

Complement Activation

nano-specific toxicity or “nanotoxicity” afflicts the immune system,
resulting in an abnormal defensive, inflammatory response by the
innate, humoral arm of the immune system, called complement
(C). The goal of this chapter is to provide a summary and update on
C activation-related adverse effects of nanomedicines, whose
primary manifestation is a “nonallergic” (non-IgE-mediated)
hypersensitivity reaction (HSR), referred to as C activation-related
pseudoallergy (CARPA).
In addition to summarizing and updating the information
on CARPA, namely its symptoms, prevalence, unique features
and mechanism, a main goal of this chapter is to highlight the
“vigilance” of the C system to recognize and attack nanomedicines
because they resemble viruses and other pathogenic nanoorganisms. Another goal is to review how foreign and host cells,
bacteria, and viruses defend themselves against C attack, which
provides hints on how to protect drug candidates against CARPA.
The chapter also acquaints the reader with a novel approach to
preventing liposome-induced CARPA by way of desensitization
with drug-free (placebo) vesicles. Finally, a new concept is
described, proposing CARPA to represent a stress reaction in blood.

35.2

Complement Surveillance with Multivision
Camera and Machine Gun

The complement (C) system is an evolutionarily ancient
homeostatic protein network in the body that consists of some 36
glycoproteins in blood and on cell surfaces. Accordingly, C proteins
are either soluble or membrane-bound. In both fractions, some
of the proteins take part in the activation chain, either as cascade
or as receptor proteins, while others play inhibitory or controlling
roles (Table 35.1).
The soluble fraction represents ~5% of serum globulin. The
C system is best known as a part of the immune system; namely,
it represents the humoral arm of nonspecific, innate immunity.
Although C was discovered approximately 120 years ago (in 1895 by
Jules Bordet), even today scientists find startling new physiological
roles for the system, most recently in conception, tissue repair,
and growth [1]. Pathologic alterations of the system have been
associated with a long list of illnesses [1, 2].

Complement proteins
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MW* (kDa)

Receptors/Control proteins
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Abbreviations: CPN: carboxypeptidase N; C4bp, C8bp: C4–C8 binding proteins; HRP: homologous restriction factor; MBL: mannose-binding lectin.
*These values are approximate or mean values obtained from different textbooks.
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As illustrated in numerous papers and reviews, C activation is
a complex proteolytic cascade wherein the most abundant C
molecule, C3, is split by C3 convertases to yield two biologically
highly active byproducts, the anaphylatoxin C3a and the opsonin
C3b. The latter propagates the chain reaction by nucleating the
alternative pathway (AP) C3 convertase, producing more C3b, and
the C5 convertase that produces the most potent anaphylatoxin,
C5a, and the membrane attack complex (MAC, C5b-9). In addition
to the capability for self-propagation, C activation gains versatility
and power from being triggered via three independent pathways,
the classical pathway (CP) AP and the lectin pathway (LP) by
binding to at least 8 different primary recognition molecules
(IgG, IgM, C1q and C3 directly, C reactive protein (CRP), mannosebinding lectin (MBL), ficolin and properdin) which bind to
different surface elements on foreign particles and cells. The Creactive molecules include proteins, glycoproteins, glycolipids,
polysaccharides, charged surface groups and many other surface
elements, which show repetitive patterns.

Figure 35.1 The sequence of relay and amplification steps in C activation
making the system’s attack against foreign particles highly
powerful.

The binding of different reactive molecules to non-self surfaces
may be independent or simultaneous, providing substantial
variability for the initial recognition step and the ensuing activation
gets powerful amplification by C3 conversion via the AP, called

Complement on Attack against Nanomedicines

AP positive feedback loop. In addition to these steps, the multiple
functions of C3 and C5-derived anaphylatoxins (stimulating
almost all blood cells as well and the endothelial cells), and the
deposition of C3-derived opsonins (C3b, C3dg, C3d) on foreign
or dying cells (labeling them for elimination by a variety of
clearance mechanisms) all act in a concerted fashion to eliminate
foreign particles [2–6]. These redundant and multiply amplified
protein interactions, illustrated in Fig. 35.1, make C activation a
powerful weapon in the clearance of foreign particles. Therefore,
it is not surprising that C may vehemently attack nanomedicines,
which are recognized as infectious foreign agents, but unlike
extremely pathogenic microbes, are unprotected against this
defense system.

35.3

35.3.1

Complement on Attack against
Nanomedicines

Uniqueness of C Activation by Nanomedicines

As detailed below, a large number of nanomedicines and other
nanoparticle-containing therapeutic and diagnostic agents activate
the C system and thereby trigger its defensive attack [7, 8].
Considering that traditional, small-molecular-weight medicines
do not show such activity, C activation may be considered a unique
feature distinguishing nanomedicines from the overwhelming
majority of traditional medicines.
As shown in Fig. 35.2, C activation by nanomedicines may
have adverse consequences on both the host (i.e., patient) and
the drug particles. The damage on the host is mediated by
anaphylatoxins, while the harm on drug particles is due to the
deposition of C3b on the particles, which is a potent opsonin that
labels the particles for uptake by phagocytic cells, and at the same
time leads to formation of MAC as well as additional C3 and C5
convertases, and, hence, anaphylatoxins.
The clinical consequences of adverse effects of C activation
are shown in the bottom boxes of Fig. 35.2. Among them, those
arising because of HSRs (left boxes) are the focus of this review,
and are discussed in detail below. The consequences of enhanced
specific immunity, i.e., immunogenicity leading to delayed HSRs,
change of pharmacokinetics and interference with efficacy
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(neutralization of the drug) [7, 9–16], rapid drug clearance and
toxicity on RES [17, 18], immune-suppression [19–21] and the
extra health care cost associated with HSRs [22] are addressed
elsewhere, among others, in the references given above.

Figure 35.2 Consequences of C activation by nanomedicines. Entries with
light and dark blue background distinguish the consequences
of C activation on the body and the drug, respectively.

35.3.2

Complement Activating Drugs and Agents

Table 35.2 lists the clinically used drugs and agents that have been
reported to cause CARPA. Liposomes, micellar solvent-formulated
hydrophobic drugs (micellar drugs), and conjugated proteins
and polymers are “true” nanomedicines in the sense that they are
products of nanotechnology-enhanced molecular engineering.
Some of the rest of the listed drugs and agents (e.g., monoclonal
antibody-based drugs, contrast agents, enzymes, small molecules)
are not nanomedicines “officially,” yet they cause CARPA-like
symptoms. However, regardless of arbitrary nomenclatures,
nanosystems created by nanotechnology or occurring naturally
can activate C and cause CARPA for reasons discussed below.
In addition to the marketed medicines shown in Table 35.2, a
great number of drugs and agents in preclinical development can
activate C, for example, poloxamers, carbon nanotubes, and many
others.

Complement on Attack against Nanomedicines

Table 35.2

FDA-approved drugs and agents that cause CARPA-like
symptoms

Liposomal
drugs

Micellar
drugs

AmBisome

Etoposide Avastin

Iodixanol

Abbokinase Copaxone

Amphotec

Elitec

Iopromide

Activase

Amphocyl

Fasturec

DaunoXome Taxol
Doxil

Myocet

Visudyne

Taxotere
Vumon

Monoclonal Contrast
antibodies agents
Campath
Erbitux

Herceptin
Mylotarg

Remicade

Rituxan

Vectibix
Xolair

35.3.3

Iohexol

Enzymes

Miscellaneous

Actimmune Eloxatin
Orencia

Iothalamate Aldurazyme Salicilates
Ioversol

Avonex

Ioxilan

Neupogen

Ioxaglate
Lopamidol
Magnevist
Odixanol

Fasturtec
Plenaxis
Zevalin

SonoVue

Prevalence of CARPA

Based on the prevalence of HSRs to drugs during pharmacotherapy
in hospitals and the estimated high percentage (>77%) of nonIgE-mediated reactions among them, CARPA may afflict a few
hundred thousands of patients every year all over the world [8, 21].
Considering the fact that up to 0.1% of these reactions are fatal,
CARPA is life threatening for hundreds of patients each year
who need i.v. medication with reactogenic drugs, particularly
those who suffer from a cardiovascular disease.

35.3.4

Symptoms

Table 35.3 shows a list of clinical symptoms of CARPA grouped
according to the organ systems affected. Most of the changes
correspond to those also seen in “true” allergy, although there
are major differences between true and pseudoallergy in several
respects. These include the presence or absence of a reaction upon
first exposure, the latency period and strength of the reaction
upon repeated exposures, the occurrence of tachyphylaxis and
pulmonary infiltration, and the efficacy of anti-inflammatory
premedication. These differences are specified in Table 35.4.
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Table 35.3

Symptoms of CARPA in man

BronchoCardiovascular pulmonary

GastroMucointestinal cutaneous

Neurogen

Autonomic

Angioedema

Apnea

Nausea

Cyanosis

Back pain

Chills

Cardiogenic
shock

Coughing

Metallic
taste

Flushing

Chest
tightness

Fever

Arrhythmia

Bronchospasm Vomiting

Hypertension

Dyspnea

Hypotension

Laryngospasm Bloating

Myocardial
infarction

Tachycardia

Edema

Table 35.4

Urticaria

Shortness of
breath

Wheezing

Sneezing

Loss of
consciousness

Swelling

Pulmonary
infiltrates

Respiratory
distress

Ventricular
fibrillation

Syncope

Rash

Hyperventila- Cramping Rhinitis
tion

Hypoxia

Death

Diarrhea

Erythema

Hoarseness
Pulmonary
infiltrates
Stridor

Nasal
congestion
Pruritis

Chest pain
Headache
Feeling of
imminent
death
Fright
Panic

Diaphoresis
Sweating

Wheezing
Rigors

feeling of
warmth

Tightness in
chest, throat
Anxiety

Angioedema Confusion
Tearing

Conjunctival
erythema

Dizziness

Some distinctive features of CARPA versus traditional (type I)
allergy

Property

True allergy
(IgE-mediated)

Pseudoallergy
(C-mediated)

Reaction at first exposure

No

Yes

Strength of repeat reaction

Ascending

Descending

Latency period upon repeated
exposures
Self-induced tolerance (tachyphylaxis)
Efficacy of anti-inflammatory
premedication
Acute pulmonary infiltration

Shortens
No
No
No

Increases
Possible
Yes
Yes

Mechanism of CARPA

35.3.5 Characteristics and Prevention of CARPA
The description of CARPA in the title of this chapter as “capricious”
is because unlike in type I allergy, the occurrence, severity and
symptoms of the reactions are not predictable on an individual
basis. This makes it very difficult, or impossible with our present
state of knowledge, to specifically prevent the reaction, either
by avoiding its cause or by selectively pre-treating only those
subjects who are susceptible to CARPA. Approaches currently used
include nonspecific pre-medication with steroids, antihistamines,
and non-steroidal anti-inflammatory drugs, along with application
of various extended dosing protocols, i.e., slow and/or interrupted
and/or gradually escalating infusion [24–27].
The main characteristics and conclusions on C activation by
Doxil and other liposomes are summarized in Table 35.5.
Table 35.5

Characteristics of liposomal C activation

• All types of liposomes can activate C in human serum or plasma

• Sensitivity for C activation by different liposomes shows substantial
individual variation

• Individual sensitivity for C activation is liposome formulation specific
• C activation may proceed on both the CP and APs

• Activation trigger molecules include IgG, IgM, C3 directly, CRP and C1q directly
• C activation by liposomes is enhanced by positive and negative surface charge

• C activation directly correlates with the size, charge, cholesterol content (above
50%), LPS contamination, inhomogeneity, and aggregate content of vesicles
• C activation by liposomes can be inhibited by known C inhibitors: sCR1, IVIG

Abbreviations: CRP, C reactive protein; LPS, lipopolysaccharide; sCR1, soluble C
receptor type I; IVIG, intravenous immunoglobulin.
Note: Table partly reproduced from ref. 28, with permission.

35.4

35.4.1

Mechanism of CARPA

Structural Preconditions for C Activation

Among the structural factors of nanomedicines that directly
influence C activation, size, shape, curvature and the presence of
aggregates have been shown to play key roles in different systems,
under different conditions [21, 28, 29]. The effects of these factors
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can easily be rationalized with the surface-dependent propagation
of C activation on particles by way of successive depositions of
classical, and then AP C3 convertases. Considering the MW and
molecular dimensions of these initially bimolecular (C4bC2b and
C3bBb, 2–300 kDa), later trimolecular complexes, their sequential
deposition is not conceivable on high-curvature nanoparticles
with d ≤ 20–30 nm. Thus, according to the existing paradigm
of surface-enabled C activation, small nanoparticles, such as
dendrimers (3–5 nm) and micelles (8–20 nm) can only activate
C in solution if these particles bind together or form aggregates
whose sizes provide landing fields for C3 and C5 convertases. On
the same grounds, the explanation of C activation by liposomes
and other particles with d ≥ 80–100 nm is relatively straightforward
in light of the relatively large surface area available for C deposition.
It is notable regarding liposomal C activation that pathogenic
viruses are exactly in the same size range as liposomes. The
similarity of liposomes to viruses has been described for several
viruses, and in the case of Doxil and HIV-1, there is even an
astonishing similarity between the internal contents (doxorubicin
crystals and HIV RNA) [21, 28].

35.4.2

Initiation of C Activation by Different
Nanoparticles

The triggering of C activation by different nanoparticles has been
thoroughly studied in the case of liposomes and liposomal drugs
[7, 18, 21, 28–32]. C activation by liposomes was shown to be
caused by the binding of natural antibodies against phospholipids
and cholesterol [33–38] via their surface-exposed hydrophilic
antigenic sites. Furthermore, positive or negative charges on
liposome surfaces provide high affinity/high capacity sites for
C binding both directly, and also via antibodies, C1q and CRP.
Polyethylene glycol (PEG), also on liposomes, binds anti-PEG
antibodies [10–13].
As for other nanoparticulate medicine candidates, carbon
nanotubes were shown to bind MBL and ficolin, among other
proteins [40–42]. However, C activation by dendrimers, which was
attributed to the high cationic surface charge of 3–4 nm particles
[43], just as those of C-activating PEG-PEI polymers [44], cannot
provide sufficient surface for C3 and C5 convertase formation,
leaving the mechanism of C activation unclear.

Mechanism of CARPA

In sum, the initial step of C activation by nanomedicines is
highly variable involving at least six known recognition signals
(Fig. 35.1). Metaphorically, C surveillance is equipped with multicamera vision.

35.4.3

The Rise of CARPA via the Anaphylatoxin
Pathway

The second step in CARPA generation is the activation of immune
cells that entails the release of numerous vasoactive mediators.
These, in turn, act upon smooth muscle and endothelial cells in
the lung, heart, gut, and many other organs in the body. The final
response of these cells will manifest in clinical symptoms. In
keeping with the similarity of true allergic reactions and CARPA,
the immune cells responsible for the manifestation of allergy are
also responsible for CARPA. These include mast cells, basophils,
and macrophages that express a group of G-protein coupled
receptors, which bind anaphylatoxins (i.e., C3a/C5a/C5L2
receptors). Binding of C activation byproducts, C3a and C5a to
these receptors can trigger essentially the same intracellular signal
transduction system that is activated upon the engagement of
allergen to membrane-bound IgE, triggering the release of a battery
of secondary vasoactive mediators, including histamine, tryptase,
PAF, leukotrienes (LTB2, LTB4, LTC4, LTD4, LTE4, TXA2, PGD2, and
TXD4). Some of these “allergomedins” (e.g., TXA2, PAF, histamine,
tryptase) are preformed and liberate from the cells immediately
upon activation, while others are de novo synthesized and, hence,
liberate slower. In the next step of CARPA, allergomedins bind to
their respective receptors on or within endothelial and smooth
muscle cells, modifying their function in ways that lead to the
symptoms of CARPA (Fig. 35.3). Thus, in addition to the multivision
camera, C also has a machine gun to shoot simultaneously to several
targets.
A further complexity in the signaling scheme between C
activation and organ responses is the different expression,
specificity, and function of allergomedin receptors in the tissues.
For example, H1 receptors mediate vasoconstriction and vascular
leakage, while H2 receptors cause vasodilatation, increased heart
rate and pulse pressure. Thus, depending on individual expression
of these receptors, different organs of different individuals may
have different responses to the same stimuli.
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Figure 35.3 The central role of anaphylatoxins in CARPA. The upper part
illustrates the formation of anaphylatoxins C3a and C5a during
C activation by different nanoparticles. These activate mast
ceels, or equivalent basophil granulocytes, PIM cells or other
secretory macrophages, to release vasoactive inflammatory
mediators that cause physiological changes. Reproduced from
ref. 28, with permission.

Figure 35.4 Physiological changes in pigs following i.v. injection of
liposomes. Reproduced from Ref. 45, with permission.

Mechanism of CARPA

To illustrate the variety of organ responses during CARPA,
Fig. 35.4 gives a schematic illustration of the physiological changes
observed in pigs following i.v. injection of liposomes. As described
in detail in several studies [23, 44, 45, 59, 60] and a recent review
[45], pigs provide a highly sensitive model of human CARPA
inasmuch as a small amount of i.v. administered nanoparticles can
trigger major cardiovascular, hemodynamic, and cutaneous changes
that are very similar to the symptoms of severe (grade III and IV)
[25–27] infusion reactions in man. What makes this model
particularly useful is that the changes are highly reproducible and
quantifiable in essentially all pigs, enabling drug screenings for
reactogenicity and studying the mechanism and prevention of
CARPA [23, 44, 45, 59].

35.4.4

A Role in CARPA of Missing Natural Resistance

The lack of C-antagonizing surface molecules on liposomes and
other C-reactive nanoparticles represents a shortcoming in their
design, if the particles are intended for i.v. use and C activation
is undesirable, rather than beneficial. Many C-antagonizing
surface molecules exist to protect the body’s own cells from autodestruction. These are found mainly on blood and endothelial cells,
and include C receptor type I (CR1), membrane cofactor protein
(MCP), decay accelerating factor (DAF) and CD59 [46–48]. These
highly conserved C binding proteins, also called C control proteins
(CCP), accelerate the physical decay of C3 convertases and their
enzymatic cleavage, and usually include repetitive amino acid
sequences called short consensus repeats, or “Sushi” domains
[49]. Their relative sizes on membranes have been illustrated in
previous reviews [21, 28].
In addition to CCP present on eukaryote cells, there is a great
variety of cell surface proteins that help the immune evasion of
infectious bacteria, yeasts, viruses, and cancer cells, via C inhibition
[50]. The C-antagonist proteins in various bacteria include, among
others, capsule lipooligosaccharide (LOS) [51], factor H-binding
protein (fHbp), surface protein A (NspA) [51], collagen binding
adhesins (MSCRAMMS, that also bind C1q) [52], Efb, SdrE, Eap
proteins, the extracellular cysteine proteases staphopain A and
staphopain B, serine protease V8, and the metalloproteinase
aureolysin [53–56]. In addition, the surface of many bacteria is
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covered by sialic acid, which too inhibits C activation [51]. Viral
nucleocapsid proteins that inhibit C include, among others,
proteins called VCP in the case of Vaccinia, IMP in the case of
Cowpox, SPICE in the case of Variola, gC-1, gC-2, HVSCCPH and
HVSCD59 in the case of HSVs. Cancer cell surface proteins that
exert similar functions include mortalin (GRP75, HSP70), which
binds C8 and C9 and eliminates C5b-9 via exo-vesiculation [57].
The phenomenon was shown, among others, for K562 human
erythroleukemia, Raji, human B lymphoma and EL4, mouse
T-lymphoma [57].

35.4.5

Refinement of the CARPA Paradigm

Based on the high ratio of “false positivity” of the SC5b-9-based C
activation test in predicting HSRs to Doxil in cancer patients [58],
it has been emphasized for long that C activation and subsequent
production of anaphylatoxins is likely a trigger, or co-trigger, or
cofactor, but definitely not the sole cause, or rate limiting process
in CARPA. The name “CARPA” actually hints that pseudoallergy is
only related, but not necessarily caused by C activation. In addition
to the false positivity of SC5b-9 ELISA, mentioned above, there
is another feature of CARPA that is difficult to explain with C
activation directly correlating with the clinical reactions, namely,
the presence of tachyphylaxis in case of some reactogenic drugs,
best documented in pigs for Doxil [58] and PEI polymers [44].
Tachyphylaxis means self-induced tolerance, i.e., diminution or
disappearance of symptoms after repetitive treatment with the
same drug (Fig. 35.5).
The simplest explanation of tachyphylaxis is binding by
liposomes and depletion of a reaction mediator molecule downor upstream of anaphylatoxin production. Such intermediate
could be a vasoactive effector molecule, a C protein or a pattern
recognition molecule. However, depletion of an effector molecule
can be ruled out on the basis that the tachyphylactic nonresponsiveness to Doxil [59] or polymers [44] can fully be overcome
by different reactive particles, such as zymosan [44, 59] or
AmBisome [60]. Depletion of low-abundance C proteins, (such as
C2, MBL, MASP1, MASP2) can also be ruled out in pigs, since despite
their relatively low level, their molar concentration in plasma
(in the 10–9–10–7 M range) far outweighs that of liposomes taken

Mechanism of CARPA

as binding entities after reaching equilibrium in plasma (in the
10–14–10–13 M, MW of a liposome ~60,000 kDa). It is the depletion of
low abundance/high-affinity recognition/reaction trigger molecules,
such as anti-phospholipid, anti-cholesterol, anti-liposome and/or
anti-PEG natural antibodies in the afferent arms of CARPA, which
represent realistic explanation [59], however they need to be proved
in the future. The main problem with this explanation lies in the
high inter-individual variation of anti-liposomal antibody levels
[35, 61, 62] compared to the highly reproducible tachyphylaxis
induction [44, 59], at least in pigs.

Figure 35.5 Tachyphylactic cardiopulmonary response of pigs caused
by repetitive injections of liposomes. Doxil was repeatedly
injected in a pig i.v. at the time points shown by the arrows.
After the first massive pulmonary hypertension, the second
and third identical doses of Doxil did not induce significant
changes in PAP. Zymosan, injected subsequently, reproduced
the reaction. Figure reproduced from ref. 59 with permission.

35.4.6

The Double Hit Theory of CARPA

Recently, an “alternative,” second pathway for CARPA was
proposed involving downregulation of (a) cellular receptor(s) that
mediate(s) the reaction. It was proposed that this less robust
mechanism may fully be efficient only once, and it gets weaker and
ultimately becomes dysfunctional after multiple stimulations. At
first injection, the additive or synergistic effects of anaphylatoxins
and the above second stimulation lead to a strong reaction, while
at subsequent injections weakening of the second trigger results
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in gradually decreasing reactions until the stimulus becomes subthreshold for the effector cells [59].

Figure 35.6 The “double hit” theory on the mechanism of Doxil’s CARPAinducing effect in pigs, with involvement of the pulmonary
intravascular macrophages (PIM cells) [45, 59]. The double
hit involves simultaneous binding of anaphylatoxins to
anaphylatoxin receptors (ATR) and Doxil to pattern recognition
receptors (PRR), such as pathogen associated molecular
pattern receptors (PAMP-R), danger associated molecular
pattern receptors (DAMP-R) and/or toll-like receptors (TLR)
2 or 4 (which are on the surface of macrophages) and/or to
other, yet unidentified macrophage surface receptors, or
intracellular receptors. The additive or synergistic triggering
of the intracellular signal cascade by these independent
triggers leads to activation of PIM cells, ultimately leading to
their degranulation.

As for the cellular and molecular basis of the second trigger,
intracellular signaling molecules within mast cells, basophils, or
macrophages, or receptors on these cells’ membranes are prime
candidates. That is, receptors other than the C3a/C5a anaphylatoxin

Tolerization against CARPA

receptors (ATR). Previously we pointed in this regard to pattern
recognition receptors (PRRs) i.e., pathogen and/or danger
associated molecular pattern receptors (PAMP-R, DAMP-R) and
certain toll-like receptors (TLR-2,4) on the surface of macrophages
that capture nanoparticles in blood. In case of pigs, the abundance
of pulmonary intravascular macrophages (PIM) explains the
unique sensitivity of this species to CARPA, as the highly secretory
PIM cells are directly exposed to blood and they can take up
particles within minutes [45, 59]. It was therefore hypothesized
[45, 59] that PRRs and/or TLR-2,4 on PIM cells bind those liposomes
or other tachyphylactic nanoparticles which carry repetitive
surface extensions that form molecular patterns, such as PEG
[59]. This binding, when it occurs together with the binding of
anaphylatoxins to their specific receptors, leads to super-threshold
signaling of release reaction, and, hence, the rise of HSR. The above
interactions and processes are illustrated in Fig. 35.6.

35.5

Tolerization against CARPA

One possible way to prevent HSRs, at least to drugs whose
reactogenicity is tachyphylactic, is to tolerize with placebo
before starting the treatment with the real drug. A protocol was
described in pigs for the case of Doxil-induced CARPA, wherein
doxorubicin-free Doxil, called Doxebo, was injected as bolus
(Fig. 35.7a) or infused over 20 min (Fig. 35.7b) before bolus
injections of Doxil and finally zymosan [59]. This administration
schedule significantly reduced, or eliminated the reaction to Doxil,
but not to zymosan, implying preservation of innate immune
competence and lack of cross-tolerance between Doxil and
zymosan, i.e., different reaction inducers [59]. As for the therapeutic
use of Doxebo for preventing Doxil reactions, further studies are
needed to explore the time window of tolerance induction prior
to treatment, the length of tolerance, presence of cross-tolerance
among different liposomes and other nanoparticles, optimal
tolerizing protocol and maximal tolerated drug dose, and the
applicability of the approach to HSRs to non-particulate C-activator
emulsifiers (such as Cremophor EL, Tween 20 and Tween 80,
poloxamers).
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Figure 35.7 Protocol for tolerization against CARPA in pigs. (a) bolus
injection and (b) infusion of Doxebo, followed by Doxil and
zymosan boluses. Further details are in Ref. 59. Reproduced
from refs. [45, 59] with permission.

35.6

Summary and Outlook

Hypersensitivity to nanomedicines share with many other
nanotoxicities a common problem that was articulated by the
Scientific Committee on Emerging and Newly Identified Health
Risks (SCENIHR) of the European Commission as lacking of
methodologies for “exposure estimation, hazard identification
and risk assessment” [63]. The facts summarized in this chapter
help fill the above gaps inasmuch as exploring and analyzing the
triggers, symptoms and causes of CARPA represent “exposure
estimation” and “hazard identification,” while the porcine model of
CARPA is a diagnostic tool for “risk assessment”. Thus, considering
the above expressed public need to explore and understand
unknown nanotoxicities and to develop predictive tests and specific
preventions, research on CARPA fits in an officially endorsed
research direction in nanomedicine.
The tolerization method described above might save patients
from severe and, in rare cases, lethal adverse immune reactions.
A further possible benefit of eliminating CARPA is to enable
the reduction of infusion time, or even changing the treatment
protocol to bolus administration, making inpatient treatment
simpler and outpatient treatment possible. In fact, there are
reactogenic drugs and imaging agents whose efficacy depends on
rapid administration, whereupon tolerization against CARPA seems
to be an essential precondition for clinical utilization.

Abbreviations

Finally, it should be pointed out that research on CARPA also
helps understanding the systemic cardiovascular effects of
anaphylatoxins, whose research has not advanced since some
seminal studies in the 1980s [64–69]. New working hypotheses,
such as the double hit concept involving the “anaphylatoxin” and
“alternative” pathways of infusion reactions may lead to novel
discoveries with relevance not only in modern pharmacotherapy,
but also in clinical and experimental immunology. Last but not
least, identifying nature’s solutions to protect normal and cancer
cells, bacteria and viruses against C attack might provide clues for
molecular engineering of C-stealth nanomedicines with no risk of
CARPA.
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C4bp: C4-binding protein
C8bp: C8-binding protein
CARPA: C activation-related pseudoallergy
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CRP: C reactive protein
DAF: Decay accelerating factor
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36.1

Introduction

Medicine is evolving to include new forms of therapeutics, drug
delivery devices, and diagnostic tools that harness nanotechnology.
Nanotechnology involves the development of substances that are
intentionally produced to have dimensions in the nanoscale. As a
consequence of their small size, the properties of nanomaterials
(NMs) differ from larger forms of the same material. Although
the definition of a NM and nanotechnology is debatable, it is
often considered that a NM has at least one dimension that is
1–100 nm in diameter (e.g., [1a]). However, some point to
drawbacks with this narrow definition, especially when applied to
nanomedicine and nanotherapeutics [1b, 1c]. Nanotechnology has
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Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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led to an expansion in NM production and use in a diverse array
of applications, including medicine.
The advantages of developing nanomedicines include the
ability to use lower doses, leading to fewer side effects, improved
targeting, and modified material properties. However, the modified
properties of materials at the nanoscale can also lead to a lack of
understanding about how such NMs behave in, and react with, the
human body. The uncertainties surrounding NM safety and the
anticipated increase in exposure of humans and the environment
to NMs gave rise to the discipline of nanotoxicology, which is now
a well-established area of research.
This chapter reflects the progress made within nanotoxicology
research over recent years and discusses how hazard investigations
may be better designed to more accurately predict NM toxicity. A
focus will be placed on the exploitation of NMs as nanomedicines
and the implications of this for nanotoxicology investigations
but a number of the issues raised are more widely applicable to
other applications of NMs.

36.2

Nanomedicine and Nanotoxicology

One of the most prominent areas of research and interest in NM
exploitation is the field of nanomedicine. NMs maybe used as
a means of accurate, early diagnosis and effective treatment of
disease through the development of novel drug delivery systems,
new therapeutics, and diagnostics. Importantly, a diverse array
of NMs may be used as delivery agents as they are excellent
carriers of therapeutic or diagnostic agents. For example, vesicles,
micelles, and polymer particles, as well as metal or metal oxides of
various types, have been developed for drug delivery (e.g., [2–4]).
Alternatively, NMs themselves may have diagnostic or therapeutic
properties that can be exploited in a clinical setting. Some
applications include using the same NM for both purposes,
such as paramagnetic iron oxide or gold NM, both of which are
used as a contrast agent in imaging as well as for photothermal
ablation (hyperthermia therapy) within the same patient [5]. The
simultaneous diagnosis and treatment of disease is therefore
possible through the use of NMs, and the term “theranostics” has
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been coined to describe this phenomenon. The use of NMs
is anticipated to be extremely advantageous as a means of
noninvasive, early diagnostic imaging, which combined with a
therapeutic function could revolutionize current medical practice.
The continued interest and optimism surrounding the utilization of
NMs within medical applications is encouraged by the knowledge
that a number of novel NM-based therapeutics are in transition
from a research to a clinical phase [6].
Despite the diversity of nanomedicines under development,
many of these new devices share the same principal structure. Thus,
they are typically composed of three components: an NM core, a
shell/coating (typically a polymer to improve biocompatibility and
stability), and one or more functional moieties on the surface (e.g.,
targeting ligand, drug) (Fig. 36.1). The intelligent design and precise
control of the physicochemical properties of NMs can be used to
ensure efficacy, whilst minimizing the likelihood of adverse effects
developing. For example, the specific targeting of NMs to their
required site of action is essential in order to minimize adverse
effects associated with systemic administration, and this can
be achieved through passive or active processes. For example,
controlling NM size can enable their passive delivery to tumors.
Specifically, the fenestrations in tumor capillaries provide a
relatively leaky barrier compared to other tissues, and the size of
these fenestrations is optimal for the capture of NMs. In addition,
modification of NM surface properties using carefully selected
targeting moieties can enable the specific delivery of NMs to the
required target site. Surface modifications are also routinely used
to increase the circulation time of NMs in blood (e.g., polyethylene
glycol [PEG]).
There is much optimism surrounding the benefits associated
with the development of novel NM-based diagnostics and
therapeutics. However, as for other NM applications, a rigorous
assessment of their safety is essential. The successful exploitation
of NMs within a clinical setting will require a robust risk
evaluation for each nanomedicine to be performed prior to their
widespread use. Without a full understanding of the implications
of NM exposure, the success of this rapidly expanding field could
be severely impeded [7].

875

876

Nanotoxicology

Shell/Coating

Functional
Moieties (e.g.,
targeting drug)

Nanomaterial
Core

Figure 36.1 The structure of a nanomedicine typically has three main
components: an NM core, a shell/coating, and functional
moieties on the surface, which may include targeting ligands
or drugs. Importantly, the structure and composition of a
nanomedicine controls the efficacy and toxicity of the NM.

At this time there are no standard methodologies for
assessing NM hazards. As such, there has been a significant
amount of effort placed on the development of suitable testing
approaches to assess NM safety. Due to the unique properties
exhibited by NMs, existing “traditional” testing approaches for
assessing chemical safety may not be appropriate or may need to
be adapted to allow for a more accurate prediction of NM safety.
Much progress has been made within the field of nanotoxicology
over recent years and in particular in the identification of aspects
of experimental design that should be considered when developing
an appropriate testing strategy for addressing NM safety.
However, nanotoxicology must constantly adapt to incorporate
new evidence in order to ensure that the approach used to predict
NM risk is suitable and based on the available evidence. Progress
has been made in addressing the uncertainties surrounding NM
toxicity, but there are still a number of knowledge gaps that need
to be resolved, and a number of attempts have been made to
prioritize research priorities in the area of nanotoxicology (e.g.,
[8, 9]).
The rigorous toxicity assessment required of pharmaceuticals
should ensure their safety. However, the regulations that are
applicable to nanomedicines will depend on the intended application
of the NM and how an NM is defined (e.g., what size of a material
constitutes an NM, 1–100 nm?), for example, whether NMs are
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defined as a new type of substance, whether NMs are defined as a
device or pharmaceutical, etc. Such classification will dictate the
nature and extent of testing that is required. The approach used
to assess the safety of “traditional” chemical substances will need
to be adapted. For example, special considerations for NMs may
include the need for physicochemical characterization of the
material, procedures used to disperse NMs for hazard investigations,
and the potential for NM interference within toxicology assays,
to name a few. These issues will be discussed in greater detail later.
Current medical regulations do not take into account the need
to assess the impact of subtle changes in particle size or how the
particle is made, prepared, or dispersed—all factors that can impact
NM toxicity.

36.3

Nanomaterial Physicochemical Properties

By definition all NMs share the common property that they are
“small.” However, there are many other physicochemical variables
that have a significant influence on NM properties and toxicity.
These include morphology, chemical composition, surface
structure, charge, surface chemistry, solubility (dissolution), and
agglomeration state of NMs [10, 11]. The contribution of each of
these characteristics to NM toxicity is covered below.

36.3.1

Size

As stated previously, decreasing size has the advantage that novel
properties are introduced into materials that can be harnessed
within nanomedicines. There has been particular interest in
the development of nanomedicines for the treatment of cancer,
as the small size of NMs may enable their passive delivery to
tumors. The size-dependent biomedical applications of gold and
iron oxide nanoparticles continue to be investigated with much
enthusiasm due to the novel properties that emerge within these
materials when they are developed at the nanoscale.
Gold NMs can strongly absorb and scatter near-infrared
(NIR) light, which allows their exploitation as novel imaging
modalities [12]. This scattering of light in the NIR range allows
gold NMs to be used as contrast agents and hence aids their
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visualization in the body. Furthermore, the conversion of the
absorbed NIR light into heat and can also be used to generate
localized photothermal effects to enable the destruction of
tumor cells as a noninvasive hyperthermia-based treatment for
cancer [12]. It is essential that the toxicity of gold NMs be assessed
alongside their clinical efficacy. It is generally assumed that gold
NMs are relatively nontoxic. However, existing studies have
revealed that their size, shape, surface properties (e.g., coating),
and charge are all important to the biological response (e.g.,
[13]). Cell-nanoparticle interactions have been investigated using
primary human dermal microvascular endothelial cells and a panel
of 15 gold NMs that had a different sized cores (18, 35, or 65 nm)
and surface (polymer) coatings (including PEG, glucosamine,
hydroxypropylamine, ethanediamine, and taurine) [14]. None of the
NMs tested induced a cytotoxic response, but the size and surface
coating used were able to impact the internalization of the NMs
by cells. The uptake of 18 nm particles was greater than that of
their larger counterparts (35 nm or 65 nm). In addition, PEGylated
and negatively charged NMs were not effectively internalized by
cells, whereas the uptake of ethandiamine-modified particles,
which exhibit a positive surface charge, was extremely high.
Modifying the size and surface properties of NMs is therefore
able to influence their interaction with cells, with further studies
required to investigate the toxicological consequences of this. The
size-dependent toxicity of gold NMs (0.8 nm, 1.2 nm, 1.4 nm, and
15 nm diameter), which were all stabilized with triphenylphosphine
monosulfonate (TPPMS), has been investigated in epithelial cells
(HeLa cell line), phagocytes (macrophages; J774 cell line), and
tissue stromal cells (connective tissue fibroblasts; L929 cell line)
[15]. This study demonstrated that smaller particles were more
toxic than their larger counterparts. The biodistribution pattern
of gold NMs following exposure via intratracheal instillation [16],
intravenous injection [16, 17], or ingestion [18] has revealed that
approximately 1% of the inhaled or ingested dose of gold NMs
is able to translocate into blood, they distribute within the body,
depending on their size and charge, but they preferentially (>95%
of translocated dose) accumulate within the liver. In general, there
is an absence of studies that have assessed gold NM toxicity, with
a greater emphasis placed on exploring their potential exploitation
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within biomedical applications, such as tumor targeting and capacity
to kill tumor cells.
The magnetic properties of iron oxide can be used for
magnetic resonance imaging (MRI). In addition it is possible to
use iron oxide NMs as drug delivery vehicles. Although, “bulk” iron
oxide is currently used in a clinical setting for imaging purposes,
the development of NMs for this purpose may enhance their
effectiveness compared to conventional approaches. However, the
toxicity of iron oxide NMs has been demonstrated to be greater
than that of their larger counterparts, following intratracheal
instillation of rats [19] and exposure of lung epithelial cells [20].
Of particular concern is the ability of iron to induce oxidative
stress due to its ability to stimulate reactive oxygen species (ROS)
production via Fenton chemistry. A commonly used strategy to
reduce particle toxicity and improve biocompatibility is the use
of surface coatings (e.g., polymers). This approach is also used
to improve colloidal stability of the particle suspensions (i.e., to
reduce their agglomeration). The type of modification used is able
to influence particle toxicity (e.g., [21, 22]). The size of particles has
been widely demonstrated to be critical to their potential toxicity,
so a decrease in particle size often corresponds to enhanced toxicity
for many different materials, including carbon black (e.g., [23]),
polystyrene (e.g., [24]), titanium dioxide (e.g., [25]), and silver (e.g.,
[26]). Unraveling how and why the behavior of NMs is distinct to
that of their larger counterparts is essential, as their toxicity cannot
simply be extrapolated from bulk forms of the same material. This
requires that the contribution of size, and other physicochemical
properties of NMs, to their toxicity be investigated to support
their safe development as nanomedicines.

36.3.2

Morphology

The morphology of NMs (spheres, tubes, wires, rods, etc.) plays a
crucial role in their classification, properties, and toxicity. Carbon
nanotubes (CNTs) are fiber-like structures termed high-aspectratio nanomaterials (HARNs). There has been much discussion
about the use of CNTs within the area of nanomedicine due to the
potential to use their hollow interior for drug delivery and the
ability to readily functionalize their surface [27].
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Due to their structural similarity (shape and length) to
pathogenic fibers there is concern that CNTs may elicit toxicity in
a similar manner to asbestos. The relationship between asbestos
toxicity and properties is well documented in a robust structureactivity relationship exists that relates fiber length (>10 mm),
biopersistence, and aspect ratio (>3:1) to their toxicity [28]. It has
been demonstrated that CNTs appear to adhere to the fiber
pathogenicity paradigm, with existing studies demonstrating
that their length is critical to their pathogenicity [29–31]. Careful
consideration of the modifications (e.g., shape and surface
properties) required to reduce CNT toxicity is therefore required
for their development in biomedical applications. For example,
the extent of CNT functionalization is able to control their tissue
distribution and elimination from the body [32]. In addition, there
is an urgent need to develop biodegradable HARN structures [33]
that in future can ensure the safe design of HARNs within medical
applications.
Gold (spherical) particles and gold nanorods have been
developed for biomedical applications, and it is of interest to
consider how particle shape impacts their toxicity. The toxicity of
gold nanorods (~17 × 44 nm) has been compared to that of gold
nanospheres (~20 nm) within a keratinocyte cell in vitro model
[13]. The rods were less effectively internalized by cells, stimulated
cytotoxicity, and ROS production and changes in gene expression
relating to inflammation, apoptosis, and DNA damage; however
the nanospheres were relatively nontoxic. This study could suggest
that particle shape maybe important to their toxicity; however,
these NMs had different surface coatings, which importantly may
influence the biological response. Specifically the spheres had
a mercaptopropanesulfonate (MPS) coating and the rods a PEG
coating, which would reduce uptake. Such findings warrant a
more detailed investigation of the impact of NM shape on their
toxicity in the future.

36.3.3

Composition

A NM can be composed of a single constituent material or be a
composite of two or more materials. For the purposes of classification,
NMs are often categorized according to their composition: carbonbased, organic, and inorganic polymers, as well as metal and metal
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oxide compounds or composites [34]. Existing evidence suggests
that not all NMs are equally harmful. For example, silver NMs are
consistently toxic across different models (e.g., [35]), while TiO2 is
often demonstrated to be of low toxicity (e.g., [36]).
There has been much interest regarding the exploitation of
quantum dots (QDs) as imaging agents for the diagnosis of disease
(e.g., cancer). QDs are generated from a heavy metal core (typically
cadmium, selenide or telluride), often with a surface coating (e.g.,
zinc sulfide shell). However, there are concerns regarding QD
safety due to their composition (as cadmium is inherently toxic)
and their nano dimensions. Surface treatments (coating and
functionalization) are often introduced to enhance QD stability,
preventing the leakage of cadmium from the QD core and for
targeting purposes. It is generally accepted that core-shell particles
are less toxic than core-only particles due to the protective role of
the shell layer [37]. Indeed, it has been demonstrated that a zinc
sulfide coating is able to protect against the release of cadmium
from QDs to reduce their toxicity [38]. A greater awareness of
the strategies that can be used to improve QD stability could be
exploited within the safe design of QDs.
Modifying the biopersistence of NMs is critical to ensure
their degradation or elimination from the body, as accumulation
at primary and secondary target sites may lead to unwanted side
effects [33]. For example, as previously discussed the persistent
nature of CNTs and their (long) length can increase CNT residence
time in the body to enhance their pathogenicity (according to the
fiber pathogenicity paradigm), and the degradation of QDs to release
cadmium can result in toxicity. An important aspect within the
development of nanomedicines is therefore the ability to modify the
biodegradability of NMs, which is required to control the duration
of action of the nanomedicine but minimize the likelihood of side
effects manifesting.

36.3.4

Surface Properties

The surface area of NMs has been demonstrated to be fundamental
to their toxicity [24, 39] as it relates to what or how the cell “sees”
and responds to. This has led to suggestions that surface area could
be a more useful than mass as a way to express dose for some NMs
[39]. This study also demonstrates that surface area is not the
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only driver of biological reactivity, with surface properties also
being important. Modification to the surface of NMs has been
used as a strategy to improve the stability of NMs, reduce their
agglomeration, target NMs to specific sites/cells in the body,
introduce “stealth” properties to increase circulation time, and
improve NM biocompatibility. It is therefore prudent to reflect on
the influence of such modifications on the toxicity of NMs.
Investigation of the surface coatings that can be applied to
gold NMs have demonstrated the ability of the NM coating to drive
toxicity. For example, cetyltrimethylammonium bromide (CTAB)
is commonly used within the synthesis process as a capping agent
to control the size and shape of gold NMs [13]. However, CTAB
can elicit toxicity, while the removal of CTAB can promote the
aggregation or agglomeration of gold NMs [13], which may
compromise their effectiveness within clinical applications. The
detoxification of CTAB-stabilized gold NMs has been attempted
using a number of approaches to improve their biocompatibility
and allow for their use in biomedical applications (e.g., [40, 41]).
For example, the surface of gold NMs may be coated with a polymer
or CTAB exchanged for a substance that is less toxic [13] to reduce
the likelihood of CTAB inducing toxicity.
There is a desire to increase circulation time and avoid
accumulation of nanomedicines in the reticuloendothelial system,
including the liver. The modification of the NM surface with PEG is
a commonly used strategy within the area of drug delivery, which
increases the circulation time of drugs by preventing recognition
by the reticuloendothelial system through the introduction of
“stealth” properties by reducing protein absorption (i.e.,
opsonization). QDs with a PEG coating have reduced uptake
by macrophages in vitro [42], which is likely to increase their
circulation time in the body. Furthermore, PEG-modified gold
nanorods that were injected into mice exhibited an increased
circulation time compared to unmodified gold nanorods that
accumulated in the liver [41].
Various strategies have been used to improve the colloidal
stability (to avoid NM agglomeration), targeting, and biocompatibility
of iron oxide NMs. A common approach is the use of polymer
coatings [22]. However, it has been demonstrated that the choice
of polymer is critical to achieve the desired outcome and to control
toxicity. The cationic polymer poly(ethylene imine) (PEI) has
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been used to stabilize iron oxide NMs, but the polymer is able to
enhance the toxicity of NMs [22]. A copolymer coating of PEI and
PEG was effective at minimizing toxicity and enhancing colloidal
stability. However, this study focused on assessment of the stability
of the NMs and their ability to induce cytotoxicity within lung
A54 epithelial cells evaluated using the trypan blue exclusion assay.
Since this is just one way to assess viability, using an in vitro cell
line a more thorough investigation of the impact of surface
coatings on iron oxide NM-induced toxicity is required.

36.3.5

Dissolution

The contribution of NM solubility (dissolution) to the biological
response also needs to be evaluated, where applicable, as it can
be difficult to decipher if it is the NMs themselves or the release of
ions or a combination of both factors that is responsible for any
observed toxicity. The antibacterial properties of silver NMs are
exploited in medical devices (e.g., catheters), wound dressings,
and a number of consumer products such as textiles and food
packaging. There is concern that the widespread use of silver NMs
may lead to the development of bacterial resistance to silver, and
this needs to be carefully monitored.
Silver NMs are highly toxic, and their toxicity has been
investigated at a number of target sites, including, for example, the
lung [43], skin (e.g., [44]), gut (e.g., [26]), and liver (e.g., [36]). There
is debate surrounding whether the observed toxicity derives from
particle or ion mediated effects. The antibacterial properties of silver
particles are size dependent, with smaller particles exhibiting a
greater effect. It has been suggested that the antibacterial properties
of silver emanates from their ability to release silver ions, with
smaller particles have a greater capacity for this mode of action due
to their relatively large surface area [45]. In contrast, the solubility
of Ag in hepatocyte cell culture medium could not account for the
relatively high toxicity of NM to the C3A hepatocyte cell line [36] or
primary human hepatocytes [46].
The contribution of particle dissolution to other NM types,
such as zinc and copper oxides, may also be relevant and warrants
further investigation. For example, the toxicity of ZnO NMs to
monocytes in vitro, however, also could not be attributed entirely
to the solubility [47]. The solubility of NMs is therefore required
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within the experimental design of nanotoxicology investigations,
and “ionic controls” are often included for comparative purposes.

36.3.6

Agglomeration

NMs have a tendency to form larger agglomerates in biological
media, and this instability of NM dispersions can influence their
efficacy and toxicity. NMs are obviously prepared in biological
media within hazard investigations; hence if NMs agglomerate/
settle out of the aqueous phase over time this could impact their
toxicity [48]. Furthermore, there is a desire to obtain well-dispersed
suspensions of NMs for biomedical applications. For example, CNTs
are insoluble in aqueous media, and to improve their dispersion and
therefore biocompatibility their surface has been functionalized
to make their use within biomedical applications possible [33]. As
discussed above, the use of surface coatings is a frequently used
strategy to improve the colloidal stability (reduce agglomeration) of
NM suspensions (e.g. [22]).
The rate of agglomeration of NMs in an aqueous medium
will partly depend on particle-particle collision frequency and
the attractive-repulsive properties of the materials involved (i.e.,
surface charges on two positively charged materials) [49]. After
the initial collision, particles may remain as single particles or form
particle-particle, particle-cluster, or cluster-cluster agglomerates.
This phenomena has many implications, such as the attachment of
materials to the walls of the experimental equipment (glassware,
scientific instruments) [49], or can influence the toxicological
response as NMs may behave as one large particle and thereby
lose the chemical and toxicological characteristics associated
with their “nano” form. Therefore it is necessary to consider the
likely existence of free monodispersed and agglomerated NMs
in real-life exposure scenarios and use this information within
toxicity tests, as human exposure may not involve individual
particulates but instead much larger agglomerates and this needs
to be replicated within toxicity tests [50]. There is currently
inadequate information available on the exposure of humans to
NMs or the environment to guide relevant dispersion protocols
for toxicological investigations, both in vitro and in vivo. However,
the dispersion of NMs may be improved, including the use of
dispersants (such as proteins, detergents, and solvents), mechanical
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and physical processes (such as sonication and stirring), and a
manipulation of ionic strength and pH of the dispersion medium.

36.3.7

Charge

The surface charge of an NM is principally imposed by its composition
and whether the surface of NMs has been functionalized. The
charge of NMs has the capacity to dictate the extent and mechanism
of toxicity. Recent studies have demonstrated that cationic NMs
tend to be more toxic than anionic or neutral NMs (e.g., [47]).
This may derive from electrostatic interactions between the
positively charged particles and anionic cytosolic surface of cell
membranes.

36.4

Assessment of Nanomaterial Toxicity

There is a wealth of information available on the pathogenicity of
various types of materials, which can be used to inform the most
relevant means to assess NM safety. A vast amount of knowledge
exists on the toxicology of metal fumes, dust, silica, asbestos and
other synthetic fibers, and air pollution particles such as PM10.
These early studies were integral in demonstrating that small
particles (<100 nm) have unique toxicological properties. This
information has proved to be extremely useful in guiding the design
of nanotoxicology studies.
Critical to the assessment of NM safety is the development
of robust methodologies that reliably predict the toxicity of NMs
in humans. Currently there has been a concerted effort from
the international scientific community to develop harmonized
approaches to NM toxicity assessment. This is crucial as there is a
paucity of information on the response of humans to NM exposure,
and only a few controlled human exposure studies have been
conducted to date (e.g., [51]). In the absence of information relating
to the toxicity of NMs to humans, both rodent and cell models
have been routinely used to predict the response of humans. Due
to the diverse array of NMs whose safety requires assessment and
an increase in production and the use of NMs, emphasis has been
placed on minimizing animal testing and promoting the development
of in vitro alternatives to animal experimentation (preferably
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that can be adapted to screen NM safety within high-throughput
systems). However, this will require that the findings from in
vitro studies be validated in vivo. Due to the concern surrounding
the ability of in vitro models to mimic realistic in vivo situations
more sophisticated models that are able to incorporate cell-cell
interactions and movement of cells in the body are being developed
(e.g., [52]). The development of predictive in silico approaches that
allow a prediction of NM toxicity to be made on the basis of the
physicochemical properties of NMs is also encouraged as a longerterm goal for the assessment of NM safety.
It is inevitable that the intentional exposure to NMs will
rise due to their increasing exploitation within nanomedicines,
and thus it is essential that their safety be thoroughly evaluated.
Hazard investigations should assess the acute and chronic toxicity
of NMs at relevant exposure (e.g., lungs, skin, gut) and secondary
target sites (e.g., liver, cardiovascular system, brain, kidneys).
Furthermore it is crucial to conduct studies to understand the
mechanism underlying any toxic responses (mode of action). In
parallel to toxicology studies knowledge of the biodistribution
(kinetics) of NMs following exposure is critical to understanding
NM localization and capacity for translocation from the exposure
site, biopersistence, and elimination. There has been a tremendous
increase in the number of studies assessing NM hazard, and thus
some advances have been made with regard to the approach used
to evaluate NM safety. It is ultimately desirable to combine exposure
and hazard information to conduct risk assessments for NMs.
Available evidence illustrates that different NMs will vary
in their toxic potency and the mechanism by which they elicit
adverse effects. It is therefore likely that NM toxicity is controlled
by their physicochemical properties and sensitivity (susceptibility)
of the target site or individual exposed. However, although it may
not be possible to make generalizations regarding NM toxicity,
investigations routinely assess the contribution of oxidative stress
and inflammatory responses following exposure of cells or animals
to NMs, as such responses are found to commonly contribute to
the mechanism of toxicity or biological effect. The ability of NMs
to stimulate an oxidative driven response is typically assessed by
evaluating the production of ROS, changes in the expression, level,
and activity of antioxidants (such as glutathione) and the ability of
a pretreatment of antioxidants to ameliorate any observed NM-

Assessment of Nanomaterial Toxicity

induced toxicity. Pro-inflammatory responses are evaluated
by determining the cellular infiltration (e.g., neutrophils or
macrophages) following exposure as well as changes in the
expression or production of pro-inflammatory mediators (e.g.,
cytokines) and/or activation of intracellular signaling cascades
and transcription factors (e.g., nfK|3). Assessment of the uptake of
NMs is frequently investigated to assess the interaction that occurs
between NMs and cells and whether NM uptake is a requirement
for their toxicity. Uptake is typically assessed using electron
microscopy, while elemental analysis can be used to confirm
NM presence, which is required due to the similarity in particle
appearance to cell structures. The ability of NMs to elicit cytotoxicity
is routinely assessed within in vitro models. This allows a useful
means of benchmarking NM toxicity, especially when a panel
of NMs is being investigated and researchers are attempting to
dissect out which attributes of the NMs are driving any observed
toxicity. The ability of NMs to elicit DNA damage is of concern, and
there are several means of investigating genotoxicity (e.g., Comet
and micronucleus assays).
There are certain aspects of the experimental design that
should be carefully considered prior to the start of a new study,
which are summarized below [9].
• Toxicity studies are often criticized for using unrealistic
doses of NMs that do not reflect “real life” exposures. Often,
dose-response experiments are conducted, but it is currently
difficult to decipher what really is a “high” or “low” dose. As
such, it is necessary for investigators to justify the dose of
NMs used as currently dose selection varies greatly between
investigations. This issue is more relevant for environmental
exposures compared to medical applications where dose
ranges are driven by efficacy and pharmacokinetics.
Medical hazard studies typically use very high exposure
concentrations; this may not be suitable for NMs that
may behave very different at high concentrations where
agglomeration is more likely.
• It is also important to consider what dose metric is most
appropriate to quantify NM exposure (e.g., mass, number,
surface area). This will be especially important when
comparing the findings of different investigations but is
not a trivial task. In vitro doses may also be complicated by
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36.5

agglomeration and settling rate of the particles onto cells
[53].
In the main, the acute effects of NMs (typically 24 hours)
are investigated, but there is a need for the chronic effects
of NMs to be evaluated (following repeated exposure) to
understand the longevity of an observed response and to
determine if it changes with time.
The preparation of NMs is critical, as investigators use various
strategies to prevent against NM agglomeration. Researchers
must provide information on how they have suspended NMs
within toxicology studies.
Critical to all aspects of toxicology is the inclusion of
appropriate controls within the experiment. This is relevant
to understand the suitability of the model being used to
measure the biological response of interest but also to
understand how the physicochemical properties (e.g.,
dissolution) of NMs contribute to their toxicity.
It has been observed that NMs are able to interfere with
toxicology assays [54] and the capacity of NMs to generate
false positive or negative data should be assessed. This also
promotes the use of two or more approaches to confirm the
response observed is “real.”

Nanomaterial Physicochemical
Characterization

The extent of characterization of NMs that is required in parallel
to hazard investigations is a hotly debated subject. Ideally, some
characterization of the physical and chemical characteristics of
NMs (e.g., size, shape, charge, solubility, surface area) in their “as
produced” form and when dispersed in relevant biological media
should be performed in parallel to hazard investigations. However,
it may not be possible to achieve this due to methodological,
time, and financial constraints. The pressure to conduct detailed
physicochemical characterization of NMs continues to increase
from reviewers, journals, and the scientific community. There
are several important drivers within the characterization of NMs.
The characterization of NMs as provided by the supplier may be

Relationship Between Exposure Route and Toxicity

required to confirm the properties of a material toxicity to be
investigated. The characterization of NMs in an “as produced/
supplied” form also allows identification of the properties of
NMs that will ultimately dictate how the NM will behave, which
may be important within the development of structure-activity
relationships. The characterization of NMs within biological media
enables evaluation of how NMs behave in conditions more relevant
to real-life exposures, but importantly this will be dictated by the
properties of the as-produced/supplied NMs. Characterization
of NMs in more relevant media is challenging due to the often
complex composition of biological media and the interaction of
different components (e.g., protein, salts) with the NMs, which can
impede their characterization by traditional approaches. It is also
relevant to consider how the characteristics of an NM evolve over
time once in contact with a biological system (in vitro or in vivo).
It is unfeasible to conduct all types of characterizations described
within all hazard studies, and instead it will be necessary to
prioritize the characterization conducted in relation to the
hypotheses of the study.
An area that has not yet received much attention in
nanomedicine is how the method of particle production can
influence the efficacy and toxicity of a particle/NM. A better
understanding of how physicochemical characteristics influence
efficacy and toxicity will be useful in this context. A number of
projects (see, for instance, http://www.enpra.eu/, accessed May 19,
2015) aim to use in silico approaches to address this issue.

36.6

Relationship Between Exposure Route and
Toxicity

Exposure to nanomedicines may occur via inhalation (lungs),
ingestion (gut), dermal application (skin), and injection (blood). On
entering the body NMs will interact and form complexes with an
array of proteins and other biological molecules (e.g., lipids), which
will be dictated by the route of exposure. The small size and large
surface area of NMs allow for the adsorption of biological molecules
such as proteins onto their surface. The term “protein corona” has
been used to describe the coating of the NM surface with proteins
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[55]. This phenomenon is well established in the drug delivery
community and termed “opsonization.” The composition of the
protein coating (or corona) is likely to be dictated by the route of
exposure and physicochemical properties of the NM (including
size, hydrophobicity, surface area, and charge) [56–60]. The
composition of the corona will also evolve over time, whereby
proteins associate and disassociate from the NM surface as proteins
compete for binding to the NM surface [55]. The translocation
of NMs from their exposure site to secondary target sites is also
likely to influence NM behavior and toxicity due to the acquisition
of different surface coatings during their transit in the body. The
surface properties of NMs are highly influential to their interaction
with cells in the body, and thus the composition of the protein
corona can influence the biological and toxicological response to
NMs. As such, it is suggested that the anticipated route of exposure
and information on NM biodistribution should inform the
preparation of the NM for the hazard investigation (i.e., how the
NM is dispersed).
Traditionally, NMs are prepared in an aqueous suspension
with a protein component to aid in their dispersion, as the coating
of the NM surface with protein can help to prevent against NM
agglomeration. For example, within in vitro studies, the cell culture
medium is supplemented with serum, which improves the dispersion
of the NMs (e.g., [61]). It is essential to compare the findings from
in vitro cell models to those of in vivo responses in order to
evaluate whether the simple serum dispersions that have been
used widely to date to prepare NMs for the exposure of cells in vitro
are appropriate or whether the NM suspensions generated should
better reflect the exposure route and transit of NMs in the body.
This issue is of importance as it may account for the lack of
correlation often observed between in vivo and in vitro studies.
To more realistically mimic real-life exposure conditions, the
preparation of NMs for exposure via the lungs (using animal or cell
models) could incorporate lung lining fluid (e.g., [62]) or surfactants
(e.g., [63]). However, the exposure of secondary target sites for
NM toxicity, such as liver cells (e.g., hepatocytes), may require a
different approach. NMs are known to accumulate within the liver,
following exposure via the lungs or blood [16]. With respect to
the exposure of hepatocytes following injection the dispersion of

Conclusions

NMs in a serum-containing medium is relevant. However, when
investigating the response of the liver following the translocation
of NMs from the lungs it may be necessary to adapt the dispersion
protocol to better reflect exposure in vivo. For example, NMs
could be precoated with a lung-lining fluid or surfactant and then
suspended in a serum-containing cell culture medium to represent a
more realistic exposure of the cells [62] (Fig. 36.2). This is important
as the composition of NM-protein complexes have the capacity to
influence NM toxicity.
Nanoparcles

Lung lining fluid
Alveolar Space

Blood capillary

Nanoparcles with
protein corona

Nanoparcle
translocaon into
blood
Composion of the
protein corona
evolves during
nanoparcle
transport

Figure 36.2 The deposition of NMs in the lung will mean that the NMs
become coated in lung-lining fluid (green). Following the
translocation of the NMs into blood the composition of the
protein-NM complexes is likely to change due to the interaction
of NMs with proteins in blood (red). The nature of the protein
corona is likely to influence the toxicity of NMs at secondary
target sites (e.g., the liver).

36.7

Conclusions

There is much optimism surrounding the exploitation of NMs as
nanomedicines. However, it is essential that the safety of NMs be
thoroughly investigated before their widespread use. The design
of nanotoxicology investigations is critical to the usefulness of
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NMs within biomedical applications. Recommendations have
been provided to better direct the design of hazard studies so that
they more accurately reflect real-life exposure. It is integral to
understand the physicochemical properties of NMs that are
responsible for the efficacy and toxicity within medical applications,
as this knowledge can be incorporated into their safe design in
the future.
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37.1

Introduction

As a consequence of the fast development of nanotechnology
in the last few years, nanomaterials, and more specifically
nanoparticles (NPs), are commonly used and will be progressively
more applied in fields such as electronics, cosmetics and medicine.
Nanomaterials have unique physicochemical properties, such as
high conductivity, strength, durability, and chemical reactivity that
come from their nanostructure, which render them particularly
interesting for industrial applications. They are also very promising
for biomedical applications, being able to act as drug carriers, and
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therefore potentially relevant for cancer therapies or as carriers for
therapeutics.
We are thus directly and repeatedly exposed to such materials
in our daily life, through inhalation, ingestion, dermal contact and
injection. Upon exposure, NPs may be translocated into the body
via the skin, the GI tract, the upper respiratory tract or the lung by
crossing epithelial barriers. For medical purposes, NPs may also be
administered parenterally. The small size of NPs (generally at least in
one dimension less than 100 nm in size, though this definition is not
universal) facilitates their uptake into cells as well as transcytosis
across epithelial cells into blood and lymph circulation, to reach
different sites, such as the central nervous system [1].
The growing use of nanomaterials has raised public concern
about their potential risks to human health, since the safety of these
compounds has not been fully assessed, partly because nanomaterials
have been considered as safe as common larger sized materials,
which are not absorbed by the body. Could Nanotechnology be
dangerous? Indeed, many nanomaterials are based on molecules,
which are, per se, toxic, others are non-degradable and if humans
are exposed to these materials, they can potentially accumulate
in organs with unknown effects. Others, because of their surface
properties or quantum effects, can have a catalytic activity that
may interfere with biological processes. In some cases, the nano
form may facilitate the uptake of molecules or ions at the cellular or
body level that would otherwise not be possible, with toxicological
consequences.
In particular, NPs are able to influence the immune system of
the host, and immune organs have been shown to be the main sites
for the deposition of some NPs following systemic exposure [2]. Once
inside the cell, NPs accumulate in compartments like endosomes
and lysosomes. Before any cyto- or genotoxic event takes place,
NPs are likely to induce immune responses, involving the activation
of biochemical (e.g., complement cascade) and cellular components
of the immune system. It is a well-known fact that macrophages play
a key role in this process [3], but the exact events that occur in the
interaction between the NPs and the immune cells are still largely
unknown, and results are often contradictory, mainly due to a lack
of standardization, both in methods and in reagents [4, 5]. In this
regard, efforts have been made in order to standardize protocols,
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for assessing NP interaction with the immune system and its
potential effects on their biodistribution [6, 7].
NP toxicity is generally described in terms of oxidative stress,
inflammation, adjuvant and procoagulant effects, and interaction
with biomolecules that might lead to unwanted toxic effects in the
body [8, 9]. In this regard, it has been described that the association
of the NPs with biological molecules such as bacterial endotoxins
can strongly affect the immune response towards these materials
[10]. Moreover, the diverse surface molecules, such as dextrans,
citrate, synthetic polymers or phospholipids, used as an attempt to
improve the biocompatibility of the NPs, result in highly differing
physico-chemical properties and interactions of the particles with
the cells [11].
It should be also taken into account that alterations in the
properties of the NPs can also occur when these compounds
come in contact with the body or biological entities present in the
environment, modifying the nanomaterial and causing dissolution,
aggregation or coating of the NPs. The results of these potential
alterations in the NPs range from free ions and chemicals released
in the body to micrometer-sized aggregates [5, 12]. In this regard,
it is a well-known fact that an NP introduced into a biological
system may rapidly adsorb proteins, forming a “protein corona”,
which surrounds the individual NPs and is responsible for the interparticle aggregation [13, 14].
The direct toxicity of NPs in different human cells in vitro has
been addressed in several papers [15, 22], but studying the
interaction of the NPs with the immune system is particularly
relevant in the case of NPs used for biomedical purposes, since
these compounds are often injected into the blood stream and in
direct contact with many immune cell types [23].
The first cells to come in contact with injected NPs are
leukocytes, such as lymphocytes and monocytes/macrophages, and
in the case of ingested or inhaled NPs, the response of nonprofessional defense cells (such as human gut and lung epithelial
cells) can be considered as representative of the real life situation
[24].
In this chapter, we summarize the information available about
the effects of metallic and metal oxide NPs in the immune response
of the host, ranging from the apoptosis (programmed cell death)
of single cells to the recruitment of immune cells to the lungs and

903

904

Toxicity and Genotoxicity of Metal and Metal Oxide Nanomaterials

the associated cytokine production, cell proliferation, activation
of intracellular signaling pathways and genotoxicity.

37.2

37.2.1

Effect of Different Metal and Metal Oxide
Nanoparticles on the Immune Response
Titanium Dioxide Nanoparticles

Titanium dioxide (TiO2) NPs are being increasingly used for energy
and environmental applications, in pigments (makeup) and medical
implants. TiO2 is manufactured in large-scale production plants,
thus resulting in risks for accidental high exposures to humans.
Inhalation of high doses of TiO2 potentially leads to acute and longterm adverse effects in the immune system. In this regard, Gustafsson
and co-workers have recently found that a dynamic response
to TiO2 NPs takes place in the lungs of Dark Agouti rats (highly
susceptible to develop long-lasting immune-mediated disorders).
According to the authors, the response was long-lasting (90 days
after NP instillation), beginning with activation of eosinophils,
neutrophils, dendritic, and natural killer (NK) cells (from the
innate immune system), followed by a long-lasting lymphocyte
activation and recruitment to the lung, predominantly of CD4+
helper T-cells [20]. Accordingly, previous works stated that lung
exposure to TiO2 NPs in mice caused inflammation, by activation of
helper T-cells, participating both in immune responses and allergic
sensitization [25, 26]. Moreover, an accumulation of titanium NPs in
lymph nodes of rats upon inhalation has been reported, probably
through uptake of the NPs by migratory antigen presenting cells
[27]. Nevertheless, it is not clear if such immune activation can be
generalized, since differences between species in the pulmonary
effect of the NPs have been observed [28]. The immunotoxicity
of TiO2 NPs in rat pulmonary alveolar macrophages has been
reported by several groups [29, 30]. In addition, it seems that TiO2
NPs can be phagocytosed by lung epithelial cells, not clearing but
rather accumulating inside those cells, thus increasing their
concentration and facilitating the interaction of the NPs with
intracellular proteins like microtubules, with potential effects in
vital cell functions such as cellular transport [31, 32].
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37.2.2

Zinc Oxide Nanoparticles

Zinc oxide (ZnO) NPs are already being widely used in the cosmetic
and sunscreen industry, as food additives, antimicrobial agents,
for drug delivery, bioimaging probes, and cancer treatment [33].
Nevertheless, it seems clear from the literature that ZnO NPs
have potentially harmful effects, due to their high surface area,
unique physiochemical properties, and increased reactivity of the
material’s surface. In this regard, numerous reports have
demonstrated the toxicity of ZnO NPs in various cellular systems,
[12, 17, 33–38] while the bulk micron-sized materials remain
nontoxic. However, the information about the impact of ZnO NPs
in immune cells remains largely incomplete. In that context, Heng
and coworkers have recently described a differential cytotoxic
response between human immune cell subsets, lymphocytes being
the most resistant and monocytes the most susceptible to ZnO
nanoparticle-induced toxicity [33]. In addition, ZnO NPs seem to
exhibit differential toxicity towards primary human cells depending
upon their proliferation potential, with normal T lymphocytes that
are stimulated to divide by signaling through the T-cell receptor
(TCR) displaying significantly greater toxicity than quiescent
nonproliferating cells of identical lineage. When these studies
were extended to immortalized T leukemic and lymphoma cells,
even greater sensitivity to NP-induced toxicity was observed [39].
According to the authors, susceptibility to NP-induced cytotoxicity
appears to be related to the proliferative capacity of the cell and
may also be affected by other physiologically relevant parameters,
including cell–NP electrostatic interactions and inherent differences
in cellular endocytic/phagocytic processes that facilitate NP uptake
(ZnO NPs showed a preference for monocytic cells, which would
explain, in part, the greater susceptibility of those cells to the
nanomaterial). In this context, an inverse relationship between
nanoparticle size and cytotoxicity, as well as nanoparticle size
and reactive oxygen species (ROS) production was observed. The
production of the proinflammatory cytokines, IFN-g, TNF-a, and IL12 was also detected upon ZnO NP exposure [33]. Accordingly, in
a recent work, Roy and colleagues have observed that cytotoxicity
and uptake of ZnO oxide NPs lead to enhanced inflammatory
cytokine levels in murine macrophages, and it is suggested that the
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small size of the NPs may help them in evading the macrophage
response [40]. An interesting point that should be taken into
account is that ZnO NPs can also interfere with zinc ion homeostasis
to cause cytotoxicity, and, although it is usually suggested that
toxicity of ZnO-NPs may be related to their dissolution (excess
of zinc ions in mammalian cells is toxic, although a trace amount
of them serves as an effective antioxidant and a critical structural
and functional component of zinc-binding proteins), the mechanism
for that remains obscure, being probably related to programmed
cell death (apoptosis) [12, 41].

37.2.3

Iron Oxide Nanoparticles

Iron oxide NPs (Fe3O4 NPs) have magnetic properties, and are
widely applied in clinical settings as contrasting agents, to enhance
magnetic resonance imaging. These particles are also very
promising for cell labeling, cancer therapy and drug delivery [42].
When administered systemically to mice, iron oxide NPs are rapidly
engulfed by macrophages, the liver and spleen being the main
distribution sites for the particles [43]. Macrophages constitute
the central cellular compartment of the mononuclear phagocytic
system. They are unique among immune cells in that they can
enter any tissue and reside there as tissue macrophages. These
cells scavenge for dead cells and foreign particles, engulfing
them. Activated macrophages would then produce inflammatory
molecules, which act as signals for other immune cells. NPs delivered
in vivo by the systemic route or in a local compartment would
undoubtedly be intercepted by macrophages as foreign bodies to
be phagocytosed. Accordingly, it has been described that exposure
of primary human macrophages to iron oxide NPs in culture results
in a marked induction of oxidative stress and apoptosis [44].
Furthermore, in vivo studies with mice have revealed that
intratracheal instillation with these NPs induced a marked
infiltration of inflammatory cells in the lungs and elevated levels
of proinflammatory cytokines, including interleukin (IL)-1, IL-6
and TNF-a in the bronchoalveolar lavage fluid (BAL). These results
clearly demonstrated that the functionality of macrophages was
modulated by iron oxide NPs in vitro and in vivo [45].
In addition to the effect in macrophages, a recent study has
shown that T-cells are also sensitive to iron oxide NPs, increasing
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the number of both CD4+ and CD8+ T lymphocytes, as well as the
serum levels of IL-2 and interferon (IFN)-g, two critical cytokines
predominantly released by T-cells [46].
Zhu and co-workers have recently described another
potentially harmful effect of iron oxide NPs related to the immune
system. The authors claim that an endothelial dysfunction and
inflammation are induced by exposure to these metallic NPs,
acting as risk factors for early atherosclerosis. The effects could be
mediated by monocyte phagocytosis of the NPs and the subsequent
activation of these cells. Accordingly, adhesion of monocytes to the
endothelium was significantly enhanced as a consequence of the
upregulation of intracellular cell adhesion molecule-1 (ICAM-1)
and interleukin-8 (IL-8) expression, considered as early steps of
atherosclerosis. Phagocytosis and dissolution of iron oxide NPs
by monocytes simultaneously provoked oxidative stress and, once
internalized and dissolved inside the monocytes, mediated severe
endothelial toxicity, impacting the endothelial cells as free iron
ions [47].
Microglia are macrophage-like cells that play a key role in the
innate immune responses in the central nervous system (CNS).
Interestingly, it has been recently described that, upon iron oxide
NP exposure, microglial activation, recruitment and phagocytosis
of these nanomaterials take place in the CNS. NPs could then
induce cell proliferation, phagocytosis and generation of free
oxygen radicals (ROS), but no significant release of proinflammatory
factors (such as interleukin 1b, interleukin 6 and tumor necrosis
factor-a (TNF-a)) was observed. Microglial activation would
rather act as an alarm and defense system against the entering and
storage of NPs in the brain [48].
A factor that must be taken into account when assessing NP
toxicity is that the different NP coatings commonly used as an
attempt to increase the biocompatibility of the nanomaterials
can also damage cell physiology, especially for positively charged
coating molecules [11]. Accordingly, Yang and colleagues, using the
murine macrophage cell line RAW 264.7, have recently proposed
that ferucarbutran—a clinically approved iron oxide NP coated with
carboxydextran—was endocytosed by macrophages via the clathrin
pathway, and this dose-dependent NP uptake affected the cellular
behavior of the cells, with an increase in cell proliferation [49].
These results, however, are in contradiction with a previous report
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by Hsiao et al., in which no changes in macrophage proliferation
or viability were observed upon addition of ferucarbutran. In the
same work, the authors state that the phagocytic capacity of the
cells decreased when exposed to low doses of ferucarbutran,
whereas other macrophage functions such as migration and
production of the cytokine tumor necrosis factor-a (TNF-a)
increased at higher concentrations of the NP [50]. In the same
context, mice sensitized with the T-cell-dependent antigen
ovalbumin (OVA) and exposed to iron oxide NPs, showed alterations
not only in the production of antigen-specific antibodies, but also in
T-cell functionality [51]. Thus, a decrease in Ag-specific antibodies
was observed in these mice, along with an absence of IFNg and
IL-4, cytokines produced by T helper (Th) cells, which play a critical
role in the activation and differentiation of B lymphocytes. In
addition to T-cells, other targets and/or mediators may be affected
by iron oxide NPs, and contribute to the impaired humoral
immunity. In this regard, a recent study showed that the capability
of dendritic cells to process the antigens and to stimulate T-cell
cytokine expression was suppressed by exposure to iron oxide NPs
in vitro [52]. In the same line of work, Naqvi and co-workers have
described that iron oxide NPs coated with the surfactant Tween
80 induce significant toxicity only at high concentrations (300–
500 µg/ml) and prolonged exposure time (6 h.) in the macrophagic
murine cell line J774, being the cell damage dose- and timedependent, due to induction of oxidative stress, and producing a
marked reduction in cell viability (55–65%), mainly by apoptosis
[53].
The ample use of iron oxide NPs in biomedical research as
magnetic resonance imaging (MRI) contrast agents, as mentioned
above, means that the lack of cytotoxicity must be accompanied
by a highly efficient internalization, as MRI requires high levels of
contrast agents to clearly depict signal alterations. Nevertheless,
little information is available so far about the mechanisms and
intracellular pathways involved in the potential detrimental effects
of iron oxide NP internalization. In a recent report, Soenen and
colleagues stated that high intracellular levels of iron NPs affected
the viability and physiology of human endothelial cells. The
particles diminished cellular proliferation and affected the actin
cytoskeleton and the microtubule architecture (a more compact
microtubule network, closer to the cell nucleus, was formed), as
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well as focal adhesion formation and maturation, with potential
decrease on cell migration efficiency. The extent of these effects
correlated with the intracellular levels of the NPs, which accumulated
in the perinuclear area [54].
The concentration-dependent effects may indicate that cells
have an intrinsic limit of the amount of non-degradable
nanomaterial that they can incorporate without any significant
alterations occurring. In the same context, although internalization
studies are mostly confined to cells that actively internalize foreign
material, such as macrophages and dendritic cells [55, 56], iron
oxide NP internalization by non-phagocytic cells, like T lymphocytes,
has been also addressed [57]. Using the Jurkat T-cell line, the
authors claim that the extent to which T-cells internalize iron oxide
particles is not only dependent on particle size, but also on cell
loading conditions, NP surface charge, particle concentration and
incubation time.

37.2.4

Cerium Oxide Nanoparticles

Cerium oxide (CeO2) NPs have great potential as antioxidant and
radioprotective agents for applications in cancer therapy, but
the interaction of these nanomaterials with cells, their uptake
mechanism and subcellular localization are still poorly understood,
and the works addressing the effects of these nanomaterials on the
immune system of humans or mice are still very scarce. The use of
cerium compounds as diesel fuel catalyst results in the emission
of cerium oxide NPs which can be inhaled, and thus be potentially
harmful for human health. In this regard, Ma and co-workers have
recently found that exposure to cerium oxide NPs in rats induce
inflammation and functional changes in alveolar macrophages.
Accordingly, an increased interleukin-12 (IL-12) production and
alveolar macrophage apoptosis (through activation of the caspases
9 and 3) were observed [58].
Vascular endothelial cell inflammation is critical in the
development of cardiovascular pathology. In a recent work, Gojova
and co-workers claim that direct exposure to CeO2 NPs causes very
little inflammatory response in human aortic endothelial cells
(HAECS), as measured by different inflammatory markers such
as intercellular adhesion molecule 1 (ICAM-1), interleukin (IL)-8,
and monocyte chemotactic protein (MCP-1), even at the highest
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doses of the NPs. Therefore, cerium oxide NPs appear to be rather
harmless, compared to other metallic NPs, such as ZnO NPs [59].

37.2.5

Gold Nanoparticles

Gold NPs have attracted enormous scientific and technological
interest because they are easy to synthetize, chemically stable,
and have unique optical properties. They are widely used in
chemical applications, biological imaging, drug delivery, and cancer
treatment, so the in-depth knowledge about their potential toxicity
and health impact is essential before these nanomaterials can be
used in clinical settings [60].
Gold NPs are “nontoxic” according to some reports. Using a
human leukemia cell line, gold nanospheres with diverse cappings
were found to be harmless [61]. Accordingly, exposure to gold NPs
did not induce cytotoxic effects and did not elicit secretion of the
proinflammatory cytokines TNF-a and interleukin-1b (IL-1b) in
the murine macrophage cell line RAW 264.7. These nanomaterials
were internalized inside the macrophages as lysosomal bodies
disposed in perinuclear zones [62]. Therefore, according to these
reports, gold NPs are noncytotoxic and nonimmunogenic.
On the contrary, a work by Yen and colleagues presents opposing
results. The authors claim that macrophage treatment with gold
NPs of different sizes dramatically decreases the population and
increases the size of these cells. The NPs enter the macrophages, upregulating the levels of proinflammatory factors like interleukin-1
(IL-1), interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a).
According to transmission electron microscopy assays, gold NPs
would remain trapped in vesicles in the cytoplasma of the cells,
organized into a circular pattern. The authors also hypothesize
that maybe part of the negatively charged gold NPs might adsorb
serum proteins and enter macrophages via endocytosis, not
phagocytosis, which would result in cytotoxicity and harmful
immunological responses [63]. Accordingly, another recent report
by Gosens and co-workers described a mild inflammatory reaction
after intratracheal instillation of gold NPs in the rat lung, as
indicated by small increases in inflammatory cells and proinflammatory cytokine production. The NPs were taken up by
macrophages [64].
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Dendritic cells (DC) are professional antigen presenting cells
(APC), able to initiate the specific immune response, and, by their
capacity to secrete various cytokines, also able to activate cells on
the innate immune response, such as natural killer (NK) cells.
In a recent report, Villiers and colleagues described the effect of
gold NPs on DCs produced in culture from mouse bone marrow
progenitors. They found that these NPs were not cytotoxic, even
at high concentrations. Furthermore, the phenotype of the DC was
unchanged after the addition of gold NPs, suggesting that there
was no activation of the cells. Nevertheless, an in-depth analysis
at the intracellular level revealed that significant amounts of NPs
accumulated in endocytic compartments, likely due to the phagocytic
ability of these cells. Such accumulation of NPs inside the DCs,
especially in compartments dedicated to antigen processing, may be
a handicap for antigen presentation. Moreover, a significant change
in cytokine secretion was also observed, indicating a potential
perturbation of the immune response. Accordingly, the levels of the
cytokine interleukin-12p70 (IL-12p70), an active complex formed
by the association of IL12p35 and IL12p40, directly involved in
T lymphocyte activation and thus in the regulation of the antigenspecific immune response, were significantly reduced in the
presence of gold NPs, whereas the amount of IL-6, involved in the
induction of inflammation, was not affected [65].

37.2.6

Silver Nanoparticles

Silver NPs (Ag NPs) are among the most commercialized
nanomaterials, due to their antimicrobial potential. Nanosilver
is widely used for treatments of wounds, burns, water or air
disinfection, or as coatings on diverse textiles. Nevertheless,
important issues, such as the interactions of these NPs with cells,
uptake mechanisms, distribution, excretion, toxicological endpoints
and mechanism of action are not completely understood [66, 67].
The potential toxic effects of Ag NPs concerning the immune
system have been addressed in several works. Foldbjerg and
colleagues have described that these nanomaterials induced
apoptosis and necrosis in the monocytic cell line THP-1, being
these effects dose-and exposure-dependent. A drastic increase in
ROS levels was also detected, suggesting that oxidative stress is an
important mediator of cytotoxicity caused by Ag NPs [68].

911

912

Toxicity and Genotoxicity of Metal and Metal Oxide Nanomaterials

It should be also taken into account that Ag ions may be
released from the NPs, in a way similar to ZnO NPs, and could
contribute to the toxicity of the nanomaterials. In this regard, both
the NPs and the free Ag ions induced cytotoxicity in Jurkat, a human
T lymphocyte cell line. Both Ag NPs and Ag ions induced similar
levels of cellular reactive oxygen species (ROS) during the initial
exposure, and after 24 hours, they were increased on exposure
to Ag NPs, compared to Ag ions. Moreover, the activation of some
intracellular signaling molecules, such as p38 mitogen-activated
protein kinase, upon Ag NP exposure was also reported, which
induced DNA damage, cell cycle arrest and apoptosis in the
lymphocytes [69].
Nevertheless, a recent report by Stebounova and co-workers
showed that minimal inflammatory response or toxicity was found
following exposure to nanosilver in in vivo studies. Mice were
exposed to silver NPs by inhalation, and NP toxicity was evaluated,
among other assays, by measuring the levels of inflammatory
cytokines in bronchoalveolar lavage fluid (BAL) of the animals.
Measured cytokines included interleukin (IL)-6, IL-12(p40),
tumor necrosis factor (TNF)-a, granulocyte macrophage colony
stimulating factor (GM-CSF), keratinocyte-derived cytokine (KC),
monocyte chemotactic protein (MCP)-1, and macrophage
inflammatory protein (MIP)-1a. An increase in the number of
macrophages and a slight inflammatory response was observed in
NP-exposed animals. Accordingly, only two of the cytokines tested,
IL-12(p40) and KC showed slight concentration changes upon
exposure to the nanomaterial. IL-12(p40), which exhibited the
most elevated concentration, is produced by dendritic cells and
macrophages, and directly involved in T lymphocyte activation and
thus in the regulation of the antigen-specific immune response,
as previously mentioned in this review. Keratinocyte-derived
cytokine (KC), involved in chemotaxis and cell activation of
neutrophils, was also slightly elevated.

37.2.7

Silica Nanoparticles

Silica (SiO2) NPs are used as a polishing agent and remineralization
promoter for teeth in the oral care field. They are also employed
in cosmetics and foods. Regarding the potential effects of these
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nanomaterials on the immune system, several reports have
described macrophage toxicity and stimulation of inflammatory
responses [16, 70–72]. Accordingly, Nabeshi and colleagues have
also recently reported cytotoxic effects on the murine macrophage
cell line RAW 264.7 upon exposure to several types of silica NPs,
with or without coating with amine or carboxyl groups. They found
that the NPs without any coating were toxic to the cells, decreasing
their proliferation rate, whereas the coated nanomaterial failed
to display any detectable cytotoxicity up to concentrations of
1000 μg/ml, suggesting that the cytotoxic effect of silica NPs
can be reduced by surface modification [22]. On the subject of
the mechanisms underlying the toxicity of silica NPs, several
explanations have been suggested, including membrane damage,
caspase activation and cell death via apoptosis. Nevertheless,
the precise trigger for these silica NP-induced cellular effects is
uncertain. Some possible explanations would be lysosomal
destabilization [73], or mitochondrial membrane damage [74, 75].
It is, however, feasible that cytotoxicity by silica NPs depends on a
combination of these effects. In this regard, Wang and colleagues
have reported that silica NPs induced apoptosis on lung alveolar
macrophages in mice through an increase in the expression of
p53, a tumor suppressor, which acts as a key transcription factor,
regulating many important apoptosis-related genes [73]. In the
same line of work, Thibodeau and co-workers have also reported
that silica NPs have apoptotic effects on the mouse alveolar
macrophage cell line MH-S, through mitochondrial membrane
depolarization and activation of the caspases 3 and 9 (proteins
interacting in a coordinated cascade, to propagate cell signaling
pathways leading to eventual apoptosis) [76]. In another work by
the same group, a role for lysosomal enzymatic activity in the silicainduced apoptosis of mouse alveolar macrophages is described.
Accordingly, MH-S cells pretreated with pepstatin A, an inhibitor
of lysosomal cathepsin D, showed decreased caspase 3 and 9
activation, and were less apoptotic. Cell treatment with an inhibitor
of lysosomal acidic sphingomyelinase also showed decreased
caspase activation. Thus, according to the authors, silica NPs induce
a lysosomal injury that precedes cell apoptosis, and the apoptotic
signaling pathway involved includes cathepsin D and acidic
sphingomyelinase [75].
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37.2.8

Copper Nanoparticles

Although widely synthesized and used as metal catalysts, heat
transfer fluids in machine tools, semiconductors and even in
antimicrobial preparations, information about the potential
immunotoxic effects of copper NPs is very scarce. A report by
Chen and co-workers suggested that copper NPs were very toxic
in vivo, affecting the kidney, liver and spleen [77], and in a recent
article, Kim and colleagues found that Cu NPs induced strong
inflammatory responses, with increased recruitment of total cells
and neutrophils to the lungs.
Although copper NPs have anti-microbial activity in vitro, NPs
may inhibit microbial clearance by inducing excessive neutrophilmediated inflammation [78, 79]. To address this question, the
authors established a murine pulmonary infection model of
Klebsiella pneumoniae, which causes infection and pneumonia in
mammals, following NP exposure. They found that Cu-exposed mice
showed increased inflammation, and that there was an upregulation
of pro-inflammatory cytokines and recruitment of neutrophils to
the lungs. Moreover, augmented levels of total protein and LDH
(lactate dehydrogenase) activity in BAL fluid provided evidence
of cytotoxicity. Inflammatory responses were dose-dependent [80].

37.3

Metallic Nanoparticles and Their
Interactions with Plasma Proteins

The immune complement (IC) is a cell-free protein cascade system,
and the first element of the innate immune system to recognize
foreign objects that enter the body. Activation of the complement
cascade can be harmful if NPs inadvertently, or by design, enter
the systemic circulation, increasing the risk of hypersensitivity
reactions and anaphylaxis. It has also been suggested that
activation of the complement system at tumor sites stimulates
tumor-associated immune cells and promotes their conversion
into a tumor-supportive phenotype, thereby stimulating cancer
progression [81, 82]. This type of response may impact the
therapeutic efficacy of NP formulations intended for cancer diagnosis
or therapy. Conversely, if particles are used for subcutaneous
or intradermal administration, activation of the complement by
the particles can benefit vaccine efficacy [23]. The information

Intracellular Signaling Pathways Activated by Metallic NPs

regarding the interactions between metallic NPs and the
complement system is still scarce. A recent work by Hulander
and colleagues showed that surface-bound hydrophilic gold NPs
suppressed the activation of the complement system [83]. In a
recent report by Lozano and colleagues, different metallic NPs
(iron, zinc, cerium and titanium) were tested, but none of them
seemed able to induce complement activation [21].
On the other hand, it should be taken into account that, as
previously mentioned in this review, NPs in a biological fluid
(plasma, or otherwise) associate with proteins organized into the
‘‘protein corona”, responsible for the inter-particle aggregation
[13, 14]. This adsorption of proteins onto NPs could alter the
conformation state of the proteins, changing or losing their function
and possibly presenting new antigenic peptides to the immune
system, leading to auto reactivity against self-epitopes and thus
to a persistent cell-mediated immune response [84]. It has been
described that both size and surface properties of the NP play a very
significant role in determining the protein corona, which may be
loosely divided into a ‘‘soft’’ component, in which a rapid dynamical
exchange of the biomolecules between medium and particles
predominates, and a ‘‘hard’’ corona, with biological macromolecules
with high affinity for the particle surface [14.]
Protein binding is also a key element that affects biodistribution
of the NPs throughout the body [85]. In this regard, Dutta and
colleagues have assessed the influence of proteins adsorbed onto
the surface of carbon nanotubes in guiding nanomaterial uptake
or toxicity in the macrophage mouse cell line RAW 264.7. Albumin
was identified as the major fetal bovine or human serum/plasma
protein adsorbed onto the nanotubes, and seems to target the
nanotube-albumin complex to scavenger receptors [71].

37.4

Intracellular Signaling Pathways Activated
by Metallic Nanoparticles

According to the available literature, the main event implicated
in NP-induced toxicity seems to be oxidative stress, which can
activate a wide variety of cellular events such as cell apoptosis,
inflammation and induction of antioxidant enzymes [8]. Indeed,
reactive oxygen species (ROS) play important roles in cells, either
by acting as second messengers leading to the activation of specific
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pathways and gene expression, or by causing cell death. The
oxidative stress results from an excess of ROS, which overwhelms
the antioxidant capacities of the cells. NPs have inherent abilities
to produce ROS, especially due to their chemical composition and
interactions with the cellular components. This model could explain
the cell responses to diverse NPs [86]. Nevertheless, it is likely that
oxidative stress is not enough to explain all the biological effects of
the NPs [87].
It is acknowledged that cell responses to NPs occur after the
activation of different cellular pathways, mainly those involving
MAP kinases (ERK (extracellular signal-regulated kinases), p38
mitogen-activated protein kinase and JNK (c-Jun N-terminal
kinases), and redox-sensitive transcription factors such as NFkB
and Nrf-2. The ability of NPs to interact with components of these
signaling pathways could partially explain their cytotoxicity, and
the induction of apoptosis is also closely related to the modulation
of signaling pathways induced by NPs [86].
It should also be taken into account that NPs do not interact
directly with the cells, they do it through the “protein corona” that
surrounds the NPs, as mentioned earlier in this review. The “corona”
plays an essential role in the interaction of the nanomaterials
with lipids or protein receptors of the cell membrane, is important
for the NP uptake, and could also lead to the activation of specific
signaling pathways [14].
In a recent work by Kang and co-workers, the involvement
of JNK/P38 pathway in the apoptosis induction by TiO2 NPs has
been demonstrated in phytohemagglutinin-stimulated human
lymphocytes [88]. According to the authors, the NPs activate
caspase-9 and caspase-3 and induce a loss of mitochondrial
membrane potential, which suggests that titanium NPs induce
apoptosis via a mitochondrial pathway. Moreover, two MAPKs,
p38 and JNK were also activated by the NPs. Conversely, fullerene
NPs selectively inhibit JNK-related apoptosis in cerebral
microvasculature endothelial cells [89].
Another interesting fact about magnetic NPs such as iron oxide
NPs, is that they can be coated with specific ligands, enabling them
to bind to receptors on the cell´s surface. When a magnetic field
is applied, it pulls on the particles so that they deliver nanoscale
forces at the ligand-receptor bond. This mechanical stimulation
can activate cellular signaling pathways known as mechano
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transduction pathways. Integrin receptors, some ion channels,
focal adhesions, and the cytoskeleton are key players in activating
these pathways, but much of the information about how
mechanosensors work is still lacking. It seems that applied forces
at these structures can activate pathways involving calcium
signaling, Src family protein kinase, MAPK and the small GTPase
Rho [90]. Accordingly, it has been recently described by Soenen
and colleagues that high intracellular iron oxide NP concentrations
diminish cell proliferation in human endothelium and affect the
actin cytoskeleton and microtubule network architectures, as well
as focal adhesion formation and maturation. According to the
authors, high levels of perinuclear localized iron oxide NPs diminish
the efficiency of protein expression and sterically obstruct the
mature actin fibers, with potential harmful effects on cell migration
and differentiation [54].

37.5

37.5.1

Genotoxic Studies on NMs
ZnO Nanoparticles

Cytotoxic effects of nanoparticulate ZnO have been well established
in cell cultures [91]. DNA damage and induction of oxidative
stress has been found in different cell lines as human epidermal
cells A431, primary human keratinocytes [92, 93] and human
mucosa nasal cells [94]. All these data should be taken into account
as nasal mucosa and skin are the first barriers of the body, which
are exposed to the ZnO NPs used in industry and cosmetics.
In Chinese hamster ovarian (CHO) cells, genotoxicity of ZnO
NPs can be slightly increased when cells are UV-irradiated during
or before NPs exposition. The authors, however, propose that this
result can be produced due to an increase of sensitiveness of the
test system and do not necessarily represent a photo-genotoxic
effect of ZnO NPs [95].
Sub-acute long-term oral administration of ZnO NPs caused
oxidative stress mediated DNA damage, evaluated by Fpg-modified
Comet assay, and apoptosis in liver and kidney cells of exposed
mice.
Genotoxic effects of ZnO NPs were also studied in plants.
Kumari and co-workers have found an increase of chromosomal
aberrations and micronuclei induction in root cells of Allium cepa
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[96], but RAPD analysis in Glycine max soybean plants just shows
minor modification in electrophoretical pattern when compared to
control untreated plants [97].

37.5.2

Aluminum Oxide

Aluminum oxide (Al2O3) NPs (30–40 nm) were found to be genotoxic
in orally administrated dosages above 500 mg/kg, as the NPs
caused micronuclei induction and positive comet assay in bone
narrow and peripheral blood cells of exposed rats [98, 99].
Cytotoxic and genotoxic effects were found in in vitro studies,
showing that those effects depend on the used cell line and on
the dosage [100]. Wagner and co-workers have also found that
the oxidized aluminum NPs are less toxic than metallic Al NPs in
rat alveolar macrophages, but both of them can inhibit fagocitic
function at a dosage that has no effect on cellular viability [101].

37.5.3

TiO2 Nanoparticles

In vivo studies with Titanium oxide NPs showed some controversial
data: DNA damage, measured as increased tail in Comet assay, has
not been found either in rodents, after inhalation or intratracheal
instillation [102, 103] nor in exposed aquatic animal models [104].
On the other hand, Trouiller and co-workers have found
increased 8-OHdG levels, gamma-H2AX foci, micronuclei
induction and DNA deletions in a mice model treated with TiO2
NPs supplemented water [105] as well as previously described
inflammatory response. Direct oral gavage of titanium oxide NPs
also produced DNA damage—measured in comet assay—and
micronuclei induction in bone marrow and liver cells of exposed
mice [106]. These different results show that dosage and exposure
method to NPs may be critical factors to control in toxicity studies.
Several studies have found genotoxic effects due to TiO2 NPs
on different types of cultured mammal cells using comet assay,
micronuclei induction or HPRT assays [100, 107–112]. Nevertheless,
in a different study, nano-sized TiO2 did not show any sign of genotoxicity in human peripheral blood lymphocytes with concentrations
as high as 200 μg/mL, tested with comet assay [113].
As most of the genotoxicity studies are short term experiments,
some controversy about the genotoxic effects of long-term low
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dosage of TiO2NPs has arisen. While Huang and co-workers have
found long-term genotoxic effects in human fibroblasts that lead
to genome instability [114], other authors have found that longterm exposure produces a kind of adaptative response in treated
cells with a reduction in long-term genotoxic effects measured with
comet and HPRT assays in Chinese hamster ovary cells [115].
Also, it has been proposed that titanium oxide genotoxicity
is associated with ROS production, inflammatory response and
caspase dependent apoptotic pathway activation [107, 116].
Regarding possible differential effects of the two common
forms of titanium oxide, rutile and anatase, it has been found that
the anatase form provokes greater DNA damage in human bronchial
epithelium cells, [109] although both of them have been found to
be genotoxic.

37.5.4

CeO2 Nanoparticles

There are not many studies about the genotoxicity of nanoceria.
Even though some studies propose that nanoceria could act as an
ROS scavenger with anti-inflammatory properties [117], there is
some evidence that do not support that. Lin and co-workers have
found that incubation with up to 23.5 µg/mL of nanoceria produce
significant oxidative stress in human lung cancer cells reflected by
reduced glutathione and alpha-tocopherol levels [118] and also
slight genotoxic effects have been found in 72 h 10–100 µg/mL
exposed human lens epithelial cells [119]. In the same way, a study
using environmental concentrations (1–100 nM) of nanoceria
led to decreased lifespan of treated nematode Caenorhabditis
elegans and suggested that ROS generation is involved in the
toxicity mechanism [120].
Interestingly, only CeO2 NPs—but neither SiO2 nor TiO2 NPs—
led to DNA breaks measured with comet assay in two aquatic
species widely used in biomonitoring, crustaceus Daphnia magna
and larva of the aquatic midge Chironomus riparius [104], when
they were exposed to NPs in water (1 mg/mL).
In plants, the exposure to CeO2 NPs treated water (2000–
4000 mg/L) caused DNA damage measured as change in RAPD
profile in soybean. Curiously, cerium oxide NPs showed higher
genotoxic effect than zinc oxide NPs [97].
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37.5.5

Gold Nanoparticles

Gold NPs are widely used in bioimaging and diagnostic applications.
In vivo studies showed that Au NPs only produce minor genotoxic
effects in assayed systems. Geffroy and co-workers have found
DNA damage as changes in RAPD patterns and also upregulation
of genes related with DNA repair, mitochondrial metabolism,
oxidative stress, apoptosis and detoxification process in low dose,
36–106 ng gold/day, treated zebrafish. At the cellular level, they
also found dysfunctions in mitochondrial activity of brain and
muscle [121]. Jacobsen and co-workers have described slight
genotoxic effects in a study that compare gold NPs with carbonbased nanomaterials in mice [122]. On the other hand, Schulz
and co-workers have not found any genotoxic effects in rats after
tracheal instillation of NPs when these effects were measured
using comet and micronuclei induction assays [123].
Also, one specific in vitro assay shows induction of sixteen
proteins related to oxidative stress, cell cycle, cytoskeleton and DNA
repair, as well as positive comet and FISH assays in MRC-5 human
lung fibroblasts treated with 1 nM Au NPs for 72 h [124]. The use
of different experimental conditions caused different results as
Nelson and co-workers did not detect induction of up to four
different types of DNA lesions HPLC/mass during spectroscopy
measured in HepG2 exposed to 0.2 µg/mL of Au NPs [125].

37.5.6

Silver Nanoparticles

In vivo studies suggest that Ag NPs can be genotoxic in some,
but not in all of the studied systems. The impact of silver NPs in
aquatic organisms is of special concern, as this NM can easily reach
aquatic ecosystems. A long-term study using the aquatic worm
Nereis diversicolor has found a small, but statistically significant,
increase in tail of comet assay after ten days of 25–50 µg Ag NPs /g
of dry sediment exposure [126]. In another aquatic environment
related organism, Chironomus riparius, silver NPs exposure leads
to chronic toxicity in development and reproduction, and also to
changes in expression of different hormone and protein synthesis
related genes [127].
0.1–10 mM Ag NPs caused a slight but significant increase in
somatic mutation and recombination in Drosophila melanogaster
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fruitfly (SMART test), measured as loss of heterozygosity in
multiple wing hairs and flare-3 recessive markers [128]. Ag NPs
incubation induced cell death and upregulation of cell cycle
checkpoint p53, DNA damage repair Rad51 proteins, and also
phosporylated H2AX histone expression in two kinds of embryonic
mouse cells [129]. On the other hand, Kim and co-workers have
not found any statistically significant increase in the number of
micronucleated polychromatic erythrocytes in 30–300 mg/kg silver
NPs orally treated rats [130].
The genotoxicity of Ag NPs has also been studied in several
human cell lines. For example, in normal human lung fibroblast
cells, the cytotoxicity of Ag NPs has been related to DNA damage,
measured with single cell gel electrophoresis (SCGE) and with
CBMN techniques, and also with the disruption of mitochondria
function and ROS production [66]. Oxidative stress has also been
proposed as the main cause of DNA damage provoked by silver
NPs, as this can be reduced by antioxidant pre-treatment in A549
human alveolar cell line [131] or by treatment with ROS scavengers
as SOD2 enzyme in bronchial epithelial BEAS-2B cells [132].
Regarding the relation between Ag NPs size and cytotoxicity,
while most of the authors have found that small Ag NPs present
more toxicity than the big ones [133–135], others have found that
200 nm Ag NPs caused higher levels of DNA damage than 200 nm
silver and 200 nm and 20 nm titanium NPs in exposed human
testicular NT2 cell lines. None of these, however, caused significant
DNA damage in mouse primary testicular cells, indicating that
genotoxic effects are highly dependent on exposed cell line [136].

37.5.7

Platinum Nanoparticles

Platinum has been used as an antitumoral agent for a long time,
but the data about platinum NPs genotoxicity are limited. Pt NPs
were found to cause DNA strand breaks in human colon carcinoma
cells (HT29). Damage to DNA may be caused by Pt ions that are
liberated from the particles during incubation [137, 138]. DNA
damage, apoptosis and P53 mediated growth arrest has also been
reported in human cells treated with 5–8 nm platinum NPs [139].
In vivo studies have also found that platinum NPs may induce
inflammatory response in mice [140] as well as some phenotypic
effects in zebrafish embryos, including pericardial effusion,
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abnormal cardiac morphology, circulatory defects and malformation
of the eyes [141]. To our knowledge, however, there are no full
studies reporting specifically genotoxic damage in vivo.

37.5.8

Fe3O4 Nanoparticles

Superparamagnetic iron oxide NPs (SPIONs) have great potential
in biomedical applications as they can be directed by external
magnetic fields. SPION physico-chemical properties as Feredox
status or size can highly modify their genotoxic effects [142, 143].
Different surface modification or coating compounds can also
reduce significantly the genotoxic effect of SPIONs, as it was shown
when different coated NPs were tested in fibroblasts [144, 145].
Magnetite Fe3O4 particles of a wide range of sizes have been found
to provoke genotoxic effects when measured with cytokinesis
block-micronucleus induction test and comet assay, as well as with
ROS induction and c-Jun N-terminal kinases (JNK) induction in
human alveolar A549 cells [146]. Again, there are no full studies
regarding iron oxide NPs genotoxicity in vivo, although determining
this is a critical step in future biomedical applications development
for these NMs.

37.6

Conclusions

The increasing use of metal and metal oxide NPs in fields as diverse
and present in our daily life as electronics, cosmetics and medicine
offers undeniable advantages, mainly due to their unique physicochemical properties, different from the bulk form of the materials.
Moreover, the fact that they are capable of acting as drug carriers
makes them potentially relevant as tools for cancer therapies.
Nevertheless, the possibility of unwanted interactions
between NPs and the immune system, such as immunostimulation
or immunosuppression, should be kept in mind as they may
promote inflammatory or autoimmune disorders, or increase the
host’s susceptibility to infections and even cancer. Unintentional
recognition of NPs as foreign by the immune cells may result in a
multilevel immune response against them, eventually leading to
toxicity in the host and/or lack of therapeutic efficacy. Therefore,
understanding in detail the potential toxic effects of the different

Conclusions

NPs and the signaling pathways activated by them in the cells is
critical, so we can take full advantage of these promising materials
without taking unnecessary risks.
There are, however, several inconsistencies in the literature,
and some of these engineered nanomaterials can cause different
genotoxic responses such as chromosomal fragmentation, DNA
strand breaks, mutations and oxidative stress caused lesions in DNA.
Some points should be taken into account in future research to
understand potential risks for human health of genotoxic effects
caused by nanomaterials.
While most of published studies are based on short term and
high dosage experiments, assessing long-term and low-dosage
exposition genotoxic effects of NPs is a must, as this exposition
is more suitable for understanding the real risks to human health.
For in vitro– and in vivo model–based experiments, it is not
enough to measure the genotoxic effects in different systems.
It is even more important to try to understand the physical and
chemical interactions of different nanomaterials with biological
structures and their functions that lead to different results.
Assessing occupational risk needs to be based not just on in vivo
or ex vivo models, but also on long-term epidemiological studies.
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38.1

Introduction

In a recent document, the US Environmental Protection Agency
(EPA) has emphasized that exposure to nanomaterials can occur
during their fabrication or production process because the
materials can pollute the environment [1]. Environmental exposure
of humans to silicon dioxide has been increasing because of
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escalating use of silicon dioxide, including a range of its particle
sizes, in cosmetics, food, and drug formulations [2, 3]. Although
silicon dioxide has been considered a comparatively nontoxic
substance, research in the past two decades has revealed that
silicon dioxide particles are not as harmless as they were previously
assumed to be.
In sizes above the micrometer range (i.e., >1 µm), silicon dioxide
appears to be benign to humans, insects, and microorganisms.
However, silicon dioxide particles of sizes smaller than 1 µm can
exert toxic effects in humans and animals. For example, silicosis is
a disease found in both humans and rats: The underlying silicon
dioxide toxicity is due to prolonged exposure to crystalline silica
dust, leading to pulmonary injuries or lung inflammation [4, 5].
Because silicon dioxide nanoparticles can readily cross the blood–
brain barrier (see below), they can penetrate into the nervous
system and exert their toxicity on neural cells. This review
therefore focuses on discussing the effects of silicon dioxide
nanoparticles on neural cells both in vivo and in vitro. Three
recent reviews [6–8] cover the toxicity of these particles in
peripheral tissues and cell types; readers are referred to those for
effects of silicon dioxide nanoparticles on non-neural cell types
and other aspects not covered in this chapter.

38.2

Nanoparticles Can Cross the Blood–Brain
Barrier

The blood–brain barrier (BBB) constitutes an effective barrier to
exclude undesirable and/or toxic substances in the bloodstream
from entering the central nervous system, including the brain.
In this context, for targeting therapeutic agents to the brain, one
needs to device mechanism(s) whereby this restriction of the
BBB is overcome or by-passed. Consequently, various studies on
employing nanoparticles to assist with drug delivery or delivery
of genetic material to advance gene therapy have concluded that
nanoparticles can cross the BBB [9, 10]. For example, Kim et al. [9]
synthesized silica-overcoated magnetic nanoparticles containing
rhodamine B isothiocyanate within a silica shell of controllable
thickness (MNPs@SiO2(RITC)), employing particles with 50 nm
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thickness. They administered those particles intraperitoneally
into mice for four weeks and were able to detect the nanoparticles
in the brains of those mice. Their study [9] clearly demonstrated
that such nanoparticles can penetrate the BBB.
Nanoparticles have also been employed to achieve neuronspecific delivery of genetic material to advance gene therapy
of various neurological disorders. For example, Zang et al. [11]
employed 85 nm PEGylated immunoliposome (containing
antibodies to the rat transferrin receptor) to deliver tyrosine
hydroxylase (TH) expression plasmid to normalize TH activity in the
striatum in a rat model of experimental parkinsonism induced by
6-hydroxydopamine. Their results demonstrated that intravenously
administered immunoliposomes containing the TH expression
plasmid could cross the BBB giving rise to increased striatal TH
activity in the TH-transfected rats [11]. Thus, their findings suggested
that the immunoliposomes crossed the BBB via the transvascular
route [11]. In addition to the transvascular route, nanoparticles
can also cross the BBB after they have induced alterations in BBB
permeability and induced cerebral edema [10].

38.3

Toxicity of Silicon Dioxide Nanoparticles in
Mammalian Neural Cells

The toxicity of silicon dioxide nanoparticles in mammalian neural
cells is discussed below from three perspectives: (i) environmental
health impact of exposure to silicon dioxide nanoparticles,
(ii) toxicity of the nanoparticles in mammalian neural cells in vivo,
and (iii) toxicity of the nanoparticles in mammalian neural cells
in vitro.

38.3.1

Environmental Health Impact of Exposure to
Silicon Dioxide Nanoparticles

As has already been alluded to above, the ever-increasing use
of silicon dioxide, including a range of its particles sizes, in
cosmetics, food, drug formulations, and numerous other industrial
applications [2, 3, 12] has raised some concerns regarding the
environmental health impact of human exposure to silicon dioxide
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particles, especially nanoparticles [12]. Because nanoparticles,
including silicon dioxide nanoparticles, can cross the BBB (see
above), their accumulation in significant quantities in the central
nervous system can induce deleterious effects on neural cells,
thereby disturbing the normal functions of such cells and even
inducing neurodegeneration. The findings of three early studies
provide some support for the notion that accumulation of silicon
dioxide nanoparticles in the brain could lead to neurodegeneration
[13–15]. Silica micro- and nanoparticles, when introduced into the
brains of rats and mice, induced inflammatory responses in brain
astrocytes and macrophages and degeneration of axons and axon
terminals adjacent to the astrocytes [13]. Silicon and aluminum
were noted to be co-localized in the central region of senile
plaque cores in the cortex of patients with senile dementia of the
Alzheimer type [14]. Moreover, the accumulated silicon and
aluminum appeared to be found, at least in part, in lipofuscin granules
in the brains of patients who died with Alzheimer’s disease [15].

38.3.2 In vivo Toxicity of Silicon Dioxide Nanoparticles
in Mammalian Neural Cells

There have been very few studies on the toxicity of silicon dioxide
nanoparticles in vivo on mammalian neural cells. Nevertheless,
the results of the few studies are quite revealing and allow us to
make two tentative generalizations. First, silicon dioxide
nanoparticles can cross the BBB; one consequence of such particles
being able to cross the BBB is that they could, at least potentially,
exert undesirable effects on neural cells in the central nervous
system. Second, most of the toxic effects of silicon nanoparticles
in vivo on neural cells are similar to, if not identical with, the effects
of such nanoparticles noted in neural cells in vitro (see below).
Thus, this generalization points to the utility of employing neural
cell models in vitro to screen for the toxicity of various types of
silicon dioxide nanoparticles and the importance of employing
such models to elucidate the cellular and molecular mechanisms
underlying the cytotoxicity of silicon dioxide nanoparticles.
Nevertheless, it is noteworthy that the cytotoxicity of these
nanoparticles in neural cells cannot be easily and readily
investigated employing animal models in studies in vivo. We will
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briefly discuss how the findings of the few studies on toxicity of
silicon dioxide nanoparticles on neural cells in vivo have led us to
formulate the two generalizations above.
In their study to investigate toxicity and tissue distribution
of silica-overcoated magnetic nanoparticles in mice, Kim et al. [9]
synthesized silica-overcoated magnetic nanoparticles containing
rhodamine B isothiocyanate within a silica shell of controllable
thickness (MNPs@SiO2(RITC)). They employed MNPs@SiO2(RITC)
with 50 nm thickness and administered those particles
intraperitoneally into mice for four weeks and were able to detect
the nanoparticles in the brains of those mice. Furthermore, using
an immunocytochemical approach and employing the dorsal
cochlear nucleus as a representative example of whole brain
localization, they were able to show that MNPs@SiO2(RITC) colocalized with a well-characterized neuronal marker, NeuN. Based
on their observations, Kim et al. concluded that the silica nanoparticles
(MNPs@SiO2(RITC)) could cross the BBB, enter neurons, but do
not alter the permeability of the BBB [9]. Nevertheless, they did
not detect any gross abnormal histopathological lesions in several
organs, including brain, kidney, liver, testis, uterus, lung, heart, and
spleen, in mice four weeks after intraperitoneally injecting MNPs@
SiO2(RITC) into the mice at 25, 50, or 100 mg/kg [9]. Consequently,
Kim et al. [9] concluded such silica nanoparticles can penetrate the
BBB and enter neurons without apparently altering their normal
function, suggesting that the silica-overcoated nanoparticles at the
doses employed were apparently not toxic to neurons. The findings
and conclusions of Kim et al. [9] are in sharp contrasts with those of
a more recent study by Wu et al. [16].
Wu et al. [16] examined the effects of intranasal exposure
of adult rats to silica nanoparticles (20 μg per rat daily for 1 or
7 days). They reported intranasal instillation of silicon dioxide
nanoparticles into rats, especially for seven days, significantly
increased levels of silicon dioxide nanoparticles in several brain
regions monitored, with the rank order: olfactory bulb > striatum
≥ hippocampus > brain stem > cerebellum > frontal cortex [16].
Evidently, after intranasal administration, silicon dioxide
nanoparticles were able to cross the BBB and became differentially
accumulated within seven days in several key brain regions,
especially in olfactory bulb, striatum, and hippocampus. Because
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of their importance in several neurodegenerative diseases, Wu
et al. further examined the effects of these nanoparticles on
key parameters concerned with oxidative stress, inflammatory
response(s), and neurotransmitter metabolism [16]. They noted
that the striatum was more vulnerable than the hippocampus to
the toxic effects of silicon dioxide nanoparticles in terms of changes
in these parameters subsequent to the accumulation of such
nanoparticles in the two brain regions. Specifically, in rats exposed
to silicon dioxide nanoparticles for seven consecutive days, their
striatal levels of hydrogen peroxide, a by-product of reactive oxygen
species (ROS) generation, and MDA, a marker and end product
of lipid peroxidation, were significantly increased while striatal
level of reduced glutathione (GSH) was significantly decreased;
however, striatal SOD, an important antioxidant enzyme, was
unchanged [16]. By contrast, in the hippocampus of rats intranasally
instilled with silicon dioxide nanoparticles for seven consecutive
days, only MDA levels were increased [16]. Thus, their findings
strongly suggested that intranasal exposure of adult rats to silicon
dioxide nanoparticles selectively induces oxidative stress in their
striatum. Wu et al. also confirmed that the nanoparticles can,
and do, induce oxidative stress in vitro in PC12 cells, which
constitutes a model of dopaminergic neurons (see Table 38.1 and
the next subsection below).
Wu et al. [16] also observed that intranasal instillation of
silicon dioxide nanoparticles into adult rats for seven consecutive
days resulted in differential changes in inflammatory responses
in the striatum (but not in the hippocampus) of the treated rats.
They detected significantly higher striatal levels of TNF-a, IL-1b,
and IL6 in the treated rats. Both TNF-a and IL-1b are proinflammatory cytokines, whose release leads to the stimulation
of expression of IL-6 and IL-8. Along with the selective changes in
the striatal levels of cytokines associated with inflammatory
response(s) induced by intranasal exposure of rats to silicon
dioxide nanoparticles for seven days, Wu et al. [16] also discerned
a significant decrease (by ~25%) in striatal dopamine level in
the treated rats whereas their hippocampal glutamate level was
not significantly altered. Animal models revealed that dopamine
depletion in the striatum is associated with movement disorders
[16] that were reminiscent of that in Parkinson’s disease.

SK-N-SH U87 (48)

Colloidal SiO2-NP (25 nm)

Mesoporous nanomaterials
(MSNs)
• MCM-41
• SBA-15
Solid-cored
Silica microsphere (SMS)
(300–350 nm)

Amorphous SiO2-NP
(50&70 nm)

SK-N-SH
(3, 24 and 51)

SK-N-SH,
N2a (4)

Mesoporous nanomaterials
SK-N-SH (24)
MCM-41 (5–30 nm)
• AP-T
• MP-T
Spherical silica nanoparticles
SiO2 (5–30 nm)

Cells used
(exposure
time in hours)

–  cell survival (significant decrease at 25, 50, 100 µg/mL)
–  LDH release
–  cell survival when co-cultured with U87 cells
Altered cellular morphology

– SBA-15
inhibitory effect on cell survival at 50 and 100 μg/mL and cytotoxic at
200 μg/mL (3 h)
recovery in cell viability (27 and 51 h)
– MCM-41
toxicity during the short exposure (3 h)
recovery in cell viability (51 h) except at 200 μg/mL

– Internalized nanoparticles into the cytoplasm and localized in nuclei
– Induced aberrant clusters of protein aggregates in the nucleoplasm

(Continued)

[34]

[35]

[33]
– Cytotoxicity of nanoparticles
MCM-41 > MP-T > AP-T ≈ SiO2 (cytotoxicity of nanoparticles in descending
order of toxicity)
– More adsorptive surface area of the particle resulted in higher toxicity

Ref.
[17, 18, 20]

Endpoints and findings

In vitro studies of nanosilica toxicity in neural cells

Silica
form (Size)

Table 38.1
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937

(Continued)
– SMS
not toxic except at 200 μg/mL (3 h)
toxic (27 and 51 h)
functionalization of amine group decreases toxicity

Endpoints and findings

U87 (48)

PC12 (24)

SiO2-NP 15 nm
(92nm with FBS protein)

–  cell survival,  LDH release
– Oxidative stress
 ROS production,  MDA,  GSH and  SOD activity

–  cell survival (significant decrease at 25, 50, 100 µg/mL)
–  citrate synthase and malate dehydrogenase activities
–  expression of cytochrome C
oxidase subunit II,  expression of NADH dehydrogenase subunit
6 and  expression of phosphorylated ERK
– Cells became more enlarged and swollen

Primary culture of – Internalization by microglia at all concentrations tested
rat microglia (24) – Not cytotoxic and did not alter phagocytosis
–  in intracellular production of ROS and RNS
–  IL‑1b level
–  TNF‑a gene expression
–  COX-2 gene expression at
36.4 μg/mL

Cells used
(exposure
time in hours)

Colloidal SiO2-NP (25 nm)

Si-NP (prepared by sol gel
method) (150–200 nm)

Silica
form (Size)

Table 38.1

[16]

[12]

[36]

Ref.
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– Rounded shaped and reduced length of extended neurites
– Apoptosis
double stained with PI- and FITC-labeled annexin V  the expression of
bcl2,  the expression of p53, p21, p-p53, Gadd45 and bax
– Cell cycle arrest at 100 and 200 μg/mL

Endpoints and findings

Ref.

[28, 31,
Schwann cells
–  cell survival
37]
(R3), DRG neurons DRG neurons < Schwann cells
(50B11)
– Internalized nanoparticles (Schwann cells and DRG neurons)
(36 and 48)
– Enlarged and swollen nuclei (Schwann cells and DRG neurons)
– Oxidative stress
Schwann cells
 GSH and  Mn-SOD (R3)
DRG neurons
Multi-phasic effect on GSH and  Mn-SOD
–  expression of NADH dehydrogenase subunit 6 and  expression of
succinate dehydrogenase fc subunit
–  expression of p-ERK (Schwann cells and DRG neurons)
– Did not change the expression of ERK

Cells used
(exposure
time in hours)

Abbreviations: COX-2, cyclooxygenase 2; DRG, dorsal root ganglion; FITC, fluorescein isothiocyanate; GSH, reduced glutathione; IL, interleukin; LDH,
lactate dehydrogenase; MDA, malondialdehyde (end product of lipid peroxidation); N2a, mouse neuroblastoma cell line; NMR, nuclear magnetic
resonance; PC12, pheochromocytoma cells; PI, propidium iodide; Ref., references; RNS, reactive nitrogen species; ROS, reactive oxygen species;
SEM, scanning electron microscopy; SiO2-NP, silicon dioxide nanoparticles; SK-N-SH, human neuroblastoma cell line; TEM, transmission electron
microscopy; TNF, tumor necrosis factor; U87, human astrocytoma cell line; XRD, X-ray diffraction.

Colloidal SiO2-NP
(25 nm)

Silica
form (Size)
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Consequently, their findings led Wu et al. [16] to conclude that
exposure to silicon nanoparticles exerts a negative impact on
the striatum and dopaminergic neurons and may pose a risk for
neurodegenerative diseases. In view of the interesting observations
and conclusion of Wu et al. [16], we would like to propose that
the accumulation and toxicity of silicon dioxide nanoparticles in
the striatum may serve as a model system for Parkinsonism and
Parkinson’s disease. Clearly, this is a research area that merits
further investigation.
Despite the interesting differential changes in striatum and
to a much lesser extent in the hippocampus induced by intranasal
instillation of silicon dioxide nanoparticles noted by Wu et al.
[16], those researchers did not detect any noticeable changes in
the general behavior of the treated rats. Nevertheless, Wu et al.
[16] cautioned that more extensive and specialized neurobehavioral
testing is needed to clearly delineate whether or not exposure of
rats in vivo to silicon dioxide nanoparticles definitely results in
functional behavioral changes [16].

38.3.3 In vitro Toxicity of Silicon Dioxide Nanoparticles
in Mammalian Neural Cells

The need for cell models in vitro to screen cytotoxicity of
nanoparticles in neural cells. Until recently, few, if any, studies
have addressed the cytotoxicity of nanoparticles in neural cells.
We were the first to propose the importance of developing neural
cell models in vitro to facilitate the high throughput screening of
the putative toxicity of nanoparticles in various neural cell types
[12, 17–32].
Initially we developed several types of neural cell models
in vitro consisting of human astrocytoma U87 cells and human
neuroblastoma SK-N-SH cells for high throughput screening of
the putative toxicity of nanomaterials, including nanoparticles
[12, 17–24]. Even though U87 and SK-N-SH cells are neurotumor
cells, they are good models in vitro for astrocytes and neurons,
respectively, because there is good evidence that the structure
and functions of U87 and SK-N-SH cells closely resemble their
counterparts in normal brain, [17–24, 26]. We have initiated a
series of studies to systematically examine the putative cytotoxic
effects of nanoparticles of metallic and non-metallic oxides in
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astrocytes and neurons employing U87 (astrocytes-like) and SKN-SH (neurons-like) cells [12, 17–26]. We have also modified
the “standard” cell survival (i.e., MTT) assay so that the assay
can be used to assess the effects of nanoparticles on cell survival
with improved accuracy by minimizing the interference by
nanoparticles in the assay [22, 23].
We have further developed several types of co-culture models
of astrocytes and neurons employing U87 and SK-N-SH cells
to facilitate mechanistic elucidation of the protection by
astrocytes conferred on neurons against agents, including toxic
nanoparticles, which induce neurodegeneration [20–22, 26, 30].
Because the putative cytotoxic effects of nanoparticles of
metallic and non-metallic oxides in neural cells of the peripheral
nervous system (PNS) are unknown, we have recently developed
cell models in vitro consisting of Schwann cells and dorsal root
ganglion (DRG) neurons to facilitate the systematic investigation
of the effects of such nanoparticles on the PNS [27–29, 31, 32].
The results of our recent and ongoing studies clearly demonstrate
that our cell models in vitro constitute excellent cell culture models
for elucidating pathophysiological mechanisms of agents,
including nanoparticles that can induce peripheral neuropathy
[27–29, 31, 32].
The results of our previous and ongoing studies clearly
demonstrate that the cell models we have developed allow the
systematic and mechanistic investigations of putative cytotoxicity
of nanoparticles of metallic and non-metallic oxides in neural cells
derived from both the central and the peripheral nervous systems
[12, 17–32]. Furthermore, they also strongly suggest that our
models can be applied to screen the cytotoxicity of nanomaterials
other than nanoparticles of metallic and non-metallic oxides in
neural cells of central and peripheral nervous systems [12, 17–32].
We will discuss in the next subsection the findings of our studies
and compare them with those of other researchers.
Cellular and molecular mechanisms underlying the
cytotoxicity in vitro of silicon dioxide nanoparticles in neural
cells. The results of the studies to date concerning the cytotoxicity in
vitro of silicon dioxide nanoparticles in neural cells are summarized
and compared as shown in Table 38.1.
We were the first to initiate a series of studies to systematically
investigate the cytotoxic mechanisms of silicon dioxide nanoparticles
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on mammalian (including human) neural cells [12, 17, 18, 20, 22].
Our initial finding that silicon dioxide nanoparticles induced
cytotoxicity on human neuroblastoma SK-N-SH (neurons-like) and
human astrocytoma U87 (astrocytes-like) cells by lowering their
survival [17] prompted us to further elucidate the mechanisms
underlying the cytotoxicity of silicon dioxide nanoparticles in
neural cells [12, 18]. Necrosis appeared to be one cytotoxic effect
induced by the nanoparticles in both SK-N-SH (neurons-like) and
U87 (astrocytes-like) cells as indicated by the increases in lactate
dehydrogenase (LDH) release from the cells into the surrounding
medium (Table 38.1) [17, 18]. The dose-related changes in cellular
morphology in U87 and SK-N-SH cells induced by silicon dioxide
nanoparticles paralleled the dose-related decreases in the survival
of those cells induced by the nanoparticles [17, 18]. Interestingly,
when SK-N-SH (neurons-like) cells were co-cultured on a
monolayer of U87 (astrocytes-like) cells and exposed to silicon
dioxide nanoparticles, the survival of both cell types was improved
compared to the survival of both cell types when they were
cultured alone as monotypic culture and exposed to silicon dioxide
nanoparticles (Table 38.1) [20].
We further investigated the cytotoxic mechanisms underlying
the dose-related decreases in survival of U87 cells induced by
silicon dioxide nanoparticles [12]. We found the activities of citrate
synthase and malate dehydrogenase in nanoparticles-treated U87
cells were increased, possibly due to an energetic compensation
in surviving cells (Table 38.1) [12]. By contrast, the expression
of mitochondrial DNA-encoded cytochrome C oxidase subunit II
and NADH dehydrogenase subunit 6 and the cell signaling protein
phosphorylated ERK (p-ERK) was altered in the nanoparticlestreated U87 cells (Table 38.1) [12]. Thus, we were the first to
report on the effects of silicon dioxide nanoparticles on expression
of mitochondrial DNA-encoded protein and on expression of cell
survival signaling protein (i.e., ERK) [12]. Our findings suggest that
silicon dioxide nanoparticles induces disruption of mitochondrial
DNA-encoded protein expression, leading to decreased
mitochondrial energy production in U87 cells; the nanoparticles
also induced decreases in cell survival/proliferation signaling in
those cells [12].
Different types of nanosilica particles exert dissimilar cytotoxic
effects on neural cells. Di Pasqua et al. [33] and Tao et al. [34]
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demonstrated that mesoporous silica (MCM 41) nanoparticles are
more toxic to SK-N-SH cells compared to spherical silica, including
silicon dioxide, nanoparticles (Table 38.1). They also found
that functional groups on silica nanoparticles play major roles
in determining the toxicity of silica nanoparticles; for example,
grafting aminopropyl group(s) on mesoporous silica nanoparticles
decreased the cytotoxicity of MCM-41 in SK-N-SH cells [33]. Thus,
it is imperative to consider if and how the surface of the
nanoparticles may influence their properties while selecting
nanosilica for biomedical and biotechnological applications.
In elegant studies in vitro, Chen and von Mikecz [35]
demonstrated that amorphous silica nanoparticles (50 and 70 nm)
entered several cell types including neuronal cells (i.e., N2a and
SK-N-SH cells), translocated into their nuclei, and altered nuclear
functions in a matter of hours (Table 38.1) [35]. However, silica
particles of sizes between 200 nm and 5 μm neither penetrated
into the nuclei nor modified nuclear function and architecture
of the cells [35]. Furthermore, this group noted that once they
penetrated into the nuclei of the cells, silica nanoparticles with
an average diameter of 50 nm induced the formation of aberrant
protein aggregates in their nuclei [35]. The protein aggregates,
whose formation was induced by the silica nanoparticles,
contained essential components of nuclear protein machines
such as coactivators of transcription, unmutated polyQ proteins,
and members of the ubiquitin proteasome systems (UPS) [35].
Their interesting observations led von Mikecz and co-workers to
propose that the components of the UPS are recruited to silicananoparticles-induced nuclear inclusions to break down aggregated
proteins [35]. Moreover, even when silica nanoparticles did not alter
cell viability or enhance cell death, silica nanoparticles induced
repression of gene expression, ultimately leading to decreased
cellular replication and irreversible inhibition of cell proliferation
[35]. This group of researchers therefore concluded that through
the induction of intranuclear protein aggregation that contains
proteins with polyQ stretches, silica nanoparticles trigger a
subnuclear pathology that closely mimics molecular events
characteristic of formation of insoluble protein inclusions in
neurodegenerative aggregation diseases [35]. Chen and von Mikecz
further advocated that “silica nanoparticles have emerged as
excellent tools for proof-of-principle studies, in this case,
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establishment of cell-based models for degenerative protein
aggregation diseases” [35].
Silicon dioxide nanoparticles can induce alterations in
mitochondrial oxidative metabolism and induce oxidative stress.
For example, silicon dioxide nanoparticles induced cell death
in U87 (astrocytes-like) cells by disturbing their mitochondrial
function (Table 38.1) [12]. Wu et al. [16] observed that treatment of
PC12 cells (a model of dopaminergic neurons in vitro) with silicon
dioxide nanoparticles led to increased LDH release, enhanced ROS
production, increased MDA production but decreased levels of GSH
and SOD, and ultimately decreased cell survival [16]. Additionally,
their mechanistic studies with PC12 cells also revealed that at
doses higher than 50 µg/mL, the number of apoptotic PC12 cells
increased markedly [16]. They attributed this apoptotic effect
induced by silicon dioxide nanoparticles to the G2/M cell cycle
arrest in conjunction with increased protein expression of p53,
phospho-p53 (p-p53), p21, Gadd45, and bax, but decreased protein
expression of bcl-2 because both p21 and Gadd45 are proteins that
are down-stream from p53 in regulating cell cycle whereas the
increase in bax/bcl-2 ratio favors apoptosis [16]. Along with those
observations, they also found that silicon dioxide nanoparticles
induced decreases in dopamine levels and expression of TH, a
rate-limiting enzyme in dopamine synthesis [16]. (However, the
authors erroneously stated that silicon dioxide nanoparticles
upregulated the expression of TH in a dose-dependent manner
[see Ref. 16, p. 4485].) Interestingly, and relevant to this discussion
of the mechanistic actions of silicon dioxide nanoparticles on
neural cells, the findings of Wu et al. in PC12 cells in vitro (i.e.,
enhanced ROS production, increased MDA production but decreased
levels of GSH and dopamine) confirmed what they observed in
the striatum of rats after intranasal instillation of silicon dioxide
nanoparticles into those rats in vivo [16]. Consequently, their
parallel studies in vivo and in vitro strongly suggest that many—
if not most—of the mechanisms underlying the cytotoxicity of
silicon dioxide nanoparticles in neural cells in vitro may also occur
in the cytotoxicity of silicon dioxide nanoparticles in neural cells
in vivo [16].
The effects of silica nanoparticles in primary cultures of rat
microglia in vitro [36] appear to somewhat differ from the effects
of these nanoparticles in PC12 cells in vitro [16] and in the rat
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striatum after intranasal instillation of the nanoparticles in vivo
[16]. Choi et al. [36] were the first to observe that over a 24 h period,
exposure of rat microglial cells in primary culture in vitro to silica
nanoparticles resulted in the entry of nanoparticles into those cells
via endocytosis and other nanoparticle uptake mechanisms [36].
Similar to the effects of silicon dioxide nanoparticles in PC12 cells
in vitro [36] and to the same effects in the rat striatum after
intranasal instillation of the nanoparticles in vivo [16], Choi et al.
also noted that these nanoparticles induce oxidative stress in rat
microglial cells in vitro by enhancing their production of ROS and
reactive nitrogen species (RNS) and altering their expression of
proinflammatory genes (i.e., increase in COX-2 but decrease in
tumor necrosis factor-a expression) (Table 38.1) [36]. However,
even at the highest treatment concentration of 40,000 nanoparticles
per µL (i.e., 7.28 µg/mL) for 24 h, silica nanoparticles did not
significantly lower the survival of microglial cells in vitro [36].
Nevertheless, Choi et al. [36] did suggest that continuous production
of ROS by microglia induced by the silica nanoparticles could
induce deleterious effects on neurons in their vicinity and the
dysfunction induced by the nanoparticles may not allow the
microglia to sustain neuronal health.
Because the putative cytotoxic effects of silicon dioxide
nanoparticles in neural cells in the PNS are largely unknown,
we have employed our in vitro model of Schwann cells to
systematically investigate the putative cytotoxicity of silicon
dioxide nanoparticles on neural cells derived from the PNS [25,
27, 28, 31, 37]. We are the first to report on the effects of silicon
dioxide nanoparticles on neural cells in the PNS [28, 37]. Results
of our ongoing studies have demonstrated that silicon dioxide
nanoparticles exerted a cytotoxic effect on Schwann cells by
lowering their survival (Table 38.1) [28, 37]. Light microscopic
examination revealed that treatment of Schwann cells with the
nanoparticles induced dose-related changes in cellular morphology,
consistent with the nanoparticles-induced progressive decrease in
cell viability and increase in uptake of nanoparticles. Furthermore,
employing flow cytometry, we noted the cytotoxicity of silicon
dioxide nanoparticles could be attributed, at least in part, to the
uptake of the nanoparticles by Schwann cells [28, 37]. Treatment
with silicon dioxide nanoparticles also induced increased LDH
release, decreased glutathione level, and altered morphology and
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expression of Mn-superoxide dismutase, NADH dehydrogenase
subunit 6, and succinate dehydrogenase in Schwann cells [28, 37].
Thus, our findings are compatible with the observation that silicon
dioxide nanoparticles induce decreases in survival of neural cells
derived from the central nervous system and the decreases in cell
survival can be attributed, at least in part, to the nanoparticlesinduced oxidative stress [12, 16, 28, 36, 37].
The effects of silicon dioxide nanoparticles on DRG neurons,
an in vitro model of DRG neurons in PNS in vivo [27–29, 31, 32],
only show a few similarities to those noted in the Schwann cells
in vitro (Table 38.1). Treatment of silicon dioxide nanoparticles
altered the morphology of DRG neurons: their nuclei were swollen
and their processes decreased in number and they became rounded
whereas untreated DRG neurons were spindle-shaped [28–37].
Treatment of DRG neurons with silicon dioxide nanoparticles
did not induce any necrotic cell damage or necrotic cell death
at concentrations from 0.1 to 150 μg/mL but induced oxidative
stress by decreasing glutathione levels (Table 38.1) [28, 37].
Nevertheless, when we treated DRG neurons with the nanoparticles
at the highest concentration employed (i.e., 200 μg/mL), they
showed significant increases in LDH release into the surrounding
medium, suggesting that the nanoparticles did induce necrotic
damage and/or cell death in DRG neurons at that concentration
[28, 37]. Thus, the results of our current and ongoing studies
strongly suggest that silicon dioxide nanoparticles induce
differential effects on neural cells in the PNS.

38.4

Pathophysiological Implications of
Toxicity of Silicon Dioxide Nanoparticles
in Mammalian Neural Cells

Even though, to date, the literature on the effects of silicon dioxide
nanoparticles on mammalian neural cells is rather limited, the
results of published and ongoing studies appear to coalesce into
a recognizable pattern (see Table 38.1), which allows us to draw
some tentative generalizations regarding pathophysiological
implications of toxicity of silicon dioxide nanoparticles in
mammalian neural cells. However, in this review, we can only very
briefly discuss four such generalizations.

Conclusions and Prospects for Future Research

(1) Because silicon dioxide nanoparticles can readily cross the
BBB (also see Section 38.2 above), once the nanoparticles
penetrate into the central (or for that matter, the peripheral)
nervous system, they can directly influence neural cells
therein. Consequently, whether the effects of silicon dioxide
nanoparticles on neural cells are deleterious critically depends
on the extent of the accumulation of the nanoparticles in the
nervous tissue.
(2) Evidence is accumulating that silicon dioxide nanoparticles
appear to exert differential effects on neural cells. It is well
recognized that glial cells protect neurons from a variety
of pathophysiological assaults [26, 30]. Therefore, it is
conceivable that in addition to the direct cytotoxic effect
on neurons exerted by silicon dioxide nanoparticles, the
nanoparticles can exert indirect toxic effects on neurons
through their actions on glial cells, ultimately compromising
the ability of glial cells to maintain neuronal health and wellbeing.
(3) As alluded to above (see Sections 38.3.2 and 38.3.3), silicon
and aluminum were found to be co-localized in the cores
of senile plaques in the cortex of Alzheimer’s disease (AD)
patients [14] and accumulated silicon and aluminum were
also found in lipofuscin granules in patients who died
of AD [15]. Moreover, when directly introduced into the
brains of rats and mice in vivo, silica nanoparticles induced
inflammatory responses in astrocytes and the degeneration
of axons and axon terminals in the vicinity of the astrocytes
[13]. These early observations [13–15], together with more
recent reports (see Table 38.1) of toxic effects of silicon
dioxide nanoparticles on mammalian neural cells in vivo and
in vitro, strongly suggest that the neurotoxicity of silicon
dioxide nanoparticles may assume pathophysiological and
perhaps even pathogenetic importance in neurodegenerative
diseases such as Alzheimer’s disease.
(4) We have mentioned earlier that their important findings
led Wu et al. [16] to conclude exposure to silicon dioxide
nanoparticles exerts a negative health impact on the striatum
in general and on dopaminergic neurons in particular and
may therefore pose a risk for neurodegenerative diseases.

947

948

Toxicity of Silicon Dioxide Nanoparticles in Mammalian Neural Cells

38.5

Our review of the literature on toxicity of silicon dioxide
nanoparticles in mammalian neural cells has also prompted
us to propose that accumulation and toxicity of silicon
dioxide nanoparticles in the striatum may serve as a
model system for parkinsonism and Parkinson’s disease.
Furthermore, Chen, von Mikecz, and their associates [35]
elegantly demonstrated that upon entering neural cells,
silicon dioxide nanoparticles can enter their nuclei and induce
the formation of aberrant protein aggregates therein. Because
such aberrant protein aggregates are highly reminiscent
of those noted in the brain in neurodegenerative diseases,
Chen and von Mikecz [35] therefore proposed that “silica
nanoparticles have emerged as excellent tools for proofof-principle studies, in this case, establishment of cell-based
models for degenerative protein aggregation diseases.”

Conclusions and Prospects for Future
Research

In this concise review, we have summarized and discussed the
literature on the toxicity of silicon dioxide nanoparticles on
mammalian neural cells in vivo and in vitro. Despite the fact that,
to date, the studies published in this literature are rather limited
in number, a clear and consistent “picture” is slowly emerging
regarding the mechanisms underlying the toxicity of silicon dioxide
nanoparticles in neural cells. As we have emphasized earlier, one
major reason why this literature is scant is that until recently,
there was a lack of suitable cell models in vitro for high throughput
screening of the cytotoxicity of silicon dioxide nanoparticles—
and for that matter the cytotoxicity of nanoparticles in general—
in mammalian neural cells. We were the first to develop neural
cell models in vitro consisting of various neural cell types derived
from both the central and the peripheral nervous systems so as to
allow the high throughput screening of the cytotoxicity of silicon
dioxide nanoparticles in mammalian neural cells [12, 17–32].
Based on a critical review of the literature as well as current
and ongoing studies, we can tentatively arrive at the following
conclusions: (i) Far from being harmless, silicon dioxide nanoparticles
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can and do induce differential cytotoxicity on mammalian neural
cells; (ii) some of the recognized mechanisms underlying the
toxicity of silicon dioxide nanoparticles in neural cells include,
but are not limited to, oxidative stress, inflammatory responses,
necrotic damage and cell death, apoptosis, formation of aberrant
nuclear protein aggregates and altered mitochondrial metabolism;
and (iii) perhaps the most interesting and also intriguing conclusion
is that silicon dioxide nanoparticles can serve as versatile tools
for elucidating pathophysiological and molecular mechanisms
underlying neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease. Moreover, our current and ongoing
studies also strongly suggest that these nanoparticles can also be
fruitfully exploited to elucidate mechanisms underlying peripheral
neuropathy. Additionally, any potential applications of silicon
dioxide nanoparticles to pharma and nanomedicine need to take
into consideration the putative cytotoxicity of these nanoparticles.
As evident from this concise chapter, there is still much to be
discovered concerning the toxicity of silicon dioxide nanoparticles
in mammalian neural cells. The availability of various models
in vitro consisting of various neural cell types derived from both
the central as well as the peripheral nervous system greatly
facilitates both the high throughput screening of the cytotoxicity
of silicon dioxide nanoparticles and systematic investigation of the
underlying cellular and molecular mechanisms. Clearly, these are
interesting and exciting areas that merit further and systematic
investigation.
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39.1

Introduction

In this chapter, futuristic applications of nanotechnology as they
apply to the field of medicine are discussed. The examples cited are
mostly conceptual in nature but backed by sound reasoning and
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a strong foundation of recent nanotechnological advances which,
conceivably, could drive towards their future routine applications
in both therapy and diagnostics. While some of these may be
considered science fiction at present, it is tempting to speculate
that the related real nanotechnological advances described may
indeed drive the development of new avenues for the diagnosis
and treatment of disease.

39.2

Nanorobotics and Medicine

When the general public thinks of nanotechnology, and, more
specifically nanomedicine, often the first thought that comes to mind
are nanorobots (defined later in this chapter) swimming through
the blood stream seeking out viruses and bacteria for destruction.
While this is certainly a futuristic concept, it is not altogether
unrealistic and thus warrants discussion in this book. In order to
consider the development of a nanoscale robotics-based device
capable of in vivo travel and the performance of various therapeutic
tasks it is necessary to understand the basic requirements for
its size and functionality. The three primary components of an
effective therapeutic nanorobot are:
(1) Potential energy source
(2) Mechanism for converting potential energy to kinetic energy
(3)	Ability to use kinetic energy for mobility and a therapeutic
benefit

     (Courtesy of Physorg.com; reprinted with permission)
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This section describes some of the essential individual
components that meet these criteria and are necessary for the
development of therapeutic nanorobots. Cited are both real
advances in the development of these components as well as
theoretical examples of nanorobots performing therapeutic
functions with the human body.

39.2.1

Nanomolecular Motors and Gears

In order to have a general understanding of the possibilities for
in vivo nanorobotics applications in medicine it is important to
grasp the concept of nanomotors, which are defined as devices,
nanoscale in size and often made up of individual molecules,
capable of converting energy into movement (potential energy
into kinetic energy). The successful design and development of
nanomotors or nanomolecular motors as they are sometimes
referred to are essential if the medical application of nanobots is to
become a reality. Not only will nanomotors need to be developed
that are efficient at converting fuel into mechanical energy, but
strategies for their successful incorporation and usage in the
context of nanomachinery such as nanorobots will have to be
undertaken. Nanomotors exist in nature, with perhaps the most
notable discovery being that of dimeric motor proteins capable
of undergoing transportation along microtubules within living
cells. Kinesin, for example, is a naturally occurring class of motor
protein dimers found in biological cells capable of transporting
cellular cargo most often along micro tubular structures within
cells (Fig. 39.1).

Figure 39.1 Diagrammatic illustration of a kinesin protein dimer moving
along a microtubule. (Courtesy of Wikivisual.com; reprinted
with permission.)
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There are also now a number of examples of prototype manmade nanomotors made from a variety of different types of
naturally occurring and synthetic molecules. The basic requirements
behind the construction of a biologically functioning nanomotor
are generally accepted by the research community as:
•
•
•
•
•

Less than ~300 nm in scale
Low energy requirements
Operates autonomously
Operates under physiological conditions
Exhibits long-term stability

Below are described some of the more high-profile research
efforts at generating nanomotors from several different platforms
that meet these criteria and may be the basis behind those to be
incorporated in the larger context of nanomachinery for in vivo
medical applications.

39.2.2

Rotaxane-Based Nanomotors

J. Fraser Stoddart’s group at the California Nanosystems Institute
of the University of California, Los Angeles has developed an
artificial nanomotor powered by optomechanical energy conversion
(the conversion of optical light to mechanical energy) that meets
the basic requirements listed above.
Their system is based on rotaxane, which is a mechanically
interlocked molecular compound consisting of a dumbbell-shaped
molecule threaded through a ring. It is a linear molecular motor
powered exclusively by visible light and exhibits autonomy by
relying on intramolecular processes. The motor consists of an
electron donor macrocycle ring enclosed around a dumbbellshaped dual electron acceptor. The overall length of the system is
~5 nm and the distance between the two electron acceptor sites is
~1.3 nm. A photosensitizer drives electron transfer upon exposure
of the system to visible light and powers rotaxane shuttling
(Balzani et al., 2006, and Fig. 39.2). The authors highlighted and
confirmed the following features of their system:
(i) Powered by visible light
(ii) Operate autonomously
(iii)	No waste product generation
(iv) Intramolecular operation
(v) Operates at a frequency of 1 kHz
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(vi) Operates under mild conditions
(vii) Stable for at least 103 cycles

(a)

(b)

(c)

Figure 39.2 Mechanisms of the photochemically driven ring shuttling
in 16+. (a) Intramolecular mechanism. (b) Shuttling assisted
by an electron relay. (c) Graphical representation of how
the energy profile of shuttling changes upon reduction of
A12+ and the location of the ring at A12+ (blue) or A22+
(magenta) for each molecular structure illustrated. (Courtesy
of Balzani et al., 2006; reprinted with permission)

39.2.3

Nucleic Acid-Based Nanomotors

Nucleic acid-based nanomotors are nanoscale motors made of
nucleic acids such as DNA or RNA. Given their unique intra- and
intermolecular hybridization properties, a number of groups have
studied nucleic acids in the context of nanomotor development.
Weihong Tan and colleagues at the Center for Research at the Bio/
Nano Interface, University of Florida in Gainesville have tapped in
to the unique properties of DNA to develop yet another nanomotor
driven by exposure to light. The researchers designed a selfhybridizing, hairpin-structured DNA molecule with azobenzene
molecules incorporated at strategic locations along the nucleic
acid strand. Azobenzene is capable of reversible isomerization
between planar trans and non-planar cis forms upon exposure to
UV and visible light. Thus a photoswitchable single-molecule DNA
motor (PSMM) was constructed in which the hairpin exhibited
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an open or closed conformation depending upon the trans or cis
forms of the azobenzene molecule (Kang et al., 2009, and Fig. 39.3).
This is the first example of a fully reversible single-molecule DNA
nanomotor driven by photons.

Figure 39.3 Schematic illustration of a photo-switchable single molecule
DNA nanomotor. Three azobenzene moieties are inserted
to a DNA stem duplex on an arm labeled by quenchers. The
structural change of DNA displays a contraction (CLOSE)
state when tethered azobenzene moiety (Azo-) takes a trans
conformation under visible light irradiation and an extension
(OPEN) state when Azo- takes a cis conformation under UV
light irradiation. L1 is the average size of the hairpin structure
based on the distance between F/Q pair, and L2 is the
average size of the extended molecule based on persistence
length of a single DNA strand. (Courtesy of Kang et al., 2009;
reprinted with permission.)

39.2.4

Nanotube-Based Nanomotors

Nanotube-based nanomotors are nanoscale motors made of
single-walled or multi-walled carbon nanotubes. The first carbon
nanotube-based nanomotor was developed in 2003 by Alex Zettl’s
group at the University of California, Berkeley’s Center of Integrated
Nanomechanical Systems. It consists of a multi-walled carbon
nanotube acting as an axis around which a plate of gold rotates as
an actuator. Each end of the MWNT rests on a silicon-oxide layer
and form electrodes at each contact point. There are three fixed
stator electrodes which surround the assembly. Upon application
of four independent voltage signals (one to each stator and one to
the rotor itself) the rotor’s position, velocity and direction may be
controlled (Fennimore et al., 2003, and Fig. 39.4).
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Figure 39.4 Schematic showing the basic layout of the Zettl MWNT
nanomotor. (Courtesy of Wikipedia.org; reprinted with
permission.)

Joseph Wang’s group at the Biodesign Institute, Arizona
State University in Tempe (now at the University of California, San
Diego) has taken a different approach to the utilization of carbon
nanotubes in nanomotors and applied them instead to induce
acceleration of nanowire-based nanomotors (motors made of a
wire with a diameter no larger than 100 nm) to produce a highly
efficient and controllable nanomotor system. Their platform is
based on the development of self-powered gold-platinum (Au/Pt)
bimetal nanowire nanomotors which run on the decomposition
of hydrogen peroxide to oxygen and water. The researchers
incorporated carbon nanotubes within the platinum segment of
catalytic nanowires based on the Au/Pt system as CNTs are well
recognized for their unique electronic and mechanical properties
which in some instances promote accelerated electron-transfer
reactions and lower over-voltages. It was thus speculated that
coupling CNTs with the Pt surfaces in a nanomotor system might lead
to improvements in electron transfer and increased acceleration
and this was indeed demonstrated (Laocharoensuk et al., 2008
and Fig. 39.5). It should be noted that these nanomotors, while
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autonomous in nature and capable of speeds ~10 µm/s, do not
compare to the speed and efficiency of natural nanomotors.

Figure 39.5 Carbon nanotube-induced high speed catalytic nanomotors.
(a,b) Tracking lines illustrating a typical motion and moving
distances of Au/Pt (a) and Au/Pt-CNT (b) nanomotors.
Scale bar is 45 µm. (c) Histograms of average speeds of Au/
Pt (red) and Au/Pt-CNT (blue) nanomotors measured from
the movement of the nanomotors. Bar graphs with error
bars (inset) represent the mean of average speeds (µm/s) of
the corresponding nanomotors, respectively. (d) A schematic
representation of the self-electrophoresis mechanism of
Au/Pt (top) and Au/Pt-CNT (bottom) bipolar nanomotors.
Hydrogen peroxide fuel is preferentially consumed/
oxidized on the Pt (top, blue) or Pt-CNT (bottom, patterned
blue) ends while oxygen is catalytically reduced on the
Au (yellow) segment. The ﬂux of electrons inside the
nanomotors proceeds from one end to the other generating
a local electric field, as well as the migration of protons and
surrounding ﬂuid outside the nanomotors resulting in the
movement of the nanomotor in the opposite direction. The
higher electrocatalytic activity of Pt-CNT compared with Pt
provides a faster reaction rate, and hence a higher proton
and ﬂuid ﬂow corresponding to an increased ﬂux of electrons
inside the nanomotors as indicated by the vectors. (Courtesy of
Laocharoensuk et al., 2008; reprinted with permission.)
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39.2.5

Nanogears

Nanogears are defined as mechanical instruments for transmitting
motion that are nanoscale in size. All of the nanomotors mentioned
above would be useless without a mechanism to convert the kinetic
energy generated into work performed. Thus a nanoscale gearing
system will need to be employed for coupling of the aforementioned
motors to, for example, mechanical ﬂagella for movement.
Eric Drexler (see Box 39.1) has contemplated this issue and
devised a “molecular planetary gear” that might accomplish such
a task. The gear would convert shaft power from one angular
frequency to another. The casing is composed of a silicon shell
terminated by sulfur. Each of nine separate planet gears is attached
to the planet carrier by a carbon-carbon single bond (Drexler,
1992 and Fig. 39.6).

Figure 39.6 Diagram of a molecular planetary gear that is a mechanical
component which might be found inside a medical
nanorobot. The planetary gear shown here has not been
built experimentally but has been modeled computationally.
(Copyright 1995, Institute for Molecular Manufacturing and
courtesy of R. Drexler, 1992; reprinted with permission.)
Box 39.1 K. Eric Drexler and mechanical nanocomputers
In addition to his pioneering theories on nanoscale assembly
technology, Dr. Eric Drexler has focused much of his efforts in the area
of mechanical nanocomputing. His ideas on “rod logic” applications
(see text) for the creation of nanoscale mechanical computers have
received much attention. Dr. Drexler received his PhD in 1991 from
MIT. His doctoral thesis was published as the book “Nanosystems
Molecular Machinery Manufacturing and Computation” which
received the American Association of Publishers award for Best
Computer Science Book in 1992. He is currently Chief Technical
Advisor to Nanorex, Inc. of Bloom field, Michigan.
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39.2.6

Nanocomputers

Nanocomputers are defined as computation-capable devices which
use fundamental parts not larger than a few nanometers or for
which the total size is measured on the nanoscale. Nanocomputers
may be built utilizing electronic, mechanical, biochemical or
quantum technologies as the bases behind their computation
capabilities. Nanocomputers will eventually become essential onboard components of nanomachinery and nanorobotic platforms
for in vivo medical applications. The successful creation of a fully
functioning and useful nanocomputer will require the synthesis
of logic circuits with molecular-scale components. As discussed
below, the four main types are nanocomputers under study today
are those of electronic, mechanical, chemical and quantum origin.

39.2.7

Electronic Nanocomputers

Electronic nanocomputers are computation-capable devices at the
nanoscale that use electrical signals to store and process information.
It is envisaged that electronic nanocomputers would operate in
much the same way as more conventional microcomputers of
present-day. The wealth of knowledge and information relating to
electronic computing will most likely drive much of the research
on nanocomputer development towards utilizing an electronic
design. Due to obvious size limitations, electronic nanocomputers
will not operate through the use of transistors but will still perform
computing applications via the storage of information based on
electron positioning. There are six primary technologies currently
under study for the replacement of conventional transistors for
nanocomputing including:
• Resonant Tunneling Transistor
• Single Electron Transistor
• Quantum Dot Cell
• Molecular Shuttle Switch
•	Atom Relay
• Refined Molecular Relay

Table 39.1 compares the current status, advantages and
disadvantages of all six electronic nanocomputing technologies.

Nanorobotics and Medicine

Table 39.1

Comparison of nanoelectronic computing technologies
(Recreated from a presentation by Patrick Kennedy, John Maley
and Sandeep Sekhon of the Catholic University of America)

Device

Status

Advantages

RTT

Capable of
large-scale
fabrication

Logic compression Limits on
scaling—similar
semiconductorto MEMS
based

SET

Operate only at very High gain
low temperatures
operation

Disadvantages

Low temperature;
difficult to control

Quantum Can be fabricated
dot cell
but still theoretical

Wireless; low
Difficult design rules;
energy dissipation susceptible to noise

Atom
relay

Very high speed;
Subnanometer
size

Molecular Experimental;
can only switch
shuttle
switches chemically
Theoretical

Small and robust

Slow switching
speed; how to
interconnect?

Very unreliable

While electronic computing receives the most attention, it is
the application of molecular shuttle switch, atom relay and refined
molecular relay technology which show the most promise in this
area as these technologies may be incorporated into nanodevices
such as nanorobots (see below) at the nanoscale. Molecular
shuttles switches are based on a ring-shaped molecule which
encircles and slides along a secondary chain molecule. The chain
contains biphenol and benzidine stations between which the
shuttle moves (Fig. 39.7).

Figure 39.7 Diagrammatic illustration of a molecular shuttle switch.
(Courtesy of Freitas, R.A., 1999; reprinted with permission.)
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A refined molecular relay relies on atom movement with the
rotational aspects of a molecular group affecting the electrical
current of the system (Fig. 39.8).
δ+
δ+
δ–
δ+

Atom Wire

Switching Atom
"ON"
Atom Wire

Electrons Blocked
"OFF"

Figure 39.8 Diagrammatic illustration of a refined molecular relay.
(Courtesy of Patrick Kennedy, John Maley and Sandeep
Sekhon of the Catholic University of America; reprinted with
permission.)

An atom relay switch is composed of precisely patterned lines
of atoms on a substrate in a cross formation with a mobile atom
providing the switching capabilities (Fig. 39.9).
"ON"

Atom Wire

"OFF"

Whole device can conduct electricity

Switching Gate

Switching Atom

Gap: reduce significantly the current

Reset Gate

Figure 39.9 Diagrammatic illustration of an atom relay switch. (Courtesy
of Patrick Kennedy, John Maley and Sandeep Sekhon of the
Catholic University of America; reprinted with permission.)

39.2.8

Mechanical Nanocomputers

Mechanical nanocomputers are defined as computation-capable
devices at the nanoscale that use nanosized gears to store and

Nanorobotics and Medicine

process information. The concept behind mechanical nanocomputers
is very similar, almost identical, to that implemented during the
time period from the 1940s to the 1970s for mechanical calculators.
A slide rule is an example of a mechanical computer. Rod logic,
defined as displacement of solid rods to represent the digital
signal in theoretical mechanical nanocomputers, is the driving
force behind their development. It is predicted that rod logic
implemented in the form of precisely controlled molecular
gates would enable the application of random access memory
(RAM), mass storage capabilities and programmable logic
arrays (Drexler et al., 1989 and Fig. 39.10). Eric Drexler (see
Box 39.1), and Ralph Merckle, pioneer theoreticists in molecular
nanotechnology, are the leading pioneers behind the development
of mechanical nanocomputers based on rod logic. Drexler has
hypothesized that a mechanical nanocomputer could contain
~106 transistor-like interlocks within a 400 nm-sized cube. The
speed of the system could theoretically reach 1 GHz and consume
only ~60 nW of power.

Figure 39.10 Diagrammatic illustration of a rod logic gate. (Upper)
Mechanism for two nanocomputer gates, initial position. One
control rod with two gate knobs is seen laterally; two more
rods with knobs are seen end on. Each rod with associated
knobs is a single molecule. (Lower) The lateral rod has been
pulled to the left during computation. Notice that one of
the end-on rods has now been blocked and the other one
unblocked in mechanical mimicry of the transistor action.
(Courtesy of Drexler, 1989; reprinted with permission.)

There are issues with the theory behind mechanical
nanocomputers, however. One of the primary concerns relates to
the extremely slow process that would be required to assemble
the computers. Parts would have to be assembled under atomically
precise conditions, most likely through the use of a scanning
tunneling microscope (bottom up approach). Thus large-scale
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production of mechanical nanocomputers is currently not realistic
and many researchers believe the reliability of the parts at this
scale would suffer.

39.2.9

Chemical and Biological Nanocomputers

Chemical nanocomputers are defined as computation-capable
devices at the nanoscale that store and process information in
terms of chemical structures and/or chemical interactions. Perhaps
the most significant scientific advancement in the field of chemical
nanocomputation was accomplished in 1994 by Leonard Adelman
in the Department of Computer Science at the University of
Southern California in Los Angeles who used fragments of DNA
to compute the solution to a complex graph theory known as a
Hamiltonian path problem. A Hamiltonian path is defined as a
path in an undirected graph which visits each vertex exactly once.
In the study a small graph was encoded in the molecules of DNA
and the operations of the computation were performed with
standard protocols and enzymes (Adleman et al., 1994). Adleman’s
method utilized the unique identities of the molecular subunits
to represent the vertices of a network. Combinations of these
sequences formed randomly during large-scale parallel reactions
in a test tube and thus represented random paths through the
network or graph. Adleman was able to subsequently extract the
correct answer to the graph theory from the plethora of random
paths represented by the final product DNA strands (Adleman et al.,
1994 and Fig. 39.11). His work led to the coining of the term DNA

Figure 39.11 Example of a Hamiltonian path. (Courtesy of Suramya.com;
reprinted with permission.)
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computing, which is defined as computation based on the use of
DNA, biochemistry and molecular biology instead of traditional
silicon-based technologies. While Adleman’s system represents a
very impressive demonstration of computation based on nucleic
acid templates, the system is largely uncontrollable and currently
lacks efficient input and output techniques to make it a plausible
platform for computing at the nanoscale.

39.2.10 Quantum Nanocomputers

Quantum nanocomputers are the fourth and perhaps most
intriguing prospect of information storage at the nanoscale. They
are computers at the nanoscale that apply quantum mechanical
phenomena, such as superposition and entanglement, to store
information. The brain child of Paul Benioff and Richard Feynman
(see Box 39.2) during the 1980s, quantum nanocomputers hold each
bit of data as a quantum state of the computer, with information
stored as the spin of the orientation or state of an atom. Wave
interference, which is defined as the interaction of particle waves,
would be utilized to calculate correct outputs by constructive
interference thus eliminating incorrect outputs through wavecanceling destructive interference. The system is based on
qubits, which are units of quantum information analogous to the
classical bit. While bits can represent a value of 0 or 1, qubits can
represent 0, 1 or a superposition of both. Qubits are defined by
a state vector in a quantum mechanical system (Fig. 39.12).

Figure 39.12 Bloch sphere representation of a qubit. (Courtesy of
Wikipedia.org; reprinted with permission.)
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Box 39.2

Richard Feynman and quantum nanocomputers

Richard Feynman (1918–1988) was perhaps the most visionary
individual of the twentieth century with respect to the promotion
and advancements of theory in nanotechnology. His 1959 lecture
titled “There’s Plenty of Room at the Bottom” represents a turning
point in the field’s maturation. MIT and Princeton educated, as a
scientist, he is considered the pioneer of quantum nanocomputing,
with many of his findings occurring as a professor at CalTech. He also
played a role in the development of the atomic bomb via participation
in the Manhattan Project. It was for his contributions to quantum
electrodynamics that Feynman won the 1965 Nobel Prize in Physics
jointly with Julian Swinger and Sin-Itiro Tomonaga.

Perhaps the most significant disadvantage of quantum
nanocomputers is instability, with instantaneous electron energy
levels difficult if not impossible to predict and even more difficult
to control. For example, an electron can easily fall to a lower energy
level thus emitting a photon. These photons can strike atoms and
thus drive one or more of its electrons to a higher energy level.
Each theoretical nanocomputing system described above
represents significant advances towards the ultimate goal of
creating a true nanocomputer, yet there are problems common
to each technology used that must be addressed along with those
issues that are specific to each. Perhaps the most significant is
the problem of interconnectivity. How do external components
interface with the nanocomputer? This will most likely be a central
focus of scientists moving towards the development of a true
nanocomputer that can be integrated on-board some or all of the
futuristic nanorobots described below.

39.2.11 Therapeutic Nanorobots

The nanocomputing systems described above are crucial
components of next-generation nanotechnology-based therapeutics
machinery. This section describes some conceptual examples of
nanorobots (also referred to as “nanobots”), which are defined
as robotic structures, nanoscale in size or utilizing nanoscale
parts, which perform complicated, often repetitive tasks at the
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nanoscopic level. Much of this theory and the detailed conceptual
design of nanorobots for use in medicine can be credited to Robert
A. Freitas Jr. (see Box 39.3). Some of his more high-profile concepts
on and examples of nanorobots as therapeutic platforms are
described below.
Box 39.3 Robert A. Freitas Jr., respirocytes and the future of
nanomedicine

Robert A. Freitas Jr. is perhaps the world’s foremost expert on futuristic
visions regarding nanotechnological applications in medicine. He
has conceived of numerous nanorobot-based therapeutic strategies,
including in 1996 the popular “respirocyte” which was the first
detailed technical design study of a medical nanorobot ever published
in a peer-reviewed mainstream biomedical journal. He serves on
the Editorial Boards of 9 medical or nanotech journals, co-authored
the book Kinematic Self-Replicating Machines (Landes Bioscience,
2004), co-founded in 2006 the Nanofactory Collaboration to build the
first working nanofactory, won the prestigious 2009 Feynman Prize
in nanotechnology for theory, and in 2010 was awarded the first
U.S. patent on diamond mechanosynthesis. He is currently a Senior
Research Fellow at the Institute for Molecular Manufacturing in Palo
Alto, California.

39.2.12 Respirocytes
Respirocytes are hypothetical artificial red blood cells, roughly
1 micron in diameter, that can supplement or perhaps even replace
the function of much of the human body’s normal cellular respiratory
system. A respirocyte has the capacity to mimic the function of
hemoglobin-containing red blood cells (RBCs) to carry oxygen to,
and carbon dioxide away, from cells in the body. The current design
theory suggests that a typical respirocyte would be composed of
18 billion diamondoid atoms arranged as a microscopic pressure
tank that could be filled with oxygen and/or carbon dioxide up
to 1000 atmospheres (ATMs) (Freitas, 1998 and Fig. 39.13).
It would contain an on-board computer as well as numerous
chemical and pressure sensors which would enable a physician to
program it remotely via externally applied acoustic signals. Based
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on Freitas’ calculated physics, in theory each respirocyte could
store and thus transport up to 236 times more oxygen than a
normal red blood cell. Thus if all RBCs in a human’s circulatory
system were replaced by fully functioning respirocytes that
individual would have the ability to hold his or her breath for four
hours or sprint at full speed for fifteen minutes without taking a
breath!

Figure 39.13 Hypothetical respirocyte. (Left) Equatorial cutaway view of
respirocyte. The oxygen gas chamber is at left (south pole),
the carbon dioxide gas chamber is at right (north pole), and
the water (ballast) chamber occupies the center, surrounding
the onboard computer system. The equatorial bulkhead
separates the north and south hemispheres of the device.
(Right) Artist’s rendering of respirocytes (gray) alongside
red blood cells in the circulatory system. (Courtesy of the
Foresight Institute; reprinted with permission)

39.2.13 Clottocytes

Hemostasis is a complex process which results in the inhibition
of bleeding and involves both blood clotting and coagulation,
primarily through the activation of platelets. The clotting and
coagulation of blood to stop bleeding internally or at the site of
open wounds is critical to human survival. The development of
new technologies to aid or speed this process is of intense focus,
not only for applications to healthy individuals upon injury but
could considerably benefit those with clotting and coagulation
disorders such as hemophiliacs. Clottocytes are theoretical artificial
mechanical blood platelets that may have the ability to promote
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hemostasis in as little as one second, which is on the order of
100 to 1000 times faster than the normal platelet response. They
consist of biodegradable fiber mesh that is folded into a compact
formation until needed at a site of bleeding. An onboard computer
activates unfolding of the mesh at the site of an injuring blood
vessel, with soluble thin films degrading in the presence of plasma
water to expose a sticky mesh complementary to blood group
antigens present on the surfaces of RBCs (Fig. 39.14). This allows
for trapping of the red blood cells to create a netting composed of
both cells and mesh to halt bleeding. Clottocytes may wirelessly
communicate with one another to drive activation of mesh
unfolding upon detection of factors denoting an injured blood
vessel, which would enhance the repair response. It is predicted
based on the size (~2 microns in diameter) and proposed efficiency
of the system that clottocytes could theoretically perform a clotting
function similar in efficiency to that of natural biological platelets
but at only 0.01% concentration in the blood stream, or about
twenty nanorobots per cubic millimeter of serum. This represents
an increase in efficiency of ~10,000-fold over an equal volume of
natural platelets (Bushko, 2002).

Figure 39.14	Artist’s rendering of clottocytes in action. Eleven clot-inducing
medical nanorobots with fully deployed netting are shown
embedded in a patch-like growing clot with red cells and
fibrin strands involved. (Courtesy of Robert A. Freitas Jr. and
the Foresight Institute; reprinted with permission)
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39.2.14 Microbivores
The development of new technologies for the elimination of bloodborne pathogens is a major focus of the research and medical
communities. While vaccines allow for an immune response to
attack, sequester and remove foreign invaders from the body,
vaccination is often ineffective against certain pathogens, such as,
for example, the human immunodeficiency virus. Phagocytes are
white blood cells that protect the body by ingesting harmful foreign
particles such as bacteria and dead or dying cells (phagocytosis).
They are crucial in the body’s constant fight against infections
and in the promotion of subsequent immunity. Microbivores are
theoretical nanorobotic devices that could provide eradication of
blood-borne pathogens in a manner similar to that of phagocytes.
Robert A. Freitas Jr. has envisioned a microbivore as an oblong
spherical nanorobot, 3.4 microns and 2 microns in diameter along
its major and minor axes respectively, consisting of 610 billion

Figure 39.15	Artist’s rendering of a microbivore. The microbivore, an
artificial white cell, ﬂoats along in the bloodstream until
it encounters a pathogen. In this still-theoretical medical
nanorobot scenario, a rod-shaped bacterium has been
trapped by binding site disks on the microbivore hull and then
transported by tiny manipulator arms to the ingestion port,
whereupon the microbe is digested inside the device. The
binding site arrays appear as multicolored circular dapples on
the blue sapphire-colored surface. In this image, the mouth of
the microbivore is open and a few of the telescoping grapple
arms are extending from the surface of the device to feed rodshaped bacterium into the microbivore’s mouth. (Courtesy of
the Foresight Institute; reprinted with permission.)
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precisely arranged structural atoms plus ~150 billion gas or water
molecules. This size would allow for passage through capillaries
of all sizes. Continuous power consumption is predicted to be on
the order of 100–200 pW allowing for the digestion of trapped
microbes at a rate of up to 2 microns3 per 30 seconds. This is
sufficient for the eradication of almost any species of bacteria
(Fig. 39.15).
The ingestion and digestion process would involve specific
but reversible binding of bacterium to the microbivore surface via
receptors with transport of the bacterium to an open port at one
end of the microbivore by telescoping robotic grapples. Digestion
occurs in two phases, mechanical mincing followed by exposure to
degradation enzymes to yield harmless bi-products such as simple
sugars, amino acids and mononucleotides.

39.2.15 Chromallocytes

DNA damage, whether the result of inherited genetic mutations or
exposure to environmental mutagens, has resulted in a wide array
of human anomalies including, for example, cancer and Down’s
Syndrome, which is a congenital disorder caused by having an
extra chromosome 21. The ability to repair mutations resulting
in these and other conditions would revolutionize many aspects
of medicine as we know it. Yet, current efforts at gene therapy
are rudimentary at best and have only shown mild promise with
numerous cases of unwanted side effects observed. Chromallocytes,
also the conceptualization of Robert A. Freitas Jr., are futuristic
hypothetical cell repair nanorobots capable of performing
chromosomal replacement therapy. Shaped like a lozenge, the
typical chromallocyte would measure 4.18 microns and 3.28
microns along cross-sectional diameters and measure 5.05 microns
in length. Continuous power consumption is estimated to be 50–
200 pW with up to 1000 pW consumed in brief bursts when
performing outmessaging, which is defined as communication from
an in vivo nanorobot to the attending physician. Chromallocytes
would be capable of vascular travel into target tissues and/or
organs followed by cell membrane penetration to access the nucleus
where genetic material is in need of repair and chromosomal
replacement therapy (CRT) would occur. CRT is performed via the
use of a funnel assembly and a proboscis, a large axially positioned
manipulator that collects old chromatin and transfers new chromatin
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in its place. Actual CRT occurs when the funnel assembly and
proboscis extend into the nucleoplasm with the proboscis binding
the chromosome of interest via a chromophilic (chromosomebinding) adhesion surface based on sequence-specific DNA binding
sites similar to those found in restriction endonucleases. Spooling
of the proboscis results in a bolus of unwanted chromosomal
material. Retraction of the proboscis allows for the removal of
unwanted chromosomal material followed by replacement with
new material via a repeat penetration of the nucleus (Freitas, 2007,
and Fig. 39.16).

(a) Front View

(c) Funnel/Proboscis Extension

(b) Side View

(d) Device w/Funnel Partly Extended

Figure 39.16 Schematics of telescoping funnel assembly and proboscis
operation. Images (c) and (d) are © 2006 Stimulacra LLC and
Robert A. Freitas Jr. (Courtesy of Freitas, 2007; reprinted with
permission.)

39.3 Personalized Nanomedicine
39.3.1

Nanoparticle-Based Theranostics

Theranostics can be defined as the process involving a diagnostic
therapy for an individual patient. These are often custom tailored

Personalized Nanomedicine

for the patient as treatment efficacy is closely monitored during
the treatment phase. Yet with the advent of nanotechnologies that
may allow for simultaneous disease detection and treatment, a
more appropriate definition for this term in the context of this
book may be the simultaneous diagnosis and treatment of a disease
or disorder. Recent advances in nanoparticle-mediated tagging
and thermal ablation of cancer cells is perhaps the most realistic
and near-term application of theranostics in nanomedicine.
Examples of targeting tumor cells with nanoparticles followed
by ablation of these cells through heat or drug release are
numerous. One recent example of the development of a
combination theranostic using nanotechnology is that of plasmonic
nanobubbles, which are gold nanoparticles that generate
transient photothermal vapor. A team of researchers lead by
Dmitri Lapotko of the Joint US-Belarusian lab for fundamental
and biomedical nanophotonics at Rice University has developed
a novel cancer theranostics method based on gold nanoparticlegenerated transient photothermal vapor nanobubbles (PNBs).

Figure 39.17 Diagrammatic illustration of the use of plasmonic nanobubbles
in theranostics. (Courtesy of Dmitri Lapotko, Rice University;
reprinted with permission.)
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The PNBs combine optical scattering for diagnosis with intracellular
mechanical damage of target cells for therapy. The system works
by clustering gold nanoparticles around molecular targets within
cancer cells followed by exposure to a laser pulse, which results
in light scattering by small PNBs and mechanical damage to cells
via expansion and contraction of larger PNBs. Thus simultaneous
detection and eradication of cancer cells is accomplished
Lukianova-Hleb et al., 2010, and Fig. 39.17). It is tempting to
speculate that in the not-too-distant future first diagnoses of
cancer can be coupled with immediate therapeutic intervention
thus saving valuable time, reducing chances of metastasis and
increasing patient survivability rates.

39.3.2

Whole-Genome Diagnostics

Whole-genome diagnostics is the comprehensive sequencing and
analysis of an individual’s entire genome for purposes of determining
that individual’s genetic predisposition to disease. Advances in
technologies for nucleic acid sequencing are maturing at such
a pace that many scientists and researchers envision a day when
personalized medicine will mean a full analysis of an individual’s
genome. By assessing DNA sequence, doctors may implement shortor long-term medicinal preventative therapeutics to ward off
inherited and often inevitable anomalies encoded by the human
genome such as, for example, cancer. Indeed, as technological
advances in this area become realized, such as nanopore-based DNA
sequencing, the costs of whole genome analysis are decreasing. In
2007 two entire human genomes were successfully sequenced
(that of Dr. Craig Venter and Nobelist James Watson) at a cost of
roughly $1,000,000 each. Just one year later, in 2008, the first
human genome of a woman was sequenced at a cost of $60,000.
A logarithmic plot of sequencing costs vs. time suggests that the
cost of sequencing a single base-pair of DNA is cut in half roughly
every 1.9 years (Kurzweil, 2005 and Fig. 39.18). This suggests
that at present time the total cost to sequence an individual’s
entire genome could be well under $1,000, making whole
genome analysis for individuals well within financial reach.

Personalized Nanomedicine
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Figure 39.18 Graph of DNA sequencing costs vs. unit time. (Courtesy of
Kurzweil, 2005; reprinted with permission)

While the costs for comprehensive DNA sequencing are rapidly
decreasing, the speed of data output must correspondingly increase
if whole genome diagnostics is to become a reality. Nanoporebased DNA sequencing platforms may address throughput by
eliminating the need for nucleotides to be labeled as in the case
of the Sanger method of sequencing DNA, which, developed
by Frederick Sanger in 1975, is a DNA sequencing procedure
involving nucleic acid chain termination using dideoxynucleotide
triphosphates. Nanopore diameters are small enough to allow
passage of single nucleotides and, as each nucleotide has a unique
molecular architecture, these may be easily identified. Researchers
at Purdue’s Birck Nanotechnology Center in West Lafayette,
Indiana have demonstrated that nanopores can be used to rapidly
and precisely detect specific DNA sequences and may be the basis
behind a tool for personalized whole genome diagnostics. The
research was led by Rashid Bashir in Purdue’s School of Electrical
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and Computer Engineering and the Weldon School of Biomedical
Engineering. Bashir’s team fabricated nanopores in a thin silicone
membrane which were subsequently immersed in DNA-containing
solutions. Voltage application across the membrane allowed for
negatively charged DNA to ﬂow through the channel and it was
discovered that single strands complementary (matching) to those
in the channels ﬂowed faster than non-complementary strands
with a current difference clearly detectable. This allowed for the
detection of different types of nucleotide sequences (Iqbal et al.,
2007, and Fig. 39.19).

Figure 39.19	Artist’s rendition depicts how “nanopore channels” can be
used to rapidly and precisely detect specific sequences of
DNA. The tiny channels, which are 10 to 20 nanometers in
diameter and a few hundred nanometers long, were created
by researchers from Purdue’s Birck Nanotechnology Center.
The Purdue researchers “functionalized” the channels so
that single strands of DNA were attached inside each one.
(Courtesy of Seyet LLC; reprinted with permission)

39.4

Nanonephrology

It is estimated that 11.5 percent of adults aged 20 and older have
some form of kidney disease and 900,000 patients worldwide
require dialysis annually. Thus the creation and development
of next-generation diagnostic and therapeutic applications for
kidney-related disease is a major focus of doctors and researchers.

Nanonephrology

Nanonephrology is a broad, futuristic category of nanomedicine
that can be defined as the study of kidney structures at the atomic
level and the development of nanotechnologies for the diagnosis or
treatment of renal disorders. Some speculate that nanotechnology
may be applied for the development of artificial kidneys.
California-based Biophiltre, Inc. is a company that is developing a
nanotechnology-based filtering system that mimics the function
of the human kidney and specifically the basic structural and
functional unit of the kidney known as the nephron. Biophiltre’s
platform, referred to as a human nephron filter (HNF) and based on
the research of Dr. Allen Nissenson of the Department of Medicine’s
Division of Nephrology at the University of California, Los Angeles
Medical Center, is a two-membrane system that mimics nephron
filtration functionality. The first membrane (the G membrane)
acts as the functional equivalent of the glomerulus, which is a
capillary tuft that performs the first step in filtering blood to form
urine. It generates a plasma ultrafiltrate containing all solutes
up to the molecular weight of albumin. The second membrane
(the T membrane) mimics the renal tubule which is the portion
of the nephron containing the tubular ﬂuid filtered through the
glomerulus. Its function is to selectively reclaim certain designated
solutes for the maintenance of body homeostasis by convection.
The T membrane is composed of 1.6 quadrillion nanopores, several
nanometers in size and 1 to 5 nanometers apart. Each membrane
has been synthesized by atomically precise manufacturing
procedures and consists of a polycarbonate wall surrounding a
polymer matrix. The system is unique in that no dialysate is used
in contrast to more conventional dialysis technology. Computer
models have suggested this filtration design has the capacity
to provide double the filtration of conventional dialysis with a
continuous filtration rate of 30 mL/min. The plan is for the system
to be packaged in a 3–4 pound wearable cartridge-based system
running on a 12 volt battery and is expected to be far superior in
performance to conventional dialysis systems while operating as
a remote unit (Nissenson et al., 2005, and Fig. 39.20). This device
may represent the first step in a transition towards an implantable
nanotechnology-based filtration system that could transform the
treatment of renal disorders.
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Figure 39.20 Diagrammatic outline of the Biophiltre artificial human
nephron filter and its components. (Top) Outline of the system.
(Middle) Diagram of the G membrane. (Lower) Diagram of the
T membrane. (Courtesy of Nissenson et al., 2005; reprinted
with permission.)
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Nanoneural Interfaces

A nanoneural interface is a biocompatible substance that interacts
and intermingles with neurons for either the enhancement
or transmission of neuronal signaling. The development and
application of wireless MEMS based devices for the detection and
stimulation of neural activity has been a major focus in the field
of bioengineering for the past twenty five years. The ability to

1.10 mm

Waste

Optical Imaging at the Nanoscale

enhance or possibly create electrical signals between neurons in
damaged tissue using, for example, wireless neural transponder
systems, would have major repercussions on the development
of next-generation prosthetics and assisted robotics (Fig. 39.21).
An example of considerable progress made in this area is discussed
in Case Study 39.1.

Figure 39.21 Diagrammatic illustration of the concept behind a wireless
neural transponder. See text for details. (Courtesy of Zyvex
Labs, LLC; reprinted with permission.)

39.6

Optical Imaging at the Nanoscale

Endoscopy is defined as internal explorations of the body
for medical reasons using an endoscope. It is implemented for
diagnostic purposes to seek out lesions, tumors and other anomalies
that require therapeutic intervention. Yet the current resolution
capacity of the typical endoscope is considerably limited and thus
abnormalities that occur on the nanoscopic or even microscopic
scale go undetected. Researchers at the University of California,
Berkeley have taken a major step towards addressing this issue
by developing a “hyperlens” which takes them a step closer to
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Case Study 39.1 Biocompatible SU-8-based microprobes for recording
neural spike signals from regenerated peripheral nerve fibers.

Gareth Hughes, formerly of Zyvex Corporation in Richardson, Texas
and J.B. Lee’s group in the Department of Electrical Engineering
at the University of Texas, Dallas, also in Richardson have
developed a biocompatible neuromicroprobe constructed using
SU-8 microfabrication techniques. SU-8 is an epoxy-novolac resin
and a well-established negative photoresistor for microfabrication
and microengineering. The microbe structure consists of bipolar
longitudinal gold electrodes recessed below grooves designed to
provide pathways for the growth of regenerative axons. The grooves
also limit the number of neuronal fibers that come into contact with
the longitudinal electrodes. The Sciatic nerve is the largest nerve in
the vertebrate body and is a sensory and motor nerve originating in
the sacral plexus and running through the pelvis and upper leg. After
surgical implantation of the microprobes into transected Sciatic nerves
of rats the researchers observed spike signals for periods from 4 to 51
weeks. (Cho et al., 2008 and Fig. 39.22).

Figure 39.22 Illustration of a nanoneural interface. (Courtesy of Try
Nano.org; reprinted with permission.)

nanoscale optical imaging. It is based on the capture of evanescent
waves, which contain far greater detail and resolution than the
propagating wave forms captured by optical imaging technologies.
It consists of multiple layers of silver and aluminum oxide coated
along the cavity of a quartz half-cylinder. Upon illumination
of an object evanescent waves travel through the lens and are
progressively compressed. This compression allows the image
to be magnified by the time it reaches the outer layers of the lens
and can subsequently be captured by a conventional optical lens

Artificial Intelligence and “The Singularity”

(Fig. 39.23). This mechanism is in effect a conversion of evanescent
waves to propagation waves. The hyperlens has the ability to beat
the diffraction limit of a sample, which is the minimum angular
separation of two sources that can be distinguished by a scopic
instrument, and can image objects as small as 150 nm in size. This
provides the possibility to endoscopically study individual cells in
the body, the internal organelles of those cells and even cellular
movement such as migration in real-time. It has the potential
to revolutionize exploratory endoscopy and the real-time diagnosis
of even the most minute of disorders only detectable at the
nanoscale.

Figure 39.23 Diagrammatic illustration of a hyperlens capable of imaging
at the nanoscale. (Courtesy of Xiang Zhang et al., the University
of California, Berkeley and Medgadget.com; reprinted with
permission)

39.7

Artificial Intelligence and “The Singularity”

Artificial intelligence is defined as the capacity for abstract
thought, reasoning, planning, problem solving, communication
and learning by machines and/or computers. Advancements in
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nanotechnology have driven artificial intelligence development to
the point where it may play a role in the aiding of human cognition.
Moore’s Law states that the number of transistors (nodes) that
can be inexpensively placed on an integrated circuit chip doubles
approximately every two years. This phenomenon has continued
primarily as a result of advances in the ability to manufacture and
analyze nodes on the sub-100 nm scale. With the development of
nanoprecise machinery and failure analysis tools and equipment
current node size continues to shrink and is now below 35 nm
(Fig. 39.24).

Figure 39.24 Eight probes characterize the stability and functionality of
nodes on a 6T RAM bitcell. (Courtesy of Zyvex Instruments;
reprinted with permission, www.zyvex.com).

It is this precision at the nanoscale which will continue to
drive node size and eventually integrated circuit chip size smaller,
increasing computation efficiency and ultimately allowing for the
use and application of integrated circuitry to drive the advancement
of both human and artificial intelligence through a marrying of
man and computer. It is forecast that this technological progress
will become extremely fast and thus make the future of man and
machine unpredictable and qualitatively different from today.
This concept is known as the Singularity, and is the prediction
and vision of the innovative scientist and entrepreneur
Ray Kurzweil (see Box 39.4). He envisions six epochs of evolution,
four of which have already been reached. These epochs represent
inﬂection points in the evolution of intelligence, both at the
biological and artificial level. Epoch 5 encompasses the joining
of biological and artificial technology to bring forth the
Singularity. It is an era in which human intelligence will become
increasingly non-biological and trillions of times more powerful
than it is today (Kurzweil, 2005, and Fig. 39.25).

Artificial Intelligence and “The Singularity”

Box 39.4

Ray Kurzweil and “the Singularity”

Ray Kurzweil is one of the world’s leading inventors, futurists and
thinkers with a twenty-year track record of accurate predictions
regarding technological advances. He has pioneered such areas as
music synthesis, speech and character recognition, virtual reality and
cybernetic art. He was the principal developer of the first omni-font
optical character recognition system, the first print-to-speech reading
machine for the blind, the first CCD flatbed scanner and the first textto-speech synthesizer. His latest theories suggest a physical marrying
of humans and machines to create a new level of intelligence driven
primarily by advances in nanotechnology (see text for details). He
is the recipient of the MIT-Lemelson Prize, the National Medal of
Technology and has been inducted into the National Inventors Hall of
Fame.

Figure 39.25 Illustration of the six epochs of evolution. (Kurzweil, 2005;
reprinted with permission.)
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Figure 39.26	Artist’s rendering of the Transcendent Man. (Courtesy of
The Daily Galaxy; reprinted with permission.)

Kurzweil predicts that in this new world there will be no clear
distinction between man and machine with a true merging of the
two to create a cyborg-like entity he refers to as the Transcendent
Man (Fig. 39.26). As a result of achieving the Singularity, for all
practical purposes human aging and illness will be reversed and
world hunger as well as poverty will become extinct, with even
death becoming a solvable problem. All of this, Kurzweil speculates,
will be possible due to advancements in nanotechnology.
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40.1 What Does the Future Hold for
Translational Medicine?

If translational medicine (TM) is the future of therapy, what
might this future look like? Changing a research paradigm that
has remained substantially unchanged for fifty years will no
doubt require considerable time, money, effort, and leadership.
Nevertheless, there is reason to believe that TM is more than just
wishful thinking and will have staying power in the precarious
world of scientific mood swings and the pendulum of investor and
institutional funding cycles and scythes. It has become enmeshed
with the evolutionary sweep of precompetitive collaboration,
biomarkers, pharmacogenomics, and personalized medicines,
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which will enable the incipient movement from population-based
to patient-centered target markets [1]. In this chapter, we reflect
on the future of TM in the context of a broken R&D paradigm and
the impetus toward patent-centered healthcare. We also discuss
TM in the global context before drawing some final conclusions
about the future of the field.

40.2

Fixing the R&D Paradigm

Investigator-initiated trials (IIT), often conducted at academic
medical centers (AMCs), have long been recognized as playing a
significant role in supporting TM studies that industry does not
consider sufficiently economical to do itself [2]. Now that industry
realizes that its current R&D model is broken. Recognition of the
role academia can play in “risk-sharing” the innovation process
has flourished into two key movements. First, academic science/
translational medicine centers are positioning themselves as early
stage development modules and partners for pharmaceutical
companies. Second, industry has developed an increased appetite
for collaboration with academic centers. In fact, according to
Garret A. FitzGerald, M.D., of the University of Pennsylvania,
the role of TM is to break with past practices in which the
biomedical research industry has developed new drugs within a
single company, and instead is increasing collaborations across
academia and between pharmaceutical and biotechnology
companies.
However, there are a few developmental problems: industry
ap
pears to be more willing to collaborate and risk-share with
academia than academia is prepared to with industry; incentives
and rewards for academic institutions are not aligned with those
within industry; and there is a major gap in skills, ways of working,
and business mediation and expertise that needs to be filled [3].
There have also been many practical problems in setting up
collaborations, such as when contracts between industry and
academia are delayed due to negotiations around intellectual
property rights. The waxing and waning of conflict-of-interest
rules frustrate industry when too rigid and worry watchdogs when
they are too lax. Ethical review by different AMCs, sometimes
in different countries, can cause problems with delays and
inconsistency, on the one hand, or claims of lack of transparency
on the other hand [4].

Fixing the R&D Paradigm

Yet, there are solutions in place that appear to be directed at the
soft spots in the current R&D framework, especially open science
initiatives exemplified by the Oncology Biomarker Qualification
Initiative with $6.27 million from approximately ten companies
and $3.75 million from the NIH’s National Cancer Institute in
the United States. Another example is an education and training
program, supported by the Wellcome Trust and seven big pharma
firms, to address the MD-researcher shortage at UK universities.
In addition to TM providing academia with funding opportunities from external sources through partnerships with the private
sector, there is a promising trend in terms of its capacity to attract
grant funding, mostly from the public sector (Fig. 40.1).

Figure 40.1 Grant funding trends for translational medicine research in
the US.

Although the number of grants increased ten-fold over a decade
in the United States, an impressive rate of growth, the overall
dollar amount remains relatively small at approximately $1 billion
in the latest year for which we have data. This was during a decade
in which $1 trillion was spent on life sciences R&D in United
States. In fact, it has been reported that the NIH has spent only 2%
of its $40 billion budget on translational research [5].
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Obviously, academia will need to diversify its sources of
funding. One way it has already found to do just that is by meeting
the need for training and degree programs in interdisciplinary
education in general, and TM in particular. In the current economic
downturn, which is expected to last for several more years at the
very least in the mature economies, there is likely to be continued
and even growing interest in such programs. There are a number
of examples of this: MD-PhD programs at many universities in
translational research; Master’s programs and one-year certificates
in clinical and translational sciences; and Master’s of Medical
Programs for science PhDs to name a few. The NIH has recognized
both the need and the opportunity to take action and ensure the next
generation of scientists has the resources and training necessary
to translate scientific discoveries into new treatments as quickly
and efficiently as possible. With this goal in mind, new NIH
programs and groups are focusing on research workforce needs
and how best to translate new findings into practice. The NIH
has formed a Biomedical Research Workforce Working Group to
develop a diverse, sustainable research workforce that will be
prepared to advance new scientific discoveries into treatments.
The working group is currently identifying the types of research
positions that will help advance biomedical and behavioral
sciences, as well as the kinds of transitional training and skills
researchers need to have. In the future, new training models might
include more opportunities for medical students and residents
to explore clinical and translational research, as well as more
programs designed to teach students how to carry out research
effectively. The working group makes recommendations to the
NIH’s Advisory Committee to the Director on how to build a
sustainable and diverse research workforce that reflects the
growing need for translational science [6].

40.3

Patient-Centered Healthcare

In concert with this growing momentum in the public sector,
many major pharma companies have formed TM units with the
broad goal to create a more direct connection between basic
research and patient care. One way they have enhanced capacity to
do this has been through collaboration with AMCs, as discussed
above. Another way, however, is to conduct first-in-man studies

Patient-Centered Healthcare

earlier in the development process of a promising compound, by
using healthy volunteers instead of patients, and testing efficacy
through experiments instead of time and resource consuming
clinical trials. For example, there is an experimental medicine
TM consortium working on, among other projects, an anxiety
challenge study artificially created in a laboratory setting in
which the responses of volunteers to a putative therapeutic agent
are being analyzed. TM is also riding the rising wave of several
lucrative business segments for which it is both a purchaser
and provider of products. This trend is predicted to increase over
the coming decade as the markets for biomarkers, bioinformatics,
and bioimaging both expand on their own and intersect with new
business models generated by emerging markets for personalized
medicine.
Clearly, the forces of TM and patient-centered medicine are
complementary, and payers are also driving the adoption of this
concept and approach to healthcare delivery. Philosophically, they
favor an approach called the Medical Home concept, which is a
holistic approach, that focuses on the whole patient rather than
a specific disease or organ. The emphasis is on personalized care
and decision-making by patients in partnership with their
physician. On the practical side, payers are requiring evermore
“proof of value” through comparative effectiveness research (CER)
and patient-reported outcomes (PRO) on both new and standard
treatments, which in turn can be utilized to better inform the
researchers further upstream about what works, what does not
work, and what is still needed to fill gaps in clinical knowledge.
In the early 2000s, Dr. Elias Zerhouni, then head of the NIH,
expanded the definition of TM beyond “bench-to-bedside” to
include the goal of patient-oriented and population research, which
facilitates the efficient translation of new discoveries for use in
the community. The plan for implementation of these efforts was
detailed in the NIH Roadmap, and included the launching, in 2006,
of the Clinical and Translational Science Award (CTSA) program
[7]. As of the end of 2011, some 60 CTSA-funded academic centers
had been established. One of the key areas of support provided to
CTSA centers is access to translational technologies and resources
such as mass spectrometry imaging, ultrasound, positron emission
tomography, gene expression, proteomics and translational cell,
and gene therapies.
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Looking forward, the fate of TM hangs in the balance as
Congress and the President consider its future. The newly proposed
and somewhat controversial National Center for Advancing
Transla
tional Sciences (NCATS) will focus on linking basic
science research with new treatments and clinical care, as well as
strengthening collaborations between the biomedical industry
and academia. The controversy stems from the fact that NCATS
will reorganize the NIH’s National Center for Research Resources
(NCRR), which houses the CTSA program. Under the NCATS
proposal, the CTSAs would transfer to NCATS, while other NCRR
programs would move to other institutes [6]. Currently, investment
in TM research is estimated at $7–8 billion per year in the United
States with approximately $6 billion of that funding coming
from venture capital, $500 million from angel investors, and only
$750 million from NIH. By itself, this seems like an impressive
amount of funding. However, when compared to the $48 billion
spent on basic research and the $65 billion spent on clinical
development [8], or the $140 billion spent annually on health
care in the United States (Fig. 40.2), it is relatively paltry. NCATS
would establish a pivotal beach head for TM by providing a stable
funding source for programs, education, and infrastructure.
In Europe, the R&D community has embraced the concept of
TM and focused its attention on its main tools: biomarkers,
bioimaging, and bioinformatics. In 2007, the EMA’s Final Report
from its Think Tank on Innovative Drug Development Approaches
included a section on Translational Medicine, Biomarkers/
Surrogate Endpoints, New Imaging Techniques and called for global
collaboration from all sectors to move the field forward [9]. A
call to action for bioinformatics was highlighted in the 4th Call
for Proposals by the Innovative Medicines Initiative (IMI), at the
2011 World of Health IT in Budapest. Bioinformatics was featured
in one of the three clusters of the 4th Call under the EU Medical
Information System. It included a proposal for the creation of a
European Translational Research Infrastructure & Knowledge
Management Services (eTRIKS), in recognition that the continuous
information sharing between pre-clinical and clinical activities
needed by translational research is often inhibited by knowledge
management obstacles related to access, management, integration,
and analytics across diverse data types [10].

Patient-Centered Healthcare

Figure 40.2 US sources of health R&D funding.

Under the Seventh Framework Programme for Research and
Technological Development (FP7), the European Commission’s
budget had committed to funding translational research until 2013
to open up clearly defined routes through which new products
can come to the market unencumbered from developmental
bottlenecks along the way. The long-term horizon of TM is likely
tied to the fate of the newly created European Advanced.
Translational Research Infrastructure in Medicine (EATRIS),
one of the priority infrastructure projects in the roadmap of the
European Strategy Forum on Research Infrastructure (ESFRI)
and also funded by FP7. In an early stage development meeting, it
was noted that funding and access to research infrastructure are
critical to successfully transition from ideas to innovative products.
The forum aims to bridge the lab and clinic by providing crossdisciplinary translational centers and fostering collaborations
across Europe [11].
While patient-centered research is apparently headed on a
somewhat separate trajectory from TM in Europe, it is very much
a vibrant movement. For example, the National Institute for Health
Research within the UK’s NHS recently established the Academic
Health Science Centres to integrate research, teaching, and clinical
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under a unified governance model to improve patient outcomes. A
prominent feature of these Academic Health Science Centres is a
Patient Advisory Board that seeks to identify problems, concerns,
and weaknesses, as well as offer suggestions to improve the quality
of clinical care.

40.4

The Geography of Change

While TM was firmly established in the United States and Europe
by the middle of the last decade, it is still in an embryonic stage of
development in the Asia-Pacific region. Nevertheless, it is becoming
increasingly recognized as integral to domestic biopharmaceutical
innovation. In Japan, present initiatives constitute more of a
patchwork rather than any coordinated effort, even where it
would appear otherwise. For example, the Ministry of Education,
Science, Culture, and Sports in Japan oversees five university
translational research centers, each with its own research
activities in a variety of different areas. Despite this, attempts to
better coordinate activity among centers have been slow, and
linkages with the country’s biopharmaceutical sector have been
scarce [12].
In other parts of the Asia-Pacific region, however, some
coordinated efforts are beginning to emerge, but they still remain
small in number. One example is a joint initiative between the
Agency for Science, Technology, and Research of Singapore
(A*STAR) and the Health Research Council of New Zealand (HRC).
The more than $2.4 million fund, which is equally financed by
both agencies, will provide grants for research in metabolic diseases
and cancer. In Australia, for example, the Cooperative Research
Centre for Biomarker Translation is a public-private partnership
that aims to integrate TM concepts and techniques into a system
already strong in basic R&D and early-stage clinical development.
Taiwan boasts its own version of the United States inspired Critical
Path Institute, and Singapore’s Biomedical Science Initiative has
declared that a goal of phase two of the program is “strengthening
capabilities in translational and clinical research,” following an
initial phase of infrastructure development.
Popular with the public and publicly funded, bioscience parks
can offer an attractive and practical “bricks and mortar” nidus for

The Future of Therapy

domestic coordination of TM initiatives. In Singapore, for example,
the Biopolis complex houses a mix of public and private entities
across a range of research areas. Collaboration through regional
organizations, such as the Association of Southeast Asian Nations,
are likely to be an effective vehicle for rallying around common
objectives and for more efficient utilization of individual country
strengths [13].
While Asia-Pacific has focused on building TM capacity through
organizational and physical infrastructure, other emerging market
countries, such as Brazil, are focusing on building a TM capacity
through education and training. The goal of the Second Sao Paulo
Advanced School in Translational Sciences is to offer a scenario to
discuss molecular medicine, from basic to translational aspects,
in both cancer and neurodegenerative diseases. This is also
an initiative of the Brazilian National Institute for Science and
Technology in Oncogenomics (INCITO) and the National Institute
for Translational Neuroscience (INNT). The programs bring together
some of the world’s foremost experts in the biology and treatment
of these devastating diseases in an exceptional environment of
learning and information sharing based on cutting-edge science.
The School will offer excellent opportunities for networking to
a new generation of scientists and will inspire them to pursue
careers in translational research in cancer and neurodegenerative
diseases.
TM therefore provides new territory for globalization,
collaboration, and harmonization. With the United States
and Europe leading the way, TM may facilitate a “fast follower”
effect among the Asia-Pacific region and emerging markets in the
Americas toward a more efficient and effective global R&D
enterprise.

40.5

The Future of Therapy

Although there is evidence to suggest TM has the tools to accomplish
its goals, the TM trademark must avoid becoming just a new term
for old process [2]. New treatments, diagnostics, preventatives,
and modes of delivery must be developed while taking into
account limitations in funding, infrastructure, and government’s
willingness-to-pay. These goals could be accomplished without a
significant reordering of the biomedical enterprise or reallocation
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of resources, but through refocusing currently available intellectual
and investment capital (e.g., patient advisory boards, CTSA
partnering programs, or interdisciplinary graduate programs).
Small changes across a variety of niches, including the regulatory
regimes for new therapies, could have a large impact on the
broader healthcare ecosystem [7]. Alternatively, we could shapeshift the R&D enterprise wholesale to make successful translation
from “bench-to-bedside-and-back” the actual lynchpin in how we
create new therapies, instead of the more conventional figurative
box connecting basic and clinical research in some stylized but
unrealized rendering of how the process ought to work. Such an
undertaking would require relatively simultaneous changes at a
number of different levels (Box 40.1).
Box 40.1

What needs to happen? [14]

Interface—specifically, translational medicine research interfaces
(TMRIs), to grow a virtual translational institute from seedbed of
CTSA program to do: target ID and validation; IP crafting; business
development; exploratory development plan; funding scouts; as
well as provide intersection point for industry and government into
incubator technology community
Individual—need to develop new professional with specific skills to
navigate the interfaces and mitigate fragmentation

Institution—have to develop support structure to bring together
different competencies relevant to TM that already exist within
universities, i.e. where resources already exist, core competencies
just need to be focused
International—globalization of component parts of process require
initiative to form international network similar to TMRIs but on a global
scale to ensure standardization of quality and ethical parameters and
negotiate disparities in regulatory procedures, intellectual property
rights (IPR), and financing

Incorporation—of social science factors such as socio-economic,
behavior psychology, and ethics in order to address all three levels of
TM barriers: bench-to-bedside; bedside-to-community (hospitals or
medical specialty); community to policy (integration into diagnostic
kits, standardized medical guidelines, or insurance reimbursement
policies)

The Future of Therapy

This challenge is as daunting as the need for change is
tantalizing. Most experts have recognized and elucidated the
many challenges facing contemporary R&D and patient healthcare
delivery, as well as the opportunities and bottlenecks facing TM.
They have addressed this from the scientific, commercial, social,
and regulatory angles, as well as explored regional differences
and unique challenges for low-resource regions. The institutional
dynamics of collaborative projects are just as challenging as the
scientific and technical challenges. The lack of an agreed definition
of TM within policy circles and no formal evaluative criteria for
TM projects highlights the continuing challenges that must be
overcome.
The volume of data being generated in the biological and
clinical arenas accumulates much faster than we can assimilate
into a body of knowledge that can be utilized efficiently or
effectively. TM’s capacity to deal with the information overload
(both in amount and heterogeneity) will depend on assembling
trans-disciplinary teams from various medical sciences as well as
specialized “informaticians” to work alongside them to support
analyses and develop new hypotheses in domain specific areas.
Training programs and curricula that incorporate biotranslational
informatics (BTI) concepts will accordingly become essential
to redress the currently limited number of such informaticians
capable of fabricating the linkages between biological and
clinical silos through which paradigm shifting hypotheses may be
elucidated.
Another important set of barriers are the current lack of
accepted imaging standards, variability in platforms across
multiple sites, and limited data sharing that continue to hamper
imaging bio-marker clinical translation and development. Current
available imaging biomarkers provide structural, physiological,
and metabolic information. More novel and innovative imaging
platforms come with great promise to annotate structure with
molecular signatures that tightly link to the pathophysiology or
to the therapeutic mechanism of action. These cutting edge
modalities will reveal information on in vivo pharmacokinetics,
receptor expression and occupancy, and/or molecular signaling,
which will greatly enhance the precision and effectiveness for
modern drug research & development. However, greater resourcesharing through pre-competitive collaboration among private

1007

1008

Is Translational Medicine the Future of Therapy?

and public sector scientists, as well as proactive engagement with
regulatory agencies, is needed to coordinate, conduct, and stimulate
research and education about the development, standardization,
validation, and qualification of imaging biomarkers.
Despite the deluge of words anticipating the imminent arrival
of the age of personalized medicine, changing a well-established
behavior is generally difficult, particularly when the evidence
base is underdeveloped and successful examples are few and far
between. When first introduced, predictive genetic testing suffered
from ill-defined clinical utility that lead to confusion and rejection
by the practicing healthcare professionals. Translating results into
patient care best practices is challenging in the absence of scientific
consensus, as well as practitioner training and familiarity with
what amounts to a new way of making decisions about appropriate
care. There is also lingering apprehension about genomic medicine
from the public due to privacy issues. These are more than just
philosophical hurdles, however. There are practical barriers relating
to the sensitivity, specificity, convenience, and cost of companion
diagnostics, as well as the appropriate business models and value
systems for developing therapies for stratified or personalized
patient populations. There are currently no real regulatory
or financial incentives for conducting pharmacogenomically
enriched clinical trials, despite the potential gain in terms of
process efficiency as well as product safety and efficacy. Insurance
reimbursement and cost-effectiveness analyses are currently
established from a healthcare system perspective rather than from
an individual patient perspective. Payers have demonstrated a
somewhat underwhelming willingness-to-pay for the early fruits
of the genomic revolution. Personalized medicine may be a great
idea whose time has come, but whose bill has not found a willing
payer!
What does this mean for TM? Clearly the vitality of the TM
movement in the public sector, due to its interest in promoting
patient-centered care, bodes well for its continued appeal to
the commercial sector. From industry’s perspective, there is a
keen appreciation that a translational approach to R&D is key to
efficiently taking advantage of breakthrough technology to achieve
both better productivity and an improved pipeline of new products.
As always, economics guides the direction of investment and
resource commitment by industry and, less directly but just as
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implacably, by government. In the short term, the economics of TM
and its budding business segments look attractive at a time when
the economic environment in general looks less so. In the longer
term, TM and personalized/stratified medicines, as well as
associated tools and technologies, have the potential to reenergize flagging economic prospects for both the therapeutics
and diagnostics business segments, as well as the R&D engines
of academia. Subsequently, those responsible for health care
delivery will have to pay their share for TM or face a future in which
healthcare costs continue to escalate while patients’ therapeutic
options stagnate. Ultimately, TM will likely provide tomorrow’s
treatments, and perhaps cures, along an evolving innovation pathway
whose outlines are perhaps only beginning to take shape today.
We hope this chapter provides the reader a good, comprehensive
overview of the key opportunities and challenges in the field
of TM, from a broad range of perspectives. This should spur
further debate and reflection about the future of drug development
and healthcare in a variety of international and institutional contexts.
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Nanomedical Cognitive Enhancement:
Challenges and Future Possibilities
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41.1

Introduction

This chapter provides an overview of research advances related to
cognitive enhancement that are presented in Nanomedical Device
and Systems Design: Challenges, Possibilities, Visions (2013) [1], an
encyclopedic textbook chronicling a plethora of recent advances in
myriad areas of nanotechnology and nanomedicine, as well as future
concepts like the “defuscin” nanodevice pictured in Fig. 41.1. The
final chapter of this textbook [1] discusses progress in nanomedical
© IEET. Reproduced with permission. This chapter was previously published by the
Institute for Ethics & Emerging Technology (IEET), Hartford, CT, USA, and appears
here with kind permission from the IEET.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com

1014

Nanomedical Cognitive Enhancement

cognitive enhancement, where we find ourselves in a modern era
in which many technologies appear to be on the cusp—helping
to resolve pathologies while also having much future potential for
the augmentation of human capabilities.
“Technological self-modification and the use of cognitive
enhancement methods can be seen as an extension of the human
species’ ability to adapt to its environment”
—Bostrom and Sandberg [2]

Figure 41.1 Artistic representation of “defuscin” diamondoid nanodevices
in the process of removing neuronal lipofuscin. Image from
Svidinenko, Y., Nanorobotmodels Company, in Boehm, F.,
Nanomedical Device and Systems Design: Challenges,
Possibilities, Visions. © CRC Press 2013 [1], provided courtesy
of Taylor & Francis Group, LLC.

41.1.1

Background

We operate with the notion of “escape velocity,” finding interim
solutions to bridge the gap between “now” and the near-future
of rapidly advancing technology and biotechnology, particularly
as articulated by anti-aging researcher Aubrey de Grey in an
exhortation to develop interim biological rejuvenation therapies
that will be increasingly assisted by nanomedicines [3]. Safe and
effective cognitive enhancers might benefit both the individual
and society as we are shifting into a world of increased human
lifespan and work span.
This is indeed challenging, as we recognize that the human
brain is among the most complex entities in the universe.

Nanopharmaceuticals

The brain contains approximately 1010 neurons (comprising
thousands of distinct species) that are connected through 1013
synapses in a network comprising (cumulatively) 45 miles, with
neurons (100 μm to 1 m in length) transmitting action potentials
at velocities of from 2 to 400 km/h [4].
Some of the core capacities to target for cognitive augmentation
include enhanced synaptic velocity, learning ability, attentiveness,
associative recall and memory, creativity, visualization,
conceptualization, abstract thought, pattern recognition, judgment,
interferential reasoning, sensory acumen, motor skills, and pain
management. One area with recent findings is that of learning,
where it was found that increases in the local availability of glucose
molecules (the brain’s primary energy source) may assist in
enhancing performance [5].
Glucose has been shown to moderate the release of
acetylcholine (a neurotransmitter implicated in attention) in the
hippocampus, which impacts learning and memory at other sites
in the brain, including the amygdala (which processes memory
and emotional reactivity) and the medial septum (which is linked
to the hippocampus and involved with spatial information
processing) [6, 7]. The stimulant D-amphetamine was similarly
observed to augment learning [8], and it is proposed that a rise
in neuronal excitability may increase cortical plasticity with the
effect of inducing synaptic sprouting and remodeling [9].
Several types of neural nanomedical advances are now
discussed, in the categories of nanopharmaceuticals, neural
electrodes, brain–machine organic–inorganic interfacing, neural
cell growth promotion, and the conceptual nanorobotic removal of
neural lipofuscin.

41.2

Nanopharmaceuticals

One of the most direct ways to target neural pathologies and
enhancement is through drugs, nanopharmaceuticals that enhance
neurotransmitter activity and the biochemical environment of
the brain. Nanopharmaceuticals interact with neuronal receptors,
ion channels, nerve growth factors, and enzymes to increase
neuronal stimulation, elevate the efficiency and sustainability of
synaptic firing, and enhance the accessibility and localized delivery
of neurotransmitters (e.g., acetylcholine, dopamine, glutamate,
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norepinephrine, serotonin, and GABA (gamma-aminobutyric acid)).
Nanopharmaceuticals may be helpful in pathology resolution,
as well as enhancement functions such as the modulation of
executive function, memory, mood, libido, appetite, and sleep.

41.2.1

Memory Management: Enhancing and Blocking

One familiar notion of memory enhancement is through the
use of prescription drugs that boost focus and concentration:
ADHD (attention-deficit hyperactivity disorder) medications like
Modafinil, Ritalin, Concerta, Metadate, and Methylin [10], and
amphetamines like Adderall, Dexedrine, Benzedrine, Methedrine,
Preludin, and Dexamyl [10–12]. These drugs are controversial
for several reasons, for example, while there is some documented
augmentation benefit, there is also a recovery period (implying
that sustained use is not possible), and they are often obtained
illegally or for nonmedical use. What is new in memory enhancement
drug development is the targeting of specific neural pathways,
such as long-term potentiation induction and late-phase memory
consolidation [13].
A cholinesterase inhibitor, donepezil, which has shown modest
benefits in cognition and behavior in the case of Alzheimer’s
disease [14], was also seen to enhance the retention performance
of healthy middle-aged pilots following training in a flight simulator
[15]. Ampakines might also be helpful. They are benzamide
compounds that augment alertness, sustain attention span, and
assist in learning and memory where depolarizing AMPA receptors
could enhance rapid excitatory transmission [16, 17]. Also
helpful, could be the drug molecule MEM 1414, which activates an
increase in the production of CREB (the cAMP response elementbinding protein) by inhibiting the PDE-4 enzyme, which typically
breaks it down. Higher CREB production is thought to be of
benefit for neural enhancement because it generates other synapsefortifying proteins [13, 18].
Augmented memory management is not just enhanced
remembering, but also the opposite, blocking or erasing unwanted
memories such as trauma brought on by post-traumatic stress
disorder (PTSD). Since even well-established memories require
reconsolidation following retrieval, the memory reconsolidation
process could be targeted by pharmaceuticals to disrupt or

Neural Electrodes

erase aberrant memories [19]. Glutamate and b-adrenergic
neurotransmitter receptors are critical to memory reconsolidation.
These neurotransmitter receptors could be targeted by drug
antagonists like scopolamine and propranolol, which bind with the
receptors to induce amnestic effects, such that unwanted memories
are destabilized on retrieval [20–23].

41.2.2 Drug Delivery: Nanoparticles and Titanium
Nanowires

Drug delivery remains a central focus in neural nanomedicine,
encompassing many advances in nanoparticles in terms of refined
multi-stage operation, extensively sustained performance, and
precision targeting capabilities. Gulati et al. have developed a
means of crossing the blood–brain barrier with a drug-releasing
platform of nanoengineered titanium wires with titanium nanotube
arrays. In vitro analysis demonstrated the successful release of
neurotransmitters like DOPA (dopamine) and anticancer drugs like
DOXO (doxorubicin) with release profiles spanning 6 h, and from
one to several weeks [24].

41.3

Neural Electrodes

An important area of activity in neural nanomedicine is neural
electrodes, electronic devices that are implanted into the brain to
record electrical impulses and stimulate neurons. Clinical research
using neural electrodes is helping to further characterize brain
behavior. For example, Hart et al. measured the velocity of cortical
activation with electrocorticography, to quantify visual object
naming at 250–300 ms, and auditory word/object comprehension
at 450–750 ms [25] (which is interesting in that visual
object recognition was about twice as fast as auditory object
comprehension). Other advances focus on the means of delivering
and positioning neural electrodes. Kim et al. printed ultrathin
flexible neural electrodes onto a bioresorbable silk fibroin (protein)
substrate which dissolved when the electrode was applied to
biological tissue. The electrode array then initiated a spontaneous,
conformal wrapping process driven by capillary forces at the
biotic/abiotic interface [26].
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41.3.1

Intracortical Recording Devices

A key future use of neural electrode technology envisioned for
nanomedicine and cognitive enhancement is intracortical recording
devices that would capture the output signals of multiple neurons
that are related to a given activity, for example signals associated
with movement, or the intent of movement. Intracortical recording
devices will require the next-generation of more robust and
sophisticated neural interfaces combined with advanced signal
processing, and algorithms to properly translate spontaneous
neural action potentials into command signals [27]. Capturing,
recording, and outputting neural signals would be a precursor to
intervention and augmentation.
Toward the next-generation functionality necessary for
intracortical recording devices, using organic rather than inorganic
transistors, Bink et al. demonstrated flexible organic thin film
transistors with sufficient performance for neural signal recording
that can be directly interfaced with neural electrode arrays [28].
Since important brain network activity exists at temporal
and spatial scales beyond the resolution of existing implantable
devices, high-density active electrode arrays may be one way to
provide a higher-resolution interface with the brain to access
and influence this network activity. Integrating flexible electronic
devices directly at the neural interface might possibly enable
thousands of multiplexed electrodes to be connected with far
fewer wires. Active electrode arrays have been demonstrated
using traditional inorganic silicon transistors, but may not be costeffective for scaling to large array sizes (8 × 8 cm).
Also, toward neural signal recording, Keefer et al. developed
carbon nanotube-coated electrodes, which increased the functional
resolution, and thus the localized selectivity and potential influence
of implanted neural electrodes. The team electrochemically
populated conventional stainless steel and tungsten electrodes
with carbon nanotubes, which amplified both the recording
of neural signals and the electronic stimulation of neurons (in
vitro, and in rat and monkey models). The clinical electrical
excitation of neuronal circuitry could be of significant benefit for
epilepsy, Parkinson’s disease, persistent pain, hearing deficits, and
depression. The team thus demonstrated an important advance
for brain–machine communication: increasing the quality of

Brain–Machine Organic–Inorganic Interfacing

electrode–neuronal interfaces by lowering the impedance and
elevating the charge transfer of electrodes [29].

41.4

Brain–Machine Organic–Inorganic
Interfacing

Numerous problems can arise in the interfacing of organic and
inorganic matter, particularly in the case of neural implants. One
strategy for augmenting the surfaces of neuroprostheses, such
that they would not elicit negative brain tissue responses, involved
the use of controlled release of drug-eluting nanoparticles, as
described by Mercanzini et al. [30]. These nanoparticles contained
dexamethasone, an anti-inflammatory drug that can positively
impact cells that have been disturbed during implantation.
Subsequent to the implantation in rats of cortical neuroprostheses
that were coated with the nanoparticle composite, the nanoparticles
successfully remained in close proximity to the electrode penetration
site. The experiment was declared an improvement over controls,
as the nanoparticle-coated microelectrodes exhibited a ~25%
decrease in inflammation (measured as the impedance magnitude
of the tissue reaction) over 46 days.
One reason that reducing neural implant inflammation is
important is because scarring may inhibit performance. To address
this problem, Moxon et al. proposed a nanoporous silicon antiscarring coating for brain–machine interfaces [31]. With neural
implantation, nonconductive glial scars may form in surrounding
neural tissue, possibly due to a lack of biocompatibility with
traditional smooth-surfaced microelectrodes. Instead, improved
neurocompatibility may be realized with multi-channeled thin film
ceramic microelectrode arrays, via the application of a nanoporous
silicon coating. This resulted in a reduction in the adhesion of
astrocytes (which play a role in the formation of glial scar tissue)
and an increase in the extension of neuritis (neuron cell-body
projections) as compared to nonporous silicon. Importantly,
the silicon coating imparted minimal interference with the
electronic functionality of the microelectrode; hence, this surface
modification strategy may allow for long-term microelectrode
implantation.
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Ben-Jacob and Hanein also proposed the enhancement of
tissue-electrode interfaces, in this case through carbon nanotubes,
in their generation of Buckypapers (3D matrices of carbon
nanotubes). In this experiment, the cell bodies of neurons exhibited
a preferential and robust anchoring affinity for carbon nanotube
islands (Fig. 41.2a) and subsequently demonstrated interactive
self-organizing connectivity via the extension of single axons or
bundles of axons and dendrites to form a functional neural network
(Fig. 41.2b) [32].
(b)

(a)

Figure 41.2 Images of (a) preferential adhesion of neurons to highly
dense pristine Buckypaper “island,” and (b) adhesion of
neuronal cell bodies to dense carbon nanotube crosses
showing an extended network of thick bundles of axons
and dendrites. Images from Ben-Jacob, E., Hanien, Y. (2008).
J. Mater. Chem., 18, 5181–5186, in Boehm, F. Nanomedical
Device and Systems Design: Challenges, Possibilities, Visions.
© CRC Press, 2013 [1], provided courtesy of Taylor & Francis
Group, LLC.

One area of future exploration for researchers in the area of
tissue-electrode compatibility in brain–machine interfaces could
be the application and extrapolation of the findings from
(non-neural) prosthetics and materials science regarding the
biomolecular interface, such as Leigh et al.’s hybrid organic–
inorganic rotaxanes and catenane [33].

41.5

Neural Cell Growth Promotion

Promoting
previously
important
Two other

neural cell growth has been a feature of several
discussed research findings, which may serve as an
next-generation cognitive enhancement technology.
projects specifically targeted this outcome through the

Nanorobotic Removal of Neural Lipofuscin

use of nanomaterials. Novel nanomaterials may facilitate the
design and fabrication of viable nanomedical implants for neural
regeneration and brain repair, which by extension, might serve
as platforms for the selective enhancement of brain function in
humans. Sabri et al. proposed an aerogel substrate (specifically,
mesoporous high surface area polyurea cross-linked silica
aerogels) for the growth and propagation of dorsal root ganglion
(DRG) neurons [34].
Silica aerogels are attractive as implantable brain scaffolds
to facilitate neural cell growth. They are lightweight and
mechanically robust, and can be utilized as membranes to enable
fluid and nutrient exchange to promote cell attachment, while
simultaneously preventing the entrapment of cells via pore size
exclusion. DRG neuron adhesion and propagation was enabled
through the hydrophilicity of the surface of the aerogels, and also
via an additional coating of the cell-growth enhancer laminin.
Eleni et al. similarly promoted neural cell propagation, in this
case through conductive nanocomposite biomaterials comprised
of multi-walled carbon nanotubes [35]. The nanocomposite
biomaterials were not only useful in encouraging neural cell
propagation and the regeneration of axons through guidance
channels, but also toward resolving the organic–inorganic interface
problem at electrode-neural tissue boundary sites when applied
as a microelectrode coating for neural prosthetics.

41.6

Nanorobotic Removal of Neural Lipofuscin

In the farther future, nanorobots (tiny machines at the nanoscale
that can perform a variety of operations) are seen to be
instrumental in nanomedicine and cognitive enhancement. Robert
Freitas has designed several classes of medical nanorobots such
as respirocytes, clottocytes, vasculoids, and microbivores that
could perform a variety of biophysical clean-up, maintenance,
and augmentation functions in the body [36]. One of the earliest
feasible therapies may involve the removal of cellular waste, for
example, disposing of neural lipofuscin (waste particles remaining
subsequent to normal break-down processes in the lysosome (the
cellular organelle responsible for waste breakdown)). Neural waste
accumulation is theorized to be an aspect of neurodegenerative
pathologies like Alzheimer’s disease and Parkinson’s disease.
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Nanomedical therapies involving targeted nanocarriers,
nanoreactors, or nanoparticles might employ a number of strategies
for the eradication of lipofuscin. Gold nanoshells [37, 38] and
magnetic nanoparticles [39], developed to target cancer tumors
might be extended in their capabilities when deployed to target
lipofuscin, and then use a variety of elimination or reduction
methods, including hypothermia [40]. Researchers have been
studying retinal lysosomal build-up which is implicated in macular
degeneration and other retinal pathologies. The role of A2E
(a cationic salt, key component of retinal lysosome build-up, and
the cause of human dry and wet age-related macular degeneration)
has been investigated [41–43], including its possible degradation
by the horseradish peroxidase enzyme [44].
Other teams have explored different means of binding
nanoparticles to lipofuscin, in the retinal context and beyond.
Takahashi et al. bound a monoclonal antibody to lipofuscin
pigments in the adrenal gland cells of zona reticulata, liver
hepatocytes, and eccrine sweat glands in the skin [45]. Bancher et al.
demonstrated that monoclonal antibodies against cerebrovascular
amyloid b-protein could bind with neuronal lipofuscin [46].
Heavy metal ions (copper and iron) were found to associate with
lipofuscin [47]. Subsequent to binding, these nanoparticles (as
any others) might be thermally activated via external sources
(like ultrasound, pulsed NIR laser, or magnetic fields) to degrade
lipofuscin/A2E to more elemental constituents, which may be
either enzymatically metabolized via attending nanoreactors, or
otherwise egressed from the body by natural processes.
Conceptually, in the more remote future, advanced autonomous
nanodevices might precisely locate lipofuscin granules by
exploiting their strong fluorescent signatures (emission spectrum
ranges from 450 to 700 nm) [48] to match onboard reference
spectral profiles. These autonomous diamondoid “defuscin” class
nanodevices (Fig. 41.3) might be able to completely eliminate
lipofuscin aggregates utilizing a feed-through digestive strategy.
These nanodevices could be propelled by arrays of oscillating
piezoelectric fins or via integrated magnetic nanoparticles that
are activated and controlled externally. The conical inlet port of
the nanodevice could be lined with molecules that possess high
affinities for A2E and other lipofuscin elements.

Nanorobotic Removal of Neural Lipofuscin

Diamondoid li pofuscin removal nanodevice

Acoustic data
receiver/transmitter
Lipofuscin aggregate
Outlet port
Inlet port

Digestive chamber
Propulsive mechanism (piezo
fins or magnetic (external))

Lipofuscin molecular
binding sites

Figure 41.3 Artistic representation of (a) one class of “defuscin”
diamondoid nanodevice for the removal of lipofuscin,
(b) “defuscin” diamondoid nanodevices in the process of
removing lipofuscin from cytoplasm in close proximity to
the nucleus. Images from Svidinenko, Y., Nanorobotmodels
Company, in Boehm, F. Nanomedical Device and Systems
Design: Challenges, Possibilities, Visions. © CRC Press, 2013 [1],
provided courtesy of Taylor & Francis Group, LLC.

Once a lipofuscin granule has been captured, it would proceed
to be drawn into the core, where it would be digested by potent
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encapsulated enzymes, or nanomechanically minced into a
liquid state and subsequently purged from the outlet port. This
functionality would be similar to Freitas’s microbivore artificial
mechanical phagocytes, which operate under a similar “digest
and discharge” protocol [49].
Other defuscin-class nanodevice designs may include
proboscises that serve dual purposes: as potential electrodes for
highly localized hyperthermic interventions, following insertion
into the lipofuscin mass, or hollow nanosyringes [50, 51] for the
injection of powerful cleaving enzymes. The nanomechanical
segmentation or disassembly of individual lipofuscin granules
at molecular resolution may be possible by employing arrays of
diamondoid “debriders” to reduce lipofuscin to its most elemental
and harmless fractions. Larger fragments could subsequently be
encapsulated for egress through the urinary or gastrointestinal
tracts.

41.7

Conclusion

This chapter has reviewed some of the nanomedical research
related to cognitive enhancement that is surveyed in the book
Nanomedical Device and Systems Design: Challenges, Possibilities,
Visions (2013). Advances are proceeding in a number of areas,
including nanopharmaceuticals, neural electrodes, brain–machine
organic–inorganic interfacing, neural cell growth promotion, and
the nanorobotic removal of neural lipofuscin. The overall status is
that there are many intricate solutions with varied functionality,
which are both incrementally and disruptively advancing the
knowledge of the brain, and the possibility of intervention for
pathology resolution and augmentation.
There likely may be myriad approaches to cognitive
enhancement: nanomedical advances as discussed here, wearable
computing and IOT (Internet of Things) sensors [52, 53], and
traditional computing (with increased communications, bandwidth,
and memory between brain and computer, such as with a new
generation of CAD (computer-aided design) tools; computer-aided
thinking design tools [54]). Advances in multiple fields might
converge toward the attainment of the deceptively simple goal
of cognitive enhancement: our desire to think, feel, remember,
and communicate better.
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42.1

Introduction

Medicine is moving toward being able to predict what you will die
from and when. As nanomedicine, genetics, and diagnostics improve,
they promise the ability of healthcare professionals to diagnose,
treat, and share medical information nearly instantaneously. As
nanomedicine and other emerging technologies improve, the
question “what does it mean to be human” becomes an increasingly
more relevant discussion. Exactly what will be the defining
characteristics of a human? How long should a person live? Do
people have the right to die? How do humans and society deal with
this expanded life span? How will we determine when a person is
dying? Nanomedicine raises all of these ethical questions, none of
which are new or necessarily unique and would hold true for any
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Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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new medical device or medicine that was being evaluated in a
clinical trial. The issue becomes how much risk society is willing to
accept with a new technology before it is proven effective and “safe.”
This will become even more evident as personalized medicine is
realized and the rise of do-it-yourself biology enables individuals
to diagnose and potentially treat themselves outside the traditional
medical establishment.

42.1.1

The Technology Landscape

New developments in science and technology are breaking down
the walls between information and communication technology,
micronano systems, and biology through miniaturization and the
ability to manipulate matter at the atomic scale and to interface
those with biological systems [1]. Chow-White and Garcia-Sancho
suggest that biology and computing have been converging over
time and are intimately linked and the lines between the two are
now indivisible, producing new data practices and a new scientific
approach to understanding genetic code and the human body [2].
They conclude that “biology, computing, and social orders interact
and are reciprocally shaped around spaces of convergence, but
none of them fully determines the sequencer, the database, or other
genomic technologies” [3]; however, they all need each other in
order to exist.
According to the US National Institutes of Health,
“Nanomedicine, an offshoot of nanotechnology, refers to highly
specific medical intervention at the molecular scale for curing
disease or repairing damaged tissues, such as bone, muscle, or
nerve” [3]. In a recent review of nanosized drug synthesis methods
and manufacturing technology, it’s believed that nanosized colloidal
carriers of drugs “represent one of the approaches to discovering
new methods of pharmacotherapy” [4]. The authors go on to say
that colloidal delivery systems can increase the effectiveness of drug
delivery by “op
timizing the biodistribution and toxicodynamics
of drugs.” Nazarov et al. state that the idea of delivering a drug
directly to the site of concern and overcoming histohematic
barriers is beginning to move from a theoretical prospect to a
practical reality. Nanosized drugs will be highly individualized,
and their effectiveness will depend on many factors, including
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structure and the chemical nature of the carrier. This will create
an individualized approach to medicine and in particular designing
nanosized forms of drugs. One of the main goals that nanomedicine
is attempting to reach is to change the distribution of drugs in an
organism so that they can reach only their site of action (targeted
delivery of drugs). The theory behind this lies in the nanoparticles’
ability to overcome low solubility and unsatisfactory absorption
of contemporary drugs because of their highly developed surface.
This enables nanoparticles to be used not only for therapeutic
treatment but also for diagnosis of diseases [4]. For a comprehen
sive review of nanomedicine applications see Riehemann et al. [5],
Sandhiya et al. [6], and Moghimi et al. [7].
Another subset of nanotechnology is referred to as
bionanotechnology and DNA nanotechnology in particular,
which utilizes biomolecular self-assembly to construct artificial
structures and devices based on the properties of DNA or
proteins. Advances in nanotechnology are providing new tools and
materials, creating the ability to match the scale and interface
with biological systems and components, in addition to exhibiting
electrical, magnetic, optical, thermal, and chemical properties aiding
in the construction of complex networks of functional parts [8].
This was envisioned in the early developments of nanotechnology
research programs [9].

42.1.2

Informatics/Databases

Over the past 20 years we have seen the rise of e-science [10],
which utilizes massive computer networks, information science
tools, and social networking technologies to combine and analyze
large-scale datasets. The Human Genome Project is one example
where the success of the project was in part due to the success
of the informatics. Informatics is a method of using information
and computer science for collecting, analyzing, and applying
information. “X-informatics” has been used as a general descriptor
for such applications within a specific field, discipline, or science,
that is, nanoinormatics for nanotechnology, bioinformatics for
biology, and ecoinformatics for ecology [11].
Nanoinformatics “is necessary for intelligent development
and comparative characterization of nanomaterials, for design and
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use of optimized nanodevices and nanosystems, for development
of advanced instrumentation and manufacturing processes, and
for assurance of occupational and environmental safety and
health” [11]. The difficulty with successfully utilizing such largescale databases and informatics tools is being able to verify the
accuracy of the data, setting up metrics for inputting data into
a database, determining who controls such a database, and
determining who “owns” the data. Current and future convergence
technologies will rely even more so on x-informatics to process
the massive amounts of data that are being generated and utilized.
Increasingly, convergence technologies are requiring data,
components, and knowledge from a variety of disciplines that will
draw on metrics from a host of places, all of which will need to be
verified, stored, and ownership issues established. Access to such
large-scale databases and computer networks will either inhibit
or foster greater innovation and development in fields such as
nanotechnology that are more and more relying on “large-scale
infrastructure and systematic curation” of data.
One critical aspect of digital databases and how effective they
are is who is responsible for them and who has access to them?
There are vast numbers of laboratories, companies, and communities
that are involved in the creation and preservation of scientific data,
each with its own legal and ethical protocols and with varying
degrees of openness to outside users.

42.1.3

Proteomics

Proteomics is the study of the entire set of proteins expressed or
modified by an organism, and will require access to the databases
previously discussed. It provides methods for correlating the vast
amounts of genomic data with protein information that is being
produced through analysis of cells under normal and altered states.
It consists of high-throughput identification and characterization
of proteins and integrating it with genomic data. Characterization
of novel catalysts using proteomics will allow synthetic biologists
to expand their protein toolbox in order to design bioprocesses
for biopharmaceuticals and bioproducts. One of the challenges is
being able to identify the function of all the various protein parts
within cellular systems; better identification of these parts will
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allow a better description of the entire biological system that could
be used as a cell factory [12].
Johnson et al. suggest that the solution to many of the
technical challenges in proteomics and protein-based molecular
diagnostics is nanomaterials and that nanoproteomics
will provide platforms for the discovery of next-generation
biomarkers, which will enable the molecular diagnostics field to
take off [13]. Advances in nanotechnology have allowed the
identification of low-abundance proteins, for example [14]. Johnson
et al. conclude that in the near term nanotechnology will have
a major impact on proteomics and diagnostics, leading to new
devices and sensing modes and augmenting existing methods. As
bioinformatics and proteomics advance the support of computational
biologists, mathematicians, and statisticians will be required to be
able to analyze and interpret the vast amounts of data the field is
generating [15].

42.2

Personalized Medicine

Goldstein predicted that by 2016 doctors will be able to scan their
patients’ entire genome in a matter of minutes [16]. While that
prediction was a bit optimistic the technology and medicine in
general are moving toward genetic-based personalized therapies.
Weston and Hood predict that in the next 20 years there will
be a fundamental shift in healthcare, moving from a reactive
model to one that can predict and prevent cellular dysfunction,
capable of determining a probabilistic, individualized future health
history [15]. Gonzalez-Nilo et al. conclude that implementing the
tools of nanoinformatics, which they define as the intersection of
bioinformatics, computational chemistry, and nanobiotechnology,
will open the door toward personalized medicine by accelerating
the design of highly specific biomedical treatments, increasing
the efficacy, bioavailability, and specificity of nanomaterials and
reducing side effects [17]. As the “omics” technologies (i.e., genomics
and proteomics) improve, they are exposing the weaknesses of
traditional therapeutics, which do not allow for different patients’
“physiologic idiosyncrasies.” Doctors no longer rely primarily on
images such as a mammogram or a patient’s pathology. They now
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include the molecular profile or genetic map of a patient [18].
Nanotechnology, along with systems biology and the convergence
of the other “omics” technologies, is predicted to play a critical
role in being able to develop patient-specific therapies.
Nanotechnology is predicted to “provide access to previously
inaccessible data as related to ‘omic’ technology components”
and “enable innovative therapeutic modalities that leverage
the validated systems biology outputs for exquisitely specific
individualized therapy” [18]. Areas of nanotechnology that
are predicted to aid personalized medicine are early detection
diagnostics, implantable drug delivery devices, nanobased injectable
therapeutics, nanobased contrast agents, and tissue engineering.
The ability of patients to control the most important aspects
of their care (a diabetes patient to measure his or her glucose
level) is very appealing and is why self-care testing is the majority
of the point-of-care testing market [19]. Nanotechnology has
led to significant technological advances in the miniaturization
of devices, particularly in point-of-care testing. These devices
encompass a variety of applications from in vivo testing to
handheld glucose tests. The market was worth $11.3 billion in
2007 and was predicted to grow to $18.7 billion in 2013 [20].
New lab-on-a-chip manufacturing techniques are enabling them
to be connected to and embedded in smartphones and USB drives,
turning your phone into a portable diagnostic device capable of
communicating directly with your doctor’s office [21]. Macklis and
Sharma predict that within the next few years nearly all medical
devices will be controlled or monitored remotely or via Internetaccessible interfaces, making the electronic medical records
system a much more important monitor and response network
with the potential for automated responses [22]. Intrabody
communication and personal network security are needed to
evaluate and act upon the continuous test results that come with
continuous monitoring, potentially leading to less aggressive and
less expensive therapeutics [23]. Beyond point-of-care diagnostics,
the nanomedicine market is estimated to reach $1 trillion by
2015 [19].
Personalized medicine requires the analysis of massive
amounts of genomic data using miniaturized biomedical devices
and lab-on-a-chip technologies that have been influenced by

Personalized Medicine

nanotechnology and nanofabrication [24]. Personalized medicine
is also based on a systems biology approach utilizing modern
molecular medicine and the analysis of large datasets for complex
diseases [25]. However, personalized medicine will only be
successful if medicines with subtle differences designed for
individuals on the basis of their DNA can be manufactured reliably
and at small scales [26].
As these technologies take hold, a new governance structure
may be needed to regulate the transmission of medical data, the
sharing of devices between users, the potential of “homemade”
or hacked instruments, and the standardization of results and
analysis methods amongst various countries. Lymberis suggests
that micro- and nanotechnologies will change the way that
healthcare is organized and priced and ultimately remove the
barriers between medical and pharmaceutical practices and
home care and test laboratories [27]. New ethical issues may
arise with personalized medicine and home diagnostic tests. For
instance, would it be ethical to make available a point-of-care
cancer diagnostic test? Many doctors believe that counseling is
vitally important for such diagnoses and wonder if making such
tests available is ethical [1].

42.2.1

Size/Scope of the Nanomedicine Market

According to BCC Research the global nanomedicine market
reached $63.8 billion in 2010 and $72.8 billion in 2011 and is
expected to grow to $130.9 billion by next year [28]. In 2006, Wagner
et al. analyzed the emerging nanomedicine landscape and found
more than 150 start-ups and small and medium-sized enterprises
focused on nanomedicine research and development projects: 38
nanoenabled products with sales totaling $6.8 billion. Twenty-three
of those products were drug delivery systems, with three of them
accounting for $3.2 billion. They found that three quarters of the
research market was focused on drug delivery applications [29].
Resnik and Tinkle reported in 2007 that drug delivery accounted
for 78% of sales and 58% of patent filings worldwide [30]. Moving
a new nanosized drug or product to market requires support from
large pharmaceutical companies. Small start-ups are pursuing a host
of ideas utilizing nanotechnology in order to improve treatment and
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diagnosis. Despite this, Wagner et al. found that these small companies
and industry R&D managers agreed that large pharmaceutical
companies are skittish on emphasizing nanotechnology in their
business strategy [29]. The Project on Emerging Nanotechnologies
(PEN) maintained an interactive map showing the locations of
companies, universities, and government labs across the U.S. that
are/were involved in nanotechnology research, development, and
commercialization, currently with over 200 entries in the medicine
and health fields (http://www.nanotechproject.org/inventories/
map/).

42.3

Ethical and Policy Implications
Surrounding Nanomedicine

Medicine is moving toward being able to predict what you will die
from and when. As nanomedicine, genetics, and diagnostics improve
they promise the ability of healthcare professionals to diagnose,
treat, and share medical information nearly instantaneously.
The potential development of a lab on a chip that could be implanted
into a human that monitors the person’s health raises concerns
about who monitors the information, who has access to the
information, and whether or not the chip can be used for purposes
other than medical surveillance [31]. This chip can not only
diagnose current disease but also analyze your DNA to determine
which diseases you may be susceptible to in the future. This raises
ethical concerns of the patients’ right to know, right not to know,
and duty to know. This has been referred to as the principle of
autonomy [32]. The European Group on Ethics in Science and
New Technologies forecasted that the long-term ethical issues will
surround civil liberties in regard to implants that will potentially
make life safer but will also create privacy debates [33].
Spagnolo and Daloiso suggest that ethical issues should
take a back seat to determining the scientific merit of a medicine
if the potential benefit justifies the use of nanoparticles, even if
the design and effects of the nanomedicine are not completely
understood [31]. The shift to personalized medicine not only in
terms of targeted drug deliver but also in terms of personalized
diagnosis and treatment creates a potential for patients becoming
autonomous, increased technology use, and dependence causing
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reduced personal interactions and will inevitably change the
way medicine is currently practiced. While technology advances
reduce the invasiveness of medical treatments and improve
efficiency, they have the potential of shifting the responsibility
away from doctors to patients [31].
“Good facts of course are essential to the development of
good ethics but the same set of facts may result in very different
ethical arguments and conclusions for different people” [34]. White
argues that from an ethical perspective, considerations of benefits
and harms would supersede issues of profitability in terms of
importance [34]. While ethically this should be how things work,
the reality is that profitability in the eyes of pharmaceutical
companies is priority number one, albeit it goes hand in hand
with weighing the risks versus the benefits of a particular drug,
medical device, or diagnostic tool.

42.3.1

Clinical Trials

A recent search using the keyword “nanoparticles” of the website
ClinicalTrials.gov produces 116 clinical trials that have been
approved, completed, or are currently being conducted. The
European Group on Ethics in Science and New Technologies
proposed a series of questions surrounding nanomedicine [35]:
(1) How should the dignity of people participating in
nanomedicine research trials be respected?
(2) How can we protect the fundamental rights of citizens who
may be exposed to free particles in the environment?
(3) How can we promote responsible use of nanomedicine that
protects both human health and the environment?
(4) What are the specific ethics issues, such as justice, solidarity,
and autonomy, that have to be considered in this scientific
domain?

The ethical issues surrounding nanomedicine are not
necessarily about the technology but about the implications of
the technology and how we look, think, and feel about our bodies
(assuming the applications nanomedicine promises come to
fruition). Bawa and Johnson ask whether nanobased therapies
have the potential to further marginalize those individuals who are
perceived as disabled [36].
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The institutional review board is charged with determining
whether (1) risks will be minimized, (2) risks will be reasonable
in relation to expected benefits to the subjects or society,
(3) provisions for data and safety monitoring will be adequate,
(4) informed consent will be properly sought and documented,
(5) selection of subjects will be equitable, (6) protections for
vulnerable populations will be adequate, and (7) privacy and
confidentiality will be protected before approving a clinical trial
[37, 38]. These questions will still be assessed with nanomedicine.
The only issue that may be new or unique to nanomedicine is
whether or not the subjects are told about the “nano” portion of
the medicine and what that means.
Resnik and Tinkle conclude that the potential risk of
nanomaterials is the biggest issue surrounding nanomedicine and
its use in clinical trials. They go on to say that additional research
on the physicochemical properties and the potential impacts on
humans and the environment is essential for nanomedicine to
develop responsibly [37]. Resnik and Tinkle argue that the Food
and Drug Administration (FDA) should conduct phase IV, or
postmarket, studies for some drugs using nanoparticles and
mandate this research for some nanomedicine products. They
argue that since this type of postmarket study is not legally required
of the companies the FDA should conduct the research [37].
I would argue, however, that the FDA should mandate that the
companies conduct this research or impose fees on companies
in order for the FDA to conduct the studies using independent
laboratories.
There is a risk in overanalyzing the ethical questions
surrounding nanomedicine, as concluded by Ferrari, Philibert,
and Sanhai (2009) [39]. The authors state that “the greatest risk
in nanomedicine may well be in letting our concerns paralyze
our action and not taking advantage of the full, revolutionary
potential that nanotechnology in medicine can offer humankind”
[39]. This argument is countered by Khushf (2007) [40], who
suggests that ethical considerations seek to anticipate/mitigate
potential risks and disruptive developments. He goes on to say
that ethics is too often looked upon as a constraint on research
and mistakenly is considered relevant only when human subjects
are involved [40].
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42.3.2

Is Hype Driving the Ethics Debate?

One of the issues surrounding nanotechnology, and in particular
nanomedicine, is the hype (both good and bad) that inevitably
arises with a new technology that is fighting for limited research
dollars. Gordijn (2005) [41] expresses this view as follows:
Optimistic visionaries predict truly utopian states of affairs. Pessimistic
thinkers present all manner of apocalyptic visions. Whereas the
utopian views follow from one-sidedly focusing on the potential
benefits of nanotechnology, the apocalyptic perspectives result from
giving exclusive attention to possible worst-case scenarios.

Some of the hype surrounding nanomedicine insists it will
provide low-priced and superior equipment for medical research
that will be available far and wide, nanomachines will be
programmed to travel through our bloodstream to clean out fatty
deposits, medical diagnosis and drug delivery will be transformed,
and preventive medicine will include nanorobots that would
provide a defense against invading viruses in our bodies. In short
nanomedicine has proclaimed to be the solution to many, if not
all, medical problems [41].
While many futurists and ethicists point to nanotechnology
applications for active implants, experts believe this area of medicine
will have the least impact from nanotechnology. Nanotechnology
will be used only as an enabling technology for optimizing certain
components, and a majority of the components will be driven
by advances in microtechnology [42]. The enabling component
of nanotechnology in relation to implants carries over to drug
delivery and diagnostics. This enabling capability has the potential
to add innovative functionality and is highly versatile.
Nanomedicine is expected to enhance human capabilities
and properties. This surrounds the idea that nanotechnology will
enable the construction of stronger and enhanced tissues and
organs and improve our mental capacity. The latter of these
potential implications of nanomedicine is where a lot of the
ethical debates are and will take place. However, according to
Moghimi et al., 2005 [7], the future of nanomedicine will depend
largely on the rational design of nanomaterials on the basis of a
thorough understanding of their biological processes rather than
forcing applications based on hype.
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42.3.3

Public Acceptance

Godman [43] asks the question, Do we want to find criteria for
risk acceptance, or do we wish to open the discussion so that the
core values of technology development are called into question?
Grunwald echoes this idea stating that the unique ethical issues
arise from the public discourse about nanotechnology and not
anything unique in the actual ethical tenants [44]. Similarly,
Petersen suggests that it is more important to create a “conversation
about” nanotechnology rather than creating a new field of
nanoethics [45].
This is also put forth by Sparrow [46]. These questions
follow with the argument that there is nothing inherently “new”
about the ethical considerations surrounding nanotechnology/
medicine [47] but rather a new technology raising the same
ethical issues surrounding medicine.
PEN has conducted polling on US citizens for many
years tracking the public’s understanding and acceptance of
nanotechnology. The results have shown that the public is willing
to accept certain risks associated with nanotechnology, with the
understanding there will be some sort of public benefit (Fig. 42.1a).
Their overall understanding and exposure to nanotechnology,
however, has been limited and has not changed significantly
(Fig. 42.1b). Cameron argues that the scope of the public’s
potential unease with nanotechnology and nanomedicine could
be greater than early skepticism of recombinant DNA because
of the hype surrounding nano and its ability to manipulate and
change the human condition [48]. He goes on to say that a “clear
repudiation of the ‘trans-humanist’ visions of nanotechnology
should occur because,” according to Cameron, “they have the effect
of raising the element of risk associated with nanotechnology
without any countervailing economic or other benefit.”
Cameron advocates that a clear distinction be made between
government-funded research and research that is associated
with “fringe philosophers and social thinkers.” This has strong
implications to nanomedicine in the realm of human enhancement
beyond that obtained from traditional drug delivery. Creating an
atmosphere for public discourse on nanomedicine enables public
participation in decision making and avoids social fears that are
often based on a superficial knowledge, which can help plan new
regulations and avoid past political mistakes [49].
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Public’s understanding and acceptance of risk regarding nanotechnology

(a)

(a)

Little Change in Public(a)
Awareness of Nanotechnology

(b)

(b) of risk and benefits of nanotechnoFigure 42.1 (a) Public understanding
logy. Participants were asked before and after being provided
information about nanotechnology. Survey conducted
(b)
in with 1,003 participants
[64]. (b) Public awareness of
nanotechnology. Survey conducted in 2006–2008 [64].
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42.4

Ethical Dilemma: Is Anything New or
Unique to Nanomedicine?

The 2012 Olympics raised some interesting ethical questions
[50] that bear resemblance to our discussion here on nanomedicine
and were raised by Bawa and Johnson in 2009: “Is it morally
acceptable to us as a society that athletes or military personnel have
significant parts of their bodies altered to enhance performance
in competitive or combat situations?” While the Olympic sprinter
was determined to not have a competitive advantage, born out
by the fact he lost the race, the overall ethical question remains,
how many implantable devices would it take for a person to no
longer be considered a person? A better question that Bawa and
Johnson raise is: “when is a medical procedure/intervention/
treatment regarded as a therapy, and when is it considered an
enhancement?” Or will society adapt and progress alongside the
technology and view it as natural? For instance, will an implantable
nanodevice simply become the norm similar to contact lenses?
If nanotechnology is revolutionary, then we are right to be
concerned about it. If it is familiar, then we know all too well the
problems it may bring with it. If nanotechnology is inevitable,
then why should we go out of our way to make it possible [51]?
Is a safety question an ethical question, and who decides [52]? Is
the science really safe, what are the societal implications, how will
individuals’ behavior change, how will the legal and regulatory
systems react, and what fundamental moral and ethical beliefs are
challenged [53]? As nanomedicine improves, the question, what
does it mean to be human? arises. Exactly what will be the defining
characteristics of a human? How long should a person live?
Do people have the right to die? How do humans and society deal
with this expanded life span? How will we determine when a
person is dying? Put more succinctly, the ethical issues surrounding
nanotechnology and subsequently nanomedicine are associated
with equity, privacy, security, environment, and metaphysical
questions relating to enhanced human capabilities and the
interaction of humans and machines [54].
None of the issues raised above are new, nor are they new in
terms of emerging technologies in general. Lewenstein concludes
that “nanotechnology may not be any different than any other
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area of emerging science and technology.” He goes on to say that
the same “ethical” arguments about nanotechnology would be
the same if the term “biotechnology,” “information science,” or
“cognitive science” were used. Others have argued that these
are re-emerging ethical issues rather than emerging ones [55].
Preston makes a similar argument stating that the ethical issues
brought up in regard to nanotechnology are the same issues that
have been raised previously with other technologies and there
is nothing new or “distinctly nano” [56]. He highlights three themes
that focus particularly on nanomedicine but could be replicated
for any “new” medicine or medical treatment/device:

• The introduction of radically new materials into human and
natural environments
• Technology that consciously seek to replicate the process of
evolution by natural selection
• Use of nanotechnologies to enhance humans away from their
inherited evolutionary identity

Sandler [57] argues that there is more to the ethics surrounding
nanomedicine than risks (as argued in part by Allhoff [58]) and
that “nanomedicine” itself must be separated into technology
sectors—information, diagnostic, therapeutic, and enhancement—
for the ethical evaluations to be effective. He goes on to say that
the enhancement issues raise a broad range of ethical issues that
are unique to nanomedicine. Johnson [59] shares similar views,
although her thesis is derived from the belief that nanoparticles
utilized in nanomedicine will not be required to go through the
typical clinical trial process as new drugs and therefore require a
more focused ethical debate. Others have argued that the ethical
issues surrounding nanomedicine are so great that “new agencies
need to be formed to consider and regulate the social and policy
questions raised by the future of nanomedicine” [60].
Bawa and Johnson argue that it’s difficult for ethicists to
predict what the issues surrounding nanomedicine will be,
considering that much of what has been “hyped” has yet to occur
[61]. They go on to say that this hype surrounding nanomedicine
should not overshadow the societal and ethical implications.
However, according to Lenk and Biller-Andorno, society will have
to decide anew (ethically, morally, and personally) whether it
chooses to accept nanotechnology and under what conditions [55].
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From a 10,000-foot view, the ethical questions surrounding
nanotechnology in a sense have either been ignored or been
resolved, depending on the pervasiveness of nanotechnology in the
marketplace and the billions of dollars invested by governments
across the globe. The question becomes, who will receive access
to these technologies? While access is an ethical question, similar
questions were asked and are still being debated in terms of
computers and access to the Internet. It’s a continuing pattern of
the rich getting access to newly developed technologies/medicines,
while the poor wait for the economics to dictate when they get
access. This pattern has not changed, nor will it change, and
while it certainly is an ethical question, it is not new or unique to
nanomedicine.
Nanomedicine with all its promise (or hype) raises numerous
ethical questions, none of which are new or unique and would
hold true for any new medical device or medicine that was being
evaluated in a clinical trial. After all the reason they are being
tested is because there are unknowns. While there are clearly
structured ways to evaluate ethical questions, ethics at its core is
a personal decision-making process that an individual comes to,
albeit society can dictate ethics onto the public by way of public
policy. The issue becomes how much risk we are willing to accept
with a new technology before it is proven effective and “safe”
(“safe” being a relative term as all medicines have the risk of
causing side effects). The same questions being raised about
nanomedicine were asked with the advent of other emerging
medical breakthroughs, that is, chemotherapy and genetics, and
will be asked when the next technological breakthrough occurs.
The more pertinent “ethical” questions that need to be addressed
are the access and distribution of these technologies to those who
would otherwise not be able to afford them.
I have argued that there is nothing inherently new about the
ethical questions being raised in regard to nanomedicine. Others
have argued the opposite and conclude that extra oversight is
needed because of “heightened uncertainty regarding risks,
fast-evolving science yielding complex and increasingly active
materials, likelihood of research on vulnerable participants
including cancer patients, and potential risks to others beyond the
research participant” [62]. They go on to say that nanomedicine
research requires additional oversight because new science and
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technology poses uncertain but significant risks and that human
subject research challenges the current oversight system by raising
issues not addressed by the current structure. However, I do not
see how nanomedicine raises any new or significantly different
concerns in terms of a new drug that would have to go through
the FDA approval process, if the argument is simply because it
uses nanotechnology. However, if the argument is that the FDA
does not have the expertise or scientific data to evaluate such
a drug or device, as Stratmeyer seems to suggest—”Quality data
generated in a consistent manner is needed by FDA to evaluate
benefits versus risks when making product approval decisions”
[63]—then I could see an argument for additional funding in order
to acquire such expertise and information. However, this should
be the norm for all new drugs and medical devices that the FDA
evaluates.
Why should we concern ourselves with the ethics surrounding
nanotechnology and in particular nanomedicine? One argument
suggests that studying the ethical issues and consequences of
nanotechnology enables the introduction of the technology to
modern societies, but failure to examine these issues may lead
to public resistance and diminish any expected benefits society
may gain from the technology [64]. Others have argued that the
ethical debates about potential applications using nanotechnology
“could lead to completely unfounded and unjustified ethical
problems which then could become issues for nanotechnology
in the real societal debate” [65]. Grunwald further suggests that
“speculative handling of the ethical questions of nanotechnology
would produce artificial problems, whose communication to the
public might cause damage to innovation policy in the field of
nanotechnology and could prevent exploiting its chances” [64].
As nanomedicine advances does access to the technology
create a disadvantage for those unable to acquire the technology for
economic, social, or geographical reasons? Again this is a broader
ethical question that is certainly not new or unique to nanomedicine
or medicine in general. For instance, access to healthcare and/
or cutting-edge medical treatments is not universal. In fact, even
where physical location is not a barrier, economic access is still a
barrier. The US healthcare system is a perfect example where the
ability to gain access to cutting-edge treatments is based solely on
one’s ability to pay for it, not the absence of the technology itself.
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Access to healthcare in general may be changing, however, with
the advent of personalized medicine and access to increasingly
cheaper gene sequencing technologies. Self-diagnostics and
treatments may still be a futuristic notion, but with the advent of
synthetic biology, DIYbio, and nanotechnology the ethical debate
surrounding this should be discussed. For instance, do the same
ethical considerations researchers, doctors, and drug companies
have to address when conducting a clinical trial or drug approval
hold, or are they even necessary when a “person” is diagnosing or
testing on himself or herself? How do the ethical considerations
change when designing or approving a drug that has been tailored
to an individual on the basis of his or her genetic makeup? Patients
potentially will be giving up their genetic privacy in order for
drug companies and doctors to design a treatment specifically for
them. One ethical and intellectual property (IP) question that
arises is whether or not the drug company would, could, or should
“own” your genetic makeup in order to design a drug based on your
DNA. How would such a drug be priced, and do patients have the
same legal recourse against a drug company if the drug was designed
specifically for them?

42.5

Conclusions

Technology moves at a rapid pace, yet our governance structures
that are supposed to enable technology development, prevent
unintended risks, and provide economic development are struggling
to keep pace. If you take nanotechnology as an example, the
governance structure is a mishmash of regulations that varies from
country to country and, within those countries, agency to agency.
Too often special working groups that are formed to evaluate
and develop governance structures for the technology of the day
get lost in certain aspects of definitions and fail to recognize
the convergence and reoccurring issues surrounding new
technologies. Instead it seems, we continue to rehash the same
issues (environmental health and safety, ethics, IP, etc.) for
each and every new technology platform that is developed. The
questions and sometimes the answers don’t change but simply
the technology platform.
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43.1

From Nanoethics and Bioethics to Clinical
Nanobioethics

Medicine has been practiced since prehistory, and classic ethical
reflection (medical ethics) has remained practically unchanged
from the historical origins of medicine to the birth of bioethics. This
birth occurred in 1970 and 1971 after the publication of a couple
of works by Van Rensselaer Potter (even though the word appeared
in German in 1927 in a work by Fritz Jahr, the idea lacked
continuity).
On the other hand, the development of ethical reflection on
nanotechnology has been carried out during the second half of
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the twentieth century. The year 2003 can be considered the year
in which “nanoethics” was born. A number of key events concerning
nanoethics occurred during that pivotal year. On April 9, 2003,
the U.S. House of Representatives Committee on Science held a
hearing to examine the societal implications of nanotechnology
and to consider H.R. 766, The Nanotechnology Research and
Development Act. During Langdon Winner’s speech, a new kind
of professional was mentioned, the “nanoethicists” (those who
would deal with a new discipline, the “nanoethics”; the available
literature does not seem to support that the words “nanoethics” and
“nanoethicist” existed before this speech).
In June of 2003, a brief article commented on the desire of
the Congress to study the negative effects of nanotechnology [1],
again using the word “nanoethicist.” In October of the same year, a
workshop was carried out by the National Academy of Engineering,
the central topic being called “Emergent Technologies and Ethical
Issues in Engineering” [2]. Furthermore, during an analysis of the
nanotechnology ethics [3], fundamental reflections regarding
the status of nanoethics as well as specific areas which deserve
special attention (catalysis, molecular computing, nanomaterials,
military applications, space applications, biomedical applications,
energy, etc.). During the same month, the “International Conference
on Discovering the Nanoscale” was held in Germany, producing
a book that included two chapters on the topic. The first chapter
discussed several ethical problems that nanotechnology raises
[4], while the second included the word “nanoethics” and
described the possibility of a new discipline [5].
Finally, in December of 2003, the Third Session of the COMEST
(Commission Mondiale d’Éthique des Connaissances Scientifiques
et des Technologies) met and approached the topic of “ethics
and nanotechnology” [6] (UNESCO had already included the topic
in the agent during a meeting of the Committee of Ethics of the
Scientific and Technological Knowledge of the Year 2000 [7]).
Relating life and health sciences to nanotechnology generates
two possibilities [8]: “nanobiotechnology” and “bionanotechnology.”
There are publications that use the terms as synonymous [9], but the
distinction between them is relevant. “Nanobiotechnology” appears
in PubMed database in 2000 [10], whereas “bionanotechnology”
does not appear until 2003 [11]. The first term is much more
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common than the second is, though the use of the second term
would have been much more appropriate in many cases. A
simple definition of “bionanotechnology” is as follows: the use of
biotechnology in nanotechnology (the use of biological pieces for
different applications that cannot be directly related to biology;
some biological tools might be self-assembled structures, bioinspired materials, biomolecular electronics, etc.). On the other hand,
“nanobiotechnology” refers to the application of nanotechnology
to develop and improve of the processes and products of
biotechnology (in other words, it is the use of the nanotechnology
for specific biological applications as tissue engineering in
nanotemplates, etc.).
Therefore,
ethical
reflection
on
bionanotechnology
behooves “bionanoethics” [12], whereas ethical reflection on
nanobiotechnology behooves “nanobioethics” [13]. In other words,
nanobioethics studies the ethical issues of nanotechnological
application in biology. The following fields have been highlighted
as most important in this discussion [14]: human enhancement,
synthetic biology, nanomedicine, nanotechnology in agri-food,
and animal testing.
Nanomedicine is a very new discipline. The first citation in
the PubMed database that includes this word was made in 1999
[15]; it is also extraordinarily rare to encounter a prior reference
to that citation [16]. Even though the publishing of the first
detailed study of a medical nanorobot’s technical design by a peerreviewed and indexed journal occurred one year prior [17],
bibliometrics shows that the term “nanomedicine” is almost a
daughter of the twenty-first century [18]. Nanomedicine can
be defined as both the application of nanoscience to benefit a
patient [19] and as the medical application of nanotechnology
[20]. Nanomedicine would thus correspond to a particular form of
nanobiotechnology application in healthcare [21, 22]. It is indeed
possible to find broader definitions of nanomedicine [23, 24], with
many national organizations giving their own description (such as
the National Institutes of Health of the United States). Additionally,
some supranational organizations have provided definitions (such as
the European Science Foundation [25] and the European Community
through the European Technology Platform on Nanomedicine [26]).
Overall, it becomes clear that there is no standard international
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definition of nanomedicine [27], even though it likely encompasses
the largest set of interventions and advances to revolutionize
healthcare in the twenty-first century [28, 29].
As a result, if medical ethics is reciprocal to classical medicine
(in the same manner that bioethics is to contemporary medicine,
nanoethics to nanotechnology, bionanoethics to bionanotechnology,
and nanobioethics to nanobiotechnology), this chapter proposes
the use of clinical nanobioethics (a field of nanobioethics) to
analyze ethical issues in nanomedicine (understood as a specific
application of nanobiotechnology). The idea includes considering
aspects of both bioethics and nanoethics, since it is not possible
to approach the ethical issues generated by nanomedicine if we
rely solely on bioethics or nanoethics.

43.2

What Is (and What Is Not) an Ethical
Problem?

Identifying ethical problems is crucial if one is to adequately
analyze those problems. However, one must be careful to not raise
pseudo-problems (problems that are irrelevant to the true task),
which requires a couple of considerations.
First, there is a common nanotechnology [30] associated
with nanates [31] (nanomaterials or passive applications of
nanotechnology with relatively simple processing, which are
already on the market). Nanates are modern devices produced by
sustained innovations (discontinuous or transformational, and
continuous or evolutionary) whose regulation and public policy
have normative and institutional precedents. Second, there is
a futuristic nanotechnology [4] associated with nanites [32]
(nanomachines or active applications of nanotechnology with
complex processing, which are not yet marketed). Nanites, then,
are hypothetical devices that would be the product of disruptive
innovations [33, 34], therefore having no historical precedent
regarding potential public policy and regulation.
The ethical issues associated with common nanotechnology
are those issues which need to be confronted with the highest level
of urgency. Ethical problems arising from futuristic nanotechnology
are different, since the management of imagined future scenarios
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is not urgent. In fact, attention given to just probable futuristic
scenarios often uses time and critical resources to address
problems that may or may not arise.
UNESCO, addressing the issues of ethics and politics with
respect to nanotechnology, discusses in a specialized publication
some “Distractions—Ethical issues” that aren’t [35], and points out
that “Two recent discussions surrounding nanotechnology have
received a lot of attention when it comes to ethical or social
implications and risks: the so-called ‘grey-goo’ scenario and the
concerns about ‘post-humanism.’” An example of a problem not
mentioned by UNESCO is that of considering whether robots can
have rights [36] (assuming the existence of android robots with
artificial intelligence similar to humans). Another example of an
irrelevant nanobioethical problem concerns the possibility of
extending human life (to such a degree as eventually attaining
human immortality) [37].
For all the above reasons, UNESCO emphasizes that “if policymakers, elected and appointed officials, and non-governmental
and advocacy organizations can be convinced to look beyond these
two distractions, a number of other pressing issues present
themselves as being in need of serious discussion and creative
forms of policy and regulatory oversight. These include toxicity
and environmental hazard and exposure risks; labeling, consumer
awareness, and product regulation; intellectual property, secrecy,
and the reliability and legitimacy of international scientific
research; the potential for international scientific and technical
divides; and, most importantly, the promotion of uses for
nanotechnology that help solve the most pressing needs for the
greatest number of people.” One of these needs is healthcare and
nanomedicine in it.

43.3

A Foundation for Ethics: The Experience of
Obligation

A foundation for clinical nanobioethics is essential because,
without a foundation, one cannot determine whether an action is
ethical or not. A second reason why clinical nanobioethics needs a
foundation is that without a foundation, it is impossible to seriously
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discuss the ethical issues raised by nanomedicine. Third, an ethical
foundation allows humans to propose processes and procedures
that attempt to solve moral problems (a foundation without a
procedure is inoperative, and a procedure without a foundation is
a combination of ambiguity and frivolity).
This chapter proposes that it is possible to found clinical
nanobioethics on phenomenological philosophy. There are data
about which all humans can agree and use to determine how
human beings make moral judgments. This seems an adequate
proposal given the postmodern horizon in front of us. Thus, the first
reasonable and indemonstrable arguments (so that the system is
coherent) follow.
First, every human endeavor in the realms of philosophy
and science has a precedent in a pre-existing object of study:
Biomolecules precede biochemistry; drugs are prior to
pharmacology, etc. Yet, what existed before humanity’s ability to
develop “ethics” as a discipline (with theories, foundations and
subsequent procedures, etc)? We will refer to that “what” that
already existed as “moral experience.”
Second, what does the term “moral experience” truly mean?
According to the Spanish physician, philosopher, and bioethicist
Diego Gracia, moral experience is the experience of obligation
[38]. This type of human experience is a primordial, concrete,
individual, and irreducible datum (it is not possible to go beyond
such experience). Facts comprise all of the content of that human
experience; all statements about that experience are theoretical.
Moral experience is universal (every human being possesses it)
and imperative (in order to make and yet avoid specific behaviors).
All humans make moral judgments; all humans feel that they
are forced (by themselves) to do certain things, while simultaneously
feeling that they are forced not to do others. Specific actions
vary from person to person, yet the experience of obligation is
always present. All great religious leaders felt compelled to take
certain actions due to the basic human experience of obligation.
Moreover, all the worst tyrants throughout history felt compelled
to carry out different actions since they also possessed that
basic human experience of obligation. The quintessential ethical
question is thus revealed: What must I do? The answer will come
according to the content of the ethical problem. If all human
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beings feel compelled to carry out actions, the duty in each
situation is somehow made known.

43.3.1

Facts: Clinical Nanomedical Facts

“Facts” (from the Latin factum, past participle of facere) are data
that have actually happened or that are true. Human beings are
aware of facts through perception; stated more simply, facts are
perception data. Clinical facts are by no means an exception to this
rule. For example, a clinician can use X-rays to observe a fracture
(indirect perception), while a health professional can make an
incision to see the same thing (direct perception). In nanomedicine,
nanoparticles cannot be observed directly, but there are many
methods to observe them indirectly and follow their behavior.
In a more complicated manner, “facts” are the result of a complex
construction; they are the product of what is called “science.” In
order to affirm that “nanates are current devices” or that “nanites
are hypothetical devices,” the scientific method must be applied
in the field of nanomedicine. If a nanocarrier is useful in clinical
pharmacology, research, both preclinical and clinical, becomes a
necessity. Our discussion of facts as being based in data reminds
us that scientific facts are the product of an immense construction.
Human beings make judgments about these facts. Such
judgments are called “descriptive judgments” and are employed
in everyday life. Descriptive judgments follow a structure in
which “S is P.” If a person says that “today is a sunny day,” it is a
descriptive judgment, based on perception data. If a doctor says
“the patient is sick,” we still the same type of judgment, not only
with perception data, but also with the complex construction
made possible by the results of diagnostic tests (based, in turn,
on scientific and technological development). However, one must
remember to always be cautious. If we say on a daily basis that “the
day is beautiful,” or if we state that “the disproportionately low
possibility of developing nanomedicine in developing countries
is unfair,” an important observation can be made. First, these
judgments have the same structure of “S is P.” Second, these
judgments do not address perception data, for beauty and
justice are not perceived (not seen, heard, nor touched); they
are instead esteemed. Such realities are not “facts,” but “values.”
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43.3.2

Values: Not Merely Personal Beliefs

At times, human beings make judgments that have a descriptive
structure (“S is P”), yet which are not used to describe perception
data. We refer to such judgments as “value judgments.” Values
are not perception data (the senses are not useful in capturing
them). However, human beings have another ability, that which
is referred to as esteeming. The human brain not only perceives,
it also dreams, imagines, esteems, etc. Values are the product of
esteeming something. Following Moore’s rule, it is possible to
affirm [39] that values are those that, were they to disappear; the
world would lose something important. What would the world
be without beauty, justice, or health?
The word “value” has been used extensively yet analyzed to a
far lesser extent. It is often thought that values are subjective or
the result of personal beliefs, but arriving at such a conclusion
is a huge mistake. If I esteem something as beautiful and doing
so were merely subjective, no one else would esteem it in the
same manner. However, when several human beings appreciate
that a buckminsterfullerene is beautiful [40], it is clear that the
conclusion is more than purely subjective, but rather intersubjective [41]. If I state that a certain molecule is beautiful, it
does not mean that the molecule is beauty in and of itself; rather,
“beauty” is an attribute that the molecule possesses. Therefore,
“beauty” has certain degree of objectivity. Therefore, facts (as
evidenced by the example of the molecule) serve to support
values. Values are not “floating” around in human subjectivity, but
are instead “hanging” from the facts that support them. In other
words, one cannot esteem without perceiving.
At first glance, values seem to be weaker than facts, yet it is
impossible to doubt the great strength and importance of values.
Human beings have given life or taken it from their neighbors
in the name of values, not facts. Human beings build their projects
and dreams with values, so it is no wonder that ethical problems
arise when values are in conflict [42]. Testing a nanoparticle with
pharmacological properties or testing a nanocarrier is valuable,
since society could benefit from another useful molecule in
the therapeutic arsenal. Protecting human health in particular
(those who participate in a clinical trial) and protecting health in
general (all citizens, through nanotoxicity controls, environmental
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protection, etc.) is also valuable. These values conflict during
nanomedical research, thus generating ethical problems. The
study of values is performed in a philosophical discipline called
“axiology”; therefore, it is necessary to elaborate on the specificity
of ethics: duties. We will now assume that the ethical question
par excellence is “what must I do?” The mere existence of the
question indicates that the problem likely has some type of
solution. People usually think about ethical problems as dilemmas
(a choice between only two possibilities); dilemmas often prove
useful in the theoretical study of ethics. Nevertheless, in the real
world, human beings face ethical problems (a choice among
many possibilities).

43.3.3

Duties: Always the Same

The third moment of moral experience is duty. Therefore, there are
three momenta: facts, values, and duties. Human beings process
the three kinds of information at the same time: facts through
sensation and perception, values through esteeming, and duties
through construction. Since there is no separation of the three
in the real world; there is no time preference concerning facts;
this is merely a didactic way showing how duties “appear.” Ethics
specifically addresses duties; a widespread misconception is that
ethics addresses values, yet this is not so, at least not directly.
Duties require the attainment of values and are subsequently
supported by them. There is a duty to do research, just like there
is a duty to protect human subjects participating in research or
those who might benefit from it. We must now grapple with a
problem: By esteeming the value of research, human beings desire
to propel scientific investigation ever forward; however, it is
impossible to conduct research that satisfies all values. Values are
like a guide to reach an ideal world; they offer what “should be.”
Values are something unreal that people try to attain in the real
world. Yet in everyday life in a world composed of facts, every
human being looks for what “must” be done in each case (and
therefore a clinical trial may be suspended or not even allowed to
start). A value must frequently yield a bit to another value. Such
yielding will eventually be the content of the moral experience of
obligation in a particular case. This is not relativism, but rather
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an attempt to produce in the real world the utopias traced by the
complete and absolute attainment of values. Ethics looks neither
for the good (as Aristotle said in the Nichomaquean Ethics [43])
nor for the better (as the Spaniard Julian Marias thought [44]);
ethics instead seeks the best (as the Spaniard Diego Gracia has
widely defended). As an example, research on nanomedicine is
a group of facts and supporting values that might be attained
through duties. Should research on nanomedicine be carried out?
Certainly. Should it be done at any cost, under all circumstances?
Certainly not. We therefore conclude that it is necessary to
evaluate every concrete case.
Values are always required if we are to arrive at duties, so
values are the support system of duties. Only in this sense can
ethics treat values: through duties. Duties always demand the
achievement of values [45].
Unfortunately, humans do not have the aptitude to achieve all
values in a full, complete, and absolute way; people are therefore
forced to make value choices by preferring one value to another
every time are faced with a values conflict. The search for the best
attempts to achieve values in a complete manner, yet such a task
is not feasible. This leads to a significant paradox found in every
human being: Every moral life is frustrated because no one does
everything that he or she “should” do, even though the individual
always does everything that he or she “must” do. This paradox is
called the “moral gap” [46].
Axiology has studied some characteristics of values,
classifying them into two groups. The first corresponds to
instrumental values, which are values serving to arrive at another
value. Examples in health care are everywhere: Any device used
to establish a diagnosis or to provide treatment (all drugs!) is
an instrumental value. They are such since their value is not in
and of themselves, but because they are valuable to obtain
another value that stands by itself: health. From this perspective,
nanotechnology corresponds to a complicated universe of
instrumental values [47].
The second group includes intrinsic values, which are
valuable by themselves; the best example for those involved in
health care is health. According to the World Health Organization
(WHO), “health is a state of complete physical, mental, and social
well-being and not merely the absence of disease or infirmity.”
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The definition has not been amended since 1948. A deeper
explanation of the usage of the word “well-being” could be given,
but this is neither the time nor the place. Rather, need now is to
fundamentally define “health” by a value (wellbeing-discomfort).
This wellbeing, as a value, is supported by facts (of biological,
psychological, and social nature, at least according to the
definition). The duty of everyone, particularly that of healthcare
professionals as experts in knowledge of the health-disease
process, is to achieve the value of health both in general and
in specific areas (such as mental health, reproductive health,
sexual health, etc.).
Axiology has also shown that values have a hierarchy. From
lowest to highest in this hierarchy are material, vital, and spiritual
values. This hierarchy is based on the kind of support of each
value. Material values are supported by everything having matter
(big-small, expensive-cheap); a gemstone and a grain of sand
support this kind of value. In healthcare, there are many material
values, as has already been mentioned (they are also instrumental
values since they are serve to arrive at intrinsic values, such as
health). In fact, nanites and nanates both correspond to material
values.
Vital values are supported by everything having life (lifedeath, health-disease, pain-painless); the reality called “stone”
supports material values, but not life values. On the other hand, the
reality called “guinea pig” support material values (it has matter)
and life values (because it is composed of living matter). A stone
cannot get sick; however, a guinea pig can certainly be expensive
or cheap.
Spiritual values are supported by human life (sacred-profane,
right-wrong); in other words, only human realities can support
spiritual values. It is crucial to identify the uniqueness of human
beings (they have matter) and then support material values (bigsmall). They have life and therefore support life values (healthdisease, life-death, pleasure-displeasure). Finally, humans possess
something peculiar, something unique, which allows them to
support spiritual values.
A fact usually supports many values, and values in turn
support specific duties. The question for every human being now
becomes the following: What must everyone do in each situation?
According to previous exposition, to attain a value, a person must
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do all. Is it possible to properly implement all values and do so
in a complete way? Clearly not. There are several difficulties:
There are usually problems in achieving a value to the furthest
degree of completeness (this is the reason for the existence of
war, disease, and death, and thus, in the real world, there are antivalues everywhere). Another difficulty is the impossibility of fully
exercising all values simultaneously. Moral responsibility partially
consists of choosing which values to put into practice, the order
in which they are achieved, and to what extent each value should
be utilized.

43.4

A Methodology to Propose Solutions for
Ethical Problems: Deliberation

Gracia suggests that moral deliberation is the methodological
counterpart to the foundation exposed prior. The proposal is as
follows: To recommend a solution for a value conflict (an ethical
problem), people must deliberate. Gracia has studied deliberation
as both a process and a procedure [48–50]. Gracia mentions three
ways of understanding deliberation as a process: one in a general
sense and two in a specialized sense. Within the specialized sense,
the two ways of understanding deliberation are the improper
(or Platonic) and the proper, or strict, way (Aristotelian) [51].
In a general sense, the English definition of “deliberate” is “to think
or consider carefully and fully; especially, considering reasons
for and against a thing in order to make up one’s mind.”
Deliberation also refers to the “consideration and discussion of
alternatives before reaching a decision” [52].
Deliberation is a method of knowing [43] and is used in
practical reasoning (other kinds of reasoning do exist). The aim
of deliberation is to gain knowledge for proposing solutions to
specific problems; therefore, deliberation must evaluate the context
and consequences that can be foreseen. Deliberation always
concerns the future. Deliberation is contingent; therefore, it is
always affected by uncertainty. The human mind searches deeper
for reasonable solutions in situations of uncertainty, instead of
for categorical statements. Deliberation shows that possible
solutions to a problem are manifold, provided they are based on
the strongest reasons given in the best arguments. Deliberative
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reasoning is the world’s “opinion”; every human being who
deliberates can and must express his or her opinions. The best
view, the possible solution to a problem, will be the view supported
by arguments high in both quantity and quality. Anyone has the
potential to be right, but nobody is ever absolutely right; two
individuals will always have different knowledge of and perspectives
on the same problem. Deliberation is a radically democratic
procedure [53].
Since the days of Aristotle, the language of ethics does not
employ demonstrations or apodictic arguments; instead, its
language uses dialectics with probabilistic arguments. The
expression of opinions through dialogue is an exchange of reasons
that aspires to be prudent, but not certain. Demonstrations and
certainties do not exist in ethics (nor can they exist) because human
actions are not always the same. Ethics does not seek certainty or
truth, but prudence.
Moral decisions in reality attend to both reason and emotions.
To deliberate properly, one must analyze reasons and emotions.
Moral decisions cannot be prudent if they are purely rational or
purely emotional. Prudence, then, does not follow apodictic truth
(like mathematics), but instead behaves like dialectical arguments
(rational) and rhetorical arguments (emotional) when both are
used properly.
Human beings must assume that human reason is not, nor
can it be, “pure.” When human beings seek prudence, and not
certainty, they risk the possibility of making a mistake [54].
Prudence consists of rational decision-making in the presence
of uncertainty [55]. The process of globalization has steered the
world toward multiculturalism and moral pluralism, so much
so that deliberation is becoming an obligation in contemporary
society concerning ethical and political processes [56]. Does this
mean that deliberation will always be possible? No. It means that
there is a moral obligation to deliberate. Deliberation presupposes
dialogue, giving way to many implications. One implication is the
need for equity among speakers. In other words, if it is not possible
to deliberate, human beings must create conditions that ultimately
make proper deliberation possible. Obviously, this does not
occur in the real world, but ethics has never been concerned with
what happens, but with what should happen.
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43.4.1

Facts: Non-Moral Deliberation about Facts

Every human being continuously deliberates about facts. A
non-specialized daily fact might concern overtaking a car: It is
necessary to postulate arguments for and against such action,
find the best solution among the possible arguments, etc. A
specialized fact requires deliberation: When a physician establishes
a treatment, deliberative analysis is required. In other words,
there are non-moral deliberations.
It is necessary to specify that there are no “pure” facts since
there are no facts unrelated to values. The work of David Hume
gave birth to the belief that facts could be isolated from values [57].
The idea of “pure” science is its maximum expression. In “pure”
science, scientists would work with only “pure facts.” However,
the dichotomy between fact and value has collapsed, and today it
seems clear that is not easily sustainable. It is possible to analyze
proposals made by Hilary Putnam [58] to see how “pure facts”
are difficult to sustain. Facts always support values.
It is not acceptable to say nowadays that nanomedicine is
“good” or “bad” (a common mistake). One must always remember
that facts, simply put, are perception data; in a complex fashion,
facts are the product of an immense construction. Anything
that can be said about nanotechnology, nanobiotechnology, and
nanomedicine as “fact” is indeed the result of a huge construction.
The legitimacy of these theoretical constructions has been
demonstrated by the consensus of what is considered “scientific”
or not. In addition, Gracia has emphasized that one of the great
contributions of bioethics (as a model of applied ethics) to ethics
in general is its careful analysis of facts. Science and morality are
based on facts, but not exclusively on them; furthermore, science
and morality are not based on facts in the same manner. It is
impossible at present to avoid rigorous analysis of facts before
analyzing values and duties.

43.4.2

Values: Moral Deliberation and Constructivism
of Values

Another clarification is that values are not “pure,” that is to say,
that there is no abstract essence or quality detached from world
events, which are immovable and unquestionable. This line of
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thinking was used in all of the work done using phenomenological
axiological objectivism, with Max Scheler [59] and Nicolai
Hartmann [60] heading the philosophical reflections. Today,
virtually no one, with the exception of some individuals in certain
religious circles, accepts this objective way of understanding
values, [61]. Hereby, values are also constructed; values also
correspond to huge constructions. Friedrich Nietzsche [62] saw
this clearly. Of course, we do not arrive at these constructions
arbitrarily since there are facts in the real world supporting
values. In other words, saying that not everyone shares the same
understanding of “beauty” does not negate that everyone can value
a fact as beautiful. Facts are made by consensus and values are
constructed through deliberation (personal and collective).
Besides this value construction through deliberation, there
are value scales that are the product of social construction. Social
groups (societies) discover values in a historical form, while social
options construct the scales shared by the majority of citizens.
Overall, there is a multitude of possible solutions to an ethical
problem, and there will not necessarily be only one potential
solution all cases. It is possible to prefer a value according to the
Scheler’s hierarchy criterion [7] or based on Hartmann’s strength
criterion [22]. It is possible that choosing a value could be
correct in one social group, yet incorrect in another. All values
must be properly attained, but this attainment depends on the
context.
Now, are some values purely instrumental or purely intrinsic?
The answer is no. One of the most common criticisms of value
theory states that intrinsic values are not really intrinsic since
they are instruments to achieve other values. For example, health
is important to hold a job and then to obtain money. However,
even if an individual has neither job nor money, health is still
important and valuable (a value). All intrinsic values have in
varying degrees an instrumental dimension. This does not disqualify
them from being intrinsic values; rather, this demonstrates
that reality is far too complicated to be explained in a simple
manner.
All of these factors contribute to deliberation’s being a
complex process. Human beings need to construct ways to choose
which value will be given precedence (and to justify the decision).
A criterion proposed by Scheler is the hierarchy: Higher values
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are
more important than lower ones. Using this approach, a
Jehovah’s Witness could choose his or her religious value (sacredprofane) instead of the vital value of life (life-death) when he or
she refuses a transfusion. In life-threatening circumstances, the
patient dies. Does it make sense that in order to save a religious
value one must disregard a vital value? (Also, when the human
being dies, the support of religious value is lost, regardless of its
superiority). Hartmann proposes another criterion, strength;
material values are stronger than life and spiritual values for
the mere fact that they support the rest. Therefore, if a Jehovah’s
Witness chooses to save his or her life by temporarily sacrificing
a religious value (which would have to be reconstructed later in
life), he or she does not commit any immoral deed. This is simply
a different criterion, and its use depends on the circumstances.
This has important implications for clinical nanomedicine.
It is not permissible to suggest that, on behalf of life in general or
human life in particular, nanotechnology development be halted
just because it is principally a group of instrumental values.
Similarly, an absolute development of nanotechnology is not
possible if its origins severely conflict with higher values (vital
or spiritual). In procedural matters, it is not possible to believe
that privileged human reason will produce a final answer (the
“experts”). Ever since Aristotle, prudence remains crucial in these
issues, thus leading to the final criterion for choosing one value
over another (understanding that the delayed value should also
achieved, though it is delayed in time). That criterion consists
of prudence, is reasonable, and is not purely the result of the
dichotomy strength or hierarchy.

43.4.3

Duties: Moral Deliberation and Constructivism
of Duties

Duties are not “pure” either. At present, a code of ethics or practice
has no reason to exist without the attainment of values supported
by facts. The carrying out of duty through mere duty is a goal of
idealism, untenable today. Of course, such thinking does not fall
into the “naturalistic fallacy” (Moore called the unjustified step
from “is” to “must” use this term [37]). An enormous mistake is
made if we derive duties directly from facts without any mediation.
It is instead suitable to establish the connection between facts
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and duties through values. Today, it would be illusory to claim that
the ethical problems arising in clinical nanomedicine will be
answered by applying a code of ethics only.
As a consequence, it is possible to propose a sequence of
analysis to propose solutions for a clinical nanobioethical
problem (clinical activity is done “in patient’s bed”; kline means
“bed” in Greek). The procedure would be as follows:
(1) Deliberation about nanomedical facts: (a) Presentation of
the case problem by the person responsible for making
the decision. (b) Discussion of clinical nanomedical facts
based on one’s medical record.
(2) Deliberation about values: (a) Identifying moral problems
that arise. (b) The person responsible for the patient chooses
the moral problem that concerns him or her and that he or
she wishes to analyze. (c) Determining that values are in
conflict (at least the two fundamental values in conflict).
(3) Deliberation about duties: (a) Identifying extreme courses
of action (to totally damage one value in order to attain
another; the solution for a “dilemma,” which is unreal).
(b) Identifying middle courses of action (avoiding damage to
inferior values, trying to achieve superior value; this suggests
trying to attain all values, even those with time disparities;
the possible solutions for “problems,” thus real solutions).
(c) Identifying the best course of action (that which causes
the least amount of damage to values and simultaneously
attains values in the best way).
(4) Deliberation about responsibilities: (a) Decision control
consistency: time test (“would you arrive at the same
decision in a few more hours or a few more days?”), publicity
test (“would you be prepared to defend it publicly?”), and
legality test (“is this decision legal?”). (b) Making the final
decision.
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44.1

Perspective: A View from Outside the Box

Nanotherapeutics and nanopharmaceuticals encompass smallscale technologies and system approaches that could achieve and
facilitate earlier and more precise individual diagnosis, improved
targeted therapies (eliminating side effects) and enhanced
therapeutic monitoring [1, 2]. It is the global consensus that
these technological developments are enabling instruments for
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com

1082

Nanomedicine

personalized and targeted medicine that could address the grand
challenges of chronic diseases in an aging population [3, 4]. It is
therefore, expected that these approaches could enhance quality
of life, support a healthier more independent aging population, and
be instrumental in improved cost effectiveness in health care.
In April 2006, Nature Materials estimated that 130 nanotech-based
drugs and delivery systems were being developed worldwide [5].
Today, this list extends to a few hundred companies with many
potential products in preclinical and some in early phase human
trials. Indeed, the global research into targeting of drugs, biologics
and diagnostic agents via intravenous and interstitial routes of
administration with multifunctional nanoparticulate entities and
nanoconstructs, is at the forefront of translational nanomedicine
research. However, the biological performance of many potential
nanotherapeutics still requires optimization, and today the
complex nature of such entities makes nanomedicine research and
development challenging [2]. Sadly, there are too many promises
with enabling technologies and multifunctional systems that are
rarely delivered and eventually replaced by new promises [3, 6, 7].
It is essential to identify and translate realistic opportunities offered
by understanding the pathophysiological processes for the design
and engineering of efficient and safe nanomedicines that can
truly enhance benefit-to-risk ratio [8]. This is in contrast to the
overwhelming increase in the practice of empirical approaches
that tend to find exaggerated in vivo biomedical applications for a
broad range of emerging and poorly characterized multifunctional/
hybrid entities and often non-biodegradable nanomaterials
(e.g., carbon nanotubes, quantum dots, graphene oxide, certain
metallic nanoparticles) [9–11], which have raised toxicity and
safety concerns [1, 3, 6, 12–15]. After all, nanotechnology should
address the needs of clinical therapeutics, pathology, and safety
challenges, while concomitantly considering pharmaceutical
viability and manufacturing issues. Therefore, it is imperative that
nanotherapeutics must be structurally simple with attributes that
will allow for production of an affordable, viable (e.g., considering
scaling up and GMP) and clinically acceptable pharmaceutical
formulation that pays careful attention to purity, drug loading
capacity, drug release profile, stability, reproducibility, etc. Most
of these requirements hardly fit with many emerging and poorly

Perspective

mastered nanomaterials [9–11]. For the most advanced but simpler
nanotherapeutics (e.g., liposomes and certain classes of polymeric
nanoconstructs), we are still in need of establishing a better
understanding of the interdependency of nanoparticle size, shape,
and surface characteristics to interfacial forces, disease stage,
controlled drug release, excretion, and possible adverse effects.
Nevertheless, it is too early to suggest that nanotechnology could be
a real game changer, at least within the pharmaceutical and
therapeutics arena. Current evidence is more in favor of
nanotechnology changing the life cycle of select, limited therapies
[1]. Materials scientists and the nanotechnology community rarely
address these issues; their focus is purely based in extolling the
virtues of their own favorite nanosystem for demonstrating the
proof-of-concept and often in models irrelevant to the human
disease in question [9–11]. In many attempts a slight selectivity
in organ uptake (and an acute pharmacological effect) of a “fancy”
nanomaterial is heralded as “targeting” and “therapeutic success”
even when less than 1% of the administered dose reaches the
desired site. Clearly, this poses a question concerning the fate
of unaccounted material.
Unfortunately, political forces, together with market directions,
are predominantly shaping the future of nanomedicine:
Example 1: One example is cancer, where massive investments
have been made for the development of anti-cancer nanomedicine,
which has been rationalized on the basis of the enhanced
permeability and retention effect seen in experimental animal
models [6]. The majority of these developments, however, have
led to disappointing therapeutic efficacy and incremental clinical
success [6, 16]. In spite of these setbacks, there is an increasing
number of forced efforts to combat cancer with a variety of
alternative nanomaterials of different functionalities, but the
same principles and perceptions still operate. Here, anti-cancer
nanomedicine research and development has become the victim of
narrative fallacy and epistemic arrogance [17, 18].1 This is defined
as vulnerability to over-interpretation and over-estimation of what
we know, leading to underestimation of uncertainty. Cancer is a
1“Narrative fallacy and epistemic arrogance” is a term introduced by Nassim
Nicholas Taleb (University of Massachusetts at Amherst) in his book “The Black Swan”,
Second Edition, 2010, Penguin Books, London, England.
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complex heterogeneous disease [19]; engineering of effective and
safe anti-cancer nanomedicines requires a far better understanding
of integrated pathophysiological processes in relevant models,
which includes systems immunology, that modulate human tumor
functionality and growth [17, 18, 20]. Accordingly, we are in need
of a paradigm shift in combination treatment/targeting strategies
that simultaneously augment the antitumor immune responses,
and overcome immunosuppressive pathways. This does not
necessarily mean that nanoparticles should deliver drugs and
modulators to cancer cells [17, 18].
Example 2: Another example is the projected figures from
the European Technology Platform in Nanomedicine (ETPN)
Report [21], which predicts that by 2020 nanoformulations
comprising biopharmaceuticals will dominate the market over
nanopharmaceuticals of smaller drug molecules. To the best of
our knowledge, successful formulation development and clinical
outcomes with nanoformulations of therapeutic biomacromolecules
are scant to support the predicted figures of ETPN; the most
successful nano-package attempts in the development pipeline
is still based on small drug molecules, which will most likely
dominate the market in years to come. Surprisingly, the ETPN
predictions have ignored not only the challenges surrounding the
pharmaceutical attributes of the formulation but also the biological
barriers en-route to the target. The blood–brain barrier (BBB)
serves a good example of the latter. Current attempts in crossing
the BBB are based on surface functionalization of nanocarriers
with brain cerebral capillary endothelial cell-specific ligands [22].
However, the avidity of the systems described to date is still poor
to surmount the BBB. We are still in need of fundamental studies
to improve the avidity of the engineered nanosystems with correct
pharmaceutical attributes for the desirable targets. If these can
be achieved, then biological barriers themselves may serve as
targets for selective therapeutic interventions. For instance,
neurovascular dysfunction is an integral part of various
neurological disorders, and changes in the vascular system of the
brain may significantly contribute to the onset and progression of
dementia and to the development of a chronic neurodegenerative
process [23, 24]. Accordingly, nanomedicine interventions may
focus, for instance, at the level of brain capillary endothelial cell
to selectively modulate multiple molecular targets that are known
to aid pathogenesis of Alzheimer’s and Parkinson’s disease [23, 24].

Creative Yet Realistic Path

These approaches will also overcome limitations associated
with drug translocation across the BBB.
Example 3: The oral route for delivery of pharmaceuticals is the
most widely used. However, the ability to deliver orally administered
nanopharmaceuticals across the intestinal epithelium is hampered
by numerous anatomical barriers that make nanoparticle passage
across the gut epithelium to lamina propria and beyond a daunting
task [25]. Overcoming these barriers would not only increase the
range of oral formulations in terms of improving drug solubility,
drug stability and bioavailability but also open doors to treating
many chronic conditions that require frequent dosing. A promising
approach, but still with its limitations, was exploitation of neonatal
Fc receptor (FcRn) for transepithelial transport of immunoglobulincoated therapeutic liposomes (for insulin delivery) with proven
systemic effect demonstrated by Patel and Wild [26]. Twentyfive years later, Pridgen and colleagues [27] exploited the same
principle to target FcRn with Fc-tagged polymeric nanoparticles
for insulin delivery and yet heralded their study as first to
successfully deliver drugs to the systemic circulation with orally
administered nanoparticles. The work of Patel and Wild [26]
was classified as drug delivery in the past century without the
use of “nano” suffix, and sadly ignored. Surely, we are still in need
of integrated approaches for nanopharmaceutical design and
improvement, but nanomedicine should not reinvent the wheel.

44.2

Creative Yet Realistic Path

Nanomedicine research has increased and will increase our
fundamental understanding of dynamic and integrated multicellular events pertaining to controlled recognition and processing
of nanoparticles and their biological performance [1]. Many
nanoparticles are even beginning to act as functional tools for
modulating and monitoring intracellular functions, thus enhancing
our understanding of interrelated processes that contribute to
pathogenesis of many diseases [1, 2]. However, there are recent
reports of exaggerated claims of nanomedicine engineering and
interpretation of their functionalities [28, 29] which still ignores
fundamental biology [30]. The reports and market projections
that prematurely focus our time and investment more on
latter stages of product development and yet at the same time
ignore fundamental research into better understanding of the
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interactions of nanoparticles with the immune system as well as
detailed mechanistic studies only lead us onto the wrong path.
From a therapeutic angle, nanomedicine is still in infancy, yet
through careful and systematic approaches, and by addressing
outstanding methodological gaps [2, 3], innovative therapeutic
platforms with correct pharmaceutical attributes will emerge
that will add realistic and fundamental value to medicine and
healthcare.
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45.1

Introduction

The increasing convergence of biology and the physical sciences
is one of the most exciting intellectual currents of our times.
The nascent field of nanomedicine exemplifies this trend since it
brings advances in chemistry, physics, and materials science to
bear on the diagnosis and therapy of disease. Utilizing materials
on the scale of 100 nm or less allows exploitation of novel physical
and chemical properties that do not exist on the macroscale [1].
The exceptional optical, electrical, mechanical and chemical
behaviors of nanomaterials should impel the creation of many
new technologies for the ultrasensitive detection of key biological
molecules, for greater precision in imaging diseased tissues,
and for potent nanoparticle-based therapeutics. These exciting
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com
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prospects have evoked much discussion about the presumed
revolutionary impact of nanotechnology on biomedical research
and clinical practice, and have already attracted hundreds of
millions of dollars of funding in support of nanomedicine. It
remains to be seen, however, whether this unbridled optimism
is fully justified. In both the scientific literature and the popular
press, a number of concerns have been raised about the growing
impact of nanotechnology. This ranges from questions about
harmful environmental or health effects of widespread use of
nanoparticles [2, 3] to a growing literature on the ethical, legal and
social implications of nanomedicine [4, 5]. This chapter, however,
will focus on a different type constraint that may limit the rapid
evolution of nanomedicine, namely problems with the internal
intellectual culture of the field that result in miscommunication
between researchers and with the public.
Despite the exciting advances mentioned above, a realistic
view of the future of nanomedicine should include consideration
of some of the factors that may slow or limit its development.
In his famous “Two Cultures” lecture at Cambridge in 1959, C. P.
Snow evoked the growing gap between the sciences and the
humanities. An analogous cultural gap seems to pervade the domain
of nanomedicine. This relates to the difference in mindsets or
intellectual cultures between the technologists and biomedical
scientists who inhabit this field. Thus, the chemists, physicists,
and engineers who design and produce nanomaterials and
nanodevices are trained to deal with physical systems, essentially
with machines. Clearly many modern machines are extremely
intricate, but in terms of complexity even a jet airliner or a
supercomputer pales in comparison to the human body. Once
built, machines do not change the way they function and their
behavior is predictable by the mathematical equations used by
their designers. Not so with biological systems, which have innate
capacities to adapt and change and whose behavior has yet to be
described by predictive mathematical models. These fundamental
characteristics of biological systems present difficult conceptual
challenges to physical scientists. On the other hand, biologists
who study living systems are comfortable with their complexities,
but they are often uncomfortable with, and indeed unable to use,
the quantitative tools used to describe and manipulate physical
systems. Since nanomedicine is inherently a multidisciplinary
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field, there is inevitably a mismatch of mindsets and intellectual
cultures between the technologists and the biologists.

45.2

Nanomedicine and the Communication
Issue

As with many exciting fields of research, nanomedicine has emerged
from synergisms between highly divergent scientific disciplines.
On the technology side it draws heavily on chemistry, materials
science, and engineering while on the biological side molecular
biology, pharmacology and pharmaceutics all contribute to
nanomedicine’s emphasis on therapeutic applications. In order
to attain true mastery of the entire field of nanomedicine a
researcher would need a breadth and depth of expertise that
encompassed both the quantitative approaches of the physical
sciences as well as detailed knowledge of complex biological
systems. No doubt a few extraordinarily talented researchers have
attained this level of mastery. However, they are clearly exceptions
to the more typical situation in which technologists and biological
scientists, each with a limited understanding of the other’s field,
seek to collaborate in nanomedicine research. There are both
opportunities and problems associated with this type of
collaborative scenario. Interactions between investigators from
different disciplines can be very productive, even synergistic.
However, there are also many opportunities for miscommunication; the participants literally do not speak the same language!
One type of problem that often arises concerns matching the nanotechnology appropriately to the biological/medical issue that is
being addressed. Misperceptions by both biological and physical
scientists can contribute to significant mismatches between
means and goals.
One aspect of the problem might be termed the “muddled
headed biologist” factor. Many biomedical scientists are ill
equipped to quantitatively understand the physical and chemical
principles that underlie nanotechnology. Thus, they fail to grasp
the capabilities or, perhaps more importantly, the limitations of
the nanomaterials or nanodevices that they receive from their
technologist collaborators. For the most part, biological scientists
cannot incisively critique the assertions of their physical science
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colleagues. If a nanotechnologist claims that a nanoparticle or
nanodevice will have certain properties, the biologist does not
have the intellectual tools to meaningfully question or rebut those
assertions. Thus, to the biologist, nanotechnology acquires a
“magical” aspect and its claims are accepted on faith rather than
validated by insightful scientific dialog.
Perhaps an even more critical problem is the tendency of
physical scientists to try to impose mechanistic simplicity on the
inherent complexities and redundancies of biological systems.
Most physical scientists lack both the time and the inclination
to grapple with the overwhelming amount of detailed information
in the biomedical literature. Thus, technologists tend to naively
seize upon simplistic half-truths about living systems and then
base their nanotechnology approaches on these half-truths. This
can result in a great waste of time and energy since the technology
employed is then not appropriate to the biomedical problem
being addressed.
To illustrate this point, I will discuss an important biological
finding that has unfortunately become an overused cliché in the
nanoparticle drug delivery arena. This concerns a phenomenon
termed the enhanced permeability and retention (EPR) effect [6].
Growing tumors develop a blood supply by secreting angiogenic
factors that cause existing blood vessels to send new offshoots
into the tumor. Indeed anti-angiogenesis has become a major
strategy in therapy of certain cancers [7, 8]. The newly developing
intra-tumor blood vessels are “leaky” as compared to normal blood
vessels; further tumors usually have poorly developed lymphatics
and are thus impaired in terms of removal of material from the
tumor. These two aspects are the basis of the EPR effect. In theory
nanoparticles that are too large to exit the bloodstream in normal
tissues will be able to leak into tumors and be retained there,
thus providing selective delivery of therapeutic agents to the tumor.
A plethora of studies with nanoparticles have been predicated on
the universal presence of a strong EPR effect in tumors; indeed
this has been termed “a royal gate for targeted anticancer
nanomedicines” [9]. In contrast to this simplistic notion, however,
the reality is far more complex. Although leaky vessels and strong
EPR effects have been observed in rapidly growing xenograft
tumors in mice, the situation is quite different in many spontaneous
animal tumors and in many slowly growing human tumors. Thus,
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tumor blood vessels tend to be very heterogeneous and not all
are leaky [10]. There are also multiple factors that work against
the facile delivery of therapeutic nanoparticles to tumors. These
include increased intra-tumor fluid pressure (due to reduced
lymph drainage) that can retard the flow of nanoparticles from
the blood into the tumor, as well as extensive extracellular matrix
that can hinder the diffusion of the nanoparticles within the
tumor [11]. Thus, one would expect a limited and heterogeneous
delivery of nanoparticles to typical human tumors rather than
the universally effective EPR-mediated delivery projected by
some nanotechnologists [12]. The point of this analysis is not to
undermine the importance of the discovery of the EPR effect;
it clearly is a major aspect of the biology of many tumors.
Rather the intent is to illustrate the propensity of some
nanotechnologists to over-simplify and over-generalize complex
biological realities.
A second aspect of the communication issue concerns the
relationship between researchers in nanotechnology and the
public. The field of nanomedicine represents a premiere example
of the emerging coalescence of the physical and biological sciences
that will clearly create many new concepts and technologies.
Thus, it justly deserves the great interest and excitement it has
generated in the scientific community and among the public.
However, this enthusiasm should not blind us to the many
problems to be overcome before nanotechnology can truly become
a valuable part of medical practice. Unfortunately there is a certain
amount of hubris among leaders in the nanomedicine field.
These individuals should exercise more restraint and not overpromise concerning the impact that nanotechnology will have
on healthcare, or the rapidity with which those changes will come
to pass. Failure to communicate in a more realistic manner will
lead to disappointment of the public and its political representatives
and ultimately to loss of support and funding for the field.
A substantial portion of federal support for nanomedicine has
come through the funding of large research centers of excellence
by the National Institutes of Health. These large pools of money
have been effective in inducing physical scientists to enter
disease-oriented research and to establish collaborations with
basic and clinical biomedical investigators. However, it seems fair
to say that there has sometimes been considerable inefficiency
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in utilizing these large financial resources because of poor
conceptualization and communication between technologists and
biologists that has led to misguided projects. In these centers of
excellence there has been great emphasis on rapid translation of
nanotechnologies to the clinic. This is a laudable goal, but it ignores
the fact that much basic research is still needed concerning the
interactions of nanomaterials with living organisms. The longrunning controversy over whether carbon nanotubes are toxic
or not [13] is but one of many examples of the dearth of key
basic information. Seeking translation to the clinic without fully
understanding fundamental interactions of nanomaterials with
biological systems is potentially a risky course of action. Much
of the work coming out of these large research centers involves
the generation of new technologies. While this is certainly
important, as discussed above, poor communication between
technologists and biomedical scientists sometimes leads to
“solutions in search of a problem” rather than technologies that
realistically address clinical issues. The nanomedicine literature is
replete with publications that describe clever, elegant innovations
in nanotechnology accompanied by glowing projections of
therapeutic or diagnostic utility. However, when one follows these
technologies over time, the observation is that many of them fail
to move forward toward practical utilization. In this period of
intense competition for research funding it is natural for
investigators to cast their work in the best possible terms.
However, over the long run this can backfire as promises are not
fulfilled.
A major issue for the field of nanomedicine remains its highly
multidisciplinary nature that requires the collaboration of both
physical scientists and biological scientists. In order for those
collaborations to be truly productive there needs to be better
communication between practitioners of both disciplines. Thus,
physical scientists and engineers working in nanomedicine must
develop a more sophisticated understanding of the complexity,
redundancy and adaptability of living organisms. Conversely
biomedical scientists need to grapple with the quantitative physical
and chemical principles that underlie nanotechnology. Ultimately
perhaps the best course will be to train a new generation of truly
interdisciplinary investigators with strong grounding in the physical
sciences accompanied by deep and broad training in biology.

Conclusions

45.3

Conclusions

Nanomedicine is an exciting and potentially important new
field. However, progress in this area could be impeded by poor
communication between the technologists and the biologists who
are both vitally important to its development. In the short term,
both groups need to attain more sophisticated understandings
of the complementary area of research. In the longer term, a new
generation of scientists must be trained who will be facile with
both the quantitative methods of physical science and the
complexities of biology.
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46.1

Introduction

Nanotechnology, often defined as the study and control of matter
at the nanometer scale, is a field boldly regarded by many as the
next revolution in modern science. In 1959, the field was
conceptualized by the Nobel Laureate Dr. Richard Feynman in
his famous CalTech presentation, “There’s Plenty of Room at the
Bottom” [1]. In his talk, he challenged scientists to investigate,
manipulate, and control the unique phenomena that occur with
This chapter is based on Dr. Webster’s keynote at the conference titled “Current
Issues in Medicine, Biotech and Pharma” on September 17–18, 2014 at Rensselaer
Polytechnic Institute, Troy, NY (Dr. Raj Bawa, Chair; conference program: http://www.
bawabiotech.com/Resources.html).
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Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
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materials on scales as small as atomic level, for various technical
applications. In the 1960s however, technology did not exist that
enabled investigators to manipulate materials on the atomic level
or nanoscale. With the invention of the atomic force microscope and
scanning tunneling microscope in the 1980s, scientists could for the
first time image and explore matter comprehensively at the nanoscale
and atomic level [2, 3]. Researchers quickly discovered that the
nanometer-sized particles or nanoparticles being engineered have
greatly enhanced total surface area-to-volume ratio, resulting in
modulating physical and chemical properties with unique electrical,
optical and mechanical characteristics, thus, making these versatile
engineered nanoparticles a great tool for drug delivery, therapy,
imaging and diagnosis [4, 5]. These breakthroughs led many
scientist and medical advocates to quickly speculate about the
promising novel materials that can be created using nanotechnology
to advance the diagnosis and treatment of diseases, improve
the production of food to feed the poor, and provide solutions
to other current problems [6, 7]. Despite the great promise of
nanotechnology, the relatively new field was also received with
a considerable number of controversies from environmentalists
and health activists regarding its potential harm, with the United
Kingdom’s Prince Charles publicly expressed his concerns in 2003
[8] and 2004 [9, 10].
Prince Charles’ two years’ stance against nanotechnology
began in 2003 when he asked the Royal Society, the oldest scientific
society in the world and the scientific advisory board to the British
government, to investigate the environmental and social risks of
nanotechnology [8]. The prince questioned whether the unforeseen
hazards associated with materials developed using this novel
scientific avenue would outweigh their potential benefits. In an
article written by Prince Charles in the Independent on Sunday in
2004, he argued that more effort must be put towards assessing
the environmental, social, and ethical risks of nanotechnology, given
that scientists are manipulating individual atoms in structures
without concern or knowledge of inherent risks associated with
the new technology [9, 10]. The prince asked that government
funding for analyzing nanotechnology risks be increased to
levels equivalent to those for nanotechnology discoveries. Prince
Charles requested that regulations be developed to monitor

Toxicity

nanotechnology risks, and he also asked consumers to take a
cautionary approach towards using products developed by means
of nanotechnology.
Prince Charles’ strong opposition towards nanotechnology
generated considerable media attention [8–10] and was certainly
acknowledged by authorities in England and in industrialized
countries [11–13]. The Royal Society and Royal Academy of
Engineering assessed the environmental and health impact of
nanotechnology as requested by the prince and reported their
findings [11]. Policies were instituted by governmental agencies
to address possible future controversies in England and elsewhere
[12], and the number of reported studies addressing the potential
health and ethical risks of nanotechnology have increased by
approximately nine fold from 2000 to 2012 [14].
A decade after Prince Charles raised his concerns regarding
the possible risks of nanotechnology, is it possible that the prince
was correct? Have researchers proved that products generated
using nanotechnology are in fact toxic? This editorial addresses
these questions by highlighting some of the fears and controversies
fueled by Prince Charles’ comments on nanotechnology ten years
ago. The impact of nanotechnology on health and environment,
social impact of nanotechnology, and the challenges of translating
nanotechnology discoveries into products are discussed.

46.2

Toxicity: Impact of Nanotechnology on
Health and Environment

Nanotechnology is a field that includes most disciplines of science,
engineering, and medicine. Engineered nanoparticles have been
shown to have applications in various industries, including human
medicine [15–17], biofilm prevention [18, 19], information
technology and biotechnology [20], food and agriculture [21],
and cosmetics [22]. To this end, nanoparticles have indeed shown
to be functional. However, there are concerns about the toxic
effects of these materials on human health and on the environment.
The major implications of nanoparticles on protection of
human health lie in the fact that they may enter the body through
expected or unexpected routes (injection, inhalation, oral or
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dermal) because of their nanoscale size. They may also interact
with environmental matrixes to produce by-products that may
be harmful. More specifically, when nanoparticles are free and
mobile, they can be a potential hazard to human health as well as
the environment. Free nanoparticles can potentially float in the air,
might easily be inhaled, and may potentially penetrate the deep lung
of animals or cross the blood–brain barrier of mammals causing
harm. Free nanoparticles may also enter plant cells, potentially
causing unknown effects. Most engineered nanoparticles are not
native to nature, so living organisms may not have the proper defense
mechanisms to process these nanoparticles. Nanotechnology is
a relatively new and developing science. The health implications
associated with engineered nanoparticles from current research
is discussed.
It must be noted that the definite health and environmental
implications related to engineered nanoparticles is yet to be
determined. The various types of synthesized nanoparticles that
currently exist are vast, and the majority of these materials have
not been assessed for their possible toxic effects. However, from
the more than 5,500 papers that have been published on
nanoparticle toxicity since 1980 [14] a consensus on possible
risks has emerged [4, 22]. Studies have shown that the nano-sized
property of nanoparticles with their desired inherent qualities
(e.g., large surface area to volume ratio, shape and chemical
composition) may also be the source of potential hazards to human
health and the environment [4, 11, 23, 24]. It has been demonstrated
that particle size, concentration and chemical purity affect the
cytotoxicity of silver [23, 25, 26], gold [26, 27] and quantum dot
[28] nanoparticles. Studies have reported that nanoparticles are
more reactive compared to their bulk counterpart with identical
chemistry because of their large surface area to volume ratio
[24, 26]. This higher activity was reported to have caused
undesirable toxic effects in biological organisms, including
possible inflammation and creation of pro-oxidants [24, 26], and
mitochondrial damage [24, 25]. In agreement with this hypothesis,
smaller-sized quantum dot [28] and gold [29] nanoparticles
were observed to have related cell structure damages and
induced greater cytotoxicity compared to their larger-sized
counterpart.

Toxicity

High concentrations of chemically pure silver [30], gold [31]
and quantum dot [28, 32] nanoparticles have been demonstrated
to be cytotoxic compared to low concentration. Additionally, the
geometrical shape of nanoparticles has been shown to influence
cytotoxicity [33]. Cytotoxicity analysis of carbon nanoparticles
with single-wall nanotube, multi-wall nanotube, and fullerene-C60
geometries confirmed single-wall nanotube to be the most toxic
and fullerene-C60 the least toxic. Studies have also shown that the
surface chemistry of nanoparticles may influence cytotoxicity.
Although the core nanoparticles may be chemically pure and
non-toxic, the surface chemistry of specifically modified gold [34]
and quantum dot [35] nanoparticles have been shown to affect
cytotoxicity.
Several studies have evaluated the toxic effects of nanoparticles
in vivo using animal models. Similar to the in vitro findings described
above, in vivo cytotoxicity have been reported to dependent on
nanoparticle concentration [36], shape [37], size [22, 24] and
chemical composition [24]. After injection, nanoparticles have
been shown to become mobile, travel through the blood stream,
accumulate in the lung and cause inflammatory responses [38].
Injected nanoparticles have also been shown to accumulate in
the liver, spleen, lymph node, and bone marrow [39–41]. A few
studies have shown that with the proper combination of material
properties, engineered nanoparticles produced no measurable
cytotoxicity when injected into model animals. For example, the
injection of a single dose of gold nanoparticles (21 nm, 7.85 µg/g)
into male mice showed that after 72 h, the gold nanoparticles
accumulated in the abdominal fat tissue and in the liver, though no
toxicity were detected in the vital organs such as kidney and liver
[42]. Other studies support these findings and have also shown
non-toxic effects of nanoparticles in vivo using CdSe quantum dots
[43] and ZnS-coated CdSe quantum dots [39].
Concerns regarding the impact of nanotechnology to
environmental health and safety are rapidly increasing. The
cosmetics industry uses metal nanoparticles, such as ZnO and
TiO2, extensively in sunscreens [44–46]. Food industries introduce
nanomaterials to increase the taste and flavor of food products.
Nanoparticles are commonly added to paints to create vibrant colors
[47–50]. Unfortunately, it is still unclear how these nanoparticles
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may affect the environment. Much of the research focus thus far
has leaned towards examining the effects of nanoparticles in
mammalian systems, with limited focus either on the environmental
impact in the aquatic environment or on terrestrial plant species.
Specifically, most research has focused on the in vitro toxicity
of metal nanoparticles to the lung, brain, liver, and skin [51–58].
There are significant difficulties in developing procedures to
determine if an environment has been exposed to potentially
hazardous nanoparticles. This is the case for all environments,
including water, air, and soil. The fate of these nanoparticles once
they enter into the environment is unknown. The challenge to
characterize and monitor effects lies in detecting environmental
toxicity from these small nanoparticles. A few studies have
evaluated the toxic levels of nanoparticles in aquatic environment,
using zebrafish and Daphnia magna as models [59], and in soil,
using various plant models, including tomato, spinach, and soybean
[21]. The consensus of these studies is that high concentrations
of nanoparticles results in undesirable toxic effects in zebrafish,
Daphnia magna, and in plant life [21, 59]. The potential hazard
of engineered nanoparticles on environmental health, however,
remains unclear.

46.3

Social Impact of Nanotechnology

Much interest has been imparted on assessing the public’s
response towards nanotechnology since Prince Charles’ comments,
and given the possible health and environmental risks associated
with nanoparticles. Studies have reported that the media influences
public perception on the potential risks and benefits related to
nanotechnology [13, 60]. The public obtains the majority of their
nanotechnology related information from the media and related
press, and not from scientific journals. Additionally, the tone used
by the media to present the potential benefits and risks of the
emerging technology influences the public’s perception and
attitude. Studies have reported that during the general coverage of
nanotechnology advancement, the press is more likely to present
the potential benefits of new discoveries and not the risks
associated with such developments [13, 60, 61]. As a result, the
more than 50% of the public who are familiar with nanotechnology

The Challenge

perceive the field and its related product as beneficial and not as
a risk [62].

46.4

The Challenge: Translation of Academic
and Industrial Discoveries into
Commercialized Products

The goal of nanotechnology is to create functional nano-sized
materials that are more efficient then their bulk equivalents, for
various applications. Currently, nanoparticles is produced for use
alone or in composites to enhance the physical or chemical properties
of composite materials. The theory behind creating nanoparticles
to be functional components in composites is in fact centuries old.
Around 500 AD until 1600 AD for instance, Middle East bladesmiths
produced Damascus sabers that contained carbon nanotubes and
cementite nanowires [63, 64]. These nanoparticles gave the steel
blade exceptional sharpness and mechanical properties superior
to any other civilization at that time. Understanding why materials
exhibit such remarkable characteristics when organized at the
nanoscale, however, occurred several centuries later with the birth
of the field of nanotechnology less than 60 years ago.
Today nanoparticles continue to be produced for use in
composites for various applications as described earlier. Consumer
products that contain nanoparticles are currently the most
profitable segments of the nanotechnology market. These products
are in the following markets: automobile catalysts, chemical
mechanical planarization slurry, magnetic recording media, and
sunscreens [65]. In 2010, approximately 1,317 nanoparticle-based
consumer products were on the market [65]. The global market
for nanoparticle-based consumer products was estimated to be
$2,377 million (UK £1,435 million) in 2009 with a projected increase
to $4,539 million (UK £2,740) by 2015 [65].
Similar to the consumer goods sector of nanotechnology, the
biomedical application sector (e.g., health, medical, pharmaceutical)
has received much attention and is perceived as an area with great
growth potential. The main application areas of nanomaterials
in the biomedical sector includes wound dressing and tissue
scaffolding, bio and dental implants, drug delivery, medical imaging,
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biosensors and biomarkers, and antimicrobial agents. Products
that have been commercialized from this sector include the
MagForce® nanoparticle drug delivery system, Hydrofiber®
wound dressing, Flex-Power® liposome delivery system, and 3M®
ESPE dental adhesives. Despite these innovations, translation of
scientific discoveries of nanoparticle-based technologies into
commercialized products in the biomedical field is challenging.
Some of the challenges of translation of discoveries into products
include [65]
• high cost and advance notices related to clinical trials
and regulatory approvals,
• high production cost with limited volume of nanoparticles,
and
• consumer’s perception of risks associated with
nanomaterials.

The continued perceived risks associated with nanomaterials
may stem from the lack of scientific consensus on the possible
toxic effects of these new materials. Nevertheless, these challenges
must be addressed in order to translate these novel technologies
into commercialized products.

46.5

Conclusions

The exceptional physical and chemical properties of engineered
nanoparticles have enabled these materials to have a broad range
of applications in many scientific disciplines and industries. The
nanotechnology field is still relatively new but it has received a
considerable number of controversies from environmentalists
and health activists, including the United Kingdom’s Prince
Charles. The public’s perceptions of engineered nanoparticles have
been reported as positive; however, perceived potential risks by
regulatory agency remain high. This concern and the high
cost of production have negatively affected the translation of
nanoparticle discoveries into products. Regulatory agency’s
unfavorable perception towards engineered nanoparticles may
stem from the lack of scientific consensus on the possible toxic
effects of these new materials on human and environmental
health. It is extremely important in this respect for scientists
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47.1

Introduction

Clinical nanomedicine involves an evolving set of discoveries in
the fields of diagnostics, drugs and drug delivery, prosthetics, and
so forth. The chapters in this collection offer you a glimpse on
what the present and the future in nanomedicine may deliver.
How the public will interact with these developments as they
become available in diagnostic and treatment regimens is worth
detailing and is the focus of the following.
The public pays attention to scientific reporting when the
reporting covers findings salient to how they live and when
the discovery is defined as exigent, described as monumental
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
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1118

The Audience Is the Message

no matter how mundane the findings. As such, scientific
reporting is dominated by over claims and exaggeration.
Many different actors amplify technical messages for the
public. Primarily, amplification of scientific and medical messages
is done by the media. Oftentimes, journalists attempt to frame
technical findings within one or more actual or potential
applications to generate a high level of interest for their
readership and viewership. While scientific findings may not
naturally carry salience and exigence, almost by definition, medical
science does because every member of the public gets sick and
dies. As I will argue below, how the public interfaces with
nanomedicine may be unique when compared to nanotechnology
as a larger set.
Hyperbole is the trope pervading reportage of scientific
and medical information, and exaggeration is the grist of media
coverage. For most people, scientific research announcements
are not exciting. Readers and viewers do not naturally recognize
the relevance of discoveries to the world in general and to
themselves in particular. Media have risen to help the public
along by framing even the dullest findings as monumental with
life saving and life extending qualities.
Furthermore, media coverage is no longer relegated to
newspapers and television. The Web, especially Web 2.0, has
provided opportunities for inexperts to have at least equal
opportunities to initiate and participate in vetting claims and
counterclaims about a scientific event or a medical discovery.
While this province had been traditionally retained by experts
in the mass media, today amateurs can command a powerful
voice in framing science and medicine in interactive social
media [1].
In addition, hyperbolic claims are made by researchers and
their handlers as well. Grants demand in one way or another some
discussion of broader implications. A grant under review must
have deliverables greater than those associated with previous
grant-funded research. Researchers understand when they write
their grant applications that it pays to exaggerate the broader
implications of their research. In addition, reviewers want to
see that investigators have some idea of translation possibilities
coming from licensing, patents, and other intellectual property
opportunities flowing from their grants. Contextualizing highly

Development of Nanomedicine

focused research within a list of potential applications (no
matter how exaggerated) can situate a grant in a more competitive
setting.
Discoveries in the lab are reported through university
and industry publicity offices emphasizing the implications of
findings. When a researcher has produced findings, department
chairpersons and heads contact public relations professionals at a
university to release an announcement. University public relations
departments are notorious for exaggerating the accomplishments
of their researchers as well as hyperbolizing the implications of
their discoveries. The classic example was how the University
of Utah in 1989 handled the findings on cold fusion by
electrochemists Pons and Fleischmann [2]. A misguided press
conference drew international media coverage. While a complex
affair, deciding to announce results prematurely and in terms that
were painfully hyperbolic contributed to the destruction of the
careers of these researchers.
As such, what the public understands as nanomedicine will
be crafted by individuals and organizations with different
motivations to amplify findings. The information the public
acquires will be not only technical, but also hyperbolic.

47.2

Development of Nanomedicine

The European Science Foundation’s report Scientific Forward
Look on Nanomedicine—the culmination of a two-year study
completed in 2005—warns that nanomedicine benefits will be lost
without major investment and calls for a coordinated European
strategy to deliver new nanotechnology-based medical tools for
diagnostics and therapeutics [3].
That warning suggests that the public may need to maintain
support for government-funded nanomedicine-related efforts.
On another level, the public may need to invest in small companies.
Venture capital firms have been critical in moving discoveries
into later stages as well as development and market entry. On a
different level, the public will need to consume nanomedicine.
I will note below a distinction between elective consumption
versus institutional and caregiver instigated consumption.
Developments in nanoceuticals (nanopharmaceuticals) can be
driven by demand exercised in consultation with caregivers and
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via over-the-counter consumption. On a final level, the public may
find nanomedicine sufficiently exotic to justify broad efforts to
curb research and development. It is likely that this last approach
will be advanced by some civil advocacy groups and nongovernmental organizations and may involve activities such as
protests and boycotts.
Regardless, recognition of nanomedicine as a discipline by
the public will be predicated on the field demonstrating some
level of maturity [4]. While there has been much speculation
about where nanomedicine may be heading, truly significant
and substantial developments have been slow to materialize.
This is unfortunate given the level of hyperbole associated with
nanomedicine. On still another level, I have argued elsewhere
there is some likelihood that advances in the field of nanomedicine
and the diagnosis and treatment of disease might ease the way for
non-health-related commercial applications of nanotechnology [5].
While investors in companies developing nanoproducts may
profit, hence making a case for public good, there is questionable
value in being overly concerned about public rejection of
nanomedicine. It seems unlikely the public would muster the
energy needed to boycott a medical product about which they may
have some concerns but little understanding. A bigger question
might be: Does the public need to notice? We may need more
than “more success stories” [4] to increase recognition of the
field by the public.

47.3

The Mediated Status Quo

There has been a proliferation of reports about nanomedicine.
The reportage falls into categories: (1) technical articles on
advances in the field found in technical venues; (2) critical articles
on the health and environmental implications of nanoparticles and
nanomedicine found in both technical and popular venues, and
(3) government and organizational reports on policies and
directives associated with nanomedicine. While the public may
not read the most recent issue of Nanomedicine or download the
European Science Foundation’s Nanomedicine: Nanotechnology
for Health [6], they will receive information from mass media
and digital media, usually second-hand and often loosely accurate.

The Mediated Status Quo

Citations numbers using the search term “nanomedicine”
have been increasing. On some level, this suggests the field is
growing along with the acceptance of some of its concepts and
technologies [7]. Presumably, “an estimated 130 nanotech-based
drugs and delivery systems are currently being developed” [4]
with the governments of the EU, the USA, and Japan investing over
a billion each year [4].
Technical findings are not only being reported at a steady
pace but also in multiple venues. While reporting in science and
medicine has taken an enormous hit over the last decade with
reports about drugs and devices pulled from the market for
safety reasons, information about advances in medicine are still
featured in print and on television news shows. While little
compares to DFG Science TV [8], there have been multiple television
programs covering nanoscience and nanomedicine such as
KQED’s Quest series [9], the Fred Friendly Seminar on The Power
of Small: How will nanotechnology change health? [10], and Nova’s
Making Stuff: Smaller [11]. However, by and large television’s
coverage of advances in nanotechnology, especially nanomedicine
is minimal. While nanotechnology is a plot device or character
feature in many children’s cartoon shows, it seldom reaches the
level of television news shows.
Reportage about nanomedicine in social media remains
light. Static Web resources include those at government agencies
such as the National Institutes of Health as well as Robert
Freitas, Jr.’s opus Nanomedicine [12], the American Society for
Nanomedicine [13], and the British Society for Nanomedicine
[14]. The blogosphere offers a splattering of blogs covering issues
in nanotechnology as well as nanomedicine with Singularity Hub
[15], Next Big Future [16], and Nanowerk Nanotechnology News
[17] leading the pack. The micro-blogging world often tweets
about nanomedicine from regulars like Nanowerk (@nanowerk)
and WIREs Nanomedicine (@WIREsNanomed), centers such as
the Nanomedicine Center (@nanomedicine), trade organizations
such as ETP Nanomedicine (@etpnanomedicine), and companies,
including Vecoy Nanomedicines (@VecoyNanoMed) and Nanobiotix
(@Nanobiotix) and its CEO nano_inmedicine (@nano_inmedicine).
On Facebook, you can friend Nanomedicine Biotherapeutics [18]
and Nanobiotech Pharma, Inc., LLC [19].
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47.4

Public Understanding of Nanomedicine

So what do the public really know about nanomedicine? First and
foremost, most of the public knows very little if anything about
nanotechnology [20]. Second, there is very little evidence the
public is concerned about the environmental health and safety
implications of nanotechnology and nanomedicine to any
considerable degree.
In terms of nanomedicine applications, experts seem
apprehensive in terms of drug and delivery applications while the
public does not seem apprehensive in terms of risks associated
with nanomedical applications. There is little agreement among
experts about risks from nanoparticles. In 2009, we asked a group
of experts, “What current and predictably future uses for
nanoparticles are potentially or actually problematic to
(environmental health and safety) EHS?” The two top ranked
categories were anti-microbial applications (nanosilver) and
nanodrugs with biomedical at 8 medical and biological imaging
at 13 and targeted drug delivery with medical diagnostics dead
last at 25. We also asked them: “Which current and predictably
future products involving the applications of nanoparticles are
potentially or actually problematic to EHS?” This time, medical
therapies ranked 18 out of 24 [21]. In 2009, there was little concern
among the public about nanomedicine by the public. We asked a
national sample about perceptions associated with nanotechnology
applications. On a scale of 1–7 with 1 equaling “not at all worried”
and 7 as “completely worried,” medical screening had a mean score of
3.6 and drugs 4.2. Overall, nanotechnology ranked 19 out of
24 against other risk phenomena such as commercial air travel,
storms and floods, and cell phone use [22].
There is very little social science research on nanomedicine
per se. We have a University of Nottingham study of 434 students
by Nerlich, Clarke, and Ulph [23] that found their sample was
more influenced by the difference between one-shot and repeated
treatments than by any difference between drug- and nanodelivery.
The two treatments that seemed most negative to participants
were a drug that had to be administered repeatedly, or a
nanosystem that was needed only once. Participants preferred
the thought of a drug that only had to be taken once, or else a

Establishing Risk Signatures

nanosystem so gentle and progressive that it only took its full
effect after several administrations.
Cobb and Hamlett [24, 25] completed data collection associated
with the National Citizen’s Technology Forum associated with the
Arizona State University Center for Nanotechnology in Society.
The consensus conference addressed human enhancements
that, while associated with nanotechnology, were only remotely
related to nanomedicine. Nonetheless, participants indicated
concerns about diagnostic and eye implants as well as brain
enhancements, nanowires to enable telepathic communication,
invasive nano drug therapy for prisoners, trust and confidence
about business and industry, and overall affordability. Their
findings validated group polarization effects from the interaction
within the consensus conference.
Indeed, we will soon be publishing data that finds there is
no correlation between what the experts think are problematic
and what the public thinks are problematic. Furthermore, the
experts cannot predict what the public thinks is problematic and
the public cannot predict what the experts think the public thinks
is problematic. This leads us to a general conclusion: The
perception of public perception may be more important than public
perception.

47.5

Establishing Risk Signatures

Determining the actual from the virtual risks is problematic
especially for the public. Nanomedicine, like all things nanotechnological, is steeped in highly technical language. Articles in the
popular press and televised news reports and documentaries
highlight the sexier features and most outrageous applications
neglecting the nuts and bolts. Life prolongation seems to dominate
popular discussions of nanomedicine [26, 27]. Nanomedicine is
not about nanobots swimming through our bloodstreams zapping
bacterial predators, though some nanoscale devices are being
researched [28]. Nonetheless, pictures of little machines chomping
on cancer cells and viruses appear regularly in the popular
literature. This disconnection between research findings, actual
applications, and more fictional and hyperbolic predictions makes
harvesting information by the public challenging.
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For those individuals who interface with medicine through
intermediaries such as insurance policies and government care
programs, the decision is relegated to the rules and procedures
created by legislators and bureaucrats. If nanomedicine is defined
as too expensive or experimental, the public, who are wholly
dependent on intermediate mediators for the care they receive,
may never get to exercise their choice. They might complain to
those who can rewrite the rules, but in terms of directly choosing
they are outsiders.
For those individuals who are not dependent on provider
intermediaries, choice becomes more pertinent. The public with
the most comprehensive health care policies or who are not
dependent on insurance of any sorts may decide to opt for
sophisticated and novel nanomedicine. This is especially true for
care that is elective. Despite the preferred directions articulated
in government reports [6], there will be profit providing new
developments in nanomedicine that may be elective in nature. The
higher choice exercised in elective nanomedicine may have profound
implications on directions in the development of nanomedicine
from the lab through trials to incorporation into regimens.
This structure raises issues of power. Hazard is quantifiable.
Risk is a social construct. Empowering an expert to establish
risk for a phenomenon grants a disproportionately level of power
when compared to the public. The public plays the social role
in constructing risk. As phenomena become more complex
and uncertainty rises, there is a tendency to bundle both the
estimation of hazard and risk within the same bodies. Until
fundamental criteria for disposing with complexity and uncertainty
in situations like this are adopted, we may be unable to open up
opportunities for “inexpert” communities to reclaim their roles in
constructing risk.
A second issue involves the valence of the concept of risk.
Risk involves both positive and negative values. Indeed, the
word comes from the Old Italian “riscare,” which means to
circumnavigate cliffs. When circumnavigating cliffs, one did not
always plunge into an abyss. Probably more often than not, one was
successful. Unfortunately, risk has become associated with danger
and hazard, frustrating efforts to explain both the costs and
benefits algorithm that needs to be employed to evaluate a
suspected risk, which may have a hazard-related footprint.

Choice and Nanomedicine

Nanomedicine is plagued by an unfortunate truism. What
makes nanoparticles interesting as components in nanomedicine
applications raises concerns about their potential adverse effects.
Nanomedicine may cross biological barriers, such as blood-brain,
placental, etc., which while opening up new opportunities for
diagnosis and treatment also feed concerns nanoparticles may
end up where they are unwanted. This claim seems to surface
regularly when discussing carbon nanotubes [29].
In addition, there are similar concerns expressed about
nanoparticle residues and their eco-toxicological effects on the
environment. Life cycle analysis suggests nanoparticles used for
many applications, including nanomedicine, would return to the
environment as a byproduct of production, medical waste, and
patient discharge. Much like the controversy associated with
pharmaceutical concentration in water supplies [30], critics are
suggesting nanoparticles may end up producing eco-toxicological
damage [31].

47.6

Choice and Nanomedicine

How and when will the public exercise choice? What choice does
the public have? How does the public inform the research
directions and product introduction that they may encounter in
interactions with their pharmacists, physicians, and other health
care professionals as well as the institutions that contribute to
their expertise and deliver health resources directly to the public
as “patient.” The “non-patient” public may want more choice.
Given the luxury of critical reflection animated by claims of
counter productivity (toxic side effects), evidence of morbidity and
mortality, and in some cases, ecotoxicity, non-governmental
organizations and civil advocacy groups may challenge claims
from researchers and developers. They will reframe the debate
on nanomedicine within the framework of unanticipated
consequences, side-effects, and adverse reactions. Nanomedicines
may find themselves shackled to broader debates over the toxicity
of nanoparticles much like what happened when nanotechnology
became associated with the anti-globalization debate [32]. The
debates may fractionate such that the ones over drugs and drug
delivery will be distanced from those over advanced diagnostics,
nanoparticle coating of appliances, and advanced treatment.
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We next ask how the debates will be triggered. On one level,
some research may be amplified by mass and digital media that
will animate a debate over the use of the class of nanomaterials in
medicine and health care delivery. This will need to be instigated
by a trigger event likely involving dramatic morbidity and mortality
and be sufficiently contagious as an event for it to become
amplified for a reasonable period of time and across multiple
media outlets. On the other hand, the entire GMO debate in
Western Europe was provoked by speculation and a similar
trigger may impact nanomedicine. Predicting triggers is much like
divining for potable water.
If there are debates that influence a portion of the public to
reject nanomedicine that could lead to serious problems. Asking
a physician to offer dual treatment regimens, one with and one
without nanomedicine, may be wholly inappropriate for a host of
reasons. Comparative counter indications to traditional therapies
may not justify choice making unless information can contribute
to informedness. How to weigh likelihoods of nanoparticle
migration within the human body and ecotoxicity once released
into the environment may remain impossible for decades given
the level of toxicological research in nanoscience [33, 34]. As
such, physicians may be challenged to provide patients with truly
informed options. Of course, it might be beyond the technical
competency of the patient to discern the differences even if they
clearly existed and could be described. There are other variables as
well. The stage of a disease may dictate more aggressive treatment
options. In addition, it might no longer be an option if a physician
finds himself associated with a hospital that has already embraced
sets of regimens that preclude non-nanomedicine options and
so forth.

47.7

Choosing to Choose

When looking into the health care industry, the public is privileged
by critical distance. However, once the public becomes “patients”
the dynamics change. As “patients,” the public finds themselves
reoriented from a “critical” setting into a “care” setting. Despite
the nurturing quality of “care” settings, they can be profoundly
alienating [35, 36]. A “patient” is off his mark. He is nervous and
agitated; he is sick. He recognizes his own mortality, often for

Nanomedicine Engagement

the first time, and responds appropriately. Oddly enough, efforts
to empower the “patient” as the ultimate decision-maker have
increased helplessness and isolation [37].
A “patient” is surrounded by friends and family who are
nervous and agitated as well. Relations between friends and lovers
and parents and children complicate the dynamic. Ho explained:
“Family members may have divergent values and priorities from
those of the patients, such that their involvement could counter
patients’ autonomy” [38, 39].
Finally, thanatophobia or necrophobia (fear of death) is one
of the most powerful of all phobias [40, 41]. Without trying to
raise hackles, it is important to note that the industry of religion
is predicated on the fear of death [42]. Once inside the medical
industrial complex, it is difficult to be objective [43].
Expecting the public as “patient” to remain critical is unlikely.
While some efforts to arm the public as “patient” with tools like
living wills have made some inroads, they have been exceptional.
Deciding to forego a treatment in terms of its non-palliative
attributions is short-circuited by issues relating to survival. Even
when “patients” ask about a treatment, they are provided with a
counterfactual probability estimate: “but for this treatment your
survival is 10 percent.” The literature [44] suggests that for most
patients almost any improvement in the current health status of
the “patient” may be sufficient to convince him to “go along” with
the prescribed treatment. While this decision-making process taps
into the ethics of medical paternalism, it goes even beyond that
triggering a cost-benefit analysis that is not objective. In cases
involving mortality, side effects are discounted [45] and issues
associated with ecotoxicity seem to be irrelevant for the vast
majority of the public as “patient.”

47.8

Nanomedicine Engagement

When told a needed treatment might involve nanoscience,
the patient at that point would not likely balk. However, if the
treatment ends up not working, it might behoove the nanomedicine
industry to have developed a community of supporters and
friends that can join with the industry in resolving problematic
treatment predicated events [5].
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Activities involving the public in decision-making are varied.
In terms of nanotechnology, we have seen consensus conferences,
juries, science cafes, etc. Whether any of these experiments have
been worth the time and expense remain unknown. Whether some
engagement activities are more productive than others in some
contexts versus others must be investigated [46]. The “one size
fits all” approach toward public engagement may doom traditional
models for the nanomedicine audience. Nevertheless, to convert
the public from outsiders and bystanders into fans and friends
involves ongoing and substantive experiences with the public.
Public meetings of some sort are the dominant media for
engagement and nanomedicine should commit resources to
bringing the public on board. Fans and friends are preferred over
outsiders and bystanders when controversy, whether real or
fictive, surfaces. This will require substantial ongoing initiatives
to engage the public in various forms and forums in dialogic
communication about nanomedicine issues.
While McLuhan may have provided insight into media when
he declaimed, “the media is the message” [47], engagement in
nanomedicine, and maybe all emerging science and technology,
demands a new mantra: “the audience is the message.” Reaching
out to the potential “consuming public” for nanomedicine demands
we understand what information they need, what information
they want, and what information best prepares them to engage the
health care industry, its practices and its products. It might be
desirable to generate data to assist in making decisions about
nanomedicine and the public rather than deferring to intuitive
judgments made by experts and public interest groups, especially
because intuitive judgments seldom accurately represent the
public sentiment and result in activities involving the public that
interests the ones making the judgments more than the public.
As a colleague of mine has put it, to produce high levels of
ecological validity, engagement activities may need to become
more organic. We may need to meet where the public already
meets and work with them on their schedules rather than those
of experts [46].
It is imperative we understand two things as we move into
examining public engagement over nanomedicine. First, we need
to provide to the public the type and amount of information they
require to make an informed judgment—much like informed

Nanomedicine Engagement

consent—about how nanomedicine will intersect with the way
they live their lives. The caveat is they, the public, get to decide
what they need. Too often experts give the public what experts
believe they need. However, public decision-making is different
from expert decision-making. Public decision-making uses public
values in assessing what is good, right, fair, and just. Experts tend
to use an axiology distilled from their discipline and how it views
what its members do and how what they do is valued. While
there are some instances where public values and expert “values”
seems to intersect, in more cases than not, it is merely semblance
rather than sameness. Second, engagement and messaging are
all about the audience and not the medium. The public brings
to engagement activities their interests and sensibilities and
expects these activities not to be marketing and public relation
events. They want information. They want to commune with others
like themselves. They want to discuss and debate on their own
terms. They want to draw their own conclusions and they want
those conclusions to be heard.
A case has been made that the public in the 21st century must
become technological citizens [48]. The technological issues that
are important in their lives continue to increase at a precipitous
rate as we become a truly advanced technological society, a
society where change is driven from below as well as above.
Government and industry partner to distribute technology in its
many manifestations onto the market. Simultaneously, the public
is using access to mass and digital information technologies to
push technological agendas into the view of government and
industry.
Relegating the decision making process to elected officials,
appointed bureaucrats, and self-appointed proponents of the
public (all of whom may not reflect the public will) is hardly ideal.
Finding a way to empower them to participate as equals in decisionmaking is paramount. We may be at a turning point. Helping the
public participate today may give them the interest and tools to
participate in the next round of technological decisions that may
affect them. However, if they are left out of this debate, we may be
responsible for closing down entry points for them for the future.
Ellul [49], Postman [50], and Huxley [51] all make compelling
cases that technological decision-making cannot be left to a ruling
elite.
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Indeed, for some, it might seem to be rule of thumb that the
less the public knows, the less they will be concerned. Following
this argument, efforts to reach out to the public in the case of
nanomedicine might be counterproductive and unwarranted.
However, it is equally likely for some the more the public knows
the more likely they will favor nanotechnology and in turn
nanomedicine. Of course, group polarization while demonstrably
weak in one experiment [52] still remains a powerful effect and
it is more likely than not that engaging the public and having
them discuss anything controversial will push them toward both
of the extremes [53, 54].

47.9

Apotheosis

Apotheosis refers to divination. It is hard to predict whether
nanomedicine as a “magic bullet” of sorts will be so ubiquitous as
to become an essential feature of the health care industry. Almost
every new technology is lauded as revolutionary; it is the spin
associated with novelty. Attempting to wedge itself into the
predominant rhetoric of a field, new technologies find capital in
over-emphasizing salience and exigence. The problem surfaces
when the promises go unfulfilled as everyone waiting for the
revolution finds themselves unraptured.
Too often we hear about the promises of nanomedicine steeped
in extreme superlatives [6, 55]. The incentives to overclaim are
substantial. Mediation necessitates superlatives to get audiences
to attend. As fewer mass media platforms cover science and
technology news, getting noticed takes much more work when
competing with space against other reporters covering more
salient news. Only the most dramatic press releases and stories
receive notice. Digital reportage increases the tendency toward
exaggeration since capturing the public attention demands some
powerful hook to be noticed against the thousands of similar
claims found on the World Wide Web. Except for small teams
of experts who communicate the nuts and bolts of their fields,
posts, updates, and tweets tend to report the mundane as
sensational.
For many of the reasons mentioned above, many actors
involved in communicating developments in nanomedicine

Damnatio Memoriae

have strong motivations to frame their findings and the field of
nanomedicine in highly exaggerated terminology.
Indeed, there are numerable examples in government
reports, publications, press reports, online posts, and so forth
that frame nanomedicine as a “revolutionary” opportunity, a
remarkably magical solution to what plagues us. Much like the
early description of nanotechnology, proponents of nanomedicine
seemed to have taken the “revolutionary” route to describe
breakthroughs, developments, and anticipated applications as
nearly divine.

47.10 Damnatio Memoriae

Damnatio memoriae is a recognized apposite for apotheosis and
refers to damnation from memory, forgotten-ness. The term
is associated with activities that erase information and even
individuals from history. For students of history, Geta and Palutilla
were erased from history after plotting the murder of Caracalla
the son of Emperor Septimus Severus. Stalin had all video coverage
of the Russian football team after its loss to Yugoslavia in the
1952 Summer Olympics eradicated. And deniers for decades
have wanted the Holocaust erased from history and removed
from memory.
The question becomes: Is there anything about nanomedicine
sufficient to condemn the entire field of nanomedicine? What
event or series of events may be sufficient to trigger a contagious
effect throughout the entire sub-field of nanomedicine?
We hear over and over again that one seriously negative
event might trigger the implosion of the entire nanotechnology
industry. This rhetorical flourish of contagion bullying is
premised on one assumption: If one small company might behave
irresponsibly and markets a product that turns out to be toxic to
humans and/or the environment, it will affect product lines across
fields and sub-fields. The event becomes contagious and infects
other product lines, most likely within the same sub-field:
nanopharmaceutical to another nanopharmaceutical. Whether
it would affect a product like nanotherapeutics is conjecture.
Whether what happens in nanoelectronics might impact
nanomedicine is even more conjectural. Contagion is a complicated
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phenomenon and it seems likely products from outside the
suspect product line are less likely to be affected. Generalization
from one set to another is more difficult to predict since there
are few cases to sustain contagion effects across sets, except in
financial markets [56, 57].
The meta-version of contagion theory assumes individuals
will not discriminate between fields and sub-fields. The assumption
a nanoparticle coating with an allegedly strong negative EHS
footprint in all of nanotechnology may affect product lines
in nanomedicine has not been supported by the research on
contagion. While experts perceive the public may not be able
to distinguish between one sub-field and another, this may not
be the most relevant dynamic. First and foremost, there is little
evidence indicating any difference between fictional and real
allegations as trigger events. As such, we should have seen contagion
events surrounding the following incidents: popular events like
Kleinman’s Magic Nano [58] and Samsung’s silver refrigerator and
washing machines [59, 60], and technical reports such as Song’s
study of Chinese workers in a nano-production facility [61] and
the spate of articles about nanotube fibers and similarities to
asbestos [62–64].
Indeed, the lack of interest in nanotechnology may translate
into public unwillingness to transfer a trigger event within as
well as across sub-fields. Actually, it is equally likely if you believe
the contagion hypothesis that positive developments in a field
like nanomedicine may rehabilitate negative events [5] in other
fields.
We need to decide if there is anything about certain
applications of nanomedicine that qualifies them to be relegated
to obscurity. Certain nanoparticles may be inappropriate for
nanomedical applications, especially in their naked forms (without
a shell). One can hypothesize that quantum dots or semiconducting
nanocrystals using cadmium selenide [65] or telluride [66], for
example, might be problematic as imaging technologies if they
somehow gravitate to parts of the body where they might wreak
some havoc [67].
Some critics declaim the likelihood nanoparticles may
accidentally become discharged and relocate where they may
produce some unanticipated and deleterious effects. However,
nanoparticles employed to make bumpers return to their original
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state after a collision will not be used like nanoparticles to
treat a debilitating and painful disease such as liver cancer or
Alzheimer’s [6]. Given the pain and suffering experienced by
aging populations, nanomedicine will be evaluated within that
context.
Since health care is viewed as a right or at least a privilege
in contemporary Western society, anything reducing pain and
suffering and morbidity and mortality will be assessed more
favorably against more whimsical applications like better
performing sports equipment.
Nonetheless, there are those among us who demand a more
proscriptive set of responses including moratoria and bans.
Lumping nanoscience and nanotechnology as a single yet broad
set of applications may assign negative EHS footprints and
signatures to applications with a more likely favorable cost benefit
assessment. If using a carbon nanocomposite tennis racket may
expose someone to unacceptably high levels of risk, the solution is
to use another racket.
Sometimes that level of choosing appears less available.
Since nanomedicine enters the public forum at some point
associated with health care delivery, it will be evaluated contextually
with what the public as “patient” may be experiencing at that
time instant. Within that bracket of time, we expect nanomedicine
to be less troubling to the “patient” undergoing diagnosis through
treatment and to the public trying to counterbalance risks
and costs against benefits. It might be equally less troubling to
the public when they find themselves within and adjacent to
the medical industrial complex. Given life and death and pain
and freedom from pain sensitivities, nanomedicine may appear
nearly immune from criticisms of the ilk attached to decisions
about more pedestrian applications of nanoscience and
nanotechnology.

47.11 Conclusions

From what we know about group polarization theory, when we
bring people together and they begin to interact they tend toward
extremes. As nanomedicine is discussed, the disputants will find
themselves gravitating to extremes held among the people with
whom they interact. Educating the public about nanotechnology
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and nanoscience carries with it a likelihood that interaction will
allow the public to take on more extreme and often less rational
dispositions toward nanotechnology and even nanomedicine.
However, something divine might happen. “Nanomedicine
may help anchor public sentiment positively. This should have
some positive effects on feelings toward the subsequent introduction
of products in nanomedicine (intra-industry contagion). Given the
public positive response to exotic health technologies, the positive
public feelings for nanomedicine may transfer to subsequent
applications of nanotechnology in health and even outside of
health (inter-industry contagion). If the public embraces
applications in nanomedicine, follow-up applications in the food
industry may be positively affected as well” [5]. If so, public
engagement over nanomedicine would be one of the most cost
effective uses of public outreach budgets.
As such, a positive feeling toward nanomedicine products
will make later introductions of nanomedicine products even
more welcomed by the public. Finally, it is fair to hypothesize a
positive feeling towards nanomedicine products may carry over
to nanoproduct lines from other industries, and a positive feeling
toward nanomedicine products may rehabilitate past held beliefs
toward analogical products and other related phenomena [5].
The public will employ little if any choice when it comes into
contact with clinical nanomedicine. However, if one buys into
the contagion theories, then nanomedicine might be able to
rehabilitate the entire field of nanotechnology. The more the
public experiences the benefits of nanomedicine, the more
they may expect parallel benefits from parallel product lines in
nanotechnology.
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48.1
48.1.1

Introduction
Moral and Ethical Issues

Nanotechnology evokes a series of moral and ethical issues. To
some people, nanotech revisits earlier issues from biotechnology
or information technology, and to others it generates ethical issues
of its own, independent of previous technologies. Furthermore,
expectations for nanotechnology have undergone an historical
trajectory: Expectations in a period of about AD 2000 to 2005 often
included extravagant visions of ending all illness and disease, or
of transforming human nature in dramatic ways, or of nanobots
operating inside our blood vessels. Subsequently, as the science
and its likely applications became better understood, the more
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extravagant expectations were overshadowed by more modest
expressions of what to expect, although these too were generally
optimistic.
The cumulative effect of all this is that there is no shortage of
statements saying what is right or wrong about nanotechnology.
The US National Science Foundation has conducted two large
meetings on “societal and ethical implications of nanotechnology,”
each of which resulted in a thick volume of proceedings [1, 2].
Another source is the 2007 volume NanoEthics [3], and there is
a journal, also titled NanoEthics, which serves as a platform for
professional ethicists, philosophers, and others to discuss what
nanotechnology will do in the near future, and what should be
avoided on ethical or moral grounds.
Almost all of these statements are written in secular voices,
e.g., those of professional ethicists, philosophy professors, scientists,
and engineers. There have been a small number of statements
about nanotechnology from religious organizations and individuals,
but it seems peculiar that religious voices are so rare on a topic
with so much potential to challenge us with moral and ethical
issues.
We might compare that with religious voices on environmental
issues. Christian and Jewish writers have drawn inspiration
from Biblical passages to advocate for environmental protection
[e.g., 4, 5]. In the words of Calvin B. DeWitt, “the Bible provides
such powerful environmental teachings that it can be thought of
as a kind of ecological handbook on how to rightly live on earth”
[4]. Some relevant proof-texts:

• Leviticus 25:23–24: “The land is mine and you are but aliens
and my tenants. Throughout this country that you hold as
a possession, you must provide for the redemption of the
land.”
• Ezekiel 34:17–18: “As for you, my flock… Is it not enough for
you to feed on good pasture? Must you also trample the rest
of your pasture with your feet? Is it not enough for you to
drink clear water? Must you also muddy the rest with your
feet?”
• Jeremiah 2:7: “I brought you into a fertile land to eat its
fruit and rich produce. But you came and defiled my land
and you made my inheritance detestable.”

Introduction

For nanotechnology, this suggests that if some religious
thinkers can anchor their views on nanotech in specific Biblical
proof-tests, then there could hypothetically be a rich body of
Judeo-Christian commentaries.
Another comparison is that of religious reactions to
biotechnology, and here there is a problem. In his analysis of
“Religious and Metaphysical Opposition to Biotechnology,” Paul
Thompson was disappointed to discover a series of deficiencies
in religious thought about biotech. Some religious objections to
biotech were nothing more than “standard technological ethics,”
that is, arguments that could have been written by secular sources
in the sense that they contain no theological or sectarian content
or inspiration. A denomination’s “scholarly academic theology”
might be quite different from the beliefs of its laity. The principal
value of commentaries by theologians could have been their
“metaphysically based concerns,” but in fact the theologians had
not done this, or at least not successfully [6].
Thompson summarized religious thought on biotech as “the
inchoate character of religious opposition” [6]. He expressed a
hope that religious views will become more coherent, and that
the scientists who were developing this form of biotechnology
would assist religious people in developing their views. But his
description of the status of those views was so unhappy that it
is difficult to be optimistic that those things would happen. In
addition, Patrick Hopkins cautioned that poorly formulated
religious critiques of biotechnology would backfire and discredit
religion [7]. One can imagine the same happening in the case of
nanotechnology.

48.1.2

Background: Religious Belief and Public Views of
Nanotechnology

Three surveys enable us to see how public reactions to
nanotechnology will be shaped by certain cultural values, including
religious values. In the UK, an exercise was conducted in modeling
public reactions to six likely applications of nanomedicine. Four
groups from different parts of the country were each balanced for
gender and ethnicity, and they pondered the potential applications
of nanomedicine in a two-stage process. Together they concluded
that better diagnosis of diseases and better drug delivery were

1143

1144

A Sample of Religious Thought on Nanotechnology

the two most attractive applications. The two least attractive were
drug discovery and “theranostics,” that is, combining diagnosis and
therapy in a single process. Two other considerations (infection
control and regenerative medicine) occupied middle positions on
the continuum of attractive-and-unattractive [8].
What were the participants’ reasons for ranking those six
applications that way? They embraced a set of value-laden themes
which endorsed (a) personal empowerment and responsibility,
as opposed to institutional control of one’s health; (b) protecting
the privacy of the patient; and (c) a sense of social equity which
controls the costs of health care, and which disdains public
funding that leads to private profits. Thus theranostics was believed
to take away choice and responsibility, but diagnosis of disease
gave patients the information to act on their own medical
situations. Drug discovery was felt to be equivalent to public
support for private gain, but better drug delivery represented a
benefit for everyone [8].
If that study shows us that certain cultural values, not
dependent upon scientists’ preferences, will shape nonexperts’
reactions to nanomedicine, then we can turn to a pair of surveys
that connect religious beliefs to nanotechnology. One survey,
based on a sample of 706 people in the US, found that the “strength
of religious beliefs is negatively related to support for funding of
nanotechnology.” Religious apprehensions that developed earlier
in response to biotechnology served as a template for reactions
against nanotechnology. People for whom religion was not
very important were more supportive of funding for nanotech.
Knowledge of nanotechnology had little influence [9].
The other survey examined a certain correlation in the US
and twelve EU nations. All had comparable levels of science and
technology, and each had a rating on a scale from religious to
secular, based on earlier comparative research. The more secular
nations found nanotechnology more morally acceptable; the
more religious nations found it less acceptable. “Religiosity is the
dominant predictor of moral acceptance of nanotechnology,”
wrote Dietram Scheufele and his colleagues. “Public attitudes
toward issues such as nanotechnology are increasingly driven by
personal values and beliefs” [10]. One might say that the scientific
knowledge in people’s minds is a weak companion to the strong
values and concerns in their hearts.

Synoptic Statements on Religion and Nanotechnology

48.2

Synoptic Statements on Religion and
Nanotechnology

There are two synoptic statements about religion and
nanotechnology. In her book Technology and Religion, Noreen
Herzfeld devoted 10 pages to nanotech [11]. She introduced it
largely in terms of the visionary optimism of Eric Drexler, Ray
Kurzweil, and Robert Freitas. Nanotechnology was expected by
some to be a new philosopher’s stone that will give us immortality.
Nothing was static. All was changeable. New materials, not found
in nature, would be produced. But Herzfeld also cautioned that
there were dangers here. Whereas Kurzweil extolled the
expectation that nanotech and other new conditions would enable
us to transcend the historical limits of our human existence [12],
Reinhold Niebuhr had previously alerted us to the perils of seeking
man-made transcendence [11]. In her conclusion, she wrote that:
Religion gives us a platform from which to evaluate our technologies,
a voice to call for a change in direction, if needed, and a call for
contrition when we fail [11].

Jameson Wetmore addressed religion and nanotechnology in
a 2010 article in the Encyclopedia of Nanoscience & Society. Some
religious thinkers, he wrote, hoped to have active roles in ethical
issues in nanotechnology: not by mandating ethical answers or
policy decisions, but by raising issues and questions. The tone of
the articles by those thinkers was not anti-technology, he said, but
rather to remind their readers that nanotechnology is not “value
free.” The authors he discussed had recommended an approach
he called “co-production”: “People and technology together shape
both technological and social features” of a new technology [13].
“People must direct it” and despite some “complicated issues,
they still can have input into the process.”
The sense of his comments was both that it was important for
religious people to engage with technology—“to empower them in a
field they may be reluctant to enter”—and that the nanotechnology
community should learn that engaging with religious people does
not have to be confrontational [13]. The author enthusiastically
endorsed the idea that religious people “must be included in
conversations about the future of nanotechnology” and that it
would be better for this to happen sooner than later:
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These religious thinkers contend that the best way to further
human good is to reflect on the social and ethical implications of
the development and implementation of new nanotechnologies
before they are deployed [13].

At this point, we move from general considerations of religionand-nanotechnology to four specific cases. These four are not
a sample drawn from a large population; there have been few
religious perspectives on nanotechnology [14, 15, 16].
One might wish that religious belief could be neatly summarized
so that religious perspectives on a topic like nanotechnology
could be easily extrapolated. I appreciate how attractive this
seems, but my approach to the study of religion emphasizes the
recognition of sectarian differences: Roman Catholic, Eastern
Orthodox, mainstream Protestant, evangelical Protestant, and so
on, among Christians; Reform, Conservative, Orthodox/Haredim,
and Kabbalist, plus Ashkenazi versus Sephardic, and so on, among
Jews. Yes, there is a core of belief for Christianity and also for
Judaism. But there is so much interesting variation in how a core
of belief is interpreted, not to mention the many ways it is
experienced, that it is not possible to draw a simple line of
thought from a general core of belief to a specialized topic like
nanotechnology. Instead, there are different parts of Christianity
and Judaism that might embrace different positions on nanotech.
This also means that it is impractical to say how religion in
general reacts to nanotechnology. With these caveats in mind, the
following cases of how nanotech has evoked religious reactions
can serve as an entrée into the possible ways that nanotech will
evoke more such reactions in the future.

48.2.1

Christian Reactions to Transhumanism and
Enhancement, 2004–2006

A group of articles by Christian writers, both Protestant and
Catholic, in the US and the UK, constitutes a denunciation of
transhumanism. These articles associate nanotechnology with the
values and visions of transhumanism. Thus we need a digression
here: What is transhumanism and what does it have to do with
nanotechnology?
Transhumanism is an ambitious vision of using powerful
technologies to accelerate human evolution and to steer it in

Synoptic Statements on Religion and Nanotechnology

certain directions, particularly the elimination of illness and
disease, so that humans will have very long life-spans, and to
incorporate information technology into human anatomy and
human consciousness, so that we can escape the limits of our
biological bodies. Members of the transhumanist movement
anticipate a condition in the near future called The Singularity.
In this condition, all of the relevant technologies will combine in
one amazing synergy so that the aspirations of transhumanism
are realized in a transcendent situation entirely unlike the lives
we lead now, and entirely superior to our lives today [17].
The transhumanist movement expects nanotechnology to
be one of the principal instruments for achieving The Singularity.
At the same time, many scientists who work in nanotech are
uncomfortable with extravagant expectations like those of
transhumanism. Other scientists in nanotechnology have satisfying
careers without ever having heard of transhumanism. The faith
community of those who embrace transhumanism overlaps
a little with the scientific community of those who work in
nanotechnology, but transhumanism should not be reduced to
nanotech, and nanotech should not be seen only as a project
of transhumanism. It would be better to see nanotech and
transhumanism each in their own terms: to take both of them
seriously without needing one to depend on the other. But when
religion, and especially Christianity, has reasons to present a critique
of transhumanism (and vice versa), then nanotechnology can
become caught in the middle of this conflict. If some religious
people equate nanotech with transhumanism, then we should
be alert to that fact and we should consider the content of
transhumanist belief.
The writer most relevant to the transhumanist vision of
human nature is William S. Bainbridge. “True human freedom,”
writes Bainbridge, is found in transhumanism, which “seeks to
empower each individual to become whatever he or she wishes”
[18]. “Transhumanists believe that we have reached the point
in history at which fundamental changes in our very natures
have become both possible and desirable” [18]. He calls one such
change cyberimmortality: “Very soon, it will be possible to build
a computer model of all your preferences, opinions, and mental
associations, based on the convergence of advanced information
technology with cognitive science and the more traditional
methods of psychology and sociology” [19; see also 20]. This
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information—your spirit stored on a silicon chip, so to speak—
would then live forever “within information systems, robots,
or genetically engineered biological organisms” so that humanity
would evolve “from material to computational planes of
existence” [19].
Then, asks Bainbridge, who would oppose this glorious
transcendence? “The power of traditional religions is directly
threatened by transhumanism so the sacred monopolies can be
predicted to suppress it… Humans could become like gods, and
in so doing may put conventional religion out of business” [18].
Also, “religion may feel a need to destroy science in order to save
itself” [19], and “religion… will battle cognitive science to the
death” (2006:29). For details of this violent battle, Bainbridge
presents five vivid scenarios of the combat of cyberimmortality
versus religion [19].
In describing this conflict, Bainbridge generalizes broadly:
Fundamentalist faiths are typical of all religion [19, 20], and
religion is more or less universally hostile to technology [18].
Religious belief amounts to rumor, fantasy, and “wishful thinking,”
in his account [18, 19].
In addition to nanotechnology uploading one’s consciousness
into information systems, it is expected that nanotechnology
(along with other emerging technologies) will prolong the human
lifespan indefinitely. The inventor Ray Kurzweil has done more
than anyone else to communicate this theme. His vision is threefold: First we should stay alive long enough to benefit from
nanomedicine and other technologies that will banish the process
of aging; then we will enjoy an indefinite life-span because of
those technologies; and finally we can live forever in the
cyberimmortality that Bainbridge champions [12, 22]. For that
first step, transhumanists are especially comfortable with cryonics,
the freezing of dead bodies in the hope that they can be reanimated
when The Singularity arrives.
One of the specific goals of transhumanism is “enhancement,”
that is, the use of drugs and other medical therapies for
nontherapeutic purposes. The use of steroids by athletes to
improve their performance, for example, is an enhancement, and
so is the case of students taking Ritalin to do better on exams even
when they have no medical condition requiring that drug.
Transhumanism has institutionalized itself in a matrix of
magazines, books, conferences, lectures, and other resources.
There is also a Singularity University.
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One reaction against the values of transhumanism took the
form of articles in 2004–06 from a small group of writers, Catholic
and Protestant, who grounded their objections explicitly in
Christian values and beliefs. These writers were appalled by the
transhumanist aspirations of immortality, calling it “a misguided
manipulation of evolution” [23], claiming that it “challenged
every faith community to believe a human being is more than
just one more biological product” [24], or saying that it “assumes
a blind faith in inevitable progress through science and
technology” [25].
This meant that when transhumanists aligned themselves
with nanotechnology, the Christian writers had to examine nanotech
to see which features were objectionable and which were not.
This led to a contrast between enhancement and the Christian
acceptance of “embodiment,” that is, the belief that Christians
should be comfortable with their imperfect bodies, and that
bodily death is not something to escape. Two of these Christian
writers pointed out that Christianity has faced something similar
to this before. In the medieval form of Gnosticism known as
Albigensianism or Catharism, the Gnostic heretics preached that
our bodies were not merely imperfect, but in fact vile and corrupt.
Their spiritual goal was to escape from that condition. And more
recently, if transhumanism taught something similar and offered
an escape from the imperfections of our human bodies, either
through cyberimmortality or through immortal flesh-and-blood
bodies, then one could say that this aspect of transhumanism
amounted to neoGnosticism [26, 27].
This analysis led to certain questions about nanotechnology.
Could nanotech be disentangled from transhumanist aspirations?
Transhumanists have included nanotech in their expectations of
technological salvation and eternal life. Must Christians see it the
way transhumanists do, or can Christians evaluate nanotechnology
on its own terms?
If not, and if it was to be judged only as a source of
enhancements or immortality, then it was incompatible with the
Christian sense of embodiment. Furthermore, this reaction would
have seen nanotech in terms of speculations about developments
that might or might not happen many decades from now. It would
have short-changed discussions of other developments that might
be more modest, more realistic, and closer in time, e.g., near-future

1149

1150

A Sample of Religious Thought on Nanotechnology

nano-enabled drug-delivery systems. These would not necessarily
be incompatible with Christian belief.
These religious writers were not opposed to new technologies
in general. They often reminded the reader not to be reflexively
hostile to technology. It was not the gadgets of the transhumanists
that they oppose, but the seemingly amoral approach to the use
of these gadgets. If Christian writers thought about nanotech only
in terms of enhancement and immortality, then they would fall into
a trap of being systematically hostile to a very broad technology.
The Christian writer Bernard Daly was truly shocked by the
transhumanist convention he visited in 2004, and yet he somehow
summoned the good-heartedness to call for an interfaith dialogue
between Christians and transhumanists [24]. For that to happen,
however, Christian thought would require more than a reaction
to the most sensationalist expectations of nanotechnology.

48.2.2

A Catholic Statement on Nanomedicine, October
2006

COMECE is a francophone acronym for the Commission of the
(Catholic) Bishops’ Conferences of the European Union. It speaks
occasionally about ethical issues in science, technology, and
medicine, with an emphasis on Catholic concerns about bioethics:
organ donation, human stem cells, genetic testing, cloning, etc.
In October 2006, COMECE produced a statement on “Ethical
Questions Raised by Nanomedicine,” which was later bundled for
publication with 15 other position papers [28].
This statement begins by defining nanomedicine, and tells
the reader that nanomedicine will include therapeutic, preventive,
diagnostic and regenerative medical developments. Then it presents
an account of nanomedical applications, especially targeted drug
delivery that optimizes bioavailability at tumor sites, and tissue
regeneration, along with other forms of regenerative medicine.
The document then adds cautions about unforeseen
toxicological problems and the potential for medical nanoparticles
to cross the blood-brain barrier. Nanoscale devices answer to
quantum mechanics, the COMECE statement says, and these
dynamics are not well understood: “Nanomedicine should pay
special attention to the study of possible risks arising from the
use of these nanoparticles” [28].
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After that information on benefits and risks, this document
shifts to a series of ethical questions:
• Will nanomedicine respect the integrity of the human
body, or will it modify the body so that it is no longer
“natural” or “human”? This is a question about transhumanist
intentions, but without using the term “transhumanist” per se.
• What about the right of a person to know, or not know,
nanomedical information?
• Will nanomedicine produce sophisticated diagnoses of
conditions for which there is no treatment, and what is a
patient supposed to do with this information?
• Will in utero diagnostics lead to abortion?
• Will nanomedicine respect a sense of human dignity that
does not depend on one’s “health conditions”? This appears
to be a caution against euthanasia.
• How will information from nanomedicine be controlled
and supervised?

Finally, the COMECE statement delivers some recommendations.
Information, including both positive and negative, should be
available. There should be “public supervision” of both the financial
and the experimental features. Risks should be assessed on a
regular basis. The treatment of diseases takes precedence over
human enhancement. Human germ cells should not be modified.
Nanomedicine deserves a “wide democratic debate” [28].
This document constitutes a thoughtful and nuanced view of
nanomedicine. For the most part, it does a good job of presenting
the scientific and the ethical considerations, each on their own
terms. And while it may require the reader to infer certain classic
features of Catholic thought, one can see the COMECE statement
as an expression of Catholic concern about abortion and
euthanasia, but also including Catholic concerns that go beyond
those two topics, e.g., social justice.

48.2.3

Golem Stories: A Jewish Rehearsal of Ethical
Issues in Nanomedicine

In Jewish folklore from the third century and into the medieval
and postmedieval centuries, there appeared a series of golem
stories. A golem was a humanoid creature assembled by a holy
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man with the benefit of knowledge of divine powers, or through
nonsacred magic. There were multiple versions of the golem
story, which means that there were different ways to express and
explore the ethical issues of creating artificial life [29]. Under
what circumstances is it legitimate for a man to create humanoid
life outside of “natural” processes of reproduction? What are the
rights and the responsibilities of the golem? What are the
responsibilities of the man who makes a golem?
Beginning in 1966, a small number of Jewish writers began to
use the ethical issues in golem stories as a template for thinking
about ethical issues in information technology and biotechnology.
If the product of a certain technology had a quality that could be
connected by analogy to a human quality—intelligence, reasoning
ability, or a power to direct the reproduction of animals or
humans, for example—then golems stories could serve as a
rehearsal of considerations about the ethical implications of the
technology.
Gershom Scholem’s article in Commentary in January 1966
is especially well known [30]. Scholem suggested that a new
and powerful computer at the Weizmann Institute in Rehovath,
Israel, should be named Golem Aleph (“Golem One”). The author’s
reasoning took the form of a series of similarities between
legendary golems, especially the Golem of Prague, and the computer.
Both represented man’s creative powers. Each was “a technical
servant of man’s needs.” The creation of a golem was written in
Hebrew letters that represent numbers, while the creation of the
computer was written in a numerical alphabet of 0 and 1.
This way of seeing a computer as a golem had a positive,
almost friendly, tone. Scholem was generous in the playful way
that he asked the reader not to fear the power of the computer, and
not to see it as a threat to humanity. He finished with a set of last
words to golems and computers: “Develop peacefully and don’t
destroy the world” [30].
Azriel Rosenfeld’s article from later the same year was more
alarmist [31]. Recent developments in artificial intelligence
and robotics presented us with a suite of troubling questions.
Rosenfeld warned that intelligent robots would challenge us in
these areas:
• What is man? “How much of a person’s body can be replaced
by artificial limbs and organs before he is not longer a ‘man’?”
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• If biologists synthesize sperm and ova to make human bodies
without parents, is the creature a human or an android?
• If the intelligence of dolphins and other higher animals
approaches human intelligence, then do these animals
deserve a human-like status?

Then golems entered his discussion: A question about the
human status of a golem was “clearly very closely related to our
original robot and android problems” [31]. For example, there were
solid reasons why a golem was not considered “legally human,”
and that it was more akin to “an animal in human form.” But then
an intelligent golem that expressed itself by speaking could be
considered human [31].
The author concluded that artificial intelligence and the
synthesis of life were not “serious religious transgressions” like
the building of the Tower of Babel, and that those who develop
these technologies typically were “not inspired by anti-religious
motives.” “Let us build our golems,” wrote Rosenfeld, “in the sight of
God” [31].
Decades later, Byron Sherwin developed the golem/technology
analogy much more fully. In Golems Among Us and in a subsequent
paper [29, 32], he created a framework for thinking about how,
in Jewish tradition, technology was permitted to affect nature. This
had two themes. First, God’s creation is incomplete, which gives
humans an invitation, even a responsibility, to improve the creation
through technology, provided that this is “tempered by moral
wisdom” [29, 32].
Second, Talmudic tradition and other Jewish sources say that
it is permissible within certain limits to create artificial life
[29, 32]. Sherwin pointed to genetically modified food and cloning
[29] to indicate that they were acceptable. But with that permission
come wisdom and responsibility. One of the lessons from the golem
stories is that the maker of artificial life has a responsibility to
control the creature he makes [29]. This is the difference between
Rabbi Loew of Prague, most famous of the golem-makers, and
Victor Frankenstein. Loew controlled his golem. Frankenstein did
not [29].
Regarding nanotechnology and nanomedicine, Sherwin
included an atom manipulated by nanotechnology in his list of
modern-day golems [32]. He discussed the supposed danger of
self-replicating nanobots that would reproduce themselves in
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infinite quantities [29]. On the principle that a golem was not
permitted to procreate, one would conclude that nanobots cannot
be permitted to replicate out of control. In fact, many machines
and robots and other products of technology are golems, wrote
Sherwin [32], thus making the legend of the golem “a relevant and
powerful metaphor” for coming to moral and ethical decisions
about technology. “In the final analysis,” wrote Sherwin, “machines
are golems and we are human beings—neither golems nor
machines” [29].
To summarize, the Scholem–Rosenfeld–Sherwin line of
argument tells us that Jewish thought about the golem constitutes
a helpful way to think about the ethics of technology. God’s creation
is incomplete, in which case human-made technology has a
prerogative to contribute to the material conditions of our lives.
But a powerful new human-made technology must answer why it
is being created, and the answer must be virtuous, not frivolous.
Also, the creators of the technology must answer to standards
of responsibilities and rights regarding themselves and their
creations.
This framework has obvious relevance to a new technology
that will generate better medical diagnostics, medical therapeutics,
prosthetics, and tissue-building. One can imagine how the ethical
category of the golem can embrace either the tools and procedures
of nanotechnology or the persons who are changed by them.
And yet this is not a detailed assessment of ethics in
nanotechnology. Instead it is a prospectus which rehearses future
ethical discussions: When you turn to ethics in nanotech, you could
benefit from the template of the ethical insights in golem stories.
So this approach has a tone that is different from the COMECE
assessment of nanomedicine or the various Christian reactions to
transhumanism.
It should also be noted that the perspective of Scholem,
Rosenfeld, and Sherwin is not necessarily representative of
Jewish thought in general. It is the sophisticated view of a small
number of thinkers: “a small cadre of recondite Jewish scholars,”
in Sherwin’s words [32]. We might compare that with the COMECE
statement, which aspired to represent Catholic thought in general.
The reader can decide for herself whether it succeeded at this,
but the idea of golems in nanotech lacked a comparable claim to
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be a general expression of Jewish thought. Yes, it was firmly
grounded in Jewish tradition, and that should be appreciated.
But it also had a sense that Scholem, Rosenfeld and Sherwin are
trying to persuade their readers of the golem/technology analogy.
They could not take it for granted that Jews in general would see
the ethical issues in nanotechnology through the lens of ethical
issues in golem stories. The golems in nanotechnology constitute a
thought experiment, which is different from an uncontested
conclusion that yesterday’s golems are today’s nanobots or human
enhancements or molecular drug delivery systems.
One more item: Irving Hexham offered a Christian perspective
that complemented Sherwin’s. Robots in science fiction literature,
like golems in Jewish legends, offered us “a debate on the meaning
and purpose of existence” [33]. What is a person? What is a
soul? How should a technology be controlled? Robot stories for
Hexham were a way to ask these questions, and in fact at the
end of his article Hexham said that Christian theology was
inferior to robot stories in pursuing these questions [33].

48.2.4

A Buddhist Perspective on Nanotechnology

Soraj Hongladarom is a philosopher at Chulalongkorn University
in Bangkok, Thailand, who explores relations between religion
and emerging technologies, especially in the Third World. He
emphasizes that it is necessary to recognize that values, including
religious values, affect science policy. The author then speculates
about how nanotechnology might be seen in light of Buddhist
values, in a paper in NanoEthics [34].
Hongladarom begins by describing certain common Western
expectations for a technology. An individual ought to experience
better material conditions, or more prosperity, or more happiness,
as a consequence of embracing a new technology. Notice that in
this view the technology serves the individual: “the metaphysics
of the self,” as he calls it [34]. Then the author reminds us that
the self according to Buddhism is only a construction... This is known
as the doctrine of emptiness and it is the central philosophical tenet
found in all schools of Buddhism [34].

If the self—the individual, as we would say in terms of Western
values—is an illusion, then compassion for other people and
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other creatures becomes the basis for ethical behavior for
Buddhists [34].
A Buddhist approach to nanotechnology would ask not how
nanotech serves the individual, but rather how it serves the ethos
of compassion [34].
We should note that Hongladarom’s analysis is speculative:
This is how one might expect Buddhists to judge nanotechnology,
which might be something different from an observation of how
Buddhists have actually reacted to nanotech (as we saw in the
cases of Christian reactions to transhumanism and COMESE’s
judgment of nanomedicine).

48.3

Conclusions

This small spectrum of religious statements on nanotechnology
reminds us that some faiths have strong motivations to assess
new sciences and technologies, along with infrastructures of
colleges, seminaries, journals and think tanks that enable them to
examine those topics in great depth. Others lack such infrastructure.
They are not necessarily unconcerned about science and
technology, but their voices will receive less attention than those
of the faith communities with large institutional resources.
These statements also show us that nanotechnology looks
different to various religious persons and organizations (which is
also true of secular persons and organizations).
Sometimes it is perceived in terms of extravagant futuristic
transhumanist visions of nanobots, molecular assemblers, and
cyberimmortality, but other times it is seen in terms of more
modest expectations.
Even with this richness of religious thought, however, religious
positions on nanotechnology are still small in proportion to the
many statements that are expressed in secular voices. If religious
beliefs will indeed be as influential as the survey research
indicates for shaping public reactions to nanotech, then three
considerations are important. First, it is worth knowing what
religious organizations have already said about nanotech, and
that different faiths have different ways of judging science and
technology. This is especially evident in the case of the COMECE
statement. One can see clearly that the European Catholic bishops
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have a well-established agenda of religious values that lead to a
concern about whether a new technology will lead to abortion or
euthanasia. That statement also reflects some additional concerns
about social justice that the Catholic bishops often express.
Second, it would be good for more religious organizations
to examine nanotech and take it seriously in terms of their own
traditions of belief and ethics.
Third, it is likely that future religious considerations of
nanotechnology will take the form of concerns about specific
applications that come from nanotech. One might plot those
considerations on a two-dimensional matrix of religions-andapplications. Some faith communities will care more about
biomedical applications; others might focus on environmental
topics; and so on. This would show us the richness of present
and future religious thought about nanotechnology. In doing so, it
would also show us that these reactions will escape simplistic
summaries, descriptions, or formulas.
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49.1

Introduction

Intravenous iron formulations provide a clinical treatment option
for chronic kidney disease (CKD) patients when iron supplementation is required but oral administration is not suitable due to
intolerance or lack of efficacy. Intravenous iron use is increasing
worldwide, especially in the CKD population [1]. More aggressive IV iron use in the CKD population has been driven by several
trials demonstrating adverse safety signals with erythropoiesis
stimulating agents. Increased risk of stroke, cardiovascular death
and a trend toward higher risk of solid organ cancers were observed
in there trials, prompting a product label change by the FDA [2–5].
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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The Centers for Medicare and Medicaid Services instituted
a partially capitated payment system (referred to as “the bundle”)
for dialysis services, which included both ESAs and IVI, which were
previously separately billable [6]. The recombinant ESA therapies
are clearly far more expensive than IV iron products, which accelerated a national trend to use larger cumulative doses of IV iron. Doses
of ESA began to decline and IV iron doses began to rise even several
months in advance of bundle implementation [7]. The Dialysis
Outcomes Practice Patterns study showed mean ferritin increased
from 640 to 826 ng/mL from pre-bundle to post bundle (January
2012) and remained stable through December 2013 [8]. The
percent of patients with ferritin >1200 ng/mL, which represents
a marker of stored iron, increased from 8.6% to 18% of patients
[8]. Thus, given the complex and variable pharmacokinetics and
biodistribution of these agent, it is necessary to invest in further
studies of these agents that are used widespread and administered
chronically in the CKD population.

49.2

Structure and Biodistribution of
Intravenous Iron Formulations

Early intravenous iron compounds were formulated as inorganic
iron oxyhydroxide complexes. With little relative protection of the
inorganic ferric iron, these formulations were highly toxic with
high incidences of severe hypotension [9]. Current commercially
available intravenous iron formulations consist of an iron
oxyhydroxide core surrounded by carbohydrate shells of various
sizes and polysaccharide branch characteristics [10, 11]. The
size of commercially available intravenous iron-carbohydrate
complexes range from 5 to 100 nm and thus meet the definition
for nanoparticles formulations [12]. The manufacture of ironcarbohydrate complex formulations is highly sensitive to pH,
temperature, and other conditions in the manufacturing process.
This presents significant challenges to reproducible manufacturing,
characterization, and safety of generic or “similar” intravenous
iron product production [12, 13].
Iron oxide nanoparticles with magnetic particle cores are
well-established MRI agents and have been used safely; however,

Structure and Biodistribution of Intravenous Iron Formulations

different carbohydrate shell structure determines the relative
uptake by endothelial and lymphatic cells as well as the by
the reticuloendothelial system [12]. The clinical use of ironcarbohydrate nanoparticle formulations has not been well studied
with regard to potential long-term toxicity beyond immediate
labile iron appearance [9, 12]. Because commercially available
intravenous iron formulations used in chronic kidney disease
meet the criteria for nanoparticles, their pharmacodynamic profile
with regard to direct cell uptake and subsequent physiological
effects needs to be better characterized [13].
Pharmacokinetic analysis of intravenous iron complexes is
challenging unless the compound can be directly measured or it
is manufactured with a radiolabeled form of iron (e.g., 59Fe) to
distinguish the intravenous iron formulation from endogenous
serum iron. It is not well appreciated that IV iron formulations
exhibit zero-order or capacity limited metabolism by the
reticuloendothelial system. This results in longer residence time
in plasma with higher administered doses, especially with larger
molecular weight formulations [14]. This has potentially important
implications regarding toxicity profiles as doses administered
beyond the reticuloendothelial system capacity limit will remain
circulating in plasma for long periods of time until the concentration
falls below the capacity limit at which time the pharmacokinetic
profile will become linear or concentration independent. For
ferumoxytol administered as two 510 mg intravenous doses 24 h
apart to healthy subjects, the metabolism does not appear to
become linear until approximately 96 h after the first dose [14].
Hillman et al. showed that radiolabeled iron dextran exhibited
capacity-limited metabolism at 500 mg, whereas the 250 mg dose
appeared to have linear pharmacokinetic profile [15]. Ultimately,
the complexity of intravenous iron-carbohydrate complex
nanoparticle formulations has important implications with regard
to both efficacy and safety in chronic kidney disease. These
agents have not been well studied with regard to comparative
biodistribution, metabolic fate, and potential extracellular and
intracellular toxicity profiles and further evaluation of these
agents is urgently needed. Current regulatory guidance has
limited requirements for physicochemical characterization and
pharmacokinetics of these agents, especially for abbreviated new
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drug applications for generic formulations which necessitates
independent clinical and translational studies to elucidate
comparative product characteristics [16].

49.3

Adverse Safety Signals from in vitro,
Animal, and Human Studies

The hypothesis for the pathogenesis of acute oxidative stress
induced by intravenous iron formulations is the release of iron
from the iron-carbohydrate structure resulting in transient
concentrations of labile plasma iron (LPI) and induction of the
Fenton chemistry and the Haber–Weiss reaction promoting
formation of highly reactive free radicals such as the hydroxyl
radical [17]. Among available IV iron formulations, products with
smaller carbohydrate shells are more labile and more likely to
release labile iron directly into the plasma (i.e., before metabolism
by RES) (Table 49.1) [18, 19]. The proposed biologic targets of
labile iron induced oxidative stress include nearly all systemic
cellular components including endothelial cells, myocardium,
liver as well as low density lipoprotein and other plasma proteins.
Because of the extremely short half-lives of free radicals and the
rapidity of the ensuing oxidative stress reactions produced by
labile iron appearance, in vivo evaluation of this toxicity profile
can only reasonably be accomplished by using biomarkers as
surrogates. Recently, a systematic review of widely used biomarkers
to assess oxidative stress in chronic kidney disease was conducted.
The authors applied scores for commonly used biomarkers for
relationships to other biomarkers and clinical indicators, reliability
and characterization in the CKD literature [20]. Many of the
identified “robust” biomarkers have been evaluated in the context
of potential intravenous iron toxicity in CKD (e.g., malondialdehyde,
protein carbonyl, and F2-isoprostane); however, it should be noted
that none of the identified biomarkers have specificity for ironinduced oxidative stress [21]. An additional concern regarding
appearance of labile plasma iron is the potential for easily
accessible iron to augment bacterial growth and increase the risk
of infection [22].
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Adverse Safety Signals from in vitro, Animal, and Human Studies
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Intravenous iron formulations have clearly been shown to
induce oxidative stress, inflammation, and cellular toxicity in cell
culture models, animal models, and acutely in human subjects
[22]. Differential toxicity profiles have been observed among the
available intravenous iron products in vitro, with more labile
compounds inducing more toxicity than compounds with larger
carbohydrate shells that exhibit better stability [23, 24]. In
animal models, similar observations have been reported with
administration of intravenous iron compounds inducing labile
iron appearance, pro-oxidant cell signaling, tissue inflammation,
cellular iron deposition and cytotoxicity [20, 25–27]. Intravenous
iron has also been associated with immune dysfunction and
increased Gram-positive bacteria growth in vitro [24, 28, 29].
In some studies, a similar rank order for toxicity (labile products
>stable products) has been demonstrated [23]; however, other
studies have shown greater cellular iron staining and tissue
inflammation with larger molecular weight products [25]. In
similar rat models, increased tissue oxidative stress has been
observed with several iron sucrose similar (i.e., generic) products
compared to the branded product [30]. A caveat to interpretation
of these in vivo animal model data is the wide variation in doses
administered in the experiments (1.4 mg/kg to 500 mg/kg)
[20, 25–27]. While the dose in the rat should be higher based on
allometric scaling, the optimal dose to model human intravenous
iron toxicity has not been determined.
Although the biological plausibility and available in vitro and
animal model data are generally compelling, controversy remains
regarding whether iron-induced oxidative stress manifest longterm toxicity such as cardiovascular disease and infection in
chronic kidney disease patients. The complex biochemical milieu
in CKD in tandem with the multiple inciting factors for oxidative
stress and inflammation complicates investigation of potential
intravenous iron safety concerns. Epidemiologic analyses conducted
with dialysis patient data in the late 1990s demonstrated positive
correlations correlation between the number of intravenous
iron vials billed and mortality [30]. Given that the impact of ironinduced oxidative stress on cardiovascular disease likely takes
extended periods of time, immediate correlation of iron dose
to cardiovascular events is not likely possible. In later analyses
with newer data, application of more sophisticated statistical
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analyses with incorporation of lag times to adjust for time-varying
confounders, found the relationship between intravenous iron
and cardiovascular outcomes was not statistically significant [31].
A recent analysis evaluated short-term cardiovascular risk
associated with intravenous iron dosing practices (bolus vs.
maintenance and high dose vs. low dose) [32]. Large-dose strategies
(bolus and high dose) were not associated with increased risk of
cardiovascular death, hospitalization for myocardial infarction,
hospitalization for stroke, or any composite/combination of any
of these three [32]. Evaluating the relationship between iron
and infection risk could be more easily evaluable given that the
presumed risk of infection would likely be in close proximity to
the dose administered when labile iron is presumably present. In
a small retrospective study, 132 dialysis patients receiving their
first course of intravenous iron were evaluated followed for one
year after therapy initiation for time to first bacteremia episode.
Patients with transferrin saturation values ≥20% and ferritin
≥100 were defined as iron replete and this group had 2.5-fold
higher risk of bacteremia compared to patients with functional
iron deficiency and those who were iron deficient [33]. These
data may infer that iron availability is increased when additional
iron is administered to in these iron-replete patients promoting
bacterial growth and subsequent bloodstream infections. More
recently, a large epidemiologic study examined the risk of infectionrelated hospitalization with bolus vs. maintenance or high vs.
low intravenous iron dosing patterns [34]. Bolus dosing was
associated with a higher risk of infection-related hospitalization
(25 additional events per 1000 patient-years) and increased risk
of mortality.
Taken collectively, these studies underscore the need
for comprehensive clinical and translation investigations of
intravenous iron-carbohydrate formulations to mechanistically
evaluate and understand the safety and toxicity profiles these
agents whose induction of oxidative stress may extend beyond
may extend beyond simple dissociation of labile iron.
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50.1

Introduction

Scientific and technological innovation often occurs at a far more
rapid pace than the development of accompanying legal and
regulatory frameworks that may ultimately emerge to govern
the use of such technology. This is particularly true in the field of
nanotechnology, which has yielded challenging legal issues that
are many years—likely decades—from resolution.
As one nanometer is equivalent to one billionth of a meter,
nanotechnology is known as the science of the very small. The
ability to manipulate matter on the atomic and molecular level
has broad ranging application across scientific fields, such as
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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chemistry, biology, physics, materials science, and engineering,
and provides an opportunity for the development of new products
and solutions that address problems and limitations inherent in
macroscale technology.
Although nano-based research and development has been
around long enough to no longer be “new”—indeed the claim
is made that carbon nanotubes were present in the swords of
crusaders in A.D. 500—research concerning real or perceived
modern-day risks remains in the early stages. As nanoscale
materials can exhibit different chemical or physical properties as
compared to larger-scale counterparts, important questions have
emerged about the impact on our environment, health, and safety,
prompting numerous regulatory agencies to devote significant
resources to the study of nanoscience, with few concrete regulations
yet to emerge.
While it is clear that nanotechnology offers the promise of
many significant, even life-changing, advancements and benefits,
there remains much that is unknown, creating the dreaded risk of
“unintended consequences” against which the law is expected to
protect. This is a formidable task in the absence of either perfect
information or clairvoyance, and in the face of uncertainty, our
governmental agencies are simply unable or unwilling to take firm
legal or regulatory positions.
This chapter explores just a few examples of the legal
challenges generated by the development and commercialization
of nanotechnology, and the associated risks that may unintentionally
slow the pace of innovation.

50.2

Definitional Challenges

To start with, the most fundamental and crosscutting of challenges
related to nanotechnology is that no single, uniform definition of
the term “nanotechnology” exists. The definition adopted by the
U.S. government’s National Nanotechnology Initiative (NNI) states
that nanotechnology is “the understanding and control of matter
at dimensions between approximately 1 and 100 nanometers (nm),
where unique phenomena enable novel applications” [1]. However,
this definition is far from universally accepted in the relevant
scientific and legal communities; in fact, it is highly disputed,

The National Nanotechnology Initiative

with many experts taking the position that the NNI definition
is flawed and inaccurate [2] and opaque and confusing [3].
Specifically, the fixed 100 nm size boundary is highly criticized
as having no solid scientific basis, as changes in the properties
of particulate materials can and do occur at sizes above 100 nm
[4]. Other definitions of nanotechnology have been offered that
expand or alter the size component, but these too have been
likewise criticized as imposing arbitrary size cut-offs [2].
While the size debate rages, a different, and arguably better
and more accurate, definition has been rapidly gaining acceptance
which excludes a specific size or dimension limitation, and
instead defines nanotechnology as: “The design, characterization,
production, and application of structures, devices, and systems by
controlled manipulation of size and shape at the nanometer scale
(atomic, molecular, and macromolecular scale) that produces
structures, devices, and systems with at least one novel/superior
characteristic or property” [2, 5].
Lack of consensus on the most basic definitions of terminology
only increases the potential for legal and regulatory challenges to
slow down and sub-optimize the opportunity of nanotechnology
research and development for all the reasons discussed in this
chapter.

50.3

The National Nanotechnology Initiative

The NNI was established in 2001 as the U.S. Federal Government’s
point of coordination across multiple federal agencies and
departments for research and development (R&D), communication,
and collaborative activities in nanoscale science, engineering, and
technology [1]. Federal agencies with earmarked nanotechnology
R&D budgets include the Consumer Product Safety Commission
(CPSC), Department of Commerce (DOC), Department of Defense
(DOD), Department of Energy (DOE), Department of Health and
Human Services (DHHS), Department of Homeland Security (DHS),
Department of Transportation (DOT), Environmental Protection
Agency (EPA), National Aeronautics and Space Administration
(NASA), National Science Foundation (NSF), and U.S. Department of
Agriculture (USDA) [1]. In FY 2014 and FY 2015, approximately
$1.5 billion in nanotechnology R&D—a decrease from FY 2013—was
budgeted annually across these agencies, with the greatest portion
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allocated to foundational research [6]. Nine other federal agencies
participate in the activities of NNI, despite the absence of specific
nanotechnology budgets [1].

50.4

Background on Federal Nanotechnology
Legislation

Federal legislation was passed in 2003 to create a statutory
framework for some of the activities of the NNI. Titled the
21st Century Nanotechnology Research and Development Act of
2003, the Act authorized the President to establish a National
Nanotechnology Program through NII, with the oversight of the
National Science and Technology Council [7]. For fiscal year 2015,
NNI’s Strategic Plan has defined the key “Program Component
Areas” (PCAs) as [1]: (1) nanotechnology signature initiatives
[8], (2) foundational research, (3) nanotechnology-enabled
applications, devices and systems, (4) research infrastructure and
implementation, and (5) environment, health and safety.
Although many portions of the 21st Century Nanotechnology
Research and Development Act of 2003 have no sunset provision,
the agency fiscal authorizations under §7505 of the Act ended
in 2008, and have not been reauthorized since that time, even
though legislation to do so was introduced in the 110th, 111th,
and 113th sessions of Congress [6]. For example, in the 113th
Congress, bills were introduced and sent to committees and
subcommittees, with no further action then taken.
While proponents of the NNI believe that nanotechnology
should be aggressively pursued as emerging technology critical
to U.S. competitiveness, some critics loudly argue that nanotechnology is fundamentally unproven and risky as it relates to
health, safety, and the environment, and therefore nano-based
products should not be taken to market until they are properly
regulated.

50.5

Health, Safety, and Environmental
Concerns about Nanotechnology

Squarely in the bulls-eye of the health, safety and environment
debate is the U.S. Environmental Protection Agency (EPA), where

Health, Safety, and Environmental Concerns about Nanotechnology

research is under way to determine the likelihood of nanomaterials
resulting in environmental exposure, the properties of nanomaterials
that may raise toxicity concerns (and at what concentrations),
and whether and how exposure can be mitigated if present in the
environment or biological systems [9]. The EPA studies a variety of
nanoparticles based primarily on the ability of research to reveal
the role of physical and chemical properties of nanomaterials in
determining their behavior in environment [10].
Currently, focus areas of the EPA research include [10] (i) silver
nanoparticles with antibacterial, antifungal and antiviral properties,
which are used in medical equipment, textiles and cosmetics,
fabrics, plastics, and other consumer products; (ii) carbon
nanotubes, often used in structural composites for vehicles or sports
equipment, coatings, textiles, polymers, plastics, and integrated
circuits for electronic components; (iii) cerium dioxide dispersed
in the environment from diesel engine emissions; and (iv) titanium
dioxide, which can be found in sunscreens, cosmetics, paints and
coatings, photovoltaics, and other electronic devices, and can
become activated by ultraviolet radiation, such as present in
sunlight; (v) iron, used for many purposes in the nanoscale form,
including as a nutrition supplement with improved absorbency;
and (vi) micronized copper as preservatives in pressure treated
lumber and in anti-fouling paints and coatings.
While the content of the EPA’s nanotechnology research agenda
may be appropriately focused, certain advocacy groups calling for
EPA regulations for nano products are entirely dissatisfied with
the pace of the agency’s actions. One example is the 2008 Citizen
Position for Rulemaking submitted to the EPA by the International
Center for Technology Assessment (CTA) on behalf itself and
13 other advocacy organizations [11]. Based on its assertion
that the toxicity of nano-silver products poses serious risks to
human health and the environment, the CTA called for the EPA
to regulate such products as pesticides under the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) [12]. Following
receipt of the CTA’s petition, a public comment period was opened
in November 2008 and remained open until March 2009.
Nevertheless, for a period of more than six years, the EPA offered
no public response to the CTA’s petition, prompting the Center for
Food Safety (CFS), together with the CTA and 13 other plaintiffs, to
file a federal lawsuit against the EPA in December 2014 [11].
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Fundamentally, the lawsuit sought a declaration that the EPA
has violated the Administrative Procedures Act (APA) by failing
to respond for six years to the 2008 petition [10]. Approximately
three months later, in March 2015, the EPA issued its long-awaited
response to the 2008 petition [13]. As the claims of the lawsuit were
essentially moot at that juncture, plaintiffs voluntarily dismissed
all claims with prejudice [10]. Although the EPA’s response to the
2008 petition denied numerous of petitioners’ claims, the CFS and
the CTA declared victory, announcing in a press release that as a
response to the lawsuit, “EPA fundamentally acknowledged that
nano-silver antimicrobial products should be regulated as new
pesticides” and commending the EPA for issuing an order to stop
the sale of two nano-silver based products [14].
The EPA is just one of numerous agencies being called upon
to take clear regulatory positions on nano products that has yet
to do so. The U.S. Food and Drug Administration (FDA) is likewise
under pressure to issue regulations. Thus far, the FDA has taken only
high-level positions in its regulatory oversight of nanotechnology,
including [15]: (i) FDA regulations will be product focused and
scientifically based; (ii) legal standards will take into account
differences in product classes, even where objective measures
of risk are similar; (iii) pre-market review procedures are being
adjusted for new products to require additional information
where nanomaterials are used; (iv) where premarket review is not
mandatory, manufacturers are encouraged to voluntarily consult
with the agency before products involving nanotechnology are
taken to market; (v) the FDA will monitor the marketplace for
products containing nanomaterials and take actions, as needed
to protect consumers; (vi) industry is responsible for ensuring
its products meet all applicable legal and safety requirements;
(vii) FDA’s policy will be further developed in coordination with its
U.S. and foreign regulatory counterparts; (viii) technical advice and
guidance will be provided as needed, over time, for various product
classes.
While the FDA has yet to issue any nanotech-specific
regulations, it has issued a few guidance documents—for example,
Safety of Nanomaterials in Cosmetic Products [16] and draft guidance
on the Use of Nanomaterials in Food for Animals [17]. However,
the FDA’s guidance only represents its “current thinking” and is
non-binding.

Challenges for Patent Protection of Nanotechnology

50.6

Challenges for Patent Protection of
Nanotechnology

Unresolved legal issues and uncertainty also arise in the context
of intellectual property protection for nanotechnology. The sheer
volume of nano-related patent applications being filed, the crossdisciplinary nature of the technology, difficulty in identifying
relevant prior art, and the demand for trained and experienced
patent examiners are all challenges for the United States Patent
and Trademark Office (USPTO), at a time when the office is already
highly strained.
This is particularly true given that much of the USPTO’s
resources for several years have been focused on implementation
of the Leahy-Smith America Invents Act (AIA) (P.L. 112-29), which
was passed into law by President Obama on September 16, 2011,
and significantly amends Title 35 of the U.S. Code governing the
U.S. patent system [18].
To put into context the effort directed toward implementation
of the AIA, it is important to realize that the Act represents the
most significant overhaul of U.S. patent law since at least 1952.
Table 50.1 describes numerous of the key changes to U.S. patent
law resulting from AIA.
Table 50.1

Provision

Summary of key changes to U.S. Patent Law resulting from the
America Invents Act (AIA)*
Summary of change

First inventor
to file

Previously a “first to invent” system, U.S. patent law now gives
priority to the first inventor to file a patent application for a
claimed invention

Definition and
scope of prior
art

Revised definition and scope of “prior art” related to “public
use” and “on sale” activities in line with the patent laws of
other countries

One-year
grace period
for inventor
disclosure

*In

Public disclosures made by an inventor or someone who
obtained the subject matter from the inventor are not
considered prior art if made less than one year before the
effective filing date of an application

(Continued)

addition to the items listed in Table 50.1, AIA also implemented changes related
to USPTO practice, operations, fees, and funding, and established a pro bono
program, ombudsman program, and mandated reporting to Congress.
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Table 50.1
Provision

(Continued)

Derivation
practice
Inter partes
review
Post-grant
review
Supplemental
examination

Summary of change
Derivation proceedings effectively replace current
interference practice to determine whether a claimed
invention in an earlier filed application was derived from a
later filed application

Third parties may petition the USPTO to review 1 or claims
of a patent with the submission of relevant prior art and
payment of a fee within a specified timeframe, if there is a
“reasonable likelihood” that the petitioner would prevail
In response to a petition by a person who is not the patent
owner, the USPTO may approve post-grant review of a patent
where it is more likely than not that at least one claim is
unpatentable, or the petition raises a novel or unsettled legal
question
A patent owner may request supplemental examination of an
issued patent where there is a substantial new question of
patentability

Patent litigation Numerous revisions affect patent litigation, including
– Limitations on joinder of parties;
– A prior commercial use defense is available against all
patents, not just business method patents;
– Limitations on lawsuits for false patent markings;
– Eliminates the ability of an alleged infringer to argue
that the applicant did not specify the best mode of
enablement
Prioritized
examination

Micro-Entity
status

Prioritized examination is available, upon payment of a
fee, for utility and plant patents containing a small number
of claims that are important for the national economy or
competitiveness; directed toward “green technologies”
USPTO fees are reduced by 75% for micro-entities (with
micro entity status determined based on number of previous
patent application filings, income limits, lack of obligations
to a large entity, and higher education employment).

In view of the extraordinary resources being expended
toward implementation of AIA, in addition to chronic underfunding
and understaffing, and other ongoing operational challenges of
the patent office, it is not surprising that the office is somewhat
behind the curve in its ability to expeditiously and, many would
say, competently review nanotechnology patent applications.

Challenges for Patent Protection of Nanotechnology

To provide some perspective on the large influx of nano
patent applications, one can look at the growth of U.S. patents
issued in Class 977 (Nanotechnology), which contains over 250
cross-reference art collection subclasses [19]. As shown in Fig. 50.1,
there has been a sharp uptick over the last decade in the number
of nanotech patents issued annually in class 977, increasing
227% from 343 patents in 2005 to 1123 in 2014.†

Class 977 Nanotech Patents issued by year
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Figure 50.1 Class 977 nanotech patents issued by year (2005–2014).‡

When the USPTO created the classification digest found
in Class 977, the stated purpose was to facilitate the searching
of prior art related to Nanotechnology, provide a collection of
issued U.S. patents and published pre-grant patent applications
relating to nanotechnology across technology centers, and
assist in the further development of a more comprehensive
nanotechnology classification schedule [20]. However, it must be
noted that many nano-related patents are not included as part of
Class 977, and therefore the full picture of nanotech patenting
will not be revealed by looking at Class 977 alone, which by itself
can only be a considered “rough underestimate” of the total
universe of nanotech patents [21].

†Growth rates calculated by the author based on USPTO statistics for Class 977. United
States Patent and Trademark Office. Patent Counts By Class By Year. Available at:
http://www.uspto.gov/web/offices/ac/ido/oeip/taf/cbcby.htm#PartA1 (accessed
on May 19, 2015).
‡Figure 50.1 created by the author based on USPTO Class 977 patent statistics. Id.
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Notwithstanding the significant increase in nanotech
patenting, it is notable that the USPTO made almost no mention of
nanotechnology in either its FY 2014 Performance & Accountability
Report [22] or its 2014–2018 Strategic Plan [23], other than to
say that the patent examination workforce must be “adaptable”
to respond to emerging technologies such as nanotechnology.
Moreover, the USPTO has adopted essentially the same
definition of nanotechnology used by NII, indicating that Class
977 provides for disclosures “related to research and technology
development at the atomic, molecular or macromolecular levels,
in the length of scale approximately 1–100 nanometer range
in at least one dimension” [20]. As a result of the arbitrary size
parameters specified in this definition, certain technologies are
not being accurately classified in Class 977.

50.7

Conclusions and Future Implications

It is vitally important that the challenges inherent in safely and
effectively bringing nano products to market do not overshadow
and crowd-out the vast opportunities born of the technology.
The concomitant legal and regulatory issues must not be allowed to
become an oppressive weight, slowing the pace of innovation. For
the U.S. to maintain thought-leadership globally in nanotechnology
requires more than scientific and technical prowess; it also
requires a level of forward thinking and even boldness in legal
and regulatory strategy that has not yet been shown. Specifically,
I conclude the following:
(1) The lack of a uniformly accepted definition of nanotechnology
that can be applied across legal and regulatory frameworks
creates unnecessary confusion. It is time for the NII, USPTO,
and others adopting the overly narrow 100 nm upper size
limitation in their definition to recognize the inherent flaws
of this position and work together with other stakeholders
to accurately standardize nano-related nomenclature.
(2) “Guidance” documents issued by regulatory agencies
expressing high level, non-binding, “current thinking” fall far
short of what is needed. Guidance does not impose legally
enforceable responsibilities; rather it just suggests or
recommends things that industry could consider doing. For
example, the FDA’s guidance on the safety of nanomaterials

Conclusions and Future Implications

in cosmetic products suggests, in part, with regard to
toxicity, that industry either “make necessary adjustments
to traditional testing methods” or “develop new methods
to adequately assess the toxicity of the nanomaterial in
the cosmetic product and ensure the product is safe” [16].
Beyond stating the obvious, this is not particularly useful.
Nanoparticles exist in food, clothing, cosmetics paint,
product packaging—all of which could be ingested, inhaled,
or otherwise enter the bloodstream. There should be
legally enforceable responsibilities associated with bringing
these products to market, not just nonbinding statements
of current thinking.
(3) Notwithstanding the potential risks of nanotechnology and
lack of regulation, products incorporating nanotechnology,
nanoparticles, and/or nanomaterials must be allowed to
enter and be active on the market. We are currently facing a
chicken and egg-type problem: Nano-based products are not
yet properly regulated, but will nano-based products ever be
properly regulated until they are taken to market? Consumers
should be aware of potential risks and make informed
choices.
(4) The patent landscape in nanotechnology is problematic;
it will continue on that path unless and until the USPTO
is able to properly classify, search, and examine nanotech
patents and prior art. Overly broad and arguably invalid
nanotech patents have already been issued due to ineffective
review. To be successful, the USPTO must recruit, train, and
retain a talented corps of examiners with cross-disciplinary
knowledge who can effective perform timely examination
of applications. Unfortunately, this has been a challenge
for the office and it is unclear what the plan is for
improvement.
(5) At present, the slow pace of legislative and operational action
sets the stage for our courts to ultimately decide the fate
of nanotechnology ex post. The court system will bear the
burden of answering the questions that our executive and
legislative branches of government have not yet figured out
how to answer. This is likely to drive inefficiencies and suboptimized outcomes, which will impede the opportunities
associated with nanotechnology.
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Introduction
Ahead of the 4th Annual Meeting of the
American Society of Nanomedicine held
in 2014,* this collection of interviews
brought together experts from the fields
of nanomedicine and HIV/AIDS treatment.
Dr. André Nel gave a general introduction
and update on the nanomedicine field and how he hoped it will
progress. Dr. Susan Swindells described the current challenges faced
in the clinic for HIV/AIDS treatment. Dr. Tatiana Bronich explained
the research efforts being undertaken by the nanomedicine
community for the treatment of microbial infections and HIV/AIDS
specifically. Finally, Dr. Howard Gendelman looked to the future
and assesses the potential and challenges of nanomedicine
approaches for HIV eradication.

Dr. André Nel (UCLA, CA, USA)

• What are the most promising nanomedicine approaches to traditional
disease therapies that are currently being developed?
The biggest promise in diagnostics is the development of highly
sensitive biomarkers of disease at the femtomol and attomol
detection levels, with the additional ability to miniaturize the
instrumentation to provide lab-on-chip approaches that will

*The American Society for Nanomedicine (ASNM) is a non-profit, professional medical
society headquartered in Ashburn, Virginia, USA. It promotes worldwide seminal
research activities in nanomedicine and explores the applications of nanotechnology
in the pharmaceutical and biotechnology industries. Its members, drawn from
diverse, yet overlapping fields such as biotechnology, engineering, medicine, and
law also discuss issues such as ethics, toxicity, patents, FDA regulatory issues and
commercialization. The founding directors are:

Dr. Raj Bawa, President and Patent Agent, Bawa Biotech LLC, Ashburn, Virginia, USA,
and Adjunct Professor, Department of Biological Sciences, Rensselaer Polytechnic
Institute, Troy, New York, USA.
Dr. Esther H. Chang, Professor, Department of Oncology, Lombardi Comprehensive
Cancer Center, Georgetown University Medical Center, Washington, D.C. USA.
The address for the society office is:

American Society for Nanomedicine, Att: Dr. R. Bawa, 21005 Starflower Way, Ashburn,
VA 20147, USA.
Website: http://amsocnanomed.org/
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begin to replace methods such as PCR or ELISA. Multiplexing
portable devices that can give instantaneous readouts of
biomarkers of disease at the bedside or in the home is emerging
for monitoring dis
ease and point-of-care diagnostics. There
has been a consistent improvement of nanocarriers that
deliver drugs, including those designed to treat cancer. While we
are observing that polymers and polymeric micelles are taking
their place alongside liposomes, we are also starting to see the
emergence of multifunctional nanocarriers of inorganic or
hybrid composition. It is also becoming clear that high-through
put methods to elucidate the interaction of nanoparticles and
nanocarriers with various nano-bio interfaces can be used to
speed up the rate of discovery and provide design principles
for making new pharmaceuticals. Nanotechnology is also
being widely applied for antibacterial effects in the hospital
environment and is also poised to make an impact on the
treatment of infectious disease. Utilizing the unique capabilities
of nanomaterials to provide antigen delivery, adjuvant
effects and immune modulation, we are also beginning to
observe the impact of nanotechnology on vaccine development.

• What are you currently working on in your laboratory?

The research in my own and affiliated groups at UCLA (Center
for Environmental Implications of Nanotechnology, UCLA Center
for Nanobiology, UCLA NanoMedicine Working Group, UCLA
Nanomachine Center; CA, USA), is in three broad research areas.
The first area is focused on more basic discovery at the nanobio interface [1–3]. The goal is to elucidate the structure-activity
relationships that reveal how the unique physicochemical
properties of engineered nanomaterials can be used for
manipulating biological nanoscale systems or for safer and
improved design [1, 4, 5]. This interfacial and nanoparticle colloid
science is utilized in rapid-throughput discovery platforms to
screen for nanomaterial hazards or for adapting nanocarrier
properties to enhance pharmacokinetics (PK), pharmacodynamics
(PD) and drug efficacy [5, 6]. The second major area is the
development of nanocarriers for the delivery of cancer
chemotherapeutic agents, for example, for pancreatic and lung
cancers. We frequently use a multifunctional mesoporous silica
delivery system to perform nanocarrier design [7]. An example
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of a recent accomplishment is the development of a nanocarrier
that targets the dense dysplastic stroma in pancreas carcinoma,
thereby allowing the egress of a second wave of nanoparticles
that carry gemcitabine [8]. In addition to being able to package
a variety of hydrophilic and hydrophobic drugs, the mesoporous
silica nanoparticles can also be fitted with a polymer to assist
their biodistribution, or fitted with nanovalves that provide ondemand delivery [3, 6]. We also alternate the use of mesoporous
nanoparticles with complementary delivery platforms (e.g.,
liposomes and polymers) where necessary to make use of a
comprehensive nanotechnology toolbox for a clinical problemdriven design. The third area of research is the development of
a comprehensive nanomaterial safety platform, in which we
use compositional and combinatorial nanomaterial libraries,
toxicological injury pathways, high-throughput screening and
computational modeling to survey large groups of nanomaterials
to provide hazard ranking, structure-activity analysis, safer
by design strategies, and a risk translation platform for
regulatory purposes [5, 9, 10]. This information is also used to
improve therapeutic nanocarrier design.

• What are the most important challenges that should be addressed by
the nanomedicine community?

Now that the hype is over, it is time to show that the futuristic
visions for nanomedicine can be reduced to marketable
products that can solve real-world medical problems. Because
the rapid development of nanoscience has outstripped the level
of understanding of what this science could do for medicine,
most physicians are still ignorant about the practical use of
nanotechnology. Therefore, a key challenge is to inform and invite
physicians to bring their problems to multidisciplinary scien
tific teams in which physicians, materials scientists, physicists
and chemists work together to treat disease. A massive toolbox
that can be implemented to solve biomedical problems has gone
untapped because of a lack of clinical awareness. We see too often
that a potential nanocarrier or imaging agent is being developed
without taking into consideration the biological obstacles and
pharmaceutical challenges. For instance, we frequently hear about
the use of active and passive delivery of nanocarriers to treat
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cancer, but do not hear enough about the diverse challenges
presented by complicated cancer cell biology and heterogeneity
of the tumor environment. It is not practical to assume that
nanocarriers will readily make it to the cancer site when
complexity such as a dysplastic stroma, pericyte coverage of
vasculature or a high interstitial pressure may interfere in carrier
access. If one moves beyond the cell to intact organisms and
humans, a big challenge becomes how to study the nanomaterial
in a more complex biological environment to address its PK,
processing, fate and dosimetry. This discovery is also important
from the perspective of the safety of nanomaterials based on
nanoscale considerations. In addition, it is important to consider
whether the introduction of nanoscale properties along with
other pharmaceutical principles generate new levels of hazards
not included in traditional methods of drug safety assessment.

• What more needs to be done to ensure the clinical translation of
promising nanostrategies for disease therapy?
A big hurdle is to relay information about nanoscience and
nanomedicine to healthcare providers in a format they can
understand and implement. This includes a need for education
of healthcare providers to allow them to bring practical problems
to nanotechnology experts. Indeed, it is always important to
think about nanotherapeutics from the perspective of clinical
translation. Currently, there is an explosion of production,
and synthesis of a large number of smart nanomaterials for
which there is no practical outlet because the science is far
ahead of the implementation. This may lead to the impression
that nanotechnology is engaged in developing gimmicks.
Nanomedicine should become more practical to include concepts
such as the rapid and easy synthesis to allow manufacturing and
good control of the colloidal stability of nanocarriers to make
systemic drug delivery possible. The carriers being developed for
drug delivery should have a high loading capacity and systemic
distribution properties to allow favorable PK and therapeutic
efficacy. The material should degrade into nontoxic components
and there should be no premature release of the drug. The
entire production pro
cess should be scalable to make the
product marketable. Where possible, smart and iterative design
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approaches (e.g., through the use of high-content screening)
should be used to reduce the number of animal studies. It is
also important to address the safety assessment and design.

• What areas of the field are you most excited about?

From a personal perspective, I’m most excited about developing
drug carrying nanocarriers for cancer treatment, as well as using
engineered nanomaterials to provide immune modulation and
vaccine development. Two current areas of nanocancer research in
my laboratory are the development of nanocarriers for treatment
of lung and pancreatic cancers. Here nanotechnology can play a
unique role. For example, the desmoplastic stroma that surrounds
pancreatic cancer plays a big role in the resistance to cancer
drugs and therefore needs to be considered as a first step toward
the development of nanotherapeutics. We are in the process of
developing a dual wave nanotherapeutic approach, in which
the first wave of nanoparticles delivers a drug that interferes in
stromal obstruction of vascular fenestrations, while the second
wave of nanoparticles will deliver gemcitabine once the stromal
obstacle is removed. A similar, engineered approach can be used
to treat lung cancer, where a key challenge of a potentially break
through synergistic drug combination is to reduce the toxicity of
one of the drugs by a dual drug delivery system using optimized
ratiometric drug design. For vaccine devel
opment, we have
synthesized engineered aluminium oxyhydroxide nanorods that
quantitatively improve dendritic cell activation over aluminium,
and are being used to develop better adjuvants. In summary,
I am excited by my own research that uses a versatile
nanotechnology toolbox to bring an engineered approach to
medicine by introducing biophysicochemical principles and
interfaces.

• How do you see the field progressing in the next 5 years?

Medical diagnostics: orders of magnitude increase in sensitivity,
selectivity and multiplexing function will improve point-of-care
diagnosis and treatment. These capabilities will allow clinicians
to track and treat disease much earlier than with conventional
tools. Nanodiagnostic tools will become one of the backbones
of point-of-care delivery by 2020, making the transition from
remote laboratories to hospitals and then eventually the home;
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Nanotherapeutics: challenges such as PK, biodistribution,
targeting, tissue penetration and loading capacity will be
overcome, and major nanotherapeutics will be adopted by the
industry. A large percentage of all drugs will use nanoenabled
principles by 2020. Many of these will be for difficult to treat
cancers like pancreatic cancer, liver cancer, ovarian cancer and
glioblastoma, where patient prognosis is poor with current
therapies;
Stem cells: nanoenabled stem cell-based therapies will be in
widespread use by 2020. Nanobiology and nanomedicine will
aid in the understanding and control of stem cell differentiation
and the transition of stem cells to widespread medicinal
application;

Tissue engineering: nanotechnology strategies will rapidly
enable the growth of clinically relevant tissue regeneration and
repair strategies.

• Have you seen any recent exciting advances in antimicrobial therapies
with nanomedicines? Do you believe there is potential for HIV/AIDS
prevention & long-term treatment with nanomedicines?
There is considerable interest in the antibacterial effects of metal
and metal oxide nanoparticles, as well as carbon nanotubes
for infectious disease or biofouling appli
cations. From the
perspective of nanomedicine, the development of nanoantibiotics
constitutes an exciting advance. This could take the form of metal
and metal oxide nanoparticles that are surface functionalized
(e.g., cationic) to treat bacterial biofilms. Metal and metal oxide
nano
particles induce bactericidal effects by the generation of
reactive oxygen species and membrane damage, which differs
from the mechanisms of action of traditional antibiotics. Therefore,
applications may emerge in which the unique properties of
these materials are combined with antibiotics to find a new way
of treating drug-resistant bacteria by making use of nanomaterial
properties that cannot be subjugated by genetic mutations.
Nanocarriers can also be used for intracellular antibiotic delivery
in diseases such as tuberculosis and other intracellular infectious
disease agents. Finally, in the area of HIV therapy, the delivery of
biocides by nanoparticles or hydrogels can be used to prevent
mucosal infection.
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Dr. Susan Swindells (University of Nebraska Medical
Center, NE, USA)
• What are the therapies currently widely available for HIV/AIDS?
There are 25 antiretroviral agents approved by the US FDA, and
many of them are coformulated into combination tablets
containing two, three or four drugs [60]. Used in combination
regimens of at least three agents, currently available therapies
have improved steadily over the last three decades. Newer drugs
have novel mechanisms of action, improvements in potency,
including against drug-resistant viruses, and better tolerability.
Use of coformulated products in particular has allowed decreased
pill burden and simpler dosing schedules, with several regimens
only requiring one pill to be taken once daily. However, the
drugs are expensive and the need for lifelong daily therapy
persists, issues that present many challenges to both treating
clinicians and the affected population [11].

• How effective are these current therapies?

Contemporary antiretroviral therapy (ART) has dramatically
reduced HIV-associated morbidity and mortality, and HIV
disease has been transformed from a lethal illness into a chronic,
manageable condition, for those with access to therapy and ability
to maintain daily adherence [12]. In addition, ART has been
shown to be highly effective at preventing sexual transmission to
uninfected persons if the infected partner is successfully
treated [13]. However, despite these tremendous gains and the
effectiveness of current ART, less than a third of infected persons
in the USA have successfully treated disease, as measured by
plasma viremia below the level of detection for commercially
available assays (typically less than 20–50 copies/mL). The
reasons for this are multifactorial and include the fact that new
infections con
tinue to occur, HIV infection is undiagnosed in
more than 20% of individuals, compliance to antiretroviral
medicines continues to be a problem in a segment of infected
people and there is a common failure to link and maintain
diagnosed patients in continued care [14].

• When do these therapies generally fail & for what reasons?

ART may fail at almost any time dur
ing treatment, although
treatment failure becomes less common after years of successful
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viral suppression. Once an infected patient is linked into care and
prescribed ART, sometimes the treatment fails because of preexisting viral resistance, although this is avoided by resistance
testing before ART is begun [15]. Poor PK, perhaps from drugdrug interactions with concomitant medications, may contribute.
However, the single most common reason for treatment failure
is suboptimal adherence to daily oral therapy. Predictors of poor
adherence include drug and alcohol abuse, mental illness and
notably depression, lack of patient education, lack of trust in the
medicines and the healthcare providers who distribute them,
and treatment fatigue [16].

• What are the toxicities associated with long-term therapy of HIV/
AIDS?

With many different medications available and different possible
combinations, it is hard to summarize the potential adverse
effects. Briefly, the most common side effects of preferred agents
are skin rashes, gastrointestinal disturbances, renal and liver
toxicity and for efavirenz specifically, neuropsychiatric effects
such as dizzi
ness and insomnia. Overall most of these
symptoms are mild and easily managed. Certainly the sideeffect profile of ART is very different today from 20, or even 10,
years ago [60].

• Which patients would benefit from long-acting antiretrovirals the
most?
Depending somewhat on the dosing intervals, long-acting oral
therapy would likely be welcomed by many infected persons, as
it would provide relief from the daily routine of taking their ART.
However, most of the work I have seen thus far suggests longacting ART will probably be given parenterally, which is quite a
different proposition. Having said that, I can see a niche for certain
patient populations—largely those with adherence difficulties.
This would be most appropriate as maintenance therapy for
patients already on established ART. I would be reluctant to
initiate ART with long-acting formulations, in case side effects
occurred. ART is also being inves
tigated for prevention of
HIV infection in high-risk persons (known as pre-exposure
prophylaxis) and long-acting formulations may have a role here
too [17].
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• Do you think nanomedicine approaches could aid in HIV eradication?
It is really too early to speculate much on this topic, but a clear
obstacle to viral eradication using our current approach is the
poor tissue penetration into viral reservoirs, such as the lymphoid
tissues, brain and gut, of many ART agents, which can then
promote the development and maintenance of viral reservoirs
[18]. If nanomedicine approaches could improve this situation
by providing better targeting of low-level restricted or latent
infections and facilitate the action of drugs aimed at eliminating
latent viruses, such approaches could play an important role in
such efforts.

• Can viral eradication be achieved & how do you believe it might be
done?
We already have some examples of infected persons with apparent
viral eradication, so this certainly appears to be achievable.
Unfortunately, the procedures necessary to achieve this included
such things as cytotoxic chemotherapy, radiation and bone
marrow transplantation, so they are far from generalizable to
others. Just the proof-of-concept that this is possible is exciting
though, and has renewed enthusiasm in the scientific community
and the patient population. After HIV integrates proviral DNA
into the genome of CD4 lymphocytes, the virus can either enter
a state of active replication, killing the cell, or a long-lived latent
state [19]. As ART targets only actively replicating virus, latent
cells are not affected and this helps to ensure lifelong persistence
even with therapy. Current efforts to purge the reservoir include
the so-called “shock and kill” approach, which includes first
activating cells to induce latent virus, then purging with
antiretroviral therapy. Unfortunately, these efforts have not been
successful to date and it now seems that the reservoir is much
larger than was first thought [20].

• Often the public’s perception of nanotechnology is quite negative,
do you believe there is interest from the public in nanotechnology
approaches to treat HIV/AIDS?
I can only speak from my own experience, which is based on a
survey we administered to our clinic patients [21]. When asked
their level of interest in long-acting parenteral nanoformulated
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antiretroviral therapy, the majority of respondents indicated that
they definitely or probably would try it. Longer dosing intervals
attracted greater interest than shorter intervals, and patients
who reported missed doses and those who were intravenous
drug users indicated increased interest. These groups may
represent those who would benefit most from this strategy to
optimize adherence to therapy.

Dr. Tatiana Bronich (University of Nebraska Medical
Center, NE, USA)

• What have been the major advances in nanomedicine in the last 10
years for the treatment of microbial infections?
In the past decade, numerous nanotechnology-based platforms
were developed and then exploited for the prevention, detection
and treatment of microbial infections. These demonstrated that
liposomes, polymeric nanoparticles, dendrimers and solid lipid
nanoparticles improve the solubility of poorly water-soluble
drugs, prolong the systemic circulation lifetime, and facilitate
the drug delivery to the site of infection [22]. Currently, the most
successful technology involves liposomes with several such drug
formulations already on the market or in clinical development.
Liposomal amphotericin B (AmBisome®, Astellas Pharma US,
Inc, IL, USA) has been widely used in the clinic to treat fungal
infections and notably in immune compromised patients with
enhanced therapeutic efficacy, limited side effects and significantly
reduced treatment length [23]. Virosomes (reconstituted virus
liposomes) have been approved for delivery of surface antigens
derived from the hepatitis A or influenza virus (Epaxal® and
Inflexal® V, Crucell, Leiden, The Netherlands) [24]. The
toolbox of promis
ing antimicrobial agents has been recently
extended by development of novel biodegradable antimicrobial
polymers based on amphiphilic cationic polycarbonates. These
polymers and their nanoassemblies demonstrated broadspectrum activity against bacterial and fungal infections with
demonstrated abilities to disrupt bio-films [25]. Since these
agents do not have a specific molecular target as do conven
tional antibiotic drugs and act as microbial walls/membranes
destabilizers, they can prevent the development of pathogen
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resistance. Significant advances were made in developing
nanomedicines for the treatment and prevention of HIV/AIDS
[26, 27]. Of particular significance are the efforts in development
of injectable long-acting antiretroviral drug nanoformulations
that can enhance patient adherence to therapy while minimizing
drug toxicities [28, 29]. Several surface-modified nanomedicines
targeting HIV-susceptible cells have shown remarkable ability
to increase drug uptake and enhance antiviral effects. A similar
approach is also promising for delivering antiretroviral drugs
to lymphoid organs. The most advanced application of nanotechnology for immunotherapy of HIV/AIDS is the DermaVir,
topical therapeutic vaccine developed by Genetic Immunity
(Budapest, Hungary) [30]. Safety, immunogenicity and preliminary
efficacy of DermaVir have been clinically demonstrated in
HIV-infected human subjects. There has also been progress in
development of nanotechnology-based microbicides. As an
example, dendrimer-based nanomedicine mixed in carbomer
gel (VivaGel®; Starpharma, Melbourne, Australia) is being
developed as a vaginal microbicide gel to prevent the transmis
sion of genital herpes and HIV [31]. Initial human trials have
shown VivaGel to be safe and well tolerated, and additional
clinical studies are ongoing. Moreover, recent findings suggest
that mucus-penetrating nanoparticles can improve epithelial
distribution and retention times of vaginally administered
drug, and, therefore, may significantly improve prevention of
sexually transmitted infections [32].

What are the most promising nanomedicine approaches that
could be developed in this area?

The current use of highly active ART regimens that are comprised
of multiple drugs to simultaneously hit a number of different
pharmacological targets has tre
mendously improved the
treatment of HIV infection and patient’s quality of life. How
ever, lifelong treatment is needed because the virus quickly
re-emerges from latently infected cells if treatment is stopped.
Poor drug regimen adherence during chronic treatment, longterm drug toxicities and appearance of drug resistance often
limit the success of the therapy. Long-acting nanoformulations
developed to optimize and regulate bioavailability and tissue
distribution of antiretroviral drugs, and extend their half-life,
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thus reducing dosing frequency and minimizing the difficulties
with adherence, have a great promise to overcome the limitations
of current therapeutic modalities, improve treatment efficacy
and tolerability for the patient [17]. Indeed, recent studies
in a rodent model have demonstrated that weekly dosing
of nanosuspensions of atazanavir and ritonavir (nanoART)
maintains therapeutic plasma levels of the drugs at the steady
state [29]. As a result, nanoART treatment of HIV-1-infected
humanized mice was associated with significantly decreased
viral loads. Furthermore, significant concentrations of drug were
also detected in various tissues, including liver, spleen and lungs
as well as in draining lymph nodes adjacent to injection site for
a prolonged period of time post-intramuscular administration.
These important findings suggest that prolonged drug release
from intracellular depots in tissues may be responsible for the
sustained and enhanced PK profile produced by nanosuspensions.
Proof-of-concept studies in rats and dogs showed that the nonnucleoside reverse transcriptase inhibitor rilpivirine (TMC278)
formulated as a 200 nm nanosuspension could act as longacting formulations, releasing rilpivirine up to 3 months after
a single intramuscular administration [28]. Currently, another
long-acting parenteral formulation of an investigational drug,
the integrase inhibitor S/GSK1265744, is undergoing Phase I
repeat dose-escalation study in healthy subjects to determine the
safety, tolerability and PK profile of intramuscular and subcutaneous injections [61]. Additionally, solid drug nanoparticles
are also being explored as an option for oral delivery in HIV/AIDS
[33].

• Do you think nanomedicines could be used to target viral reservoirs?

Yes, nanoscale delivery systems have great prospects for
targeting sanctuary sites and eradicating infected cells from
viral reservoirs. Several lipid- and polymer-based formulations
have already been tested in preclinical studies and have exhibited
the propensity for lymphatic system drug targeting [27].

• How would this work? Can you update us on current work in this
area?

First of all, sustained therapeutic concentrations of antiretroviral
drugs that can be achieved with the use of nanomedicines over
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an extended time period may impede virus penetration into
remote areas. Viral reservoirs within the cells of the macro-phagemonocyte lineage can be directly targeted by nanomedicines
because of the inherent phagocytic ability of these cells towards
foreign particles. For example, it has been reported that HIVinfected macrophages were able to uptake, retain and subsequently
release drug-loaded lipid- or polymer-stabilized nanoparticles,
main
taining the drug concentrations inside and outside the
cells for prolong periods of time while silencing HIV replication
[34–36]. In addition, synthetic versatility and unprec
edented
possibilities for surface engineering of the nanocarriers allow
for their specific targeting to the infected cells. Several recent
reports have demonstrated that active targeting of nanomedicines
appears to be a useful strategy to improve CNS delivery of
antiretroviral drugs. Importantly, since circulating monocytes
and macrophages distribute throughout the body including
the secondary lymphoid tissue, testes, liver, lungs, gut and the
CNS, they can be used as “natural” vehicles for delivery of nano
medicines to sanctuary sites. Particularly, it has been shown that
after intravenous administration nanoformulation-laden mononuclear phagocytes were capable of effectively delivering their
drug cargo into brain tissue of the animals [37]. Furthermore,
folate-coated nanosuspensions of atazanavir were engineered
to maximize entrapment into macrophages in vivo which in turn
served as “Trojan horses” to deliver the drug to the lymphoid
tissue, an important HIV sanctuary site [38].

Latently infected CD4+ T cells represent a key barrier to virus
eradication [39]. One of the HIV purging strategies currently
being investigated is a forced activation of latently infected cells
to induce virus production, allowing targeting of the cell by the
immune response or therapeutics. To minimize off-target effects,
HIV latency activators can be packaged into nanopar
ticles,
either alone or in combination with an antiretroviral drug, and
selectively delivered to CD4+ T cells using a specific targeting
moiety. The first proof-of-concept study has demonstrated that
a CD4-targeted liposomal formulation of a PKC activator,
bryostatin-2, and protease inhibitor nelfinavir was capable of
both activating latent virus and inhibiting viral spread [40].
There
fore, there is a clear promise in the applica
tion of
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nanomedicines to achieve adequate concentrations of the drugs
in sanctuary compartments and provide more effective therapy
to treat and cure HIV/AIDS.

• What are the current limitations of nanomedicine for HIV/AIDS
treatments?
Most of the nanoformulations and approaches that have been
investigated for HIV/AIDS treatments are still in the early
preclinical development stages [26]. The challenges remain in
achieving a delicate balance between drug release profile and
stability of the nanoformulation in clinically relevant biological
systems. Indeed, premature drug release can diminish the
aforementioned benefits of drug incorporation into nanocarriers
without significant improvements of whole-body PK, drug
accumulation in the viral reservoirs and, therefore, antiviral
efficacy. The safety and biological fate of nanomedicines, including
distribution, accumulation and metabolism, needs to be carefully
assessed to ensure meaningful results of the biological studies.
It is still unknown whether the long-term use of nanomedicines
can abrogate the development of HIV drug resistance espe
cially when nanocarriers contain a single antiretroviral drug.
Current combination ART that involves multiple drugs with
nonoverlapping resistance profiles is a “gold standard” for
management of HIV-infected patients. However, nanotechnologybased systems containing two or more antiviral drugs have not
been developed so far.

• What modalities can be developed to preclude or deal with such
limitations?
The choice of an appropriate nanomedicine platform is dictated
by the specific clinical consideration and drug physicochemical
properties. Furthermore, the characteristics of nanostructured
materials, such as composition, size, polydispersity, shape
and surface chemistry play an important role in governing
biological behavior, safety and efficacy of the nanomedicines.
Therefore, rational design and fine tuning of the nanocarrier
properties are neces
sary for each particular therapeutic
agent to ensure that an optimal concentration is maintained
at the therapeutic target over a desired time frame. These
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considerations are especially important upon the design
of more complex targeted nanoformulations or highly
desirable multifunctional nanomedicines for the codelivery
of drug combinations that can lead to reduction of resistance
profiles. Furthermore, the development of formulations that
will allow incorporation of conventional small-molecule drugs
and newer generations of HIV-targeted biopharmaceutics,
such as proteins, peptides [41], and RNA- and DNA-based
therapeutics [42–44], within the same carrier may be a
particularly interesting approach toward effective dis
ease
treatment. At the same time nanoformulations that contain
combinations of drug and imaging agent would provide
an intriguing opportunity to noninvasively monitor the
biodistribution and the target site accumulation of the drug/
carrier, and will be helpful for predicting therapeutic responses.
Recent advances of the nanomedicine-based cancer research
directed to development of chemotherapy combination delivery
and visualization platforms can help HIV researchers in
the search for such formulations [45, 46].

• What are the most important challenges that should be addressed
by the nanomedicine community?
One important pitfall with regard to realizing the potential of
antiretroviral nanomedicines is related to the availability of the
animal models representative for the clinical situation. Existing
nonhuman primate models of AIDS generally employ simian
viruses divergent from HIV-1 and only partially mimic human
disease. Limitations in terms of cost, conduct and availability
to investigators further reduce their usefulness in preclinical
investiga
tions. Recently developed humanized mice with a
lymphoid system of human origin generated subsequent to
transplantation of human CD34+ hematopoietic stem cells, or
with fetal liver and thymus, have overcome many of these
limitations. Indeed, human
ized mice can recapitulate central
steps in HIV infection, including high-titer viral dissemination,
response to antiretroviral drugs, viral failure in the case of
nonadherence and, very importantly, viral rebound after
therapy interruption [47]. This model will be a key tool in the
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evaluation of novel treatment strategies and latency. Another
important aspect to consider is the short- and long-term toxicity
of antiretroviral nanoformulations that also requires a rigorous
assessment in the relevant animal preclinical models. Finally,
cost-effectiveness, the complexity and scale-up possibilities, and
the batch-to-batch variance upon manufacturing are important
factors that need to be well thought out upon the design of the
nanomedicines for potential clinical translation.

Dr. Howard E Gendelman (University of Nebraska
Medical Center, NE, USA)

• What approaches are you & others taking to develop nanomedicinedelivered antiretrovirals?
The approaches taken in formulating ART are directed towards
the final goal and that is to improve patient adherence, target
viral reservoirs, reduce toxicities, provide improvements in
pre- or post-exposure prophylaxis and facilitate methods aimed
at viral eradication. Administration of medicines can be either
oral or parenteral. Drugs that have de novo longer half-lives,
are hydrophobic, have significant antiretroviral activities, show
broad therapeutic indices and have limited toxicology would
enable development of nanoformulations. Unfortunately, few
if any of the currently available ART fit such a bill. The work
necessitates tissue, cell and subcellular organelle targeting,
polymer encasements that facilitate slow drug dissolution
kinetics, evasion of clearance by the reticuloendothelial system
(RES) and phagolysosomal degradation pathways while
demonstrating improvements in reaching reservoirs of restricted
viral infections in the gut, lymphoid tissues and CNS. Optimizing
drug crystal and cocrystal formulations, testing excipients,
evaluating size, shape and charge of the particles, and, when
possible, sustaining the pres
ence of intact particles in stable
subcellu
lar structures, such as recycling and late endosomes,
are part of an overall approach in formulation development.
Formulation approaches include choice of polymers, micellar
and gel formulations, altering the drug configuration properties
when plausible and using cell-based carrier systems, such as the
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monocyte-macrophage or dendritic cell, to traffic drugs across
tissue barriers and into known sites of viral growth. Any approach
must also balance the need for adequate antiretroviral drug
combinations that commonly include nucleoside or nucleotide
reverse transcriptase inhibitors in conjunction with integrase,
protease or non-nucleoside reverse transcriptase inhibitor drugs.
The facilitation in development of polymeric formulations that
contain multiple drug combinations is optimal but not always
feasible. Unlike cancer drugs where drug disposition in the RES
is an avoidance maneuver, for HIV/AIDS this is often the site
for ongoing viral replication and as such provides a novel
opportunity in establishing drug depots [21, 48–59].

• How do you approach this situation?

We have approached this situation by developing crossdisciplinary systems. There are four stages for such developments.
First, is making the proper choice of drugs to develop based on
the chemical structure and bioavailability. With a large number of
possible compounds one needs to be prudent in making choices
that are likely to be developed in such measure and could be
translatable for human use. The second rests in the particle
synthesis. What excipients to use and why? What formulations
may be applied? How to achieve optimal encasements and drug
loadings? What to do with the shape, size and charge, as this can
also affect cell entry and intracellular drug stability? Third, is cellparticle interaction. We have seen that relationships between
monocyte-macrophages and particles with regards to nanoART
entry, retention, release and antiretroviral activities can predict
PK and PD in animals and, therefore, possibly in humans. Moreover,
targeting of nanoART to macrophages makes biological sense
in a number of separate venues. Macrophages have prodigious
abilities to uptake and retain matter; macrophages contain large
numbers of endosomes and produce microvesicles and exosomes
in relative abundance. The cells readily secrete large numbers
of bioactive molecules that affect trafficking of the cell itself;
trafficking through intracellular endosomes and close contacts
amongst heterogeneous cell types (e.g., the macrophage and T
cell) can affect dissemination of particles amongst viral targets
and tissues. To this end, our own laboratory has developed a
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formulation chart scoring system wherein optimal screening and
uptake that follow particle-macrophage interactions are used in
decision-making processes for which formulations are ultimately
tested in animals. Animal testing next moves to linking PK and
PD, data (performed in normal BalbC mice) to antiretroviral
and immune restorative activities that are usually performed
in replicate humanized mouse models for HIV/AIDS. Such test
ing, when appropriate, is moved to large animal investigations,
including monkey testing platform evaluations [52].

• What drugs are you currently studying & why?

Our research efforts started on a single class of ART and a single
administration paradigm for proof-of-concept studies. First, we
used the protease inhibitor, indinavir for early proof-of-concept
studies. While the drug is no longer a standard of therapy it
was engaged in polymer development, PK, cell carriage and
antiretroviral studies. These early evaluations demonstrated that
a hydrophobic ART could be readily crystallized and incorporated
into a stable formulation for both laboratory and animal testing.
Second, we were able to show that while the drug is important to
affect cell carriage and PK of the nanoART; the chosen excipient
and the size, charge and shape of the particles also proved of
significance especially linked to uptake and macrophage carriage.
Whether the nanoART was homogenized, sonicated or milled
proved important. Notably, the stability of the nanoART particle
was linked to endo-somal compartments. NanoART readily
traffics through early, recycling, late and lysosomal compartments
but maintains a sustained presence in the recycling endo-some.
Therefore, studies of a single drug, indinavir, have permitted
insights into particle composition and particle-macro-phage
interactions. These have provided novel insights into the
potential harnessing of monocyte-macrophages as cell carriers
and depots for facilitating antiretroviral delivery. Third, we
moved beyond indinavir as a single agent to include other prote
ase inhibitors and those that are commonly used in the clinic.
Here, ritonavir-boosted atazanavir was developed in independent
and combined formulations within the laboratory. The work has
now evolved significantly beyond ex vivo loading of monocytederived macrophages to assess direct parenteral subcutaneous
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and intra
muscular injections in mice. Parallel exper
iments
have not simply assessed PK and PD but explored antiretroviral
activities in humanized mice. These boosted atazanavir particles
show clear advantages from native drugs in their longer halflives, tissue depots, diminished toxicities and ease of access in
animal systems. Antiretroviral responses are also sustained and
notable. However, protease inhibitors alone with or without
boosting cannot be translated as a sole administration response.
Therefore, we have recently expanded the classes of drugs we
are studying to entry and viral integration inhibitors in parallel
investiga
tions. Such studies are now underway and open
up promising new avenues with drugs of divergent physical
chemical properties and antiretroviral activities [61].

• With such a multidisciplinary effort needed, how easy is it to collaborate
with polymer chemists, pharmacologists, biologists, immunologists,
virologists & the pharmaceutical companies to develop products?

Arguably we are one of a few laboratories worldwide that has
brought such goals to fruition. My own background in immu
nology and virology has merged with others in polymer chemistry
and product development. Let me provide a few exam
ples.
Barrett Rabinow, a distinguished scientist at Baxter Healthcare
(IL, USA) who was developing an idea of macro-phage carriage of
nanoART, first contacted me nearly 8 years ago. After a literature
search on scientists with backgrounds in macrophage biology
and immunology for a project he was developing we stumbled
on one another. The idea was to target cells with nanomedicines
that serve as reservoirs for virus and a carriage system for
antiretroviral drugs with the aim to improve clinical outcomes.
He asked if I would be interested in testing this concept in our
laboratory. It sounded very intriguing. I embraced the idea and
began to engage with him in a very short time period. The project
was successful, demonstrated by a number of proof-of-concept
findings, and within a few years the US NIH became interested.
This included, most notably, the National Institute on Drug
Abuse, the National Institute on Aging and the National Institute
on Neurological Disorders and Stroke. Each of these institutes
subsequently funded the work. When Baxter shifted direction,
the pace was maintained through new relationships forged

Introduction

with polymer chemists including (Tatiana Bronich and Xinming
Liu), toxicologists (JoEllyn McMillan), phar
maceutical experts
and pharmacologists (Yazen Alnouti and Courtney Fletcher),
bioimagers (Michael Boska), clinicians (Susan Swindells) and
virologists (Larisa Poluektova and Howard Fox). Interactive
interdisciplinary grants were begun that enabled us to bring
together scientists and clinicians from diverse backgrounds
interested in such works. A company was then established with
the intent of bringing drugs to the clinic for once a month or once
every other month dosing as well as important relationships
with more established pharmaceutical leaders who provided
important insights into development and needed partnerships.
All came on board. As it became clear the science had real
translational value, the University of Nebraska (NE, USA) product
development and venture discovery also began supporting this
work in parallel efforts.

• What are the limitations of a nanomedicine approach to deliver
antiretrovirals?
There are several limitations. First, many of the drug
formulations need to be administered by parenteral injection at
doses sufficient to maintain therapeutic plasma levels for weeks
or months. There
fore, the actual drug dose administered is
considerably higher (beyond an order of magnitude) than
what any infected person would see as a daily oral regiment.
This can and has resulted in injection site irritation with the
possibility of systemic toxicities. Second, the half-lives of the
nanoART are linked to both reservoirs at the injec
tion site
(muscle and subcutaneous tissue) seen after injection and the
tissue reservoir that develops. For the latter, if the particles
are not taken up rapidly through the RES and contained
in stable form, the particles will undergo liver metabolism and
renal excretion. High levels of nanoART that might accumulate
in the liver might be subjected to alterations in CYP3A4 activity
and, as such, affect a myriad of drug-drug interactions. Third,
inherent toxicities could arise from the particle itself, either
by immune responses or impurities in the preparation itself.
For the latter, it is imperative to optimize good manufacturing
and laboratory practices to ensure impurity levels are greatly
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reduced or elim
inated; this is especially critical for endotoxin contaminations. Fourth, with regard to oral drug-drug
interactions, the stan
dard drug levels operative, for example,
for boosted atazanavir would not inherently be the same in
what is approved for human dosing. Therefore, new paradigms
need be made and developed when administering long acting
combination drugs, such as atazanavir, or other boosted
protease regi
mens. Fifth, yet another potential problem is
how to remove the drug in long-acting preparations if allergic
reactions do develop to the drug itself or the preparation.
There are no effective means to circumvent such a potential
problem or possibly a catastrophe in drug administration and
pharmaceutics. These and other problems are currently being
worked through prior to the more general administration of
nanoART as treatments for HIV/AIDS. They have been reported
and are being developed by other investigators [62, 63].

• Do you think such an approach could lead to HIV eradication?

Under the correct set of circumstances, I believe the answer is
“yes”. In what circumstances would such eradication of HIV-1
be made possible by nanomedicines? The antiretroviral drug
would have to be delivered to the right tissue, the right cell and
the right subcellular organelle where active viral replication is
operative. It would have to be the same tissues where native or
conventional ART does not reach or if it did would gain access
in only a subinhibitory concentration. Such tissues would
include the brain, the gut and the lymphoid reservoirs. However,
bringing the drug to sites of viral growth would not be sufficient
to eradicate the virus. A second step would be needed to rid the
sites of latent or restricted virus. This would entail destruction
of such infected cells either by the immune system after
stimulation of latent infection or by facilitating the death of
these cells whether they be lymphocytes, macrophages or other
cell reservoirs. Notably, bringing a drug that could modulate
latent infection to sites of action would be a boost. Whether this
would facilitate eradication or simply lower the already low
amounts of virus in such circumstances is not known. However,
the possibility exists that this type of approach could be
successful.
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• What else, beyond what is being researched, needs to be done
for this technology to “cure” HIV?
The main impediment for eradicating virus rests in the
destruction of latent virus. Stimulation of latently infected cells
is known to be incomplete no matter the drug and so far in
testing all latently infected cells cannot be stimulated in such a
way that either rapid cell death ensues or secondary destruction
by the immune surveillance T cells occurs. We need both better
drugs and better delivery systems.

• Will grant agencies support such complex works when oral therapy
has already proven to be effective?
I believe grant agencies will continue to support such works,
as adherence and drug accessibility remain a significant
problem for HIV/AIDS care. This is ever more an issue because
the pathways towards improving access to viral reservoirs by
the nanomedicine drugs may make the road towards viral
eradication ever more feasible.

• How do you think the upcoming American Society for Nanomedicine
conference will help to promote nanomedicine efforts in HIV/AIDS
treatment?
The American Society for Nanomedicine’s meeting being held
on March 28–30, 2014 at The Universities at Shady Grove
Conference Center (MD, USA) will highlight the development of
nanoART as it relates to viral eradication or improvements to
drug compliance and accessibility. A large number of scholars
will present the latest findings in this new and developing field
and active discussion and scientific exchange will lead to new
collaborations and sharing of ideas to speed research pursuits
and outcomes. We are very excited about the meeting and see great
potential for new pursuits and ideas in the nanomedicine of ART

• In the next 10 years, how do you hope the field will progress?

It is a collective hope that not one but several antiretroviral
nanomedicines will be available for the ongoing clinical care
of HIV/AIDS. It is our anticipation that in the next 10–20 years
such pursuits will not simply lead to improved access and treat
ment outcomes but also to eradication for HIV infections. This
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may occur in a number of divergent but not mutually exclusive
means. Nanomedicine affords the abilities to bring drugs to
both virus-target cells and to subcellular organelles that
represent sites of ongoing viral growth including stages of the
HIV lifecycle. Chemical modification of all existing drugs would
facilitate formation of drug crystals and improve therapeutic
indices and biodistributions. Having the drugs encased in
polymers would enable slow release of the drug into the
circulation from tissue depots within the RES as well as in the
site of injection. Drug combinations could be cocrystalized and
enable a single injection or alternatively drugs could be given
in oral suspensions. Targeting of the antiretroviral drugs could
be used in a similar strategy to affect viral eradication or to
stimulate immune clearance of already infected cells. Therefore,
the directives, taken together, could not simply serve to bring
medicines more easily to populations who have limited access
or are poorly com
pliant but could improve bioavailability
and treatment outcomes and increase the likelihood of the
inevitable eradication of virus.
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Nanomedicine aims to apply and
further develop nanotechnology
to solve problems in medicine,
related to diagnosis, treatment and/or disease prevention at the
cellular and molecular level (Feng, 2006; Feng and Chien, 2003).
Nanomedicine by nature is interdisciplinary, with benefits being
realized at the interface of science and engineering, physical
science and engineering, chemical science and engineering,
cellular and molecular biology, pharmacology and pharmaceutics,
medical sciences and technology and combinations thereof.
The difference in perspective between disciplines may be partly
responsible for the lack of nomenclature or universally-accepted
definition for various “nano” terms, which causes issues with
respect to publication consistency, regulatory agencies, patent
offices, industry and the business community (Rannard and Owen,
2009; Tinkle et al., 2014; Bawa, 2013; Bawa, 2016). Regulatory
agencies such as the US Food and Drug Administration (FDA;
http://www.fda.gov/) and European Medicine Agency (EMA;
http://www.ema.europa.eu/ema/) have generally failed to employ
an interdisciplinary approach to regulate nanoscale technologies
in the same manner as they apply to small molecule drugs because
they do not fully appreciate the interdisciplinary nature or novel
characteristics of many submissions that disclose nanomedicines
(e.g., those that arise as a result of high-surface-area-to-volume ratio,
inherent reactivity due to a greater proportion of exposed surface
atoms, unpredictable properties, or toxicity profiles as compared to
bulk). Currently, these agencies instead rely upon established laws
and regulations validated through experience with conventional
small molecule drugs. Synthesis and characterization of molecular
biomaterials forms the material basis for nanomedicines. Molecular
biomaterials may include synthesized biocompatible polymers
such as currently accepted biodegradable polymers including
polylactic acid (PLA), polycaprolactone (PCL) and polylacticco-glycolic acid (PLGA), or molecularly engineered macromolecules
such as lipids, DNAs, RNAs, proteins and peptides. Such biomaterials
are used either to stabilize nanosized particles of drug or to form
nanocarrier technologies for sustained, controlled or targeted
release of diagnostic and therapeutic agents to enhance their
biological effects and to reduce their side effects (Feng et al., 2007;
Owen, 2014; Bawa, 2016).
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Similarly, patent offices also often fail to recognize that an
interdisciplinary approach needs to be applied by patent examiners
while reviewing nanotechnology-based patent applications,
since the technologies reflected in these patent applications
often involve a combination of disciplines. In fact, non-uniform
or improper patent prosecution is the major reason for the
issuance of patents of dubious scope and breadth where the
patent holder is uncertain of their validity or strength during
litigation (Bawa, 2009).
Taken collectively, all of this can have a detrimental effect
on commercialization activities and in turn delay the ultimate
translation of novel nanomedicines. Ultimately, for a clinical
scientist or physician the true value of a particular material lies in
its clinical utility balanced against any potential adverse effects.
Therefore, effective translation of nanomedicine candidates
requires a “technological push” coupled to a “clinical pull,” which
is bridged by logical intermediary data that mechanistically
demonstrate the efﬁcacy and safety in biological systems.
Given this backdrop, there is a clear need for “true”
interdisciplinarity during the generation of robust nanomedicine
data but also during examining, discussing or analyzing these
data because interpretation by physical scientists is often different
than by biological scientists. Physical scientists and life scientists
also view the nanotechnology landscape with different perspectives
(Khushf, 2011; Silva, 2006). For example, the physical scientist
might be more inclined to observe intrinsic novel properties
of nanoparticles like the speciﬁc wavelength of light emitted
from a quantum dot due to variations in the quantum dot’s size.
Other examples of properties of particular signiﬁcance to a physical
scientist but of limited interest to a pharmaceutical scientist
include the increased wear resistance of a nanograined ceramic
due to the Hall–Petch effect (Schiotz and Jacobsen, 2003) or
quantum conﬁnement where one photon can excite two or more
excitons (electron–hole pairs) in semiconductor nanoparticles
(Ellingson et al., 2005). On the other hand, the pharmaceutical
scientist is more likely to focus on the extrinsic novel properties
of nanoparticles that arise because of the interactions with
biological systems or nanodrug formulation/efﬁcacy properties
that improve bioavailability, reduce toxicity, lower required dose
or enhance solubility (Bawa, 2016).
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Materials can be miniaturized by many orders of magnitude
from macroscopic to microscopic with few or no changes in
physical or biological properties. However, as materials are
miniaturized into nanoscale dimensions, often profound changes
in optical, electrical, mechanical and conductive properties are
observed, especially in inorganic materials. These changes emanate
from the quantum mechanical nature of some materials at the
nanoscale where classical macroscopic laws of physics do not
operate. Electrical, optical, physical, magnetic, surface properties
and reactivity may all be different at the nanoscale than in
corresponding bulk materials. Ultimately, it is the difference
in physical or biological properties of a material that is critical
rather than any ﬁrm deﬁnition related to a sub-1000 nm or a sub100 nm size or diameter. Moreover, it should be noted that many
quantum effects are irrelevant when it comes to medicine, drug
delivery, drug formulation or even many nano-enabled assays
(Bawa, 2016). Although the sub-100 nm size range as proposed
by the US National Nanotechnology Initiative (NNI; http://www.
nano.gov) may be important to a nanophotonic company (a
quantum dot’s size dictates the color of light emitted), this arbitrary
size limitation is not critical to a clinical scientist or a drug company
from a formulation, delivery or efﬁcacy perspective because the
desired therapeutic property (e.g., Vmax, pharmacokinetics or PK,
area under the curve or AUC, zeta potential, etc.) may be achieved
in a size range greater than 100 nm (Bawa, 2016). Moreover,
there are numerous approved and marketed nanomedicines
where the particle size does not ﬁt the NNI sub-100 nanometer
proﬁle: Abraxane (~120 nm), Myocet (~190 nm), DepoCyt
(10–20 μm), Amphotec (~130 nm), Epaxal (~150 nm), DepoDur
(10–20 μm), Inﬂexal (~150 nm), Lipo-Dox (180 nm), Oncaspar
(50–200 nm), etc. (Bawa, 2016).
Materials chemistry and colloid science have made a huge
contribution to the fundamental science of nanomedicine and its
success in scale-up and commercial/clinical translation. A wide
array of nanoparticle carriers including inorganic and organic
materials, self-assembled polymers, liposomes/lipid vesicles, drug–
polymer conjugates and nanoprecipitates often stem from synthetic
chemistry and the explorative, sometimes elegant, solutions to
materials generation (Horn and Rieger, 2001). The production of

Interdisciplinary Nanomedicine Publications Through Interdisciplinary Peer-Review

solid drug nanoparticle technologies ﬁnds their origins in
the processing of slurries, suspensions and liquids through
techniques such as milling, homogenization and solvent/antisolvent technologies (Pawar et al., 2014). Initially termed colloid
science, the formation of sub-micron materials suspended within
liquids, and the understanding of their stability and formation,
has been critical to the creation of new nanotherapeutic and
diagnostic options. Also, the considerable recent advances in microfabrication, electronics and cheap manufacturing are important
within diagnostics. Above all though, the unmet clinical need that
these technologies target is the main driving force that guides
collective progress and, when coupled directly to the disease
and patient-specific requirements, generates relevant options
to improve outcomes or quantify disease state. It is clear that
materials chemistry alone cannot judge the clinical importance of
a target or the appropriateness of a particular solution. As a single
discipline, it cannot optimize or scale-up the solution without a
direct interaction with the relevant biology, pharmacology, safety,
immunology and clinical perspective and input. It is also clear
that many poorly informed technologies may be developed that
may have no clinical or disease relevance but are, nevertheless,
scientiﬁcally exciting. The overlap of the many disciplines is the
true essence of nanomedicine and for materials chemistry and
colloid science to continue to impact future challenges, a greater
integration is clearly required. The temptation to go into the
laboratory to generate a novel material structure without
consideration of the overall needs of the target application has
led to many technological advances but with limited translation to
clinical applications (Venditto and Szoka, 2013). The integration of
materials chemistry with clinical need, which is in itself coupled to
biological and disease-relevant intelligence, should act as the main
driver for chemical and colloidal science interventions in future
nano-medicines. Such an approach will also act as a ﬁlter to prevent
academic curiosities from being heralded as major breakthroughs,
with effort and funding directed away from outputs with clinical
relevance. As new materials are developed with a clear focus on
unmet clinical needs, challenges exist to demonstrate a considered
approach to risk, such as the inherent material toxicity, offtarget effects, altered biological distribution of drugs or clearance.
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These challenges can only be met through the collective working of
expert scientists from a multitude of complimentary disciplines.
Some factors that determine ultimate medical performance
may include drug size or size distribution, surface morphology
and surface charge, drug loading, drug release proﬁles, cellular
adhesion and internalization, or inhibition of the intracellular
autophage (Zhao et al., 2013). Often, these factors can be controlled
or advantageously manipulated via nano-formulations. The
advantages of nanocarrier systems in the delivery of bioactive
molecules to diseased cells have been intensively investigated in
vitro and in vivo in the past decade, although clinical trials seem to
be in early phases with some results not as expected. Nanocarrier
systems may protect bioactive molecules from enzymatic
degradation and immune recognition. Also, nanocarrier systems
can deliver a drug payload as a reservoir through mechanisms
such as endocytosis, in which the nanocarrier sacriﬁces its surface
energy to detach a small piece of the cell membrane and trigger
internalization. The delivery efﬁciency is much higher in this
manner than when single molecules cross the cell membrane by
various other mechanisms like facilitated diffusional transport,
active transport and receptor-mediated transport. Nanocarrier
systems can be further conjugated to a ligand to target a
corresponding biomarker on the membrane of a relevant target
cell. Such nanocarrier materials, if of appropriate size and surface
functionality, can escape excretion by the reticuloendothelial
system and thus realize sustained delivery, prolonging the agent’s
half-life with a more desirable biodistribution. Moreover, well
designed nanomedicines may get through the various biological
barriers such as those within the gastrointestinal tract for oral
delivery (Hatton et al., 2015; McDonald et al., 2014) and the blood–
brain barrier for treatment of brain diseases (Nunes et al., 2012), to
give just two examples.
Co-delivery of siRNA with bioactive molecules is an active
area of research. This approach may overcome multidrug
resistance of diseased cells, and appropriately modiﬁed materials
can inhibit the intracellular autophagy (Mei et al., 2014).
However, it should be noted that there is often inconsistency
between results obtained in vitro, in vivo and in clinical trials and
as for any medicine, the safety must be thoroughly investigated
before clinical applications can be assessed.
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A frequently pursued beneﬁt for nanomedicine in drug
delivery relates to their pharmacokinetic performance, with many
applications aiming to improve bioavailability, distribution or
residence time within the systemic circulation. The mechanisms
that dictate pharmacokinetics are diverse and the complexity is
underpinned by numerous molecular, cellular and physiological
processes contributing to absorption, distribution, metabolism
and elimination (ADME) (Owen et al., 2006). A holistic approach
to understanding ADME can be realized through the integration of
mechanistic ADME data through the mathematical algorithms that
underpin physiologically based pharmacokinetic (PBPK) modeling.
PBPK modeling is now almost routinely utilized to support
regulatory submissions for conventional drugs in the US by the
FDA (Center for Drug Evaluation and Research) and in Europe
by the EMA (Committee for Medicinal Products for Human
Use). The approach has also been successfully applied postlicensing for assessing pharmacogenetic variability (Siccardi
et al., 2012) and drug–drug interactions (Siccardi et al., 2013).
Many of the mechanisms that underpin ADME for nanomedicines
may be different than for conventional medicines and the ﬁrst
PBPK models relating to nanomedicines are now beginning to
emerge (Bachler et al., 2014; Li et al., 2014; Li et al., 2010; Li
et al., 2012; McDonald et al., 2014; Moss and Siccardi, 2014; Rajoli
et al., 2015; Yang et al., 2010). Thus there is the need to
mathematically integrate interdisciplinary knowledge to improve
the performance of such modeling approaches.
It is clear that in order to effectively characterize, translate and
apply advances in the area of nanomedicine, a holistic approach
is required that by deﬁnition involves the integrated contribution
of scientists from multiple disciplines.
The British Society for Nanomedicine (http://www.
britishsocietynanomedicine.org/) is a registered charity (charity
number 1151497) that was established in 2012 with the aim of
bringing people from different backgrounds together to move
the nanomedicine ﬁeld forward. Since then, feedback from
many of the members of the society has been that there is often
difﬁculty and inconsistency in the peer review system for existing
nanomedicine journals. At the heart of this issue is that many
investigators often feel that their predominantly materials-

1229

1230

Interdisciplinary Nanomedicine Publications through Interdisciplinary Peer-Review

based manuscripts have been unfairly critiqued by life science
reviewers or vice versa. It is on this basis that the Society has
elected to create the Journal of Interdisciplinary Nanomedicine
(http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)20583273) in collaboration with Wiley. The Journal of Interdisciplinary
Nanomedicine (JOIN) is an international, peer-reviewed academic
journal that aims to provide a forum for dissemination of truly
interdisciplinary nanomedicine research. The journal contains
evidence-based research outputs with high-level contributions
from at least two sciences, and is unique in its provision of peerreview by reviewers from multiple disciplines tasked to focus
only on their specialist areas. Moreover, authors are requested
during submission to indicate the primary and secondary discipline
of their manuscript and the paper will be accordingly assigned
two editors to facilitate an editorial process that effectively
accounts for interdisciplinarity. Multiple ﬁrst and/or corresponding
author status is encouraged so as to provide transparency and
acknowledgment for contribution to interdisciplinary work.
The Journal embraces submissions from all relevant ﬁelds as
applied to early stage scientiﬁc developments and studies aimed
at the progression of nanomedicines towards the clinic, which
include physical science, life science, clinical science, intellectual
property, regulatory issues and policy considerations. JOIN
contains original research papers, editorials, review articles,
technical notes, and letters to the editor about matters that may
beneﬁt the wider readership. Advances that are progressing to
application through consolidation of multiple areas of expertise
are especially encouraged. Core areas of particular interest
include diagnostics, pharmacology, pharmaceutics, toxicology,
clinical outcomes, new materials, drug delivery, targeted delivery,
electronics and engineering.
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Gene therapy, the targeted insertion of DNA coding for a therapeutic
gene into the nuclei of diseased cells or tissues followed by its
expression, is one of the most promising new therapies for a host
of diseases and conditions [1]. The first gene therapy product,
Gendicine (adenoviral vector-based) was approved in China in
2003 for head and neck cancer. On July 24, 2012, the European
Medicines Agency approved the adeno-associated viral (AAV) gene
therapy, Glybera by uniQure, for lipoprotein lipase deficiency, an
orphan disease. Recent progress towards patient use indicates that
there is still more work ahead for developing approved products
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for other indications. More than 1,800 gene therapy clinical trials
have been carried out in the past 25 years, including approximately
400 studies currently in progress [2].
As recent reports of encouraging progress are emerging
with viral vector-based therapies, the field is developing more
confidence in gene therapy applications. For example, uniQure
is developing the GDNF (glial cell derived neurotrophic factor)
gene in their AAV-2 delivery vector using a bilateral, convectionenhanced delivery to the putamen (NCT01621581), and Oxford
Biomedica reported Phase 1/2 clinical trial results with ProSavin
and intrastriatally delivered a tricistronic lentiviral vector-based
vector encoding tyrosine hydroxylase, L-amino acid decarboxylase
(AADC), and cyclohydrolase 1 gene therapy, both aimed at restoring
dopamine production in patients with advanced Parkinson’s disease
[3]. MYDICAR®, an AAV-based sarcoplasmic reticulum calcium
ATPase (SERCA2a) gene therapy, being developed by Celladon to
restore SERCA2a enzyme levels, is currently in clinical trials for
evaluating its efficacy in improving left ventricular function and
remodeling in NYHA class III or IV chronic heart failure patients,
and is administered as a single intracoronary infusion [4]. This
study received “breakthrough therapy designation” from US
Food and Drug Administration (FDA) through the FDA Safety and
Innovation Act of 2012 (FDASIA) to expedite drug development
and review of innovative new medicines that address certain unmet
medical needs for serious or life-threatening diseases or conditions.
In spite of the tremendous progress, future challenges in gene
therapy treatments include the development of gene delivery
vectors with targeting ability, controllable, high and prolonged
transfection efficiency, improved safety, and less complicated or
non-invasive administration methods. Novel non-viral delivery
systems represent options for gene therapy that could fulfill these
mentioned requirements. However, non-viral systems are not
yet effective and specific enough for clinical applications, and
improvements in both the structure and function of these systems
are required. Non-viral gene delivery vectors are an extensive class of
man-made complexes or nanoparticles (NPs) composed of a nucleic
acid cargo, typically a plasmid, with one or more soft matters such
as cationic lipids (DOTAP, DOTMA), surfactants, biologicals (gelatin,
chitosan), metals (gold, magnetic iron) and synthetic polymers
(PLG, PEI, PAMAM). This engineering flexibility provides several
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key advantages over viral delivery vectors, principally reduced
immunogenicity resulting from their biologically inert material
composition, and reduced production costs. Moreover, this “bottomup” design allows researchers to customize their composition and
incorporate specific moieties to suit a wide range of applications.
Development of nano-sized delivery systems requires the
understanding of a comprehensive set of parameters, and the
construction of fine-tuned particles capable of significantly more
“intelligent” functions compared to traditional dosage forms.
Among the many important properties, morphology and internal
structure of nanoparticles play a significant role in their functional
performance. At the cellular level, a multitude of parameters are of
interest for fine-tuned customization. Important considerations in
individual nanoparticle design for enhanced cellular interaction
and drug delivery are size, surface charge, surface area, shape,
surface coatings, stability, and structure of particles. An interesting
consideration in NP design is the size and shape of particles.
Smaller particles, those less than 150 nm, are typically taken up to a
greater extent into cells, which has been shown for NPs made from
various biomaterials. Until recently, all delivery systems studied
were mostly spherical. The structure of lipoplexes has been the
focus of both theoretical and experimental studies that examine
the relationship between the morphological characteristics of
lipoplexes and their functional activity. These various structural
forms have been revealed in numerous studies using diffraction or
magnetic resonance methods; however, the lack of understanding
of the relationship between transfection and the nature of
complexes has also necessitated determining other physical
characteristics using various methods. A non-spherical particle
shape (filament, ellipsoid, cube, rod, triangle, pentagon, disc) may
provide significantly improved interactions with cells [5–10]. The
relationship between the structure of DNA complexes and gene
delivery has been of considerable interest in the past few years
from both theoretical and experimental standpoints. The importance
of the thorough understanding of particle properties is widely
recognized [11, 12]; however, in practice there is still much to be
done to fully detail all relevant characteristics of old and new
systems. NP biocompatibility, including pharmacokinetics of
absorption, targetability, clearance, and toxicity, is the direct result
of the sum of the physicochemical features carefully designed
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under established dosage form design and newly developing
nanopharmaceutics principles.
For selected applications, the route of administration can
be needle-free [13–16], although in most cases gene delivery
systems are administered by injection. In the next few years, new
technologies will allow non-invasive administration methods,
especially into the skin, eye, and mucus membranes, which will
provide more effective treatment modalities, patient acceptance,
and potentially self-administration.
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There are 285 million visually impaired people in the world, out
of which 39 million are blind. The leading causes of blindness are
cataract, glaucoma, age-related macular degeneration (AMD),
corneal opacities, diabetic retinopathy, and trachoma. Cataract
(opacification of lens) alone is responsible for 51% of total
blindness [1]. Although modern cataract surgery is safe and
effective, a majority of world population cannot afford it [2]. Most
alternative anti-cataract synthetic drugs have failed in clinical
trials due to massive side effects [3]. Current Nanotherapy
approaches have gained a fair bit of success in both synthetic
approaches (quercitrin) [4] and natural therapy (curcumin) [5].
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Glaucoma is the second most leading cause of blindness [6].
It is a progressive optic neuropathy and has been commonly
associated with elevated intraocular pressure (IOP) [7]. The
conventional drug delivery system for treatment of glaucoma
comprises of ocular drops and has been linked with numerous
disadvantages such as natural anatomical barrier (low residence
time), poor patient compliance, and local and systemic side effects
[8]. Several sustained release drug delivery systems for antiglaucoma drugs have been proposed that include intraocular
implants [9], ophthalmic inserts [10], nano- and microparticles
[11], liposomes [12], nanoemulsions [13], and contact lenses [14].
However, due to potential benefits of nanoparticles (NPs) over
other delivery systems, further research is focused on finding new
drugs and developing better nanoformulations. One such study
introduced latanoprost (an ester prodrug of prostaglandin F2a
with an efficiency to lower the IOP). Latanoprost acid (LA) is
the pharmacologically active component of latanoprost. LA was
entrapped in biocompatible and biodegradable nanoparticles
formed using polylactide-poly(ethylene glycol) (PLA-PEG)
copolymers. The in vivo studies revealed that LA-loaded NPs
proved to be a promising system for curing glaucoma without
inducing any side effects [15].
Topical drug delivery is considered as the easiest
method for ophthalmic drug delivery and has gained patient
compliance over time. Once a drug is topically applied, due to
the natural tear drainage and blinking action of the eye there is a
10-fold reduction in drug concentration in eye within 4–20 min
[16]. Thus, the residence time of the drug in precorneal space and
penetration to ocular tissue is reduced to 5–6 min and 1% to 3%,
respectively [17]. The mucoadhesive nanoparticles that interact
with the mucosal layer of cornea have been a big success in
ophthalmic drug delivery, as they can increase the drug residence
time in precorneal space up to 20 min [18]. The best advantage of
using NPs is that their surface can be modified as per requirement.
Thus, surface modifications in NPs can significantly increase the
bioavailability, corneal penetration, and conjunctival uptake of
drug-loaded NPs [19]. It has also been established that due to
the above-mentioned reasons the therapeutic efficacy of drugs
loaded in polymeric NPs is significantly increased [20]. Eudragit
S, methyl methacrylate methacrylic acid, and chitosan are some
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of the mucoadhesive polysaccharides that can prolong their
presence on the ocular surface [21].
Chitosan is known to increase transepithelial absorption by
reversal opening of tight junctions [22]. Poly-b amino ester (PbAE)
is a biodegradable and biocompatible cationic polymer that is
recently being used for nanoparticle synthesis for ophthalmic drug
delivery [23]. Another new mucoadhesive polymer Durasite (crosslinked, poly acryclic acid, Inspire Pharmaceuticals, Durham, NC)
has been designed to increase the drug residence time in precorneal
space in order to improve the effect of topical delivery [24]. There
have been several limitations associated with the use of
nanoformulations such as, mucoadhesive polymers in solution
get hydrated and their mucoadhesivity is reduced [25], other nonmucoadhesive polymers are not retained on eye for significant
period; therefore, alternative drug delivery approaches such
as nano-gels have been developed. Levofloxacin nanoparticleladen in situ gel is one such system that has been used to enhance
ocular retention [26]. Other studies are focused on improving the
properties of mucoadhesive polymers by mixing other polymers,
e.g., Cationic chitosan and anionic dextran sulfate have been used
to form mucoadhesive chitosan-dextran sulfate nanoparticles with
enhanced retention capability [27]. Aptamers (functional nucleic
acid ligands) with enhanced specificity towards the target antigen
are the current and advanced therapeutics that have been commonly
used in nanodelivery systems in cancer and eye and inflammatory
diseases [28]. Chimerization of aptamers enhances their capability
by diversifying their use in targeted therapy [29]. In a recent
approach, an epithelial cell adhesion molecule (EpCAM) aptamer
(EpDT3)-doxorubicin (Dox) conjugate was used to target cancer
stem cells using retinoblastoma (RB) cell line as a model [30]. RB
is most common cancer found in the retina of children under the
age of 2–3 years [31]. It was found that the EpDT-3-Dox conjugate
selectively induced apoptosis in cancer as well as cancer stem cells
and did not harm the non-cancerous cells. Apart from aptamers, other
nucleic acid-based therapeutics such as the RNA interference (RNAi)
approach has also gained huge success in inhibiting invasiveness of
RB cells [32]. Therefore, the current therapeutic approach has shifted
from conventional nanoparticle-based therapy to highly targeted
aptamers, mucoadhesive polymer mixtures, nanoemulsions, and
nanogels.
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The American Society for Nanomedicine (ASNM) has long served
as a platform for exchange of seminal research findings.* A focus
on translation, from bench to bedside forms the society’s unique
signature. The ASNM was founded as a registered nonprofit,
professional society with a membership base drawn from diverse
fields of engineering, medicine, law, government policy, ethics,
toxicology, biotech
nology and pharmaceutical sciences. Speedy
clinical translation of inventions is fostered. Nanoneuromedicine,
the conference theme for 2014, sought to best define an evolving
field by bringing divergent disciplines and approaches together
in discussion in order to facilitate long-term collaborative research.
The efforts served as a catalyst for product development from
the laboratory bench to human clinical trials.

55.1

Defining Nanoneuromedicine

In initiating the conference, an initial goal was to identify the
components that fill the whole of nanoneuromedicine. Research
activities focused on the development of effective treatments for many
nervous system maladies and focusing the conference to specific
areas proved challenging. What was clear, however, was the directive
towards improving nervous system function or halting disease.
Neurodegenerative, addictive, infectious and neuroinflammatory
disorders continue to be substantive and unabated contributions
to human suffering. While biomaterials, sensors, nanoparticles, and
nanospheres are potential platforms for drug and gene delivery for
nanoneuromedi
cines, few are fully developed for human use,
*The American Society for Nanomedicine (ASNM) is a non-profit, professional medical
society headquartered in Ashburn, Virginia, USA. It promotes worldwide seminal
research activities in nanomedicine and explores the applications of nanotechnology
in the pharmaceutical and biotechnology industries. Its members, drawn from
diverse, yet overlapping fields such as biotechnology, engineering, medicine, and
law also discuss issues such as ethics, toxicity, patents, FDA regulatory issues and
commercialization. The founding directors are:
Dr. Raj Bawa, President and Patent Agent, Bawa Biotech LLC, Ashburn, Virginia, USA,
and Adjunct Professor, Department of Biological Sciences, Rensselaer Polytechnic
Institute, Troy, New York, USA.
Dr. Esther H. Chang, Professor, Department of Oncology, Lombardi Comprehensive
Cancer Center, Georgetown University Medical Center, Washington, D.C. USA.
The address for the society office is: American Society for Nanomedicine, Att: Dr. R.
Bawa, 21005 Starflower Way, Ashburn, VA 20147, USA; http://amsocnanomed.org/

Nanoneuromedicine and Bioimaging

and each hold a number of challenges [1]. A few examples are
noteworthy and include, but are not limited to, preventing
aggregation of misfolded proteins, limiting toxicities of growth and
immune modulatory factors, inducing neu
ral repair, improving
diagnostics, implement
ing neuroprotective nanosurgeries for
device implantation, and cell-mediated deliveries across a
functional blood-brain barrier (BBB). Each can positively affect
disease outcomes. The general field of nanomedicines includes
drug formulations containing nucleic acids, proteins and antibodies
that serve to improve medicine pharmacokinetics by delivering
multifunctional payloads to reverse tissue damage. This is true for
all applications of the technol
ogy both inside and outside the
nervous system. For example, those formulations that target
dis
eased cells can facilitate cancer cell destruction and reduce
untoward secondary side effects. The technologies are applicable
to a range of disorders. Liposomal formulations of doxorubicin
(Doxil®), for example, can reduce drug-related cardiotoxicity.
Coating formulations can affect drug half-lives and improve
brain tumor therapeutic outcomes [2]. Targeting par
ticles to
immune cells can facilitate microbial clearance for meningitis. For
example, liposomal formulations of amphotericin B (Ambisome®)
positively affect treatment outcomes following cryptococcal and
Leishmania infections. In both instances the formulations hijack
macrophages’ scavenging activity for maxi
mal therapeutic gain.
Most importantly, this enables reduction in collateral tissue
toxicities and enhanced drug efficacy during facilitated drug entry
into the CNS. Similar strategies are operative for nanoformulations
of antiretroviral drugs and especially those where brain entry is
deemed appropriate. These cell-based therapies improve drug
pharmacokinetics and pharmacodynamics, including those designed
to clear viral reservoirs contained both inside and outside the
nervous system.

55.2

Nanoneuromedicine and Bioimaging

The field of nanoneuroscience combines both therapeutic and
diagnostic disciplines. Interest
ingly, PET serves both diagnostic
and therapeutic nanomedicine capacities (called theranostics). In
stroke models, for example, nearly absent blood flow is better
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visualized through oxygen-carrying liposome-encapsulated hemo
globin. These can penetrate the core of ischemic zones [3]. A
fibrin-specific, liquid perfluorocarbon nanoparticle with bound
plasminogen activator streptokinase can provide rapid fibrinolysis
[4]. Compounds capable of scavenging reactive oxygen species and
providing neuroprotection include cerium oxide nanoparticles
[1]. MRI also allows rapid assessment of drug pharmacokinetics
and is augmented by contrast agents. The most commonly used
MRI contrast agent is superparamagnetic iron oxide (SPIO), which
causes a dramatic loss of signal over a spatial range of approximately
100-times the particle size. Single micron particles are detected
with 100 µm isotropic resolution [5]. Quantitation of particle
numbers is accessible using MRI T2 relaxometry. The most common
application of magnetite targeting is in cancer therapy. SPIOloaded nanoparticles can be used for imag
ing and targeted
therapeutic delivery to brain tumors. Such formulations can
access tumors after delivery of nanomaterials across the BBB [6].
“Steerable” particles can be used in combination with carmustine,
a hydrophilic polymeric coating. Accumulation of such nanoparticles
in brain tumors by magnetic attraction can affect tumor volume
reductions [7]. SPIO-loaded nano
materials may facilitate cell
tracking of immune cells. The design of such nanomaterials
enables the particles to be taken up efficiently by cells while
remaining inert. Preventing interference with cellular function
is a critical property for diagnostic nanoneuromedicines. Studies
range from simple polymer-coated SPIO particles, to SPIOlabeled macrophages, to strategies for labeling primary islet
cells [8].
Optimization of cellular uptake of nanoformulated SPIO is
an active area of interest as it permits rapid evaluation of drug
biodistribution and theranostics. Specific cellular uptake is affected
by size, shape and targeting moieties. Various strategies include
coating with antibodies, enzyme substrates and transfection
vectors. In addition, size, shape, z-potential and targeting density
are combinatorial factors in the effectiveness of cell-specific
particle uptake. Recent studies have led to the development of
theranostic nanomaterials containing antiretroviral drugs and
SPIO particles, termed “small magnetite antiretroviral therapy” (also
known as SMART particles). In these studies, drug concentration

Targeted Therapy and Toxicology of Nanoneuromedicines

in tissue was matched by the SPIO content of the same tissue
measured using MRI T2 relaxometry. Work using target
ing
ligands on nanoformulated SPIO particles to assess the ability of
long-acting antiretroviral drugs to provide dose reductions
and improve the potential for HIV eradication in the CNS is
progressing [9].

55.3

Targeted Therapy and Toxicology of
Nanoneuromedicines

A major developmental concern is how best to target the CNS
while reducing general cytotoxicities. Notably, unique challenges
exist for the development of effective nanotherapeutics for
neuroscience. These include their ability to cross the BBB and
maintain therapeutic drug levels in the CNS. Drugs must be
effective at low concentrations and exhibit both low toxicity and
low immunogenicity [1]. To surmount these challenges, a number
of strategies have been employed in formulation development.
Liposomal drugs can cross the BBB. Such a strategy is commonly
employed for anti-epileptics, -fungals, -retrovirals, -ischemics and
chemotherapeutic agents. Specific targeting moieties are added on
the surface to facilitate delivery to sites of action. Micelles, using
amphiphilic block polymers that surround noncovalently bound
drugs, can also cross the BBB [10]. Polymeric nanoparticles using
bio
degradable polymers to encapsulate drug(s) or carry it by
attaching it to the nanoparticle surface can speed BBB passage by
tight junctions, facilitated endocytosis or inhibition of efflux
transporters on endothelial cells. Dendrimers can carry drug(s)
within their own branching structures and can be modified to
enhance penetration into the brain. Macrophages may also be used
as drug carriers to deliver nanoparticles across the BBB [11].
With the development of nanoparticles also comes concern
over potential adverse effects. Special concerns have been raised
over their small size, surface charge, molecular com
position,
surface area, route and duration of administration. This can and
often does increase the potential for toxic cellular interactions.
Notably nanoparticulate carriers can elicit pro-oxidant and
inflammatory properties. Thus, efforts to reduce potential
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adverse toxicities have focused on the use of biodegradable and
biocompatible polymers that can evade the reticuloendothelial
system and better pro
mote nanocarrier drug release [6].
Reduction in dose and dose frequency may be achieved with the
addition of cell-specific targeting moieties.

55.4

Diseases of the Nervous System: New
Opportunities for Nanoneuromedicine

Considerable efforts are being focused in the research laboratory
on using nanoneuromedicine for disease treatment. For
neurodegenerative disorders including Alzheimer’s disease (AD)
and Parkinson’s disease (PD), as well as amyotrophic lateral
sclerosis (ALS) and mul
tiple sclerosis (MS), nanomedicines
offer particular treatment opportunities. The particular abilities
of the formulations to affect pathways linked by common
pathophysiological conditions, such as neuroinflammation and
mis-folded proteins, which drive a cycle of degen
eration, can
provide improved drug targeting. The promise of nanotechnology
can also help to diagnose and to monitor effects of therapeutics.
AD presents as impaired memory, cognition and behavior
that result from brain atrophy and loss of cortical and subcortical
neurons [12]. Extracellular senile plaques and intracellular
neurofibrillary tangles contain aggregated amyloid- (A),
and aggregated and helical forms of hyperphosphorylated tau,
respectively [13]. Diagnosis of AD is focused on tau, amyloidogenic
A42 forms, APP and A-derived diffusible ligands (ADDL).
ADDL levels in cerebrospinal fluid can be measured using
“biobarcodes” that utilize ADDL-specific antibodies and gold (Au)
nanoparticles [14]. Au particle conjugation to anti-A40 combined
with the electrical detec
tion system associated with scanning
tunneling microscopy increases detection of the immunocomplexes
[15]. Au particles also can be fab
ricated as multispot-localized
surface plasmon resonance immunochips [16]. Nanotechnology
can thus be used to detect A deposits. A-coupled ultrasmall SPIO
particles in conjunction with magnetic resonance microimaging
(mMRI) can be used to detect A deposition [17]. Fluo
rescent
quantum dots conjugated with anti-A antibody can track A
accumulation [18]. Impor
tantly, nanotherapeutics are designed

Diseases of the Nervous System

to inhibit the formation of A aggregates. Copolymeric N-isopropylacrylamide/N-tert-butylacrylamide particles quench and
temporarily reverse fibrillization of A [19]. Fullerenes that
inhibit A aggregate assembly prevent A-mediated impairment
of cognitive performance [20]. Au particles conjugated with
A fragments can be incorporated into A complexes, and the
A aggregates can be selectively ablated by laser or microwave
exposures [21]. Nanotherapeutics for AD also include formulating
drug(s) to increase brain delivery. Tacrine, one of four cholinesterase inhibitors, can be incorporated into mag
netic chitosan
microparticles and magnetically guided by selective placement of
the magnet to the head [22]. These are but a few examples of how
nanomedicines have entered into the field of neurotherapeutics
in AD.
PD, the second most common neurodegenerative disease, is
characterized by resting tremors, bradykinesia, gait difficulties
and postural instability, resulting from the loss of dopaminergic
neurons within the substantia nigra pars compacta with subsequent
loss of its striatal projections [23]. Proteinaceous neuronal
inclusions, termed Lewy bodies, comprised chiefly of misfolded
a-synuclein (a-syn) and ubiquitin, are disease hallmarks. For
diagnosis, Au-doped TiO2 nanotube arrays are designed with a high
sensitivity photoelectrochemical immunosensor to detect a-syn
[24]. To detect protein misfolding of single a-syn molecules,
nanotechnology can be paired with atomic force microscopy for
enhanced detection of interprotein interactions [25]. Au particles
can be interfaced with plasmon absorbance for assessment
of neurotransmitter concentrations that can indirectly reflect
PD pathology [26]. To combat symptoms of disease, levadopa
was encased with ascorbic acid-functionalized C60 fullerenes to
potentiate antioxidant activities [27]. To decrease microglia-activated
reactive oxygen species, catalase was packaged into par
ticles
consisting of a block copolymer complex with polyethyleneimine–
PEG, and the particles taken up by macrophages, resulting in dimin
ished microglial-derived hydrogen peroxide, neuroinflammation
and neurodegeneration in PD models [28]. The dopaminergic
agonist bromocriptine was formulated as a particle with tristearin/
tricaprin lipid combination to protect against neurodegeneration
[29]. Loading dopamine into chitosan particles increased levels of
striatal dopamine with limited dopamine toxicities [30]. Lactoferrin-
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modified particles that encapsulate the human neurotrophic
factor gene were able to positively affect locomotor activity,
reduce dopaminergic neuronal loss and enhance monoamine
neurotransmitter levels [31]. Additionally, anti-a-syn-conjugated
polybutylcyanoacrylate particles improved intracellular a-syn
clearance [32].
ALS is a disorder of motor neurons leading to loss of
neuromuscular control and eventual death resulting from
respiratory failure [33]. The neuropathologic hallmark is motor
neuron degeneration confined to the upper and lower motor
neurons. Proteinaceous inclusions in cell bodies and axons can
be found that contain ubiquitin and one or more ALS-associated
proteins, such as SOD1. To facilitate the diagnosis of ALS, Au particles
coated with SOD1 are used to interact with SOD1 aggregates and,
as such, provide a simple and sensitive colorimetric detection
system [34]. Poly(lactic-co-glycolic) acid nanoparticles containing
SOD1, when delivered to neurons, provided protection against
hydrogen peroxide-induced oxidative stress [35]. Carboxyfullerene
SOD mimetics are neuroprotective in laboratory systems of
disease [36]. Nanoparticles with high loading capacity can deliver
riluzole to sites of ALS pathology with greater efficacy and more
accurate distribution than free riluzole [37]. MRI performed on
ALS rats injected with SPIO particles conjugated with anti-CD4
antibodies revealed trafficking of immunocytes to the pathological
regions [38].
In MS, the immune system attacks the self-antigens of the CNS
associated with myelin and oligodendrocytes, producing lesions of
demyelinated white matter or plaques with intense perivascular
inflammation [39]. Nanotechnologies relevant to diagnosis in
MS models have addressed the detection of inflammation. Using
MRI and nanoparticles functionalized with the glycan ligand
sialyl LewisX the presence of E/P-selectins was detected in an
experi
mental autoimmune encephlomyelitis model [40], while
antibody-conjugated microparticles carrying iron oxide detected
VCAM-1 [41]. By labeling macrophages with iron-oxide particles,
MRI followed the migration of cells into sites of active lesion
formation. Nanomedicine therapeutic approaches to MS chiefly
promote neuroprotection. A particle consisting of a water-soluble
fullerene derivative functionalized with an N-methyl-D-aspartate
receptor antagonist as an antioxidant with antiexcitotoxic potential
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reduced MS disease progression and myeloid cellular infiltrates
in disease models [42].
Taken altogether, nanoneuromedicine is certainly composed
of many divergent fields of investigation that involve the
development of distinct nanoformulations targeting specific cells
and sites of neural injury. Moreover, how best to traverse the BBB
and, thus, facilitate drug payload entry to their action sites are
notable. Nanotoxicology and diagnostic appli
cations are further
notable for a rapidly growing field and one that is a subject of
significant interdisciplinary science.
Investigators speaking at the 2014 ASNM conference were those
who studied each of these parts of nanoneuroscience and were at
the cutting edge of the field. They are or will soon be able to apply
such technologies to facilitate improvements in disease outcomes.
This is based on better ingress of contrast and therapeutic agents
across the BBB, as well as in modifying drug therapeutic indices.
The application of such technologies for a broad range of diseases
also faces new regulatory and ethical challenges. The ASNM is
humbled to bring the field to center stage and highlight the range
of efforts and applications currently under way at the international
stage. We are in an age of change and one where technologies will
meet the needs of growing and changing populations and norms.
Nanoneuromedicine will be one instrument in such a change
and one poised to embrace current and future needs with real
long-term solutions.
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investigations.
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in Microbiology from the University of Oklahoma and a PhD in
Immunology from the University of Tulsa. Dr. Mosley’s research
interests focus on the role of T cell-mediated and innate immunity
in neurodegenerative diseases that exhibit inflammatory
components, which have been shown to play integral roles in
neurodegenerative processes. In models of Alzheimer’s disease,
amyotrophic lateral sclerosis (ALS or Lou Gehrig’s disease), and
experimental allergic encephalitis (EAE, a model for multiple
sclerosis), chronic inflammation is a dominant feature, whereas
acute inflammatory responses appear essential in models for
HIV-1-induced encephalitis and Parkinson’s disease. Dr. Mosley’s
research objectives are to delineate mechanisms by which
proinflammatory effector T cell (Teff) responses mediate and
exacerbate neurotoxicity, and develop vaccine strategies that
induce and sustain anti-inflammatory T helper type 2 or type 3
(Th2 or Th3) or regulatory T cell (Treg) responses, which interdict
proinflammatory processes with subsequent amelioration of
neurodegenerative processes and promotion of neuroprotection
and/or neuroregeneration.
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enjoys playing the congas when the opportunity presents itself.
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56.1

Principles of Nanoethics

The nanotechnology’s promise to redesign the realm of medicine is
based on the assumption that the related technological discoveries
will help providing new effective tools to prevent diseases, promote
health and alleviate human suffering. Although all of those goals
are surely among our strongest mandate, the impact in the clinical
practice of nanotechnological discoveries has a potential not
only for great good but also for great harm. Unfortunately, in both
instances this potential can be misperceived or misrepresented.
Handbook of Clinical Nanomedicine: Law, Business, Regulation, Safety, and Risk
Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
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Thus, rather than focussing on the simplistic notion that “smaller is
better,” nanoengineers as well as philosophers are now proposing to
contextualize the emphasis on the ethical questions of when, how
and for whom smaller might be better [1].
Ethics, in fact, has always provided a rational approach to moral
dilemmas, and bioethics has expanded rapidly in recent decades to
specifically address them in life sciences. Dilemmas in innovation
technology are common, and they are gradually arising as part of the
initial diffusion of nanotechnology-driven solutions to healthcare
needs [2]. Aiming to better analyze and understand those dilemmas,
in this chapter we will cover the themes of risk-assessment, riskmanagement, risk-communication, research and development
regulations, and finally we will discuss the concerns associated with
human enhancement.

56.2

The Evolving Art of Nanomedicine

Defining in a nutshell all the areas where nanomedicine will find
its application is particularly complex, in fact those areas include:
medical applications of nanomaterials (for delivery of drugs,
improvement of prosthesis or enhancement of surgical tools),
nanoelectronic biosensors or neuro-electronic interfaces, as well
as DNA repair through molecular nanotechnology, just to cite a few
[3, 4].
In many ways the ethical challenges of nanomedicine, not only
recall those previously faced in surgery and medicine in general;
but also those recently faced by biotech and genetic industries.
Specifically, those latter faced enormous obstacles in both
governance (standards-setting and regulatory issues) and social
acceptance because they were perceived as “breaking speciesbarrier” technologies [5–8]. Therefore, ever since the diffusion
of nanomedicine it seemed wise to put in action all measures to
avoid repeating errors from the past: A landmark in this process
was the 2005 National Science Foundation initiative to pinpoint
“What can Nano learn from Bio.” Essentially, the lesson learned was
that the introduction of nanomedicine in clinical practice could be
perceived as more acceptable only if supported by a public debate
maintaining a reasonable degree of context, which too often lacked
in the past [9].

Risk Assessment and Nanoethics

Indeed, the principal feature of nanomedicine, which makes
the case for discontinuity with previous technological waves, is the
broader field of possible practical and theoretical applications. By
entering in the nanomedicine era, we are accessing a funnel, from
whom every initial step might be exponentially amplified down the
road. Obviously, the point to undertake an ethical investigation at
the very beginning of this era of nanomedicine is to timely address
its unpredictable future developments. In fact, along with the rise
of any new emerging field of science and technology, a careful
reasoning help identifying the central ethical principles and
precepts which must be prioritized in shaping the use of those
discoveries and determining the right course of action to benefit
from them [10].

56.3

Risk Assessment and Nanoethics

Despite its complex and often-controversial nature, an essential
step in our endeavor is certainly represented by a thorough
assessment of the potential risk posed by nanoproducts to human
health. The traditional hazard-driven approach of monocausal
toxicological perspective used in material science and translated
to the chemical industry might not be appropriate because of the
intrinsic peculiarities of nanomaterials and their physical chemical
and biological properties at the nanoscale. Since fears about
nanomedicine take many forms, mapping out nanorisks, especially
those related to its possible cellular and genetic toxicity, call for
a strict law regulation on translational research at national and
international levels.
From novel diagnostic devices to performance-enhancing drugs,
those dilemmas are affecting our goals, values and aspirations as
a society. We all are well aware that the fundamental questions
behind each aspect of nanomedicine present ethical quandaries
for the decision makers, and this highlights the importance of
engaging the public in an open discussion. Not to be rhetorical,
we as scientists must get acquainted with the idea that all the
concerned stakeholders, from patients to physicians, from Big
Pharma’s to their customers, are to be faced with the same ethical
questions, which if left unsolved risk to abruptly affect our lives in
the near future [11–13].
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In order to prevent misuses of nanomedicine, and to guarantee
that its whole set of advances would not eclipse the possible
benefits, we herein propose the following SWOT analysis which
allow to list the strengths, weaknesses, opportunities and threats
associated with the introduction of any given nanoproduct in the
healthcare market (Fig. 56.1).
Weaknesses

Strengths




Importance of building trust among the public
concerned
Wise guide to decision‐making process in
clinical practice
Innovation of pre‐established approach to
medical dilemmas




Lack of universality of ethical validation for
emerging technologies
Length of process deemed to ethical analysis

SWOT Analysis
Opportunities




Unexploited potential in clinical practice
Scientific and media attention
Support of patients’ associations and public
foundations

Threats



Externalities related to ethical issues in
exponential technologies applied to medicine
Need to clear concerns regarding potential
cross‐coverage with existing regulatory boards
or authorities

Figure 56.1 SWOT analysis suitable for understanding the environment
in which any given nanomedical product is meant to be
introduced.

Our SWOT analysis helps understanding the risks behind
the use of a nanomedical product and provides a basis to discuss
its potential advantages and drawbacks with the public. Keeping
this in mind all the stakeholders mentioned above are requested
to be vigilant and proactively involved in such a continuous
constructive discussion meant to decide toward which directions
we, as humanity, are willing to head.

56.4

Developing a Nanoethical Framework

Yet, part of the problem has been that many aspects, belonging
to the sphere of nanoscale devices or drugs, have appeared so

Developing a Nanoethical Framework

impenetrable to the eyes of the public opinion. Realizing that so far
the actual purposes of nanomedicine have been rarely explained in a
fashion really understandable to the general public, the educational
challenge right upon us is that we as scientists must favor a new
comprehensive approach, focused on sharing the specific pros and
cons of the long-term, large-scale diffusion of nanomedicine (from
chip-on-a-lab essays to nanodrugs or nanomaterials) with the
final customers in order to obtain a full awareness (if not a proper
informed consent) before their commercialization and use in the
clinical practice [14, 15].
Hopefully, our interconnected society has rapidly changed in
the last 25 years with a trend to encourage and foster scientific
and humanistic studies; this has formed a more educated public,
noteworthy with a striking interest about many aspect of healthcare.
As such, building trust requires now more than ever plans for a
strategic and intense outreach: Those are the basis for an easier
transition from an asymmetric to a more balanced transmission
of relevant information between science or medical professionals
and patients.
To figure out how relevant information on nanomedicine
should be communicated to the general public every step of the
life span of a nanomedical product should be taken into account.
The information to deliver might in fact change over time, so that
the attention can be focused on the relevant designing, producing
or commercializing phases. To this regard we have developed a
nanoethical framework (Fig. 56.2) which highlights 6 fundamental
steps requiring adequate communication with the general public;
those steps focus on: (1) identifying the clinical need(s) and the
context in which the new nanotechnological solution will be
implemented, (2) highlighting the scope(s) to develop, propose
and commercialize a nanomedical device, (3) evaluating the
advantage(s) and limitations of the new nanotechnological
discovery, (4) proposing whenever possible a benchmark
comparison with existing gold-standard(s), (5) analyzing with
objective measurements the perceived impact of nanodevices or
nanodrugs on the patients and their relatives, (6) monitoring the
long-term effect(s) of the nanoproduct.
Overall, such approach constantly provides the required tools
to meaningfully inform the final users in an adequate and timely
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way. This form of communication has what it takes to be
comprehensive and effective, and promise to increase the rate of
awareness and acceptability among the general population that
are the basis for and informed and educated use of a nanomedical
product.
An enlightening example of the way forward in terms of
engagement of all stakeholders comes from the “Human Genome
Project.” This project made much progress because it demonstrated
that interpretation of those genetic sequences was not meant to
be kept private or tied to intellectual property, but freely available
for everyone around the world. Such approach proved to be
effective in encouraging and nurturing a successful and proactive
partnership between private and public institutions. To this regard,
a continuing call for scientists to take a greater part in considering
social equity, privacy, ethical, legal safety and environmental
implication of their nanoscience is under our eyes. The time
of engagement for upstream and transparent regulation of
nanomedicine is upon us and will become even more stringent as
those technological advances will provide new tools to enhance
our body [9].
Life‐span of a nanomedical product

Identifying
clinical
need(s)

Highlighting
the scope(s)

Designing

Evaluating the
advantage(s)

Benchmarking
w/ gold‐
standard(s)

Producing

Measuring the
perceived
impact

Monitoring
long‐term
effect(s)

Commercializing

Figure 56.2 Nanoethical framework for ensuring adequate communication
with the public during each phase of the life span of any given
nanomedical product.

56.5

Human Enhancement

We are nowadays reaching a stage of scientific progress where the
boundaries of science might eventually transcend us as human

Conclusion

being. Thus, one final reason why we should care about our
capacity to understand nanotechnological evolution and manage
it properly also in terms of medical issues relates to the ever
changing definition of human being in a world where the traditional
distinctions between human and non-human, technology and
biology are meant to become not obvious if not ambiguous. This
leads to the more philosophical concern on the sophistication of
nanomedicine by neurotechnologies, which could one day interfere
on the way we feel emotions, store and retrieve our memories or
express our individuality and originality [16–18]. On one hand,
both the media and science fiction routinely remind us that several
flaws in genetic determinism and posthumanism are possible
and already on sight; on the other we would better consider
that attempting to evolve ourselves without strict international
consensus and appropriate rule of law is highly dangerous [18, 19].
As the lack of universality is destined to affect at least initially
any new technology, which generally tends to be both very expensive
and available only in certain countries, an unfair nanotechinduced evolution of our species might provide a biological basis
for tech-discrimination rather than futuristic social justice. Beside
this terrific egalitarian problem, also the doubts concerning
emotional and psychological drawbacks of transhumanism are far
to be effectively answered. For these, declaring a moratorium
(called for by ETC-Erosion Technology and Concentration group yet
in 2003) on a deregulated human enhancement must be our
compelling mandate to avoid unforeseen and unintended
consequences [20].

56.6

Conclusion

To conclude this chapter on the principles of nanoethics, let’s
remind once more that nanomedicine appears so radically
innovative that it can really be compared to a train: In this analogy
only those who are already on board may drive the train forward,
whereas all the others still on the platform, are debating pros and
cons to decide whether to jump on board or not [21, 22]. Increase
the readers’ awareness, while helping them to take part in such a
fundamental conversation is therefore part of our ethical duties.
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57.1

Introduction

Recently I sat in a darkened auditorium for seven days attending
and participating in back-to-back conferences, nanomedicine
being the focus of the first, while the second dealt with current
issues in medicine and pharma, where nanotechnology figured
prominently. As expected, the lectures and presentations provided
examples of the promise that nanotechnology has come to
represent as a therapeutic modality as a drug delivery system
and diagnostic platform [1]. They also reflected the diversity of
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expertise and disciplinary collaborations, as well as the proliferation
of nanocarriers, nanoformulations, and combination therapies
that may be the harbingers of current and future effective therapy
[2]. Indeed, this has been mirrored by investment, public and
private, as this technology, already pervasive in many consumer
products, seems to have been embraced by an increasing number
of pharmaceutical and startup biotech companies and even
academic pharmacologists and medicinal chemists [3, 4]. “Less
toxicity and more efficacy” and “targeted delivery and less adverse
effects” seem to have become something of a mantra, in both
publications and presentations on nanopharmaceuticals [5]; yet
few actual published studies emerge that address the toxicity
of nanomaterials in the context of drug development. This is not
to say that there are no toxicological studies of nanomaterials.

57.2

Tree Huggers

To me—as a pharmacologist, toxicologist, and academician—
the state of toxicology of engineered nanoparticles (i.e.,
nanotoxicology) is somewhat reminiscent of a university
hierarchy, where programs, departments, and colleges seem to
operate in separate spheres, often divorced from each other in a
tribal alliance of a dysfunctional family bearing the same surname,
but ever protective of its own turf. Some use the term “siloed”
or “isolationist.” In the context of research, it often reflects a
lack of awareness of other disciplines or professions that may
be investigating similar questions. For example, as a doctorate
student and later as a toxicologist, with a specific interest in
neurotoxicology, being of a forest predisposition I was surprised
to discover that many mechanistic neurotoxicologists were
unaware of or oblivious to paradigms and progress being made
in the study of neurodegenerative disease (the reverse being
equally true, where neurotoxicologists were viewed as poor
cousins by hard-core neuroscientists)! This has been remedied, to
some extent, with the recognition that environmental chemicals
exposure, pre- and post-natally, as well as in adults, may play a
role in development of Parkinson’s and Alzheimer’s diseases.
Indeed, a similar progression in attitude may be traced in many
disciplines, including studies of nanotoxicity. Yet, if we are to keep
pace with technological advancements in nanomedicine, whether

Tree Huggers

pharmaceutics, devices, diagnostic, and prognostic biomarkers,
safety assessment needs to occur hand-in-hand with product
development to insure delivery on the promise that nanotechnology
is expected to have.
Today, nanotoxicology is a recognized specialty within the
field of toxicology. As a specialized field of study, it was brought
to the forefront when inhalation toxicologists recognized that
ultrafine particulate matter, recognized as contributing factors to
the etiology of respiratory and cardiovascular diseases, existed at
the nanoscale [6]. This, and additional experimental evidence of
potential adverse effects, were later expanded on in the first-ofits-kind review in the journal Science [7] to include potential
genotoxicity, inflammation, generation of neoantigens and
autoimmunity, mitochondrial dysfunction, and oxidative stress.
Of key interest in our own laboratory is that nanoparticles, unlike
their bulk counterparts, because of their size and unique physicochemical properties and unique pharmaco/toxicokinetics [8],
may gain access to the central nervous system. While desired
therapeutically to circumvent the blood–brain barrier (BBB), it may
be potentially detrimental, depending on the particle chemistry,
coating, and accumulation [9]. Many published reviews and studies
have reiterated or demonstrated these effects in experimental
models, in vivo and in vitro. However, of concern and of need for
remediation is the observation that those involved in toxicological
studies, with environmental chemical assessment backgrounds,
often concentrate their efforts only on environmentally/
occupationally relevant chemical species (e.g., metal oxides:
manganese, nickel, titanium), usually as simple single entities,
whereas those in the nanopharmaceutical sphere appear to be
more focused on the therapeutic agent, with little consideration
for the chemical nature of the nano-carrier, outside its efficiency
in being a carrier. This phenomenon appears to have spilled over
to reviewers at funding agencies as well. It is understandable
that the US Environmental Protection Agency (EPA) is interested
in particular chemical classes of nanomaterials under the Toxic
Substances Control Act (TSCA), relevant to ambient air or water or
soil pollution, and seek to regulate their emissions [10]. However, it
is incomprehensible why a reviewer (or reviewers) for the National
Institute of Health (NIH) may insist that an experimental paradigm
to evaluate intravenous chitosan or silver or gold, potential
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delivery systems for pharmacotherapeutics, is only valid if
done through inhalation exposure because the preponderance
of published in vivo toxicological studies are of inhalation
toxicology studies. This begs the question, can the specialties of
environmental and ecological nanotoxicology provide expertise
to those in the specialty of nanopharmaceutics (and the converse),
or must they each occupy themselves with their individual trees?

57.3

Embracing the Forest

In light of the unique properties of nanomaterials (vs. bulk), some
of these challenges with the therapeutic use and safety
assessment of nanomaterials, including something as basic as
how one defines dose, have been highlighted in editorials and
commentaries published in recent years [11, 12], where more
than Paracelsus’ adage and mainstay of toxicity/safety studies
“sola dosis facit venenum” (the dose makes the poison) are at
play. This is further compounded by the fact that in the realm of
nanomedicine, it is not the behavior and safety of the nanoparticle
alone per se that is concern, but also the combination of nanoparticle
and therapeutic agent or multifunction nanoformulations, or
what has been termed by some toxicologists as “sophisticated
materials” [13]. This not unlike the assessment of individual
environmental toxicants while ignoring the real-world of human
exposure to complex mixtures that has only been acknowledged
in the last decades.
While some headway is being made in attempts to arrive at
unified screening and testing assays for high throughput evaluation
of nanotoxicity and have been the topic of several task forces
in Europe and the US [14–17], many of these committees evidence
little Pharma participation. Again, many of the testing paradigms
appear to be for simple materials and rely on alternative
toxicological screens (e.g., zebra fish, cell culture proliferation,
and oxidative stress assays), rather than reflecting the complexity
of nanoformulated therapeutics and the complexities of behavior
in model surrogates of the intended target organism. Even when
in vivo or in vitro studies are conducted, few studies provide
adequate characterization of the nanomaterial in the wet phase

Embracing the Forest

(as compared to the dry synthesis product), which is of greater
relevance to the test condition. In that regard, it is gratifying to
see that many publications require chemical characterization of
test material be included for peer-review [11]. Furthermore, the
benefit of predictive models based on quantitative structure–
activity relationships (QSAR) and physiologically based
pharmacokinetic (PBPK) modeling, core to many drug and nondrug research and development efforts, while promising, remain
in their infancy and are often contradictory and equivocal in
the realm of nanomaterial assessment [18, 19].
Despite the long history of nanoscale processes, most of which
is inadvertent when we consider our forefathers and ancient
civilizations, engineered nanotechnology as defined today with
its application to consumer products and medicine is a relatively
new frontier (see reference 4, this volume). As such there are
several challenges posed by engineered nanomaterials, including
nanotherapeutics, that need to be confronted in tandem with their
development and wholesale introduction to the manufacturing,
therapeutic, and ecological arenas. This includes the categorization
of nanomaterials based on intended use, identification of toxic
potential, alone and in the formulations of their intended use
(sophisticated materials), and a definition of their behavior
in complex biological systems, inclusive of systems-wide
pharmacokinetics and pharmacodynamics. Equally challenging
with a pressing need in order to bring nanomedicine to fruition
is to leverage the expertise of those in different arenas. Indeed,
the emergence of nanotechnology provides an opportunity
for unprecedented collaboration and should serve to blur the
“traditional” lines between biomedical scientists interested in
the benefits and safety of chemicals. Early in their development,
nanomedicine and nanotoxicology were said to be two sides of
the same coin [20] or to have the face of Janus [21], referring to
the fact that properties desirable for their use in therapeutic drug
delivery, targeting, and the ability “to go where [no drug] has
gone before” or as diagnostic tools are the same properties that
may underlie their potential adverse effects. In fields as
interdisciplinary as nanotechnology and medicine that rely on
diverse expertise and the advances in information technology
[22, 23], we cannot allow—indeed it would be a testimony to our
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failure to have learned from past chemical mishaps—artificial
barriers to arrest the fulfillment of the nano-promise based on
scientifically grounded outcomes while individually paying lipservice to human and environmental health!
Clearly, there is a need for dialogue. Rather than the singleminded focus on the tree trunk, there is a need for the overlapping
interlocking canopy of the forest that protects the flora and fauna
below.
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58.1

Nano Frontiers: Dreams and Reality2

The air is thick with news of nano-breakthroughs. Although nano
is a hot topic for discussion in industry, pharma, patent offices and

2This section is derived, with permission, from [29]: Bawa, R. (2016). What’s in a name?

Defining “nano” in the context of drug delivery. In: Bawa, R., Audette, G., Rubinstein,
I., eds. Handbook of Clinical Nanomedicine: Nanoparticles, Imaging, Therapy and
Clinical Applications, Pan Stanford Publishing, Singapore, Chapter 6, pages 127–168.

Nano Frontiers

regulatory agencies, the average citizen knows very little about
what constitutes a nanoproduct, a nanomaterial or a nanodrug.
Still, there is no shortage of excitement and hype when it comes
to anything “nano.” Optimists tout nano as an enabling technology,
a sort of next industrial revolution that could enhance the wealth
and health of nations. They promise that in many areas within
nanomedicine (nanoscale drug delivery systems, theranostics,
nanoimaging, etc.) will soon be a healthcare game-changer by
offering patients access to personalized or precision medicine.
Pessimists, on the other hand, take a cautionary position, preaching
instead a go-slow approach, pointing to a lack of sufficient
scientific information on health risks, general failure on the part of
regulatory agencies to formulate clearer guidelines and issuance
of patents of dubious scope by patent offices. They highlight that
nano is burdened with inflated expectations and hype. As usual, the
reality is somewhere between such extremes. Like any emerging
technology, the whole picture is yet to emerge…and we are just
getting started! Whatever your stance, nano has already permeated
virtually every sector of the global economy, with potential
applications consistently inching their way into the marketplace.
But, is nano the driving force behind a new industrial revolution
in the making or simply a repacking of old scientific ideas and
terms? Dissecting hope from hype is often difficult.
In reality, nano is the natural continuation of the miniaturization
of materials and medical products that have been steadily arriving
in the marketplace. It continues to evolve and play a pivotal role
in various industry segments, spurring new directions in research,
patents, commercialization and technology transfer. Too often
though, start-ups, academia and companies exaggerate basic
research developments as potentially revolutionary advances and
claim these early-stage discoveries as confirmation of downstream
novel products and applications to come. Nano’s potential
benefits are frequently overstated or inferred to be very close to
application when clear bottlenecks to commercial translation
exist. Academia, start-ups and companies still exaggerate basic
research or project potential downstream applications based
on early-stage preclinical discoveries. This issue is quiet serious
and often emanates from academic labs perched at distinguished
universities like Harvard Medical School, MIT, Johns Hopkins, etc.
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Experts continue to highlight this problem where researchers are
guilty of promises and exaggerations [1]:
It is essential to identify and translate realistic opportunities offered
by understanding the pathophysiological processes for the design
and engineering of efficient and safe nanomedicines that can truly
enhance benefit-to-risk ratio. This is in contrast to the overwhelming
increase in the practice of empirical approaches that tend to find
exaggerated in vivo biomedical applications for a broad range of
emerging and poorly characterized multifunctional/hybrid entities
and often non-biodegradable nanomaterials (e.g., carbon nanotubes,
quantum dots, graphene oxide, certain metallic nanoparticles),
which have raised toxicity and safety concerns… Materials scientists
and the nanotechnology community rarely address these issues;
their focus is purely based in extolling the virtues of their own
favorite nanosystem for demonstrating the proof-of-concept and
often in models irrelevant to the human disease in question. In many
attempts a slight selectivity in organ uptake (and an acute
pharmacological effect) of a “fancy” nanomaterial is heralded as
“targeting” and “therapeutic success” even when less than 1% of the
administered dose reaches the desired site…” (citations omitted)

Furthermore, many have desperately tagged or thrown around
the “nano” prefix to suit their purpose, whether it is for federal
research funding, patent approval of the supposedly novel
technologies, raising venture capital funds, running for office or
seeking publication of a journal article. All of this is happening
while hundreds of over-the-counter products containing silver
nanoparticles, nanoscale titanium dioxide and carbon nanoparticles
continue to stream into the marketplace without adequate safety
testing, labeling or regulatory review.3 Silver nanoparticles are
effective antimicrobial agents but their potential toxicity remains
a major concern. Similarity, nanoscale titanium dioxide, present
in powdered Dunkin’ Doughnuts and Hostess Donettes, has been
classified as a potential carcinogen by National Institute for
Occupational Safety and Health (NIOSH) while the World Health
Organization (WHO) has linked it in powder form to cancers.
3A

large number of nanomaterials and nanoparticles have been synthesized over
the last two decades, yet the EPA and the FDA do not seem to know how to
regulate most of them. Obviously, consumers should be cautious about potential
exposure but industry workers should be more concerned. See: Bradley, R.
(2015). The great big question about nanomaterials. Fortune, 171(4), 192–202.
Available at: http://fortune.com/2015/03/06/nanomaterials/ (accessed on January
20, 2016).

Nano Frontiers

Still, there are thousands of nano-related products in the
marketplace. While the widespread use of nanomaterials and
nanoparticles in consumer products over the years has become
pervasive and exposure inescapable, the 1980s and 1990s saw
limited applications of these rather than the transformative
applications envisioned. Even so, governments across the globe,
impressed by “nanopotential,” continued to stake their claims by
doling out billions for research and development (R&D).4 Boundaries
between science, government and industry continue to be blurred.
Venture has mostly shied away in recent years, though industryuniversity alliances have continued to develop. Stakeholders,
especially investors and consumer-patients, get nervous about
the “known unknown” novel applications, uncertain health risks,
industry motives and general lack of governmental transparency.
Wall Street’s early interest in nano has been somewhat limited
over the years, from cautionary involvement to generally shying
away, partly due to these issues. In spite of anemic nanoproduct
development, there is no end in sight to publications, press releases,
patent filings and patent grants. Universities and small businesses
have jumped into the fray with industry with the clear intention of
patenting as much nano as they can grab.
Many consider nano to be a repackaging of old terms, ideas
and technologies. In this context, the following excerpt pertaining
4Nano-developments

are often driven by what some of us refer to as “nanopotential.”
This is obviously true more for certain sectors of nanotech than others. In this
regard, one of the most widely cited predictions was in 2001 when a National Science
Foundation (NSF) report was released that forecasted the creation of a trillion
dollar industry for nanotech by 2015. This report, now proven false, was often
quoted in articles, business plans, conference presentations and grant applications.
See: National Science Foundation (2001). Societal Implications of Nanoscience and
Nanotechnology. Available at: http://www.wtec.org/loyola/nano/NSET.Societal.
Implications/nanosi.pdf (accessed on February 1, 2016). Given such flawed
projections, Michael Berger of Nanowerk accurately pointed out: “These trillion
dollar forecasts for an artificially constructed “market” are an irritating, sensationalist
and unfortunate way of saying that sooner or later nanotechnologies will have a
deeply transformative impact on more or less all aspects of our lives.” See: Nanowerk
Spotlight. (2007). Debunking the trillion dollar nanotechnology market size hype.
Available at: http://www.nanowerk.com/spotlight/spotid=1792.php (accessed on
February 1, 2016). There are also various technical reports highlighting the potential
market for nanotech. Again, one must take all such predictions with caution and not
draw too many conclusions therefrom (“A good decision is based on knowledge and
not on numbers.”—Plato).
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to nanomedicine and nanopharmaceuticals accurately traces
the evolution of terminology while highlighting the issue that
various “nano” terms are indeed a relabeling of earlier terminology
[2]:
The new concept of nanomedicine arose from merging nanoscience
and nanotechnology with medicine. Pharmaceutical scientists
quickly adopted nanoscience terminology, thus “creating”
“nanopharmaceuticals”. Moreover, just using the term “nano”
intuitively implied state-of-the-art research and became very
fashionable within the pharmaceutical science community. Colloidal
systems reemerged as nanosystems. Colloidal gold, a traditional
alchemical preparation, was turned into a suspension of gold
nanoparticles, and colloidal drug-delivery systems became nanodrug
delivery systems. The exploration of colloidal systems, i.e., systems
containing nanometer sized components, for biomedical research
was, however, launched already more than 50 years ago and efforts
to explore colloidal (nano) particles for drug delivery date back
about 40 years. For example, efforts to reduce the cardiotoxicity of
anthracyclines via encapsulation into nanosized phospholipid vesicles
(liposomes) began at the end of the 1970s. During the 1980s, three
liposome-dedicated US start-up companies (Vestar in Pasadena, CA,
USA, The Liposome Company in Princeton, NJ, USA, and Liposome
Technology Inc., in Menlo Park, CA, USA) were competing with
each other in developing three different liposomal anthracycline
formulations. Liposome technology research culminated in 1995 in
the US Food and Drug Administration (FDA) approval of Doxil®, “the
first FDA-approved nanodrug”. Notwithstanding, it should be noted
that in the liposome literature the term “nano” was essentially absent
until the year 2000. (Citations omitted)

This current decade has witnessed relatively more advances
and product development in nanomedicine.5 In this context, many
point to the influence of nanomedicine on the pharmaceutical,
device and biotechnology industries. One can now say that R&D
is in full swing and novel nanomedical products, especially in the
drug delivery sector (Fig. 58.1), are starting to arrive in the
5There

is no standard definition for nanomedicine. We define it as the science and
technology of diagnosing, treating and preventing disease and improving human
health via nanoscale tools, devices, interventions and procedures. It is driven by
collaborative research, patenting, commercialization, business development and
technology transfer within diverse areas such as biomedical sciences, chemical
engineering, biotechnology, physical sciences, and information technology.

Nano Frontiers

marketplace.6 Still, revolutionary nanotech breakthroughs are just
promises at this stage. Whether nanomedicine eventually blossoms
into a robust industry, or it continues to influence medicine and
healthcare, one thing is certain: The die is cast and it is here to
stay. In the meantime, tempered expectations are in order. Giant
technological leaps can leave giant scientific, ethical and regulatory
gaps. Extraordinary claims and paradigm shifting advances
necessitate extraordinary proof and verification.
6Obviously,

the Holy Grail of any drug delivery system, whether it is nanoscale or not,
is to deliver to a patient the correct dose of a particular active agent to a specific
disease or tissue site while simultaneously minimizing toxic side effects and
optimizing therapeutic benefit. This is often not achievable via conventional
formulations and drug delivery systems. However, the potential to do so may be
greater now via nanoscale drug delivery systems or NDDS (sometimes referred to as
“nanodrugs” or “nanotherapeutics”). The prototype of targeted drug delivery can be
traced back to the concept of a “magic bullet” that was postulated by Nobel Laureate
Paul Ehrlich in 1908 (magische Kugel, his term for an ideal therapeutic agent)
wherein a pathogenic organism or diseased tissue could be selectively targeted by
a drug while leaving healthy cells unharmed. See: Ehrlich, P. (1913). Address in
pathology. On chemiotherapy. Delivered before the 17th International Congress
of Medicine. Br. Med. J., 16, 353–359; Witkop, B. (1999). This concept of a “magic
bullet” was realized by the development of antibody-drug conjugates (ADCs) when
in 1958 methotrexate was linked to an antibody targeting leukemia cells wherein
the antibody component provides specificity for a target antigen and an active agent
confers cytotoxicity.
A century later, various classes of nanoscale “magic bullets” have been designed
(nanoscale drug delivery systems or NDDS), some in development while
others commercialized. Obviously, the truly revolutionary ones will be those
that can specifically deliver therapeutics to target tissue and even specific
cells or organelles. It should be noted that, technically, ADCs are NDDS. The
NDDS that have already reached the marketplace have been approved by the
FDA, EMA or foreign equivalent. Data from industry and the FDA shows that
most of the approved or pending NDDS are oncology-related and based on
protein-polymer conjugates or liposomes. The first FDA-approved nanotherapeutic
was Doxil while AmBisome was the first one approved by EMA. It should be noted,
however, that a nanoparticulate iron oxide intravenous solution in the market
since the 1960s and certain nanoliposomal products approved in the 1950s and
later should, in fact, be considered true first nanomedicines.
In October 2011, drug shortages were such a pressing issue in the US that an
executive order from the President was issued directing the FDA to streamline the
approval process for new therapeutics that could fill the voids. One of the major
drugs whose supply was deficient in the US was Doxil, and to curb this shortage, the
FDA authorized the temporary importation of Lipodox in February 2012. Following
this, the FDA evaluated and approved the drug formulation within a year, roughly
one-third of the time it takes for an average generic to receive premarket regulatory
approval. As a result, Lipodox became the first generic nanodrug approved in the
US.
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Figure 58.1 Schematic Illustrations of Nanoscale Drug Delivery System
Platforms (Nanotherapeutics or Nanodrug Products). Shown are
nanoparticles (NPs) used in drug delivery that are either approved, are in
preclinical development or are in clinical trials. They are generally considered
as first or second generation multifunctional engineered NPs, generally
ranging in diameters from a few nanometers to a micron. Active biotargeting
is frequently achieved by conjugating ligands (antibodies, peptides, aptamers,
folate, hyaluronic acid) tagged to the NP surface via spacers or linkers like PEG,
or by altering the NP surface characteristics. NPs such as carbon nanotubes and
quantum dots, although extensively advertised for drug delivery, are specifically
excluded from the figure as this author considers them commercially unfeasible
for drug delivery. Non-engineered antibodies and naturally occurring NPs
are also excluded. Antibody-drug conjugates (ADCs) are encompassed by the
cartoon labelled “Polymer-Polypeptide or Polymer-Drug Conjugate.” This list
of NPs is not meant to be exhaustive, the illustrations are not meant to reflect
three dimensional shape or configuration and the NPs are not drawn to scale.
Abbreviations: NPs: nanoparticles; PEG: polyethylene glycol; GRAS: Generally
Recognized As Safe; C dot: Cornell dot; ADCs: Antibody-drug conjugates.
NOTICE: Copyright © 2016 Raj Bawa. All rights reserved. The copyright holder permits
unrestricted use, distribution and reproduction of this figure (plus legend) in any medium,
provided the original author and source are clearly and properly credited. Reproduction
without proper attribution constitutes copyright infringement.
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58.2

Basic Science in the Era of Clinical
Translation

In the past six decades, great strides have been made in basic
science and research. This is obviously critical to any advanced
society. However, the enormous medical advances that should have
come from the large public and private investment in biomedical
research have not translated into many clinical products. All
stakeholders—pharma, patients, academia, regulators, patent
offices, NIH—have suffered and are to blame for the so-called
“valley of death” (Section 58.4). Each needs to re-examine its role
and become an active, full partner in the biomedical ecosystem so
that translational activities are more fruitful. Similarly, although
great strides have been made in nanomedicine generally at the
“science” level, especially with respect to drug delivery and
nanoimaging, the field continues to be dogged by challenges and
bottlenecks at the “translational” level. Barriers to nanomedicine
commercialization persist (Table 58.1).
It is well established that moving basic scientific ideas to
practice and health impacts is a long, expensive and challenging
path. However, the relatively long time from discovery to clinical use
and the relatively low proportion of discoveries that survived that
journey is a problem. Given this, the aim of translational medicine
(TM) or translational research is to take innovations developed
within the research context into clinical practice. There is no
denying that TM is the term of the moment (see Table 58.2). TM
appears everywhere, from grants proposals to media to medical
school curricula. But, what exactly is TM? Here is one definition
[3]: “Ask ten people what translational research means and you’re
likely to get ten different answers. For basic researchers clutching
a new prospective drug, it might involve medicinal chemistry along
with the animal tests and reams of paperwork required to enter a
first clinical trial. For groups wanting to developing diagnostics,
imaging tools, or screening and prevention methods the route
would be different…In some sense much translational research
is just rebranding—clinical R&D by a different name. But it also
involves investing in training, research and infrastructure to help
researchers engage in clinical research—and cross the valley of
death. Funding agencies hope that this will break down barriers in
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Table 58.1 Common Barriers to Nanomedicine Translation
Nomenclature and Terminology
imprecise definition for nanomedicines and related terms

lack of technical specifications, standards, guidelines, best practices and
measurements regarding “nano”
different terms refer to identical nanomaterials and nanoparticles

failure of standard-setting organizations (ISO, ASTM, etc.) to produce technical
specifications that clarify the issue
Manufacturing and Quality Control

issues pertaining to separation of undesirables (byproducts, catalysts, starting
materials, etc.) during manufacturing

lack of precise control over nanoparticle/nanomaterial manufacturing
parameters and control assays
many currently used compounds/components for synthesis pose problems
for large scale current Good Manufacturing Practice (cGMP)
scalability complexities regarding enhancing production rate to increase yield

complexities and high fabrication costs of various nanomaterials, nanoparticles
and nanomedicines
reproducibility issues like control of size distribution and mass
batch-to-batch variability
Toxicity

lack of in vivo knowledge regarding the interaction between nanomedical
products and complex biosurfaces/tissues
lack of rational pre-clinical characterization strategies via multiple techniques

limited knowledge on biocompatibility and biodistribution of diverse
nanomaterials and nanoparticles
limited prior experience with toxicity assessment of nanoscale therapeutics

mixed messages emanate from various federal agencies and transnational
regulatory bodies regarding safety and toxicity issues on similar/identical
nanomaterials and nanoparticles
unpredictable toxicity with respect to the diverse population of nanomaterials
and nanoparticles

limited advanced tools, technologies and characterization efforts regarding
nanomedical products providing potential clarity
adsorption, distribution, metabolism and excretion (ADME) studies regarding
nanomedicines either lacking altogether or limited in scope
Consumer Confidence

public’s general reluctance to embrace innovative or emerging medical
technologies without clearer safety or regulatory guidelines

Basic Science in the Era of Clinical Translation

perception that many nanoproducts are inherently unsafe
government and industry suspicion

media hype and misinformation not effectively countered by academia,
government and industry
ethical challenges and societal issues not addressed by stakeholders
Funding Challenges

relative scarcity of venture funds due to the perception that most medical
nanoproducts lack a good return on investment (ROI)
prolonged time scale is a detriment to funders and investors

funders and venture capitalists often not experienced or versed in technological
aspects and cannot fully gauge potential for translation

barriers more steep for nanomedicine with respect to procuring funds to
initiate a first-in-human (FIH) clinical trial
big pharma’s continued reluctance to seriously invest in nanomedicine, specially
early-stage preclinical research lacking “proof-of-concept” in man

lack of industry support limits potential to reach FIH clinical trials in any
research setting (academic, start-up, small company, etc.)
due diligence and peer review regarding translational potential of projects
or research proposals often lacking while projects being funded
Clinical Research and Trials

cost, time and effort required for clinical trials is a deterrent

general lack of knowledge about the FDA drug or device review process and
limited understanding of the various aspects of FDA law

challenges in patient recruitment is more acute in nanomedicine due to factors
like strict inclusion/exclusion criterion and delay by ethics committees
lack of consensus on the different procedures, assays and protocols to
be employed during pre-clinical development and characterization of
nanomedicines; this can also impact clinical trial design
Patents and Intellectual Property

patent review delays, spotty examination and access to relevant “prior art” at
patent offices

issuance of invalid patents or patents of unduly broad legal scope by patent
offices
emerging patent thickets due to a “patent prospector” mentality

a general lack of understanding of the patent process by stakeholders

limited knowledge regarding the basics of intellectual property law in
academic circles

(Continued)
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Table 58.1

(Continued)

Support for Small Businesses and Start-ups
few unique
investments

financial

incentives

favoring

longer-term

nanomedicine

limited tax-free bonds for financing, tax credits for capital investments, reduced
capital gains tax rates, investment-specific loan guarantees, etc.
lack of mentorship and business planning assistance

little assistance in attracting private and public funds

the Small Business Innovation Research (SBIR) process in the US is more
focused on research and less on commercialization

lack of centralized audit system from the federal government is costly and
slows down work at small businesses
more nano tools needed in academia and small businesses
Academia and the University Professor

overhyped press releases from eminent university labs

professors behaves more like “celebrity-politicians” than basic researchers

research often focused on poorly characterized and non-biodegradable
nanomaterial-based platforms

fancy animations on lab websites exaggerate preclinical data and clinical
partnerships with pharma project false hope of translational potential
irreproducibility of basic, preclinical research at universities

awards and research activities that generate publications (l’art pour l’art)
rather than patents are valued
focus is often on impact factors and attending conferences

focus is on research and publications rather than commercialization; some
academics even shun commercialization
inability or lack of willingness to conform to translational activities; few
incentives for translational activities compound the problem
lack of coherent technology transfer policy from universities to startups

lack of communication between clinical researchers and basic scientists
evidence of clinical validity and clinical utility is often lacking

lack of interdisciplinary research; lack of a collaborative spirit between industry
and academia or between clinical and basic science researchers

a deficit in cross-disciplinary or hybrid scientific training at educational
institutions
Regulatory Uncertainty

confusion due to “baby steps” undertaken by federal regulatory bodies like the
FDA and EMA

Basic Science in the Era of Clinical Translation

a lack of clear regulatory or safety guidelines

governmental regulatory bodies lack technical and scientific knowledge to
support risk-based regulation, thereby leaving a significant regulatory void

issuance of too many nonbinding “draft” guidance documents by the FDA and
“position papers” by EMA to make substantive policy changes
product classification issues blur the regulatory boundaries between various
product classes given that many are multimodal hybrid structures

precautionary stance by regulatory agencies reflects their lack of expertise and
experience with nanoscale formulations
national differences in regulatory requirements pose challenges for clinical
trials involving international multicenters

bureaucracy and a conservative, insular attitude among government regulators
hinders translation
rise of diverse nano-specific regulatory arrangements and systems contribute
to a dense global nanoregulatory landscape, full of gaps and devoid of central
coordination
Technology Transfer Offices (TTOs)

TTOs at universities and institutes lack in-depth technical and business
expertise
decisions made in a vacuum or on imperfect analysis and there are no
informed gatekeepers to do valuation or proper audit of “true” licensing
royalties

issues like insular nature and high employee turnover indirectly impedes
translation
Other

key technology benefits not identified early on in product development or
research project

limited infrastructure that becomes outdated quickly due to advances in
technology
relative scarcity of workers trained for product development; need for
foreign workers poses problems

crisis of reproducibility in antibody performance due to shortcuts taken by
manufacturers and researchers
quality assurance (QA) guidelines for basic research lacking or not properly
implemented

plans lack ability for tracing data, including which equipment the experiment
was conducted on and where the source data is stored

Copyright © 2016 Raj Bawa. All rights reserved.
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the transformation of basic-science breakthroughs into clinical
applications (‘bench to bedside’) and enable more research on human
subjects and samples to generate hypotheses that are more relevant
to people than to animal models…” The European Society for
Translational Medicine [4] defines “TM as an interdisciplinary
branch of the biomedical field supported by three main pillars:
benchside, bedside and community. The goal of TM is to combine
disciplines, resources, expertise, and techniques within these pillars
to promote enhancements in prevention, diagnosis, and therapies.
Accordingly, TM is a highly interdisciplinary field, the primary goal
of which is to coalesce assets of various natures within the individual
pillars in order to improve the global healthcare system significantly.”
TM invariably involves multidisciplinarity, collaboration and
networking along with novel models, modes of communication
and regulatory systems—all features being the hallmark of
nanomedicine. The National Institutes of Health (NIH) has made
TM a central piece of its so-called “NIH Roadmap for Medical
Research” [5a] while the FDA launched a similar “Critical Path
Initiative” to address the growing crisis in moving basic discoveries
to the market where they can be available to patients [5b]. Both of
these governmental initiatives were launched in 2004 with a lot of
fanfare. However, in the decade since then, these bureaucracies
have little to show for with respect to dramatically improving the
availability of new diagnostic/therapeutic modalities due to their
inability in addressing key blocks in translational research.
In summary, translational medicine focuses on facilitating
the transition of preclinical or basic research into clinical or
medical application, generally via a faster, easier, cheaper and more
efficient route. This allows realizing the social value of science,
i.e., the production of medical products, applications and methods
that help improve human health. The primary impetus for TM is
that there are better ways to move preclinical biomedical research
to medical practice more quickly without sacrificing quality or
increasing costs. However, in spite of significant investments by
the public and private sectors, major issues that led to the
emergence of TM in the first place have continued to dog TM and
persist along the research-practice continuum (Table 58.1).
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Table 58.2

Key Terms Related to Translational Medicine

Basic Research
Basic research involves scientific exploration that can reveal fundamental
mechanisms of biology, disease or behavior. Every stage of the translational
research spectrum builds upon and informs basic research.
Pre-Clinical Research

Pre-clinical research connects basic science and human medicine. During this
stage, scientists apply fundamental discoveries made in the laboratory or the
clinic to further understand the basis of a disease or disorder and find ways to
treat it. Hypothesis testing is carried out using cell or animal models; samples
of human or animal tissues; or computer-assisted simulations of drug, device or
diagnostic interactions within living systems.
Clinical Research

Clinical research includes clinical trials with human subjects to test intervention
safety and effectiveness, behavioral and observational studies, outcomes and
health services research, and the testing and refinement of new technologies.
The goal of many clinical trials is to obtain regulatory approval for an
intervention.
Clinical Implementation

The clinical implementation stage of translation involves the adoption of
interventions into routine clinical care for the general population. This stage
also includes implementation research to evaluate clinical trial results and
identify new clinical questions and gaps in care.
Public Health

In this stage of translation, researchers study health outcomes at the population
level to determine the effects of diseases and efforts to prevent, diagnose and
treat them. Findings help guide scientists working to improve interventions or
develop new ones.
Translation

This is the process of turning observations in the laboratory, clinic and
community into interventions that improve the health of individuals and
the public — from diagnostics and therapeutics to medical procedures and
behavioral changes.
Translational Science

This is the field of investigation focused on understanding the scientific and
operational principles underlying each step of the translational process.

Courtesy of the National Center for Advancing Translational Sciences, NIH.
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As mentioned above, in pharma, translational research involves
the many elements that contribute to the successful conversion
of an idea into a drug. Translation of drug products is a challenge
faced by pharma at various levels. Bridging the chasm between
drug discovery research activities and the successful translation
of a drug to the market is a daunting task that requires varying
degree of participation from key players—pharma, academia,
nonprofit and for-profit institutions, federal agencies and
regulatory bodies (FDA, NIH, EMA, Patent Offices), diseases
foundations and patients. The growth of translational research, in
general, has coincided with an ever-changing drug development
landscape. For example, unlike in past decades, numerous other
stakeholders who play a vital role in the drug discovery and
development process—biopharma, start-ups, academic institutions
and venture firms—surround big pharma. In the distant past, big
pharma had carried the torch alone: It had been the sole source
of inventing, manufacturing and distributing new drugs. In the
decades that followed, the large, unwieldy companies could no
longer rely solely on their own internal ideas for innovation
and had to compete with more than just a few other pharma
companies. More recently, as the boundaries between big pharma
and biotech companies have further blurred,7 big pharma has
adapted its operational strategy, employing outside collaborations
with respect to research, technology, workforce and marketing.
Obviously, big pharma’s evolving role has resulted partly from
the “biotech boom,” and the “genomics boom,” where enormous
advances resulted from molecular biology and DNA technology,
but also from advances in information and computer technology.
In addition, two important pieces of legislation have had a major
7The

demarcations between pharmaceutical and biotechnology companies (and
between branded and generics) are no longer that clear. For example, Genentech
(owned by Roche) and Medimmune (owned by AstraZeneca), although operate
independently, are technically part of big pharma. Many biotechs are developing
therapeutics that are traditional small molecule drugs rather than biotech products.
Conversely, big pharma is developing biotech products along with traditional
small molecules. Furthermore, often, branded companies are developing generics
and vice versa. Currently, there is a symbiotic relationship between all these
diverse players. For example, pharma (which is well versed in clinical trials and
commercialization expertise) frequently turns to biotech companies (which are
generally low on funds, lack a robust sales force or lack regulatory expertise) to
license compounds or to develop platform technologies with the promise to yield
multiple molecules.

Chaos in Academia

impact on the drug industry in the US: (a) the Bayh-Dole (or
Patent and Trademark Law Amendments) Act of 1980, which
allowed universities, hospitals, nonprofit organizations and small
businesses to patent and retain ownership arising from federally
funded research [6]8; and (b) the Hatch-Waxman (or Drug Price
Competition and Patent Term Restoration) Act of 1984, that defined
patent exclusivity for both generic and brand name drugs [7].

58.3 Chaos in Academia: Irreproducible
Preclinical Research

There is a problem in the research world. And, it is no longer a silent
crisis. The rush to celebrate “eureka” moments is overshadowing
a rather mundane activity on which the science enterprise deeply
depends: reproducibility. Some blame the current pervasive
culture of science that focuses on rewarding eye-catching and
positive findings. Others point to an increased emphasis on making
provocative statements rather than presenting technical details or
reporting basic elements of experimental design. While these may be
some of the factors that have resulted in major bodies of biomedical
knowledge that cannot be reproduced, data irreproducibility is a
serious concern for the research enterprise in general. The battle for
the soul of science is on. However, there is no evidence to suggest
that irreproducibility is caused by scientific misconduct [8].
8Also

see: Fang, F. C., Casadevall, A. (2010). Lost in Translation—Basic science in
the era of translational research. Infect. Immun., 78(2), 563–566: “The consensus
forged after the Second World War that basic and applied research were the
domains of academia and industry, respectively, began to fade in the 1980s when
the Bayh-Dole act allowed universities to patent knowledge obtained with federal
funding. Universities ascertained that certain discoveries were enormously lucrative,
and academic scientists began to emerge in a new role: that of the discovererentrepreneur. Within a decade, all major universities developed offices specializing
in intellectual property to promote the protection and commercialization of
scientific discoveries. Whatever the merits of this approach, one outcome was the
blurring of the intellectual boundaries between academia and industry. Hence,
scientists that formerly worked solely on basic biological mechanisms found greater
freedom to develop their research along more practical lines, with the encouragement
of their institutions. Furthermore, universities learned that it was much easier to
connect with the public as well as with potential benefactors by highlighting their
translational advances rather than their basic science discoveries. Translational
research generated revenue, brought publicity, and enhanced public relations. In the
evolving zeitgeist, academia is no longer viewed as an impartial champion for basic
research.”
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This widespread reproducibility crisis is seen in all disciplines
of biomedical research [9–11].9 It appears that even the NIH
is concerned and plans significant interventions to enhance
preclinical reproducibility [8].10 The area most susceptible pertains
to work that employs animal models [9]. Various proposals and
recommendations, including crowd-sourced analysis of research
[12], are being considered as viable options to stem this tide of
irreproducible biomedical research.
Frankly, research institution administrators, faculty members
and trainees all share blame. They must do far more for reproducibility of biomedical research data [13]:
Irreproducible research poses an enor
mous burden: it delays
treatments, wastes patients’ and scientists’ time, and squanders billions
of research dollars. It is also widespread. An unpublished 2015

9Baker,

M. (2016). Quality time. Nature, 529, 456–458: “Scientific rigour has taken a
drubbing in the past few years, with reports that fewer than one-third of biomedical
papers can be reproduced (see Nature http://doi.org/477; 2015). Scientific culture,
training and incentives have all been blamed for promoting sloppy work; a common
refrain is that the status quo values publication counts over careful experimentation
and documentation.”
Bertuzzi, S. The sensational vs. the useful in the quest for reproducibility in research.
American Society for Cell Biology, Available at: http://www.ascb.org/the-sensationalvs-the-useful-in-the-quest-for-reproducibility-in-research/ (accessed on January
18, 2016): “A core concept in scientific research is that empirical results must be
replicable. This concept dates back to the birth of the experimental method itself. The
Accademia del Cimento (Academy of Experiment) was founded in Florence in 1657
by Galileo’s students and it published the first manual of scientific experimentation,
a guide for data collection and methodological standardization. The society’s motto
was provando e riprovando (trying and trying again), emphasizing the importance
of replication of scientific experiments. Fast forward to the present day where
scientific discovery proceeds at an impressive pace and yet we find that in many
instances research findings cannot be replicated. The causes for the lack of replication
have been examined, revealing a complex scenario with multiple determinants
ranging from sheer sloppiness (which is inexcusable) to the almost Twitter-length
restrictions imposed on the materials and methods sections of many glamorous
journals. Other culprits implicated include selection bias in publishing only positive
results and the hypercompetitive quest for scientific discoveries that forces scientists
toward sensationalism in presenting their results. It is important to note here that
I am not talking about fraud. That is a wholly different issue.”
10From [8]: “However, human clini
cal trials seem to be less at risk because they
are already governed by various regulations that stipulate rigorous design and
independent oversight including randomization, blinding, power estimates, preregistration of outcome measures in standardized, pub
lic databases such as
ClinicalTrials.gov and oversight by institutional review boards and data safety
monitoring boards. Furthermore, the clinical trials community has taken important
steps towards adopting standard reporting elements…”

Chaos in Academia

survey by the American Society for Cell Biology found that more than
two-thirds of respondents had on at least one occasion been unable
to reproduce published results. Biomedical researchers from drug
companies have reported that one-quarter or fewer of high-profile
papers are reproducible. Many parties are addressing the problem.
Funding bodies such as the US National Institutes of Health (NIH)
have announced training initiatives and explicitly instructed grant
reviewers to consider whether experi
mental plans ensure rigor.
New methods of data analysis and peer review have been proposed
to deflate bias. Several journals, including Nature and Science,
have updated their guidelines and introduced checklists. These ask
scientists whether they followed practices such as rand
omizing,
blinding and calculating appropriate sample size. Science has also
added statisticians to its panel of reviewing editors. Philanthropic
and non-profit organizations have sponsored projects to improve
robustness. Funders’ policies, journal guidelines and widespread
soul-searching are necessary. But they are not sufficient. Conspicuous
by their absence from these efforts are the places in which science
is done: universities, hospitals, government-supported labs and
independent research institutes. This has to change. Institutions
must support and reward researchers who do solid—not just
flashy—science and hold to account those whose methods are
questionable…Although researchers want to produce work of longterm value, multiple pressures and prejudices discourage good
scientific practices. In many laboratories, the incentives to be first
can be stronger than the incentives to be right…Data-dredging is
used to find statistically significant results that justify a publication.
Sound practices such as blinding, multiple repeats, validated
reagents and appropriate controls are dismissed as luxuries or
nuisances… Research institutions contribute to and benefit from
these perverse incentives. They bathe in the reflected glory of their
faculty; they trumpet breakthroughs published in top-tier journals,
lauding achievements to the media and donors. Some even pay
investigators for publications. Many require that investigators
generate their salary from research grants…few institutions have
strong, transparent processes in place to discourage poor-quality
science or to foster objectivity… The scientific community should
come up with a similar system for research, which we term good
institutional practice (GIP). If funding depended on a certified
record of compliance with GIP, robust research would get due
recognition… The systems needed to promote reproducible research
must come from institutions—scientists, funders and journals cannot
build them on their own… Still, most institutions will not make the
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necessary moves unless forced. Funding bodies should make GIP a
prerequisite for receiving a grant… (citations omitted)

In the past, drug-screening was mainly performed at pharma
and supported internally by outstanding teams of chemists. Over
the years, there has been a growing reliance on academia for
this upstream drug R&D.11 In fact, this collaborative innovation
between pharma and the academic community is credited with
producing key enabling discoveries underlying many marketed
blockbusters. Today, preclinical drug discovery research is still
primarily conducted and managed by pharma. But, academia
now contributes to this effort by conducting basic research into
fundamental and mechanistic aspects of human disease biology
and discovery of targets whose modulation could have therapeutic
potential. The resultant “gold nuggets” that are thus generated by
academia are then selected by pharma to discover and develop
drugs that modulate those targets, thereby driving the drug
discovery engine (though no longer roaring as in the past).
However, this common arrangement is in trouble and
the collaborative paradigm is breaking down because of
irreproducibility of basic research at universities [14]: “Much of the
innovation landscape involves breakthroughs made in academia—
but much of the research published in academia has proven not to
be reproducible in pharma companies’ hands.” Basically, academic
target discovery research reproducibility has become suspect
[9, 15]. Some of the reasons for this crisis are inherent to the two
entities. Academia and drug industry have differing expertise
and incentives with respect to drug discovery targets, lead
discovery programs, hit discovery, lead optimization strategies,
interpretation of complex data and production of high quality
probes. The mission and focus of academia versus the drug
industry is distinct, though overlapping in a few areas. Academics
are obligated to educate students, create and disseminate
11Academia

is increasingly involved in upstream drug development as is evident
from the formation of the international, non-profit, Academic Drug Discovery
Consortium (ADDC) in 2012 whose goal is “to build a collaborative network
among the growing number of university-led drug discovery centers and
programs.” The ADDC currently has 141 academic centers as members with
most interested in translating targets towards conventional small molecules
or biologics. See: Academic Drug Discovery Consortium. Available at: http://
addconsortium.org/ (accessed on March 3, 2016).

Chaos in Academia

knowledge, obtain grants and live by the “publish-or-perish” mantra
to succeed. For industry, the focus is on cutting-edge research
that translates clinically into effective products to the marketplace,
justifying their R&D costs to their shareholders, obtaining a
substantial return on investments and competitive expansion of
the start-of-the-art. Obviously, pharma is more in tune with issues
like trade secrets, intellectual property strategy, filing patent
applications, drafting license agreements, engaging in litigation
and pursuing commercialization.
Another important factor for the failed marriage between
academia and industry with respect to drug R&D is the absence
of outstanding support structure from academic drug researchers
who are typically not trained to separate “hits” into compounds
good, bad and ugly [16]. Many contend that, as a result, naivety
about promiscuous, assay-duping molecules is polluting the
literature and wasting resources [17]:
Academic researchers, drawn into drug discovery without
appropriate guidance, are doing muddled science. When biologists
identify a protein that contributes to disease, they hunt for chemical
compounds that bind to the protein and affect its activity. A typical
assay screens many thousands of chemicals. ‘Hits’ become tools
for studying the disease, as well as starting points in the hunt for
treatments. But many hits are artefacts—their activity does not
depend on a specific, drug-like interaction between molecule and
protein. A true drug inhibits or activates a protein by fitting into a
binding site on the protein. Artefacts have subversive reactivity that
masquerades as drug-like binding and yields false signals across
a variety of assays…These molecules—pan-assay interference
compounds, or PAINS—have defined structures, covering several
classes of com
pound...But biologists and inexperienced chemists
rarely recognize them. Instead, such compounds are reported as
having promising activity against a wide variety of proteins. Time
and research money are consequently wasted in attempts to optimize
the activity of these compounds. Chemists make multiple analogues
of apparent hits hoping to improve the ‘fit’ between protein and
compound. Meanwhile, true hits with real potential are neglected.
Publications falsely revalidate molecules as good drug leads and
feed Sisyphean cycles of ‘screen, publish, flounder’. Chemical
companies include these artefacts in their sales catalogues as
published protein inhibitors, and other biologists start using them
in their own studies…
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It is also worth highlighting here that shortcuts taken by
antibody manufacturers and researchers alike have resulted in a
crisis of reproducibility in antibody performance, thereby
contributing to the reproducibility crisis in biomedical research
[18, 19]. Obviously, this greatly affects preclinical research,
including identification of drug targets [19]:
Antibodies are among the most commonly used tools in the biological
sciences—put to work in many experiments to identify and isolate
other molecules. But it is now clear that they are among the most
common causes of problems, too. The batch-to-batch variability…
can produce dramatically differing results. Even more problematic
is that antibodies often recognize extra proteins in addition to
the ones they are sold to detect. This can cause projects to be
abandoned, and waste time, money and samples. Many think
that antibodies are a major driver of what has been deemed a
‘reproducibility crisis’, a growing realization that the results of
many biomedical experiments cannot be reproduced and that the
conclusions based on them may be unfounded. Poorly characterized
antibodies probably contribute more to the problem than any
other laboratory tool… Researchers ideally should check that an
antibody has been tested for use in particular applications and
tissue types, but the quality of information supplied by vendors can
vary tremendously. A common complaint from scientists is that
companies do not provide the data required to evaluate a given
antibody’s specificity or its lot-to-lot variability. Companies might
ship a batch of antibodies with characterization information
derived from a previous batch. And the data are often derived
under ideal conditions that do not reflect typical experiments…
Many academics use Google to find products, so optimizing search
results can sometimes matter more to a company than optimizing
the actual reagents…

This discontent has spurred action, with advanced technologies
and characterization efforts promising clarity [20]. In the
meantime, it may be best that researchers hold back using
commercial antibodies rather than further muddy up preclinical
research data with the subsequent negative consequences for
translational medicine.
Unfortunately, the reproducibility crisis has coincided with
major changes in pharma’s productivity12 as numerous market
12Falling

productivity is often defined as the cost per new molecular entity (NME)
and is often due to drawbacks with methods for target discovery and validation,
project scrutiny, data evaluation, pharma internal decisions at key junctures
(such as “go-or-no-go” decisions) and internal reward systems (such as monetary
awards for number of patents).

Chaos in Academia

forces and drivers have continued to dictate a change in its quest
for discovering, developing and delivering novel therapeutics.
These include downsizing, mergers and acquisitions (M&A),13
revenue losses due to patent expirations on blockbusters,
enhanced regulatory oversight, high cost of clinical trials, ANDA
challenges from generic manufacturers,14 and relative scarcity
of novel new chemical entities (NCEs) due to an innovation crisis.
In the process, these forces are altering the drug landscape and
affecting healthcare delivery. All of this is cause for concern.
Clearly, new ground rules, flexible business models, strategic
collaborative partnerships and competitive business strategies
13Today’s

pharma landscape is the result of the “era of mergers” in the 1990s
when numerous consolidations in big pharma took place: (i) Bristol-Myers
merged with the Squibb Corporation forming Bristol-Myers Squibb Co. (1989);
(ii) SmithKline Beckman and The Beecham Group plc merged to form SmithKline
Beecham plc (1989), which in turn merged with Glaxo Wellcome plc to form
GlaxoSmith Kline plc or GSK (2000); (iii) Ciba-Geigy Ltd. merged with Sandoz
Ltd. to form Novartis AG (1996); (iv) Sweden-based Astra AB merged with the
UK-based Zeneca group to form Astra Zeneca plc or AZ (1999); (v) Pharmacia
& Upjohn, Inc. merged with Monsanto Co. to form Pharmacia Corp. (1999) (its
agricultural chemical division was spun off in 2000 under the name Monsanto).
In November 2015, US-based Pfizer Inc. and Ireland-based Allergan PLC (which
previously merged with Actavis) announced they would merge in a massive,
$155 billion deal that will create the world’s largest drugmaker called Pfizer plc
via an “inversion,” where US companies are bought by or merge with foreign
firms in order to reduce US corporate tax burdens. According to Pfizer, the
combined company would generate more than $2 billion in savings over the first
three years and would enjoy a tax rate of 17–18% that is far less than Pfizer’s
current corporate tax rate of roughly 25% because corporate taxes in Ireland
are lower than in the US. Also, see: U.S. unveils rules to make corporate
inversions more difficult. The Wall Street Journal. Available at: http://www.
wsj.com/articles/u-s-unveils-rules-to-make-corporate-inversions-moredifficult-1447970935 (accessed on January 20, 2016).
In addition, numerous pharma companies took the acquisition route: (i) Pfizer
Inc. acquired Warner-Lambert Co. (2000), Pharmacia Corp. (2003) and Wyeth
(2009); (ii) Sanofi-Synthelabo S.A. (Sanofi since 2011) acquired Aventis S.A. (2004);
(iii) Bayer AG acquired Schering AG (2006); (iv) Merck & Co. Inc. acquired ScheringPlough Corp. (2009).
14For example, in 2012 alone, branded drugs valued at over $30 billion lost patent
protection. A recent report from London-based GlobalData predicts that the drug
industry will lose roughly $65 billion in revenue through the end of 2019. See:
Drug makers face another $65 billion patent cliff. Available at: http://www.
marketwatch.com/story/drug-makers-face-another-65-billion-patent-cliff2014-12-10 (accessed on January 20, 2016).
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are in order in this post-blockbuster era. In fact, pharma is
frequently turning to high throughput screening15 and
miniaturization technologies like “nano” to enhance or supplement
aspects of drug target discovery and drug development. Also,
in spite of pharma’s strategy of M&A, in-licensing and an
enormous capital investment in R&D, the pharmaceutical industry
has been unsuccessful in replacing drugs coming off patent with
sufficient new molecular entities (NMEs)16 and the number of

15High

(or ultra-high) throughout screening technologies often favor the selection
of drug candidates with higher lipophilicity. As a result, the drug formulation
specialist is often faced with challenges developing a variety of drug products
that are poorly water-soluble. In fact, there are few ultimate solutions, in spite
of advertisements of a variety of unique excipients, methods and technologies
(including encapsulation techniques).
16See: New drugs at FDA: CDER’s New Molecular Entities and New Therapeutic
Biological Products. Available at: http://www.fda.gov/downloads/Drugs/
DevelopmentApprovalProcess/DrugInnovation/UCM481709.pdf (accessed on
January 20, 2016). “Each year, CDER approves hundreds of new medications, most
of which are variations of previously existing products, such as important new
dosage forms of already-approved products, or cost-saving generic formulations…
Novel drugs are often innovative products that serve previously unmet medical
needs or otherwise significantly help to advance patient care and public health.
NMEs have chemical structures that have never been approved before. However,
in some cases an NME may have actions similar to earlier drugs and may
not necessarily offer unique clinical advantages over existing therapies…In
rare instances, it may be necessary for FDA to change a drug’s new molecular
entity (NME) designation or the status of its application as a novel new biologics
license application (BLA). For instance, new information may become available
which could lead to a reconsideration of the original designation or status.
If changes must be made to a drug’s designation or the status of an application
as a novel BLA, the Agency intends to communicate the nature of, and the reason
for, any revisions as appropriate.”
According to the FDA code, certain drugs are classified as NMEs for purposes of
FDA review. Many of these products contain active moieties that have not been
approved by FDA previously, either as a single ingredient drug or as part of a
combination product. Some drugs are characterized as NMEs for administrative
purposes, but nonetheless contain active moieties that are closely related to
active moieties in products that have been previously approved by the FDA. For
example, CDER classifies biological products submitted in an application under
section 351(a) of the Public Health Service Act as NMEs for purposes of FDA review,
regardless of whether the FDA previously has approved a related active moiety
in a different product. Note that the FDA’s classification of a drug as an NME for
review purposes is distinct from FDA’s determination of whether a drug product is
a “new chemical entity (NCE)” within the meaning of the Federal Food, Drug, and
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NMEs reaching the market have not increased in any dramatic way
in the past decade (Fig. 58.2). For the past two years in a row, the
FDA drug approvals set new records as far as the number of drugs
approved. Although 2015 marks a 19-year high in total drugs
approved (45) by FDA’s CDER, according to Boston Consulting
Group (BCG), the commercial potential is not stellar: The average
peak sales forecast for a 2015 approval is $900 million compared
to $1.4 billion in 2014. Surprisingly, the regulatory rejection
rates at the FDA were at an all-time low in 2015: Only two complete
letters that denied drug approvals were issued by CDER by
November-end. Based on this, it is hard for these authors not to
ask the FDA the obvious: Has the FDA lowered its regulatory
approval standards, or does this low rejection rate simply
indicate better submissions from drug sponsors? Also, from our
perspective, the bounty of drugs approved in 2015 are more
impressive in their steep price tags and rapid approval rate than
their quality of therapy.
Cosmetic Act. According to the Code of Federal Regulations, Title 21 (April 2015),
an “active moiety” means “the molecule or ion, excluding those appended portions of
the molecule that cause the drug to be an ester, salt (including a salt with hydrogen
or coordination bonds), or other noncovalent derivative (such as a complex, chelate,
or clathrate) of the molecule, responsible for the physiological or pharmacological
action of the drug substance.” See: New chemical entity. Available at: https://
en.wikipedia.org/wiki/New_chemical_entity (accessed on December 1, 2015): “An
NCE is a molecule developed by the innovator company in the early drug discovery
stage, which after undergoing clinical trials could translate into a drug that could
be a cure for some disease. Synthesis of an NCE is the first step in the process of drug
development. Once the synthesis of the NCE has been completed, companies have two
options before them. They can either go for clinical trials on their own or license the
NCE to another company. In the latter option, companies can avoid the expensive
and lengthy process of clinical trials, as the licensee company would be conducting
further clinical trials and subsequently launching the drug. Companies adopting
this model of business would be able to generate high margins as they get a huge
one-time payment for the NCE apart from entering into a revenue sharing agreement
with the licensee company. Under the Food and Drug Administration Amendments
Act of 2007, all new chemical entities must first be reviewed by an advisory
committee before FDA can approve these products.”
Also, see: Branch, S. K., Agranat, I. (2014). “New Drug” designations for new
therapeutic entities: New active substance, new chemical entity, new biological
entity, new molecular entity. J. Med. Chem., 57(21), 8729–8765.
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Figure 58.2 Ten Year Historic Comparison of Drug Approvals by FDA’s
Center for Drug Evaluation and Research (CDER). New drugs approved
by the FDA have risen sharply in recent years with the 2015 bounty being
the most productive since 1996. However, in 2015 big innovations were in
short supply, rejection letters issued by the FDA were surprisingly down,
and few drugs stood out as breakthroughs. In fact, many products were
more known for their breathtaking price tags and rapidity of approval. The
gray vertical bars indicate the number of novel drugs approved by CDER in
each year of the past decade. CDER approved 45 novel drugs in 2015 (new
molecular entities (NMEs) and new biologic license applications (BLAs)), up
from the previous recent record in 2014 of 41 drugs approved. Of these, 10
(22%) represented breakthrough-designated drugs, 14 (31%) were cancer
drugs, about 30% were biologics, 21 (47%) were orphan-designated drugs,
and 16 were drugs with a novel mechanism of action. From 2006 through
2014, CDER has averaged about 28 novel drug approvals per year. The
green portion of the graph with the circled numbers indicates the number
of new NDAs for NMEs plus BLAs for new therapeutic biologics received
by CDER for approval during the last 10 years. Note that approvals by the
Center for Biologics Evaluation and Research (CBER) are excluded in this
drug count. The data in this figure are current as of December 31, 2015.
*The 2015 filed numbers include those filed in calendar year 2015 plus
those currently pending filing (i.e., within their 60-day filing period) in
calendar year 2015. Data courtesy of Drugs@FDA, the FDA and various drug
companies.
Copyright © 2016 Raj Bawa. All rights reserved.

Overcoming the Valley of Death in Drug Commercialization

58.4 Overcoming the Valley of Death in Drug
Commercialization
Although chemistry, molecular and cellular biology, omics and
related technologies have come a long way in the past 70–75
years, searching for novel drugs and testing candidates remains an
elusive task. Drug development is time-consuming, expensive and
enormously challenging.17 De novo drug discovery and development
is often a 10–17-year process from idea to marketed drug. It may
take up to a decade just for a drug candidate to enter clinical trials
with less than 10% of the tested candidates in trials arriving in the
clinic (Fig. 58.3a, Fig. 58.3b and Table 58.3). In fact, more drugs
come off patent each year than approved by the FDA. According
to a 2014 study by the Tufts Center for the Study of Drug
Development, developing a new prescription medicine that gains
marketing approval is estimated to cost nearly $2.6 billion.18
17See:

Bruno, J. R. (2015). Improving the bio-availability of drugs through their
chemistry. Am. Pharm. Rev., 15(4), 34–39: “The development of new drugs is a
complex process that requires a multiple of scientific disciplines. As drugs become
even more complex, the ability of companies to get products to market has
become even more difficult. Today, many potential drugs can fail early during the
development process. Inherent in the complexity of the molecules is low solubility
and poor bio-availability. While clinically they appear to be good targets, the
inability to get them into the body destines them to failure. In addition, with
the cost of drug development escalating, companies are often forced to drop
products quickly in favor of potentially more active compounds.”
18See: Tufts Center for the Study of Drug Development. Available at: http://csdd.tufts.
edu/news/complete_story/pr_tufts_csdd_2014_cost_study (accessed on January
12, 2016): “The $2,558 million figure per approved compound is based on estimated
average out-of-pocket cost of $1,395 million and time costs (expected returns
that investors forego while a drug is in development) of $1,163 million. Estimated
average cost of post-approval R&D—studies to test new indications, new
formulations, new dosage strengths and regimens, and to monitor safety and longterm side effects in patients required by the U.S. Food and Drug Administration
as a condition of approval—of $312 million boosts the full product lifecycle cost
per approved drug to $2,870 million. All figures are expressed in 2013 dollars.
The new analysis, which updates similar Tufts CSDD analyses, was developed
from information provided by 10 pharmaceutical companies on 106 randomly
selected drugs that were first tested in human subjects anywhere in the world
from 1995 to 2007. “Drug development remains a costly undertaking despite
ongoing efforts across the full spectrum of pharmaceutical and biotech companies
to rein in growing R&D costs,” said Joseph A. DiMasi, director of economic analysis
at Tufts CSDD and principal investigator for the study. He added, “Because the
R&D process is marked by substantial technical risks, with expenditures incurred
for many development projects that fail to result in a marketed product, our
estimate links the costs of unsuccessful projects to those that are successful in
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Alternatives to this lengthy and expensive pathway have been
proposed. For example, drug repositioning [21–22] offers the
possibility of reduced time and risk as several phases common to
drug R&D can be bypassed by repositioning candidates that have
been through several phases of development for their original
indication. Alternatively, more drug companies are reassessing
their failed candidates in an effort to alter/increase their solubility
and dissolution rates to improve overall bioavailability via
tweaking chemistry or reformulating.
Regardless of the industry or the origin of technology, for
a product to become successful it must endure and traverse a
most difficult period in its lifetime, the so-called “valley of death”
(Fig. 58.4).19 It is a graveyard for many “good” scientific ideas,
technologies, new products and processes, representing the
transition from basic research activities to product development.
obtaining marketing approval from regulatory authorities.” In a study published
in 2003, Tufts CSDD estimated the cost per approved new drug to be $802 million
(in 2000 dollars) for drugs first tested in human subjects from 1983 to 1994, based
on average out-of-pocket costs of $403 million and capital costs of $401 million.
The $802 million, equal to $1,044 million in 2013 dollars, indicates that the cost
to develop and win marketing approval for a new drug has increased by 145%
between the two study periods, or at a compound annual growth rate of 8.5%.
According to DiMasi, rising drug development costs have been driven mainly by
increases in out-of-pocket costs for individual drugs and higher failure rates for
drugs tested in human subjects. Factors that likely have boosted out-of-pocket
clinical costs include increased clinical trial complexity, larger clinical trial sizes,
higher cost of inputs from the medical sector used for development, greater focus
on targeting chronic and degenerative diseases, changes in protocol design to
include efforts to gather health technology assessment information, and testing on
comparator drugs to accommodate payer demands for comparative effectiveness
data. Lengthening development and approval times were not responsible for
driving up development costs, according to DiMasi. “In fact,” DiMasi said, “changes
in the overall time profile for development and regulatory approval phases had
a modest moderating effect on the increase in R&D costs. As a result, the time cost
share of total cost declined from approximately 50% in previous studies to 45%
for this study.”
Also see: A billion here, a billion there: The cost of making a drug revisited.
Available at: http://www.forbes.com/sites/brucebooth/2014/11/21/a-billionhere-a-billion-there-the-cost-of-making-a-drug-revisited/(accessed on January 21,
2016).
19The “valleys of death” model has replaced the old paradigms of B2 (“bench to
bedside”) and C3 (“cell to clinic to community”). The NIH has proposed one
valley (basic science vs. clinical science) while the Canadian Institutes of Health
Research has proposed two valleys (between basic biomedical research vs. clinical
science vs. clinical practice and health decision making). A four-valley model has
also been proposed (between discovery vs. candidate health vs. evidence based
guidelines vs. health practice vs. population health impact). See: Meslin, E. M.
(2007). Genet. Med., 9, 665–674.
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Figure 58.3a An Overview of the Drug Development Pathway. This
figure represents a highly generalized description of activities involving
drug development that must be successfully completed at different points.
Drug development can be conceptualized as a process leading from
basic research through a series of developmental steps to a commercial
product. First, a candidate drug emerges from a drug discovery program.
Then, the candidate must successfully complete a series of evaluations of
its potential safety and efficacy and must be amenable to mass production.
For each candidate finishing the pathway, thousands of candidates are
evaluated in the discovery phase. Many of activities involving drug
development are highly complex and whole industries are devoted to
supporting them. Not all are performed for every candidate and many
activities are omitted from the figure.
Adapted from the FDA.
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Drug Design R&D (after Discovery)

Critical Parameters Assessed
synthesis, ease of manufacturing, characterization, metrology, loading
efficiency, release kinetics, stability, purity, shape, size, charge, surface
properties, degradation, zeta potential, drug‐like analysis, focussed library
design
Critical Outcomes
“lead” optimization, candidate selection, rational drug design, manufacturing
protocols, methods for efficient synthesis, physiological characterization,
quality control, ADMET, potential for scale‐up, bio‐characterization,
preliminary in vivo toxicity

Preclinical Testing

Lab Studies (In Vitro Testing)

Critical Parameters Assessed
tissue/cell viability, cell uptake
mechanisms, API loading and release,
therapeutic effect relative to carrier
Critical Outcomes
mechanistic understanding,
demonstration of API mechanism
relative to carrier

Figure 58.3b (Continued)

Preclinical Testing

Animal Studies (In Vivo Testing)

Critical Parameters Assessed
biodistribution and PK of both API
and carrier, safety, efficacy, PBPK
simulations
Critical Outcomes
demonstration of safety and
efficacy, potential off‐target effects,
carrier‐mediated inflammatory and
immune responses
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Investigational New Drug Application (INDA)

INDA Contains the Following Minimum Specifics
R&D to clinical trialsand clinical protocols regarding the NDDS platform, animal
manufacturing
pharmacology and toxicity studies, qualifications of clinical investigators, data
on composition and stability of the NDDS platform
Critical Outcome
INDA approval by the FDA signals transition from preclinical to clinical trials

Clinical Trials (see Table 58.3)

New Drug Application (NDA)

NDA Contains the Following Minimum Specifics
NDDS history, animal study data, clinical trial outcomes, properties of carrier
in patients, NDDS manufacturing and packaging protocols
Critical Outcome
FDA reviews NDA, company addresses FDA concerns, advisory hearing may be
called, NDA approval by the FDA signifies transition to commercialization, FDA
conditions must be met after initial marketing, including phase IV post‐market
surveillance studies

Clinical Use/Commercialization

manufacturing, drug launch, marketing, sales, dose adjustment, presence of
target, efficacy, large scale production, post‐marketing testing required by FDA
(phase IV), post licensure commitment studies, pharmaco‐economic and
outcomes research, IP support, follow‐up studies and inspections
Figure 58.3b Translation of a Nanoscale Drug Delivery System (NDDS)
Platform. ADMET: absorption, distribution, metabolism, excretion and
toxicity; API: active pharmaceutical ingredient; PK: pharmacokinetic;
PBPK: physiologically based pharmacokinetic; IP: intellectual property;
NDDS: nanoscale drug delivery system.
Copyright © 2016 Raj Bawa. All rights reserved.

Bioavailability; drug–disease
interactions; drug–drug
interactions; efficacy at various
doses; pharmacodynamics–
pharmacokinetics; and patient
safety

Evaluate effectiveness, select
dose for Phase 3, determine
the short-term side effects and
identify common risks for a
specific population and disease

Phase 2

Dose response and tolerance
Vital signs
Plasma and serum levels Biomarkers
Adverse events
Adverse events
Efficacy

Bioavailability–
bioequivalence–dose
proportionality
Metabolism
Pharmacodynamics–
pharmacokinetics

Factors

Data

Determine the metabolic
and pharmacological
actions and the
maximally tolerated dose

Phase 1

Comparision of Clinical Trial Phases

Objectives

Table 58.3

Laboratory data
Efficacy
Adverse events

Drug–disease
interactions; drug–drug
interactions; dosage
intervals; risk–benefit
information; and
efficacy and safety for
subgroups

Obtain additional
information about
the effectiveness on
clinical outcomes and
evaluate the overall
risk–benefit ratio in
a demographically
diverse sample

Phase 3

Efficacy
Pharmacoeconomics
Epidemiology
Adverse events

Epidemiological data
Efficacy and safety within
large, diverse populations
Pharmacoeconomics

Monitor ongoing safety
in large populations and
identify additional uses
of the agent that might
be approved following
another marketing
authorization application

Phase 4
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15–100

Number of test
subjects

Study of a single dose
of Drug X in normal
subjects

Phase 3

Phase 4

Hundreds to thousands Thousands

Study of economic benefit
of newly approved Drug X
vs. standard treatment for
hypertension

Double-blind study evaluating
safety and efficacy of Drug X
vs. placebo in patients with
Alzheimer’s disease

25–300

Study of Drug X vs.
standard treatment in
an antidepressant

Ongoing (following
marketing authorization)

Individuals with target
disease, as well as new age
groups, genders, etc.

Several years

Individuals with target disease Individuals with target
disease

Several months

Uncontrolled
Placebo controlled comparisons Randomized
Observational
Active controlled comparisons Controlled
Two to three treatment
Well-defined entry criteria
arms
Broader eligibility
criteria

Phase 2

Source: Reprinted from University of Pittsburg, open access: Available at: https://www.clinicalresearch.pitt.edu/Content/docs/Comparison_of_
Clinical_Trial_Phases.pdf (accessed on January 20, 2016).

Example

Healthy volunteers or
individuals with the
target disease, e.g.,
cancer

Up to 1 month

Duration of
study

Population

Single, ascending dose
tiers
Uncontrolled

Design

Phase 1
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In biomedicine, it represents the gap that exists between R&D
breakthroughs made at the cellular and molecular biology levels
on one end and the static levels of new treatments, diagnostics
and preventative tools reaching the market on the other [3, 23].
This is the time prior to market entry where decisions need to be
made whether to proceed or terminate product development.
This is the time when ideas and inventions must undergo technical
feasibility review, manufacturing optimization, market demand
evaluation, reduction in production costs, commercialization
potential studies. The upstream side of the valley of death (the
science side) represents basic research inherently fraught with
uncertainty while downstream (the business side) represents the
more regimented process of product development characterized
by manufacturing, marketing, deliverables, deadlines, budgets.
Commercialization is about the translation crossing these two
distinct paradigms.
According to NIH, its “mission is to seek fundamental
knowledge about the nature and behavior of living systems and
the application of that knowledge to enhance health, lengthen
life, and reduce illness and disability.” However, the NIH has
not been that successful in this mission. There is a growing
perception that it has neglected its mandate to apply knowledge
generated in basic research towards improving health. It
has failed at translating advances at the preclinical stage
in the lab into clinical applications in the practice of medicine
(“bench-to-bedside”). In fact, in recent decades a research gap has
developed between basic and clinical sciences that threatens to
stall translation [3]: “The barriers to translational research are
relatively recent. Back in the 1950s and 60s, basic and clinical
research were fairly tightly linked in agencies such as the NIH.
Medical research was largely done by physician-scientists who also
treated patients. That changed with the explosion of molecular
biology in the 1970s. Clinical and basic research started to separate,
and biomedical research emerged as a discipline in its own right,
with its own training. The bulk of biomedical research is now done
by highly specialized PhD scientists, and physician-scientists are a
minority.”

Cumulative Profit versus Loss

Valley of
Death

Copyright © 2016 Raj Bawa. All rights reserved.

Figure 58.4 Mapping the Valley of Death in Commercialization.

Starting
Point

Success as a
New Product

Commercialization

Product
Launch

Disillusionment

Trough of

Preclinical
Research

Product
Development
Turning Point

Time

Success as a Business

Overcoming the Valley of Death in Drug Commercialization
1325

1326

The Translational Challenge in Medicine at the Nanoscale

58.5

Scientific Innovation in a Culture of
Conformity

In our publish-or-perish culture, is scientific innovation being
smothered by a culture of conformity? Looks like we are becoming
more conservative and risk-averse in our choice of research
problems [24]. Painstaking characterization work or collection of
fine-grained data are slowly disappearing in a publish-or-perish
(or patent-or-perish) culture. Risk is essential for ground breaking
work and creativity to fully flourish. We must also broaden our
horizons beyond historical boundaries between disciplines,
embrace global scientific collaboration and leverage interconnected
global networks to address grand challenges in biomedicine. In any
case, biomedicine is trending in the direction of cross-disciplinary
research and interdisciplinary education. In order to drive science,
innovation and the economy, we need doctorates and medical
scientists trained in a variety of fields and disciplines. Although
the number of science doctorates is rising, graduate programs
should be revamped further to incorporate workplace skills and
select courses in management, communication, commercialization
and business. In this regard, nano has an inherent edge over other
fields: Interdisciplinarity and international collaboration are the
hallmarks of nano.20 These are also two key aspects for effective
20See:

Jackson, S. A. New vantage points. Available at: http://www.rpi.edu/
president/speeches/ps102915-falltownmeeting.html (accessed on March 6, 2016):
“…[F]irst, humanity faces global and interconnected challenges surrounding our
supplies of food, water, energy, and a changing climate; human health and the
mitigation of disease; national and global security; the allocation of valuable natural
resources; and our need for a sustainable infrastructure. Clearly, such challenges
cannot be addressed by a single discipline, sector, nation, or geography working
alone…The second factor encompasses the advanced tools and technologies that are
affording us new insights into our world, and new ways to navigate and manage
that world…These challenges and opportunities demand that we educate the next
generation of leaders for depth in their specific domains, since you have to know
something to do something—as well as for the breadth that allows them to perceive the
connections among domains that initially appear unrelated. These connections cross
disciplinary boundaries that link ever more strongly the humanities, arts, and social
sciences, architecture, and business, with our roots in science and engineering...”

Patents and Translational Research

translation. And, we need risk-takers in biomedicine and
nanomedicine. There is evidence that increased risk-taking and the
publication of experimental failures would substantially improve
the speed of discovery [24]. This, in turn, would enhance the rate
of translation.

58.6

Patents and Translational Research

The protection of intellectual property (IP) of inventions, within
which patents fall, is increasingly important. So far, the process
of converting basic research in nanomedicine into commercially
viable products has been difficult. Intellectual property, obviously,
is the life-blood of this enterprise, both as an enablers of translation
and sometime as a barrier. Understanding the patent process, the
patent landscape and white-space opportunities are essential to
translational research and the development of innovations for
clinical use. Patents can have an impact at all stages in translation,
from the preclinical or research stage to clinical trial stage, at the
point of commercialization, and also when the product is in the
clinic. Freedom-to-operate is another important concept that
researchers should become fluent with so that they are aware of
the patents in existence when developing novel technologies in the
first place. This will help (i) identify technology in development
that could potentially infringe valid patents and lead to
enforcement action on the part of the patent holder (a timeconsuming and expensive process for both parties); and (ii) assist
researchers protect their own IP by assessing their inventions
and the scope of protecting them via patents relative to other art
in their field of research. Details on nanopatents, including the
legal criterion necessary to obtain a US patent (Fig. 58.5) and
the process for obtaining a US patent (Fig. 58.6), can be found
elsewhere [25].
The protection of inventions via patents provides an opportunity
for pharma to recoup the high cost of discovery by preventing
competitors from entering the marketplace while the patent is in
force. Patents and the protection that they afford are the lifeblood
of big pharma. Securing valid and defensible patent protection
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from the PTO is critical to any commercialization effort. Valid
patents stimulate market growth and innovation, generate
revenue, prevent unnecessary licensing and reduce infringement
lawsuits. In spite of anemic product development, nanopatent
filings and grants have continued unabated. However, it is no secret
that nanopatents of dubious scope and breath, especially on
foundational nanomaterials and upstream nanotechnologies,
Invention

Patent Eligible Subject Matter?
(Not Merely an Abstract Idea,
Mathematical Formula, etc.)

No

Yes
Does the Invention Have Utility?
(Is It Useful?)

Yes

No

No

Invention Is
Not Patentable

Is the Invention Novel?
Yes

Yes

Is the Invention Obvious Over
Currently Existing Art?
No
Invention Is Likely
Patentable!

(assuming compliance with
disclosure requirements
and other formalities)

Figure 58.5 Legal Criterion to Obtain a US Patent.
Courtesy of Dr. Brian E. Reese, Choate, Hall & Stewart LLP, Boston, MA.

Lost in Translation

have been granted by patent offices. In fact, “patent prospectors”
have been on a global quest for “nanopatent land grabs” since the
early to mid-1980s [26–28]. As a result, patent thickets in certain
sectors of nanotechnology have arisen that could have a chilling
impact on commercialization activities.21 The PTO continues to
be under enormous strain and scrutiny. Issues ranging from poor
patent quality, questionable examination practices, inadequate
search capabilities, rising attrition, poor examiner morale and an
enormous patent backlog are just a few issues that need reform.
The nomenclature issue (Section 58.7 below) is also affecting
patent drafting and prosecution.

58.7

Lost in Translation: The Issue of
Nomenclature

It is true that in the heady days of any new, emerging technology,
definitions tend to abound and are only gradually documented
via reports, journals, books and dictionaries. Ultimately, standardsetting organizations like the International Organization for
Standardization (ISO) and American Society for Testing and
Materials (ASTM) International produce technical specifications.
This evolution is typical and essential, as the development of
terminology is a prerequisite for creating a common language for
effective communication in any field. Similarly, an internationally
21For

example, the carbon nanotube (CNT) patent landscape is a tangled mess,
mainly due to issuance of multiple US patents in error by the PTO. Also,
to blame is the fact that there is a lack of nano-nomenclature because of which
inventors and scientists have employed distinct terms to refer to CNTs. As a result,
contrary to the foundation of US patent law, various US patents on CNTs have been
granted with legally identical claims. See: Harris, D., Bawa, R. (2007). The carbon
nanotube patent landscape in nanomedicine: an expert opinion. Expert Opin. Ther.
Patents, 17(9), 1165–1174. The expected negative impact on commercialization
and patent litigation has not (yet) arrived because CNTs have failed to deliver on the
hype. Fabrication of affordable and high-quality CNTs has (yet) not materialized
and scientists are now pursuing other exciting materials such as graphene
instead. Hype and technology often evolve together and, in this case, the “peak of
inflated expectations” of the 1990s was replaced by the “trough of disillusionment”
in the early 2000s. See: Davenport, M. (2015). Much ado about small things. Chem.
Eng. News, 93(23), 10–15.
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agreed definition for key terms like nanotechnology, nanoscience,
nanomedicine, nanobiotechnology, nanodrug, nanotherapeutic,
nanopharmaceutical and nanomaterial, has gained urgency.22
Nomenclature, technical specifications, standards, guidelines
and best practices are critical to advancing nanotechnologies in
a safe and responsible manner. Contrary to some commentators,
terminology does matter because it prevents misinterpretation
and confusion. It is essential for research activities, harmonized
regulatory governance, accurate patent searching and
prosecution, standardization of procedures, manufacturing
and quality control, assay protocols, decisions by granting
agencies, effective review by policymakers, ethical analysis,
public dialogue, safety assessment, and more. Also, nomenclature
is critical to any translational and commercialization efforts.
Definitions of nanotechnology based on size or dimensions
should be dismissed, especially in the context of nanomedicine
and nanodrugs for reasons well-articulated elsewhere recently
[29]. There is simply no scientific basis or logic to limiting
all nanotechnology to a sub-100 nm limitation; it is illogical,
random and foolish [29]. Moreover, “nano” is not simply a metric
of length and nanoscale research does not accept such rigid
limitations on dimensionality. It can be summarized that nanoscale
therapeutics may have unique properties (nanocharacter) that can
be beneficial for drug delivery and other applications but there is
no specific size range or dimensional limit where superior
properties are found [29–31]. Hence, the size limitation below
100 nm cannot be touted as the basis of novel properties of
nanotherapeutics. The arbitrary sub-nano cutoff from the NNI
has been correctly criticized over the years [31]:
22Similar

disagreements over terminology and nomenclature are seen in other
fields as well. For example, the term “super resolution microscopy,” the subject of
the 2014 Nobel Prize, is considered an inaccurate description of the technique.
Since electron microscopes and scanning probe microscopes can resolve features
at the nanometer, it is a misnomer to affix the “nano” prefix to these terms.
Therefore, it may be more appropriate to refer to these “scopes” as “nanoscopes”
instead. Inaccurate terminology often becomes the norm with time. It is hoped that
such is not the case for “nano” where the prefix gets too entrenched for a corrective
change to be made.

Lost in Translation

The 100 nm size boundary used in these definitions, however,
only loosely refers to the nano-scale around which the properties
of materials are likely to change significantly from conventional
equivalents. In reality, there is no clear size cut-off for this
phenomenon, and the 100 nm boundary appears to have no solid
scientific basis. A change in properties of particulate materials in
relation to particle size is essentially a continuum, which although
more likely to happen below 100 nm size range, does not preclude this
happening for some materials at sizes above 100 nm…

There are concerns regarding this definitional issue that could
clearly pose a roadblock to translational efforts in nanomedicine.
This is echoed by various commentators [32]:
The definition of nanomedicine has implications for many aspects
of translational research including fund allocation, patents, drug
regulatory review processes and approvals, ethical review processes,
clinical trials and public acceptance. Given the interdisciplinary
nature of the field and common interest in developing effective
clinical applications, it is important to have honest and transparent
communication about nanomedicine, its benefits and potential
harm. A clear and consistent definition of nanomedicine would
significantly facilitate trust among various stakeholders including
the general public while minimizing the risk of miscommunication
and undue fear of nanotechnology and nanomedicine.

If translation of nanomedicine is to fully succeed, it is
important that some order, central coordination and uniformity
be introduced at the transnational level to address the rise of
diverse nano terms seen in the patent literature, journals and the
press. This is also critical to prevent a significant scientific, legal
and regulatory void from developing, all of which will further
negatively affect translational efforts [33]:
Nomenclature, technical specifications, standards, guidelines and
best practices are critically needed to advance nanotechnologies in
a safe and responsible manner…However, defining nanotechnology,
from any perspective (scientific, regulatory, patent law, ethics, policy),
is no easy task. So far, no real consensus has been reached on basic
“nano” terms such as nanotechnology, nanodrug, nanomedicine,
nanomaterial, nanotherapeutic, nanoparticle, nanoscale, etc. In
fact, finding a consensus on nano-nomenclature is a challenge,
especially with the diversity and scope of scientific disciplines, voices
and technologies encompassed by the nanotechnology umbrella.
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An official, scientifically credible and legally workable definition
of nanotechnology as applied to nanoparticle drug delivery systems
or nanoformulations does not currently exist. …viable sui generis
definition of nano having a bright-line size range as applied to
nanodrugs blurs with respect to what is truly nanoscale; it is
unnecessary, misleading, and in fact, may never be feasible. … this
has contributed to the evolving patent thicket in certain sectors
along with a lack of specific protocols for preclinical development,
slower nano-characterization and confusion in the scientific
literature. In the near future, stakeholders ranging from patent
professionals, scientists, drug regulatory community, pharmaceutical
companies, policy-makers and governmental agencies must come
together on a global platform to address, define and formulate
formal definitions and nomenclature for various “nano” terms.

58.8

Regulatory Guidance: Critical for
Translation

Emerging technologies are particularly problematic for
governmental regulatory agencies, given their independent nature,
slow response rate, significant inertia and a general mistrust of
industry. Major global regulatory systems, bodies and regimes
regarding nanomedicines are not fully mature, hampered in part
by a lack of specific protocols for preclinical development and
characterization. Additionally, in spite of numerous harmonization
talks and meetings, there is lack of consensus on procedures, assays
and protocols to be employed during pre-clinical development
and characterization of nanomedicines. On the other hand, there
is a rise of diverse nano-specific regulatory arrangements and
systems, contributing to a dense global nanotechnology regulatory
landscape, full of gaps and devoid of central coordination [33–39].
It is often observed that governmental regulatory bodies
lack technical and scientific knowledge to support risk-based
regulation, thereby leaving a significant regulatory void. In fact,
the “baby steps” the FDA has undertaken over the past decade
have led to regulatory uncertainty. The bumpy ride is expected to
continue [33]:
Internationally, robust regulatory guidance for nanotechnology is
also lacking. In fact, regulatory agencies around the world continue
to struggle in their efforts to develop, meaningful regulatory

Regulatory Guidance

definitions and balance them with policies that are already in place.
However, guidance is critically needed to provide clarity and legal
certainty to manufacturers, policy-makers, healthcare providers, and
the consumer-patients. Common sense warrants that some sort of
guidance, oversight, or regulation by the FDA is in order, at least on
a case-by-case basis. But, so far, it has chosen to regulate
nanomedicines and nanoproducts solely via laws and regulations
that are already on the books. There are hundreds, if not thousands,
of nanoproducts in the market for human use, but little is known
of their health risks, safety data, or toxicity profiles. Even less is
known of nanoproducts that are released into the environment that
can potentially contact humans. Then, there are products such as
cosmetics that are flooding the market but are not even subject to
any pre-market review by the FDA. Under the current regulatory
regime, it continues to be the FDA’s position that nano-ingredients
(e.g., nanoparticles) are presumed to be “bioequivalent” to their
bulk counterparts. Thus, manufacturers of nanoproducts are
neither required to obtain pre-market approval from the FDA nor
required to list nano-ingredients on product labels at this time.
These nanoproducts, whether they are a drug, device, biologic, or
combination of any of these, are creating challenges for the FDA
regulators as they struggle to accumulate data and formulate
testing criteria to ensure the development of safe and efficacious
nanoproducts.

In order to move the translational process along, we provide
various recommendations with respect to FDA regulation of
nanomedicine (Table 58.4).
It is worth quoting a recent publication [31] that highlights
some of the challenges confronting regulatory agencies like the
FDA and EMA regarding nanotech:
There are potentially serious and inhibitory consequences if
nanodrugs are overregulated, and a balanced approach is required,
at least on a case-by-case basis, that addresses the needs of
commercialization against mitigation of inadvertent harm to
patients or the environment. Obviously, not every nanotherapeutic
or nano-enabled product needs to be regulated. However, more
is clearly needed from regulatory agencies like the FDA and EMA
than a stream of guidance documents that are in draft format,
position papers that lack any legal implication, presentations that
fail to identify key regulatory issues and policy papers that are often
short on specifics. There is a very real need for regulatory guidelines
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that follow a science based approach that are responsive to the
associated shifts in knowledge and risks.
Table 58.4

Recommendations for the FDA Regarding Nanomedicine
Regulation

Safety and Risk
• On a case-by-case basis and in conjunction with industry, identify unique safety
issues associated with nanoparticles and nanomedical products. FDA should
meet its regulatory and statutory obligations by offering technical advice and
guidance to industry beyond what its track record currently reflects.
• Actively seek product safety data from industry where FDA statutory authority
exists for pre-market review.

• Incentivize and encourage voluntary industry submissions of safety data on
nanomaterials or products that incorporate nanotechnology prior to market
launch, especially in cases (e.g., cosmetics) where the FDA lacks statutory authority
for pre-market review.

• Correlate physiochemical properties with in vivo biological behavior and
therapeutic outcome.

• Since there are few protocols to characterize nanomedicines at the
physicochemical, biological and physiological levels, it is essential to develop a
research strategy that involves adsorption, distribution, metabolism, and excretion
(ADME) studies. A holistic approach to understanding ADME can be realized
through the integration of mechanistic ADME data through the mathematical
algorithms that underpin physiologically-based pharmacokinetic (PBPK)
modelling, routinely utilized to support regulatory submissions for conventional
medicines in the US by the FDA and in Europe by the EMA.

• Develop toxicology tests and conduct physico-chemical characterization (PCC)
studies for nanomaterials. Although complexity and diversity of nanomedicines
poses a problem, biocompatibility and immunotoxicity must be taken into
consideration during preclinical assessment.
• Understand mass transport across biomembranes and body compartments as
well as biodistribution profiles following administration via a specific route.

• Develop standards that correlate the biodistribution of various nanomaterials
with safety/efﬁcacy by using parameters such as size, surface charge, stability,
surface characteristics, solubility, crystallinity and density.
• With industry input, create a comprehensive public databank relating to the
biological interactions of engineered nanomaterials (ENMs).
Data

• Adapt existing methodologies, as well as develop new paradigms for evaluating
in vivo animal and clinical data pertaining to safety and efﬁcacy of nanomedical
products before and during the product life cycle.

• Develop guidance that provides speciﬁcs as to what kind of data is required at
each step of the nanomedical translational process.

Regulatory Guidance

• Share data in a transparent and harmonized manner. Seek additional data on
safety or effectiveness during premarket review process when warranted. FDA’s
excessive reliance on publicly available or voluntarily submitted information,
adverse-event reporting and on post-market surveillance activities may not be
ideal in the case of ENMs for human use.
Standardization and Nomenclature

• Create reference classes for ENMs that are synthesized and characterized.

• Develop consensus testing protocols to provide benchmarks for the creation of
classes of nanoscale materials, both engineered and native.
• Create uniform nomenclature for and/or working deﬁnitions of nanomaterials.
Reﬁne the current deﬁnitions of nanomaterial, nanotechnology, nanodrug,
nanopharmaceutical, nanoscale and nanomedicine for regulatory purposes.
• Further explore international regulatory harmonization efforts and formal
treaties with relevant stakeholders.

• In addition to governmental bodies, involve various standard-setting organizations
such as the ISO and ASTM International.

• Consult and collaborate with other federal agencies in a more effective, transparent
and science-based manner. FDA’s current engagement in policy dialogue with other
federal agencies (via the Emerging Technologies Interagency Policy Coordination
Committee and other forums) has not produced any important guidelines for
industry. FDA should limit the number of non-binding draft guidance and policy
papers that it periodically issues.
Tools and Techniques

• Assist in developing unique tools and techniques to characterize nanoscale
materials.
• Develop imaging modalities for visualizing tissue biodistribution.

• Develop mathematical and computer models for risk/beneﬁt analysis that can
monitor quality, safety and effectiveness vis-à-vis standard ENMs.
Classiﬁcation Scheme

• Reevaluate the current FDA classiﬁcation scheme, including the Primary Mode of
Action (PMOA) criteria for combination products.
• Develop a classification system that is based on (a) function or (b) risk of
potential harm.
• Reevaluate the system of differing legal standards for different product classes
that may result in divergent regulatory outcomes for different product classes.

• Place more effort in tailoring relevant guidances governing various product
classes and address interpretation of relevant statutory/regulatory standards
relative to these classes.

Copyright © 2016 Raj Bawa. All rights reserved.
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58.9

Final Thoughts: Streamlining Translational
Medicine at the Nanoscale

It is clear to these authors that the seemingly intractable problems
between the clinic and the lab persist in spite of enormous
infusion of funds by governments and private entities. Therefore,
it is important to optimally integrate health care, academia and
industry to achieve changes at various levels along the translational
path. These are critical to transform nanomedicine and improve
the performance of its supply chain for the benefit of all
stakeholders (Fig. 58.7 and Table 58.5). We believe that issues such
as effective patent reform, adaptive regulatory guidance, robust
governmental efforts and consumer health are all intertwined
and require special attention while addressing nanomedicine

Figure 58.7 Interrelated Stages Along the Path of Translational
Medicine. The central position of the patient in the figure highlights
patient involvement as being a critical feature of all stages in translation.
The various stages shown are not linear or unidirectional but instead
each stage builds upon and informs the others.
Courtesy of the National Center for Advancing Translational Sciences, NIH.

Final Thoughts

translation from the bench to the bedside. In this regard, sciencebased governance that promotes translation on one hand and
balances consumer health on the other is crucial. Further efforts
are being made to streamline the research approval process and
reduce regulatory burdens. For example, in the US, the National
Center for Advancing Translational Sciences (NCATS) was
established in 2012 with its mission to “catalyze the generation
of innovative methods and technologies that will enhance the
development, testing, and implementation of diagnostics and
therapeutics across a wide range of human diseases and conditions”
[41].
We hope that a “translational turn” within biomedicine, at
least in the US, can be seen in the years ahead instead of the longstanding problems in clinical research and between the clinic
and the lab. This will obviously percolate into nanomedicine. The
“gaps” and “roadblocks” in translation can only be addressed
by closer integration between the various constituencies with a
stake in the process: the US government, academia, the NIH,
regulatory and patent agencies, the pharmaceutical industry, the
public and patients. The long-term prognosis of translational
medicine at the nanoscale hinges on these key players. They must
endure and traverse the valley of death together.
Table 58.5

Improving Translational Nanomedicine: General Points
to Consider

Research scientists in academia should understand the entire supply chain from
research to development, including basic concepts relevant to commercialization.

Granting agencies and peer reviewers that review grants should have expertise in
translational medicine, industrial portfolio management and commercialization
of research to properly access feasibility of proposals that have a greater potential
for patient application. Proposals and submissions should seek/include criteria to
evaluate whether the research is capable of clinical application. Funding projects
should be evaluated in terms of realistic potential of making it to the clinic rather
than specific disease targets.
Educational institutions and universities should offer more interdisciplinary/
hybrid courses and graduate training modules where applied research, business
landscaping, intellectual property law, FDA regulatory issues and the patent process
are emphasized.

Academic researchers should be encouraged to develop innovative translatable
products. Academic research that is advertised as being applied or translational
should have to demonstrate a minimum threshold requirement on realistic chances
to help patients prior to funding. Portfolios and projects should be developed and
evaluated with an eye on applied research; even basic research should be analyzed
to determine such potential.
(Continued)
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Table 58.5 (Continued)

Matrices and stringent evaluation criteria should be employed throughout a funded
applied academic project to see how successful it is with respect to translation and
whether it merits further funding.
Academia and industry must enhance collaborative efforts to address the nonreproducibility of preclinical research that primarily emanates from academic
research labs.

Labs that focus on clinical applications should implement quality assurance systems
such as Good Clinical Practice (GCP), Good Manufacturing Practice (GMP) and Good
Laboratory Practice (GLP), especially if submitting data to regulatory agencies.

Key questions should be asked early on during the development phase of the
project: is the idea patentable, will it help patients in a clinical-setting, is the clinical
hypothesis backed by generated preclinical data, is there freedom-to-operate with
respect to the patent estate and commercial landscape, is it likely to be reimbursed by
insurance companies, is there a need commercially, is there a significant market size,
are safety issues addressed, is the immunology and pharmacology well studied, are
all components (active, carrier, excipient, etc.) well characterized, are there unique
safety concerns due to nanoscale, are there fabrication costs and complexities, etc.
Science policy-makers should subsidize more risky research strategies, incentivize
strategy diversity and encourage publication of failed experiments—all activities
known to increase the speed of discovery.
University Technology Transfer Offices (TTOs) should be revamped and required
to disclose the return-on-investment (ROI) in terms of funds expended on patent
prosecution versus licensing royalties generated.
Quality assurance (QA) guidelines for basic research published by the WHO or RQA
should be implemented by labs to safeguard data and ensure scientific rigor. Digital
manipulation or errors can be minimized or prevented via “read-only files” stored
on lab instruments. Granting agencies should require proof that instruments have
been calibrated and that plans exist for tracing data, including which equipment the
experiment was conducted on and where the source data is stored.
Recognizing genuine requests for scrutiny from harassment in a climate of research
transparency is essential to safeguarding the research community and driving
translational efforts.

Early sponsor interaction with the FDA in the development process to identify
appropriate pathways to be navigated. File patent applications at an early stage to
capture upstream aspects of nanomedical products; employ an interdisciplinary
team of patent attorneys or patent agents to draft applications. The regulatory
review process, patent prosecution at patent offices and business developments
should all be coordinated throughout translation.

Allow greater patient input into drug development, regulatory processes and
clinical trial design. Manufacturers should seek patient perspective early on in
product development. Furthermore, patient information and data should be more
readily shared for research especially with respect to chronic diseases. However, for
these recommendations to become a reality, clearer policies and guidelines may be
needed via governmental action so that companies do not risk legal issues, patient
privacy is safeguarded and data security is ensured.
Enhance and streamline institutional review board (IRB) approval process to
minimize unnecessary delays and redundancy.

Copyright © 2016 Raj Bawa. All rights reserved.
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59.1

Introduction

We are living in an era of mass marketing and big business—a
strategy that favors retail giants such as Walmart®, Costco®, and
Best Buy® in attempts to satisfy the insatiable commercial needs of
a growing population. Current economic drivers instinctively
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motivate fiscally conscious consumers to flock to warehouse-style
retailers to purchase mass-produced generic products; rather
than paying a premium at privately owned and operated boutique
shops that sell unique goods marketed toward specific subgroups
of customers. Unfortunately, this trend superficially appears to
have been adopted with vigor by large pharmaceutical companies,
“Big Pharma” as they are commonly referred to, as they develop
and market blockbuster drugs to treat the masses. As a result, an
individual patient’s clinical needs have been blurred in eﬀorts
to accommodate entire populations of patients. But before we
lump Big Pharma into the likes of retail giants that mass-produce
products to lower costs and boost margins, one must understand
the harsh realities of drug development. On average, it is estimated
that a single new drug compound costs over $1 billion and
10–15 years to develop [1]. And shockingly, only one out of five
new drug compounds actually generates revenue equal or greater
to its inherent developmental costs [1]! It is obvious that to
disrupt this drug development trend, a “perfect storm” of novel
emerging technologies, non-conventional regulatory approaches,
Big Pharma support, and health insurance reform must converge
to initiate the shift toward developing personalized therapies
(Fig. 59.1).
Personalized medicine is the collection and analysis of clinically
relevant patient data (e.g., genomics, proteomics, metabolomics,
etc.) to determine the most eﬀective, tailor-made treatment
strategy possible. The transition to individualized therapy is a
palatable idea to embrace since its application is deeply rooted in
the logical evolution of clinical medicine; however, its ubiquitous
imple
mentation will require an unprecedented synchronized
integration of eﬀort from the pharmaceutical industry, the Food and
Drug Administration (FDA), and medical insurance companies—
pushed by scientific advancements and pulled by clinical demand
from physicians and patients. Nanotechnology has been hailed by
many as the enabler of individualized therapy since nano-based
medicine, or nanomedicine, allows us to interact with disease at
the scale of biology. We are now able to bring the battle to the level
where a war is being waged. Nanotechnology provides scientists
and clinicians with access to disease pathways, mechanisms
to exploit minuscule pathologic changes in anatomy, strategies
to augment imaging modalities, and tools to collect near-over
whelming amounts of patient information to reveal new approaches

Introduction

to identifying vulnerabilities of complex ailments such as cancer,
heart disease, and other clinical challenges.

Figure 59.1 (a) Conventional chemotherapeutic strategies are often
admin
istered as standard protocols for patients with
cancer. This practice “blurs” patient-to-patient distinction
and approaches the treatment of cancer in the context of
populations of the disease. (b) Personalized medicine is a
developing clinical approach that “focuses” upon the needs
of individual patients and is predicated upon the assembly
and analysis of patient specific information made possible
through emerging technologies such as nanotechnology.

This chapter will provide a snapshot of nano-based strategies
that have reached the clinic in the context of cancer and those that
remain in the process of translation. In addition to this summary
of nanotechnology and personalized medicine for the treatment
of cancer, this chapter will also feature multiple perspectives
regarding the enabling of individualized therapy from several
key vantage points ranging from a practicing surgeon to a biotech
chief executive oﬃcer (CEO) to an FDA consultant to a patient
advocate.
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59.2
59.2.1

Conventional Cancer Chemotherapeutics
A Brief History

The dawn of modern cancer chemotherapy may have risen from
the aftermath of the smoke and twisted metal of Allied warships
stationed in Bari Harbor, Italy, on December 2, 1943. A German
strategic air raid sought and destroyed 17 vessels as they unloaded
supplies and cargo intended to support the final Allied push into
Italy [2]. Unknowing to the squadron of German Luftwaﬀe, the strike
left a US Liberty ship in wreckage, detonating its deadly payload
of mustard gas bombs and subsequently exposing the weaponized
chemical agent into the harbor and surrounding city. This tragic
event, which killed over 2,000 Allied servicemen and Italian
citizens, enabled two Yale pharmacology professors to validate
their research focused upon the leukopenic eﬀects of nitrogen
mustard [3]. Drs. Alfred Gilman and Louis Goodman began their
research in 1941 under a program funded by the US government’s
Oﬃce of Scientific Research and Development [4]. The attack of
1943 provided a grim opportunity for these scientists to
document how β-chloroethylamines destroyed lymphatic tissue
and bone marrow in human subjects. Their clinical findings were
published in a landmark article titled “Nitrogen Mustard Therapy:
Use of Methyl-bis(Beta-Chloroethyl)Amine Hydrochloride and
tris(Beta-Chloroethyl)Amine Hydrochloride for Hodgkin’s Disease,
Lymphosarcoma, Leukemia, and Certain Allied and Miscellaneous
Disorders” in the Journal of the American Medical Association
(JAMA) in 1946 [5].
Over 60 years have passed since the tragedy in Bali Harbor,
and modern medicine is still employing extremely toxic,
nonspecific agents to combat disease. In fact, cyclophosphamide,
a nitrogen mustard alkylating agent and direct descendant from
the therapeutic discovery of the US Liberty ship disaster, is still
being actively used today as adjuvant therapy or as part of firstline treatments for various cancers. At the time of this chapter,
a search of ClinicalTrials.gov found 2,269 studies that involved
cyclophosphamide for clinical indications ranging from earlystage breast cancer to multiple myeloma. The results of such a
query can be viewed as strong evidence of the clinical importance

Conventional Cancer Chemotherapeutics

of the discovery of nitrogen mustard alkylating agents or perhaps
an indication to the lack of significant the rapeutic innovation
achieved over the past half-century in cancer therapeutics. Statistics
remain the most powerful metric to measure the progress of our
fight against cancer, and the American Cancer Society recently
published its latest figures tabulating trends in the five-year
relative survival rate in the United States from 1975 to 2005. The
findings indicate a promising 18% increase of the five-year relative
survival rate when comparing 24 cancer types over the 30-year
period [6]. We have achieved major improvements in several
cancers such as prostate cancer (increase of 31%), non-Hodgkin
lymphoma (increase of 21%), and breast cancer (increase of
15%). However in certain cancers we have attained minimal
improvement; the five-year relative survival rate for pancreatic
cancer remains in the single digits (6%) and has only improved by
3% since 1975 [6].

59.2.2 A Summary of Conventional Anticancer Drugs

Most conventional anticancer agents can be categorized in to one of
three therapeutic mechanisms: (1) to damage the deoxyribonucleic
acid (DNA) of the aﬀected cancer cells, (2) to inhibit the synthesis
of new DNA strands to halt cell replication, and (3) to stop mitosis,
thereby inhibiting uncontrolled cell division [7]. Table 59.1
summarizes the hallmarks of several drug classes commonly
employed as anticancer drugs. Scientific journals are filled with
case studies demonstrating the clinical merits of exploiting cancer
cell vulnerabilities associated with these mechanisms; however,
decreasing the rate of cell division is not a ubiquitously welcomed
therapeutic consequence. Many bodily systems naturally depend
upon the healthy rapid turnover of cells, including the skin,
gastrointestinal lining, bone marrow, and hair follicles. Herein lies
the most fundamental conundrum of cancer therapeutics—how
to kill cancer cells, sparing as many healthy cells as possible (the
patient must survive the rigors of his or her therapy to be cured
of the cancer). It is alarming that conventional clinical wisdom
still prescribes treatments where often times only 1 out of 100,000
drug molecules actually reach the intended site of disease [8].
A simple calculation reveals that 99.99% of the injected dose
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is nonspecifically distributed throughout the body, subjecting
healthy organ systems to the brutal consequences of cytotoxic
adverse side eﬀects associated with most cancer therapeutics.
Table 59.1

Drug class

Conventional cancer chemotherapeutics

Alkylating
agents

Mode of action

Cancer chemotherapies

Damages DNA to
prevent cancer cell
proliferation

Nitrogent mustards:
Mechlorethamine,
chlorambucil, cyclosphamide
Nitrosoureas: Streptozocin,
carmustine, lomustine
Alkyl sulfonates: Busulfan
Traizines: Dacarbazine,
temozolomide
Ethylenimines: Thiotepa,
altretamine

Antimetabolites Interferes with DNA
synthesis
Antitumor
antibiotics

Topoisomerase
inhibitors
Mitotic
inhibitors

5-fluorouracil, capecitabine,
6-mercaptopurine,
methotrexate, gemcitabine,
cytarabine, fludarabine,
pemetrexed

Interferes with enzymes Anthracyclines:
involved in DNA
Daunorubicin, doxorubicin,
replication
epirubicin, idarubicin
Others: Actinomycin-D,
bleomycin, mitomycin-C,
mitoxantrone

Interferes with
topoisomerases, which
help separate the
strands of DNA for
replication

Stops mitosis by
disrupting normal
function of mitotic
spindles, thereby
halting cell division

Immunotherapy Enhances, suppresses,
or induces immune
response

Topoisomerase I inhibitors:
Topotecan, irinotecan
Topoisomerase II inhibitors:
Etposide, teniposide,
mitoxantrone

Taxanes: Paclitaxel, docetaxel
Epothilones: Ixabepilone
Vinca alkaloids: Vinblastine,
vincristine, vinorelbine
Others: Estramustine

Monoclonal antibodies:
Rituximab, alemtuzumab,
trastuzumab

Concept of Personalized Medicine

Drug class

Mode of action

Nonspecific
immunotherapies and
adjuvants: BCG, interleukin-2,
interferan-alpha
Immunomodulating drugs:
Thalidomide, lenalidomide

Hormone
therapy

Miscellaneous

Alters action or
Antiestrogens: Fulvestrant,
production of female or tamoxifen, toremifene
male hormones
Aromatase inhibitors:
Anastrozole, exemestane,
letrozole
Progestins: Megestrol acetate
Estrogens
Antiandrogens: Bicalutamide,
flutamide, nilutamide
Gonadotropin-releasing
hormone: Leuprolide,
goserelin

Abbreviation: BCG, bacillus Calmette-Guerin.

59.3

Cancer chemotherapies

L-asparaginase, proteosome
inhibitor bortezomib,
cisplatin, carbo-platin

Concept of Personalized Medicine

Personalized medicine is the next evolutionary stage of
development for traditional health care, building upon the strong
foundations of evidence-based observation, symptomatic analysis,
and pathologic expression/presentation [9]. Scientific advances in
several emerging fields, such as bioinformatics, systems biology,
and nanomedicine, are providing scientists and clinicians with
extraordinary access to a wealth of information with tremendous
clinical value. As new tools are invented to integrate and process
this collection of patient data, the clinical boundaries that
distinguish patients as individuals become less blurred, providing
clarity to resolve a patient’s specific needs. Treating the masses
with standardized “one-size-fits-all” therapies become less
acceptable, and ethical, as new clinical evidence becomes
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accessible with the promise of more efficacious courses of action.
Current applications of personalized medicine integrates such
information as a patient’s molecular profile or genetic map to
supplement conventionally acquired patient information, such
as mammogram images and/or histological pathology, prior
to determining the final treatment strategy; however, this just
represents the “tip of the iceberg” of the wealth of potentially
applicable clinical knowledge that new emerging technologies can
provide access to [9].

59.4

Nanotechnology in Medicine

The day Drs. Smalley, Curl, and Kroto published their discovery of the
carbon-60 fullerene in Nature (1985), they effectively established
a new field called “nanotechnology” and introduced to the scientific
community a world that exists at a minute scale where material
behavior can no longer be predicted by conventional wisdom
and theory [10]. Unlike biotechnology, which presented clinical
medicine with innovative therapeutically “active” agents that
necessitated the creation of a new class of drugs, for example,
monoclonal antibodies, molecular targeted inhibitors, and
recombinant proteins, among others, nanotechnology offers the
ability to exploit a “toolbox” of novel material properties that
may be applied to offer new approaches to fight human disease.
Nanomedicine facilitates interaction with disease processes at
the cellular and molecular scale with the objective of disrupting,
abating, or terminating pathologic progression. Furthermore,
nanotechnology provides unique access to biologically relevant
information and means to control drug release profiles pending
on device integration and design.

59.5

Injectable Therapeutics

59.5.1 Personalization by Design of Nanovectors with
Lesion-Specific Transport Properties
The fundamental basis for the administration of drugs or imaging
agents is to achieve a favorable therapeutic/diagnostic outcome

Injectable Therapeutics

with minimal detrimental adverse reactions. When referring to any
systemically injectable therapeutic, diagnostic, or theranostic agent,
the set of obstacles preventing the mass transport among various
compartments/systems of the body (e.g., circulation, tumor tissue,
interactions with various cells on the cell membrane level and in
subcellular compartments) should be clearly understood. These
barriers, also termed biobarriers, can be of biological, physical,
chemical, or combined (biophysical, biochemical, physico-chemical)
nature. Sequentially, from the point of intravenous administration,
biobarriers can involve enzymatic degradation of the active agent,
inefficient margination in the bloodstream, inability to overcome
vascular endothelium, and insufficient delivery into affected cells
[11, 12]. To demonstrate the effectiveness of these combined
biobarriers, it has been calculated that only 1 out of 100,000
molecules of a drug successfully reaches the intended pathological
site. Thus, to achieve therapeutic efficacy, unreasonably high
doses of the active agents should be administered with 99.99%
distributing to unintended sites, causing unwanted side effects. As
an example, studies in Kaposi’s sarcoma models demonstrated that
~0.001% of doxorubicin accumulated at tumor sites in patients
[13]. Solid tumors, as well as several other pathologies (e.g., cardio
vascular, inflammatory, and infectious diseases), can be generally
considered as diseases of biobarrier dysregulation ranging from
the molecular to whole-body scale. As such, novel strategies must
be conceived to circumnavigate or, if possible, overcome these
barriers to drug delivery. Initially postulated as the “magic bullet”
theory by Paul Erhlich early in the 20th century [14], and initially
considered too outlandish, the idea of getting the right amount of
drug to the right place at the right time is now a possibility, thanks
to advancements in nanotechnology. Such is the immense potential
of nanotechnology to surmount these biobarriers that the field of
nanomedicine, a science that enables the clinical use of existing
agents through the utilization of nanoscale (1–1,000 nm) constructs
[11], has yielded several drug-containing platforms currently used
in clinics. This is best exemplified by Doxil®, a polyethylene glycol
(PEG)-ylated liposomal formulation of doxorubicin, approved by
the US FDA in 1995 for the treatment of Kaposi’s sarcoma [15].
Liposomal doxorubicin was able to collect more efficiently in tumors
by taking advantage of the impaired endothelial barrier integrity in
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cancer lesions, essentially using the tumors’ own biology against
them. The enlarged fenestrations in tumor-associated angiogenic
endothelia, and the resulting hyperpermeability of the neovasculature in the tumor microenvironment, explain why systemically
injected nanoparticles tend to accumulate more in tumor sites.
The proposed mechanism, called the enhanced permeability and
retention (EPR) effect, was initially described by Maeda et al. [16–19]
and is considered the main reason underlying the therapeutic
index advantages stemming from the use of nanoparticles for
drug delivery. Moreover, the addition of PEG to the surface of
doxorubicin liposomes significantly increased the blood circulation
time from 10 minutes to 50 hours [20], effectively overcoming
the barrier sequestration by the mononuclear phagocyte system
(MPS), a system of monocytes and macrophages that effectively
scavenge foreign particulates. Last but not least, the encapsulation
and packaging of the drug within the core of the liposome help
protect the drug from enzymatic degradation, all the while
preventing release until its arrival at the site of action. This not only
maximizes efficacy at the site of action but also decreases harmful
side effects, such as cardiotoxicity in the case of doxorubicin. These
and many other advantages afforded by nanoparticulate systems
for drug delivery are the reason for the hundreds of clinical trials
currently underway, making nanomedicine a significant player in
the current therapeutic/diagnostic options in oncology for the past
two decades.
A recent boom has occurred in the field of nanomedicine, with
several novel nanoscale platforms generated for drug delivery
purposes. However, the most ubiquitous platforms, either in clinics
or in clinical trials, remain liposomes and micelles. Liposomes
were among the first nanoparticle platforms approved for clinical
use, helping pave the way for future generations of nanoparticles.
Liposomes are phospholipid-based bilayered membrane structures
with sizes approximating ~100 nm in diameter [21]. The advantages
of liposomal doxorubicin have been detailed earlier, with their
impact on patient survival proving highly impressive. In one study,
53 patients with advanced Kaposi’s sarcoma underwent liposomal
doxorubicin administration every three weeks. Of these patients, 19
showed a partial response, while 1 patient experienced a clinically
complete response [22]. Since then, several other liposomal
formulations have found their way into the clinical arena. One
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such example, LErafAON, is a liposomal formulation of the raf
antisense oligonucleotide. These liposomes are meant as an
adjuvant therapy, as the oligonucleotide acts on c-raf, a protein that
enables tumors to become resistant to radiation or chemotherapy
[23]. In a phase I trial, patients undergoing radiation therapy
were administered LErafAON twice a week, with 4 of 12 patients
presenting stable disease and 4 of 12 showing a partial response
[23, 24].
Polymer micelles represent an emerging nanomedicine
platform, currently undergoing various phases of clinical trials in
several countries. These spherical nanostructures, ranging from
10 to 100 nm, were first developed for drug delivery by Ringsdorf
et al. in the early 1980s [25]. Polymer micelles are composed
of amphiphilic-block copolymers and form spherical structures
through self-assembly in aqueous environments [26]. The unique
chemistry of polymer micelles proves highly advantageous for
chemotherapy. Firstly, the hydrophobic core that results from
their self-assembly provides an ideal compartment for the
encapsulation and solubilization of water-insoluble drugs, which
most anticancer agents prove to be, given their polycyclic nature [27].
Secondly, the hydrophilic outer shell made of PEG, arising also
from the self-assembly process, naturally provides protection from
aggregation and opsonization, resulting in increased circulation
times [28]. Other advantages include the inclusion of novel polymers
that allow for chemical attachment of drugs or for incorporation
of functionalities for controlled release [29] and the outfitting
of micelles to include targeting moieties for enhanced tumor
accumulation strategies [30].
As mentioned previously, polymer micelles are emerging as
nanoplatforms with immense potential for chemotherapy. NK911,
a micellar formulation of doxorubicin (~40 nm in size), showed
long circulation times and resulted in a partial response in a patient
with metastatic pancreatic cancer in a phase I clinical trial [31].
A cisplatin formulation of polymer micelles, NC-6004, recently
entered clinical phase I trials. Seven of seventeen patients treated
had a stable disease response, with much less toxic side effects
and associated treatment morbidity [32].
The goal of personalized therapy is to have nanovectors serve
as tools for exploring biobarriers, as well as instruments designed
to overcome or take advantage of these barriers to efficiently

1357

1358

Nanotechnology toward Advancing Personalized Medicine

deliver therapeutics to tumor sites. This especially holds true
while considering that biobarriers largely vary from one type of
disease to another, from patient to patient, and from lesion to
lesion, changing also over time in the course of therapy. It should
also be kept in mind that inefficient negotiation of sequential
biobarreirs can prevent, for example, molecular recognition, at
the disease site. If the agent is not delivered in close (submicron)
proximity to the specific cell population (e.g., tumor cells) that
expresses the antigen, it cannot create a close-enough contact for
receptor-substrate interaction governed by Michaelis-Menten
kinetics. In this case, the specificity in receptor recognition
observed in vitro will not be confirmed in vivo studies. Thus,
the increased molecular selectivity and resolution of the
problems associated with biobarriers have in many cases proven
largely to be reciprocally exclusive processes.
Recently, a paradigm shift in the design of nanovectors
occurred with the emergence of logic-embedded vectors [9, 12].
These multi
functional constructs comprised of several
nanoelements were de
signed to act in a synergistic fashion to
sequentially avoid/overcome biobarriers and efficiently codeliver
multiple payloads to the disease site [33–37]. The emblematic
system in this subcategory is the multistage system designed to
perform a time sequence of functions that involve cooperative
coordination of multiple nanoparticles and/or nanocomponents.
The system, recently reviewed in [38], is based on the nanoporous
silicon particles (first stage) that utilize their unique nonspherical
geometry in concert with active tumor biological targeting moieties
to efficiently deliver payloads of second-stage nanoparticles
(S2NPs) to the disease site. First-stage nanoporous silicon particles
are specifically designed through mathematical modeling to
exhibit superior margination and adhesion properties during
their negotiation through systemic blood flow en route to the
affected site [39–41]. Particle characteristics such as size, shape,
porosity, and charge can be exquisitely controlled with precise
reproducibility through semiconductor fabrication techniques [34,
42, 43]. In addition to its favorable physical characteristics, the
stage 1 particle can be surface-treated with such modifications as
PEG for MPS avoidance [34] and equipped with biologically active
targeting moieties (e.g., aptamers, peptides, phage, antibodies)
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[44–46] to enhance the specificity of tumor targeting and imaging
[36]. This approach decouples the challenges of (1) transporting
therapeutic agents to the tumor-associated vasculature and (2)
delivering therapeutic agents to cancer cells. Within the nanoporous
structure of stage 1 particles, S2NPs can be safely delivered into
the intended vascular target. S2NPs generically represent any
nanoparticle construct within the approximate diameter range of 5100 nm. Various nanoparticle payloads were investigated, including
liposomes [47], carbon nanotubes [37, 48], iron oxide [9] and gold
nanoparticles [44], fullerenes [48], polymeric micelles, and others.
The ability to load multiple payloads in a single multistage particle
was also demonstrated [37]. It is important to emphasize that
unlike its nonporous counterpart, porous silicon is biodegradable,
with the degradation product being harmless orthtosilicic
acid [34]. This has been shown in various studies in vitro in cell
cultures of immune and endothelial cells as well as in vivo in healthy
animals that the system is biocompatible [34, 36, 47, 49].
As predicted by mathematical modeling, the nonspherical
geometry of the first-stage particles contributes to accumulation
of up to five times higher concentrations of the nanovectors in
the tumor microenvironment as compared to their spherical
counterparts [50]. These findings support the proposed mechanism
of action for the multistage system, where each stage performs
part of the journey from the site of administration toward the
target lesion, negotiating one or more biological barriers and
adding a degree of targeting selectivity in the process. Following
arrival to the tumor microenvironment, second-stage particles
are released, permeating into the tumor mass, further reaching
the target cells with biological specificity. It was shown that single
or multiple payloads can be specifically released at different
subcellular locations, with potentially different time release
profiles. Personalization in this case is based on the optimal/
rational design of the nanovector geometry for specific accumulation
into the tumor site, porosity of the carrier suitable for loading
specific S2NPs and attaining the desired release kinetics, and
surface properties for recognition of the inflamed endothelium in
the neovasculature.
Recent advances in molecular oncology enabled a better
understanding of the pathological pathways involved in tumor
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formation and maturation. Elucidation of some of the molecular
mechanisms brought about new potent drug candidates. Small
interfering ribonucleic acid (RNA) (siRNA) therapeutics belong to
one important class of new potent agents. These double-stranded
RNA molecules, able to specifically silence gene activity [41], were
discovered a decade ago by Fire et al. [51]. The main obstacle
in the clinical translation of siRNA therapeutics is the delivery
overcoming some of the above-mentioned biobarriers, including
an extremely prompt degradation in physiological conditions
and an inability to cross membranes. While siRNA liposomes
have shown some efficacy in animal studies [52, 53], frequent
intravenous doses seem to be unfeasible and are not cost effective
in the clinical setting. The antitumor efficacy of multistage silicon
vectors (MSVs) loaded with neutral dioleoyl phosphatidylcholine
(DOPC) nanoliposomes containing EphA2-specific siRNA was
tested in animals with two independent orthotopic mouse models
of ovarian cancer [47]. EphA2 is an oncoprotein overexpressed in
most malignancies, including ovarian tumors. Interestingly, after a
single treatment with EphA2-targeted MSV and without concurrent
chemotherapy, gene silencing, and a decrease in tumor burden,
evaluated through cell proliferation (Ki-67) and angiogenesis
(CD31), were observed. To achieve a similar effect with siRNADOPC, six administration doses were required with a twice-higher
total administered amount of siRNA. The mechanism of action of
sustained liposomal siRNA delivery was likely to rely on surface
modification, tissue distribution, and slow biodegradation of the
first-stage mesoporous particle (S1MP). S1MP not only served as
storage for liposomal siRNA but also shielded siRNA oligos from
degradation by enzymes inside the body. This novel approach opens
new avenues in personalization of siRNA therapeutics through
controlled delivery of synergistic payloads in a time-controllable
fashion.
Another example of a nanovector with emerging imaging
properties is an agent based on magnetic resonance imaging (MRI)
contrast agents loaded into the porous structure of the first-stage
particle [48]. The MRI resolution determines the efficiency of
early diagnosis, treatment monitoring, and prognosis and can be
highly enhanced by using contrast agents based on paramagnetic
materials. The most commonly used contrast agents in the clinical
setting are gadolinium (Gd) chelates. Gd3+ ions are highly toxic in
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free form and, thus, have to be chelated to minimize toxicity.
However, chelation also significantly reduces the number of
coordination sites, resulting in low relaxivities of less than
4 mM−1s−1 at 1.41 T. The multistage approach was used in the design
of a new category of MRI contrast-enhancing agents. Gd-based
contrast agents, such as a clinically used chelate (Magnevist®,
MAG) and Gd3+-loaded carbon nanoparticles (carbon nanotubes,
gadolinium nanotubes (GDNTs), and fullerenes, gadolinium
fullerenes (GFs) were loaded within the nanoporous structure of
discoidal (D) or hemispherical (HS) S1MP [48]. The resulting MSV
constructs showed a significant boost in longitudinal relaxivity,
resulting in up to 40 times higher values than clinically used
MAG. The proposed mechanism of the prominent enhancement
in the MRI contrast is based on the geometrical confinement of
Gd-based contrast agents within the porous silicon S1MP, which
affects the paramagnetic behavior of the Gd3+ ions by enhancing
interactions between neighboring contrast agents through
reduction of the mobility of water molecules and the ability of
contrast agents to rotate [48].
To conclude, this section described how impairment in the
transport phenomena in the disease tissue can be utilized for per
sonalization or even individualization of the injectable therapeutics.
Ideally, the individualization of therapy is consequently built
in the carrier vector, which enables direct imaging observation
of the lesion, and is present regardless of the drug delivered,
though obviously optimal when molecularly targeted drugs are
delivered. The time dynamics of the evolution of the lesion do
not essentially necessitate an adjustment in therapeutic payload,
since the response to the evolution of the lesion and its microenvironment may be built in the individualization of nanovectors.

59.6

Molecular Imaging

59.6.1 Collection of Patient-Specific Data for Tailoring
Treatments
Clinical imaging is experiencing a major paradigm shift, moving
away from structural-based diagnostics to dynamic molecular
imaging. The purpose of molecular imaging is to facilitate the
noninvasive detection and visualization of morphological and
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biochemical changes that influence disease and/or its response
to therapy. Progress in this field has been driven largely by
applications in oncology, from the identification of specific molecular
pathways associated with tumor growth and progression to the
clinical monitoring of cancer biomarkers before and after treatment
[54]. With the advent of molecular-specific chemotherapies, it is
becoming increasingly important to collect patient-specific data
for tailoring treatment regimens.
Molecular imaging is already in clinical practice today. Positron
emission tomography (PET), single-photon-emission computed
tomography (SPECT), and MRI are some of the first clinical
imaging modalities capable of generating images with molecular
specificity. These technologies monitor the localization of different,
exogenously administered contrast agents to collect information
about tissue anatomy, physiology, and metabolism. New contrast
agents for these and other imaging modalities are continually
being introduced to enhance clinical care.
Nanoparticles have been proposed as an enabling technology
for molecular imaging. Advantages of nanoparticles include high
contrast, tunable physical properties, long circulation times, and
ease of integrating multiple functionalities [55, 56]. A variety of
nanoparticle-based contrast agents are currently under develop
ment for a range of clinical indications, including superparamagnetic
agents, metal nanoparticles, liposomes, and more. Each of these
platforms differs in bioavailability, pharmacokinetics, toxicity, immunogenicity, and specificity. It is likely that a variety of different
and specialized nanoparticle platforms will be required for
targeting different disease processes. Several nanoparticle-based
contrast agents have entered the market, and additional products
are currently undergoing clinical testing or entering the pipeline.
The integration of molecular imaging with nanoparticle-based
contrast agents is expected to have a major impact on the detection,
diagnosis, and decision making for personalized treatment.
Much of the innovation in nanoparticle-based contrast
agents is driven by the quest for personalized medicine. Many
nanoparticles under development contain active targeting ligands.
These ligands are used to enhance the specificity of contrast agents,
resulting in the localized accumulation of contrast agents at the
molecular target of interest. Targets include cancer biomarkers
(e.g., human epidermal growth factor receptor 2 [HER2], epidermal
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growth factor receptor [EGFR], integrin αvβ3, prostate-specific
membrane antigen [PSMA], CD20), inflammatory biomarkers (e.g.,
E-selectin, intercellular adhesion molecule-1 [ICAM-1], vascular
cell adhesion molecule-1 [VCAM-1]), apoptosis markers, and many
others. An early example of molecule-specific targeting for in
vivo imaging was provided by Weissleder et al., who used monocrystalline iron oxide functionalized with antimyosin Fab fragments
to detect myocardial infarcts in rats [57]. More recently, effort has
been directed toward the rational design of ligand attachment
[58]. It has been demonstrated, for example, that nanoparticles
that present multiple small ligands have increased target affinity
over monovalent particles [59]. Mathematical models that consider
parameters such as ligand density, ligand accessibility, and receptor
distribution have been used to successfully improve nanoparticle
specificity in vivo [60, 61].
Molecular-specific, nanoparticle-based contrast agents have
the ability to provide information that is not readily available using
conventional diagnostics. In the simplest case, an intravenously
injected contrast agent could be used to noninvasively detect
the expression of biomarkers important for disease diagnosis
and treatment selec
tion, without the need for biopsy. The
design of nanoparticles with long circulation times, or the
repeat administration of nanoparticles, would facilitate dynamic
monitoring of how biomarker expression changes with time, which
is important for determining disease progression and response
to therapy. More complex nanoparticle-based contrast agents,
known as “smart” bioprobes, could be used to collect functional
information from specific molecular targets. In cancer, for example,
elevated telomerase activity is associated with poor prognosis
and increased risk of recurrence [62–65]. Measurement of
telomerase activity and other prognostic proteins could be used
for the smarter selection of personalized therapy.

59.7

59.7.1

Early Detection

The-Omic Technologies and Systems Biology:
Resolving the “Portrait of Health”

One of the most recognized leaders and visionaries of personalized
medicine is Leroy Hood, MD, PhD, president and cofounder of the
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Institute for Systems Biology in Seattle, Washington. Dr. Hood
states, “Over the next 5–20 years, medicine will move from being
largely reactive, to being predictive, personalized, preventive, and
participatory (P4)” [66]. The movement can be simplified through
the analogy of comparing a disease to a digital image. Each pixel of
the photo adds its enabling contribution to resolve an image on a
digital canvas. No single pixel has the ability to reveal the complete
image—just as information regarding the metabolism of sugar cannot
provide complete evidence and cause of disease. Technological
advancements have given the scientific community a new resource
of information contained in the study of “-omic technologies”
(e.g., genomics, proteomics, metabolomics, transcriptomics, etc.);
however, this wealth of information represents only a fragment of
data that contributes to the complete understanding of the state of
health. A systems biology approach respects each “pixel” of clinical
data and offers a strategy that compiles and integrates all available
information to form a more complete “image” or “portrait of health”
that best represents the entire system or organism.
The inherent nature of nanotechnology offers the ability
to interact with the scale of biology through a vast spectrum of
nanoconstructs and devices. In the context of early detection,
nanotechnology provides an enabling role for the utilization of omic approaches, and furthermore, the nanoscale offers the intrinsic
ability to multiplex procedures in a high-throughput nature and to
analyze minute quantities. Here is a summary of a few examples
in the fields of high-throughput technology, nanodiagnostics, and
nanofluidics.

59.7.1.1 Microarray technology

Since first demonstrated as an analytical device by Schena et al.
in 1995 [67], the microarray has been extensively developed
to be a multiplex lab-on-a-chip for high-throughput screening.
The general production of microarrays consists of printing and
immobilizing a series of chemical molecules, nucleic acids, proteins
or lipids on a functionalized substrate. Detection with a fluorescent
probe and imaging capture are carried out after incubating the
analyte on the array surface [68]. Thanks to their miniaturized size
and large amount of genetic information, DNA microarray-based
technologies have exhibited tremendous promise for unraveling
complex gene expression profiles of cancer clinical diagnosis
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[69]. The formation and progression of cancer involve mutation
in various genes, including the change of both gene structure and
gene expression. DNA microarrays are capable of determining
alterations in tens of thousands of genes simultaneously. Emerging
results suggest that the use of DNA microarrays can distinguish
between tumors of similar morphology and predict response/
resistance to anticancer therapies [70, 71]. Another member
in the family of microarray technologies, protein microarrays,
has also been explored as a promising method for a wide range
of applications, including the identification of protein-protein
interactions and quantification of proteins present in samples,
protein-phospholipid interactions, small-molecule targets (like
identification of drug activity), and substrates of proteins kinases
[72]. Depending on different functions to study the biochemical
activities of proteins, protein microarrays can be classified into
three types: analytical microarrays, functional microarrays, and
reverse-phase microarrays. To date, the most sensitive method for
protein microarray processing is the “sandwich assay” based on the
enzyme-linked immunosorbent assay (ELISA) technique. It uses
two antibodies that bind with the same antigen simultaneously
with dual the function of immobilization and detection. Biomarker
concentration in the analyte is demonstrated by the intensity
of the fluorescent signal. Through investigating proteomic
information in a single pattern, protein microarrays enable us to
accelerate and improve clinical diagnostics. For example, Joos’s
team is developing sandwich immunoassays for the detection
of the well-established prognostic indicators and predictive
factors involved in tumor proliferation, tumor vascularization and
metastatic potential, (e.g. cell surface receptors HER2 and EGFR
and hormone receptors ERa and PR) [73]. It has been confirmed
that microarray technology will undoubtedly improve diagnosis
and management of patients with specific cancers. However, it is
impossible that microarray technology will fully replace current
existing methods. A more individualized approach to cancer patient
management could be achieved by efficiently combining old and
new technologies.

59.7.1.2 Nanodiagnostics

A variety of nanodiagnostic platforms are under development for
the detection and monitoring of cancer [74, 75]. These diagnostics
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rely on the use of nanoscale particles or nanotextured surfaces to
selectively capture and identify molecules of interest. Progress in
this field has largely been driven by the need to detect clinically
relevant biomarkers in a rapid, sensitive, and cost-effective manner.
This is especially important for the early detection of cancer, in
which patients may not show any overt symptoms before diagnosis.
Particle-based nanodiagnostics generally rely on the binding
between nanoparticles and target molecules of interest to produce
a measurable signal. Optically active nanoparticles, such as
quantum dots and gold nanoparticles, can be readily engineered to
self-assemble in recognizable patterns in the presence of specific
targets. Magnetic nanoparticles may be used to pull targets out of a
large mix of analytes for increased sampling sensitivity. An elegant
example of particle-based nanodiagnostics for early detection
is the polyvalent gold assay developed by the Mirkin group
[76, 77]. Here, monodisperse gold nanoparticles functionalized
with oligonucleotides have been used to detect prostate-specific
antigen (PSA) from serum with femtomolar sensitivity [76]. Similar
technologies, designed to test genetic sensitivity to warfarin
and genetic predisposition to blood clots, have already been
commercialized and FDA approved. Further refinements to this
scheme, such as the addition of pH-sensitive chemotherapeutics
[78], have the potential to expand the utility of polyvalent gold
assays beyond the in vitro setting.
Nanowire biosensors provide an alternative approach for
detecting known biomarkers with high sensitivity. Semiconductor
nanowires patterned in two dimensions and three dimensions,
for example, take advantage of field effects to produce a change in
conductance upon the binding of target molecules. The high surfaceto-volume ratio of nanowires allows molecules in solution to be
detected with high sensitivity. A major advantage of this approach
is that genetic alterations or the presence of rare molecular
biomarkers can be detected without additional amplification. A
two-dimensional (2D) silicon nanowire platform functionalized
with single-stranded DNA has been used by Wu et al. to detect a
cancer BRAF gene mutation [79], a common mutation associated
with a variety of human cancers. Nanowires functionalized with
antibodies or aptamers have demonstrated multifold increased
sensitivity over ELISA assays, facilitating the detection of cancer
biomarkers such as VEGF [80] and CA125 [81]. Multiple biomarkers
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may also be assayed simultaneously. Zheng et al. have described
the multiplexed detection of PSA, PSA-alpha1-antichymotrypsin,
carcinoembryonic antigen (CEA) and mucin-1 in serum with pg/ml
sensitivity [82]. In the future, it is likely that nanowire biosensors
will be constructed as large microfluidic circuits for sampling a
variety of genes or proteins from clinical samples [83].
Nanocantilever systems are another category of nanodiagnostics
for highly sensitive molecular detection. Like nanowires, they
have no intrinsic chemical selectivity and are coated with selfassembled monolayers, nucleic acids, antibodies, or peptides. When
a target molecule binds, surface stresses cause the lever to undergo
nanomechanical bending that can be measured using a variety of
techniques. Multiplexed DNA and RNA hybridization to nucleic
acids immobilized on cantilever tips has shown sensitivity in the
nanomolar [84] to picomolar range [85]. Cantilever nanosensors
have been successfully used to detect alpha-fetoprotein (AFP), a
potential prognostic and diagnostic marker of hepatocarcinoma,
by sensing resonance changes in cantilever movement in response
to AFP adhesion to immobilized antibodies [86]. The dynamic
range of such a system can be varied by using an array of cantilevers
with different tip sizes, as demonstrated by Wu et al. for the
detection of PSA (from 0.2 ng/mL to 60 g/mL) [87]. Additional
enhancements, such as the use of antibody-presenting silica beads
as extra weight transducers, can improve the lower sensitivity to
the pg/ml range [88]. Future advances in efficient immobilization
techniques, nanoscale motion detection, and microfluidics
integration are expected to make such chips a clinical reality.

59.7.1.3 Nanofluidics

Leveraging the technological advances of the integrated circuit,
scientists applied novel semiconductor fabrication techniques to
transition from solid-state microfluidic microelectromechanical
(MEM) devices [89] to bring forth the next evolutionary embod
iment that feature the integration of nano-channeled structures
[90, 91]. The ability to achieve nanoconfinement through silicon
nanofabrication techniques has enabled such achievements as
increased sensitivity and specificity of biomolecular detection and
the ability to manipulate DNA to screen for infectious disease. An
important feature of nanofluidic devices is the inherent ability to
employ miniscule amounts of a sample with the reproducibility
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and reliability necessary for use as clinical diagnostic/screening
tools. This benefit can be attributed to the increased surface-areato-volume ratios and subsequent improvement of the surface
interactions between the nanochannel wall and target molecules
unique to the scale of nanotechnology, relative to their microfluidic
counterparts [92].
In the context of early detection of disease, the Kitamori
laboratory has engineered a μ-ELISA system with integrated
nanoscaled features for the detection of AFP [93, 94]. This device
achieves single-molecule detection by employing a one-dimensional
nanochannel (500 nm deep, 100 μm wide, and 70 mm long) to
create an environment that offers an increased bound-analyteto-volume ratio to improve device sensitivity when used in
conjunction with a fluorescence microscope [93]. The Kitamori
device provides evidence of the benefit of the nanoscale to increase
sensitivity; however, Wang et al. leverage nanoconfinement to
more efficiently aggregate metal nanoparticles and target molecules
to improve surface-enhanced Raman scattering (SERS) [95]. This
device fea
tures microchannel to nanochannel transitions that
effectively accumulate, or “trap,” molecules and nanoparticles at the
junction to create “SERS-active clusters” that allow the detection
of trace molecules when excited by a laser source [95]. Another
embodiment of the utilization of nanofluidics has been used to
develop a novel DNA diagnostic device. Hashioka et al. engineered
a device with 50 nm gap arrays that allow DNA to be “stretched,
denatured, hybridized, and detected” [96]. This approach allows
the analysis and detection of viral DNA to be applied to the diagnosis
of influenza, human immunodeficiency virus (HIV), and other
infectious diseases.

59.7.1.4 Biomarker discovery

Advances in early detection will be heavily impacted by the
discovery and validation of new biomarkers of disease. Even after
the release of the entire human genome sequence more than a
decade ago, diagnosis and prognosis of many diseases still rely on
the conventional biochemical and clinical methods. These methods
do not reveal the vast heterogeneity and complexity of the disease,
and they poorly predict clinical outcomes and response to therapy.
Additionally, diseases like cancers are often detected only in advanced
stages and that too by a combination of physical examination,
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X-rays, needle biopsy, and, in some cases, blood tests. For example,
breast mammograms are capable of detecting the tumors only when
they have grown to a critical size, and mammogram sensitivity
can be as low as 34% in some of the subtypes [97]. Similarly, the
common method of detecting cardiovascular disease is to measure
lipid profiles and perform electrocardiography (ECG) only when
symptoms such as chest pain are present. Therefore, novel and
reliable biomarkers are needed not only to assess the response
to therapy and progression of disease but also to detect disease
early enough to increase survival rates [98].
With the recent advancements in -omic technologies, it is now
possible to identify a panel of biomarkers for a disease rather than
the traditional single gene-/protein-based markers. Identification
of such a panel of markers has facilitated avenues for personalized
medicine. Gene expression profiles have been reported to be useful
for the classification of cancers and cancer subtypes [99, 100].
Progress in the field of mass spectrometry and sample processing
methods have made proteomics a promising -omic science in
identifying reliable and patient-specific biomarkers. Besides other
clinical samples such as tissue specimens, the highly complex body
fluids plasma and serum have been suggested as major sources of
biomarkers [101, 102]. Since biologically important fluids can be
acquired using minimally invasive techniques, they can be sampled
at any stage of disease. Despite the application of several protein
separation and mass spectrometry methods [9, 101, 102], due to
the vast concentration range of their proteins and variability,
serum and plasma remain challenging for the identification of
low-abundant, clinically important biomarkers. Nanotechnology
promises significant advances in molecular detection by improving
the sensitivity and specificity over current technologies and
accelerating novel biomarker discovery for individualized therapy
[103].
Blood contains a treasure trove of previously unstudied bio
markers that could reflect the ongoing physiologic state of all tissues
[104]. These are the low-molecular-weight (LMW) proteins and
peptides that result from degradation and enzymatic cleavage of
larger proteins secreted or released into the bloodstream. Although
proteins entering the blood from the surrounding tissue are much
less abundant, this treasure trove could consist of all classes of
proteins whose diagnostic information has been largely unknown
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until now [104, 105]. To overcome the interference of large and highabundant proteins and to enrich the level of clinically important
LMW proteins, the Ferrari laboratory has developed a novel
nanotechnology-based silica chip [106, 107]. These mesoporous
silica chips are made through a process involving self-assembly of
a mixture of triblock copolymers and hydrolyzed silicate precursors
[108, 109]. Evaporation of solvents after spin-coating drives the
self-assembly, and thin silica films with uniform nanoscale pore
size and thickness are subsequently formed.
Nanoporous silica chips (NSCs) are convenient and easy to
use as they involve only three simple steps: sample loading,
washing, and elution [106] (Fig. 59.2). Serum or plasma samples
can be studied with just a few microliters, and the washing step
ensures removal of high-molecular-weight (HMW) proteins
excluded by the nanopores. Thus, NSCs help for 1) the selective
removal of HMW and abundant proteins, such as albumins,
and 2) the enrichment of low-abundant, LMW proteins from
complex samples, such as serum and plasma. The LMW proteins
eluted from the chips are subsequently spotted on to a matrixassisted laser desorption/ionization (MALDI) plate, along with a
suitable matrix (a-cyano-4-hydroxycinnamic acid [CHCA]), and
protein profiles are obtained [107]. By comparing the MALDI
profiles for control and test serum/plasma samples biomarkers
that are specific for diseases such as cancer can be identified at
an early stage.
Nanotechnology-based NSCs not only rely on the ease and
convenience of sample processing, they allow controllable pore
size and surface chemistry, which facilitates selective enrichment
of LMW peptides and proteins with a specific molecular weight
range and physico-chemical properties, and post-translational
modifications [106, 107, 110]. Very recently, mesoporous thin
silica films with precisely engineered pore sizes that sterically
select for molecular size combined with chemically selective
surface modifications (i.e., Ga3+, Ti4+, and Zr4+) that target
phosphoproteins are demonstrated [110]. As the NSCs could
selectively exclude HMW proteins such as trypsin, the trapped
LMW peptides and proteins are also reported to be protected
from enzymatic degradations [107, 110]. There are other research
efforts that are also attempting to tap into the potential of LMW
proteins. Luchini et al. demonstrated the use of hydrogel particles
for harvesting and protecting LMW peptides and proteins from
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biofluids [111]. This technology involves introduction of an affinity
bait molecule into N-isopropylacrylamide for the capture and
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Figure 59.2 Sample fractionation using mesoporous silica chips. The
schematic shows the four primary steps in sample processing,
which results in the removal of high-molecular-weight, highabundant proteins and enrichment of low-abundant, lowmolecular-weight proteins. The eluted sample is then analyzed
via mass spectroscopy, and the data can be subsequently
mined.

59.8

Regenerative Medicine and Tissue
Engineering

Cancer can be an incredibly disruptive and destructive disease
both physically and mentally for patients to endure. For some, the
disease eats away at one’s most fundamental structure—bone. And
for others, invasive disfiguring surgeries are performed to contain
spreading and to protect the remaining healthy tissues from being
invaded. For too many, cancer leaves an indelible mark, which now
scientists and clinicians are trying erase with new regenerative
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medicine approaches and tissue engineering technologies aimed
to rebuild that which is destroyed and to offer patients solutions to
address their needs.

59.8.1

Stem Cells for Regenerative Medicine

As the primitive and most potent cell source available, stem cells
naturally regenerate and heal damaged tissues in the body. Stem
cells come in many different forms, depending on the age of the
donor and the harvest site. Embryonic stem (ES) cells are derived
from human embryos created through in vitro fertilization.
These cells and their early progeny are termed either totipotent
(capable of becoming any human tissue) or pluriponent (capable
of differentiating into tissues of the three germ layers: endoderm,
mesoderm, and ectoderm) [112–114]. However, ethical and political
questions surround the research and clinical application of ES
cells [115, 116]. Additionally, ES cells will inherently be from a
different donor with unique genetics, which may require permanent
immune suppression to prevent the rejection of implanted cells
and secondary complications [117]. To avoid this dilemma and
in the spirit of “personalized medicine,” significant research has
been conducted in the area of mesenchymal stem cells (MSCs).
MSCs are derived from adult tissues, including bone marrow,
adipose, and other mesoderm-related systems. These cells have
demonstrated the ability to differentiate into bone, cartilage, fat,
muscle, and even nerve and cardiovascular tissues in vitro and
in vivo [118–123]. For nearly 30 years, MSCs have purified and
expanded in vitro to attain great numbers of potent cells for
tissue regeneration purposes [124, 125]. MSCs secrete factors or
cytokines essential for signaling the host system and stimulating
necessary functions for cell maintenance and tissue growth.
By using a patient’s own cells, the donor-specific levels and secretion
rates of these cytokines are exactly matched [126, 127]. With
detectable variations in metabolic signaling cascades from person
to person, personalized therapeutic strategies, including autologous
MSC delivery, appear more efficient and likely more effective for
long-term clinical success than the use of donor ES cells or MSCs.
To purify MSCs from bulk cell populations taken through
procedures, including marrow aspiration and liposuction, cell-
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sorting technologies were developed based upon the protein
markers displayed on the surface of different cell types. Traditional
fluorescence-assisted cell sorting, or FACS, employs fluorescencelabeled antibodies against proteins that can definitively
distinguish a cell to be a “stem cell” or not [128–130]. However,
this process requires expensive equipment, a time-consuming
preparation, and a significant loss of viable cells. New strategies have
focused on nanotechnology for sorting stem cells. Nanoparticles
labeled with appropriate antibodies are fabricated from materials
such as iron oxide, silicon, or aptamers [131–133]. These particles
possess a tunable magnetic character that can separate linked
MSC-nanoparticle conjugates by exposure to magnets or electric
fields. This method allows for point-of-care prospective isolation
of autologous MSCs in an economical and time-efficient manner.

59.8.2 Controlled Drug Release

Regenerative medicine requires the delivery of growth factors to
stimulate cell growth and migration, angiogenesis or blood vessel
formation, and differentiation agents to direct MSCs toward their
final fate. Inductive factors are necessary to promote MSC
differentiation toward destined tissue lineages such as bone,
cartilage, muscle, or fat [134–138]. Scientists have endeavored to
deliver these types of molecules or growth factors in a controlled
and sustained manner [139, 140]. Anticancer drugs and antibiotics
to treat tumors and prevent primary and secondary infections,
respectively, have also been used with these technologies for
sustained release over days, weeks, or even months. Nanosized
particles, or microparticles with nanofeatures, such as pores or
targeting moieties, have been employed in these controlled release
strategies for improved sensitivity and bioavailability. This includes
particles comprised of polysaccharides, polyesters, silicon, lipids
and liposomes, and composites of these materials [141–145]. The
combination of materials used, methodology of particle synthesis,
mechanism of drug loading, and pretreatment conditions all
affect the release kinetics of the bioactive factors. Combinations of
materials, including coatings or surface modifications (electrostatic
charge, antibody tethering, etc.), allow for enhanced drug targeting
and temporally appropriate release of the particles’ biomolecular
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payload [146–148]. Other manipulations trigger the release of
molecules based on environment cues such as temperature or pH
[149, 150]. Using different particles or functionalization strategies
in concert for the simultaneous delivery of multiple growth factors
is sometimes necessary as the molecules’ biological functions are
dose dependent and may be sequential in the cascade of tissue
development. Nanoparticles offer distinct advantages over other
drug delivery systems in that they have a significantly greater
surface area per mass or volume for expanded release and the ability
to travel through a patient’s vascular network directly to a targeted
site, and they may transverse through cell and tissue membranes.

59.8.3

Nanotechnology and Biomaterials

Tissue engineering and regenerative medicine require a
combination of three essential elements: cells (either implanted
or recruited), locally released growth factors to induce cell activity
toward tissue formation, and biocompatible scaffolds to direct and
support tissue growth [151]. These scaffolds may be composed
of ceramics, metals, resorbable polymers, or proteins. Recently,
scaffolds have incorporated nanomaterials and nanofeatures to
provide additional beneficial properties to the material. Carbon
nanotubes, porous silicon, mineral apatite crystals, alumoxane, and
other nanoparticles have been integrated into polymer or cement
matrices for mechanical reinforcement [152–155]. Strengthening
of biomaterials is crucial for replacement of load-bearing tissues
like bone and cartilage. Magnetic nanomaterials have also been
incorporated into scaffolds, allowing for their suspension during
in vitro culture in the presence of a electric field for alteration of
gravitational effects, for triggering of the release of embedded
biomolecules and growth factors, or for enhanced in vivo magnetic
resonance imaging [156, 157]. Nanoscale features of the material
surface influence biological behavior of local cells (including
induced differentiation) and tissues and include nanofibers and
nanoroughness [158, 159]. Nanofibers possess superior surfacearea-to-volume ratios to minimize the amount of synthetic scaffold
material that is implanted and provide unique dimensions for
extracellular matrix deposition. The size of the fibers can also
preferentially regulate the infiltration of cells and blood vessels.

The Role of Nanotechnology and Personalized Medicine

As regenerative medicine and nanotechnology evolve as
sciences, their futures will no doubt be intertwined. The advantages
of nanomaterials for mechanical reinforcement, drug delivery,
imaging, and separations will continue to be incorporated into
biomaterials, stem cell therapies, and tissue engineering platforms.
Nanotechnol
ogy provides scientists, engineers, and clinicians
with new tools to mimic tissue features in three-dimensional
(3D) environments on the nanoscale. Obstacles such as the
body’s interaction with nanomaterials require further study, but
the implementation of these strategies will further enhance
the capabilities of tissue engineering and play a pivotal role in
nanotechnology-based personalized medicine.

59.9

The Role of Nanotechnology and
Personalized Medicine

The journey to recovery for a typical cancer patient begins
with detection and treatment and then moves to coping with
indelible marks that the disease forever leaves on a survivor.
Nanomedicine “levels the playing field” when it comes to fighting
disease, providing scientists and clinicians with the tools necessary
to battle cancer at the scale of biology. This chapter has provided
a brief commentary on how nanotechnology is being applied
to the different facets of cancer with an emphasis on patient
specificity. New developments in early detection and imaging
have been discussed, which provide a wealth of information on
how to exploit the vulnerabilities of the disease and to detect its
presence. The discussion then continued to inform how this new
patient information assists in the design of innovative nanodrugs
and novel nano-based drug delivery systems that are predicated
upon a patient’s own clinical data to optimize timing, accumulation,
and effectiveness of the therapy.
The technology review then concluded with nanotechnology’s
role in rebuilding through advances in tissue regeneration and
tissue regeneration to help patients fight and/or cope with the
trauma of cancer. Cancer manifests uniquely to every patient,
and therefore it is intuitive to employ strategies that address and
exploit opportunities that render cancer susceptible to treatment—
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nanotechnology provides the access and tools that may eventually
lead to the eradication of cancer suffering.

59.10 Vantage Points: Nanomedicine Advancing
Personalized Medicine
59.10.1 The Evolutionary Process of Personalized
Medicine: The Real Drivers of Innovation

The implementation of personalized medicine will be a gradual
evolution of standard medical care that may ultimately take a
few decades, if not longer, to be successfully achieved. Where
computing power has been, and continues to be, predicted by
Moore’s law, individualized therapy will not be solely driven by
technology innovation. There are too many critical factors that must
be addressed, and matured, to inspire acceptance and adoption.
These factors refer to (1) the willingness of physicians to embrace
and utilize emerging technologies over gold standard procedures,
(2) the current regulatory process, (3) the existing corporate
philosophy regarding pharmaceutical business models and
availability of capital, and (4) the patients’ demand for change. Since
a definitive solution or plan is impossible to provide, an assembly
of key stakeholders has been asked to provide insight from their
unique vantage points.

59.10.2 A Physician’s Perspective

Current tools used in medicine are inadequate for thoroughly
characterizing cellular function at the molecular level. Biological
systems are made up of individual molecules operating on a
nanoscale, and therefore physiological and pathological processes
at the cell level occur on a nanoscale. Personalized medicine
offers tremendous potential to deliver timely, appropriate
prevention and care. However, it also adds complexity to the
decision-making process, and as every advancement in medical
technology, it will play a major role in the costs of health care. In
the United States many legislative and government initiatives
have been introduced for the support of personalized medicine,
such as the passage in 2008 of the Genetic Information Non-
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Discriminating Act (GINA) and the Personalized Health Care
Initiative launched by the Human Health Services (HSS). In Europe
the European Personalized Medicine Diagnostic (EPEMED) was
created in 2009. The ability to classify and treat diseases by their
molecular profiles, avoiding passing the expense and risks of
unnecessary medical treatments on to the patient, is the ultimate
realization of policy makers, diagnostic manufacturers, and of
course clinicians. Physicians must play a role in this fundamental
shift in the delivery of health care that will, eventually, involve the
population as a whole. The challenges are immense and include
regulatory, technological, reimbursement, legal, and ethical issues,
to name the most important ones. Realization of personalized
medicine is dependent on the ability to collect, disseminate, and
process information in the context of clinical care and this will
require an electronic health record (EHR) infrastructure to provide
access to key clinical data with clinical decision support (CDS)
capabilities. In the United States, President’s Obama goal is to have
an EHR for everyone by 2014. The use of molecular markers to
signal the risk of disease or its presence before the disease
becomes clinically manifest is the base of personalized medicine,
but currently, not all the existing tests have therapeutic options,
and sometimes despite the proven value of risk assessment tools,
they have not been largely embraced as part of the formal patient
evaluation because of both the lack of standards for the clinical data
required and the algorithms used. For physicians the constraints
and demands of current clinical practice often times discourage the
acquisition of this knowledge. The complete application of genomic
and personalized medicine in health care will require dramatic
changes in reimbursement policies as currently Medicare does
not contemplate reimbursement for tests that are performed in
the absence of signs, symptoms, complaints, or personal history of
disease [160].
Furthermore new genetic tests are undervalued under present
policies. There are suggestions, though, that payment policies
are beginning to shift toward the implementation of personalized
medicine as several large US insurers have initiated coverage plans
that pay for genetic tests that either identify high-risk populations
or steer toward optimal therapy. Physicians will have to discern
between biomarkers used in diagnostics, therapeutics, and drug
development. While advocates of personalized medicine envision
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the sequencing of the full genome at birth, physicians and all the
other stakeholders should not underscore the enormous ethical
implication of gene-based tests, as these will blur the boundaries
between the healthy and the diseased that are so well defined across
the Western world. Where will the “presymptomatic” patients’
category fall? The necessary reclassification of health versus
disease is going to have a significant social impact as one only thinks
about the different social entitlements to health care once a genetic
predisposition to any disease is found. How will the knowledge of
having any cancer-causing mutations or a copy of the Alzheimer’s
predisposing apolipoprotein E4 allele impact an individual’s life
and his or her working life remains to be seen. It is unlikely that
the average human being will have the same curious approach of
the Nobel Prize winner and codiscoverer of the structure of DNA,
James Watson [161]. In the past few years several different directto-consumer (DTC) companies have started offering DNA tests
design to provide insights into our personal genetic predisposition
for certain disease risks. A 2009 comparison from two DTC
companies showed that for some diseases, only 50% or less of the
predictions agreed between the two companies. The discrepancies
arise from the fact that each company has its own criteria on
which a set of markers are used in the relative risk calculation
[162]. Much needs to be done to move from reactive to predictive
and preventive personalized medicine and to incorporate these
technologies in clinical practice. It has been hypothesized that
physicians are going to be “followers rather than leaders in the
clinical translation of pharmacogenetics” because of liability
concerns [162]. Physicians will find themselves facing potential
lawsuits until the tracking for the clinical utility of diagnostic and
treatment intervention is examined and becomes a standard of
care. Physicians should use the full potential of pharmacogenomic
data to stratify and hence enrich the population of a clinical trial
in order to select patients who are more likely to be responsive
to that specific drug so as to reduce the required time and sample
size. Last but not least, there are very few medical schools that
have included courses on the practice of genomic medicine as there
are only a small number of hospitals that have embraced early
clinical adoption of personalized medicine. This must be an
imperative as the clinician will be the one ultimately providing
care and counsel for patients.
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59.10.3 A Regulatory Consultant’s Perspective
The first scientific publications using the term “nanomedicine”
are from the year 2000 (Science Citation Index, Institute for
Scientific Information, Thompson, Philadelphia, PA, USA), making
this an extremely new and challenging field of medicine. It did
not take very long for the ingenuity and futuristic thinking behind
US pharmaceutical and device companies to see the potential of
these exciting new particles. In October 2006, the US was reported
to be leading the field in the use of nanomedicine research, with
32% of the publications and 54% of the patent filings [163]. As
in other innovative medical developments, science leads the way,
and the regulatory processes required to ensure their safety and
effectiveness are compelled to follow.
As scientists discovered more and more uses for nanomaterials,
some feared that they could cause more harm than good, and
even before these statistics were reported in October 2006, the
FDA was being asked to better regulate nanotechnology. The FDA
was “petitioned” in May 2006 by a coalition of consumer groups
and environmental groups to increase its regulation of some
nanoparticle-containing products and to even recall others [164].
Soon thereafter, in an article for the Chicago-Kent Law Review,
Jessica K. Fender (2008) claimed that this new “tiny technology”
was going to cause “big problems” for the FDA, including stretching
the agency’s already “extremely thin” resources even further,
claiming that the FDA would not have the necessary funding to
provide adequate oversight [165].
The FDA was not blind to what was developing rapidly
around it and has not let nanotechnology slip past its radar. Even
before these criticisms arose, using the description of nanomedicine
as “a technology that allows scientists to create, explore, and
manipulate materials that are measured in nanometers”, the FDA
has assumed oversight for many nanomedicine products, including
foods, cosmetics, drugs, devices, in vivo imaging products and in
vitro diagnostics, veterinary products, and tobacco products. To
ensure that oversight for these products remained with the FDA,
Congress passed the Food and Drug Administration Amendment
Act of 2007. While the main focus of this amendment was to
revise and extend the user fee programs for prescription drugs
and medical devices and to enhance postmarketing authorities of
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the FDA with respect to the safety of drugs, language was added
in which “promising technologies,” such as “nanotechnology,”
are specifically named. By adding this language, nanomedicine
was placed clearly under the auspices of FDA governance. Shortly
before the enactment of this amendment, the FDA, under the
direction of the then acting commissioner, Dr. Andrew C. Von
Eschenbach formed a Nanotechnology Task Force (August 2006)
and outlined the scientific and regulatory needs for regulation of
the new products being designed and developed on a nanoscale.
FDA representation in this task force included members from
many of the major offices of the FDA, including the Office of Policy,
Planning & Budget, the Office of Special Medical Programs, the
Office of the Chief Counsel, the Office of the Chief Scientist, the Office
of Regulatory Affairs (ORA), the Center for Drug Evaluation &
Research (CDER), the Center for Devices & Radiological Health
(CDRH), the Center for Biologics Evaluation & Research (CBER),
the National Center for Toxicological Research and Offices for
International and External Affairs, the Center for Veterinary
Medicine (CVM), and Food Safety and Tobacco Products. The
diversity of members from many divisions in the FDA clearly
shows that nanomedicine was expected to have wide-ranging
applicability and bring broad challenges to the agency.
The report from this task force clearly shows that the FDA
will continue to have the authority to regulate these new
nanomedicines and nanomaterials. It also showed that the FDA
realized that having the necessary authority for oversight did not
lessen the burden that these products would create upon the
agency. At a conference for the Food & Drug Law Institute in
February 2008. Dr. Norris E. Alderson, of the FDA, reported the
findings of the task force and outlined the “myriad scientific and
legal issues facing the agency in trying to regulate products that
use nanomaterials.” Norris was quoted as saying that the FDA did
not know “if the changing properties of these materials [would or
could] change the toxicity” and that the FDA did not, at that time,
“have standards for measuring or detecting these materials” (6).
Alderson and other FDA representatives noted that nanomaterials
could have different toxicity characteristics than the same materials
in a larger amount and that the surface area of the particles, the
particles’ surface charge, and, in some cases, their solubility could
affect their toxicity [166]. They also noted that the FDA historically
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has relied on bioassays as a means of determining if a product was
safe and that it is unclear if the in vivo and in vitro tests available to
the FDA will be able to determine biocompatibility of nanomaterials.
The possibility that nanoparticles may readily cross the bloodbrain barrier could bring immense benefit to many patients
with neurological illnesses, but the rarity of this therapeutic
mechanism brings with it previously undefined side effects. Clearly
the diversity of nanomedical products will require the FDA to
approach each drug or device with an individual approach. This
will require a delicate balance between strictly controlling the
new science and facilitating the approval of potentially life-saving
products.
The FDA is vividly aware of the complex challenges
nanomedicine presents, and it does not plan to take on these
challenges in a vacuum. In a recent update to its website (www.fda.
gov), the FDA acknowledged that it was its goal to “promote and
to participate in regulatory science research and other efforts to
increase scientific understanding, to facilitate assessment of data
needs for regulated products.” It states that these activities should,
where appropriate, “be coordinated with and leveraged against
activities supported by other federal agencies, the private sector
and other international regulatory counterparts,” and it suggested
four areas of regulatory science research that were of interest to it
in regard to nanotechnology—physico-chemical characterization
in FDA-regulated products, nonclinical modeling of nanomaterials
in FDA-regulated products, risk characterization information,
and risk assessment. The FDA has also recently announced that
draft guidance documents are being developed for the industry
by the CVM on nanotechnology in CVM-regulated products. While
guidance documents for veterinary products generally precede
those for products used in human applications, the FDA is currently
working on a guidance document for manufacturers of clinical
products also.
The FDA is aware that many of the new products that will
encompass nanotechnology will indeed be “combination products.”
These are products that comprise characteristics of both a drug
and a medical device. In nanomedicine combination products
could have a third characteristic included as well. Nanoparticles
could be combination of drug products, medical device products,
and biologic products also. The safety and effectiveness of
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combination products have been a challenge to the FDA in the past
and led to the formation of the Office of Combination Products
(OCP). This group works closely with other FDA agencies, including
the CDER, CBER, and CDRH. The OCP will evaluate a product
with combination attributes and assign it to one of these centers,
depending on the product’s primary mode of action (PMOA). If
the product is entirely new to the FDA in regard to its safety and
effectiveness profile, the product will be assigned to the center with
the most expertise in the safety and effectiveness issues that may
arise from the product. The OCP takes the recommendation of the
manufacturer into account when assigning a product to a center
for evaluation. The FDA believes the manufacturer can provide
valuable insight into the planned actions of the drug or device and
that it has critical history in the development process of the
drug or device. The FDA encourages manufacturers to invoke
early communications with the agency and to include the OCP
or the designated center in the planning phases of drug/device
development.
The FDA has taken other steps to ensure that nanomedicine
is provided with adequate regulatory oversight. While the
Nanotechnology Task Force Report of 2007 states that most of
the laws and regulations that the FDA operates under were in
effect before the advent of nanotechnology, they were written
with sufficient generality to allow them to be adapted to new
technologies that arise. In the “Mission Statement for the Task
Force” it was made clear that input from the public would be
encouraged. The FDA also facilitated collaboration with other
regulatory agencies in an effort to broaden its base of knowledge
about nanotechnology. These agencies included the National
Institutes of Health (NIH), the National Institute of Standards and
Technology (NIST), and the Environmental Protection Agency
(EPA). The FDA and these collaborative agencies have partnered
in a “Memorandum of Understanding” to form the Nanotechnology
Characterization Laboratory (NCL). This laboratory will use
the expertise of the coalition to develop characterization assay
cascades for nanoparticles and develop standard approaches for
evaluating these tiny particles.
The FDA also values input from the scientific arena and has
recommended that collaboration, collation, and interpretation
of scientific data will be key to the successful transmission into
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the future of nanomedicine. The FDA has partnered with the NIH,
the National Cancer Institute (NCI), and Johns Hopkins University
and has formed collaborations with the Houston-based Alliance
for NanoHealth (ANH). The ANH has an eight-member coalition
of medical and scientific institutes based in Houston, Texas,
known as the FDA-ANH Nanotechnology Initiative (FANTI) [167].
This initiative is tasked with the goals of collaborating to develop
strategic plans, set priorities, and leverage resources and
expertise from multiple sources, facilitating the development of
nanotechnologies that constitute novel research tools. The FDA’s
interest and perspective for participating in this type of collaboration
is to provide safer, more effective therapies by establishing a
framework for effective risk identification, assessment, and
evaluation of emerging products based on nanotechnology.
On the basis of input from these many sources, the FDA has
developed a plan for evaluation of products such as drugs, devices,
and biologics that are used in products subject to premarket
authorization. The current testing required for these products
may be revised to include an individualized approach based on the
specific characteristics of the nanoparticles used in the product
development. Long- and short-term toxicity will be evaluated, and
if the FDA believes the nanoparticles could affect these toxicities
the manufacturer will be required to submit additional in vitro
and in vivo test results that demonstrate that a nanoparticle’s size
does not change its toxicity profile. The FDA’s approach to
nanomedicine will mimic its standard practice in new product
evaluations and will be based on risk management. The FDA
launched its Critical Path Initiative in 2004, a plan that modernized
the scientific process through which FDA-regulated products are
developed, evaluated, and manufactured. This initiative will be key
in the evaluation of nanoproducts.
The FDA regulates products, not technology. Product
manufacturers of nanoproducts will also be subject to FDA
requirements of meeting current Good Manufacturing Practices
(CGMPs), and the FDA will conduct audits of facilities prior to
market release. Most manufacturers conducting clinical trials
under FDA jurisdiction are inspected an average of four times prior
to premarket approval. Inspections will focus on compliance and
enforcement actions, review of deviation reports, and assessment
of risk and response. The FDA is also expected to utilize process
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analytical technology (PAT) in its evaluation of the pharmaceutical
development of nanoproducts and their manufacturing and quality
assurance. A “Guidance for PAT” was published by the FDA in
September 2004, which outlines the FDA’s expectations. PAT is
a system of designing, analyzing, and controlling manufacturing
through timely measurements of critical quality and performance
attributes of raw and in-process materials and processes, with the
goal of ensuring final product quality. Questions asked when using
this process include the following: What are the mechanisms of
degradation, drug release, and absorption? What are the effects
of product components on quality? What sources of variability
are critical? How does the process manage variability? The FDA
believes that using PAT will also enhance communications
between the FDA and manufacturers throughout the life cycle of
the products being reviewed.
Clinical sites where the studies are being run will also
expect frequent inspections from the FDA, generally involving
a cyclic review of every principal investigator every four years.
Investigational sites will be held to tight standards for current
good clinical practices (cGCPs). Annual reports will be scrutinized
for adverse events and progress in the trial. Clinical trials are
expected to begin with small feasibility studies, involving small
numbers of patients, and stopping rules focusing on adverse
events and failure to meet expected outcomes will be part of the
protocol design.
By working with industry and scientific investigators in the
design and development of nanomedicine products, the FDA will
be able to contribute to the advancement of personalized medicine.
By reconfirming that they regulate products, not technology, the
FDA will be able to successfully evaluate clinical trials based on
individual patient results. Looking at nanotechnology from the
perspective of the individual patient and the accomplishment of
expected individual outcomes rather than shying away from a new
and complex technology fits with the longstanding mission of the
FDA. It will evaluate safety and effectiveness on the basis of the
results produced in carefully planned and executed clinical trials. For
some excellent recent reviews and discussion on nanogovernance
and FDA regulatory issues of nanomedicine, the reader is directed
to [168–171].
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59.10.4 A Biotech Startup CEO’s Perspective
Personalized medicine is being viewed as a potential panacea by
the health care industry as a means to lower the overall cost of
therapy, improve individual patient outcomes, and, in the case
of the pharmaceutical and biotech industries, revive research
and development (R&D) productivity that have been falling at an
unsustainable rate over the past decade or more.
Physicians know that while patients may display the same
signs or symptoms, the underlying cause may vary. Take the
simple example of high blood pressure. The elevation may be the
same from patient to patient, but the causes differ. Because of
this, the commonly used medications only work in 50–60% of
patients. Additionally, side effects will occur unpredictably in both
responders and nonresponders. While certain attributes may help
guide therapy (for instance, Caucasians are statistically more likely
to respond to angiotensin-converting-enzyme [ACE] inhibitors
than people of African origin [172]), finding the right regimen
for the individual patient is largely a matter of trial and error in
general practice. This inability to precisely predict which patients
will respond safely to which antihypertensive at the time of initial
diagnosis adds waste (cost) and inconvenience to the health care
system and can even lead to tragedy in rare cases, such as when a
fatal drug reaction occurs.
But usually in hypertension the result of our inability to
individualize therapy is just waste and inconvenience, and eventually
an effective and well-tolerated treatment regimen is found.
Contrast that to the situation in cancer. Tumors may have the
same size, shape, distribution of metastases, and histology
(microscopic appearance) and yet respond dramatically differently
to therapy. Approved cancer therapies can have response rates
as low as 10% in a given cancer type. In most cancers, knowing
which patients will respond is the central question. Increasingly, by
conducting special studies on tumors removed or biopsied from an
individual patient, treatment can be individualized. Trastuzumab
(Herceptin®) is prescribed in ~20% of patients with breast cancer
expressing a high concentration of human EGFR-2 on the surface
of their tumors [173]. In a more recent example, the experimental
agent crizotinib has been shown to lead to dramatic increases in
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response and survival in approximately 2–7% of patients with
non-small-cell lung cancer expressing a certain mutation of the
anaplastic lymphoma kinase gene [174].
From a strictly commercial perspective, regulatory authorities,
and most especially the US FDA, have relentlessly raised the bar
on efficacy and safety to the point that R&D productivity has
declined dramatically at major pharmaceutical companies and
it has been predicted that some may actually fail over the next 10
years. In addition, governments increasingly don’t want to pay for
treatment failures, especially as the price for medications has
escalated to compensate for loss of revenue as patents expire
and regulatory approvals becoming too rare to compensate. By
allowing the a priori identification of a patient subset dramatically
more likely to respond to therapy and perhaps in the future also
unlikely to have unacceptable side effects, it is expected that
personalized medicine will lead to a higher likelihood of regulatory
approval (improved R&D efficiency), while reducing system costs
associated with treatment failures and adverse effects. As such,
personalized medicine could simultaneously meet the needs of
companies, regulators, payors, and consumers—groups that often
find themselves with competing interests in today’s constrained
health care environment.
This chapter has documented some of the ways that
nanotechnology is contributing to the toolset of personalized
medicine. Over the coming years, it is anticipated that driven in
some cases by nanotechnology, we will increasingly determine
an individual’s (or his or her tumor’s in the case of cancer)
genetics and/or proteomics before initiating therapy and use
such techniques as molecular imaging and biomarker analysis to
rapidly assess therapeutic response and, in the case of tumors,
emergence of mutations and resistance. Such a revolution in
the practice of medicine raises a number of practical issues to be
overcome for this vision to be achieved.
For example, some clinical trials now include the routine
genetic analysis of resected tumor samples to determine eligibility
for trial inclusion or for stratification in randomization schemes.
The logistics of collecting specimens from distant sites, processing
and transporting them properly to avoid tissue degradation, and

Vantage Points

then providing a timely analysis is challenging in the clinical trial
setting. Doing so outside the clinical trial setting is a more daunting
task. In a future where much cancer therapy is personalized, it would
be anticipated that such testing would best be conducted locally,
for instance, as pathology examination normally has been. A
broadly utilized test will almost certainly require FDA approval, a
long, laborious, and expensive process. To highlight the challenge,
the FDA has recently refused to approve what would be the first
premorbid diagnostic test for Alzheimer’s disease over concerns
about the ability of community-based physicians to properly
interpret the test results.
Similarly, if a new drug’s efficacy has been proven in a specific
patient population (take crizotinib, for example), then the drug
will only be approved for use in those patients where it has been
proven effective. This means that often the diagnostic test must
be approved ahead of (unlikely), or more commonly, alongside the
new drug. This means that the pharmaceutical company will be
seeking independent approvals for the drug and a diagnostic test
from different FDA divisions. While the author is not aware of such
a case, the future may see the unfortunate scenario of a very
promising drug being kept from the market because something has
happened in the development of the diagnostic test that prevents
its approval. The FDA and the industry are currently grappling
with how to make such codevelopments of drugs and diagnostics
straightforward and less prone to error [175].
This is by no means an exhaustive list of the challenges that
personalized medicine will face; rather the above represent some
of the more important issues already at hand. Fortunately,
nanotechnology does not present particularly unique issues.
As described in this chapter, nanotechnology offers a means to
solve some of the more difficult challenges posed by personalized
medicine. As with all innovations, there will be hurdles, both
expected and unforeseen, but history says that they will be
overcome. Innovation comes more slowly than we would like in
commercial medicine, in no small part due to the need to satisfy
regulatory systems put in place to ensure safety for consumers.
But nanotechnology and personalized medicine will cooperate to
offer a future of hope for previously untreatable disease.
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59.10.5 A Patient Advocate’s Perspective
When one survives breast cancer for 22 years, one thankfully sees
much progress toward curing the disease. As learned over time,
and with much research, the cancer of any organ site is actually
a compellation of numerous subtypes, breast cancer being no
exception. Trite as the phrase is, it does seem that the more we
learn, the more there is to learn. Although a drug regiment may be
successful for one subtype, unfortunately it may very well not
translate into shared success with other subtypes. As stated in
the introduction, there will not be one answer to all, which means
bucking the current drug development trend and most notably
addressing the novel emerging technologies, in respect to drug
delivery systems, drug treatments, and drug development to target
cell-surface receptors, to identify potential for metastasis and
resistance to therapeutics.
As a patient with an aggressive form of breast cancer, over a
10-month period I was treated with two different regiments of
chemotherapy combinations: the standard cocktail or the bigbox approach at the time, fluorouracil (5FU), adriamycin, and
cytoxan (FAC) and a clinical trial of methotrexate and vinblastine.
The expected side effects, hair loss, fatigue, and nausea being the
most prominent, were experienced. The regimen was delivered by
infusion—two given immediately and one with a pump over a threeday period, which could arranged to include a weekend, so that
only one day of work each month was missed. It cannot be said that
life was normal during this period, but with some adaptations, a
“near or new normal.”
Fortunately a comprehensive cancer center was available with
the most current treatments of the day; in addition, clinical trials
were accessible. Thankfully the cancer center was in close proximity.
This is a success story for me, but it cannot be said for thousands of
others who were diagnosed and treated during the same period or
in subsequent years. Many were diagnosed with later-stage disease
or developed metastasis, and some patients did not respond to any
treatments. Certainly some could have been saved today with the
discovery of HER2 and Herceptin, but even today lives are still lost.
Therefore delivery of new and current drugs needs to reach the
target, whether it is a primary or a metastatic site, to destroy cancer
cells.

Summary

If the identification of the cancer and its particular cell types
and pathways could be determined using small amounts of blood to
test, this would certainly be a cheaper, more efficient method to
establish the target pathways. With the development of moleculespecific contrast agents, it is now possible to facilitate the noninvasive
detection and visualization of morphological and biochemical
changes that influence disease and predict response to therapy.
Physicians are better able to understand the molecular signatures of
cancer cells, enabling them to target abnormally activated pathways.
When combined with more conventional diagnostic imaging, one
could expect to have a major impact on the detection, diagnosis,
and decision making for personalized treatment. One attainable
goal is to discover new biomarkers to verify cell types and specific
pathways to tailor treatments to the individual and to prevent
unwarranted treatment. The times of one shot for all, big box, are
over.
Using nanotechnology, nanoporous silicon particles, to deliver
the drugs in a multistage approach allows these MSVs to carry their
specific payload to the target, increasing their therapeutic efficacy.
This multistage approach, along with implantable miniature devices
to release the drugs, further provides a controlled drug delivery
of the predetermined, effective drug over a prescribed period of
time. Rather than using a cumbersome pump, this miniature device
could be implanted, relieving the patient of the burden of returning
to a clinic for multiple infusions. The device might handle the drug
delivery for months. This would save time and money for the patient
and caregivers. The benefit to rural patients would be incredible.
The side effects of the drugs should be significantly reduced, and
therefore this system should allow the patient to lead a more
normal life during treatment, and hopefully reach the target with
limited invasiveness and without effecting surrounding organs
and tissue.
These new technologies provide much hope for patients.
Through research and clinical trials many lives should be saved and
the quality of life should be improved during treatment.

59.11 Summary

The solution for the enablement of personalized medicine will
eventually be realized; however, the activation energy required
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for clinical acceptance and implementation will necessitate a
significant overhaul of current practices. This chapter briefly
reviewed the nanotechnologies that are providing the catalysis
to this movement, but it also addressed the challenges impeding
progress through the insights from several critical vantage
points. The incentive of personalized medicine is too great to be
ignored; the immediate question remains: Who will lead us into the
next clinical evolution: scientists/clinicians, regulatory agencies,
the industry, or the patient population?
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Martin Caidin’s novel Cyborg became a bestseller when it was first
published in 1972. In 1974, it was turned into the TV series The Six
Million Dollar Man, followed by The Bionic Woman in 1976.
When astronaut Steve Austin is severely injured in the crash of
an experimental aircraft, he is “rebuilt” in an operation that costs
$6 M. His right arm, both legs, and left eye are replaced with bionic
implants, which enhance his strength, speed, and vision far above
human norms: He can run at speeds of 60 mph, and his eye has
a 20:1 zoom lens and infrared capabilities, while his bionic limbs
all have the power of a bulldozer. The show’s opening catch-phrase
“We can rebuild him ... we have the technology” could serve as a
description of the future of nanomedicine.
Forty years later, we have not yet achieved the bionic
improvements enjoyed by Steve Austin, but we have made the
first baby steps toward that goal. The bionic eye of 2015 is not yet
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Edited by Raj Bawa, Gerald F. Audette, and Brian E. Reese
Copyright © 2016 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook)
www.panstanford.com
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superior to the human eye, but it already provides basic capabilities
helping blind persons. Above all, nanomedicine shows promise in
using science and technology to—sometime in the not so distant
future—help patients with heart disease, cancer, diabetes, cognitive
dysfunction, spinal cord injuries, etc.
Another important conclusion is the realization that
breakthroughs in nanomedicine require a truly interdisciplinary
approach, involving physics, chemistry, biology, botany, zoology,
anthropology, materials science, information technology (IT), etc.
We need to keep an open mind and we need to keep studying what
works and what does not. Botany and zoology are included because
there is so much we can learn by studying plants and animals.
Mendel arrived at his genetic laws by studying peas. We know that
birds of prey have superior vision, that our dogs have a far superior
sense of smell, that lizards can regenerate their broken tails, and
that overweight pigs don’t develop diabetes despite a serious lack
of exercise. We need to keep studying the world around us and
perhaps catch new ideas, while staying true to bioethical rules.
By covering science, business, law, commercialization, policy,
ethics, etc., in this volume, it is hoped that a convincing case has
been made for public and private investment in both basic and
applied biomedical research that can be translated into nanomedical
breakthroughs. The numbers showing the impact of the Human
Genome Project (HGP) and the impressive and stimulating role
played by the US National Institutes of Health (NIH) and similar
organizations in other countries should convince everyone that
public investment in research is money well spent. Those
investments must continue and public–private partnerships
should be encouraged to drive innovation.
Big research budgets—such as the US NIH budget—must be
managed in an effective and transparent way. If not, there will be
a risk that opportunistic politicians will step in and make up new
rules that invariably will shift the balance from long-term vision
and funding decisions based on scientific merit to narrowmindedness, political bias, and short-term thinking. It is the nature
of science that breakthroughs cannot be planned—but the impact
of such work can be managed. By referring frequently to the
work done by outstanding individuals that earned awards such
as the Nobel Prize, the important role of basic research is
emphasized. However, to create true innovation it is equally
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important to translate basic research results into benefits for
patients and society.
There is a current trend to partly offset or complement budget
cuts with donations made by wealthy individuals. Although there
may be a risk that personal tragedy shifts the focus away from the
greatest needs for humanity to the greatest needs for the wealthy
donor, contributions to worthy causes are always welcome.
However, the effective management of precious resources made
available for public health and for unmet medical needs is a very
complex task. “Venture philanthropy” is a new management
discipline aimed at optimizing the impact of such investments by
taking concepts and techniques from venture capital finance and
business management and applying them to achieve philanthropic
goals.
There is often a long time gap between a breakthrough in
our basic understanding of life processes to beneficial application of
those newly gained insights. There is a need to be patient: It takes
a long time to move from “bench to bedside,” not only because of
concerns about safety and efficacy, but also because of the inertia
in a medical provider system that is based on “best practices.”
Those established best medical practices are not easily changed or
replaced.
It is also important to invest in public health in order to make
sure that healthcare costs are kept at affordable levels. Only with
enough focus on preventive measures and encouragement of
healthy lifestyles will there be enough room in government budgets
for investments in new nanomedical research.
There has already been a lot of “innovation crossover” between
IT and biotechnology (BT), and this trend is expected to continue
and further accelerate.
For the future of medicine to globally benefit mankind, we need
a true alignment between public and private stakeholders
committed to forming a chain of trust that serves and respects
persons/patients. Such an alignment will enable nanomedicine to
be a powerful force for societal impact.
Figure 60.1 illustrates the path for Nanomedicine from Science
to Business and Impact. Impact is very important because it
motivates the funding of research, the generation of new breakthrough ideas. Figure 60.1 should therefore be interpreted as a
funnel with feedback: If the many ideas generated to the left are
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not producing examples of real impact to the right, society will
no longer set aside resources to generate those new ideas. It is
therefore of utmost importance to manage all aspects of this
process as effectively as possible, to avoid waste and duplication of
effort, and to build trust among all stakeholders in the healthcare
ecosystem.
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