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A depiction of nano-robots in the human cardiovascular system.
Such nano-combination products (NCPs), currently at the R&D
phase, could be commercialized in the coming decades. They could
serve multiple functions of diagnostic evaluation, drug delivery,
and assessment of therapy—all within the same nanoengineered
combination product. As technological advances continue to
merge product types (drug, biologic, or device), I expect that
more products will fall into the category of combination products.
The FDA and the EMA are certain to struggle with appropriate
regulatory pathways for such highly integrated combination
products at the interface of the three product domains.
—Dr. Raj Bawa, Series Editor
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Rubinstein, MD (Editors)
978-981-4669-20-7 (Hardcover), 978-981-4669-21-4 (eBook)
1662 pages
This handbook (55 chapters) provides a comprehensive roadmap of
basic research in nanomedicine as well as clinical applica ons. However,
unlike other texts in nanomedicine, it not only highlights current
advances in diagnos cs and therapeu cs but also explores related
issues like nomenclature, historical developments, regulatory aspects,
nanosimilars and 3D nanofabrica on. While bridging the gap between
basic biomedical research, engineering, medicine and law, the handbook
provides a thorough understanding of nano’s poten al to address (i)
medical problems from both the pa ent and health provider’s perspec ve, and (ii) current applica ons
and their poten al in a healthcare se ng.
“Dr. Bawa and his team have me culously gathered the dis lled experience of world-class
researchers, clinicians and business leaders addressing the most salient issues confronted in
product concept development and transla on.”
Gregory Lanza, MD, PhD Professor of Medicine and
Oliver M. Langenberg Dis nguished Professor Washington University Medical School, USA
“This is an outstanding, comprehensive volume that crosscuts disciplines and topics fi ng
individuals from a variety of fields looking to become knowledgeable in medical nanotech research
and its transla on from the bench to the bedside.”
Shaker A. Mousa, PhD, MBA
Vice Provost and Professor of Pharmacology
Albany College of Pharmacy and Health Sciences, USA
“Masterful! This handbook will have a welcome place in the hands of students, educators, clinicians
and experienced scien sts alike. In a rapidly evolving arena, the authors have harnessed the field
and its future by highligh ng both current and future needs in diagnosis and therapies. Bravo!”
Howard E. Gendelman, MD Margaret R. Larson Professor and Chair University of
Nebraska Medical Center, USA
“It is refreshing to see a handbook that does not merely focus on preclinical aspects or exaggerated
projec ons of nanomedicine. Unlike other books, this handbook not only highlights current
advances in diagnos cs and therapies but also addresses cri cal issues like terminology, regulatory
aspects and personalized medicine.”
Gert Storm, PhD
Professor of Pharmaceu cs
Utrecht University, The Netherlands

Handbook of Clinical Nanomedicine.
Vol. 2. Law, Business, RegulaƟon,
Safety, and Risk
Raj Bawa, PhD (Editor), Gerald F. AudeƩe, PhD, and Brian
E. Reese, PhD, MBA, JD (Assistant Editors)
978-981-4669-22-1 (Hardcover), 978-981-4669-23-8 (eBook),
1448 pages
This unique handbook (60 chapters) examines the en re “product life
cycle,” from the crea on of nanomedical products to their final market
introduc on. While focusing on cri cal issues relevant to nanoproduct
development and transla onal ac vi es, it tackles topics such as
regulatory science, patent law, FDA law, ethics, personalized medicine,
risk analysis, toxicology, nano-characteriza on and commercializa on
ac vi es. A separate sec on provides fascina ng perspec ves and
editorials from leading experts in this complex interdisciplinary field.
“The dis nguished editors have secured contribu ons from the leading experts in nanomedicine
law, business, regula on and policy. This handbook represents possibly the most comprehensive and
advanced collec ons of materials on these cri cal topics. An invaluable standard resource.”
Gregory N. Mandel, JD Peter J. Liacouras Professor of Law and
Associate Dean Temple University Beasley School of Law, USA
“This is an outstanding volume for those looking to become familiar with nanotechnology research
and its transla on from the bench to market. Way ahead of the compe on, a standard reference
on any shelf.”
Shaker A. Mousa, PhD, MBA Vice Provost and Professor of Pharmacology Albany
College of Pharmacy, USA
“The editors have gathered the dis lled experience of leaders addressing the most salient issues
confronted in R&D and transla on. Knowledge is power, par cularly in nanotechnology transla on,
and this handbook is an essen al guide that illustrates and clarifies our way to commercial
success.”
Gregory Lanza, MD, PhD Professor of Medicine and
Oliver M. Langenberg Dis nguished Professor Washington University Medical School, USA
“The tle of the handbook reflects its broad-ranging contents. The intellectual property chapters
alone are worthy of their own handbook. Dr. Bawa and his coeditors should be congratulated for
gathering the important wri ngs on nanotech law, business and commercializa on.”
Richard J. Apley, JD
Chief Patent Oﬃcer
Litman Law Oﬃces/Becker & Poliakoﬀ, USA
“It is clear that this handbook will serve the interdisciplinary community involved in nanomedicine,
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sec on tled ‘Perspec ves and Editorials’ is superb.”
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978-981-4774-52-9 (Hardback), 978-0-203-73153-6 (eBook)
1038 pages
The enormous advances in the immunologic aspects of biotherapeu cs
and nanomedicines in the past two decades has necessitated an
authorita ve and comprehensive reference source that can be relied upon
by immunologists, biomedical researchers, clinicians, pharmaceu cal
companies, regulators, venture capitalists, and policy makers alike. This
text provides a thorough understanding of immunology, therapeu c
poten al, clinical applica ons, adverse reac ons, and approaches to
overcoming immunotoxicity of biotherapeu cs and nanomedicines. It
also tackles cri cal, yet o en overlooked topics such as immune aspects of nano-bio interac ons,
current FDA regulatory guidances, complement ac va on-related pseudoallergy (CARPA), advances
in nanovaccines, and immunogenicity tes ng of protein therapeu cs.
“This outstanding volume represents a review of the various eﬀects of biopharmaceu cals and
nanomedicines on the immune system: immunotherapy, vaccines, and drug delivery; challenges
and overcoming transla onal barriers stemming from immunotoxicity; strategies to designing
more immunologically friendly formula ons.”
África González-Fernández, PhD, MD
Professor of Immunology and President of the Spanish Society of Immunology,
University of Vigo, Spain
“For those who are specialists, and for those interested in a broader understanding of biologics
and nanomedicines, this is a superb book, with interna onally accomplished contributors. It serves
both as a reference and as a prac cal guide to the newest advances in these important fields.
Highly recommended!”
Carl R. Alving, MD
Emeritus Senior Scien st, Walter Reed Army Ins tute of Research, Silver Spring, Maryland, USA
“A skillfully produced book that addresses an o en-missed topic: immune aspects of biologicals
and nanoscale therapeu cs, with an emphasis on clinical relevance and applica ons.”
Rajiv R. Mohan, PhD
Professor and Ruth M. Kraeuchi Missouri Endowed Chair Professor,
University of Missouri, Columbia, USA
“An indispensable masterpiece! It represents a rich source of informa on on interac ons of
biologics and nanodrugs with the immune system—all cri cal for medical applica ons. Volume 3,
once again, achieves the series’ high standards.”
László Rosivall, MD, PhD, DSc Med, Med habil.
Széchenyi Prize Laureate and Professor, Faculty of Medicine, Semmelweis University,
Budapest, Hungary

The American Society for Nanomedicine (ASNM) (https://www.
nanomedus.org) is a nonprofit, professional medical organization
based in Ashburn, Virginia, USA. It was founded in 2008 by Dr. Raj
Bawa of Bawa Biotech LLC and Dr. Esther Chang of Georgetown
Medical Center. The ASNM comprises members drawn from diverse
fields, including medicine, law, nanotechnology, pharma, biotech,
engineering, and biomedical sciences with the common goal of
advancing nanomedicine research to benefit global health. These
goals are achieved through an open forum of ideas and collaborative
efforts as well as close cooperation with our partner organizations.
Since its inception, the ASNM has organized major international
conferences.
Specifically, the vision of the ASNM includes

• promoting research related to all aspects of nanomedicine
and providing a forum through scientific meetings for the
presentation of basic, clinical, and population-based research;
• promoting and facilitating the formal training of physicians, basic
medical scientists, engineers, molecular biologists, statisticians,
and allied healthcare providers in nano-related medical research
and education;
• encouraging primary and secondary preventive measures and
nano-based technologies to reduce the incidences of various
diseases;
• facilitating the establishment of programs and policies that can
better serve early diagnosis.

The European Foundation for Clinical Nanomedicine (https://www.
clinam.org), founded in 2007 by Beat Löffler and Patrick Hunziker,
is an organization based in Basel, Switzerland. Its primary mission
is to advance medicine to the benefit of individuals and society
through the application of nanoscience and targeted medicine.
Aiming at prevention, diagnosis, and therapy, it supports clinically
focused research and the interaction and information flow between
clinicians, researchers, and the public. The major goal is to support
the development and application of nanomedicine and targeted
medicine and having in scope all nanomedicine-related fields.
The foundation runs a lab, creates an annual summit for
clinical nanomedicine, and established the European Journal of
Nanomedicine (now PRNANO online). The 12th CLINAM Summit
will be held May 17–20, 2020, and is titled “Clinical Nanomedicine
and the Impact of Digitalization and Artificial Intelligence for
Precision Medicine—The Technologies for Diagnosis and & Therapy
in Personalized Medicine.” The Summit traditionally brings
together over 500 participants from more than 40 countries.
CLINAM founded the European Society for Nanomedicine
(ESNAM), which has more than 1,000 members today. ESNAM was
the driving force for the formation of the International Society
for Nanomedicine, (ISNM) which brings together members from
Japan, Korea, USA, Canada, Europe, South America, Australia,
Africa, and India. CLINAM organizes worldwide summer schools.
The next one is planned in Asia for the autumn of 2020. During
the summit, CLINAM also hosts satellite meetings. For the past five
years, the International Pharmaceutical Regulators Programme
(IPRP), a meeting for global regulatory authorities, is also held.
This group uses the CLINAM platform to provide statements on
the global cooperation to come to an optimal framework for
regulatory matters pertaining to nanomedicine and precision
medicine.
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Preface
I spent about two decades in drug discovery and drug development
(DDD) at DuPont and DuPont Merck Pharmaceuticals, where we
utilized various technology platforms to accelerate drug discovery
and improve the probability of success. Although we made
significant advances in achieving FDA-approved novel diagnostics
and therapeutics that fulfilled unmet medical needs in various
diseases, overall it remains a high-risk business that takes a long
time to move a concept from the lab to the clinic. In 2002, I decided
to transition from pharma to academia where I currently reside
in my present position. Throughout my career, I have searched
for enabling technologies that would shorten the time to
DDD, mitigate the risk, and extend product life cycle. I found
that the integration of nanotechnology and biotechnology
(“Nanobiotechnology” or “Nanomedicine”) fulfilled that promise
and even facilitated the road towards precision medicine, the
subject matter of this timely volume.
The overarching theme for this volume (36 chapters), accurately
labeled The Road from Nanomedicine to Precision Medicine relates
to the impact of nanomedicine along the continuum toward
precision medicine. This specific volume of the outstanding book
series was inspired by the first international nanotechnology
conference held at my institution in Albany, New York, in August
2015, and numerous speakers at that conference have graciously
contributed. This volume aims to define the terminology and
nomenclature most appropriately employed in nanomedicine and
explores the impact of nanotechnology on drug delivery utilizing
passive and/or active targeting facilitating the road toward
precision medicine. While not explicitly organized into discrete
sections, this volume can be separated into several themes, each
addressing a different aspect.
The first theme of this volume sets the stage, giving some
general introductory aspects of drug delivery and nanodrugs,
and providing a spectacular overview of precision medicine.
The chapters in this theme, Chapters 1, 2, 19, 25, 32, and 36,
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highlight the origins of what is now known as precision medicine
and how it arose from nanomedicine to much more personalized
medicine through big data, artificial intelligence, data analytics,
and the role of genomics, proteomics, and the human genome
project. Also included in this theme are discussions on the ethical,
legal, and social issues associated with both nanomedicine and
personalized medicine. In addition, these chapters provide an
overview of the major ethical issues raised by pharmacogenomics
and personalized medicine. In this context, some issues will likely
be easily resolved and disappear over time. Others may persist,
and new ones will probably emerge within the next few years.
Consequently, it is critical to continuously revisit the practices
and impacts of personalized approaches to medicine.
Following this setting of the stage, the second theme, covered
in Chapters 10, 11 18, 20, 21, 26, 27, 29, 30, and 31, explores
the definition of the person within the personalized/precision
medicine context. Within this theme are chapters pertaining to
key aspects of personalized approaches to Alzheimer’s disease
and cancer as well as the use of genomic and proteomic profiling
in approaches to oncology. For instance, Chapter 21 discusses
a case-based blended learning ecosystem (CBBLE) employing
omics-driven diagnostics to optimize precision medicine and
reduce over diagnosis and overtreatment. And Chapter 30 discusses
the concept of “Personomics” where the person is central to their
care, and knowing your patient (now at a genomic level as well as
through personal interactions) is something that physicians are
coming back to in their approach to medicine. Clearly, a deeper
understanding of the patient is a central and critical component
to any precision/personalized treatment regime.
The third theme covers what might be most often though of
when considering precision medicine, that is the therapeutics
themselves as well as their delivery. Chapters 4 and 5 provide a
discussion of multifunctional gold nanoparticles and the impact of
nanoparticle size and structure on their functionality, respectively,
and Chapter 13 covers the use of cerium oxide nanoparticles as a
reactive oxygen-modulating drug. More recent developments in
nanomedicine are the use of proteins, peptides, viruses, hydrogels,
and other water-soluble polymers as drug delivery vehicles for

Preface

precision medicine—all these key areas within nanomedicine
are extensively covered in this volume. Many of these systems are
self-assembling and biocompatible, making them exciting novel
approaches to challenging disorders.
Our fourth theme covers topics generally considered as those
involved in the detection/diagnosis of disease and monitoring
of personalized therapeutic approaches, as well as novel tools
and nanomachines. Starting this theme off is Chapter 8, where
Drs. Christian Schmidt and Joachim Storsberg discuss the roles
of nanomaterials in therapy, diagnostics, theranostics, lab-on-achip and other biomedical approaches. In Chapter 9, Rosa and
colleagues explore the application of nano-magnetic resonant
imaging (Nano-MRI), a novel tool for personalized diagnoses and
detection. This novel approach is followed on by the discussion
of using porphyrins as novel contrast agents and photosensitizers
by Huang and Lovell. This theme is rounded out with three
chapters on artificial nanomachines/nanorobotics for personalized
healthcare (Chapter 14), nanomotors for the detection of nucleic
acids, proteins, and pollutants (Chapter 15), and magneto-responsive
biomaterials for tissue engineering (Chapter 16); there is clearly
a large array of approaches and potential for precision medicine.
The fifth and final theme provides a view of how the American
regulatory framework is approaching personalized medicine.
Two chapters (Chapters 3 and 22) from the US Food and Drug
Administration explore the agency’s views on personalized and
precision medicine, genetic variant databases (a key to personalized
medicine), and companion diagnostics. The success of many
personalized medicines depends on a person’s individual genetic
makeup, and bringing new medical approaches and products to
treat a disease often requires synergistic approaches within
an existing regulatory framework to ensure patient safety, the
hallmark of any drug regulatory system.
I express my sincere gratitude to the authors, coeditors, and
reviewers for their excellent effort in undertaking this project
with great enthusiasm. I especially thank the other two editors,
Dr. Raj Bawa and Dr. Gerald Audette, for meticulously reviewing
various chapters of this book. I also thank Mr. Stanford Chong
and Ms. Jenny Rompas of Jenny Stanford Publishing for
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commissioning us to edit this volume. Mr. Arvind Kanswal of
Jenny Stanford Publishing and the staff at Bawa Biotech LLC are
acknowledged for their valuable assistance with publication
coordination.

Shaker A. Mousa, MBA, PhD
October 5, 2019
Albany, New York
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Drug Delivery at the Nanoscale
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Nano Frontiers

1.1

Nano Frontiers: An Introduction

Small is beautiful.
—Leopold Kohr (1909–1994), Austrian economist
It has long been an axiom of mine that the little things are infinitely
the most important.
—Arthur Coyle Doyle (1859–1930), English author and
physician

Great things are done by a series of small things brought together.
—Vincent Van Gogh (1853–1890), Dutch painter

The air is thick with news of nano-breakthroughs. Although “nano”
(or nanotech or nanotechnology) is 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. 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,
etc.) will soon be a healthcare game-changer by offering
patients access to precision medicine. Pessimists, on the other
hand, take a more cautionary position, preaching instead a goslow approach and warning about the lack of enough scientific
information on health risks, general failure on the part of regulatory
agencies to formulate clearer guidelines and continuous issuance
of patents of dubious scope. They highlight that nano is burdened
with inflated expectations with few marketed products. The reality
may be somewhere between such extremes. Like any emerging
technology, the whole picture is yet to emerge...and we are just
Popular

culture has referenced nano with mentions in movies (The Hulk), books
(Michael Crichton’s Prey), video games (Metal Gear Solid series), and on TV (most
notably in various incarnations of Star Trek). Even Prince Charles of England has
weighed in on the topic.
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.
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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 fact is often difficult.
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, translation, and technology transfer.
Although not a distinct field or disciple, it is an interdisciplinary
area that draws from the interplay among numerous fields,
including materials science, medicine, engineering, colloid science,
supramolecular and physical chemistry, drug science, biophysics,
and many more.
Nano’s potential benefits are frequently overstated or
inferred to be very close to application when clear bottlenecks to
commercial translation exist. In this regard, start-ups, academia,
and industry exaggerate basic research and developments (R&D)
as potentially revolutionary advances and claim these earlystage discoveries as confirmation of downstream novel products
and applications to come. Such “fake medical news” does great
disservice to all stakeholders. It not only pollutes the medical
literature but also quashes public support for translational
activities. This issue is quite serious and often emanates from
eminent academic labs from distinguished universities or from
established industry players (Box 1.1).
All of this is happening while hundreds of over-the-counter
(OTC) products containing silver and other metallic nanoparticles,
nanoscale titanium dioxide, carbon nanotubes, and carbon
nanoparticles continue to stream into the marketplace without
adequate safety testing, labeling or regulatory review. In fact,
a large number of nanomaterials and nanoparticles have been
synthesized over the last two decades that could be toxic, yet the
Environmental Protection Agency (EPA) and the US Food and Drug
Administration (FDA) do not seem to know how to regulate most of
them [3]. Obviously, consumers should be cautious about potential
exposure but industry workers should even be more concerned.
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Box 1.1 Nano: Dreams, Hype, Misinformation, and Reality
We live in a society exquisitely dependent on science and
technology, in which hardly anyone knows anything about
science and technology.
—Carl Sagan (1934–1996), American cosmologist

The rush to celebrate “eureka” moments in science is
overshadowing the research enterprise. Some blame the current
pervasive culture 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. “Fantastical claiming” is nothing new to academia and
start-ups where exaggerated basic research developments are
often touted as revolutionary and translatable advances. Claims
of early-stage discoveries are highlighted as confirmation of
downstream novel products and applications to come. Even
distinguished professors at reputable universities are guilty of
such spin or interpretive bias. In this context, nano’s potential
benefits are also often overstated or inferred to be very close to
application when clear bottlenecks to commercial translation
persist.

Misrepresentation and distortion of research in the biomedical
literature is a serious and prevalent issue [1]: “Publication in
peer-reviewed journals is an essential step in the scientific
process. However, publication is not simply the reporting of facts
arising from a straightforward analysis thereof. Authors have
broad latitude when writing their reports and may be tempted
to consciously or unconsciously ‘spin’ their study findings.
Spin has been defined as a specific intentional or unintentional
reporting that fails to faithfully reflect the nature and range
of findings and that could affect the impression the results
produce in readers. [There are] various practices of spin from
misreporting by ‘beautification’ of methods to misreporting by
misinterpreting the results.”
Health misinformation is another negative trend [2]: “There
is growing recognition that numerous social, economic, and

(Continued)
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Box 1.1 (Continued)

academic pressures can have a negative impact on representations
of biomedical research. Empirical evidence indicates spin or
interpretive bias is injected throughout the knowledge production
process, including at the stage of grant writing, in the execution
of the research, and in the production of the relevant
manuscripts and institutional press releases. The popular press,
marketing forces, and online media also play significant roles
in misrepresenting biomedical research.”

Sadly, many have fallen prey to exaggerated scientific expectations
and hype, often throwing venture funds at start-ups without
conducting proper due-diligence. An extreme example of this
is the recent case of the blood-testing company, Theranos, that
concocted fraudulent claims of doing hundreds of tests from
a single drop of human blood and raised billions in the process
(market valuation of $9 billion). The now-discredited company
is dissolving and returning its remaining cash to its creditors.
Among the company’s most well-known investors were Rupert
Murdoch, Walmart’s Walton family, and the family of Betsy
DeVos. See: Carreyrou, J. (2018). Bad Blood: Secrets and Lies
in a Silicon Valley Startup. Alfred A. Knopf, New York. There are
also a few cautionary tales from the world of nanomedicine.
Consider, for example, the recent demise and bankruptcy of
BIND Therapeutics Inc. See: WTF happened to BIND
Therapeutics? Available at: https://www.nanalyze.com/2017/08/
wtf-happened-bind-therapeutics/ (accessed on August 25, 2019).

For example, silver nanoparticles are effective antimicrobial agents,
but their potential toxicity remains a major concern due to the
wide range of consumer products incorporating them. Similarly,
nanoscale titanium dioxide, previously present in powdered
Dunkin’ Donuts® and Hostess Donettes®, was classified as a
potential carcinogen by the National Institute for Occupational
Safety and Health (NIOSH) while the World Health Organization
(WHO) linked it in powder form to cancers.
Even so, governments across the globe continue to stake
their claims by doling out billions for R&D. In fact, this trend in
research funding has stayed relatively consistent, at least in
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the industrialized world. Stakeholders, especially investors and
consumer-patients, get nervous about the “known unknown” novel
applications, uncertain health risks, unclear industry motives,
and general lack of government transparency. Although venture
has mostly shied away in recent years, industry-university
alliances have continued to gel, driven primarily by what
many refer to as “nanopotential” (Box 1.2). Wall Street’s early
interest in nano has been somewhat muted over the years, from
cautionary involvement to generally shying away. Despite anemic
nanoproduct development, there is no end in sight to publications,
press releases, and patent ﬁlings.
Box 1.2 Debunking Nanopotentials and Market Forecasts

Nano-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 August
25, 2019). 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 August 25, 2019). 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 as they may be
flawed (“A good decision is based on knowledge and not on
numbers.”—Plato, Laches or Courage, 380 B.C.).
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Revolutionary nanotech breakthroughs are just promises at
this stage. Still, based on my definition of nano (Section 1.3(d)),
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 last 25 years saw limited applications
of these rather than the transformative applications envisioned
by self-anointed industry experts, by politicians, and by university
researchers. Instead, the current decade has witnessed relatively
more advances and product development in nanomedicine. In
this context, many point to the influence of nanomedicine on
the pharmaceutical, device, and biotechnology industries. One
can now unequivocally state that R&D is in full swing, and novel
nanomedical products, especially in the drug delivery sector,
are starting to arrive in the marketplace. Meanwhile, in the
background, patent filings, and patent grants continue unabated.
In fact, since the early 1980s, “patent prospectors” have been
on a global quest for “nanopatent land grabs.” Universities and
small businesses have also jumped into the fray with industry
with the clear intention of patenting as much nano as they
can grab. Often in the rush to patent anything and everything
nano, nanopatents of dubious scope and validity are issued by patent
offices.
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, for giant
technological leaps can often leave giant scientific, ethical, legal,
and regulatory gaps in their midst. Moreover, extraordinary claims
and paradigm shifting advances necessitate extraordinary proof
and verification.
Given this backdrop, it is also important to indicate that nano
is nothing new and has been around for centuries (Box 1.3).
For example, various nano terms related to pharma are a repackaging
of old terms, ideas, and technologies (Box 1.4).
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Box 1.3 Historical Origins of Nanotechnology
Nanotechnology is nothing new; it has been around for hundreds,
possibly thousands, of years. The earliest evidence of nano can
be traced back to carbon nanotubes, cementite nanowires found
in the microstructure of wootz steel manufactured in ancient
India around 600 BC and exported globally. 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 to the 4th century (Roman times) in stained glass where
gold nanoparticles were incorporated therein to exhibit a range of
colors. Artisans in 9th century Mesopotamia created glittering
effects on the surface of pots via nanoparticles. The most
prominent example of this is the Lycurgus Cup on display at
the British Museum. This cup, depicting King Lycurgus being
dragged into the underworld by Ambrosia, contains a decorative
pigment that is a suspension of gold and silver nanoparticles
of about 70 nm whereby reflected light appears green but
transmitted light appears red. Later, in the 7th century, a colloidal
suspension of tin oxide and gold nanoparticles (Purple of
Cassius) was used to color glass. Another early example of
technology far outpacing science 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 socalled “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 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.
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Box 1.4 Nanodrugs: Relabeling of Earlier Terms?
“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 FDAapproved nanodrug.’ Notwithstanding, it should be noted that in
the liposome literature the term ‘nano’ was essentially absent
until the year 2000.”
Source: [4].

1.2 

The Arrival of Modern Nanotechnology

There’s plenty of room at the bottom.
—Richard Feynman (1918–1988), American physicist and
two-time Nobel laureate

Nature does things with molecular perfection.
—Richard Smalley (1943–2005), American nanotechnologist
and Nobel laureate

The Arrival of Modern Nanotechnology

Copyright © 2020 Raj Bawa. All rights reserved.

The concept of “modern” nanotechnology, before the word
itself, harks back to Nobel Laureate Dr. Richard Feynman, the
charismatic physics professor from Caltech. Many, but not all,
credit him with inspiring the development of nanotechnology
through his provocative and prophetic lecture on December 29,
1959, at an American Physical Society meeting held at Caltech.
At this talk [5], Dr. Feynman stated:
Now the name of the talk is ‘There’s Plenty of Room at the
Bottom’—not just ‘There’s Room at the Bottom’....I will not
discuss how we are going to do it, but only that it is possible in
principle—in other words, what is possible according to the laws
of physics. I am not inventing anti-gravity, which is possible
someday only if the laws are not what we think. I am telling you
what could be done if the laws are what we think; we are not
doing it simply because we haven’t gotten around to it....
I am not afraid to consider the final question as to whether,
ultimately—in the great future—we can arrange atoms the
way we want; the very atoms, all the way down!

I

question the traditional assumption that the nanotechnology pedigree descended
from this often-referred-to lecture, given that nano is not a modern invention,
discovery or science but has been around for a millennium. Many have questioned if
Feynman’s talk is retroactively read into the history of nanotechnology. See: Toumey,
C. (2008). Reading Feynman into nanotechnology: A text for a new science. Techné,
12 (3), 133–168.
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In this famous talk, he offered two challenges that were
later realized. His talk also focused on the ability to manipulate
individual atoms and molecules by discussing the storage of
information on a very small scale; writing and reading in atoms;
about miniaturization of the computer; and building tiny machines,
factories, and electronic circuits with atoms. Dr. Feynman also
suggested the idea to shrink computing devices down their physical
limits (miniaturization of the computer), where “wires should
be 10 or 100 atoms in diameter”; this was realized in 2009 by
Samsung, which produced devices built with 30 nm technology.
Additionally, he proposed that focused electron beams could
write nanoscale features on a substrate (writing and reading
in atoms); this was realized via e-beam lithography. He also
envisioned superior microscopes, ideas that are now reflected in
the form of the scanning tunneling microscope (STM), transmission
electron microscope (TEM), atomic force microscope (AFM), and
other examples of probe microscopy.
It appears that the term “nano” was first used in a biological
context in 1908 by H. Lohmann to describe a small organism [6].
The concept of precision manufacturing of materials with
nanometer tolerances at will from the very basic building blocks
was christened “nanotechnology” in 1974 by Dr. Norio Taniguchi
of Tokyo Science University. He coined the term via his seminal
paper [7] titled “On the Basic Concept of Nano-Technology,” (with
a hyphen) presented in Tokyo at the International Conference
on Production Engineering. He stated: “In the processing of
materials, the smallest bit size of stock removal, accretion or flow
of materials is probably of one atom or one molecule, namely
0.1–0.2 nm in length. Therefore, the expected limit size of
fineness would be of the order of 1 nm….‘Nano-technology’
mainly consists of the processing...separation, consolidation
and deformation of materials by one atom or one molecule.”
He

offered a prize of $1,000 to anyone to solve two challenges. The first challenge
involved the construction of a tiny motor. This was achieved in 1960 by William
McLellan, who constructed the first tiny electrical motor (less than 1/64th of an
inch) using conventional tools. The second challenge involving fitting the entire
Encyclopedia Britannica on the head of a pin by writing the information from a book
page on a surface 1/25,000 smaller in linear scale. This was accomplished in 1985
by Tom Newman, who successfully reduced the first paragraph of A Tale of Two
Cities by 1/25,000. See also, Hess, K. (2012). Room at the bottom, plenty of tyranny
at the top. In: Goddard, W. A., et al., eds. Handbook of Nanoscience, Engineering,
and Technology, 3rd ed., CRC Press, Boca Raton, Florida. chapter 2, pp. 13–20.
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In the 1980s, major breakthroughs propelled the growth of
nano further. The invention of the scanning tunneling microscope
(STM) in 1981 by Drs. Gerd Binnig and Heinrich Rohrer at IBM’s
Zurich Research Laboratory provided visualization of atom clusters
and bonds for the first time [8]. The discovery of fullerenes (C60)
in 1985 by Drs. Harry Kroto, Richard Smalley, and Robert Curl
was another major advance [9]. Both groups won the Nobel Prize.
The technological significance of nanoscale phenomena and
devices was explored by Dr. K. Eric Drexler in the mid-1980s. He
built upon Dr. Feynman’s concept of a billion tiny factories by
theorizing that these factories could be replicated via computercontrol instead of human-operator control and highlighted the
potential of “molecular nanotechnology” (MNT). He popularized
this idea in his 1986 book titled Engines of Creation: The Coming Era
of Nanotechnology [10]. Although serious work should continue on
MNT, I do not believe in its near-term feasibility because fabrication
of efficient devices on a molecular/atomic scale that can conduct
MNT currently do not exist.
In 1991, Drs. Donald M. Eigler and Erhard K. Schweizer of the
IBM Almaden Research Center in San Jose, California, demonstrated
the ability to manipulate atoms via the STM by forming the
acronym “IBM” on a substrate of chilled crystal of nickel using 35
individual atoms of xenon. This technology demonstrated how
the STM, which until then had been used to image surfaces or
atoms/molecules on surfaces with atomic precision (nanoscale
topography), could now be used to manipulate matter at the
nanoscale. In my opinion, this concept of “controlled manipulation”
is the foundation of nanotechnology, and as discussed ahead, a
key component of my definition of the term (Section 1.3(d)).

1.3  Drug Delivery in the Context of Nano:
Terminology Matters

“What’s the use of their having names,” the Gnat said, “if they won’t
answer to them?” “No use to them,” said Alice; “but it’s useful to the
people that name them, I suppose. If not, why do things have names at
all?” “I can’t say,” the Gnat replied.
(Through the Looking Glass and What Alice Found There, Chapter 3)
—Lewis Carroll (1832–1898), English writer and mathematician

13

14

Drug Delivery at the Nanoscale

(a) Need for Terms and Nomenclature: In the heady days of
any emerging technology, deﬁnitions tend to abound and are
only gradually documented in reports, journals, handbooks,
and dictionaries. Ultimately, standard-setting organizations
like the International Organization for Standardization (ISO)
produce technical speciﬁcations. This evolution is essential as
the development of terminology is a prerequisite for creating a
common, valid language needed for effective communication in
any ﬁeld. Clearly, an internationally agreed nomenclature, technical
speciﬁcations, standards, guidelines, and best practices are required
to advance nano in a safe and responsible manner. Terminology
matters because it prevents misinterpretation and confusion
(Box 1.5). It is also necessary for research activities, harmonized
regulatory governance, accurate patent searching and application
drafting, standardization of procedures, manufacturing, quality
controls, assay protocols, research grant reviews, policy decisions,
ethical analysis, public discourse, safety assessment, translation,
and commercialization.
Box 1.5 Nano-Nomenclature: Yes, It’s Critical!

“The lack of a unified standard, or the existence of different
standards, can have dire consequences. A few years ago, the Mars
Climate Orbiter spacecraft was destroyed because a navigation
error caused the spacecraft to fly too deep into the atmosphere
of Mars. This error arose because a National Aeronautics and
Space Administration (NASA) subcontractor used Imperial units
(pound-seconds) instead of the metric units (newton-seconds)
as specified by NASA. But even in the United States, economic
and scientific needs assure the continued creeping adoption of
the metric standard in various areas. Nanotechnology is such a
case, were the metric system is the undisputed only standard—
used even by US researchers—and sparing us conversion tables
for nanometer to nanoinch and nanofoot, and nanoliter to
nanogallon….Standards have a much larger role in our society
than just agreeing measurements. As the British Standards
Institution (BSI) explains it, put at its simplest, a standard is
an agreed, repeatable way of doing something. It is a published
document that contains a technical specification or other precise
criteria designed to be used consistently as a rule, guideline, or
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definition. Standards help to make life simpler and to increase
the reliability and the effectiveness of many goods and services
we use….The need for standardization also exists in various
fields of nanotechnology in order to support commercialization
and market development, provide a basis for procurement,
and support appropriate legislation/regulation. The lack of
nanotechnology standards poses several major challenges because
right now there are no internationally agreed terminology/
definitions for nanotechnology, no internationally agreed
protocols for toxicity testing of nanoparticles, no standardized
protocols for evaluating environmental impact of nanoparticles,
no standardized measurement techniques and instruments, no
standardized calibration procedures and certified references
materials....Standards create comparability and any standard is
a collective work. Committees of manufacturers, users, research
organizations, government departments and consumers work
together to draw up standards that evolve to meet the demands
of society and technology.”
Source: [11].
“The definition of nanomedicine has implications for many aspects
of translational research including fund allocation, patents, drug
regulatory review processes and approvals, ethical review, 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 while
minimizing the risk of miscommunication and undue fears.”
Source: [12].

(b) Why a Nano Nomenclature? Although various “nano” terms,
including “nanotechnology,” “nanoscience,” “nanopharmaceutical,”
“nanodrug,” “nanotherapeutic,” “nanomaterial,” “nanopharmacy,”
and “nanomedicine” are widely used, there is ambiguity regarding
their deﬁnitions. In fact, there is no precise deﬁnition of nano
terms as applied to pharmaceuticals or in reference to drug delivery.
This definitional issue, or lack thereof, continues to be one of the
most vexing challenges for regulators, policymakers, researchers,
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and legal professionals to grapple with [13–19]. In particular,
regulatory agencies and entities such as the FDA, the European
Medicines Agency (EMA), EPA, the Centers for Disease Control and
Prevention (CDC), NIOSH, World Intellectual Property Organization
(WIPO), the US Patent and Trademark Office (PTO), ISO Technical
Committee on Nanotechnology (ISO/TC229), American Society for
Testing and Materials (ASTM) International, and the Organization
for Economic Co-operation and Development (OECD) Working
Party on Manufactured Nanomaterials continue to grapple with
this critical issue.
Clearly, the need for an internationally agreed definition
for these key terms has gained urgency. Disagreements over
terminology and nomenclature are nothing new and are also seen
in other fields. For example, the term “super resolution
microscopy,” the subject of the 2014 Nobel Prize, is considered an
inaccurate description of the technique. Personalized medicine,
precision medicine, genomic medicine, individualized medicine
or monogrammed medicine are all phrases that strive to express
a similar vision—a reality where physicians treat based on each
patient’s unique biology [20]. For a long time, personalized
medicine was the preferred terminology but about eight years
ago the National Institutes of Health (NIH) recommended
replacing it with precision medicine as it “is less likely to be
misinterpreted as meaning that each patient will be treated
differently from every other patient” [20].
In this chapter, the following terms are used interchangeably
as they all pertain to a “drug or therapeutic”: nanomedicines,
nanodrugs, nanotherapeutics, and nanopharmaceuticals. Similarly,
these technology terms are used interchangeably: nano, nanotech,
and nanotechnology.
So, what does the prefix “nano” refer to (Box 1.6)? Any term
with this prefix is broad in scope. Consider the widely used terms,
nanotechnology, nanomedicine, and nanopharmaceutical, all
of which are a bit misleading since they do not refer to a single
technology or entity. The terms nanotechnology and nanomedicine
For

example, see: Kica, E., Bowman, D. M. (2012). Regulation by means of
standardization: Key legitimacy issues of health and safety nanotechnology
standards. Jurimetrics Journal, 53, 11–56: “Despite the often-provocative nature of
many of the nanotechnology-related initiatives and activities, the undertakings of
the ISO/TC229 and the OECD WPMN have remained a quiet and uncontroversial
affair….The work of TC229 and the WPMN to date is still embryonic in nature, with
only limited outputs and impacts.”
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refer to interdisciplinary areas that draw from the interplay among
numerous materials, products, and applications from several
technical and scientific fields [13–19, 21–23]. In other words,
nanotech is an umbrella term encompassing several technical/
scientific fields, processes, and properties at the nano/micro scale.
In a sense, it has brought various players with divergent scientific,
medical and engineering backgrounds together to create a novel
common language.
Box 1.6 The Prefix “Nano”

The prefix “nano” in the SI measurement system denotes 10−9
or one-billionth. There is not even a consensus over whether the
prefix “nano” is Greek or Latin. The term “nano” is often linked to
the Greek word for “dwarf” but the ancient Greek word for “dwarf”
is spelled “nanno” (with a double “n”), while the Latin word for
dwarf is “nanus” (with a single “n”). A nanometer (nm) 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 to 0.5 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.

(c) Flawed National Nanotechnology Initiative (NNI) Definition:
Due to the confusion over the definition of nano and a lack of any
standard nomenclature, various inconsistent definitions have
sprung up over the years [24]. For instance, nanotech has been
inaccurately defined by the National Nanotechnology Initiative
(NNI) since the 1990s as “the understanding and control of
The

NNI is the US government’s inter-agency program for coordinating, planning,
and managing R&D in nanoscale science, engineering, technology, and related efforts
across 25+ agencies and programs.
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matter at the nanoscale, at dimensions between approximately
1 and 100 nanometers, where unique phenomena enable novel
applications…” (this often-cited definition is flawed for various
reasons as discussed ahead). Others label it as the manipulation,
precision placement, measurement, modeling, or manufacture
of matter in the sub-100 nm range. Some definitions increase
the upper limit to 200 nm or 300 nm, or even 1,000 nm. Some
definitions omit a lower range, others refer to sizes in one, two
or three dimensions while others require a size plus special/unique
property or vice versa [24]. None of these definitions is scientifically
or legally plausible from a pharma perspective; they also exclude
many applications with significant consequence to medicine.
The NNI definition fails to appreciate the unique physiological
or pharmacological behavior that can occur at the nanoscale.
For instance, consider the case of gold and silver nanoparticles
that naturally exhibit fundamentally different properties than
at the macroscale. A definition like the one from the NNI based
purely on size (or dimension) does not distinguish between (i)
naturally occurring versus engineered nanoscale properties;
or (ii) spherical nanoparticles versus the newer generation of
nanoparticles having high aspect ratios. In fact, the ambiguousness
of this definitional issue is apparent whenever the “nano” prefix is
used [25]:
Nanofiltration is frequently associated with nanotechnology—
obviously because of its name. However, the term “nano”
in nanofiltration refers—according to the definition of the
International Union of Pure and Applied Chemistry (IUPAC)—to
the size of the particles rejected and not to a nanostructure as
defined by the International Organisation of Standardisation
(ISO) in the membrane. Evidently, the approach to standardisation
of materials differs significantly between membrane technology
and nanotechnology which leads to considerable confusion and
inconsistent use of the terminology. There are membranes that
can be unambiguously attributed to both membrane technology
and nanotechnology such as those that are functionalized with
nanoparticles, while the classification of hitherto considered
to be conventional membranes as nanostructured material is
questionable.
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Therefore, all definitions of nano based on size or dimensions
should be dismissed. Specifically, those limiting nano to sub-100
nm has no scientific or legal basis, especially in the context of
medicine, pharma or drug delivery. The arbitrary NNI definition
of nano, although foolishly appearing in the 2019 literature and
persisting on the NNI and other websites, has been correctly
criticized over the years [26]:
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….

(d) Defining Nano in the context of Drug Delivery: It is best
not to blindly use any specific size range or dimension while
discussing anything nano. I proposed a definition of nano in
2007 that is unconstrained by an arbitrary size limitation or
dimensionality [27]:
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 flexible definition has four key features: (i) It recognizes
that the “novel/superior” 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” occurring at the nanoscale; it does not emphasize
a specific shape, aspect ratio, size or dimension; (ii) it focuses on
“technology” that has commercial potential, not “nanoscience” or
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“basic R&D” conducted in a laboratory; (iii) the “structures, devices,
and systems” that result from or incorporate nano must be “novel/
superior” compared to their bulk/conventional counterparts;
and (iv) the concept of “controlled manipulation” is crucial.
If a size-limitation must be associated with or tagged onto
the definition of nano while discussing nanotherapeutics or
nanodrug delivery, the term may be loosely considered ranging
in size from 1–1,000 nm (up to a micron, µ). Such labeling would
make nanoparticle drug delivery systems consistent with wet
science where colloidal solutions (in contrast to solutions or
suspensions) contain particles that have at least one dimension
ranging from 1–1,000 nm. In this regard, it is worth mentioning
an important report from the UK House of Lords Science
and Technology Committee that recommended that the term
“nanoscale” should have an upper boundary of 1,000 nm (at
least for the purpose of food regulations), contrary to the ISO
and ASTM International determinations that mandate scientific
usage be restricted to no greater than 100 nm [28, 29]:
We recommend...that any regulatory definition of nanomaterials...
not include a size limit of 100 nm but instead refer to ‘the
nanoscale’ to ensure that all materials with a dimension under
1000 nm are considered….

In fact, many experts propose definitions along these similar
lines, especially in the context of nanodrugs or pharmaceutical
applications:
A

colloid (or colloidal dispersion) is a chemical system composed of a continuous
medium (continuous phase) throughout which are distributed small particles
(dispersed phase), typically ranging from 1–1,000 nm in size, that do not settle out
under the influence of gravity. The types of colloids include sol, emulsion, foam,
and aerosol. Sol is a colloidal suspension with solid particles in a liquid. Emulsion
is between two liquids. Foam is formed when many gas particles are trapped in a
liquid or solid. Aerosol contains small particles of liquid or solid dispersed in a gas.
In general, colloidal particles are aggregates of numerous atoms or molecules, but
are too small to be seen with an ordinary optical microscope. They pass through
most filter papers but can be detected via light scattering and sedimentation.
See: Atkins, P., de Paula, J., Keeler, J. (2018). Atkins’ Physical Chemistry, 11th ed.,
Oxford University Press; Also see: Colloids. Available at: http://chemwiki.ucdavis.
edu/Physical_Chemistry/Physical_Properties_of_Matter/Solutions_and_Mixtures/
Colloid (accessed on August 20, 2019).
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Nanoparticles are defined as being submicronic (<1 μm) colloidal
systems generally made of polymers (biodegradable or not).
They were first developed in the mid-1970s by Birrenbach
and Speiser (1976). Nanoparticles generally vary in size from
10 to 1000 nm. The drug is dissolved, entrapped, encapsulated,
or attached to a nanoparticle matrix. [30]
In drug delivery and clinical applications the technology to
nanonize (i.e., to reduce in size to below 1000 nm) is one of the
key factors for modern drug therapy, now and in the years
to come....There are discussions about the definition of a
nanoparticle, which means the size of a particle to be classified
as a nanoparticle, depending on the discipline, e.g., in colloid
chemistry particles are only considered as nanoparticles when
they are in size below 100 nm or even below 20 nm. Based on
the size unit, in the pharmaceutical area nanoparticles should
be defined as having a size between a few nanometers and
1000 nm (=1 μm); microparticles therefore possess a size of
1–1000 μm. [31]
[f]or most pharmaceutical applications, nanoparticles are
defined as having a size up to 1,000 nm… [32]

The limitation of sizes to the 1–100 nm range, however, is not
meaningful as new and highly valuable interactions of materials
with complex biological systems have been observed at sizes
considerably above the 100-nm upper limit....Within industry,
a general agreement has been voiced at many conferences that
the size range is not the focus but rather the improvement and
optimization of material properties to deliver patient benefits
is the key. As such, a broader range of dimensions, from 1 to
1000 nm is typically considered the nanomedicine range… [33]
Nanotherapeutics apply the physical and chemical properties
of nanomaterials (1–1000 nm in size) for the prevention and
treatment of diseases. [34]

In its application form for investigational medicinal products
(IMPs), Swissmedic, the authority regulating medical products
in Switzerland, requires investigators to elaborate and specify
whether the IMP contains nanoparticles with at least one
dimension in the nanoscale (1–1000 nm) and whether the IMP
has a function and/or mode of action based on nanotechnology
characteristics either in the active substance or adjuvant. [12]
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It involves the three nanotechnology areas of diagnosis, imaging
agents and drug delivery with nanoparticles in the 1–1000 nm
range, bioships (from both “top-down” and “bottom-up” sources)
and polymer therapeutics. [35]

Notably, in 2014, the FDA revised its nano definition and
correctly increased the upper limit from 100 nm to 1,000 nm
(Section 1.7). The agency, which still has not adopted any “official”
regulatory definition, now uses a loose definition for products
that involve or employ nanotechnology [79] that either (i) have
at least one dimension in the 1–100 nm range; or (ii) are up to
1,000 nm, provided the novel/unique properties or phenomenon
exhibited are attributable to these dimensions outside of 100 nm.

1.4  Views of the Nanoworld: Physical Scientists
versus Drug Developers

It has been my experience that I am always true from my point
of view, but am often wrong from the point of view of my honest critics.
I know that we are both right from our respective points of view.
—Mahatma Gandhi (1869–1948), Indian philosopher and
apostle of nonviolence

The test of a first-rate intelligence is the ability to hold two opposed
ideas in the mind at the same time, and still retain the ability to
function.
—F. Scott Fitzgerald (1896–1940), American writer

Interdisciplinarity is the hallmark of nano and nanomedicine.
Nevertheless, physical scientists and drug scientists view the
nanoworld quite differently. Clearly, there is tension between
the two camps [36, 37]. Let me illustrate this with the example of
nanoparticles. The physical scientist, may for example, look at
the intrinsic novel properties 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 significance to a physical
scientist, but of little interest to a pharmaceutical scientist,
include the increased wear resistance of a nanograined ceramic
due to the Hall–Petch effect [38] or quantum confinement where

Views of the Nanoworld

one photon can excite two or more excitons (electron-hole pairs)
in semiconductor nanoparticles [39]. The arbitrary upper size limit
of 100 nm proposed by the NNI (Section 1.3) may be relevant to a
physical scientist since this is sometimes the size range at which
there is a transition between bulk and nonbulk properties of
metals and metal compounds. However, the drug scientist is
more interested in the extrinsic novel properties of nanoparticles
that arise because of their interaction with biological systems
and/or of the nanodrug efficacy relating to improved bioavailability,
reduced toxicity, lowered required dose, or enhanced solubility.
Materials can be scaled down (miniaturized, micronized,
nanonized, etc.) many orders of magnitude from macroscopic to
microscopic via conventional techniques, with specific change(s)
or no change in properties. As materials are scaled down further
to nanodimensions (say, from around 100 nm down to the size of
atoms (~0.2 nm)), changes in optical, electrical, mechanical, and
conductive properties, often profound, may be observed. In other
words, this size variation of materials may result in unexpected
properties not found in their larger bulk counterparts that make
for novel application opportunities. It is important to note,
however, that there is no certainty that there will be a change in
characteristics at this size range: A nanomaterial in the size range of
1–100 nm does not automatically possess unique “nanocharacteristics”
distinct from its bulk counterpart. In this context, when there is
a change in properties or behavior of materials, the reasons are
twofold: (i) an increase in relative surface area, i.e., a large surfaceto-volume ratio (producing increased chemical reactivity, which
can make nanomaterials more useful for biomedical applications
but can also increase the risk of potential health/environmental
hazards); and (ii) an enhanced dominance of quantum effects
(which impact the material’s optical, physical, surface, magnetic,
or electrical properties).
However, the quantum mechanical nature of materials at the
nanoscale, where classical macroscopic laws of physics do not
operate, are irrelevant when it comes to pharmaceutical science,
A

century after artisans used metallic particles as colorants, Michael Faraday in
1857 studied the interaction of light (photons) with gold particles and established
that both the type of material and particle size were important factors in
determining the specific color of emitted light. Thus, the area of research we now
refer to as photonics was born. Nanometer-scale particles from the same block of
gold (yellow) can have a range of colors (emitted light) like orange, red or purple.
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especially drug delivery, drug formulation, and most nano-assays.
The sub-100 nm size range may be significant to a nanophotonic
company where the quantum dot’s size dictates the color of light
emitted therefrom. But this arbitrary size limitation is not critical
to a pharmaceutical scientist from a formulation, delivery or
efficacy perspective because the desired property (such as Vmax,
pharmacokinetics or PK, area under the curve or AUC, z-potential,
etc.) may be achieved with a particle size range greater than
100 nm. Moreover, as stated previously, pharmaceutical scientists
prefer a labeling consistent with colloidal solutions while
discussing nanoformulations where particles have at least one
dimension ranging from 1–1,000 nm.
There is also a need for true interdisciplinarity in nano because
of the different approaches of physical scientists versus drug
scientists with respect to not only generation of data but also
during the examination, analysis, and discussion of these data [40]:
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” terminologies, which causes issues
with publication consistency, regulatory agencies, patent offices,
industry and the business community….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.

US Food and Drug Administration

1.5  US Food and Drug Administration
The way the FDA now behaves, and the adverse consequences, are
not an accident…but a consequence of its constitution in precisely the
same way that a meow is related to the constitution of a cat.
—Milton Friedman (1912–2006), American economist
and Nobel laureate
[D]octors & druggists wash each other’s hands. (Canterbury Tales)
—Geoffrey Chaucer (1343–1400), English poet and diplomat

At FDA, our mission is to promote and protect the health of the public.
—Margaret Hamburg (1955-), former FDA commissioner

Courtesy of the Government Accountability Office.

According to the FDA, the products it regulates represent
around 20% of all products sold in the US, representing more than
$2.4 trillion. The FDA regulates products according to specific
categories: food, dietary supplements, cosmetics, drugs, biologics,
medical devices, veterinary products, and tobacco. The Center
for Biologics Evaluation and Research (CBER) regulates what are
often referred to as traditional biologics, such as vaccines, blood
and blood products, allergenic extracts, and certain devices and
test kits (Section 1.6). CBER also regulates gene therapy products,
cellular therapy products, human tissue used in transplantation,
and the tissue used in xenotransplantation—the transplantation
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of nonhuman cells, tissues, or organs into a human. On the other
hand, the Center for Drug Evaluation and Research (CDER) regulates
branded and generic drugs, over-the-counter (OTC) drugs, and
most therapeutic biologics (Fig. 1.1, Table 1.3). Food, dietary
supplements, and cosmetics fall under the authority of the Center
for Food Safety and Nutrition (CFSAN). Since dietary supplements
are intended to supplement the diet, they are classified under the
“umbrella” of foods and do not require premarket authorization
from the FDA. Cosmetics containing sunscreen components are
regulated as drugs. In these cases, the products must be labeled
as OTC drugs and meet OTC drug requirements. Tobacco products
are subject to a unique regulatory framework as they only pose
risks without providing any health benefits. They are regulated
by the Center for Tobacco Products (CTP). Medical devices are
regulated by the Center for Devices and Radiological Health
(CDRH), and veterinary products by the Center for Veterinary
Medicine (CVM). Drugs that have high potential for abuse with
no accepted medical use are illegal and cannot be imported,
manufactured, distributed, possessed, or used. The Drug
Enforcement Administration (DEA) is the US agency tasked with
overseeing these dangerous products and enforcing the controlled
substances laws. The Office of Combination Products (OCP) has
authority over the regulatory life cycle of combination products
and assesses emerging technologies at the interface of the 3
product domains. Combination products are therapeutic and
diagnostic products that combine drugs, devices, and/or biological
products. As technological advances continue to merge product
types and blur the historical lines of separation between various
FDA centers, I expect that more products, especially nanodrugs
like theranostics, soon will fall into the category of combination
products. Naturally, this will present unique regulatory, policy,
and review management challenges (Section 1.10).
The FDA regulates products under two primary statutes:
(a) the Federal Food, Drug, and Cosmetic Act (FD&C Act), which
addresses man-made drugs as well as devices; and (b) the Public
Health Service (PHS) Act, which addresses biologically derived
therapeutics [41]. The FDA must characterize products under
definitions provided by Congress in both the FD&C Act and
the PHSA. Fundamentally, these definitions and supplemental

US Food and Drug Administration

FDA policies distinguish among three therapeutic product areas
based on whether the product has a chemical mode of action
(drug), a mechanical mode of action (device), or a biological source
(biologic). Table 1.1 provides the FDA’s statutory definitions for
each of these three product categories. Table 1.2 shows the FDA’s
regulatory routes for the therapeutic products.
Table 1.1 Food and Drug Administration Product Definition Overview
Product
Domain
Drug

Biologic

Device

aQuotation

Definition
Generally, a drug is any chemically synthesized product
intended for use in the “diagnosis, cure, mitigation, treatment,
or prevention of disease”; products “intended to affect the
structure or any function of the body”; and components.a New
drugs are those “not generally recognized” by qualified experts
“as safe and effective for use under the conditions prescribed,
recommended, or suggested in the labeling thereof”b and must
undergo clinical trials as a requirement for approval.
A biological product is a product that is “a virus, therapeutic
serum, toxin, antitoxin, vaccine, blood, blood component or
derivative, allergenic product, protein...or analogous product...
applicable to the prevention, treatment, or cure of a disease or
condition of human beings.”c

A medical device is a product that is not a drug, meaning that
it does not act through chemical action and is not dependent
upon metabolism to achieve its primary intended purpose.
Medical devices are “intended for use in the diagnosis of disease
or other conditions, or in the cure, mitigation, treatment, or
prevention of disease...or...intended to affect the structure or
any function of the body.”d

from United States Code, 21 USC § 321(g)(1).
from United States Code, 21 USC § 321(p)(1).
cQuotation from United States Code, 42 USC § 262(i).
dQuotation from United States Code, 21 USC § 321(h).
bQuotation

Nanomedical

products can span all three FDA regulatory categories, and often many
of the nanomedical product mechanisms of action spans two or more of these domains.
As a result, the FDA’s old classification scheme to distinguish drug products into
these three categories becomes a problem for many nanomedical products primarily
due to their unique characteristics, risk profiles, and cross-category features.
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Figure 1.1 Drug Filings and Approvals by the FDA’s CDER (1993–2018). Overall, new drugs approved by the FDA have risen in
recent years. In 2018, the FDA’s CDER approved a record of 62 novel drugs, consistent with the increase predicted by this author
and others and in line with the overall resurgence of R&D in the last 5 years. In fact, this period saw an average of 51 approvals
per year even with a low count in 2016. Clearly, this is substantially more than the average of 31 approvals per year in the period
2000–2013. Strong numbers were posted in 2017, rebounding from a steep drop in 2016. In fact, the 2017 bounty of 46 new drugs
was only second to the peak of 59 drugs approved in 1996. As in previous years, a high proportion of orphan drugs and cancer
drugs were approved. As in past years, biologics contributed about one-third of approvals and peak sales value. Cancer drugs
make up 27% of the total, in keeping with a 5-year average of 25%. Other therapeutic areas with high approval counts included
infectious diseases and neurology. In 2018, oncology accounted for the most approvals. The landmark approval of Alnylam’s
Onpattro® (patisiran) as the first small interfering RNA (siRNA) drug, which uses RNA interference to down-regulate protein
expression was scientifically exciting news. Aimovig® (erenumab) is also the first G protein-coupled receptor (GPCR)-targeted
antibody to secure approval. Another trend observed was that big pharma’s share of approvals has continued to shrink. In the
period 2010–2014, the top 20 companies accounted for around 70% of approvals, whereas in 2018 this was down to 37%. FDA
rejections were down in 2018 as compared to 2017.
CDER approves novel drugs, either as new molecular entities (NMEs) under New Drug Applications (NDAs), or as new biological
entities (NBEs) under Biologics License Applications (BLAs). In recent years, many products were known more for their breathtaking
price tags and rapidity of approval rather than innovation. The FDA defines “novel drugs” as innovative products that serve previously
unmet medical needs or otherwise significantly help to advance patient treatments and the active ingredient or ingredients in a novel
drug have never been approved in the US. In rare instances, it may be necessary for the FDA to change a drug’s NME designation or
the status of its application as a new BLA. For instance, new information may become available which could lead to a reconsideration
of the original designation or status. Note that approvals by the CBER are excluded from this figure (CBER approved only a few
notable new products in 2018). Since applications are received and filed throughout a calendar year, the filed applications in a given
calendar year do not necessarily correspond to approvals in the same calendar year. Certain applications are within their 60-day
filing review period and may not be filed upon completion of the review. Multiple applications pertaining to a single new
molecular/biologic entity are only counted once. Original BLAs that do not contain a new active ingredient are excluded. The inset
shows number of new drugs per billion US spending on R&D.
For more information about the approved drugs in 2018 and for their complete risk information, refer to the drug approval letters
and FDA-approved labeling at Drugs@FDA. Also see CDER’s Novel Drug Approvals for 2018 on the FDA website for the approval
dates, nonproprietary names and what each drug is used for.
Sources: Bawa Biotech LLC, EvaluatePharma, FDA, Boston Consulting Group, and various drug companies. Copyright © 2020 Raj Bawa. All
rights reserved.
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Table 1.2 Food and Drug Administration’s Regulatory Routes for Therapeutic Products

FDA Center
Jurisdiction
Regulatory
Route(s)
Clinical Trial
Initiation

Medical Device

Drug

Biologic

CDRH

CDER

CBER/CDER

IDE

IND

IND

510(k) waived
510(k) notification
PMA

OTC
ANDA
NDA

BLA

Abbreviations: CBER, Center for Biologics Evaluation and Research; CDER, Center for
Drug Evaluation and Research; CDRH, Center for Devices and Radiological Health;
NDA, New Drug Application; BLA, Biologic License Application; OTC, over-the-counter;
ANDA, Abbreviated New Drug Application; PMA, Premarket Approval Application;
IND, Investigational New Drug; IDE, Investigational Device Exemption.
Copyright © 2020 Raj Bawa. All rights reserved.

The FD&C Act was established in 1938 and has been amended
numerous times since. The laws are passed as Acts of Congress and
organized/codified into United States Code (USC). Of the 53 titles
in the USC, title 21 corresponds to the FD&C Act. To operationalize
the law for enforcement, federal agencies, including the FDA, are
authorized to create regulations. The Code of Federal Regulations
(CFR) details how the law will be enforced. The CFR is divided into
50 titles according to subject matter. Therefore, there are three
types of references for regulatory compliance: FD&C Act, 21 USC,
and 21 CFR. The FD&C Act provides definitions for the different
product categories along with allowable claims. For example, drugs,
biologics, and medical devices (Table 1.1) can make therapeutic
claims like “treatment of a particular disease” or “reduction of
symptoms associated with a particular disease.” Therapeutic claims
also include implied statements like “relieves nausea” or “relieves
congestion.” It is illegal for nonmedical products like pharmacosmetics, dietary supplements, and cosmetics to make therapeutic
claims. Even if a product lacks any therapeutic ingredient, its
intended use may cause it to be categorized as a drug.

US Food and Drug Administration

Many biologics (Section 1.6) are of nanoscale and hence
can also be considered nanodrugs. Conversely, many nanodrugs
are biologics according to standard definitions. For example,
Copaxone® is a biologic but also falls within the definition of
a nanodrug.10 Many terms used in this chapter are definitions
that come from specific regulations or compendia. The terms
“product,” “drug formulation,” “therapeutic product,” or “medicinal
product” will be used in the manner the FDA defines a “drug,”
encompassing pharmaceutical drugs, biologics, and nanomedicines
in the context of describing the final “drug product.”11 Some of the
terms will be used synonymously. For example, biotherapeutics,
protein drugs, biologicals, biological products, and biologics
are equivalent terms. Similarly, nanomedicines, nanodrugs,
nanopharmaceuticals, nanoparticulate drug formulations, and
nanotherapeutics are the same. Branded drugs are referred to
as “pioneer,” “originator,” “branded,” or “reference” drugs. Smallmolecule drugs approved by the FDA are known as new chemical
entities (NCEs) while approved biologics are referred to as new
biological entities (NBEs) (Fig. 1.1, Table 1.3). As a result, a new
drug application for an NCE is known as a New Drug Application
(NDA) while a new drug application for an NBE is known as a
Biologic License Application (BLA). Note that prior to the 1980s,
there were very few marketed biologics, so the very term
“pharmaceutical” or “drug” implied a small-molecule drug. Although
biologics are subject to federal regulation under the PHS Act, they
also meet the definition of “drugs” and are considered a subset
of drugs. Hence, biologics are regulated under the provisions
of both PHS Act and FD&C Act.
10Refer

to [58] for additional details.
to the FD&C Act (as amended through P.L. 116–22, enacted June 24,
2019), “the term ‘‘drug’’ means (A) articles recognized in the official United States
Pharmacopeia, official Homeopathic Pharmacopeia 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).” https://legcounsel.
house.gov/Comps/Federal%20Food,%20Drug,%20And%20Cosmetic%20Act.pdf
11According
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more consistent with exaggerated pharmacology
than off-target toxicity; much greater contact
surface area for binding allows access to a much
wider range of protein targets as well as a more
specific binding interaction, decreasing the
potential for off-target effects

Toxicity

isolated from living cells or recombinantly
produced

Origin

protein-based; amino acids; heterogenous
mixture that may include variants; may
involve post-translational modifications

Composition

numerous critical process steps; highly
susceptible to slight alterations in production
process; lengthy and complex purification;
great possibility of contamination and
detection/removal often impossible

generally large and high MW; MW >700 Da;
complex structure

Size and MW

Manufacturing

Biologics

Property

Table 1.3 Properties of Biologics versus Small-Molecule Drugs

drug product or metabolites that are generated can be
toxic; target binding results in the small-molecule drug
being nearly completely buried within a hydrophobic
pocket of the protein target to maximize hydrophobic
contact plus create a more stable complex, thereby
effectively limiting targets to those that possess
solvent accessible pockets

chemical synthesis

chemical-based; synthetic organic compound(s);
homogenous drug substance (single entity)

fewer critical process steps; not affected by slight
alterations in production process; easy to purify;
contamination can generally be avoided and
detection/removal easy

generally small and low; MW <700 Da; simple and defined
structure

Small-Molecule Drugs
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slow

high, often extremely high

Cost

Storage and
Handling Risk

Mode of Action

often “off-target” effects

possible and many examples; metabolic and/or PD related

generally low

mostly linear PK; nonlinearity from saturation of
metabolic pathways; rapid entry into systemic circulation
via capillaries; distributed to any combination of organ/
tissue

rapid

variable; mostly shorter half-life (hours to days)

greater dosing frequency

Small-Molecule Drugs

variable; sensitive to environmental conditions
(heat and shear)

relatively stable

(Continued)

regulatory or enzyme activity to replace/augment antagonistic/agonistic activity on intracellular and
cell action; may target cell surface to induce action; extracellular targets
binding to cell-surface receptors and other markers
specifically associated with or overexpressed;
limited to extracellular and cell surface interactions

Off-target Action rare; mostly “on-target” effects

Drug–Drug
rare or few examples, mostly pharmacodynamic
Interaction (DDI) (PD)-related

Pharmacokinetic target can affect PK behavior (TMDD); larger
(PK) and
molecule(s) and hence reach blood via lymphatics;
Distribution
subject to proteolysis during interstitial and
lymphatic transit; distribution generally limited to
plasma and/or extracellular fluid

Clearance

variable; longer half-life (hours, days, weeks)

increased blood circulation time can allow far less
frequent dosing

Dosing
Frequency

Half-Life

Biologics

Property
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long; days to weeks

specific toxicity

licensed under the FD&C Act; small-molecule drugs
approved by the FDA are known as new molecular
entities (NMEs); a new drug application for an NCE is
known as a New Drug Application (NDA) (see Fig. 1.1)

licensed under the provisions of both the FD&C Act
and the PHS Act biologics approved by the FDA are
referred to as new biological entities (NBEs);
a new drug application for an NBE is called a
Biologic License Application (BLA) (see Fig. 1.1)

receptor-mediated toxicity

FDA Approval

Toxicity

often non-antigenic and hence low to none

can be fully characterized

short; hours

general practitioner or retail pharmacies

various routes; generally oral

precisely defined structure (or structures, e.g., racemic
mixtures)

low

Small-Molecule Drugs

Immunogenicity low to high; usually antigenic and hence potential
exists

Characterization less easily characterized; cannot always be fully
characterized

Duration of
Action

physicians (often specialists) or hospitals

Dispensed By

generally parenteral (e.g., IV and SC)

Delivery

may or may not be precisely elucidated or known;
inherent variability due to complex manufacturing

high

Contamination
Risk

Structure

Biologics

Property

Table 1.3 (Continued)
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patent prosecution and litigation are often more
complex; patents and legal exclusivities may delay
the FDA approval of applications for biosimilars

multiple target binding

Patent Issues

Targets

high species selectivity (affinity/potency)

mostly a single or few targets

generally low species selectivity

patent prosecution and litigation generally less complex;
patents and legal exclusivities may delay the FDA approval
of applications for generics

generics; preclinical analytical methods can be used to
validate and demonstrate comparability; full clinical
studies not needed; follow-ons have identical API(s),
strength, dosage form, route, and purity

Orange Book published by the FDA lists drugs and their
generic equivalents

Small-Molecule Drugs

Copyright © 2020 Raj Bawa. All rights reserved.

Abbreviations: BLA, Biologic License Application; Da, Daltons; DDI, drug–drug interaction; FD&C Act, Federal Food, Drug, and Cosmetic
Act; IV, intravenous; MW, molecular weight; NBE, New Biological Entity; NME, New Molecular Entity; NDA, New Drug Application; TMDD,
target mediated drug disposition; PD, pharmacodynamic; PHS Act, Public Health Service Act; PK, pharmacokinetic; SC, subcutaneous;
API, active pharmaceutical ingredient.

Selectivity

biosimilars; high barriers to entry; follow-ons will
not be identical to the reference innovator product;
preclinical and clinical (i.e., safety/efficacy) studies
are needed to demonstrate comparability

Purple Book published by the FDA lists biologics,
their biosimilars and interchangeable biological
product (an already-licensed FDA biological
product)

Compilation

Follow-on
Versions

Biologics

Property

US Food and Drug Administration
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As the boundaries between big pharma and biotech companies
have further blurred (Box 1.7), 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 in the
1980s have had a major impact on the drug industry in the US.
The first was 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 [42].
Box 1.7 Pharma versus Biotech Companies
The demarcations between pharmaceutical and biotechnology
(and between branded and generic) companies are no longer
that clear. For example, Genentech (owned by the Roche group)
and Medimmune (owned by AstraZeneca), although operate
independently, are technically part of big pharma. Many
biotechnology companies 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. Often, branded companies
are developing generics and vice versa. Currently, there is a
symbiotic relationship between all these diverse players. For
example, big pharma (which is well versed in clinical trials and
commercialization) often turns to biotech companies (that 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.

US Food and Drug Administration

The second was the Hatch–Waxman (or Drug Price Competition
and Patent Term Restoration) Act of 1984, which established
abbreviated pathways for the approval of small-molecule drug
products [43]. It set up the modern system of generic drug
regulations in the US by amending the FD&C Act. Section 505(j) of
the Hatch–Waxman Act, codified as 21 USC § 355(j), outlines
the process for pharmaceutical manufacturers to file an
Abbreviated New Drug Application (ANDA) for approval of a
generic drug by the FDA.
In addition to the Bayh–Dole Act and Hatch–Waxman Act,
the more recent Biologics Price Competition and Innovation Act
of 2009 (BPCI Act or Biosimilar’s Act), which is included in the
Patient Protection and Affordable Care Act signed into law by
President Obama in 2010, pertains specifically to biologics.
This Act created an abbreviated approval pathway for biologics
proven to be “highly similar” (biosimilar) to or “interchangeable”
with an FDA-licensed reference biologic product [44]. In concept,
the goal of the BPCI Act is similar to the Hatch–Waxman Act.
The prohibitive costs of most biologics and some smallmolecule drugs have led to increased scrutiny on the US
government’s role in the development of costly novel drug products.
For example, for almost all the 23 biosimilars approved in the US
as of September 2019, the associated brand-name biologic was
originally formulated by scientists at public-sector research
institutions. Hence, like most US taxpayers, I question the logic
behind allowing sky-rocketing drug prices, especially for branded
biologics. Should there be more robust governmental controls
on this front? Should the US taxpayer have significant leverage to
affect the process? Based on two recent US Court of Appeals for
the Federal Circuit (CAFC) decisions and imperfections in the BPCI
Act itself, some argue that the law impairs the potential for a
flourishing generic market for biologics [45]. Moreover, since
around 90% of the global biosimilar sales come from the European
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Union (EU), compared to just 2% from the US, some have
questioned whether the US biosimilar industry is falling behind
[46]. The global biosimilars market in 2017 was $4.49 billion and
is expected to grow with a compound annual growth rate (CAGR)
of 31.7% to $23.63 billion by 2023 [47].
An overview of the therapeutic product development
pathway is shown in Fig 1.2. Figures 1.3–1.6 represent the various
phases of the FDA drug approval process. Box 1.8 highlights the
importance of drug discovery in the overall drug development
process.
Box 1.8 Drug Discovery Technologies
“[D]rug discovery remains perhaps the most challenging applied
science largely due to the complexity of human biology, the
vastness of chemical space, the discontinuous impact of functional
group changes on molecular properties, and the inability to
optimize a single variable (potency, selectivity, permeability,
metabolic stability, solubility) without having simultaneous
and sometimes detrimental effects on other critical parameters.
For these reasons, a successful drug discovery campaign often
emerges after investigating dozens of pharmacological targets,
with each one requiring thousands of chemical hits to be triaged
and hundreds of close-in synthetic analogues to be evaluated.
A recent 2016 publication based on 106 new drugs from 10
pharmaceuticals firms estimated that the overall investment in
discovery and clinical development approaches $2.6 billion for
each successful launch....Technologies that enable more effective
selection of productive biomolecular targets provide novel ways
to engage targets, or appropriately guide design to the most
effective regions of chemical space will lead to transformative
improvements in drug discovery efficiency.”
Source: [48].

Manufacturing
Scale-Up
ZĞĮŶed
SpecŝĮcaƟŽns

Mass
ProducƟon

Safety
Follow-Up

FDA Filing
FDA Approval
Drug Launch

Modified by the author, original courtesy of the FDA.

Figure 1.2 Overview of Drug Development Pathway to Commercialization. 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 (also see Figs. 1.3–1.6 and 1.15). 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.
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õ
Thetypical number of healthyvolunteers used in Phase1;this
phase emphasizes safety.The goal here in this phase is to
determine what©the drug's most©frequent side©effects©are©and,
often, how the drug is metabolized©and©excreted.

´V
Thetypical number of patients used in Phase 2;this phase emphasizes
effectiveness.This goal is©to obtain preliminary data on whether©the drug©works
in people who have a certain disease or condition.©For©controlled trials,©patients©
receiving©the drug©are©compared with similar patients©receiving©a©different
treatment--usually a placebo, or a different drug. Safety©continues©to be
evaluated,©and short-term side©effects©are©studied.

At the end of©Phase 2, FDA©and©sponsors discuss how large-scale
studies in Phase 3 will be done.
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´V
The typical number of patients used in Phase 3. These© studies gather© more©
information© about© safety© and effectiveness, study different populations© and©
different dosages,©and©uses the drug in combination with other drugs.

Figure
Figure 1.4
1.4 Drug
Drug Sponsor’s
Sponsor’s Clinical
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Studies/Trials.
Courtesy
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bythe
theFDA.
author, original courtesy of the FDA.
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Figure 1.6 FDA’s Post-Approval Risk Assessment Systems.
Modified by the author, original courtesy of the FDA.
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1.6  What Is a Biologic?
Biologics12 have already entered an era of rapid growth due to their
wider applications, and in the near future they will replace many
existing organic based small-molecule drugs. According to one
drug analysis firm, biologics have grown from 11% of the total
global drug market in 2002 to around 20% in 2017.13 On the
other hand, nanodrugs have sputtered along a somewhat different
trajectory with greater challenges to their translation [21, 49–53].
I estimate that since the FDA approval in October 1982 of the first
recombinant biologic (recombinant human insulin), there are over
225+ marketed biologics and at least 75 nanodrugs for various
clinical applications approved by various regulatory agencies.14
According to the Pharmaceutical Research and Manufacturers of
America (PhRMA) website, as of 2013, there are over 900 biologic
medicines and vaccines in development. The growth of biologics
can be traced back to the FDA approval of genetically engineered
human insulin in 1982 (Box 1.9). I estimate that hundreds of
companies globally are engaged in nanomedicine R&D, the clear
majority of these have continued to be startups or small- to mediumsized enterprises rather than big pharma. Despite immature
regulatory mechanisms, follow-on versions of these two drug
classes, namely biosimilars and nanosimilars, respectively, have
also started to trickle into the marketplace.
Biologics are a distinct regulatory category of drugs that
diﬀer from conventional small-molecule drugs by their
manufacturing processes (i.e., biological sources vs. chemical/
synthetic anufacturing). They are biologically derived from
microorganisms (generally engineered) or cells (often mammalian,
including human). In other words, biologics are drugs produced via
modern molecular biological methods, and they are distinguished
from traditional biological products that are directly extracted
12Biosimilars

are not discussed in this chapter. Details on biosimilars can be
found in [67]. For the differences between biosimilars, biologics and generics, see:
Biosimilars: What to know considerations for healthcare professionals (2019).
Genentech, Available at: https://www.examinebiosimilars.com/content/dam/gene/
examinebiosimilars/pdfs/Biosimilars_What_to_Know_Brochure.pdf (accessed on
September 20, 2019).
13Data from the IMS Institute for Healthcare Informatics.
14My estimate for nanodrugs is based on my definition of a nanodrug (Section 1.8).

What Is a Biologic?

from natural biological sources (such as proteins derived from
plasma or plants). Biologics include a diverse range of therapeutics,
including blockbuster therapeutic monoclonal antibodies (TMAbs)
(e.g., Avastin® (bevacizumab) and Humira® (adalimumab)), Fc
fusion proteins, anticoagulants, blood factors, hormones, cytokines,
growth factors, engineered protein scaﬀolds, and cell-based gene
therapies (e.g., chimeric antigen receptor T-cell therapy (CAR-T)) to
treat various diseases—cancers, rheumatoid arthritis (RA), multiple
sclerosis (MS), inflammatory bowel disease (IBD), hemophilia,
anemia, etc. Most biologics are large, complex molecules as compared
to small-molecule drugs (Fig. 1.7, Table 1.3) and are often more
difficult to characterize than small-molecule drugs.
Box 1.9 Growth of Biologics: Technological Drivers

Advances built on two seminal technologies (recombinant
DNA technology and hybridoma technology) have been the
driving forces behind the expansion of biologics. Specifically,
the development of recombinant DNA technology in the 1970s
revolutionized the production of biologics. In 1982, human
insulin (brand name Humulin® and manufactured by Eli Lilly
under license from Genentech) was the first recombinant
protein therapeutic approved by the FDA in merely five months.
Since Humulin® was fully human and produced via genetically
engineered Escherichia coli, issues with immunogenicity were
minimized. In the 1980s, modified biologics joined recombinant
versions of natural proteins as a major new class of biologics. In
1975, Köhler and Milstein’s hybridoma technology established
a continuous immortal culture of cells secreting an antibody of
predefined specificity (monoclonal antibody (mAb)) by fusing
antibody-producing B cells with myeloma cells.
Below appears a well-accepted definition of a biologic [54]:

A biopharmaceutical is a protein or nucleic acid-based
pharmaceutical substance used for therapeutic or in vivo
diagnostic purposes, which is produced by means other than
direct extraction from a native (non-engineered) biological
source.
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(a) Insulin (~5,800 Daltons)

;ďͿ Aspirin (180 Daltons)

(c) Monoclonal AnƟďŽĚy (~150,000 Daltons)

Figure 1.7 Comparing Biologics to Small-Molecule Drugs. The molecular
model of two biologics (insulin and monoclonal antibody) and the molecular
structure of a small-molecule drug (acetylsalicylic acid or aspirin) are
shown to demonstrate the diﬀerences in size and molecular complexity
associated with these two overlapping drug classes. The molecular weight
(MW) of insulin is ~5,800 Daltons and that of a monoclonal antibody is
~150,000 Daltons. The MW of aspirin is 180 Daltons. Structures shown
are not to scale. (a) The left side is a space-filling model of the insulin
monomer, believed to be biologically active. Carbon atoms are shown
in green, hydrogen in gray, oxygen in red, and nitrogen in blue. On the
right side is a ribbon diagram of the insulin hexamer, believed to be the
stored form. A monomer unit is highlighted with the A chain in blue
and the B chain in cyan. Yellow denotes disulfide bonds, and magenta
spheres are zinc ions (courtesy of Wikipedia). (b) Ball-and-stick model
of the aspirin molecule. (c) X-ray crystallographic structure of a
monoclonal antibody shown as a space-filling model (Courtesy of the FDA).

Size Matters in Drug Delivery

Since most biologics are very complex molecules and cannot
be fully characterized by existing scientific technologies, they are
often characterized via their manufacturing processes. However,
due to their structural complexity, the manufacturing processes
are also often complex, very sensitive, and kept proprietary. In
fact, minor variations in temperature or other production factors
can profoundly change the final biologic drug product. Naturally,
this can aﬀect product performance and patient safety. Hence,
even minor alterations in the manufacturing process or facility
may require clinical studies to demonstrate safety (including
immune-related), purity, and potency of the synthesized
biologic. According to the FDA [55], “[t]he nature of biological
products, including the inherent variations that can result from the
manufacturing process, can present challenges in characterizing
and manufacturing these products that often do not exist in the
development of small-molecule drugs. Slight diﬀerences between
manufactured lots of the same biological product (i.e., acceptable
within-product variations) are normal and expected within the
manufacturing process.”

1.7  Size Matters in Drug Delivery
It’s not the size of the dog in the fight, it’s the size of the fight in
the dog.
—Mark Twain (1835–1910), American writer and humorist

Never confuse the size of your paycheck with the size of your talent.

—Marlon Brando (1924–2004), American actor/director

Size of drug particles is a critical aspect of drug delivery. In
a clinical setting, the following three size-based features of
nanodrugs could correlate to an enhanced in vivo bioperformance:
(a) Scientifically speaking, 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 (Fig. 1.8). An example
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of this is nanosilver (“colloidal silver”), a highly reactive
and antimicrobial form of silver as compared to its docile,
bulk counterpart. However, depending on the intended
use, such 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) [56].
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Figure 1.8 Particle Size versus Percentage Surface Atoms. As the
particle size decreases, the percentage of atoms displayed on the
surface of the particle relative to the total atoms in the particle
increases exponentially. In other words, the fewer the number of atoms
in a particle, a greater percentage of atoms are found on the surface
of the particle. In this hypothetical graph, a particle with a 10 nm
diameter has ~16–18% atoms displayed on the surface whereas a
50 nm particle has about ~6–8% surface atoms.
Copyright © 2020 Raj Bawa. All rights reserved.

Size Matters in Drug Delivery

(b) 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 ratio15)
(Table 1.4; Figs. 1.9 and 1.10). 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 due to a greater percentage of
active agents being available at the site of action (tissue
or disease site).16 This could translate into a reduced drug
dosage needed by the patient, which in turn may reduce
the potential side effects and offer superior drug compliance.
(c) Nanoparticle therapeutics have a greater potential for
interaction with biological tissues, i.e., an increase in
adhesiveness onto biosurfaces.17 This can be a tricky,
double-edged issue. On one side, the multiple binding sites

15One

of the most utilized properties of nanoparticles is their high specific surface
area (SSA). Specific surface area is defined as the surface area per unit weight as
expressed in the following equation:
α

ͲͲͲ
 U

where S denotes the specific surface area in m2/g, d represents the particle diameter
in nm and r is the density of the material in g/cm3. As the particle size decreases,
relatively more atoms become exposed on the particle surface (Fig. 1.6). In other
words, as the particle size is reduced, the specific surface area increases.
16A classic example of improving drug bioavailability is Élan Corporation’s (since
2013, Perrigo Company PLC) NanoCrystal® technology, where nanodrug particles
are produced by a proprietary attrition-based wet-milling technique that reduces
their size to less than one micron (µ). This technology has generated numerous
marketed drugs. For details on NanoCrystal® technology, see [31].
17For instance, nanoparticles like dendrimers work more effectively than traditional
small molecule therapeutics. Small molecules can interact with only a select
few cell surface receptors while certain nanodrugs can potentially interact
with multiple receptors simultaneously, thereby potentiating the biological effect.
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of nanodrugs (“multivalence”18) 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. Nanodrugs, such
as liposomes (Fig. 1.11), can further contribute to “signal
enhancement” over that of a single drug molecule because
of the enormous active agent payload encapsulated.
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Figure 1.9 Nanoparticle Surface Area-to-Volume Ratio. Comparison of
size, number of particles formed and available surface area when taking
a single cubic structure of 1 mm3 and reduce its dimensions systematically
to 10 μm3 and then 200 nm3.
Courtesy of Dr. Andrew Owen and Dr. Steve P. Rannard, University of Liverpool, UK.

18In

the context of drug delivery, multivalency is the chemical interaction of ligands
with several identical binding sites (receptors) on a multi-presented cell. In
biological systems, multivalent interactions are widely used (e.g., in cellular
recognition and signal transduction) and are generally stronger than the individual
bonding of a corresponding number of monovalent ligands to a multivalent receptor.
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Table 1.4 Surface-to-Volume Atomic Ratio of Spherical Gold Particles
Particle
Diameter (nm) Total Atom Count

Surface Atoms Specific Surface
(%)
Area (m2/g)

1,000

~30,000,000,000

~0.2

0.3

1

~30

~90

~310

100
10

~30,000,000
~30,000

~1.6

~3

~15

~31

Courtesy of Dr. Takuya Tsuzuki, Australian National University.
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Figure 1.10 Spheres of Decreasing Size and the Relationship between
Their Diameters and Surface Areas. The surface of a spherical particle
scales with its radius2 while its volume scales with radius3. Hence, the
surface-to-volume is inversely proportional to the size. In other words,
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). In addition, 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). Spherical particles shown
here are not to scale.
Courtesy of Pan Stanford Publishing, Singapore.
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Figure 1.11 Nanoscale Drug Delivery Systems (Nanodrugs or Drug Nanoparticles) (Continued).
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Copyright © 2020 Raj Bawa. All rights reserved. The copyright holder permits unrestricted use, storage, distribution, online posting
or reproduction of this figure and legend, unaltered excerpts or modifications therefrom, provided the author and original source are
clearly identified and properly credited. A copy of the publication or posting must be provided via email to the copyright holder for
archival.

Abbreviations: NP, nanoparticle; PEG, polyethylene glycol; GRAS, Generally Recognized As Safe; C dot, Cornell dot; API, active
pharmaceutical ingredient; ADCs, antibody–drug conjugates; NMOFs, nanoscale metal organic frameworks; f-CNTs, functionalized
carbon nanotubes; siRNA, small interfering ribonucleic acid; USPION, ultrasmall superparamagnetic iron oxide nanoparticle;
TMAbs, therapeutic monoclonal antibodies.

Schematic representation of selected engineered nanoparticles (NPs) used in drug delivery that are either approved by global
regulatory bodies, are in preclinical development or are in various phases of clinical trials. They are considered as first or second
generation, some are multifunctional in their mode of action, most ranging in an average diameter from one nanometer (1 nm) to
a micron (1,000 nm). Active bio-targeting of a NP is often achieved via conjugating ligands or functional groups (e.g., antibodies,
peptides, aptamers, folate, hyaluronic acid). These molecules are tagged to the NP surface with or without spacers/linkers such
as PEG. Many nanodrugs depicted above (e.g., metal-based NPs, functionalized carbon nanotubes [f-CNTs], nanoscale metal
organic frameworks [NMOFs]), although extensively advertised for drug delivery, will pose enormous regulatory approval
and commercialization challenges. They will not appear in the clinic this century. Non-engineered antibodies, natural biological
motors (e.g., sperms), engineered nanomotors, and naturally occurring NPs (e.g., natural protein nanotubes), although potential
drug delivery candidates, are specifically excluded here. Note that antibody–drug conjugates (ADCs) are also encompassed
by the cartoon labeled “Polymer-Polypeptide Conjugate.” Therapeutic monoclonal antibodies (TMAbs), polymer-polypeptide
conjugates, and aptamers shown are classic biologics, but they are also nanodrugs as they fall within the widely accepted
standard definition of nanodrugs. The list of NPs depicted here is not exhaustive, the illustrations do not reflect precise threedimensional shape or configuration, and the NPs are not drawn to scale.

Figure 1.11 (Continued)
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What Are Nanodrugs?

1.8  What Are Nanodrugs?
Poisons and medicine are often the same substance given with
different intents.

1.8.1

—Peter Mere Latham (1789–1875), English physician

The “Magic Bullet” Concept

The Holy Grail of any drug delivery system (DDS), whether it
is nanoscale or not, is to deliver to a patient the correct dose
of an active agent to a specific disease or tissue site while
simultaneously minimizing toxic side eﬀects and optimizing
therapeutic benefit. This is mostly unachievable via conventional
small-molecule formulations and drug delivery systems. However,
the potential to do so may be greater now via nanodrugs. The
prototype of targeted drug delivery can be traced back to the
concept of a “magic bullet” (or “silver bullet”) that was postulated
by Nobel laureate Paul Ehrlich in 1908 (magische Kugel, his term
for an ideal therapeutic agent) wherein a drug could selectively
target a pathogenic organism or diseased tissue [57].
Later, this concept of the 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 provided specificity for a
target antigen and the active agent portion conferred cytotoxicity.
(Technically, ADCs are nanodrugs, see Fig. 1.1.)

1.8.2  Potential Advantages

In the pharmaceutical sciences, “nano” offers several potential
advantages in the context of drug delivery that pharma is interested
in (Table 1.5). In general terms, it can be concluded that nanoscale
therapeutics may have unique properties (“nanocharacter”) that
can often be beneficial for drug delivery [21, 49, 50, 58]. Hence,
novel nanodrugs and nanocarriers are being designed that address
some fundamental problems of traditional drug formulations—
ranging from poor water solubility, unacceptable toxicity profiles,
poor bioavailability, physical/chemical instability, and a lack of
target specificity. Additionally, via tagging with targeting ligands,
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nanodrugs can serve as innovative drug delivery systems for
enhanced cellular uptake of active agents into tissues of interest.
As a result, nanodrugs are being developed that allow delivery of
active agents more efficaciously to the patient while minimizing
side effects, improving stability in vivo and increasing blood
circulation time. Apart from these pharmacological benefits,
nanodrugs also offer economic value to a drug company—the
opportunity to reduce time-to-market, extend the economic life
of proprietary drugs, and create additional revenue streams.
Therefore, nanodrugs are starting to influence the drug and device
commercialization landscapes and will likely continue to impact
medical practice and healthcare delivery into the next century.
Table 1.5 Select Potential Advantages of Nanodrugs

• Increased bioavailability due to enhanced water solubility of
hydrophobic drugs due to the large specific surface area (SSA)

• Ability to protect biologically unstable drugs from the hostile
bioenvironment of use/delivery/release (e.g., against potential
enzymatic or hydrolytic degradation)
• Extended drug residence time at a site of action or within
specific targeted tissue
• Extended systemic circulation time

• Controlled (or semi-controlled) drug release at a specific desired
site of delivery
• Endocytosis-mediated transport of drugs through the epithelial
membrane
• Bypassing or inhibition of efflux pumps such as P glycoprotein

• Targeting of specific carriers for receptor-mediated transport of
drugs

• Enhanced drug accumulation at the target site to reduce
systemic toxicity
• Biocompatibility and biodegradability
• High drug-loading capacity

• Long-term physical and chemical stability of drugs
• Improved patient compliance

What Are Nanodrugs?

1.8.3  Size of Nanodrugs
Reverting back to the issue of size (Sections 1.3 and 1.7), it is
important to emphasize that a size limitation below 100 nm,
frequently recited in journals and talks as well as touted as the
definition of anything “nano” by US federal agencies like the
NNI, cannot serve as an arbitrary basis of novel properties of
nanodrugs [21, 49, 50, 59]. In fact, properties other than size can
also have a dramatic effect on the nanocharacter of nanodrugs:
shape, geometry, zeta potential, specific nanomaterial class
employed, composition, delivery route, crystallinity, aspect ratio,
surface charge, etc. Clearly, numerous nanomaterials and their
corresponding nanodrugs fall outside the sub-100 nm size range
(Fig. 1.11). Examples include liposomes (80–200 nm), block
copolymer micelles (50–200 nm), nanoparticles (20–200 nm), and
nanosize drug crystals (100–1,000 nm). In addition, there are no
clear scientific boundaries to distinguish the nano from the nonnano space, especially with respect to drug products. Moreover, as
stated earlier (Sections 1.3 and 1.7), a sub-100 nm range is
not critical to a drug company from a formulation, delivery, or
efficacy perspective because the desired or novel physicochemical
properties (e.g., improved bioavailability, reduced toxicities, lower
dose, or enhanced solubility) may be achieved in a size outside
this arbitrary range. For example, the surface plasmon-resonance
(SPR)19 in gold or silver nanoshells or nanoprisms that imparts
their unique property as anticancer thermal drug delivery agents
also operates at sizes greater than 100 nm. Similarly, at the tissue
level, the enhanced permeability and retention (EPR)20 effect
19A

variety of light-triggered delivery systems are currently under development.
Near infrared (NIR) light is a promising source of radiation that is absorbed by
nanosilver and nanogold particles but not biological tissue. This property can be
exploited if these particles (alone or with incorporated active agents) are targeted
to tumors and irradiated via NIR, thereby causing thermolysis of tumors without
damage to the surrounding tissue.
20There 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 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. These are
general statements as there is a wide variability in nanoparticle type and size
employed to achieve the desired result or therapeutic outcome. One must
examine the specific nanoparticle on a case-by-case basis to see whether it is
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that makes nanoparticle drug delivery an attractive option
operates in a wide range, with nanoparticles of 100–1,000 nm
diffusing selectively (extravasation and accumulation) into the
tumor [60]. 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/or marketed nanodrug products
where the particle size does not fit the sub-100 nanometer
profile: Abraxane (~130 nm), Myocet (~190 nm), Amphotec
(~130 nm), Epaxal (~150 nm), Inflexal (~150 nm), Lipodox
(180 nm), Oncaspar (50–200 nm), Copaxone (1.5 to 550 nm), etc.
This does not imply that any size will do for nanodrug delivery.
For example, submicron sizes are generally considered essential
for biological distribution of biopharmaceuticals for safety
reasons [61]. Particles greater than 5 μm can often cause
pulmonary embolism following intravenous injection [62].
Therefore, submicron particle size is preferred for all parenteral
formulations. In ophthalmic applications, the optimal particle
size is less than 1 μm because microparticles around 5 μm can
cause a scratchy feeling in the eyes [63].
Since there is no formal or internationally accepted definition
for anything “nano,” there is no standard definition for a nanodrug.
The following is my definition for a nanodrug [59]:
A nanodrug is a formulation, often colloidal, containing
therapeutic nanoparticles of size 1–1,000 nm; wherein the
therapeutic is also the carrier or the therapeutic is directly
coupled (functionalized, solubilized, entrapped, coated) to a
carrier.

phagocytosed 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.

What Are Nanodrugs?

1.8.4  Developing Future Nanodrugs
By all estimates, nanomedicine is blossoming into a robust
industry, albeit gradually. The global nanomedicine market was
reported to be worth $72.8 billion in 2011, $138 billion in 2016
and is predicted to be worth $350 billion by 2025 [64]. Data
obtained from industry and the FDA show that most of the
approved or pending nanodrugs are oncology-related and based
on protein–polymer conjugates or liposomes.
The first FDA-approved nanodrug was Doxil® (doxorubicin
hydrochloride liposome injection) in 1995 while AmBisome®
(amphotericin B liposome injection) was the first one approved
by the EMA in 1997. The first protein-based nanodrug to receive
regulatory approval was albumin-bound paclitaxel (Abraxane®),
approved by the FDA in 2005. However, note that a nanoparticulate
iron oxide intravenous solution that was marketed in the 1960s
and certain nanoliposomal products that were approved in
the 1950s should, in fact, be considered true first-generation
nanodrugs. Polymer–drug conjugates (with a short peptide spacer
between the two that prolonged release) were also prepared
back in the 1950s, when a polyvinylpyrrolidone–mescaline
conjugate was produced.
Half a century since ADCs, various classes of nanoscale
drug delivery systems are in early development though firstgeneration nanodrugs have been commercialized (Fig. 1.11). Few
are completely novel while most are redesigned or reformulated
versions of earlier drug formulations (Fig. 1.11). However, the
revolutionary second- and third generation nanodrugs are
currently in preclinical or clinical stages. Advanced future nanodrug will be those that can (i) deliver active agents to specific
tissue, cells, or even organelles (“site-specific, precision, or targeted
drug delivery”); and/or (ii) oﬀer simultaneous controlled delivery
of active agents with concurrent real-time imaging (“theranostic
drug delivery”). As nanodrugs move out of the laboratory and into
the clinic, various global regulatory agencies and patent offices
will continue to struggle to encourage their development while
imposing some sort of order in light of regulatory, safety, and patent
concerns.
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1.9  Nanodrugs in the Era of Generics
There are enormous pressures on drug regulatory agencies such
as the FDA and the EMA to approve follow-on versions (i.e., generic
equivalents) of branded drug products. Frankly, judging from
the rapid pace of biosimilars approved in the past 2–3 years, the
Trump administration seems to be pushing for an increase in
generic approvals at the FDA. Concurrently, the increase in the
number of drug companies targeting generic opportunities and
seeking US market exclusivity for generic versions of major branded
products is on the rise. There are many factors for this, including
governmental drug policy, price pressures, and statutes. But it is
critical that safety issues, immune aspects, and efficacy of these
follow-on versions be transparently evaluated by regulators in
a science-based context and also fully reported by developers
during all phases of the drug R&D process (from preclinical to
post-marketing). Lower drug prices, a priority for the Trump
Administration [65], should not supplant patient safety and
drug efficacy (Box 1.19).
Globally, the regulatory landscape for approval of generic
nanodrugs is a murky one. On the one hand, the FDA has published
several draft documents pertaining to specific nanodrugs. On
the other hand, some countries have already approved multiple
generic nanodrugs of dubious efficacy, safety, purity and
composition that are being provided to patients without rigorous
physicochemical characterization (PCC), adequate clinical trials
and with little to no manufacturing oversight. In this context, the
recent FDA approval of multiple generic versions of Copaxone®,
despite immunological concerns, is an example that merits
discussion as it highlights this problematic issue [66]. Copaxone®
is a nonbiologic complex drug (NBCD) (Box 1.10) but can also be
defined a nanodrug. Furthermore, it shares features with biologics
and given the loose definition for biologics, it can also be classified
as a biologic. In this chapter, it will be considered a NBCD, a
nanodrug, and a biologic. Owing to the complexity of NBCDs and
nanodrugs, showing equivalence is more challenging for their
follow-on versions [66–69]. Therefore, the interchangeability or
substitutability of nanosimilars and their reference listed drug(s)21
21A

Reference Listed Drug (RLD) is an approved drug product to which new
generic versions are compared to show that they are bioequivalent and a generic
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cannot be taken for granted. In the past, nanosimilars have been
approved via generic pathways but differences in clinical efficacy
and safety have been reported in the scientific literature following
approval [66, 69].
Box 1.10 What Is a Nonbiologic Complex Drug?

“A medicinal product, not being a biological medicine, where
the active substance is not a homomolecular structure, but
consists of different (closely) related and often nanoparticulate
structures that cannot be isolated and fully quantitated,
characterized, and/or described by physicochemical analytical
means. It is also unknown which structural elements might
affect the therapeutic performance. The composition, quality,
and in vivo performance of NBCDs are highly dependent on
the manufacturing processes of both the active ingredient
and the formulation. Examples of NBCDs include liposomes,
iron-carbohydrate (iron-sugar) drugs, and glatiramoids.”
Source: [66].

Bioequivalence regarding biologics and nanodrugs is a
complex and prickly issue. Regulatory approval of biosimilars and
nanosimilars is neither straightforward nor standardized. The
following discussion regarding biosimilar therapeutic monoclonal
antibodies (TMAbs) highlights the fact that such follow-on biologic
approval by a regulatory agency must be carefully evaluated
on a case-by-case basis for clinical data based on the “totalityof-evidence” [70]:
By contrast with generic small-molecule drugs, clinical
performance of a biologic pharmaceutical is a function of
its structural complexity and higher-order structure (HOS).
Biomanufacturing controls of such complex products cannot
fully ensure chemical similarity between an innovator product
and putative biosimilar because minor differences in chemical
modifications and HOS can significantly alter a product’s safety
and efficacy. Therefore, to substantiate claims of clinical
functionality, a demonstration of bioequivalence is inadequate

drug company seeking approval to market a generic equivalent must refer to it in its
ANDA filing.
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for biosimilar pharmaceuticals. This is different from
regulatory approval for generic drugs, in which bioequivalence
demonstration is adequate. The overall challenge in approving
biosimilar pharmaceuticals is to enable scientific inference of
similarity in safety and efficacy for a new biologically derived
product compared with an innovator without repeating
burdensome clinical studies….So although they are helpful,
biological and/or functional assays may not fill a gap in
analytical assay sensitivity to detect minor conformational
differences between biosimilar TMAbs and innovator products.
It is important to note that no analytical test or combination for
HOS has yet been sufficiently validated for analytical testing
as a substitute for clinical studies in the development of a
biosimilar TMAbs drug substance.
In 2010, the Biosimilars Act (Section 1.5) was enacted into law
in the US. This established an approval route for generic biologics
analogous to small molecule drugs, expanding patient access to
some of the most expensive drugs on the market [44]. However,
there is no codified generics approval pathway for nanodrugs
at present. Moreover, in the absence of universal nomenclature
for nanodrugs, although some overlap exists, the biosimilar
definition does not fit them. The rules in place for small molecule
drugs are being tailored for nanosimilars; this is an imperfect
approach.
Furthermore, as indicated above, some of these complex
nanodrugs can be classified as NBCDs, which could present
additional issues for regulatory agencies as they review generic
versions of NBCDs (Box 1.11). The FDA currently lacks an official
definition of NBCDs for regulatory purposes and has categorized
certain drug products as complex based on a variety of factors
as outlined in the GDUFA II Commitment Letter (Table 1.6).
The FDA has approved few generic versions of NBCDs. However,
I strongly believe that since it is difficult to assess bioequivalence
for these complex drug formulations, there will almost certainly
be safety and efficacy problems later after generic NBCDs
are on the market for some time. Echoing this point, the US
Government Accountability Office (GAO) has recently voiced its
concern via a detailed report [71] critical of the FDA (Box 1.12).

Nanodrugs in the Era of Generics

Box 1.11 Producing Generics of Complex Drugs
“The experience gained with biosimilars has made it clear that
copies of complex drugs are more challenging to produce and
put on the market than generics. In the case of so-called NBCDs,
the complexity can arise either from a complex active substance
or by other factors, such as formulation or route of delivery.
Regulatory policies in the USA and the EU for the marketing of
NBCD copies are reviewed, using glatiramer acetate copies as
a case study. In the USA, they are approved and marketed as
generics (although needing additional data), and so they are
interchangeable with the originator. In the EU, they are managed
with a hybrid application, and their interchangeability and
substitution are established by individual member states.

The current orientation of regulatory agencies in the USA
and Europe is toward a generic approach, integrated with
additional data determined on a case-by-case basis. Even
though the specificity of NBCDs is recognized and further
studies are required in addition to bioavailability, the outcomes
might be different in the two jurisdictions. The case of GA
[Glatiramer acetate] is particularly indicative of this divergence.
In the USA, copies of Copaxone® were approved by the FDA
based on equivalence of (i) the fundamental reaction scheme,
(ii) physico-chemical properties, (iii) structural signatures
for polymerization and depolymerization and (iv) biological
assay results. Those copies are considered interchangeable.
In the EU, regulatory authorities required an additional clinical
study, based on EMA recommendations. Interchangeability and
substitution schemes have been managed on a case-by-case
basis by national agencies. However, an alignment of US and EU
regulatory policies has started. On the one hand, based on the
‘Deemed to be a License’ provision of the BPCIA, the copies of
some biologics, such as insulins, will be treated similarly. On the
other hand, the divergence in regulatory policies for products,
such as LMWHs [Low-molecular-weight heparins] that are
considered biologics in the EU but not in the USA, are deemed
to converge owing to advances in analytical methods, which
(Continued)
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Box 1.11 (Continued)

enable a reduction in required clinical data, and to the increased
regulatory experience...even where NBCD copies are approved
as generics, they should not be automatically considered in
the same class as small molecule bioequivalent medicinal
products and regulatory authorities should consider the impact
of the generic classification on post-marketing issues, such
as traceability and substitution practices.”
Source: [72].
Box 1.12 GAO to FDA: Revised Guidance on NBCDs Needed
“To assess the equivalence of generic versions of NBCDs, drug
company sponsors and FDA may need to take more steps
compared with generic versions of noncomplex drugs. All but 2 of
the 19 stakeholders GAO interviewed agreed that it is challenging
to demonstrate equivalence. However, they disagreed about the
extent of the challenges and whether those challenges could be
overcome. For example, while some brand-name drug sponsors
suggest it may be impossible to show that the active ingredient
is equivalent between a brand-name and generic complex drug,
some generic drug sponsors believe it can be done through
advanced scientific methods. GAO identified several steps that
have been taken that may help address the challenges associated
with reviews to determine equivalence of generic NBCDs to their
brand-name counterparts. However, stakeholders disagreed
about whether these steps have been enough. For example, to
facilitate the entry of generic drugs on the market, including
NBCDs, FDA issued product-specific guidance documents to
industry, providing recommendations on how to demonstrate
equivalence for certain products. While some stakeholders
cited product-specific guidance as helpful, representatives of
four brand sponsors said the guidance does not adequately
address the scientific complexities of NBCDs. Further, guidance
for some NBCDs was revised numerous times without any
advance notification to industry, according to representatives
of generic drug sponsors. Internal control standards for the
federal government on communication state that sharing quality

Nanodrugs in the Era of Generics

information with external parties is necessary to achieve an
entity’s objectives. FDA’s good guidance practices regulation
also specifies that the agency will publish a list of possible
topics for guidance development or revision for the next year.
Although the FDA publishes such a list annually, it does not
include product-specific guidance documents. The lack of
advance communication on guidance issuance and subsequent
revisions can create setbacks for generic drug sponsors. For
example, according to such sponsors, it may take considerable
time, effort, and other resources for them to update their
applications to market a generic drug in response to unexpected
changes in guidance. This could delay or prevent the entry of
some generics to the market.”
Source: [71].

Table 1.6 Categories and Descriptions of Drug Products that the FDA
Categorizes as Complex
Category

Examples

Complex active
ingredients

Peptides, polymeric compounds, complex mixtures of
active pharmaceutical ingredients, naturally sourced
ingredients

Complex
formulations

Liposomes and colloids

Complex routes of Locally acting drugs such as dermatological products
delivery
and complex ophthalmological products and otic
dosage forms that are formulated as suspensions,
emulsions, or gels
Complex dosage
forms

Transdermals, metered dose inhalers, and extended
release injectables

Other

Other products where complexity or uncertainty
concerning the approval pathway or possible
alternative approach would benefit from early
scientific engagement

Complex
drug-device
combinations

Auto injectors, metered dose inhalers

Courtesy of the GAO and the FDA.
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In 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 was Doxil®, and to curb this shortage, the FDA
on February 21, 2012, authorized the temporary importation
of Lipodox® (doxorubicin hydrochloride liposome injection,
Sun Pharmaceutical Industries Ltd., India), a generic version of
Doxil®. Following this, the FDA evaluated and approved Lipodox®
within a year on February 4, 2013, in roughly one-third of the
time it takes for an average generic to receive premarket
regulatory approval. Hence, Lipodox® became the first generic
nanodrug (nanosimilar) approved in the US. Obviously, this
helped alleviate the Doxil® shortage and reduced the cost of care
(Fig. 1.12). However, a recent study [73] concluded that “the data
available from this study and in the peer-reviewed literature are
compelling suggesting that Lipodox for treatment of recurrent
ovarian cancer does not appear to have equal efficacy compared
to Doxil. It raises many concerns how to balance the challenges
of drug shortages with maintaining the standards for drug approval.
A prospective clinical study to compare the two products is
warranted before Lipodox can be deemed equivalent substitution for
Doxil.”
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Figure 1.12 Cost for Treatment of AIDS-Related Kaposi Sarcoma (KS)
from January 2008 to September 2014.

FDA Regulation of Nanodrugs

It is clear from the specific examples of Copaxone® as well
as Lipodox® discussed above, generic approval of nanodrugs,
biologics and NBCDs is a complex problem. I believe that while
the development of generics is important to facilitate patient
access to vital drugs at a reasonable price, generic approvals,
especially those of nanodrugs, biologics, and NBCDs should be
science-based, data-driven, and reported transparently. Often,
this will mean that any proposed follow-on product (nanosimilar,
biosimilar or NBCD follow-on) be reviewed by regulatory agencies
on a case-by-case basis vis-à-vis its long-term safety and efficacy
profiles relative to its corresponding branded version. Often,
this may only be possible if regulatory review is based upon
data from appropriate (non-abbreviated) clinical testing.22
Despite the complexity of NBCDs, surprisingly, regulatory agencies
continue to approve generic versions of NBCDs through the
ANDA pathway. This is alarming to me. How can the FDA or the
EMA approve a generic NBCD if its branded counterpart (i.e., RLD)
has not been fully characterized? How can a generic NBCD be shown
to be equivalent to its brand-name counterpart? What about some
basic proof that no adverse drug reactions (ADRs) are possible for
the generic NBCD in the absence of trials? What about the immune
aspects, safety and efficacy problems that might not appear until
after the generic drug is on the market?

1.10

FDA Regulation of Nanodrugs: Gaps and
Baby Steps on a Bumpy Road

Advances in nanomedicine and the FDA system for governing
nanodrugs are inevitably intertwined. Internationally, regulatory
agencies continue to struggle in their efforts to develop new,
meaningful, regulatory definitions and balance them with policies
22Tyler,

R. S. (2013). The goals of FDA regulation and the challenges of meeting
them. Health Matrix, 22(2), 423–431: “[W]ith respect to drugs, there is no substitute
for a well-controlled clinical trial to establish a drug’s safety and effectiveness
and conducting such a trial is beyond the competence of individual consumers.
Consumers, unprotected by regulations requiring such trials, are unable to judge
the safety and effectiveness of a drug.…Nevertheless, the regulatory framework
is unsettled and there are now, as there have been in the past, demands in Congress
and elsewhere to change the laws under which FDA operates.”
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and laws that are already in place. However, guidance is critically
needed to provide clarity and legal certainty to manufacturers,
policymakers, healthcare providers and, most importantly, the
consumer. Common sense warrants that some sort of oversight or
regulation by the FDA is in order, at least on a case-by-case basis.
But, so far, the FDA has chosen to regulate nanodrugs solely via
laws that are already in the books.
Transparent and effective governmental regulatory guidance
is critical for nanomedical translation. However, emerging
technologies such as nanotech are particularly problematic
for governmental regulatory agencies to handle, given their
insular 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, despite numerous
harmonization talks and meetings, there is lack of consensus
on procedures, assays, and protocols to be employed during
preclinical development and characterization of nanomedicines.
The baby steps the FDA has undertaken over the past decade
have led to regulatory uncertainty [14–16, 51, 67, 68, 74, 75]. The
bumpy ride is likely to continue.
On a broader scale, there are major concerns regarding the
drug R&D and regulatory processes themselves. For example,
the “evidence” from clinical studies of drug effects and why such
evidence might fail in the prediction of the clinical utility of drugs
is an issue of much concern to many. Although the standards
used by the regulatory agencies have evolved and expanded over
the past two decades, serious issues persist with the current
approach (Box 1.13).
Many concerned experts highlight another key issue that
affects the entire pharma enterprise. It is referred to as the
“institutional corruption of pharmaceuticals” (Box 1.14) and is
due to an interplay of key players with often-serious conflicts
of interest: physicians, Congress, and the drug industry. Naturally,
this jeopardizes the safety and effectiveness of all drug products,
not only nanodrugs.
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Box 1.13 Defects in the Drug Research Environment
“Problems in clinical studies are an indication of missed
opportunities to successfully define the real-world effectiveness
and safety of drugs. Driven largely by commercial interests,
many clinical studies generate more noise than meaningful
evidence to guide clinical decision making. Greater involvement
of nonconflicted bodies is needed in the design and conduct of
clinical studies, along with more head-to-head comparisons,
representative patient populations, hard clinical outcomes, and
appropriate analytical approaches. Documenting, registering,
and publishing study protocols at the outset and sharing
participant-level data at study completion would help ensure
transparency and enhance public trust in the clinical research
enterprise. Such an approach is needed to generate evidence
that is better suited to the tasks of predicting the clinical utility
of drugs and providing the information needed by patients and
clinicians. Future efforts should focus on engaging the industry,
researchers, regulators, clinicians, patients, and other decision
makers in discussions to develop transformative ideas with the
aim of tackling the numerous defects in the current research
environment. Emerging ideas should be piloted and subjected
to scientific scrutiny before they are widely implemented and
touted as solutions.”
Source: [76].
Box 1.14 Institutional Corruption of Pharmaceuticals
“Institutional corruption is a normative concept of growing
importance that embodies the systemic dependencies and
informal practices that distort an institution’s societal mission.
An extensive range of studies and lawsuits already documents
strategies by which pharmaceutical companies hide, ignore, or
misrepresent evidence about new drugs; distort the medical
literature; and misrepresent products to prescribing physicians....
First, through large-scale lobbying and political contributions,
the pharmaceutical industry has influenced Congress to pass
legislation that has compromised the mission of the Food
(Continued)
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Box 1.14 (Continued)

and Drug Administration (FDA). Second, largely as a result of
industry pressure, Congress has underfunded FDA enforcement
capacities since 1906, and turning to industry-paid “user fees”
since 1992 has biased funding to limit the FDA’s ability to protect
the public from serious adverse reactions to drugs that have
few offsetting advantages. Finally, industry has commercialized
the role of physicians and undermined their position as
independent, trusted advisers to patients.”
Source: [77].

Not all nanoscale materials are created equal. Some
nanomaterials or products that incorporate nanotech may be
toxic, their toxicities depend upon factors that are materialspecific and/or geometry-specific. But, the toxicity of many
nanoscale materials is not fully apparent. Moreover, because
premarket testing of nanodrugs will not detect all adverse
reactions, it is crucial that long-term safety testing be conducted.
Therefore, postmarket tracking or a surveillance system must be
adopted to assist in recalls. Toxicity data specific to nanomaterials
and nanodrugs needs to be collected and an effective risk
research strategy devised. The FDA should seriously contemplate
nano-ingredient labeling, where appropriate. Clearly, in many
cases, explicit labeling of nanomedical products for consumers
is warranted to inform the consumer that these products
contain nanotechnology or nanomaterials, especially if
there is some evidence of toxicity of their nano-ingredients.
Consumer education and public awareness campaigns are the
way to go.
The FDA is criticized for producing legally nonbinding
“draft” guidance documents while the EMA has similarly issued
“position papers.” The 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 [78]: “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
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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....”
As briefly discussed previously (Section 1.3), if a size limit
must be tagged onto nanodrugs, then an upper limit of 1,000 nm
may be most appropriate. The FDA, which was involved in the
formulation of the flawed sub-100 nm NNI definition, has not
adopted any “official” regulatory definition for nanotechnology
or nanoscale. However, since 2011, following the publication of a
“draft” guidance document on nano, it uses an awkward, “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 1,000 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 greater than
100 nm [79].
Products submitted to the FDA for market approval, including
some that may contain nanomaterials, nanodrugs or involve
nanomedicine, are evaluated according to a category-based system
in one of nine FDA centers that focus on a specific area of regulation.
However, certain therapeutics are combination products, which
consist of two or more regulated components (drug, biologic or
device) that are physically, chemically or otherwise combined/
mixed to produce a single entity. In such cases, the FDA determines
the “primary mode of action (PMOA)” of the product, which is
defined as “the single mode of action of a combination product
that provides the most important therapeutic action.” This
process is frequently imprecise because it is not always possible
to elucidate a combination product’s PMOA. Especially, with
the demise of pharma’s blockbuster model, in future, novel
“multifunctional/multicomponent” nanodrugs (theranostics) will
be designed that incorporate a drug plus in vivo diagnostic in the
same engineered nanoparticle. In the future, innovative drugs
may also depend upon the use of associated in vitro diagnostics.
As these increasingly complex combination products23 (known
23For

example, biohybrid sperm microbots, which could be used in the
future to deliver anti-cancer drugs to cancerous tumors in women’s
reproductive tracts, are being developed. See: Xu, H., Medina-Sánchez,
M., Magdanz, V., Schwarz, L., Hebenstreit, F., and Schmidt, O. G. (2018).
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as “borderline products” by EMA) seek regulatory approval, they
are sure to present additional headaches for the FDA because the
agency’s current PMOA regulatory paradigm may prove ineffective.
Moreover, adverse drug reactions (ADRs), especially immunogenic
effects, are likely to be especially challenging to evaluate for highly
complex drugs. In fact, more than a decade ago in 2007, an FDA
Nanotechnology Task Force highlighted this problem with nanocombination products (NCPs) as necessitating further exploration—
specifically, whether employing the combination product approach
to determine the regulatory pathway to market a NCP as a drug,
medical device, or biological product was appropriate. Sadly,
no guidance or report on this important issue has been issued by
the FDA. The 2007 FDA Nanotechnology Task Force report states
[80]: “The very nature of nanoscale materials—their dynamic quality
as the size of nanoscale features change, for example, and their
potential for diverse applications—could permit development of
highly integrated combinations of drugs, biological products, and/or
devices, having multiple types of uses, such as combined diagnostic
and therapeutic intended uses. As a consequence, the adequacy of
the current paradigm for selecting regulatory pathways for
‘combination products’ should be assessed to ensure predictable
determinations of the most appropriate pathway for such highly
integrated combination products.”
Obviously, there are potentially serious and inhibitory
consequences if nanodrugs are overregulated. 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 nanomedical
product needs to be regulated. However, more is clearly needed
from regulatory agencies like the FDA and EMA than a stream of
draft guidance documents and policy papers that are often short
on specifics and fail to address key regulatory issues. There is
a very real need for regulatory guidelines that follow a sciencebased approach and that are responsive to the associated shifts
in knowledge and risks.
Sperm-hybrid micromotor for targeted drug delivery. ACS Nano, 12(1),
327–337. Also, see Chapters 14 and 15 in this volume.
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Protecting Inventions via US Patents

The patent system...secured to the inventor for a limited time
exclusive use of his inventions, and thereby added the fuel of interest
to the fire of genius in the discovery and production of new and useful
things.
—Abraham Lincoln (1809–1865), 16th US President and
inventor
A country without a patent office and good patent laws is just a
crab, and can’t travel any way but sideways and backways.

—Mark Twain (1835–1910), American writer and humorist

Chance favors only the prepared mind.

—Louis Pasteur (1822–1895), French chemist and Father
of Microbiology



Globally, industries that produce and manage “knowledge” and
“creativity” have replaced capital and raw materials as the new
wealth of nations. Property, which has always been the essence
of capitalism, is increasingly changing from tangible to intangible.
Intellectual property (IP) rights are a class of assets that accountants
call intangible assets. These assets play an ever-increasing role in
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the development of emerging technologies like biotechnology,
drug development, and nanotechnology. Modern IP consists of
patents, trademarks, copyrights, and trade secrets. Patents are
the most complex, tightly regulated, and expensive form of IP.
They have the attributes of personal property—they may be assigned,
bought, sold, or licensed.
Patent law is a subtle and esoteric area of law that has
evolved in response to technological change. It has been modified
numerous times since 1790, the year the first US Patent Act was
enacted. This is due to new interpretations of existing laws by
the PTO and by the courts, or by creation of new laws by Congress,
often in response to new technology. Patent law, arguably one
of the most obscure legal disciplines, is now at the forefront
of nanomedicine.24
The Founding Fathers incorporated the concept of patents
into the Constitution under Article 1, Section 8, Clause 8, whereby
Congress was given the authority “[t]o promote the progress of
science and the useful arts, by securing for limited times to authors
and inventors the exclusive right to their respective writings
and discoveries.” President Washington signed the first US Patent
Act on April 10, 1790. Title 35 of the United States Code codified
the Patent Act of 1952, the Act currently in use. Since the granting
of the first US patent in 1790, more than 10 million patents have
been issued by the PTO, an agency of the US Department of
Commerce. In fact, 1790 was the first year of operation for the
PTO and it issued only three patents. The number of patent
applications filed have been generally increasing over the years
and currently there is an astounding backlog of over 500,000+
unexamined US patent applications. The PTO is unique among
federal agencies because it operates solely on fees collected by its
users, and not on taxpayer dollars and it operates like a business
24As

the line between academia and industry becomes fuzzier, the axiom
for success in science, “publish or perish,” is being replaced with “patent
or perish” or “patent and prosper.” Some universities are straying away
from their “education mission” by focusing on patents for potential
license revenue. I believe that patents are as important, if not more so, as
publications on curriculum vitae, and have a major impact in academia on
hiring, tenure, and promotion.
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in that it receives requests for services—applications for patent
examination and trademark registrations—and charges fees.
Patentable inventions need not be pioneering breakthroughs;
improvements of existing inventions or unique combinations or
arrangements of old formulations may also be patented. In fact,
majority of inventions are improvements on existing technologies.
However, not every innovation is patentable. For example, abstract
ideas, laws of nature, works of art, mathematical algorithms,
unique symbols, and writings cannot be patented. Works of art
and writings, however, may be copyrighted and symbols may be
trademarked. Laws of the universe or discoveries in the natural
world, even if revolutionary, cannot be patented. For instance,
Einstein’s Law of Relativity cannot be considered anyone’s IP. For
a US patent to be granted, an invention must meet specific criteria
as set forth in US statutes.
A US patent provides protection only in the United States, its
territories, and its possessions for the term of the patent. A patent
is not a “hunting license”; it is merely a “no trespassing fence”
that clearly marks the boundaries of an invention (Brenner v.
Manson, 1966) [81]. In other words, a patent grant is a negative
grant; it prevents other parties from using the invention without
prior permission of the patent holder (which can be in the form
of a license). This does not imply that the patent holder can
automatically publicly practice (i.e., commercialize) the invention.
Often, appropriate government regulatory approval is required.
It is estimated that most of the of the world’s patents are issued
through the US, China, South Korea, Europe, and Japan. Legally
speaking, a US patent is a document granted by the federal
government (at the PTO) whereby the recipient (“patentee”) is
conferred the temporary right to exclude others from making,
using, selling, offering for sale, or importing the patented invention
into the US for up to 20 years from the filing date. Similarly, if the
invention is a process, then the products made by that process
cannot be imported into the US.
All patented inventions eventually move “off patent” at the
end of their patent term (“patent expiration”) at which time they
are dedicated to the public domain. This is the basis for low-cost
generic drugs that appear in the marketplace following expiration
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of the costlier versions of the patented branded drug. Current
US patent laws allow granting a patent on new drug formulations
that have been created from old drugs, for instance, via novel
DDS. Nanotechnology could also allow reformulation of existing
and orphaned compounds. These new reformulations may qualify
as NCEs at the FDA and for patents at the PTO. In other words,
“nanoformulations” of older drugs may be patentable if they fulfill
all the criteria for patentability. Furthermore, innovative DDS or
platforms may be patented on their own under current US patent
statutes. Innovative DDS could enable drug companies to devise
novel drug reformulations of off-patent or soon-to-be off-patent
compounds. This strategy could delay or discourage generic
competition during the most profitable years of an innovator drug’s
life cycle, especially if the reformulated drug is superior to its
off-patent or soon-to-be off-patent counterpart. This approach,
in effect, stretches the product life cycle of an existing, branded,
patented drug. This strategy, commonly referred to as “product-lineextension,” is broad in scope and includes any second-generation
adaptation of an existing drug that offers improved safety,
efficacy, or patient compliance. In fact, successful reformulation
strategies should focus on how to add value through added ease
and convenience for the consumer. If this approach is successful,
the innovative DDS or platforms can maintain market share
even after generics appear in the marketplace. Another oftenemployed approach is to develop and patent a novel polymorph
of the innovative drug compound prior to patent expiration. Yet
another strategy involves generating patent protection from a
competitor’s formulation (patented or off patent), by analyzing
the competitor’s existing patent claims, then tweaking them and
filing patents that circumvent the competitor’s specific use or DDS.
The basic rationale underlying patent systems, both in the US
and abroad, is simple enough: An inventor is encouraged to apply
for a patent by a grant from the government of legal monopoly
of limited duration for the invention. This limited monopoly or
proprietary right justifies R&D costs by assuring inventors the
ability to derive economic benefit from their work. In exchange
for this grant, the inventor publicly discloses the new technology
that might have otherwise remained secret (an “immediate

Protecting Inventions via US Patents

benefit” to the public) and allows the public to freely use,
make, sell, or import the invention once the patent expires (a
“delayed benefit” to the public). Hence, the new technology that
is brought to light in the form of valuable technical information
provides a continuous incentive for future innovation. In this
way, society obtains a quid pro quo from inventors in exchange
for the temporary grant of exclusive rights. Such an advantageous
exchange stimulates commerce (a “long-term benefit” to the
public). Patent protection is the engine that drives industry and
the incentive for it to invest in R&D to innovate. Clearly, without
such protection, most companies would avoid costly R&D, and
society would be deprived of the many benefits thereof. However,
it is critical that the scope or breadth of the patent issued by the
PTO be just right; it should neither be unduly broad, nor should
it be too limiting. In other words, the invention granted a
patent should just fit within the boundaries of that patent.
Unfortunately, this is not always the case.
Obtaining a patent for an invention is often a long, expensive,
and tedious process that generally involves the inventor, patent
counsel, or practitioner (i.e., patent agent or patent attorney) and
PTO staff (especially a “patent examiner”). Patent examiners are
PTO personnel who review the filed patent application to ensure
that it fulfils all pertinent requirements of the law. This review
process is commonly referred to as an “examination.” The
exchange of documents between the PTO and the patent counsel
is broadly known as “prosecution.” If the examiner believes that
all requirements for a patent are met, then a “notice of allowance”
is issued to the applicant. Following this, a patent is issued once
the applicant pays an “issuance fee.” Upon issuance, the entire
contents of the patent application (“the file wrapper” or “prosecution
history”) along with a copy of the patent and all future documents
pertaining to the patent, are made available to the public. The
entire patent examination process, starting with the filing of the
patent application to its allowance or final rejection, may take
anywhere from 1 to 5 years, or longer. This depends upon variables
such as the specific technology area within the PTO where the
patent is being reviewed by the patent examiner and the time to
process the paperwork that accompanies the patent application
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by the PTO. As part of the patent prosecution, all applications filed
on or after November 29, 1999, are generally published 18 months
after filing.

Top: Courtesy of ReubenGBrewer, licensed under the Creative Commons AttributionShare Alike 4.0 International license. Bottom: Courtesy of Alan Kotok, licensed under the
Creative Commons Attribution-2.0 Generic (CC BY 2.0).
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Because, for most patents, the patent term commences on
the date of filing and ends 20 years thereafter, most commercially
valuable nanomedicine inventions are, in reality, in the marketplace
prior to the actual patent grant date (unless regulatory approval is
sought). Generally, it is impossible to predict the future commercial
success or commercial viability of an issued patent. In part,
this is because most patents are filed at the PTO without any
clear idea of whether the invention is commercially valuable.
For example, in nanomedicine, patent applications are continuously
being filed on many drugs, therapies, and devices even before it
is known that they will be ruled safe and effective by the FDA. If
litigation rates are any indicator of commercial value, then only a
tiny fraction of patents are commercially significant. Although
obtaining a patent does not ensure commercial success, economists
view patenting as an indicator of scientific activity [82]. They argue
that this is the basis for providing a nation with a competitive
advantage, fueling its economy.
In recent years, however, patents have become the subject of
much debate, controversy and even outright theft (Box 1.15). Some
view patent laws (and most international treaties) are unfairly
providing an economic advantage to some over others [83]. It has
even been suggested that patent laws and IP are the products of
a new form of Western colonialism designed to deny the
developing world access to common goods. Issues like biopiracy
and IP theft have been proffered as reasons for the unavailability
of essential drugs to the poorest and neediest people in the world.
Not surprisingly, those in the developing world support patent
protection but prefer a regime that suits their own national interests.
In this regard, they highlight the fact that although Western drug
companies continue to cite the need to reward innovation as a
justification for stronger patent laws or patent enforcement, in
reality, they continue to spend more on reformulating preexisting
drug formulations and on expensive litigation to protect their
current patents than to discover novel molecules. Regarding the
longstanding and contentious issue of IP theft, China has been
the major culprit (Box 1.15).
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Box 1.15 China’s Illegitimate Game of
Intellectual Property (IP) Theft

China’s disregard and theft of all forms of IP dates back decades.
Rampant Chinese theft of corporate IP ranges from forced
technology transfers, in which the Chinese government compels
companies investing in China to provide IP details and licenses,
to actual theft of IP—counterfeit of famous brands, pirating
software, and espionage and cyberattacks of trade secrets.
In fact, a new CNBC poll finds that one in five corporations
say China has stolen their IP within the last year [84]. The US
Trade Representative (USTR) has recently estimated the annual
IP loss to China at between $225 billion and $600 billion [84].
Chinese IP theft obviously damages non-Chinese companies
as not only they lose out due to direct counterfeiting, but they
need to lower their prices to compete in a country that supports
domestic industry. They are also forced to spend billions of dollars
to address possible infringements. Trademark infringement is
the most common form of IP violation in China, but copyright
infringement is the most damaging. The Chinese judicial system
is subservient to the ruling Communist Party, so court decisions
are usually rigged. Some studies conclude that more than half
of all technology owned by Chinese firms was obtained by
hook-or-crook from foreign companies.
On August 14, 2017, the US President via a Memorandum (82
FR 39007) instructed the USTR to determine under Section 301
of the Trade Act of 1974 whether to investigate China’s laws,
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policies, practices, or actions that may be unreasonable or
discriminatory and that may be harming American IP rights,
innovation, or technology development. On August 18, 2017,
the USTR, following a thorough Section 301 investigation,
determined the following Chinese actions are unreasonable or
discriminatory and burden or restrict US commerce [85a, 85b]:
First, China uses foreign ownership restrictions, such as joint
venture requirements and foreign equity limitations, and
various administrative review and licensing processes, to require
or pressure technology transfer from US companies.
Second, China’s regime of technology regulations forces US
companies seeking to license technologies to Chinese entities to
do so on non-market-based terms that favor Chinese recipients

Third, China directs and unfairly facilitates the systematic
investment in, and acquisition of, US companies and assets by
Chinese companies to obtain cutting-edge technologies and IP,
and generate the transfer of technology to Chinese companies.

Fourth, China conducts and supports unauthorized intrusions
into, and theft from, the computer networks of US companies to
access their sensitive commercial information and trade secrets.

The PTO does not police or monitor patent infringement and
it does not enforce issued patents against potential infringers.
It is solely up to the patentee to protect or enforce the patent,
all at the patentee’s own cost. The patentee may enlist the US
government’s help via the court system to prevent patent
infringement. However, PTO decisions are subject to review by
the courts, including the CAFC, and rarely, the US Supreme Court.
Sometimes Congress intervenes and changes or modifies some
of the laws governing patents. If a court deems a patent to be
invalid, the patent holder is unable to enforce it against any party.
However, suing an alleged infringer is a risky business because
when a patent holder sues an alleged infringer, there is a risk
that his/her own patent will be found to be invalid.
It took 75 years to issue the first million patents. The last
million patents took only three years to issue. It took 155 years
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(1836 to 1991) for the PTO to issue its first 5 million patents but
took only 27 years to issue the next 5 million.25 Has the quality
of patent examination at PTO gone down or are we in a world that
is generating more patentable technologies? I agree with legal
scholars who consider PTO grant rates to be high and this may
indirectly reflect a less rigorous review of patent applications
as compared to the other major patent offices. In other words,
these high allowance rates may be partly to blame for the
granting of poor-quality patents by the PTO [86]. In the US, since
the grant of a patent for a genetically modified (“engineered”)
microorganism in 1980 in Diamond v. Chakrabarty, it is accepted
that “anything under the sun that is made by man” is eligible for a US
patent. This legal interpretation encompasses genetically modified
animals (Box 1.16).
In the context of IP, patents in the nanomedical space are
essential. The protection of inventions via patents provides an
opportunity for nanomedical companies to recoup the high
cost of discovery by preventing competitors from entering the
marketplace while the patent is in force. Simply put, securing
valid and defensible patent protection from the patent offices is
critical to any commercialization effort. Valid patents stimulate
market growth and innovation, generate revenue, prevent
unnecessary licensing, and reduce infringement lawsuits. Obtaining
patents can add value to the bottom line of a company by increasing
its intangible assets and, more importantly, enhance the company’s
power in the marketplace by providing it with the right to
stop others from making or using the invention without permission.
Understanding the patent process, the patent landscape, and
white-space opportunities are essential to translational research
and the development of innovations for clinical use. White-space
opportunity, a metaphor about opportunity, is defined variously:
as a business space where there is little or no competition, or it
refers to entirely new markets, or it indicates gaps in existing
markets or product lines. So far, the process of converting basic
25The

first US patent was issued in 1790 while the numbering system was
established in 1836.
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research in nanomedicine into commercially viable products has
been difficult. IP, obviously, is the lifeblood of any nano-enterprise,
both as an enabler of translation and sometimes as a barrier to
competition or litigation. Patents can have an impact at all stages
in the translation pipeline: preclinical research stage, clinical
trial stage, at the point of commercialization, and when the product
is in the clinic.
Freedom-to-operate or FTO (also called “product clearance” or
“right to use” opinions) is another important patent concept that
nano-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
time-consuming and expensive process for both parties); and
(ii) assist researchers in protecting their own IP by assessing their
inventions and the scope of protecting them via patents relative to
other art in their field of research. In other words, FTOs are often
used to determine whether a particular action, such as testing
or commercializing a product, can be done without infringing
valid patents belonging to others. Because patents are specific to
different jurisdictions, an FTO analysis should relate to countries
or regions where you want to operate or commercialize your
nanoproduct. FTO analysis involves identifying and analyzing
patents belonging to others that may subject your company to
patent infringement liability. To limit its risk of potential litigation
and avoid unnecessary expenses, an FTO should be performed
before developing and launching a new product or before acquiring
a new company. Preferably, in nanomedicine, it should be done
during the preclinical stage so that the company is able to
(i) modify the product to work around the patent and avoid
future infringement before reaching a point of no return,
(ii) identify additional opportunities for patenting or further
R&D, or (iii) analyze its business position and have an opportunity
to take out a license.
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The idea of patenting life sounds like something straight out of George Orwell’s novel 1984. How ironic then that on
June 22, 1984, Harvard University filed a patent application at the US Patent Office for the Harvard OncoMouse...a
genetically engineered mouse containing human oncogenes (and hence its name) that predisposes it to developing
breast cancer. The application, titled “transgenic non-human mammals,” was awarded US Patent No. 4,736,866 on
April 12, 1988 (expired in 2005). This is the first patent on an animal and is a true milestone in biotechnology
patenting. The mouse, which has been licensed to Du Pont, is sold as a model for breast cancer research.
Although, its name is not as inspiring as “Mickey” or “Mighty,” the Harvard OncoMouse certainly has something to
squeak (or roar) about. Was there some controversy over patenting a living animal? You bet. There still is and there
probably always will be. To the outside observer, the notion of patenting a living thing smacks of scientists and
businessmen playing God. So how did this patent gain support? The seeds of approval were planted by the landmark
1980 Supreme Court’s 5-4 decision in Diamond v. Chakrabarty, a ruling that for the first time in the history of patent
law established that life was patentable. The Supreme Court stated that “a patent can be granted on anything
under the sun which can be made by man” and “the relevant distinction [in patentability] is not between living and
inanimate things, but whether living products can be seen as ‘human-made inventions.’” Prior to 1980, the US Patent
Office did not grant patents on microorganisms and cells developed via recombinant DNA technology, deeming
them to be “products of nature.” In fact, it routinely rejected patent applications pertaining to life-forms as nonstatutory subject matter under the traditional legal doctrine defined by 35 USC § 101. Although no patents were
granted on living organisms per se at this time, compositions containing living things, such as vaccines containing
attenuated bacteria were patentable. A boom in the US biotechnology industry followed the Chakrabarty decision,
largely due to the intellectual property protection now available to inventions of life. Based on this decision, the
US Patent Office in 1987 found in Ex Parte Allen that a radiation-induced variety of oysters were patentable, thereby
further reinforcing the concept of granting patents on modified life forms. On April 7, 1987, barely four days after
the Allen ruling, the US Patent Office announced that it now considered “nonnaturally occurring non-human
multicellular living organisms, including animals, to be patentable subject matter within the scope of 35 USC § 101.”

Box 1.16 Animals and Patents: The Mouse That Went to Harvard!
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Since development of transgenic animals is one of the most research-intensive industries in existence, without the
market exclusivity offered by a US patent, development of transgenic animals and their introduction into the marketplace
would be significantly hampered. Still, animal patenting continues to be one of the most contentious moral, ethical,
economic and legal issues of our times. This issue remains far from settled.

Transgenic animals like the Harvard OncoMouse have enormous potential to serve as models for studying human
diseases and in various aspects of the drug or device development process. In addition, they can act as “biofactories”
for biotherapeutic production; be used to generate organs and tissues for human transplantation; or serve as superior
farm animals that are more resistant to disease or have enhanced growth. Certain activist organizations, however,
view that it is an unethical and inappropriate use of the patent system to issue patents for sentient beings. In fact, over
the years some animal patents have been rescinded by the US Patent Office. Examples include a patent that had been
granted for rabbits whose eyes were intentionally damaged to serve as a model for human dry eye syndrome and
another to beagles useful in the evaluation of human intraluminal valve prostheses.

A 1989 challenge by the Animal Legal Defense Fund in federal court to the Harvard OncoMouse patent followed but
failed. Since then, public outrage and concern about animal patents has been expressed both in court and several
sessions of Congress. The courts have stated that the matter of animal patents should be directed to Congress, not
the judiciary branch. So far, various legislative efforts in Congress at placing a moratorium on animal patents
have been unsuccessful. In fact, as of 2019, over a thousand patents have been granted for various transgenic
(genetically altered) animals in the US and other nations, further fueling the biotechnology revolution of the 1980s.
The Harvard OncoMouse was finally awarded a patent in Europe (1992, revoked in 2006), Japan (1994), and Canada
(2003), following enormous opposition and delay.

In other words, the US Patent Office now viewed altered or genetically modified animals to be “nonnaturally occurring”
and “a product of human ingenuity.” Following this announcement, the Harvard OncoMouse patent was granted in
1988.

Protecting Inventions via US Patents
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Details on nanopatents, including the legal criteria necessary
to obtain a US patent (Fig. 1.13) and the prosecution process
for obtaining a US patent (Fig. 1.14), can be found elsewhere
[3, 5, 21, 27].
Despite scanty 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,
have been routinely granted by patent offices. In fact, “patent
prospectors” have been on a global quest for “nanopatent land
grabs” since the early to mid-1980s [27, 86–91]. As a result, patent
thickets26 in certain sectors of nanotechnology have arisen that
could have a chilling impact on commercialization activities. They
may also require innovators to reach licensing deals with multiple
partners for multiple patents. For example, the US 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 for this
is the fact that there is a lack of a nano-nomenclature whereby
inventors and scientists have employed distinct terms to refer
to CNTs. As a result, contrary to the foundations of US patent law,
various US patents on CNTs have been granted with legally identical
claims [92]. The expected negative impact on commercialization
and patent litigation has not arrived as of now because CNTs
have failed to deliver on their commercial potential. 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 the case of CNTs, the “peak of inflated expectations” of the 1990s
was replaced by the “trough of disillusionment” in the early 2000s
[93].
Patent offices continue 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. Additionally, nano’s
nomenclature issue (Section 1.3) is negatively affecting patent
drafting and prosecution.
26A

patent thicket is a dense web of overlapping patent claims that can potentially
impede a company to commercialize new technology.
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InvenƟon

Patent Eligible Subject MaƩer?
(Not Merely an Abstract Idea,
MathemaƟcal Formula, etc.)

No

Yes
Does the InvenƟon Have UƟlity?
(Is It Useful?)

Yes

No

No

InvenƟon Is Not
Patentable

Is the InvenƟon Novel?
Yes

Yes

Is the InvenƟon Obvious Over
Currently ExisƟng Prior Art?
No
InvenƟon Is Likely
Patentable!
(assuming compliance with
disclosure requirements
and other formaliƟes)

Figure 1.13  Legal Criterion to Obtain a US Patent.
Courtesy of Dr. Brian E. Reese, Choate, Hall & Stewart LLP, Boston, USA.
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Figure 1.14 Process for Obtaining a US Utility Patent.
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1.12  Bench-to-Bedside Translation of
Nanomedicine
The good physician treats the disease; the great physician treats
the patient who has the disease.
—William Osler (1849–1919), Canadian physician and
co-founder of Johns Hopkins Hospital

The successful warrior is the average man, with laser-like focus.

—Bruce Lee (1940–1973), American/Hong Kong actor and
martial arts master

No one can argue that the enormous infusion of public and private
investments in biomedical research has yielded drastically less
clinical products than expected. The relatively long time for
medical products from discovery to ultimate clinical use and
the relatively low proportion of discoveries that survived that
journey is a problem. There is consensus that the development
of (nano) medical products and interventions takes too long, is
too expensive, and fraught with failures at every stage of

Bench-to-Bedside Translation of Nanomedicine

development. There is too wide an innovation gap between basic
sciences (preclinical biomedical research) and clinical sciences
(development of novel therapeutic options for the patient).
This continues to threaten or stall translation of advances in the
laboratory to the patient’s bedside. These barriers to translational
research are relatively recent. In the 1950s and 1960s, basic
(or preclinical) and clinical research were tightly linked in agencies
such as the NIH, and clinical research was mainly conducted
by physician–scientists who also undertook patient care [94].
In the 1970s, this model changed with the explosion of genetic
engineering. Clinical and basic research started to diverge, and
biomedical research emerged as a unique discipline with its
own training. As a result, nowadays most of biomedical research
is conducted by highly specialized PhD-scientists while physicianscientists are a minority.
Creating medical products today, including nanomedical,
whether they are drugs, devices, or combination products, is a
complex process that requires a multiple of scientific disciplines.
It is time-consuming, expensive, and enormously challenging.
For example, de novo drug discovery and development is a
10–17 year process from conception to marketed drug (Figs. 1.2
and 1.3). Inherent to this complexity is low solubility and poor
bioavailability of the molecules being studied. It may take up to a
decade for a drug candidate to just enter clinical trials, with very
few tested candidates in trials reaching the clinic. In fact, often,
more drugs come off patent each year than are 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 [95].
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. 1.15). It is a graveyard for many good scientific
ideas, technologies, new products, and processes, representing
the transition from basic research activities to product
development. By extension, the same is true for nanomedicines.
All stakeholders—pharma, patients, regulators, patent offices,
funders—have suffered and are to blame for the valley of death.
Each needs to re-examine its role and become an active, full partner
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Figure 1.15 Mapping the “Valley of Death” in the Context of Product Development and Commercialization.
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in the biomedical ecosystem so that translational activities are
more fruitful. Similarly, although great strides have been made in
nanomedicine at the R&D or science level, especially in the areas
of drug delivery and nanoimaging, bottlenecks at the translational
level are impeding commercialization (Table 1.7). Therefore,
improving nanomedicine is a global priority that needs full
stakeholder input and serous focus (Table 1.8).
The European Society for Translational Medicine defines
translational medicine (TM) as an interdisciplinary branch of
the biomedical field supported by three main pillars (bench side,
bedside, and community) with the goal to combine disciplines,
resources, expertise, and techniques within these pillars to promote
enhancements in prevention, diagnosis, and therapies [96]. Given
this, the aim of TM [96] is to facilitate 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, that is, 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. TM invariably involves multidisciplinarity, collaboration,
and networking along with novel models, modes of communication,
and regulatory systems—all features that are the hallmark of
nanomedicine. The growth of TM, in general, has coincided with
an ever-changing pharma landscape.
However, despite 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 1.7). In the US, the
NIH has made TM a central piece of its so-called NIH Roadmap
for Medical Research [97] while the FDA launched a similar
“Critical Path Initiative” [98] to address the growing crisis in
moving basic discoveries to the market where they can be available
to patients. Although both governmental initiatives [97, 98]
were launched over a decade ago, they have proven unsuccessful
in dramatically improving the availability of new diagnostic/
therapeutic modalities to the American public. This is because
both the NIH and FDA have failed to address key blocks in
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– Technological challenges experienced during scale-up; scalability complexities regarding increasing production rate to enhance
yield

– Many currently used compounds/components for synthesis pose problems for large-scale current Good Manufacturing Practice
(cGMP)

– Lack of precise control over nanoparticle/nanomaterial manufacturing parameters and control assays

– Issues pertaining to separation of undesirables and impurities (by-products, catalysts, starting materials, etc.) during
manufacturing; presence of impurities or contaminants may trigger an immune response in patients; protein-based
nanodrug potency may be impaired via degradation

Commercial manufacturing and quality control (“the process is the product”)

– Failure of standard-setting organizations like ISO and ASTM to produce technical specifications that clarify the issue

– FDA, EMA, and WHO cannot agree on definitions central to nanodrug development

– Discrepancies and inconsistent definitions in pharma, governmental agencies and regulatory bodies with respect to various
terms relevant to drug R&D spills into nanomedicine

– Different terms refer to identical nanomaterials and nanoparticles

– Lack of technical specifications, standards, guidelines, best practices, and measurements regarding “nano”

– Flawed US NNI definition of nanotechnology is a major issue

– Imprecise and confusing definition for nano-related terms in the literature, in patents and on websites

Nomenclature and terminology

Table 1.7 Select Barriers to Nanomedicine Translation
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(Continued)

– Immunogenicity of nanotherapeutics, especially protein-based, presents a major challenge to their development; immune
responses often result in reduced efficacy of the therapeutic or anaphylaxis in patient; C activation-related adverse effects of
certain nanodrugs, referred to as C activation-related pseudoallergy (CARPA), is now well accepted

– Mixed messages emanate from various federal agencies and transnational regulatory bodies regarding safety and toxicity issues
on similar/identical nanomaterials and nanoparticles

– Limited prior experience with toxicity assessment of nanoscale therapeutics; small number of approved nanomedicine
classes offers limited opportunities for study; lack of standard in vitro screening platforms that provide correlation of
potential in vivo bioperformance; high-throughput methods for nanomaterial binding, cell internalization and interaction with
plasma proteins and immune factors (e.g., complement) not available; biomarker methods for small-molecule analysis often not
suitable for nanodrugs

– Limited knowledge on biocompatibility and biodistribution of diverse nanomaterials and nanoparticles

– Lack of rational preclinical characterization strategies via multiple techniques

– Lack of in vivo knowledge regarding the interaction between nanomedical products and complex biosurfaces/tissues

– Unpredictable toxicity with respect to the diverse population of nanomaterials and nanoparticles

Toxicity and immunogenicity (Box 1.17)

– Batch-to-batch variability

– Stability of both the starting materials and the product (aggregation, degradation, etc.)

– Reproducibility issues such as control of size distribution and mass

– Complexities and high fabrication costs of various nanomaterials, nanoparticles, and nanotherapeutics; cost of raw materials;
expensive and time-consuming separation processes may be required

Bench-to-Bedside Translation of Nanomedicine
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– Barriers steeper for nanotherapeutics with respect to procuring funds to initiate a first-in-human (FIH) clinical trial

– Funders and venture capitalists often not experienced or versed in technological aspects and cannot fully gauge potential for
translation

– Prolonged timescale is a detriment to funders and investors

– Relative scarcity of venture funds due to the perception that most medical nanoproducts lack a good return on investment (ROI)

Funding challenges

– Ethical challenges and societal issues not transparently addressed by stakeholders

– Media hype and misinformation not effectively countered by academia, government, and industry

– Public suspicion of Governmental agencies and industry

– Perception that many nanoproducts are inherently unsafe

– Public’s general reluctance to embrace innovative or emerging medical technologies without clear safety and regulatory
guidelines

Consumer confidence

– Adsorption, distribution, metabolism, and excretion (ADME) studies regarding nanodrugs either lacking altogether or limited in
scope; physiochemical properties of engineered nanoparticles directly impact ADME and hence are fundamental determinants of
toxicity and efficacy

– Limited or lack of advanced tools, technologies, and characterization assays regarding nanomedical products providing potential
clarity; critical analysis, and comparison cannot be comprehensive at this stage given the scarcity of clinically approved
nanoproducts, heterogeneity of nanomaterials fabricated, lack of appropriate in silico modeling tools, and limited guidance from
regulatory agencies

Table 1.7 (Continued)
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– Emerging patent thickets due to a “patent prospector” mentality and issuance of overlapping patent claims

– Issuance of invalid patents or patents of unduly broad scope

– Patent review delays, spotty examination, and access to relevant “prior art” by patent examiners at patent offices

Patents

(Continued)

– Lack of consensus on the different procedures, assays, and protocols to be employed during preclinical development and
characterization of nanomedicines; this can also impact clinical trial design

– Challenges (cost, trial design, selection of participants, data analysis) with respect to international harmonization of bridging
studies and the design of global clinical trials

– Challenges in patient recruitment is more acute in nanomedicine due to factors such as strict inclusion/exclusion criterion and
delay by ethics committees

– General lack of knowledge about the FDA/EMA drug or device review process; limited understanding of the various aspects of
drug and device laws in various jurisdictions

– Cost, time, and effort required for clinical trials are a deterrent

Clinical research and trials

– Due diligence and peer review regarding translational potential of projects or research proposals often lacking during the funding
process

– Lack of industry support limits potential to reach FIH clinical trials in any research setting (academic, start-up, small company)

– Big pharma’s continued reluctance to seriously invest in nanomedicine, especially early-stage preclinical research lacking “proofof-concept” in man

Bench-to-Bedside Translation of Nanomedicine
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– Fancy animations on laboratory websites exaggerate preclinical data and clinical partnerships with pharma project false hope of
translational potential

– Research often focused on poorly characterized and nonbiodegradable nanomaterial-based platforms that may pose toxicity

– Professors behave more like “celebrity-academics” than serious researchers

– Exaggerated press releases from eminent university laboratories

Academia and the university professor

– More nano tools needed in academia, start-ups, and small businesses

– Centralized audit systems are costly and slow down work at small businesses

– The Small Business Innovation Research (SBIR) process in the US is still primarily focused on research and less on
commercialization

– Little assistance in attracting private and public funds

– Lack of mentorship and business planning assistance

– Limited tax-free bonds for financing, tax credits for capital investments, reduced capital gains tax rates, or investment-specific loan
guarantees

– General lack of financial incentives favoring long term nanomedicine investments

Support for small businesses and startups

– Limited knowledge regarding the basics of intellectual property law in academic circles and at start-ups

– A general lack of understanding of the patent process by stakeholders

Table 1.7 (Continued)
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(Continued)

– Issuance of too many nonbinding “draft” guidance documents by the FDA and “position papers” by the EMA to make substantive
policy changes

– Governmental regulatory bodies lack technical and scientific knowledge to support risk-based nano-regulation, creating a
significant regulatory void

– A lack of clear regulatory or safety guidelines

– Confusion and uncertainty due to “baby steps” undertaken by regulatory bodies such as the FDA and EMA

Regulatory uncertainty: gaps and baby steps

– A deficit in cross-disciplinary or hybrid scientific training at educational institutions; graduate studies too focused

– Lack of interdisciplinary research approach; lack of a collaborative spirit between industry and academia, or between clinical and
basic researchers

– Evidence of clinical validity and clinical utility of the research being conducted is often lacking

– Limited communication between clinical researchers and basic scientists

– Lack of coherent technology transfer policy at universities spills into the nano world

– Inability or lack of willingness to conform to translational activities; few incentives for translational activities

– Focus is on research and publications rather than commercialization; some academics even shun commercialization

– Focus is on journal impact factors, citations, award plaques, press releases, conference participation, and speeches

– Generally, patents of limited scope and poor translational potential (“paper patents”) are obtained

– Research that generates publications (l’art pour l’art) is more valued

– Irreproducibility of basic, preclinical research is a major problem at universities

Bench-to-Bedside Translation of Nanomedicine
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– Limited IP valuation and/or improper audit of “true” licensing royalties adds to inaccurate conclusions

– IP prosecution strategy poorly planned

– Follow-up of filed patents at patent offices or coordination with outside law firms not optimal

– Issues such as an isolated work environment, improper budgetary allocations, and a high employee turnover indirectly impede
the generation of valuable IP

– Most decisions made in a vacuum or on imperfect analysis/research

– TTOs at universities and institutes lack in-depth technical, patent law and business expertise

Technology Transfer Offices (TTOs)

– Rise of diverse nano-specific regulatory arrangements and systems contribute to a dense global nano-regulatory landscape, full
of gaps and devoid of central coordination; standardization, and harmonization on a global scale is complicated by technical,
political, legal, and economic issues

– Bureaucracy and a conservative, insular attitude among government regulators pose a bottleneck to translation

– Differences between regulatory agencies about the definition of compound characteristics need to be harmonized to clarify the
Biopharmaceutical Classification Scheme (BCS)

– National differences in regulatory requirements pose challenges for clinical trials involving international multicenters

– Precautionary stance by regulatory agencies reflects their lack of expertise and experience with nanoscale formulations and
nanomedical products

– Product classification issues blur the regulatory boundaries between various product classes given that many nano-medical
products are multimodal hybrid structures (“combination products”)

Table 1.7 (Continued)
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– Lack of ability for tracing data, including which equipment the experiment was conducted on and where the source data are
stored

– Quality assurance (QA) guidelines for basic research lacking or not properly implemented

– Misuse of P-values are contributing to the irreproducibility of preclinical biomedical research, indirectly impacting translation

– “True” interdisciplinarity still missing from nanomedicine translation; wide gaps persist between conception of innovative
nanomedicine platforms and regulatory clinical approval; traversing the “valley of death” especially difficult in nanomedicine

– Absence of outstanding drug researchers in academic settings who are trained to separate “hits” into compounds good, bad, and
ugly; academia not as well versed as big pharma when it comes to drug R&D

– Crisis of reproducibility in antibody performance due to shortcuts taken by manufacturers and researchers; this has contributed
to irreproducibility of preclinical research data in biomedicine which directly impedes nanomedical translation

– Relative scarcity of workers trained for R&D; need for foreign workers poses problems

– Limited infrastructure that becomes outdated quickly due to advances in technology

– Key technology benefits not identified early on in product development

Other factors

Bench-to-Bedside Translation of Nanomedicine
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translational research. In fact, experts frequently accuse these
federal bureaucracies for neglecting their mandates of translating
advances at the preclinical stage in the laboratory to clinical
applications in the practice of medicine (i.e., the classical “bench-tobedside” paradigm).
Box 1.17 Are Biologics and Nanodrugs Adversely
Immunogenic?

Almost all small-molecule drug-induced allergic reactions may
be easily classified into one of four classic Gell and Coombs
hypersensitivity categories. However, many others with an
immunologic component, including biologics and nanodrugs,
are difficult to classify in such a manner because of a lack of
mechanistic information. Adverse clinical events (sometimes
referred to as ADRs) can not only occur due to primary factors
such as off-target toxicity or exaggerated pharmacologic effects,
but also due to secondary drug effects such as immune reactions
to the drug product. While approximately 80% of human
adverse drug reactions are directly related to an effect of the
drug or a metabolite, around 6–10% are immune-mediated and
unpredictable. One study showed that 10–20% of the medicinal
products removed from clinical practice between 1969 and 2002
were withdrawn due to immunotoxic effects. Some claim that
the actual number of serious adverse events like hospitalizations
and death from FDA-approved drugs, vaccines, and medical
devices is grossly underreported by the FDA. Suspected ADRs
can be reported to the FDA at 1-800-FDA-1088 or www.fda.gov/
medwatch.
Immune-mediated side effects of small molecules are
unpredictable. Most small molecules that have a MW <1 KDa do
not elicit an immune response in their native state, becoming
immunogenic only when they act as a hapten, bind covalently to
high-molecular-weight proteins, and undergo antigen processing
and presentation. On the other hand, “newer” larger molecule
drugs can be inherently immunogenic. For example, proteinbased biologics and nanodrugs can be digested and processed
for presentation by antigen-presenting cells (APCs); this can
sometimes cause ADRs. The very untested nature of these
therapeutics that make them so revolutionary in some respects
also makes them problematic and potentially dangerous. For
example, major benefits touted for nanodrugs—a reduction
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in unwanted side effects, increased specificity, fewer offtarget effects, generation of fewer harmful metabolites, slower
clearance from the body, longer duration of effect, reduced
intrinsic toxicity, etc.—do not guarantee the absence of adverse
immune side effects: An inherent risk of introducing these drug
products into the human body is the potential to provoke an
unwanted immune response. Thus, managing their immunogenicity
profile is critical during drug R&D and later phases. Studies
have shown that these drug products can interact with various
components of the immune system to various immunological
endpoints, interactions that are fast, complex, and poorly
understood. These interactions with the immune system play a
leading role in the intensity and extent of side effects occurring
simultaneously with their therapeutic efficacy. In fact, when
compared to conventional small-molecule drugs, both biologics
and nanodrugs have biological and synthetic entities of a size,
shape, reactivity, and structure that are often recognized by
the human immune system, sometimes in an adverse manner.
This can obviously negatively affect their effectiveness and
safety, and thereby, limit their therapeutic application. This also
poses challenges for regulatory agencies and patent offices,
all serving as bottlenecks to effective translation of these
therapeutics.
Multiple risk factors influencing the immunogenicity of biologics
and nanodrugs include patient-, clinical use-, manufacturing-, and
product-related factors. Some of the ADRs include complement
activation, tissue inflammation, leucocyte hypersensitivity, and
formation of antibodies associated with clinical conditions.
However, detailed mechanisms and causal linkages between
various risk factors and immunogenicity induction onset have
yet to be fully elucidated. This is primarily due to the limited
amount of data from mechanistic studies, a lack of multi-factorial
analysis and a lack of standard immunogenicity assessment
methods.
Source: [67].

Figure 1.16 illustrates the translation of nanomedicine from
the R&D phases to product development and eventual adoption in
the clinic. In fact, when used correctly, translational research is a
highly interactive and complex process, with a flow of information
in multiple directions as highlighted in Fig. 1.17.
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• Regional harmonization efforts (rather than global) should be undertaken with respect to bridging studies and the design of
clinical trials for nanomedicines.

• 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. Academia and industry must enhance collaborative efforts to address the
irreproducibility of preclinical research that primarily emanates from academic research laboratories. Universities may consider
establishing a “gap fund” to support translation studies considering diminished grant funding.

• There is an urgent need for coordinated education and training programs. 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. Courses for healthcare personnel, researchers,
physicians, pharmacists, and nurses should focus on more in-depth instruction. The public should be educated via more innovative
portals of education both directly and through the news media and Internet regarding both the possibilities and limitations of
nanomedicine along with its translational potential.

• 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. It is very important that review panels or committees should reflect appropriate balance of technical, business, venture,
and commercialization expertise. 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. In other words, the mindset needs to be changed from a “product-” to a “patient”-oriented approach
in nanomedical product development.

• Research scientists in academia should understand the entire supply chain from research to development, including basic concepts
relevant to IP, regulatory issues, and commercialization.

Table 1.8 From the Lab to the Clinic: Improving Translational Nanomedicine
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(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.
• Advanced manufacturing technologies must be explored that enable more control over size and shape that allow surface
modifications using covalent and noncovalent approaches to fabricate precisely defined NDDS. Top-down nanocolloid fabrication
techniques such as photolithography, microfluidic synthesis, and molding technology such as particle replication in nonwetting
templates are of interest to overcome the limitations of conventional bottom-up fabrication methods. Flexible and adaptive
manufacturing (“on demand”) are important in this context.
• On a case-by-case basis and in conjunction with industry, the FDA (and analogous regulatory agencies) should identify unique
safety issues associated with specific nanoparticles and nanomaterials. The agency should meet its regulatory and statutory
obligations by offering technical advice and guidance to industry beyond what its track record currently reflects. With industry
input, a comprehensive public databank relating to the biological interactions of engineered nanomaterials (ENMs) should be
generated. The FDA should actively seek product safety data from industry where FDA statutory authority exists for premarket
review. Furthermore, it should 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 premarket review. FDA’s excessive reliance on publicly available or voluntarily submitted information,
adverse event reporting, and on postmarket surveillance activities may not be ideal in the case of ENMs for human use.
• Laboratories 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 major 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 the nanoscale, are there
excessive fabrication costs and complexities?
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• Consensus-testing protocols to provide benchmarks for the creation of classes of nanoscale materials, both engineered and native,
should be developed. In addition, reference classes for ENMs that are synthesized and characterized need to be cataloged prior to
translation. This can be accomplished by creating a minimum universal set of characterization techniques via currently available
tools and tests. This effort can be supplemented by developing unique tools, imaging modalities, and techniques. Mathematical
and computer models for risk/benefit analysis that can monitor quality, safety, and effectiveness vis-à-vis standard ENMs are other
options. Since minor variations in the physicochemical characteristics of nanotherapeutics (nanomaterial + API) can affect safety,
immunogenicity and efficacy, multiple methods based on different principles should be employed during nanomaterials and API

• Recognizing genuine requests for scrutiny from harassment in a climate of research transparency is essential to safeguarding the
research community and driving translational efforts.

• QA guidelines for basic research published by the WHO should be implemented by laboratories to safeguard data and ensure
scientific rigor. Digital manipulation or errors can be minimized or prevented via “read-only files” stored on laboratory instruments.
Strengthening data standards and methods transparency in scientific publications should be supported to enable replication of
published results. 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 are stored.

• University TTOs should be revamped and required to disclose the ROI in terms of funds expended on patent prosecution versus
licensing royalties generated. Qualified IP and licensing personnel should be hired.

• Science policymakers should subsidize more risky research strategies, incentivize strategy diversity, and encourage publication
of failed experiments/negative data—all these activities are known to increase the speed of discovery. Medical and basic science
journal editors should strengthen the peer-review process, mandate sufficient data and methods to reproduce reported research,
seek inclusion of information on data provenance, publish software codes used for data analysis, and seek data manipulation steps
done by hand that were not included in the software code.

Table 1.8 (Continued)
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(Continued)

• 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 ADME studies. An improvement of physiologically based models for the
prediction of the impact of formulation changes on drug exposure and its variability is in order. A comprehensive 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, routinely utilized to support regulatory submissions for
conventional medicines in the US by the FDA and in Europe by the EMA. Although advances in PBPK reflect significant advances
in the predictability of critical PK parameters from physical chemistry, in vitro data and software platforms/databases, challenges
persist with respect to making critical decisions in early and clinical development and in the selection of individualized dosing
regimens.

• Early sponsor interaction with the FDA in the development process is helpful to identify appropriate pathways to be navigated.
File patent applications (regular and provisional) at an early stage to capture upstream aspects of nanomedical products and
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 R&D and translation.

• Existing methodologies should be adapted, as well as new paradigms should be developed for evaluating in vivo animal and clinical
data pertaining to safety and efficacy of nanomedical products before and during the product life cycle. Regulatory guidance
should elaborate specifics as to what kind of data are required at each step of the nanomedical translational process.

assessment. Innovative in vitro/ex vivo, in silico, and in vivo (animal) screening systems, including novel 3D cell systems (3D tumor
spheroids), may be required. In this context, it is important to employ methods relevant to the specific route of administration that
are standardized, validated, and widely accepted by researchers and regulatory agencies alike. However, it is critical to conduct all
these assays and tests under biologically relevant conditions such as the microenvironment of an immunocompromised cancer
patient or a patient whose plasma proteins produce “protein coronas.”
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• International harmonization efforts regarding biosimilar versions of biologics need to be undertaken as many nanomedicines are
biologics. The EMA guidelines (divided into three sections) versus the FDA issued draft guidance (clearly identifying a stepwise
approach) need to be reconciled. Clearer regulatory guidelines from the FDA and the EMA regarding nanosimilars and NBCD
follow-ons are urgently required.

• Enhance and streamline institutional review board (IRB) approval process to minimize unnecessary delays and redundancy.

• 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. It is essential to find appropriate balance between safeguarding access
to an individual’s health information and sharing that data for public health with guaranteed anonymity. 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.

• Integrating and leveraging cumulative knowledge regarding translational barriers will lead to improved health outcomes for
patients. International regulatory harmonization efforts and formal treaties with relevant stakeholders should be further explored.
The unique entities that have been recently established must leverage expertise and pool their experiences despite geographical
diversity or organization-specific mandates.

• Toxicology tests should be developed and physicochemical characterization (PCC) studies for nanomaterials conducted. Although
complexity and diversity of nanomedicines pose a problem, biocompatibility and immunotoxicity must be taken into consideration
during preclinical assessment. Also, 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) need further
assessment.

Table 1.8 (Continued)

108
Drug Delivery at the Nanoscale

Financial Support by
- Friends and Family
- Angel Investors
- Venture Capital (VC)

/WWƌŽƚĞĐƟŽŶ͕hƟlity, EĸĐĂĐǇ͕
Safety, sĂůŝĚĂƟŽŶ͕Wƌŝvate/Public
Funding, Prototypes, Freedom-toOperate

Modified by the author, original from Pan Stanford Publishing, Singapore.
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Figure 1.16 From Basic Science to Business and Commercialization: An overview.
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Figure 1.17 Virtuous Cycle. An iterative process that produces new knowledge, biological applications, and medical interventions.

Basic Science
- Clinic
- Laboratory

Curiosity
Serendipity
Knowledge
Mentoring
Entrepreneurs

Discovery or
InvenƟon

110
Drug Delivery at the Nanoscale

Concluding Remarks and Future Prospects

1.13  Concluding Remarks and Future Prospects
You see things; and you say ‘Why?’ But I dream things that never were;
and I say ‘Why not?’”
—George Bernard Shaw (1856–1950), English/Irish
playwright

Tomorrow’s science is today’s science fiction.

—Stephen W. Hawking (1942–2018), English physicist

We know what we are, but know not what we may be.

—William Shakespeare (1564–1616), English playwright


Transformative advances in genomics, complex combination
products (see pages 26 and 71), real-word evidence (see Chapter
36 in this volume), artificial intelligence (AI), innovative clinical
trial design, precision medicine, and novel biomarker research are
some of the global issues that will impact drug design, regulatory
science, and healthcare policy in the US in the next decade.
I expect that in the next decade there will be an intense competition
for targets, introduction of second- and third generation nanodrugs
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and biologics, and their follow-on versions. Also, expiration
of blockbuster patents, spotty patent examination at patent
offices, nomenclature confusion, regulatory gaps, third-party
payor pressures, sky-rocketing prices, and governmental pricing
pressures will all impact and reshape the drug industry landscape
as well as healthcare policy. I also expect that due to limited current
experience with the evaluation of first-generation nanodrugs
and biologics, manufacturers, regulatory agencies, clinicians,
patients, and patent offices will face challenges not only regarding
second- and third generations of these two drug classes but also
on the biosimilars, nanosimilars, and NBCD generics front.
ADRs, including immune reactions, will be common
(Box 1.17) and regulatory agencies will continue drug approval
based on an analysis of the risk–benefit ratio that changes
significantly depending on the treatment modality. However, as
more nanodrugs and nanomedical products are developed,
information will accumulate on their structure and biofunction.
As a result, their description and understanding and their
functionality will be revised, as applicable, and supported with
characterization data. Moreover, as the intricacies of the human
immune system are further elucidated, we will learn more
about the interactions of nanodrugs with immune cells. In the
meantime, nanodrugs and biologics will continue to be evaluated
by regulators on a case-by-case basis, often non-optimally.
Due to long timeline (10–17 years), high attrition rate, and
enormous R&D costs (average pre-tax cost per approved drug,
including cost of failure, is $2.6 billion) involved in the approval of
a new drug [100], pharma has increasingly turned to computational
and mathematical modeling at all levels—modeling drug–receptor
interactions, PK and pharmacodynamic (PD) modeling, in silico
clinical trials. Given this trend, I predict that we will glean greater
information regarding pharmacology and toxicology of nanodrugs
and biologics as we expand our arsenal of both in vitro, in silico,
and in vivo analytical methods as well as instrumentation.
Computer-driven computational methods followed by in vitro
and/or in vivo testing of potentially adverse epitopes will help in
minimizing ADRs. In future, due to the great cost and time needed
for comprehensive animal studies, researchers will increasingly
develop various ex vivo mimics of in vivo biological environments
to study drug interactions. AI is expected to change the drug

Concluding Remarks and Future Prospects

discovery process as machine learning and other technologies are
likely to make the hunt for new drugs quicker, cheaper and more
effective [101]. Specifically, AI will be employed in the nanodrug
R&D arena to analyze large data sets from clinical trials, health
records, gene profiles, and preclinical studies. Technically, a
sufficiently large medicinal chemistry database of transformations
could provide novel approaches to improving drug discovery,
irrespective of the specific drug arena [102].
Nomenclature, technical specifications, standards, guidelines
and best practices are critically needed to advance nanomedicine
in a safe and responsible manner. Contrary to some commentators,
terminology does matter because it prevents misinterpretation
and confusion. However, defining nano 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.
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 nano-umbrella. An
official, scientifically credible and legally workable definition as
applied to nanodrug delivery systems does not currently exist.
Nano as applied to drug delivery does not need to have any unique
size cut-off for the simple fact that such artificial boundaries are
completely irrelevant from an efficacy or formulation perspective.
Viable sui generis definition of nano having a bright-line
100 nm size range as applied to nanodrugs blurs with respect
to what is truly nanoscale. The NNI definition of nanotech needs
to be dropped, especially in the context of nanodrug delivery
(Section 1.3).
Efforts are underway to bridge the translational gap between
benchtop preclinical research and bedside medial applications
with nanoproducts, nanomaterials, and nanotherapeutics (Section
1.12). Practical considerations should be at the forefront to
streamline and improve translational nanomedicine (Table 1.8).
This, in turn, will enable delivering more therapies rapidly, safely,
and effectively for patients globally. It is also important to optimally
integrate healthcare, academia, and industry to achieve changes
at various levels along the translational path (Table 1.8). These
are critical to improving the performance of its supply chain for
the benefit of all stakeholders. In a big pharma and biotech setting,
enhancing translational nanomedicine will require a corporate
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cultural change, and senior leadership commitment to advocate
and implement the changes. I 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 translation
from the bench to the bedside. In this regard, science-based
governance that promotes translation on one hand and balances
consumer health on the other is crucial. It is imperative that
governmental regulatory agencies enhance interaction with
developers and drug sponsors early in the R&D cycle. This will
help identify bottlenecks and priority areas, monitor emerging
scientific trends, update “draft” regulatory guidances, develop
new regulatory competence in emerging areas and reduce the
translational gap.
A concerted international approach is the only way to overcome
the complex barriers confronting translational medicine, and by
extension, translational nanomedicine. No one entity, organization,
or institution can operate in isolation or undertake the task
individually. Serious efforts in the past decade involve streamlining
the research approval process and reducing regulatory burdens
to push translational medicine. 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” [103].
Similarly, there are other entities dedicated to serving as “adapters”
and “deriskers” between basic research entities and commercial
organizations. These key players must come together on a
global platform to address issues affecting translational efforts.
Despite geographic diversity and organization specific mandates,
they must leverage expertise, share best practices, and pool
their experiences. Obviously, integrating and leveraging their
cumulative knowledge will lead to improved health outcomes
for patients.
It is important that some order, central coordination and
uniformity be introduced globally to address the rise of diverse
nano terms seen in the patent literature, journal articles and the
press. This is also critical to prevent a significant scientific, legal,
and regulatory void from developing. It is apparent to me that
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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 summary, in the coming decade, various other issues
pertaining to R&D, IP, ADRs, regulation, translation, and
commercialization will spill over from pharma and biotech into
the nanomedicine space. Irreproducible preclinical data will
continue to plague biomedical research (Box 1.18). Safety of
generics due to oversights by the FDA or EMA will be another
major concern for patients and health-care systems (Box 1.19).
Public acceptance of nanomedicine will continue to be strongly
influenced by the perception of the associated ethical and societal
aspects [104–106]. Numerous other issues that today appear on
the backburner will directly or indirectly impact the trajectory of
nanomedicine development. Some of these include:
• scientific integrity, including research misconduct and
plagiarism [107–112],
• pressure to publish (or perish) [113, 114],
• open access publishing (OAP) of journals [115],
• the pollution of science by predatory/fake journals
[116–121],
• over-reliance on and the semi-sanctified status of impact
factors [122, 123],
• the self-citation fraud [124–127],
• catastrophic blemish of pseudoscience [128, 129],
• the pervasive conflict-of-interest with respect to FDA
advisory committees [130–138],
• the continued irrelevance of PhD courses [139],
• the rise of academic bullying in the scientific community
[140–143],
• national security concerns and anti-espionage policies at
universities [144, 145], and
• limited access to scientific research data [146, 147].
Stakeholders ranging from physicians, scientists, patent
professionals, lawyers, regulatory bodies, drug and biotech
companies, academia, policymakers, the venture community,
disease advocacy groups, consumer-patients, and governmental
agencies must converge on a global platform to address various
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pending issues in nanomedicine as elaborated in this chapter.
Specifically, they must formulate formal definitions for nano
terminology, draft effective regulatory guidelines, ensure issuance
of valid patents, formulate clearer safety protocols, provide
transparency to the R&D process, and be fully committed to
translational and commercialization efforts. In the meantime,
this chapter should provide guidance and a roadmap to these
stakeholders.
Box 1.18 The Crisis of Reproducibility in Biomedical Research
and Its Lethal Consequences
We are in the midst of a widening research crisis. The current
pervasive culture of science focuses on rewarding flashy, eyecatching, and positive findings. There is an increased emphasis
on making provocative statements rather than presenting
technical details or reporting basic elements of experimental
design. These are some of the factors that have resulted in
irreproducible preclinical research in biomedicine, mainly
from academia. Reports indicate that less than one-third of
biomedical papers can be reproduced; this is due to sloppy science
blamed in part on scientific culture, training, and incentives.
A survey of nearly 900 members by the American Society
for Cell Biology in 2015 found that more than two-thirds of
respondents had been on at least one occasion unable to
reproduce published results. These results are strikingly similar
to another online survey of 1,576 researchers by Nature
conducted in 2016 that reported that 70% of researchers have
tried and failed to reproduce another scientist’s experiments,
and more than half have failed to reproduce their own
experiments. Irreproducible research delays treatments, wastes
time, and squanders research dollars. It is clearly widespread.
In fact, it is seen in all disciplines of biomedical research,
with the area most susceptible being research work that
employs animal models. Research institution administrators,
faculty members, and trainees all share blame here. Most
institutions will, however, not make the necessary moves
unless forced by a regulatory or funding body. However, note
that there is no evidence to suggest that irreproducibility
is caused by scientific misconduct. Obviously, human clinical
trials are less at risk from irreproducibility because they are
already governed by various regulations that stipulate rigorous
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design and independent oversight. Big pharma is particularly
concerned about this irreproducibility crisis plaguing biomedical
research. Drug companies have reported that one-quarter or
fewer of high profile papers are reproducible. 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. 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. However, 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 plucked 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
as much of the research published in academia has proven not
to be reproducible by drug companies. Basically, academic target
discovery research reproducibility has become suspect. One
important factor for the imperfect marriage between academia
and industry with respect to drug R&D is the absence of an
outstanding support structure in academic drug research
where researchers are typically not trained to separate “hits”
into compounds good, bad, and ugly. Many contend that, as a
result, naivety about promiscuous, assay-duping molecules is
polluting the literature and wasting resources. Shortcuts taken
by antibody manufacturers and researchers alike have
resulted in a crisis of reproducibility in antibody performance.
The American Statistical Association (ASA) issued principles to
guide use of the P-value and warned that P-values cannot be used
to determine whether a hypothesis is true or whether the results
are important. According to the ASA, misuse of P-values is also
contributing to this irreproducibility mess. Irreproducibility of
biomedical research is costly. According to a report, about US$28
billion are annually spent on irreproducible preclinical research
in the US.
Source: R. Bawa [21].
(Continued)
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Box 1.18 (Continued)

“Biomedical science—the research that
underlies our treatments and cures—is in
deep crisis. Every year, American taxpayers
spend more than $30 billion funding it.
About half of that work, by some estimates, is
wrong. As award-winning science journalist
Richard Harris reveals in Rigor Mortis, this
is not simply the result of trial and error,
which is an essential part of the scientific
process. The economic imperative for researchers to get and
keep jobs and funding encourages dubious behaviour, from
poor experimental design to sloppy statistics and shoddy
analysis. Add to that a bunch of mislabelled cell lines and
mishandled ingredients, and what seems like a potential cure
becomes an unreliable mess. Some 900 breast-cancer studies
were conducted with cells that weren’t breast-cancer cells at
all, new “treatments” for ALS developed in rodent models failed
when retested properly in mice, and only 1.2 percent of early
papers in genomics stand the test of time. These problems
aren’t the exception. They are commonplace. This crisis of
reproducibility—when studies done in one lab fail when another
tries to reproduce their results—isn’t just holding back scientific
progress; it’s a devastating blow for patients everywhere, who
are hoping that medical science will give them longer, healthier
lives. Rigor Mortis explores these urgent issues through vivid
anecdotes, personal stories, and interviews with the nation’s
top biomedical researchers, some of whom are now struggling
to set things right. An unsparing investigation that lays bare
the dysfunctions in our research system, this book represents
the first step toward fixing it.”
Source: Harris, R. F. (2017). Rigor Mortis: How Sloppy Science
Creates Worthless Cures, Crushes Hope, and Wastes Billions. Basic
Books, New York. [Book Cover Copyright © 2017 Basic Books.
All rights reserved.]

Concluding Remarks and Future Prospects

Box 1.19 FDA’s Broken Quality Control System for Generics:
Patients Beware!
“Carcinogens have infiltrated the generic
drug supply in the U.S. and an FDA qualitycontrol nightmare reveals how impurities
end up in America’s blood pressure pills. The
FDA has a rigorous approval process for new
drugs. Companies conduct clinical trials in
humans over several years to prove a drug is
safe and effective. But 90% of all medications
prescribed to Americans are generics. They’re
cheaper, they’re supposed to work the same way, and they receive
less scrutiny right from the start. Companies manufacturing
generic drugs have to show only that patients will absorb them
at the same rate as the name-brand medications they mimic.
At least 80% of the active pharmaceutical ingredients, or APIs,
for all drugs are made in Chinese and Indian factories that U.S.
pharmaceutical companies never have to identify to patients,
using raw materials whose sources the pharmaceutical companies
don’t know much about. The FDA checks less than 1% of drugs
for impurities or potency before letting them into the country.
Surveillance inspections of overseas factories have declined
since 2016, even as the agency is under pressure to get more
generics to market more quickly. In 2008 the FDA opened three
posts in China and announced plans to dramatically increase the
number of inspectors there. By 2014, it had closed its offices in
Shanghai and Guangzhou, leaving only the Beijing office with
inspectors who could visit Chinese factories on short notice….
Quality-control problems in the generic drug industry go beyond
the visible lapses….Where the FDA’s [non-generic or branded]
drug approval process is founded on testing and more testing,
the regulatory system for generics is built on trust, specifically
trust in manufacturers.”
Source: Edney, A., Burfield, S., Yu, E. (2019). Can you trust
generics? Bloomberg Businessweek. September 23 Issue, pp. 36–
43. [Magazine Cover Copyright © 2019 Bloomberg L.P. All rights
reserved.]
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Abbreviations
ADCs:

antibody–drug conjugates

AFM:

atomic force microscope

ADME:
ADRs:
AI:

ANDA:
API:

ASA:

ASTM:
AUC:
BCS:

BLAs:

BPCI Act:
CAFC:

CAGR:

CAR-T:

CARPA:
CBER:
CDC:

CDER:

CDRH:
CFR:

CFSAN:
cGMP:
CNTs:
CTP:

CVM:
DDS:

DEA:

EMA:

ENMs:
EPA:

EPR:
EU:

adsorption, distribution, metabolism, and excretion
adverse drug reactions
artificial intelligence

Abbreviated New Drug Application
active pharmaceutical ingredient

American Statistical Association

American Society for Testing and Materials
area under the curve

Biopharmaceutical Classification Scheme
Biologics License Applications

Biologics Price Competition and Innovation Act of 2009
US Court of Appeals for the Federal Circuit
compound annual growth rate

chimeric antigen receptor T-cell therapy
C activation-related pseudoallergy

Center for Biologics Evaluation and Research
Centers for Disease Control and Prevention
Center for Drug Evaluation and Research

Center for Devices and Radiological Health
Code of Federal Regulations

Center for Food Safety and Nutrition

current Good Manufacturing Practice
carbon nanotubes

Center for Tobacco Products

Center for Veterinary Medicine
drug delivery system

Drug Enforcement Administration
European Medicines Agency
engineered nanomaterials

Environmental Protection Agency

enhanced permeability and retention
European Union

Abbreviations

f-CNTs:

functionalized carbon nanotubes

FIH:

first-in-human

FD&C Act: Federal Food, Drug, and Cosmetic Act
FDA:

GAO:
GCP:
GLP:

GMP:

GRAS:

GPCR:
HOS:
IBD:
IDE:

IMPs:
IND:
IP:

IRB:
ISO:

US Food and Drug Administration

US Government Accountability Office
good clinical practice

good laboratory practice

good manufacturing practice
generally recognized as safe
G protein-coupled receptor
higher-order structure

inflammatory bowel disease

Investigational Device Exemption

Investigational Medicinal Products
Investigational New Drug
intellectual property

institutional review board

International Organization for Standardization

ISO/TC229: ISO Technical Committee on Nanotechnology
IUPAC:
KS:

MNT:
MS:

MW:

NASA:

NBCD:
NBEs:

NCATS:
NCEs:
NCPs:

NDAs:

NDDS:
NIH:

NIOSH:
NMEs:

International Union of Pure and Applied Chemistry
Kaposi sarcoma

molecular nanotechnology
multiple sclerosis
molecular weight

National Aeronautics and Space Administration
nonbiologic complex drug
new biological entities

National Center for Advancing Translational Sciences
new chemical entities

nano-combination products
New Drug Applications

nanoscale drug delivery systems
National Institutes of Health

National Institute for Occupational Safety and Health
new molecular entities
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NMOFs:

nanoscale metal organic frameworks

NPs:

nanoparticles

NRC:
NNI:
NSF:

OAP:
OCP:

OECD:
OTC:

PBPK:
PCC:
PD:

PEG:

PhRMA:
PHS:
PK:

PMA:

PMOA:
PTO:
QA:
RA:

ROI:

SBIR:

siRNA:
SPR:

National Research Council

National Nanotechnology Initiative
National Science Foundation
open access publishing

Office of Combination Products

Organization for Economic Co-operation and Development
over-the-counter

physiologically based pharmacokinetic
physicochemical characterization
pharmacodynamic

polyethylene glycol

Pharmaceutical Research and Manufacturers of America
Public Health Service
pharmacokinetics

premarket approval application
primary mode of action

US Patent and Trademark Office
quality assurance

rheumatoid arthritis

return on investment

Small Business Innovation Research
small interfering RNA

surface plasmon-resonance

STM:

scanning tunneling microscope

TMAbs:

therapeutic monoclonal antibodies

TEM:
TM:

TTOs:
USC:

USPION:
USTR:
WHO:

WIPO:

transmission electron microscope
translational medicine

technology transfer offices
United States Code

ultrasmall superparamagnetic iron oxide nanoparticle
US Trade Representative

World Health Organization

World Intellectual Property Organization
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2.1

Introduction

Precision medicine came into the national spotlight in 2015, when
President Barack Obama announced the launch of the Precision
Medicine Initiative in his final State of the Union address. This
initiative would include a 1 million-person precision medicine
research study, which would be the largest medical research study
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in history. Though precision medicine received national attention
in 2015, it had been an emerging area of science and medicine
for over a decade, as it had been linked to the Human Genome
Project (HGP), with the hope that more knowledge of genetics
would lead to more personalized and targeted medicine. But when
the initiative was announced, precision medicine was described as
more than just using genetics to tailor medical care: it was “an
emerging approach for disease treatment and prevention that
takes into account individual variability in genes, environment,
and lifestyle for each person.” So, what is precision medicine?
In this primer, we outline a number of key dimensions of precision
medicine, including:
• The evolution from personalized to precision medicine
• Precision medicine research’s focus on collecting multiple
forms of data, and harnessing the power of big data analysis
• The tension between focusing on individual responsibility
versus systemic intervention

This primer draws on work conducted through the Fairness
in Precision Medicine project, a year-long exploratory study
funded by the Robert Wood Johnson Foundation that aimed to
identify tensions in the emerging data-driven health research
space, the possibility for unintended consequences of the research
process, and discrimination that could result from implementing
data-driven research insights in health. Our hope is that by
bringing awareness to these tensions, we may productively shape
conversations and interventions in precision medicine research
going forward.
We began by examining how and where the term “precision
medicine” is currently being used in the scientific, medical, and
health care fields, including in scholarly, popular, and industry
contexts. We quickly realized that precision medicine was being
used differently in clinical medical practice and biomedical
research. To date, the clinical community’s definition of, and
approach to, precision medicine has focused almost exclusively on
genetics, whereas the biomedical research community has taken
a more expansive approach to precision medicine. Though there
have been important advances and potential for growth in clinical
precision medicine, we focus our attention on precision medicine
in the biomedical research sphere. Our goal is to understand how
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precision medicine research projects are developing, as these will
shape the future directions of clinical precision medicine.
Researchers in this community are exploring how multiple
data streams can be incorporated into their analytic work in order
to develop a more sophisticated understanding of environmental,
behavioral, and cultural factors that may contribute to or influence
health outcomes. Although these researchers incorporate genetic
data in their analyses, they also examine how electronic health
record data, activity tracker data, and medical imaging data, among
other sources, can be used. In addition, researchers are attempting
to use sources not traditionally considered health data to develop
insights about health, such as environmental data and other public
records.
Building on what we learned from the research community,
we define precision medicine as the effort to collect, integrate,
and analyze multiple sources of genetic and nongenetic data,
harnessing methods of big data analysis and machine learning,
in order to develop insights about health and disease that are
tailored to the individual. Our view of precision medicine and our
focus on research in this area is in line with what Rothstein calls
“big data health research” [1]. We have chosen to focus on efforts
to combine multiple kinds of data because collecting and
combining data from different fields poses many opportunities and
challenges.

2.2

From Personalized to Precision Medicine

The terms precision medicine and personalized medicine are
often used synonymously, though precision medicine is the newer
term. The use of the term “personalized medicine” began around
1997 to emphasize the personalized, individualized form medical
care would take when insights from the HGP would use one’s
unique genomic information to guide treatment [2]. The HGP
was a multi-year private and public effort begun in 1990 to map
the entire sequence of human DNA. Project leaders believed that
identifying the structure of human DNA would yield insights
about its functions, particularly those connected to health and
disease [3]. In a brief history of the project, James Watson explained
that connecting sequencing efforts to issues of health and disease
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such as AIDS helped secure its funding, despite human genome
sequencing being somewhat “divorced from the main currents
of biological research,” which at the time was focused on
sequencing non-human organisms. Thus, using genome sequencing
to understand human health and disease served to establish
the value of initiating the HGP and helped to build the narrative
that its findings would lead to great improvements in health [4].
Personalized medicine is an aspirational and anticipatory term
that was coined and discussed before any widespread shifts in
medical practice had occurred. One well-known conceptualization
of personalized medicine is the four P’s model. The P’s stand for
predictive, preventative, personalized, and participatory and
describe what post-HGP medicine would ideally look like. Instead
of waiting for disease onset, medicine could predict disease
development using genomic risk variants; then these diseases
could be prevented through altered treatment programs based
on one’s disease risk profile. Medicine would thus shift from a
“reactive to a proactive discipline” [5, 6]. Medical care would be
personalized to the individual because the treatment program
adjustments would be made based on personal risk levels,
rather than population disease risk averages. And it would be
participatory, meaning that patients and their providers would
work together on an individual basis as well as through “the
creation of new types of strategic partnerships between patients,
large clinical centers, consortia of clinical centers, and patientadvocate groups” [5]. There have been calls to add a fifth
P—“population”—that would incorporate public health or
population views into personalized medicine [7]. In 2013, a group
of researchers conducted a systematic review of the definitions
of personalized medicine in the scientific literature and proposed
that it should be understood primarily in terms of “molecular
disease pathways” using genomics and the study of proteins [8].
In addition to personalized medicine, a related term,
pharmacogenomics, is sometimes used as a synonym.
Pharmacogenomics examines how genomic and pharmacologic
information can be used together to guide medication prescription
and dosing decisions. For example, researchers have identified
how variations in a particular gene affect the way people
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metabolize painkillers [9]. This is an example of how genomic
information can be used to guide dosing in medical care, and since
it is based on an individual’s genotype, it is personalized. Because
pharmacogenomics uses genomic information in an individualized
way, the two terms are semantically linked. However, personalized
medicine was meant to be a more expansive term within the medical
literature, including the use of genomic information to guide drug
dosing, but also the ability to locate and use genomic information
about disease risk to guide health care.
Though the completion of the Human Genome Project showed
that there is still much more to learn about genes, their functions,
and their connections to disease, the hope for genetics-based
personalized medicine remains. Around 2010, the term precision
medicine began to emerge. References to precision medicine in
major scientific publications doubled in that year, and then in
2011, the National Academies released a report that distinguished
the two terms—stating that although both communicate a notion
of individualized medicine, precision medicine is the preferred
term because it conveys that medicine will be more accurate
for individuals, not that each individual will get unique treatments
[10–12].
This report was important not just because it disambiguated
the two terms, but also because it mentioned how other sources
of data, not just genomics, would be a part of precision medicine.
Specifically, the report mentions the opportunity to use digital
data from electronic health records. The digitization of medical
records had become widespread, following the passage of
Health Information Technology for Economic and Clinical Health
(HITECH) Act two years before, which led to significant investments
in health information technology [12]. This report marks a
moment when precision medicine shifted from genomics-only
medicine to multi-data medicine. Later, when the White House
launched the Precision Medicine Initiative, precision medicine
was defined by the National Institutes of Health (NIH) as “an
emerging approach for disease treatment and prevention that
considers individual variability in genes, environment, and
lifestyle for each person” and as the process of “delivering the right
treatments at the right time, every time to the right person” [13].
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It is important to note that this definition includes genetic
variation alongside environment and lifestyle variation. Indeed,
the PMI-linked proposal by the NIH to create a 1-million person
precision medicine research study (later renamed the All of Us
Research Program) included a commitment to collect multiple
forms of data, including genetic information and electronic health
record data. These moves show how the term precision medicine
expanded to include multiple forms of data, not just genetic
information.

2.3

How We Arrived at Our Definition of
Precision Medicine

At the beginning of this report, we highlighted major tensions in
how precision medicine is defined and how our research helped
us narrow the scope of our analysis with an eye to forwardfacing implications of precision medicine. In this section, we
want to return to that research to illustrate various definitional
differences, drilling down into how different stakeholders approach
this term. While there may be value to stabilizing one definition
of precision medicine, we believe that the multitude of definitions
sheds light on where the field of precision medicine research
may be going.
In addition to attending a number of conferences where
precision medicine research was discussed as well as reviewing
relevant academic and popular literature, press releases, and
other documents from precision medicine research projects, we
interviewed 21 stakeholders in precision medicine, including
researchers working on large precision medicine studies, experts
in health data analysis, and patient advocates. These interviews
yielded rich insights about the specificities of analyzing different
kinds of data, as well as the particularities of institutional and
scientific culture and other dynamics that can impact precision
medicine research. Here, we focus on the ways that our participants
defined precision medicine. Though these data are not representative
of the views of all precision medicine researchers, health data
analysts, or patient advocates working in precision medicine, they
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do raise issues that are important broadly across the emerging
field of precision medicine research.

2.3.1

Multiple Forms of Data

We asked our participants to provide us with their understanding
of precision medicine, and as expected, they defined “precision
medicine” in multiple ways. Most perceived precision medicine
as including more than just genetic information to tailor medical
care, but there were differences in how much our respondents
emphasized precision medicine as using different types of data, or
precision medicine as processes of analyzing data, or delivering
tailored treatments. Regardless, it was clear that our respondents
thought of precision medicine as a data project. What emerged
from our interviews is that a key aspect of precision medicine
is the focus on collecting multiple forms of data and collecting as
much data as possible. For example, as one of our respondents
remarked:
“I think of precision medicine as bringing into account all of the
data we can about a patient in order to make decisions for this
patient’s health care. It could be treatment decisions, or it could be
recommendations about lifestyle in order to avoid future kinds of
health problems. I think some people consider precision medicine
just to be about genomic data, but I consider it to be about clinical
history, genomics, environmental data, anything that we can
collect and use.”
David Page, MD, Biostatistician, Departments of Biostatistics and
Medical Informatics and Computer Sciences, School of Medicine
and Public Health, University of Wisconsin-Madison

For this respondent, precision medicine is about collecting
all available kinds of data that could be informative of an
individual’s health. He also emphasizes in his definition that
the multiple forms of data that will be collected are individuallevel data such as genomics and clinical records, but others are
beyond the scale of the individual, such as environmental data. For
this respondent, collecting multiple kinds of data means that the
analysis of these data can lead to different kinds of applications.
He notes that the applications could be biological like “treatment
decisions” or “recommendations about lifestyle.”
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2.3.2

Biological and Social Factors

Multiple forms of data did not just mean multiple forms of biological
or medical data. Instead, many of our respondents argued that
precision will include data about social conditions. The comments
below from multiple respondents illustrate this viewpoint:
“A lot of my definition about precision medicine stems from the
whole definition of personalized medicine. I define precision
medicine as research and treatment that is tailored to address the
unique biological as well as social influences…. Because that’s when
I think about epigenetics. I think about the fact that you can be
born not having gene mutations that put you at elevated risk
for a certain kind of cancer, but the very environment you live in,
based on the stressors, nearby toxins, exposures, all those things,
the epigenetic exposures still can add to your cancer outcome.”
Karriem Watson, DHsc, MS, MPH, Biomedical Researcher, University
of Illinois Cancer Center, Mile Square Health Center, University
of Illinois Hospital and Health System

Another respondent explained:

“This sort of precision is not going to come from genetics, as it’s
going to come by studying the context in which people live, work, and
play. That’s what matters the most. To me understanding if you are
in an abusive relationship, you have stable housing, you have stable
income, that information and that data is going to be far more
insightful in your well-being and your health than any genetic
information that I collect from you.”
James Faghmous, PhD, Technologist, Stanford University and the
Arnhold Global Health Institute, Ichan School of Medicine at Mount
Sinai, New York

These respondents’ comments show that their definition of
precision medicine is closely linked to their understanding of
personalized medicine. To them, “precision” means using multiple
forms of data in order to build a better and fuller picture of the
factors that influence health. “Precision” is also associated with
a view of health that includes biological and social factors, and
further, that the lines between biological and social factors are
becoming blurred. Multiple respondents mentioned the field of
epigenetics, or the study of how factors influence gene function
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but do not change the sequence, to illustrate how thinking in
genetics has shifted. Research in epigenetics shows that factors
such as nutrition or environmental stressors can impact gene
expression, physiological processes, and health risks and
outcomes. According to our respondents, precision medicine, as a
data project, attempts to gather a picture of health not in the moment,
but as a set of inputs about medical, social, and environmental
experiences.

2.3.3

Individuals and Populations

A number of our respondents explained that another key element
of precision medicine is using data to stratify individuals into
groups. As one participant explained:
“The way I define precision medicine is, using all available data to
sub-stratify patients into as specific a core as possible. Get down
to an N of one ideally, but usually it’s going to be some variant of
restrictive cohort. Precision medicine applies to the use, not only of
genomics data but also other omics, sensors such as those in homebased devices, environmental data, etc. All of these serve to create
as homogeneous a subgroup/cohort as possible.”
Robert Greenes, MD, PhD, Bioinformaticist, Department of Biomedical
Informatics, Arizona State University

Here, Greenes’ definition includes multidimensional data,
including sensor data. He emphasizes that “precision” means
getting down to a “small core” of individuals. Other respondents in
our study described this as getting down to the “unique individual.”
For our respondents, precision, targeting, and individualizing
care could be achieved through creating smaller and more refined
groups.
Though many of our respondents discussed stratification as key
to precision medicine, there were differences in how they discussed
how processes of stratification would lead to interventions. For
example, for some respondents, getting to smaller groups of
individuals with specific characteristics and susceptibilities for
disease meant that there would be more emphasis on providing
tailored interventions. These could be recommendations about
medication, different clinical treatment options, or even behavioral
interventions. As one of our respondents described:
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“[Precision medicine is] different types of data from different data
streams and you can look at that and learn from what we know about
individual things within each of those data streams. Combine that
knowledge and develop a treatment tool or a paradigm or a method
or, in some cases, treatments or drugs for that individual’s own
health needs.”
Anna McCollister-Slipp, MA, Patient Advocate, Scripps Research
Translational Institute

Her comments show that the goal of gathering and analyzing
multiple forms of data in precision medicine research will be
to develop individualized treatments. Others described this as
precision medicine being able to better “match” people with
treatments, echoing the National Academies’ definition and Barack
Obama’s description of precision medicine as the right treatment
for the right patient at the right time. However, not everyone
in our sample felt that precision medicine could, or should,
lead to interventions at the level of the individual. For example,
another participant pointed out the limitations of focusing on the
individual:
“In popular imagination and popular accounts and political
accounts of precision medicine, which is the right intervention or the
right medicine for the right patient at the right time, that localizes
the inquiry in the intervention and the identification of the risk
and the opportunity within individual patients. I think there can
be a more accurate and holistic view of precision medicine, or at
least of the use of all the tools that feed into precision medicine, to
really intervene on environmental factors, social problems, health
risks, that will benefit populations more broadly. I think those are
more preventive approaches…. The intervention doesn’t really make
sense to point out people at particular risk of say obesity, or heart
disease, or asthma. Would it be better to intervene more broadly?”
Lisa Parker, PhD, Bioethicist, Center for Bioethics & Health Law,
University of Pittsburgh

For Parker, the value of precision medicine would be
understanding how factors outside the individual body impact
health and designing interventions to address those external
factors. This difference in how our participants talked about the
ultimate focus of precision medicine—as on the individual or
the population—is an important one to bring into relief because
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this difference may impact how the field develops. This also speaks
to what some see as a tension between precision medicine and
public health. In a 2015 commentary in the New England Journal
of Medicine, Bayer and Galea argued that the increased focus
on precision medicine is “willfully blind” to the evidence that
“health differences between groups and within groups are not
driven by clinical care but by social-structural factors that shape
our lives” [14]. This refers to the significant subfield of study
in public health that examines how structural factors such as
income, education, and neighborhood characteristics impact health
outcomes, so that one’s zip code can be a more important influence
than one’s genetic code [15].
In 2016, University of California, San Francisco, hosted a
“Precision Public Health Summit” where participants argued that a
focus on the individual as well as the population are not “opposing
approaches” but could both be part of the domain of precision
medicine. Parker’s “holistic” precision medicine, as described,
would be an example of what Kirsten Bibbins-Domingo described
as the ability to “telescop[e] down with increasing clarity to define
the biology of the individual person” as well as “telescop[e]
back out…. back out to the family and the community” [16].

2.4

Data Collection to Support Precision
Medicine Research Efforts

As part of our work on the Fairness in Precision Medicine research
project, we identified several US-based efforts to bootstrap the
data collection phase in an effort to support the research needed
to achieve precision medicine. Major multistate projects included:
(1) the aforementioned All of Us Research Program, sponsored
by the NIH; (2) the Million Veterans Program which collects
survey, genetic, and electronic health record data from veterans
and is sponsored by the US Department of Veterans Affairs;
(3) the American Heart Association’s My Research Legacy; and
(4) Verily’s Project Baseline. These research cohort studies aim to
enroll large numbers of participants, follow them longitudinally,
and collect multiple forms of data from them, including genetic
data, electronic health record data, environmental data, and
behavioral data.
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There are a number of other regional or single-state studies
that are collecting and analyzing genetic, medical record, and other
data to learn about health such as Kaiser Permanente’s Research
Bank in California. The Kavli Foundation and New York University
have also partnered to sponsor the Human Project, which focuses
on New York and plans to collect multiple forms of health data
from ten thousand participants. These prospective observational
studies do not have specific research questions but aim to build a
data resource that researchers can then use for multiple studies.
Furthermore, although our definition of precision medicine is
at the nexus of big data and health, we do not focus on projects
like Google Flu Trends because these efforts do not involve
collecting and analyzing multidimensional data on a cohort of
participants.

2.5

Themes and Issues in Precision Medicine

Though there is much excitement about precision medicine, there
is also skepticism about the promise of a data-driven future of
medicine. For example, historian of medicine Nathaniel Comfort
wrote an assessment of the hype surrounding precision medicine
as part of a longer history of “inflated medical promises” [17].
There are also divergent interests among stakeholders in precision
medicine—patients might want different things than clinicians or
pharmaceutical or other industry players, and the field will need
to face the challenge of bringing together these “misaligned”
interests [18]. For example, researcher Gina Neff has argued that
although bringing big data solutions to health may be exciting
for some, “Doctors often see data as costs, risks, and liabilities. And
for many in health care, data are not seen as a source of value, but
of additional work” [19].
Precision medicine efforts also raise concerns about data
privacy and security, data sharing, diversity and inclusion, and
equitable access. Although there are privacy policies that protect
health data in both the clinical space and in research, scholars
have argued that de-identified medical data can be re-identified,
and that the current health data privacy and nondiscrimination
regime may not be adequate protection as precision medicine
develops [20, 21]. In addition to the challenge of keeping data
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private and secure, sharing data in precision medicine introduces
questions regarding how to share information with patients and
between research projects. Scholars have argued that participants
should receive their genetic data when participating in research
as a matter of respect for autonomy [22]. On the other hand, the
return of genetic results has introduced challenges related to
interpretability and the responsible communication of risk [23, 24].
There has been an increased emphasis on involving participants
and patients as active participants in medical research, and
organizations such as the Patient Centered Outcomes Research
Institute (PCORI) have supported patient data sharing for precision
medicine research [25].
Regarding the use of data for multiple research projects,
The Common Rule, which governs human subject participation
in research, has recently been changed to allow for researchers
to ask participants to agree to broad consent for use of their
biospecimens. For researchers, this lowers some of the barriers to
accessing biospecimens that can produce health data, and would
thus provide greater access to information, such as genomic
data. Others have warned that though health data may be more
available to researchers through broad consent or voluntary
donation, there is a risk of privatization of health data that is held
by technology companies such as the direct-to-consumer genetics
company 23andMe or Apple. If not openly shared, health data that
is inaccessible could prevent researchers from conducting rigorous
scientific research [26].
Diversity and the inclusion of women and minorities has
been a long-standing issue in biomedical research in the United
States. Though proposed precision medicine research projects
are often intended to address health disparities, questions remain
about whether these studies will be able to tackle this problem.
It is not clear whether a representative sample based on traditional
methods (e.g., Census categories) or oversampling of traditionally
underrepresented populations will be the best strategy to achieve
diversity in precision medicine research cohorts. Furthermore,
the complexity of demarcating between race and genetics introduces
a challenge for precision medicine recruitment. Cohn and colleagues
have argued that recruiting for precision medicine studies using
racial categories may not yield genetic diversity in study cohorts
[27]. Still, others have argued that even if precision medicine is
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able to move past “crude” markers like race in medicine, these
treatments may not be equally accessible once they are developed
[28, 29].

2.6

Conclusions

Precision medicine research is poised to make important
contributions to our understanding of disease and show how the
increasing availability of data and advances in computing can lead
to breakthroughs in research and medical care. The field has
expanded to include not only genetics, but multiple forms and
sources of data with the hope that new methods of analysis can
provide information about the complex determinants—both
biological and social—of health outcomes. Major precision medicine
research efforts that are just launching are collecting data on
unprecedented scales, while attempting to meet long-standing
challenges in medical research, like enrolling diverse participants,
protecting privacy, and allowing for data sharing and participant
engagement. Although there are multiple definitions of precision
medicine, there is an understanding of it as a data project that
focuses on analysis, intervention, and collecting data from various
sources. The question as to whether precision medicine should
focus on individual interventions or broader structural strategies
is one that is dividing the community and may impact the kinds
of work that can be done with precision medicine cohort studies.
These studies are significant investments of resources, so it
is important to identify points of conceptual agreement and
divergence so that the promises of precision medicine can be
fulfilled.
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3.1

Introduction

On January 31, 2012, the FDA approved a new therapy for cystic
fibrosis (CF), a serious inherited disease that impairs the lungs
and digestive system. The drug, Kalydeco™ (known generically
as ivacaftor), was approved for patients with a specific genetic
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mutation—referred to as the G551D mutation—in a gene that
is important for regulating the transport of salt and water in the
body. There are hundreds of known mutations that can lead to
CF; the G551D mutation is responsible for only 4% of cases in the
United States (approximately 1200 people). In these patients,
Kalydeco works by helping to restore the function of the protein
that is made by the mutated gene. It allows a proper flow of salt
and water on the surface of the lungs and helps prevent the
buildup of sticky mucus that occurs in patients with CF and can
lead to life-threatening lung infections and digestive problems.
The Kalydeco story is compelling on several levels. First, Kalydeco
is the first drug to address the underlying cause—rather than the
symptoms—of CF. Skillful application of genomic science allowed
researchers to understand at a molecular level the reasons why
a protein fails to function, to discover and develop a medicine
specifically to improve its function, and to use the results of a
genetic test to select the right patients for the drug. While it is
too soon to say whether Kalydeco will be an all-out cure for those
eligible to receive it, patients are experiencing significantly
improved lung function and weight gain.
Second, the path of development that ultimately led to
the approval of Kalydeco was patient-driven. The drug itself
emerged out of a decade-long collaboration between the Cystic
Fibrosis Foundation (CFF) and the drug’s manufacturer, Vertex
Pharmaceuticals. The Foundation had been at work several decades
previously, organizing and advocating on behalf of the patient
community, funding research that led to the discovery of the gene
in 1989, building an extensive patient registry and clinical trial
network necessary for investigating the genetics of the disease,
and efficiently recruiting study participants and testing candidate
drugs. Starting in the late 1990s, CFF funded a major drug
screening effort that led to the discovery of the compound
and invested a total of $75 million toward the development of
the drug.
Finally, FDA approved Kalydeco in a very short time. Elegant
science and a well-designed program of the drug sponsor allowed
the agency to apply a number of mechanisms for streamlining
and expediting the review process. For one, the drug application
was granted “priority review,” a designation that is given to
candidate drugs that offer major advances in treatment or provide
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a treatment where no adequate therapy exists. The time goal for
completing a priority review is six months, but a well-prepared
submission, strong evidence, and a commitment on the part of all
of the parties involved enabled the review to be completed, and
the drug approved, in half that amount of time.
Kalydeco is one of several “targeted therapies” approved in
the past two years. Several cancer drugs—crizotinib, vemurafinib,
dabrafenib, and tremetinib—have each been approved for use in
patients whose tumors have specific genetic characteristics that
are identified by a companion diagnostic test.
More broadly, Kalydeco is one of many medical products that
point to the emergence of a new era of personalized medicine.
“Personalized medicine” may be thought of as tailoring medical
treatment to the individual characteristics, needs and preferences
of each patient. “Personalized medicine” is not limited to
pharmaceutical therapy. Advances in computational power and
medical imaging are paving the way for personalized medical
treatments that consider a patient’s genetic, anatomical, and
physiological characteristics. The advent of mobile and wireless
capability, better sensors, interoperable devices, and the Internet
have led to technologies that allow for more effective patient
monitoring and treatment outside of traditional medical care
settings. And progress in regenerative medicine and stem cell
research offers hope for some of the most personalized products
imaginable—the replacement or regeneration of missing or
damaged tissues.
The concept of personalized medicine is not new: The practice
of medicine has always been about treating each individual
patient, and clinicians have long observed that different patients
respond differently to medical interventions. What is new is
that paradigmatic developments in science and technology offer
new promise for developing targeted therapeutics and tools
for predicting who will respond to a medical therapy or who will
suffer ill effects.
The advances of the last few years in personalized therapeutics
are testament to the power of science to fundamentally advance
medical practice, yet the challenges of understanding human
health and disease remain sobering. Who we are, and what
illnesses we suffer, depends not only on our genes, but also on
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a complex intersection of environmental, genetic, social and
cultural factors. We have a great deal to learn about the biological,
anatomical and physiological mechanisms that underlie disease.
Realizing a truly personalized approach to patient care will require
fundamental advances in understanding each of these factors,
as well as how they impact one another.
The purpose of this chapter is to describe the unique and
special role and responsibility that FDA has in helping to usher in
the medical products that are central to this larger effort.
The report describes the ways in which FDA has evolved its
regulatory processes in response to—and in anticipation of—
scientific developments that are critical for the development of
personalized therapeutics and diagnostics.
It describes in particular the ways in which FDA has worked
to bridge developments in genomics and other relevant sciences
to clinical practice by advancing the tools necessary for evaluating
targeted therapeutics and bringing them to market more efficiently,
collaborating in key research, defining and streamlining regulatory
pathways and policies, and applying new knowledge in product
reviews.
We all have a stake in personalized medicine. The way we
view the evolution of this area is influenced by our particular
perspectives—for example, as patients, clinicians, drug or device
manufacturers, information technology specialists, healthcare
providers, insurers, educators, or regulators. This section describes
the concept of personalized medicine and some of the ways that
the term has recently been used or defined. It then turns to a
discussion of personalized medicine in the regulatory context,
and describes FDA’s unique perspective and responsibilities in
helping to advance this important field.

3.2

3.2.1

Personalized Medicine from a Regulatory
Perspective
Defining Personalized Medicine

It’s far more important to know what person the disease has than
what disease the person has.
—Hippocrates [1]
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The concept of personalized medicine dates back many
hundreds of years. It was not until the 19th century, however,
that developments in chemistry, histochemistry and microscopy
allowed scientists to begin to understand the underlying causes
of disease. From here, major advancements in science and
technology have allowed healthcare decisions to become increasingly
granular over time. With the growth of the pharmaceutical and
medical device industries in the 20th century came the rise of
genetics, imaging, and data mining. Midway through the century,
observations of individual differences in response to drugs gave
rise to a body of research focused on identifying key enzymes
that play a role in variation in drug metabolism and response and
that served as the foundation for pharmacogenetics (PGt). More
recently, sequencing of the human genome at the turn of the
21st century set in motion the transformation of personalized
medicine from an idea to a practice. Rapid developments in
genomics, together with advances in a number of other areas, such
as computational biology, medical imaging, and regenerative
medicine, are creating the possibility for scientists to develop
tools to truly personalize diagnosis and treatment.
Early Examples of Personalized Medicine

1907: Reuben Ottenberg reports the first known blood
compatibility test for transfusion using blood typing techniques
and cross-matching between donors and patients to prevent
hemolytic transfusion reactions.
1956: The genetic basis for the selective toxicity of fava beans
(“favism”) and the antimalarial drug primaquine is discovered
to be a deficiency in the metabolic enzyme, glucose-6-phosphate
dehydrogenase (G6PD).
1977: Cytochrome P450 2D6, a polymorphic metabolizing
enzyme, is identified as the culprit for causing some patients to
experience an “overdose” or exaggeration of the duration and
intensity of the effects of debrisoquine, a drug used for treating
hypertension.

Despite extraordinary advances that have been made to date
in medical fields, we have a long way to go in understanding why
different individuals experience disease or respond to treatment
differently. Our current lack of ability to predict an individual
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patient’s treatment success for most diseases and conditions
means that clinicians have no choice but to follow a less than
optimal approach to prescribing drugs and other treatment
options. A patient being treated for high blood pressure, for example,
might be placed on one of a number of blood pressure medications.
The patient’s doctor makes a decision about what medication to
prescribe based on only general information about what might
actually work for that particular patient. If the medication does
not work after a few weeks, the patient might be switched to
another medication. This somewhat “trial-and-error” approach can
lead to patient dissatisfaction, adverse drug responses and drug
interactions and poor adherence to treatment regimens. The goal
of personalized medicine is to streamline clinical decisionmaking by distinguishing in advance those patients most likely to
benefit from a given treatment from those who will incur cost
and suffer side effects without gaining benefit (Fig. 3.1).
The term “personalized medicine” is often described as
providing “the right patient with the right drug at the right dose
at the right time” [2]. More broadly, “personalized medicine”
may be thought of as the tailoring of medical treatment to the
individual characteristics, needs and preferences of a patient during
all stages of care, including prevention, diagnosis, treatment
and follow-up.
Several terms, including “precision medicine,” “stratified
medicine,” “targeted medicine,” and “pharmacogenomics,” are
sometimes used interchangeably with “personalized medicine.”
“Precision medicine” is perhaps most synonymous to “personalized
medicine” and has been defined by the National Academy of
Sciences (NAS) as “the use of genomic, epigenomic, exposure and
other data to define individual patterns of disease, potentially
leading to better individual treatment” [3]. “Stratification” refers to
the division of patients with a particular disease into subgroups,
based on a characteristic of some sort, who respond more
frequently to a particular drug or, alternatively, are at decreased
risk of side effects in response to a certain treatment. Stratification
can be thought of as a core element of personalized medicine.
“Pharmacogenomics” (PGx)—the study of variations of DNA and
RNA characteristics as related to drug response [4]—is a critically
important area of personalized medicine where significant
progress has recently been made.
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Describing Personalized Medicine
The definition and scope of the term personalized medicine
varies widely, ranging from the extremely broad to the very
narrow. Similar issues with nomenclature are seen with respect
to nanotechnology [5, 6]. These examples have been selected to
demonstrate the range of definitions that have been proposed:
• “The use of new methods of molecular analysis to better
manage a patient’s disease or predisposition to disease.”—
Personalized Medicine Coalition
• “Providing the right treatment to the right patient, at the
right dose at the right time.”—European Union
• “The tailoring of medical treatment to the individual
characteristics of each patient.”—President’s Council of
Advisors on Science and Technology
• “Health care that is informed by each person’s unique
clinical, genetic, and environmental information.”—American
Medical Association
• “A form of medicine that uses information about a person’s
genes, proteins, and environment to prevent, diagnose,
and treat disease.”—National Cancer Institute, NIH

Personalized medicine generally involves the use of two
medical products—typically, a diagnostic device and a therapeutic
product—to improve patient outcomes. A diagnostic device is a
type of medical device. Diagnostic devices include both in vitro
tests such as assays used in measurement of genetic factors
and in vivo tests, such as electroencephalography (EEG),
electrocardiography (EKG), or diagnostic imaging equipment.
While considerable attention in personalized medicine is
currently being paid to the use of genetic tests to guide therapeutic
decisions, a vast variety of medical devices can be used in a
personalized approach to improve patient outcomes. Many medical
device therapies are now capable of being tailored to specific patient
characteristics. These individual characteristics include patient
anatomy (e.g., size), physiology (e.g., nervous and cardiovascular
systems, metabolism, reproduction) and environment of use
(e.g., intensive care unit, home use). Additionally, physiological
sensors can be used to predict treatment responses for individual
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patients. For example, three-dimensional (3D) printing has been
used to create personalized medical devices based on imaging of a
patient’s anatomy.
Pharmacogenomics

Pharmacogenomics (PGx), the study of variations of DNA and
RNA characteristics as related to drug response, is one of the
most exciting areas of personalized medicine today. The field
arises from the convergence of advances in pharmacology (the
science of drugs) and genomics (the study of genes and their
functions). Patients typically have variability in response to
many drugs that are currently available. It can be difficult to
predict who will benefit from a medication, who will not respond
at all, and who will experience adverse effects. PGx seeks to
understand how differences in genes and their expression
affect the body’s response to medications.
More specifically, PGx uses genetic information (such as DNA
sequence, gene expression, and copy number) for purposes
of explaining interindividual differences in drug metabolism
(pharmacokinetics)
and
physiological
drug
response
(pharmacodynamics), identifying responders and non-responders
to a drug, and predicting the efficacy and/or toxicity of a drug.
Advances in PGx have opened new possibilities in drug discovery
and development. PGx has allowed for more tailored treatment
of a wide range of health problems, including cardiovascular
disease, cancer, and HIV/AIDS.

In addition, the advent of mobile and wireless capability,
better sensors, interoperable devices, and the Internet have led
to technologies that allow for more effective patient monitoring
and treatment outside the traditional medical care settings of
hospitals, chronic care facilities and physician offices. Instead,
more people are treated at home and at work and are better able
to maintain their lifestyle and quality of life. As a result of these
technological advances, medical diagnostics and therapeutics
can be more finely tuned to better meet the needs of individual
patients.
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3D Printed Tracheal Splint
Physicians at the University of Michigan and Akron Children’s
Hospital utilized a computed tomography image, computeraided design, and 3D printing to create a bioresorbable
airway splint to treat a critically-ill infant with tracheobronchomalacia—a life-threatening condition that occurs when the
airway walls are weak and the airways collapse during breathing
or coughing.
The “personalized” tracheal splint for the patient was constructed
based on CT images of the patient’s airway and lungs. The device
itself was “printed” by the 3D printer using polycaprolactone
(PCL)—a degradable material that, over time, will dissolve,
allowing the body to heal and grow around it. Upon receiving
Institutional Review Board approval for use under FDA’s
emergency-use provisions, physicians successfully implanted
the tracheal splint overlying the patient’s airway, basically
creating a placeholder for the cells to properly grow around it.
One year after surgery, imaging and bronchoscopy showed an
open airway while full resorption of the bioresorbable stent is
expected to take 3 years.
This story serves as a powerful example of how parallel advances
in multiple fields can come together to result in extraordinary
advances in personalized medicine, and offers a glimpse into a
future where truly individualized, anatomically-specific devices
may become a standard part of patient care.

The success of personalized medicine depends on the
development of accurate and reliable diagnostics and, in some
cases, on the identification of predictive biomarkers. Diagnostics
used in personalized medicine are generally intended to identify
the presence, absence, or amount of a biomarker (as in the case
of in vitro diagnostics) or to assess physiological or anatomical
patient characteristics (as in the case of EKG tracings or imaging
technologies). If the diagnostic test is inaccurate, then the treatment
decision based on that test may not be optimal. For example,
with an incorrect diagnostic result, an unsuitable drug may be
given to a patient who will as a result, be harmed or will not benefit,
because the drug will cause an otherwise avoidable side effect,
will be ineffective for that patient, or both.
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Examples of “Personalized” Medical Devices
Tinnitus masker is personalized by the manufacturer to patient
tinnitus. The tinnitus treatment custom-tailors the audio
signals to suit the individual patient’s hearing requirements.

Pedicle screw spinal systems: Spinal systems consisting of a
rod/screw/hook/connector kit are assembled by a surgeon to
accommodate a patient’s unique anatomy/physiology using MRI/
CT imaging.

Software-based quantitative EEG analysis to predict an
individual’s response to various psychotropic drugs. The device
provides the probability of response to various medications
to guide clinician in decision making.
The Zenith Fenestrated AAA Endovascular Graft is indicated
for the endovascular treatment of patients with abdominal
aortic or aortoiliac aneurysms having morphology suitable
for endovascular repair. The fenestrated device allows for
the treatment of patients with shorter proximal neck lengths
(i.e., length of healthy aorta between the renal arteries and
the aneurysm) as compared to those who can be treated using
other endovascular grafts. Each device is tailored to the
patient’s individual aortic anatomy with openings in the graft
material placed appropriately to maintain blood flow to branch
vessels of the aorta.
The Artificial Pancreas Device System is a device under clinical
investigation that automatically monitors patient glucose levels
and delivers patient-tailored insulin doses in people with diabetes.
A computer-controlled algorithm connects the continuous
glucose monitoring system and an insulin infusion pump to allow
continuous communication between both devices and deliver
a personalized treatment based on individual glucose patient
readings.

In the long run, personalized medicine seeks to reduce the
burden of disease by targeting prevention and treatment more
effectively. With the help of personalized medicine, the health
care management paradigm will focus on prevention, moving
from illness to wellness, and from treating disease to maintaining
health. By improving our ability to predict and account for individual
differences in disease diagnosis, experience, and therapy response,
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personalized medicine offers hope for diminishing the duration
and severity of illness, shortening product development timelines,
and improving success rates. At the same time, it may reduce
healthcare costs by improving our ability to quickly and reliably
select effective therapy for a given patient while minimizing costs
associated with ineffective treatment and avoidable adverse events.

3.2.2

FDA’S Unique Role and Responsibilities in
Personalized Medicine

FDA’s mission is to protect and promote the health of all Americans
through assuring the safety, efficacy, and security of drugs, biologics
(such as blood products and vaccines), and medical devices, and
the safety and security of foods, cosmetics, and many other
consumer goods. In the U.S., FDA-regulated products account
for about 20 cents of every dollar spent by American consumers
each year. In the case of medical products, FDA determines that
products are safe and effective before marketing through a
careful evaluation of benefits and risks that considers the
available scientific data in the context of the underlying condition
or disease. FDA also requires manufacturers to follow quality
manufacturing practices and processes, and conduct post-market
surveillance. In addition FDA strives to advance the public health
by helping to speed access to innovative medical products.
FDA’s responsibility for ensuring that drugs, devices, and
biologics are safe and effective provides the agency with a
unique perspective on both the successes and failures that occur
in medical product development and special insight into the
emergence and direction of the field of personalized medicine.
Consistent with FDA’s core mission are a series of institutional
responsibilities that are key to the emergence and direction of
the field of personalized medicine. These include responsibilities
to:
• Carefully consider benefits and risks when evaluating
medical products to appropriately foster innovative product
development while assuring adequate patient protections;
• Stay abreast of rapid advances in innovative science and
technology;
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• Provide clarity, predictability, and guidance to industry in
order to help encourage development in promising new areas
of medical product development;
• Help ensure that information about the latest science and
technology is being used appropriately and rationally to
inform clinical trial design, drug and device development, and
clinical practice;
• Work together with university scientists, government
agencies, including NIH, companies, standards organizations,
practicing physicians, and patients to evaluate and validate
new diagnostics and therapeutics;
• Help address the “pipeline” problem for drugs and medical
devices by identifying opportunities for streamlining
regulatory processes and advancing the science and tools
that will help drive innovation.

From FDA’s perspective, personalized medicine promises to
increase benefits and reduce risks for patients by improving both
the safety and efficacy of medical products. Every product has
inherent risks, but FDA’s job is to determine if the likely benefit
exceeds the risk in the targeted populations as a whole. A medical
product can be approved as “safe and effective” if there is scientific
evidence that the product is effective for its intended use and its
demonstrated benefits outweigh its known and potential risks.
But the actual safety and effectiveness of the product may vary from
one individual to the next as a result of genetic and environmental
factors, as well as the interaction of these factors. As a result,
there is considerable room for improvement in overall efficacy
rates for many products. For example, a 2001 study showed that
the response rates of patients to medications from different
therapeutic classes ranged from ~80% (analgesics) to ~25%
(oncology) [7] (Fig. 3.2). In addition, an estimated 2.2 million
adverse drug reactions occur each year in the United States,
including more than 100,000 deaths [8]. By further elucidating
why some patients respond or do not respond to a drug, and
why some experience adverse reactions while others do not, we
may be able to use this information to tailor drug indications to
certain populations, thus improving safety and efficacy of drugs
by specifying the population(s) in which they should be used.
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Figure 3.2 Percentage of patients for whom drugs are ineffective. Source
of data: Spear, B. B., Heath-Chiozzi, M., Huff, J. (2001). Clinical application
of pharmacogenetics. Trends Mol. Med., 7(5), 201–204. Note that lack of
efficacy in a given patient may reflect a complex interaction of factors and
can also result from inadequate or inappropriate dosing regimens of a
drug that would otherwise be effective, as well as lack of adequate patient
compliance.

Personalized medicine also promises to enhance medical
product development by improving the probability of success (Fig.
3.3). For example, many drugs under development never reach
the stage of being submitted to FDA in an application requesting
approval for marketing. High attrition rates stem largely from
failure of drugs to meet expected efficacy levels, to demonstrate
improved outcomes over a comparator drug, or to demonstrate
sufficient safety to justify their use. Improving our understanding
of the underlying causes of variability in patient response should
catalyze an increase in the numbers of drugs that are shown to
be safe and effective and make it to the market.
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Driving Toward and Responding to Scientific Advances

3.3

Driving Toward and Responding to Scientific
Advances

For well over a decade, personalized medicine has changed the
FDA while the FDA, in turn, has changed personalized medicine.
Beginning in the 1980s, a series of important breakthroughs in
the molecular characterization of disease paved the way for new
and exciting possibilities in tailored therapeutics. Important
discoveries about the role of cell growth and oncogenes in cancer
set the stage for the development and approval in 1998 of
trastuzumab (Herceptin®), the first genetically-guided therapy
for the treatment of HER2 positive metastatic breast cancers.
A few years later, the International Genome Sequencing
Consortium announced that it had completed the first sequencing
of the human genome. While there was considerable speculation
in the scientific community about the pace at which this
fundamental information might be applied in medical product
development, there was no question that completion of the
human genome project would unleash an explosion of genetic
information related to complex diseases, pharmacogenomics
associations important for drug development, and rapidly advancing
sequencing and information technologies.
Herceptin made clear the promise of personalized medicine.
Translating genomic and other discoveries into personalized
therapeutics, however, requires overcoming a number of significant
scientific, technical, economic and social challenges. From FDA’s
perspective, those challenges are, to begin with, scientific. Our
understanding of the mechanistic underpinnings of health and
disease was, and still is, in its infancy. At the same time, the human
genome project has created an explosion of information—how
to make sense of it and utilize it responsibly and effectively in the
design of new diagnostics and therapeutics has raised many new
questions. In addition, translation of our increasing understanding
of biological indicators of disease or disease risk into new
diagnostics brings considerable challenges related to accuracy
and performance of these tests. How to validate the clinical and
analytical performance of emerging biomarkers and diagnostic
assays in the context of an explosion of information that is
anticipated to continuously evolve presents extraordinary challenges.
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The Story of Herceptin
The story of trastuzumab (Herceptin®, made by Genentech, Inc.)
began with the identification by Robert Weinberg in 1979 of
“HER-2,” a gene involved in multiple cancer pathways. Over the
next two decades, UCLA researcher Dennis Slamon worked
to understand the link between HER2 and specific types of
cancer. Slamon observed that changes in the HER2 gene caused
breast cancer cells to produce the normal HER2 protein, but in
abnormally high amounts. Overexpression of the HER2 protein
appeared to occur in approximately 20–25% of breast cancer
cases, and seemed to result in an especially aggressive form of
the disease. These observations made it clear that HER2 protein
overexpression could potentially serve as both a marker of
aggressive disease as well as a target for treatment.
In May 1998, before an audience of 18,000 attendees of the annual
meeting of the American Society for Clinical Oncology (ASCO),
Slamon presented evidence that Herceptin, a novel antibody
therapy he had developed in collaboration with researchers
at Genentech, was highly effective in treating patients with
this extraordinarily aggressive and intractable form of breast
cancer. What was so revolutionary about Herceptin was that it
was the first molecularly targeted cancer therapy designed to
“shut off” the HER2 gene, making the cancerous cells grow
more slowly and without damaging normal tissue. This precision
also meant that patients taking the new treatment generally
suffered fewer severe side effects as compared with other cancer
treatments available at that time.
In September 1998, FDA approved Herceptin for the treatment
of HER2 positive metastatic breast cancers. On that same day,
the Agency granted approval to DAKO Corp for HercepTest, an
in vitro assay to detect HER2 protein overexpression in breast
cancer cells. Simultaneous approval of the gene-targeting drug
and assay for the drug’s potential effectiveness marked the
beginning of what many hoped would be an exciting trend toward
co-development of gene-based therapies with tests to detect the
drug targets, in order to identify the right therapies for the right
patients.

Today, HER2 testing is a routine part of clinical diagnosis
for breast cancer patients. Testing methods for HER2 have
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evolved and FDA has approved several different tests for HER2
detection. Herceptin is not beneficial, and may cause harm, to
patients with cancers that do not overexpress HER2, so the
availability of a well-validated assay is critical for the use of the
therapy. Herceptin generated more than $5 billion in sales for
Genentech/Roche in 2011. In 2012, Genentech was awarded
approval by FDA for Perjeta®, a drug with a similar HER2
binding mechanism of action as Herceptin, that has been found
to result in improved outcomes when used in combination with
Herceptin and another chemotherapy medication, Taxotere®, in
patients with HER2 positive breast cancers. Perjeta is believed
to work by targeting a different part of the HER-protein than
Herceptin, resulting in further reduction in growth and survival
of HER2-positive breast cancer cells [9].

Development and approval of Herceptin marked the dawn of
a new era of cancer treatment by bringing an emerging
understanding of cancer genetics out of the laboratory and to
the patient’s bedside. The story of Herceptin also emphasized a
profound lesson: not all cancers are the same. Breast cancer—
as well as other cancers—cannot be viewed as a single disease,
but rather as a group of several subtypes, each with its distinct
molecular signature. A growing appreciation of the biological
diversity of cancer challenges us to embrace the inherent
complexity of the disease and underscores the importance of
ensuring that our treatment regimens are designed with an
understanding of a cancer’s underlying biologic features.

Finally, the prospects for co-developing two or more medical
products—such as an in vitro diagnostic and a drug—in tandem
raise a number of regulatory, policy, and review management
challenges, since such products are usually regulated by different
FDA Centers, and are usually owned by separate companies.

3.4

Defining and Clarifying Regulatory Pathways
and Policies

The development and regulatory review of personalized medicine
products raise a number of regulatory, policy, sponsor coordination,
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and review management challenges. First, the success of
personalized medicine fundamentally depends on safe and effective
diagnostics. Extraordinary advances across multiple scientific
fields are leading to an explosion in diagnostic tests, but questions
concerning appropriate evidentiary standards and regulatory
oversight of these tests remain. In addition, personalized medicine
generally involves the use of two or more products—such as the
performance of a diagnostic test to determine whether a patient
may or may not benefit from a particular therapeutic intervention,
requiring considerable coordination in the development and
review of the different products. The FDA’s three medical product
review centers—the Center for Devices and Radiological Health
(CDRH), the Center for Drug Evaluation and Research (CDER),
and the Center for Biologics Evaluation and Research (CBER)—
along with the Office of Special Medical Programs (OSMP), are
primarily responsible for establishing regulatory pathways and
policies for addressing these challenges.
FDA’s Office of Combination Products

Many innovative combination products also fit under the
personalized medicine umbrella. Combination products are
therapeutic and diagnostic medical products that combine drugs,
devices, and/or biological products when both are necessary to
achieve the indication. Because of the complexities associated
with combination product regulation, the Office of Combination
Products (OCP), within OSMP, was created under Medical
Device and User Fee Modernization Act of 2002 to enhance
transparency, predictability, and consistency of combination
product regulation and also to ensure timely approval of
combination products.

Over the past decade, the Agency has issued a number of
guidance documents and regulations that seek to clarify regulatory
requirements, coordinate premarket reviews, delineate the
activities and responsibilities of the different centers, and provide
consistency and timeliness in the oversight of personalized
medicine products. Together, these policies provide guidance on a
broad range of topics, such as guidance on incorporating genetic
and other biomarker information in drug development programs,
designing clinical trials to incorporate biomarker data, coordinating
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cross-labeling activities, evaluating pharmacogenomics data, and
demonstrating companion diagnostic test performance.
The main FDA guidances and policies issued to date that relate
to personalized medicine are available on the FDA website (also
refer to Chapters 22–24 in this book). Many of these policies are
aimed at fostering the use of applied genomics and biomarker
information in drug development. Early guidances focused on
when and how to submit data to FDA. More recently, the Agency has
issued a guidance on generating those data broadly in early phase
studies, and even in specific contexts. FDA’s most recent guidances
on companion diagnostics and enrichment strategies, along with
its evolving guidance on co-development, speak to core issues in
personalized medicine product development.
The remainder of this section describes in more detail some
of the fundamental challenges posed by the development and
regulatory review of personalized medicine products—with
an emphasis on in vitro diagnostics that are used together with
therapeutic products—and the steps the agency has taken in recent
years or is currently taking to help shepherd products through
the review process and monitor their safety post-market.

3.4.1

Ensuring the Availability of Safe and Effective
Diagnostics

The success of many personalized medicines fundamentally
depends on the identification of biomarkers and the successful
development of diagnostic tests that can be used to accurately
stratify the patient population. While scientific discoveries across
multiple fields have led to an explosion of biological information,
the development of diagnostics and their translation into clinical
practice pose a number of scientific and regulatory challenges.
Inadequate performance of a diagnostic test that is used to guide
treatment decisions can have severe therapeutic consequences.
For example, with an incorrect diagnostic result, an unsuitable
drug may be given to a patient who will, as a result, be harmed
or will not benefit, because the drug will cause an otherwise
avoidable adverse event, will be ineffective for that patient, or both.
Diagnostic tests are intended to measure (as in the
case of in vitro diagnostics), or evaluate (as in the case of
electrocardiogram tracings or imaging technologies), an indicator
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of a normal biological process, pathogenic process, or response to a
therapeutic intervention [10]. In the case of in vitro diagnostic
test development, biomarker discovery and evaluation of the
biomarker are critical initial steps. If the biomarker is not
significantly correlated with the clinical state—for example, a
particular genetic mutation with a disease—a diagnostic test that
measures that biomarker will not produce meaningful results for
that disease.
Diagnostic tests generally fall under the FDA’s medical device
authority and are classified and regulated in a risk-based manner.
Risk determination includes the risk of an erroneous result, and
the harm to a patient that might be incurred based on an incorrect
test result when the test is used as intended. Diagnostic test results
can be incorrect in two major ways: they can report a positive
result when the result is actually negative (false positive), or they
can report a negative result when the actual result was positive
(false negative). Tests that measure the amount of a substance can
report values that are falsely high or low. False test results and
their consequences are evaluated for their risk of harm to patients.
For example, a false positive test result that could lead to a patient
undergoing an invasive medical procedure or a therapy with toxic
side effects would generally be considered high risk. Similarly, a
false negative test result that might alter medical management
and delay appropriate intervention for a life-threatening condition
might also be considered high risk.
In evaluating a diagnostic device, FDA looks at its analytical
validity as well as its clinical validity. Analytical validity refers
to how well the test measures what it is supposed to measure,
whereas clinical validity looks at how well the test predicts who
has or does not have a disease or condition for which it is being
tested. In personalized medicine, where the diagnostic test is often
a biomarker-based assay, such as a genetic test, the clinical validity
“Device”

is defined as “an instrument, apparatus, implement, machine, contrivance,
implant, in vitro reagent, or other similar or related article, including any
component, part, or accessory, which is [among other things]… 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 … 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 201(h) of the Federal
Food, Drug, and Cosmetic Act (FD&C Act), 21 U.S.C. § 321(h).
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of the test refers to how well the test works in helping to identify
people who will or will not respond to a therapy (or who will or will
not suffer adverse consequences).
In addition to analytical and clinical validity, stakeholders in
personalized medicine are also interested to know the clinical
utility of new diagnostics. “Clinical utility” is a term that describes
the relevance and usefulness of an intervention in patient care; in
other words, how much value does it add? When a diagnostic
test informs the use of a medical treatment, the test has clinical
utility if its use improves the treatment outcome. While the
accuracy of a diagnostic test used to individualize treatment or
an intervention is evaluated by measuring its analytical and
clinical validity, the usefulness of the test is typically evaluated
by its clinical utility. There is considerable debate about the
methods of demonstrating clinical utility and the level of evidence—
in terms of quantity, quality, and type—that should be obtained
for any new diagnostic test to be introduced into routine clinical
practice [10].
Many of the diagnostic tests used in personalized medicine
are in vitro diagnostic devices (IVDs), also called clinical laboratory
tests, which test body substances from patients for alterations in
levels of biomarkers (e.g., proteins) and the presence/absence
of genetic susceptibility biomarkers. The development and
validation of IVDs for use in guiding therapeutic treatment pose
a number of particular challenges. First, the sheer pace of the
development of IVDs over the past decade has been staggering.
Volumes of information arising out of the human genome project
combined with a dramatic decrease in costs of DNA sequencing,
for example, are giving way to an explosion of publications linking
particular genetic markers to diseases or conditions and a rapid
application of this information in the development of new molecular
diagnostic tests. How best to integrate rapidly evolving genomic
information into clinical care while ensuring safety and efficacy
is a topic of considerable public debate and discussion. For FDA,
the evaluation of these tests, and the development of standards
for levels of evidence required to demonstrate the validity of
the test, are especially complicated when the meaning of a given
genetic association may be poorly understood or change over time.
Moreover, the complexity of these tests is ever evolving, as single
marker tests have given way to tests that measure multiple markers
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simultaneously, such as complex gene panels. Extensive DNA and
RNA sequencing across multiple genes or the whole genome are
already being used in clinical practice.
Challenges for Regulating Whole Genome Sequencing

High-throughput genomic sequencing technologies are used
extensively in research and have started to enter clinical practice.
Whole genome sequencing (WGS), in which the entire human
genome can be sequenced at a reasonable cost in a reasonable
amount of time, is expected to bring transformative public health
applications, yet WGS platforms are still evolving rapidly, and
there are currently no agreed-upon approaches to analytically
assess their performance. FDA approval or clearance of diagnostic
tests generally requires demonstration of their analytical and
clinical validity. However, in the case of WGS, sequence-based
assays, and extensive gene panels, tests will involve the analysis
of many alleles (3 billion base pairs in the case of WGS), so that
demonstrating the validity of each and every variant may not
be practical or even feasible, since the significance of most of
these variants is currently unknown. In addition, many variants
detected by these methods are exceedingly rare, so that it is
difficult to find enough patients to run a clinical trial to determine
whether they are significant.
FDA has taken a number of steps toward developing a new
method for evaluating these tests. The Agency has since started
to assess sequence-based tests using a strategy that focuses
on validating the analytical performance of the sequencing
platform—whether it measures what it is supposed to measure
accurately and reliably and precisely. While it will be impossible
for the Agency to assess the platform’s performance for every
single variant, the Agency is looking at possibilities for identifying
a representative set of markers that could be assessed in order to
develop an understanding of the performance of the platform as
a whole.

Another challenge associated with ensuring the safety and
reliability of IVDs is that they may be marketed in one of two ways:
as IVD kits or as laboratory developed tests (LDTs). IVD kits are
those developed by a conventional device manufacturer and sold
to labs, hospitals and physicians offices where the test kit is used
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to run the tests, whereas LDTs are those that are designed,
manufactured, and used by a single laboratory. While FDA has had
the authority to regulate all IVDs since 1976, it has generally
exercised enforcement discretion (withheld active enforcement)
over LDTs.
If administration of a therapeutic depends upon identifying
appropriate patients through use of a diagnostic test, then
confidence in the therapeutic can only be assured if the diagnostic
test is properly validated in the specific therapeutic context of use.
Today, however, many in vitro diagnostic tests that are used to
guide treatment are being developed and offered as LDTs without
FDA pre-market review. Often, where an FDA-cleared or approved
test is available, laboratories continue to develop and use their
own LDT that may not be an equivalent test. For example, two tests
that measure the same biomarker may produce different results
if they use different technologies, are interpreted differently, or
are conducted under different laboratory conditions.
The increasing reliance on diagnostic tests in clinical decision
making, combined with the dramatic shift in the number and
complexity of LDTs being offered, are posing increasing risks
to patients. FDA has been made aware of a number of examples
where clinical decisions made on the basis of faulty tests resulted
in harm to patients. As a result, FDA has been developing a riskbased framework for regulatory oversight of LDTs that would assure
that tests, regardless of the manufacturer, have the proper levels of
control to provide a reasonable assurance of safety and
effectiveness, while also fostering innovation and progress in
personalized medicine. FDA believes that clarifying the regulatory
oversight framework for IVDs would facilitate the development of
in vitro diagnostic tests for use in providing optimized treatment
for patients.

3.4.2 Product Interdependency

Personalized medicine generally involves the use of two or more
medical products, such as a diagnostic test to determine whether
a patient may or may not benefit from a particular therapeutic
intervention, and the therapeutic product itself. Often, these
products are: (1) regulated under different regulatory authorities
(e.g., drugs vs. devices); (2) regulated by different FDA Centers (e.g.,
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CDER vs. CDRH); and (3) owned and manufactured by different
companies [11]. The different regulatory authorities that oversee
these products have been in place for many years and were not
intentionally designed to address situations where different types
of medical products are dependent upon one another to achieve
safety and effectiveness. FDA has been working to develop processes
and policies that delineate the activities and responsibilities
of the different centers and that address the inherent regulatory
and scientific complexities of these products.
The specific challenges for any particular set of products
depend in part on the nature of their relationship to each other.
For example, many personalized medicines require diagnostic
tests that identify appropriate patients for a given therapy or
patients who should not receive a particular therapy because of an
increased risk of a serious side effect. Other tests help to characterize
a disease or condition—such as cancer—to determine what type
of treatment is potentially most appropriate. In cases where a
test is essential for the safe and effective use of a corresponding
therapeutic product, it is termed a “companion diagnostic.”
A companion diagnostic impacts the ability of a specific
therapeutic product to achieve its established safety and
effectiveness. FDA believes that companion diagnostics should be
subject to oversight with appropriate controls, and has recently
issued a draft guidance that clarifies the definition and approval
requirements that apply to the development and marketing of
this particular category of diagnostic tests [12]. Generally, if a
companion diagnostic is required for safe and effective use of a
therapeutic product, through selection of patients or dose, then
an FDA-approved or cleared test must be available at the time that
the drug is approved [12]. Companion diagnostics are often (and
ideally) developed concurrently with a therapeutic, but can also
be developed to optimize treatment with a therapeutic that has
already been approved. Pharmaceutical and device sponsors have
become increasingly interested in pursuing “co-development”
strategies for the development of a therapeutic product and an
accompanying IVD companion diagnostic device. As described
earlier, the concept of co-development was first applied in 1998,

A list of companion diagnostics that have been approved to date can be viewed
at: http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/
InVitroDiagnostics/ucm301431.htm.
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when the approval of the therapeutic Trastuzumab (Herceptin), was
paired with approval of an immunohistochemical IVD companion
diagnostic device (HercepTest™) that measures expression levels
of human epidermal growth factor receptor 2 (HER-2) in breast
cancer tissue.
Co-development is recognized as essential for the success of
personalized medicine. Development of companion diagnostics
together with therapeutics should in theory allow for more efficient
studies with smaller patient populations while also leading to
more focused therapies that offer better outcomes, less toxicity,
and fewer treatment delays. However, these strategies raise
considerable technical, conceptual, organizational, and procedural
challenges.
First is the challenge of timing and alignment of the development
strategies of the two products: if the diagnostic is going to be used
to select patients for the trial, an analytically validated test should
be available at the time of initiation of the trial. This can be
challenging, since sometimes the need for the companion diagnostic
may not be evident until late in the development of the drug, or the
need to change the test might arise during the course of the trial.
The purpose of the trial is not only to assess the safety and
effectiveness of the drug, but also to investigate the performance
of the diagnostic in that specific therapeutic context.
A test that does not perform adequately may negatively impact
the outcome of the trial and harm patients. Changes made to the
test after initiation of the trial can make it difficult if not impossible
to interpret the study results.
Second is the design of the trial itself. Identifying patients
at the beginning who are most likely to benefit from a drug or
biological product (or excluding those likely to suffer toxicities)
can allow for smaller, faster, and less expensive clinical trials with
a higher likelihood of success. However, there are some challenges
associated with designing very small trials, such as being able
to build in sufficient statistical power to yield convincing
results. Designing a trial to test whether a drug is effective for a
subpopulation of patients also sometimes raises complex technical
and ethical questions about whether to include marker-negative
patients (i.e., those that are not expected to benefit from the
drug) in the trial. These and other issues are discussed at length
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in a draft guidance on employing “enrichment strategies” in clinical
trials that was issued by FDA in 2012.
Enrichment Strategies for Clinical Trials

In December 2012 the FDA published a draft guidance on
Enrichment Strategies for Clinical Trials to Support Approval of
Human Drugs and Biological Products. Enrichment is prospective
use of any patient characteristic—demographic, pathophysiologic,
historical, genetic, and others—to select patients for study to
obtain a study population in which detection of a drug effect
is more likely than it would be in an unselected population.
Enrichment strategies fall into three broad categories:
• Strategies for decreasing heterogeneity—for example,
selecting patients with baseline measurements in a narrow
range or excluding patients whose disease or symptoms
improve spontaneously.
• Prognostic enrichment strategies—choosing high-risk
patients (those with a greater likelihood of having a diseaserelated endpoint event or a substantial worsening in
condition).
• Predictive enrichment strategies—choosing patients more
likely to respond to treatment than other patients with the
condition being treated.

The main reason for use of enrichment is study efficiency—
increasing the chance of success, often with a smaller sample size.
However, it also provides benefits of individualization, directing
treatment where it will do the most good and sparing people
who cannot respond to potential harm. Utilization of enrichment
strategies—particularly predictive enrichment strategies—is
commonplace in the development of personalized medicines.
FDA’s draft guidance describes and illustrates enrichment
strategies, discusses study design options and their advantages
and disadvantages, and addresses issues of interpretation of the
results of enrichment studies.

Reviews of co-developed products pose a number of challenges
to the Agency, since they require expertise from and careful
coordination between the Centers to ensure consistent reviews
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and contemporaneous approval of the two products. Challenges
stem from the co-developed products falling within the purview
of multiple FDA centers each operating under different laws,
regulations, systems for tracking submissions, and timelines. The
products also have different development cycles and regulatory
requirements. And of course, each diagnostic-drug pair may raise
unique regulatory and scientific issues. Finally, often the diagnostic
and therapeutic products are developed by different companies,
each with its own commercial interest. As such, cooperation,
coordination, and communication between Centers and between
sponsors throughout the process are essential for ensuring a
successful co-development program.
FDA has developed a process for helping to shepherd codevelopment programs through the regulatory channels. The
process involves early communication with the sponsors to ensure
that they understand what will be required, frequent and ongoing
consultations both internally and externally throughout the
process, and close coordination among the relevant product
centers involved. Staff in the three relevant centers are working
together to develop guidance that outlines principles for the codevelopment process, and are also developing recommendations
for inter-center coordination to maximize the efficiency of
co-reviews.

3.4.3

Product Labeling

Medical product labeling must provide adequate information about
the product and its use. Drug labeling, for example, is “intended
to provide a summary of the essential scientific information
needed for the safe and effective use of the drug” [13]. As such,
labeling provides healthcare practitioners with information that
is critical for treating patients. FDA requires product labeling to
be balanced, scientifically accurate and not misleading, and that
clear instructions be communicated to healthcare practitioners for
drug prescribing and/or administration. Personalized medicines
that may only be safe and effective in particular sub-populations,
or must be administered in different doses in different subpopulations, must be labeled accordingly.
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Personalized Cancer Medicine: Recent Successes with
Co-Development
The value of co-development has been demonstrated by the
recent successful development and approval of targeted cancer
therapies.
Vemurafenib/BRAF V600E: In August 2011, FDA simultaneously
approved the drug vemurafenib (Zelboraf) along with its
companion diagnostic, the Cobas 4800 BRAF V600E mutation
test, for use in treating metastatic or unresectable melanoma.
Metastatic melanoma is a highly aggressive form of skin
cancer with a 5-year survival rate of only 15%. Vemurafenib
works by inhibiting the BRAF V600E mutation that is found in
approximately 50% of melanoma patients. Melanomas that
lack the mutation are not inhibited by the drug; therefore, using
a test to identify the population of patients who would more
likely benefit from the treatment accelerated development of
the drug, facilitated a successful regulatory review, and led to
an improved therapeutic profile. Vemurafenib was approved
by FDA in near record time (3.6 months) through an expedited
process.
Crizotinib/ALK testing: Also in August 2011, FDA approved
crizotinib (Xalkori), a drug along with an ALK FISH probe
companion diagnostic for the treatment of non-small cell
lung cancer. Crizotinib targets tumors with an abnormal ALK
gene, which occurs in approximately 5% of non-small cell
lung cancer patients. Crizotinib’s safety and effectiveness was
established through a clinical trial involving only 255 patients,
and the approval process for the drug and its associated test took
only 4.9 months, well below average review times for priority
drugs.
Tafinlar/Mekinist/THxID BRAF test: In May 2013, FDA
approved Tafinlar (dabrafenib) and Mekinist (trametinib) for
patients with advanced or unresectable melanoma, the leading
cause of death from skin disease. The FDA approved Tafinlar
and Mekinist with a genetic test called the THxID BRAF test,
a companion diagnostic that will help determine if a patient’s
melanoma cells have the V600E or V600K mutation in the BRAF
gene. Approximately half of melanomas arising in the skin have
a BRAF gene mutation. Tafinlar is intended for patients whose
tumors express a single BRAF gene mutation, V600E. Mekinist
is intended for patients who express that mutation or the V600K
mutation.
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In cases where a therapeutic product is approved together with
a companion diagnostic device, the labeling of the two products
must be consistent. In cases where an IVD companion diagnostic
is developed for use with an already approved therapeutic product,
it may be necessary to update the therapeutic product’s labeling
with appropriate test-related information if such information is
essential to the safe and effective use of the product. Diagnostic
tests may also be developed that provide information that is
helpful for determining whether a drug is appropriate for a patient
or not, but is not essential for the safe and effective use of the
therapeutic product. Therapeutic product labeling may also be
revised to reflect this additional information.
The decision of whether, and when, to revise labeling of
already-approved therapeutic products in light of new information
can be complicated and often involves a highly deliberative
process. Great care must be taken in assessing the therapeutic
benefits and risks for changing a labeling, since a decision to adjust
a labeling to incorporate the use of a diagnostic device narrows
the range of the population for which the drug is considered to be
appropriate, effectively limiting access to that drug. FDA can only
compel a labeling change in circumstances where FDA identifies
new safety information that becomes available after approval
of the drug or biological product. FDA or sponsors may request
to change labeling to reflect updated safety or efficacy information.
To date, the labeling of more than 100 approved drugs
contain information on genomic biomarkers (including gene
variants, functional deficiencies, expression changes, chromosomal
abnormalities, and others) [14] (Fig. 3.4; Table 3.1). Some, but not
all, of the labeling include specific actions to be taken based on
genetic information. Pharmacogenomic information can appear
in different sections of the labeling (e.g., Therapeutic Indications,
Warnings and Precautions).
FDA’s framework for adjusting therapeutic product labeling
applies a “totality of evidence” approach that considers a range
of factors, such as public health need, strength of the association,
whether clinical variables can be identified that may help identify
subgroups of patients for which testing would be most beneficial,
and whether a clear clinical course of action exists once the
pharmacogenomics information is available. The impact that the
incorporation of pharmacogenetic information in product labeling
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may have on medical practice must also be considered, such as
whether the test is required.

Other
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Gastroentrology
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Endocrinology
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Hematology/Oncology
38%
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Infecous Diseases
10%
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17%

Figure 3.4 Pharmacogenomic biomarker information in drug labeling.

Table 3.1 Selected drugs with specific actionable guidance in labeling
(i.e., indications, contraindications, dosing)
Drug

Original
Therapeutic
approval date area
Biomarker

Arsenic trioxide

2000

Brentuximab vedotin

2011

Tretinoin

Capecitabine
Fluorouracil
Cetuximab

Panitumumab
Crizotinib

1995
1998
1998
2004
2006
2011

Oncology

PML/R ARα

Oncology

DPD

Oncology
Oncology
Oncology

CD30

EGFR; KR AS
ALK
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Drug

Original
Therapeutic
approval date area
Biomarker

Denileukin Diftitox

1999

Oncology

CD25/IL2

Fulvestrant

2002

Oncology

ER/PR

2003

Oncology

C-Kit, PDGFR,
FIP1L1

Oncology

HER 2

2006

Oncology

Ph Chromosome

2002

Oncology

G6PD

2011

Oncology

BR AF

Exemestane
Letrozole
Imatinib

Lapatinib

Pertuzumab

Trastuzumab
Everolimus
Nilotinib

Dasatanib
Imatanib

Rasburicase

Tositumomab
Vemurafenib
Citalopram

Valproic acid
Pimozide

Aripiprazole
Iloperidone

Tetrabenazine
Thioridazine
Ivacaftor

Celecoxib

Maraviroc

Lenalidomide

1999
1997
2007
2012
1998
2009
2007
2003
2003
1998
1978
1984
2002

Oncology
Psychiatry
Psychiatry

CD20 antigen
CYP2C19
UCD

Psychiatry,
neurology

CYP2D6

2012

Pulmonary

CF TR

2007

Antivirals

CCR5

2009
2008
1962
1998
2005

Analgesics

Hematology

CYP2C9
Chromosome 5q
deletion

185

186

FDA’s Role in Paving the Way for Personalized Medicine

Examples of Labeling Updates
In 2009, FDA approved labeling changes to the drugs cetuximab
(Erbitux) and panitumumab (Vectibix) to advise against
their use in patients with metastatic colorectal cancer whose
tumors have certain mutations in the KRAS gene. The changes
were based on the retrospective analysis of several clinical
trials that revealed that the drugs provide no benefit to patients
with those mutations. Approximately 35-40% of colorectal
cancers contain a mutated KRAS gene at a level measureable by
the companion diagnostic and associated with poor outcome.
Using the companion diagnostic to stratify patients with respect to
KRAS mutation spares some patients from an ineffective treatment,
and not using either of these drugs as first-line treatments in
inappropriate patients could save approximately $600 million a
year [15].

In 2008, FDA approved labeling changes to abacavir-containing
products to recommend HLA testing prior to initiating abacavir
therapy. Abacavir is an antiviral used in the treatment of HIV
infection and was first approved in 1998. Studies showed that
patients who carry the HLA-B*5701 allele are at high risk for
experiencing serious and sometimes fatal hypersensitivity
reactions to the drug [16]. The labeling was changed to
recommend against its use in at-risk patients based on the
results of a prospective randomized controlled clinical trial
that compared a prospective screening strategy vs. standard of
care. Clinicians who were hesitant to prescribe abacavir do so
more readily as a result of the improved understanding of the
risk associated with the drug and the availability of the test.
The incidence of abacavir hypersensitivity reactions has
diminished worldwide and the drug has enjoyed a significant
resurgence in sales in response to the adoption of HLA testing.
In 2007, FDA approved labeling changes to warfarin, an
anticoagulant that is prescribed to people who are at high risk
for the formation of blood clots due to conditions such as deep
vein thrombosis, heart valve disease or replacement, and
irregular heartbeat, or to prevent recurrence of pulmonary
embolism, heart attack, and stroke. Warfarin has a narrow
therapeutic window and a wide range of inter-individual
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variability in response, requiring careful clinical dose adjustment
for each patient. The “precautions” section of the labeling was
updated to include information to alert physicians that people
with variations in two genes, CYP2C9 and VKORC1, may require
a lower initial dose of the drug. The labeling did not provide
specific dosing recommendations. In 2010, FDA updated the
“Dosage and Administration” section of the labeling, to include
specific initial dosage recommendations for patients with
different variant combinations.

3.4.4

Post-Market Surveillance

The post-market surveillance of medical products is ever more
important in an era of personalized medicine. One of the most
exciting promises of personalized medicine is that it will allow
for more focused clinical trials, the most expensive phase of drug
development, by increasing the proportion of responders in the
trial, increasing the average effect size, or both. While clinical trials
for blockbuster drugs typically enroll somewhere on the order
of 7,000 patients, clinical trials for crizotinib involved only 255
patients. For Kalydeco, the main trial involved only 161 patients;
a second tested the drug in 52 children. One implication of
dramatically smaller pre-market exposure, however, is a general
increase in the importance of and emphasis on post-market
monitoring, because relatively rare adverse events, in particular,
are unlikely to show up when a drug is being tested in a small
population, but will arise when a broader population is treated.
Post-market surveillance, then, is critical to the success of
personalized medicine. FDA’s ongoing efforts to refine methods
for analysis of post-market data, including data mining of
spontaneous reports and analysis of electronic health records
from accessible, large healthcare databases, will benefit all medical
products, including personalized medicines.
One of the challenges with tracking, investigating, and
understanding adverse events associated with the use of
personalized therapeutic products is that adverse events must
be traced for multiple products that are used together, e.g., a
diagnostic and a therapeutic product. For example, an adverse
event associated with the use of a therapeutic product may have
arisen as a result of failure of the test to identify the optimal subset
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of patients due to design deficiencies, manufacturing deficiencies,
or operator error. It may be challenging for FDA to identify these
deficiencies, especially since FDA’s current IT systems do not allow
for easy sharing of information relevant to products regulated in
different Centers. In addition, post-approval changes to personalized
therapeutic products and related diagnostic devices can raise
concerns about whether changes that could affect the ability of one
product to perform safely and effectively also implicate changes in
the companion product.
Sentinel Initiative

In 2008, FDA launched the Sentinel Initiative, a multi-year effort
to create a national, integrated, electronic system (the Sentinel
System) for monitoring the safety of FDA-regulated medical
products. Although FDA has a highly rigorous pre-approval
process, well-conducted, randomized, controlled clinical trials
cannot uncover every safety problem, nor are they expected to
do so.

In the past FDA has used administrative and insurance claims
databases to investigate safety questions about Agency-regulated
products, but generally it has only worked with one particular
healthcare system at a time to evaluate a given safety issue. The
Sentinel System, which is being developed and implemented in
stages, will ultimately enable the Agency to access the capabilities
of multiple existing data systems (e.g. electronic health record
systems and medical claims databases) to augment the Agency’s
current structure. The System will enable the FDA to query
distributed data sources quickly and securely for relevant deidentified product safety information, thereby strengthening
the Agency’s ability to eventually monitor the performance of a
product, throughout its entire life cycle. This need for additional
post-market surveillance becomes increasingly important in this
new era of personalized medicine as more and more products are
approved on the basis of very small clinical trials.
Much of the development of FDA’s Sentinel System is being
conducted via FDA’s Mini-Sentinel pilot program, a large-scale
working model of the eventual full-scale System. The MiniSentinel System provides secure access to the electronic health
care information of more than 125 million patients, provided by
17 data partners nationwide.
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Patient follow-up and registries may play an increasingly
important role in shedding light on potentially drug-related events.
One of the benefits of creating therapeutics tailored to smaller
populations is that it can allow for close monitoring of patient
outcomes. The Kalydeco story—involving a highly organized
patient community, a well-run registry, and a small set of doctors—
represents not only a remarkable success in targeted drug
development, but also a possible model for generating follow-on
knowledge in an era of personalized medicine. The opportunity
it presents for accurate tracking and monitoring of every patient
taking the drug allows for a true “life cycle approach” to drug safety.
National System for Medical Device Post-market Surveillance

Medical device post-market surveillance presents unique
challenges compared to that of drugs and biologics due to the
iterative nature of medical product development, the learning
curve associated with technology adoption, and the relatively
short product life cycle. In April 2013, CDRH issued an update
to its September 2012 report entitled “Strengthening Our
National System for Medical Device Post-market Surveillance.”
FDA’s vision for medical device post-market surveillance is the
creation of a national system that serves four primary functions:
(1) communicates timely, accurate, systematic, and prioritized
assessments of the benefits and risks of medical devices
throughout their marketed life using high quality, standardized,
structured, electronic health-related data; (2) identifies potential
safety signals in near real-time from a variety of privacy protected
data sources; (3) reduces the burdens and costs of medical device
post-market surveillance; and (4) facilitates the clearance and
approval of new devices, or new uses of existing devices.
CDRH is pursuing four key proposed actions to help fulfill the
vision for a National System: (1) establish a unique device
identifier (UDI) system and promote its incorporation into
electronic health information; (2) promote the development of
national and international device registries for selected products;
(3) modernize adverse event reporting and analysis; and (4)
develop and use new methods for evidence generation, synthesis,
and appraisal.
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3.5

Advancing Regulatory Science in Support of
Personalized Medicine

In 2010, the FDA announced its “Regulatory Science Initiative,” a
four-part strategic framework to lead a major effort to advance
regulatory science within the agency and around the nation [17].
The Initiative was developed out of the recognition that FDA
must play an increasingly active role in the scientific research
enterprise directed towards new treatments and interventions
and must also modernize its evaluation and approval processes
to ensure that safe and effective innovative products reach the
patients who need them, when they need them. One of the key
priority areas for the Regulatory Science Initiative, as outlined by
a 2011 strategic plan, is to “stimulate innovation in clinical
evaluations and personalized medicine to improve product
development and patient outcomes” [18]. The following section
provides an overview of some of the ways that the FDA is working
to advance the fundamental science, research, technology, and
tools that are required for the Agency’s ability to assess the safety,
quality, and performance of personalized medicine products.

3.5.1

Developing Regulatory Standards, Research
Methods, and Tools

Advances in genomics together with widely accessible biological
information, sophisticated bioinformatics tools, and high-throughput
screening methods have led to rapid identification of potential
biomarkers and therapeutic targets. Yet, the translation of new
scientific findings into safe and effective medical products remains
a major challenge.
FDA is working to help speed the development of promising
new therapeutics by developing regulatory science standards,
reference libraries, research methods, and tools that are needed
for integrating genetic and other biomarker information into drug
and device development and clinical decision making.

• Biomarker Qualification Program: The Biomarker
Qualification Program was established to support CDER’s
work with external scientists and clinicians in developing
biomarkers. The program aims to provide a framework
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for scientific development and regulatory acceptance
of biomarkers for use in drug development, facilitate
integration of qualified biomarkers in the regulatory review
process, and encourage the identification of new and
emerging biomarkers. As part of this program, CDER
developed a formal process for qualifying biomarkers for
use in drug development. Once qualified, a biomarker can
be used by drug developers within a qualified context of
use in investigational and marketing submissions without
requesting that the relevant agency review group reconsider
and reconfirm the suitability of the biomarker.

• MicroArray and Sequencing Quality Control Project
(MAQC/SEQC) [19]: New diagnostics emerging out of
advances in genomics are evolving with extreme rapidity
and are creating the need for new standards. Microarrays
and next-generation sequencing represent core technologies
in pharmacogenomics, toxicogenomics, and personalized
medicine. However, for regulatory decision making and
utilization in clinical practice, development of standards,
quality measures, and guidance for these technologies
is necessary. Implemented, organized, and run by NCTR
scientists, the FDA-led MAQC/SEQC project seeks to advance
translational and regulatory sciences by assessing technical
performance and practical utility of emerging molecular
biomarker technologies for clinical application and safety
evaluation. By helping to develop standards for industry,
this collaborative effort will help to ensure that the field
of personalized medicine will benefit from high quality
diagnostic tests.
• Genomic Reference Library for Evaluating Whole
Genome Sequencing Platforms: Whole genome sequencing
(WGS) is widely used as a research tool and is starting to
become commercially available for other uses. Multiple
sequencing instrumentation systems have been introduced,
yet it is not clear how well sequencing works on an individual
patient level, and there are no agreedupon approaches to
establishing the measurement characteristics or the clinical
application of results provided by these instruments. In
partnership with the National Institute of Standards and
Technology (NIST), FDA’s Office of In Vitro Diagnostics and
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Radiological Health (OIR) in CDRH is developing genomic
reference materials for evaluating WGS instrument systems.
The reference materials will allow FDA and external users
to understand overall system performance, the variation
between instrument types and uses, the types of errors each
system may make, and specific measurement performance
for individual sequences of interest. In addition, the project
will generate products and testing methods that can be
used with any technology or application. The resulting
reference materials will be available for purchase by industry
and researchers and will serve as a national resource in
understanding how WGS systems work.

MAQC/SEQC: The MicroArray and Sequencing Quality Control
Project
Initiated by the FDA with active participation of hundreds of
scientists from the genomics and bioinformatics communities,
the MAQC/SEQC project is expected to enhance our capacity to
understand, predict, and eventually prevent idiosyncratic and
serious adverse drug reactions by reliably utilizing patientspecific genomic information at the single-base resolution level.
The project has been carried out in three phases. Phase I,
completed in 2006, evaluated the technical performance of
multiple microarray platforms and the advantages and limitations
of various bioinformatic data analysis methods in identifying
differentially expressed genes (or biomarkers). The findings
[20] informed FDA’s updated guidance on the submission of
pharmacogenomics data to the agency. Phase II evaluated
methodologies for developing and validating classification models
based on high-dimensional microarray data to predict clinical
and toxicological endpoints, and also evaluated the technical
performance of genome-wide association study platforms and
different data-analysis methods [21]. Phase III aims at assessing
the technical performance of next-generation sequencing
platforms by generating large benchmark datasets with reference
samples and evaluating advantages and limitations of various
bioinformatics strategies in RNA and DNA analyses.

• Virtual Physiological Patient: Advances in medical imaging
and computational modeling have allowed incorporation
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of patient-specific simulations into clinical practice and
medical device development. This can allow for personalized,
custom-built medical devices designed for individual
patient anatomic and physiological characteristics. CDRH
is currently developing a publicly available digital library of
such models and simulations for evaluation, modification,
sharing, and incorporation into medical device development.
Source data will also be available for users to develop models
de novo. Allowing such pre-competitive collaboration and
sharing of modeling knowledge will likely help advance
personalization of medical device development and use.

• High-Performance Integrated Virtual Environment
(HIVE) for Next-Generation Sequencing Analysis
Infrastructure: The High-performance Integrated Virtual
Environment (HIVE) is a cloud-based environment optimized
for the storage and analysis of extra-large data, primarily Next
Generation Sequencing (NGS) data. This environment will
provide secure web access for authorized users to deposit,
retrieve, annotate, and compute High-Throughput Sequencing
(HTS) data, and to analyze the outcomes using web-interface
visual environments appropriately built in collaboration with
research scientists and regulatory personnel. Developed
by CBER, HIVE is a multicomponent cloud infrastructure
where the distributed storage library and the distributed
computational powerhouse are linked seamlessly. The novel
paradigm of moving computations to the data instead of
moving data to computational nodes implemented in HIVE
has proven to be significantly less taxing for hardware and
network infrastructure. FDA’s medical product centers are
beginning to use HIVE for regulatory submissions.
• Development of High Resolution Human Leukocyte
Antigen (HLA) Typing: The Human Leukocyte Antigen
(HLA) system refers to a large number of genes and protein
products that are related to immune system function. HLA
typing is the process of testing patient or donor blood or
other tissue samples for HLA antigens. The results can then
be used to determine compatibility between the donor and
patient (HLA matching). More precise HLA matching through
the application of molecular-based typing methods has been

193

194

FDA’s Role in Paving the Way for Personalized Medicine

shown to significantly improve transplant outcomes and is
especially critical for bone marrow transplant outcomes,
where poor matches can result in catastrophic health
consequences. However, ambiguous results occur even with
the use of current “gold standard” DNA-based HLA typing
methods, in part due to the extraordinary variability and
complexity of the HLA genes. CBER scientists, along with
others in industry and academia, are working to apply cuttingedge technologies to develop a high resolution HLA typing
method that achieves results without ambiguities.

• Development of Molecular Tools to Facilitate Blood
Group Typing: Blood group typing by molecular methods
is of great and increasing interest for use in predicting
highly specific red blood cell (RBC) types and to enable the
transfusion of compatible blood products. Molecular typing
has certain benefits over traditional techniques and can
increase the possibility of identifying suitable blood donors
in complex patient cases. As red blood cell molecular typing
kits are approved and become available for use, there will
be a need for quality control standards. CBER’s Division of
Blood Applications is working to develop quality control
DNA reference panels with broad coverage of approximately
90 genotypes from 17 blood groups that can be used in the
evaluation, validation, and standardization of RBC molecular
testing devices.

For

• Clinical Trial Designs and Methodologies: The core
capability of personalized medicine—the ability to select
patients for whom therapy is most likely to provide a
benefit—can also be leveraged in the design of clinical trials.
FDA is working to refine clinical trial design and statistical
methods of analysis to address issues such as missing data,
multiple endpoints, patient enrichment, and adaptive
designs that often arise in the development of targeted

example, the availability of molecular typing has proven to be valuable in cases
where patients require multiple transfusions throughout their lifetime, such as
patients with sickle cell anemia. These patients often develop immune antibodies to
donor blood, making finding compatible blood for transfusion very difficult. Highthroughput, multiplex molecular typing technologies create the possibility of largescale donor screening for multiple antigens, including rare antigen combinations or
genotypes. This will assist in providing well-matched RBC units for transfusion for
these patients.
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therapeutics. FDA is also looking specifically at clinical trials
for oncology drug development. Development of cancer
drugs is complicated in part by the fact that many cancers
are heterogeneous, meaning that cancers in the same organ
can have very different origins and characteristics, each with
their own specific genetic makeup. This heterogeneity is
one reason why different people with cancer in the same
organ respond differently to therapies. The I-SPY 2 trial,
a highly collaborative initiative developed under a unique
public-private partnership and involving the participation
of more than 20 cancer centers, attempts to account for this
heterogeneity and complexity of cancer at the outset (see
the following box).
I-SPY 2 Trial

The “I-SPY 2 Trial,” launched in March 2010, represents a
groundbreaking new clinical trial model that will help scientists
quickly and efficiently test the most promising drugs in
development for women with higher risk, rapidly growing breast
cancers. Designed to reduce the cost, and speed the development,
of promising new drugs for women with high-risk, aggressive
breast cancers, the I-SPY 2 trial focuses on biomarkers from
individual patients’ tumors and personalized treatments. During
the trial, drugs in development are individually targeted to the
biology of each woman’s tumor using specific genetic or other
biomarkers. By applying an adaptive trial design, researchers
will use data from one set of patients’ treatments to treat other
patients—more quickly eliminating ineffective treatments
and drugs and allowing for knowledge learned throughout the
course of the trial to be used in individualizing treatment. The
I-SPY 2 trial was developed under the Biomarkers Consortium,
a unique public-private partnership that includes the FDA, the
National Institutes of Health (NIH), and major pharmaceutical
companies, led by the Foundation for NIH. Approximately 20
cancer centers are recruiting and treating patients as part of
this collaborative effort.

• Study Design Considerations for HLA Genotyping
Devices: The HLA region is the most variable part of the
human genome. HLA typing is critical for tissue transplant
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matching, and sponsors face significant challenges developing
and evaluating devices used to determine a patient’s HLA
type. These devices are highly multiplexed and hundreds to
thousands of analytes need to be detected, making traditional
approaches to the assessment of diagnostic devices unwieldy
and burdensome. CBER has created an HLA genotyping
working group that is developing study design considerations
for both clinical and analytical performance, essential
components of an HLA diagnostic device submission.

• Statistical Methods for Analyzing Genomic Data:
Working with scientists at Booz Allen Hamilton and the
FDA supercomputer center, the Genomics Evaluations Team
for Safety (GETS) and the Office of Vaccines Research and
Review (OVRR) in CBER are comparing different methods for
analyzing genomic data for use in a predictive or prognostic
fashion. By simulating full sized genomes for tens of thousands
of humans and assigning medically-relevant phenotypes in
a realistic manner, they have been able to determine which
methods, under which circumstances, may provide the
highest predictive accuracy. In addition, they are better able
to estimate necessary sample sizes and the maximal expected
benefits of genomic information for predictive purposes.
• Novel Device Diagnostics for Improving Drug Safety: In
the 1990s, multiple drugs were removed from the market
because they increased the risk of a potentially fatal abnormal
heart rhythm called Torsade de Pointes. Drugs that cause
the abnormal heart rhythm also increase a measurement
on the electrocardiogram called the “QT interval.” However,
not all drugs that prolong the QT interval cause Torsade de
Pointes. Screening for drug-induced QT prolongation early
in drug development may be preventing some effective new
drugs (that are benign QT prolonging drugs) from reaching
the market. An inter-center collaborative team from CDER
and CDRH is assessing new device-based algorithms and
biomarkers that can distinguish benign (not harmful) from
malignant (harmful) drug-induced QT prolongation.
• Novel Methodological Approaches to Studying Medical
Device Performance and Clinical Outcomes: Through
the Medical Device Epidemiology Network (MDEpiNet)
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3.5.2

Partnership, CDRH has begun developing a Formal Evidence
Synthesis Framework that combines existing data sources,
including clinical trials, observational studies, patient
registries, published literature, administrative claims data, and
other known data sources. This framework will allow CDRH
to have a targeted, comprehensive, up-to-date benefit-risk
profile for a specific medical device for subgroups of patients
at any point of a life cycle, thus enabling us to make optimally
informed decisions and provide more useful information to
practitioners, patients, and industry.

Conducting and Collaborating in Research

Regulatory practice and policy must incorporate in-depth scientific
understanding. The rate and pace of development of the field of
personalized medicine are driven most fundamentally by our
understanding of basic science and the integration and translation
of that science into product development. FDA has a responsibility
to maintain an understanding of rapidly evolving science and
technology. It is also uniquely positioned to identify critical gaps in
that scientific understanding and to conduct research to fill those
gaps. For example, FDA often conducts large combined analyses
(meta-analyses) of multiple clinical trials when a question arises
about the safety of a product or a class of products. By participating
in research, FDA scientists maintain critical expertise in their
fields while contributing directly to the generation of knowledge.
Following are a selection of examples of current research activities
that relate to personalized medicine.

• Biomarker Identification and Development: NCTR’s
Division of Systems Biology works to identify important
translational biomarkers and pathways of response that
provide predictive, diagnostic, and prognostic value in both
the preclinical testing of compounds and the management
of patients. The Personalized Medicine Branch, in particular,
is focused on the development of biomarkers, technologies,
and tools to classify individuals into subpopulations that
differ in their susceptibility to a particular disease or their
response to a specific treatment. The classifications include:
genetics, sex, age, epigenetics, and life-style and environmental
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factors such as smoking and obesity. Preventions and
therapies can then be chosen that maximize benefits while
minimizing side effects and unnecessary treatments and
tests.

• Biology of Cancer: NCTR’s Division of Genetic and Molecular
Toxicology performs research to improve understanding
of cancer’s underlying biologic features. A research project
focused on the KR AS oncogene, for example, established
that many tumors carry subpopulations of KR AS mutant
cells, which can contribute to acquired resistance to some
cancer therapeutics. A goal of this work is to establish
experimental approaches to identify efficacious treatments
that block the development of acquired drug resistance in
tumors with defined genetic profiles.
• Pharmacogenetics and Immunogenicity of Protein
Therapeutics: There has been a steady shift towards the
use of recombinant human proteins in the treatment of
human diseases, such as hemophilia. However, the safety and
efficacy of these therapies are affected by the fact that
proteins can elicit an immune response in the form of the
production of inhibitory antibodies. Genetic variability
may lead some individuals, racial/ethnic groups, or other
sub-populations to develop inhibitory antibodies at a
higher frequency. Development of inhibitory antibodies to
therapeutic proteins is a life-threatening adverse event,
which requires expensive clinical intervention that can cost
up to several million dollars per patient. Researchers at
CBER are working to establish pharmacogenetic determinants
of immunogenicity in patients with Hemophila A. This
research may eventually allow for a patient’s risk of
immunological response to a given protein therapy to be
predicted in advance of treatment.

• Understanding the Effects of DNA Modifications on the
Quality of Protein Products: Over the last decade, it has
become apparent that single nucleotide polymorphisms
(SNPs) are a significant cause for genetic variability in the
population, including variation in individual response to
prescribed medications. Evaluating the safety of proteinbased therapeutics that mimic human proteins is inherently
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complex, in part because several possible sequences of the
protein exist in the normal population, any one of which could
be developed as a drug. In addition, there has recently been
a surge in protein and DNA engineering that allow improved
therapeutic protein product yields. A second generation of
therapeutics involves engineering the protein to achieve
desirable therapeutic outcomes. All of these manipulations
can potentially affect the efficacy and safety of protein
therapeutics but predicting how different manipulations
can alter safety and efficacy remains a challenge. CBER
researchers have initiated a research project that seeks to
better understand the effects of DNA modifications on the
quality of protein products. Using proteins that are involved in
blood clotting as models, the researchers have demonstrated
that while “synonymous” or “silent” mutations do not affect
the protein sequence, they may affect protein levels as
well as protein folding and function. The researchers
are also looking to understand which mutations are
deleterious and which may be safely employed in design of
therapeutic protein products, and aim to develop tools and
methodologies to evaluate protein properties from gene
sequence. This research could have wide implications for
the development and evaluation of safe and effective protein
therapeutics, including biosimilar products.
• Identification of Genetic Risk Factors for Vaccine
Reactions: CBER’s Office of Vaccines Research and Review
(OVRR) together with the Genomics Evaluations Team for
Safety (GETS) are involved in several research collaborations
that focus on identification of genetic risk factors associated
with adverse reactions to vaccines. For example, a project
with Harvard Pilgrim Healthcare and Georgia Kaiser
Permanente attempts to identify genetic risk factors
associated with “idiopathic thrombocytopenia purpura”—a
condition of having an abnormally low platelet count—
following measles-mumps-rubella (MMR) vaccination in
children. A second study in collaboration with CDC and
Northern California Kaiser looks at genetic risk factors of
febrile seizures after MMR vaccination. Another study, in
collaboration with the Innovation Center for Biomedical
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Informatics (ICBI) at Georgetown University, seeks to identify
genes associated with vaccines, vaccine components, and
several autoimmune diseases of interest in order to help
assess plausibility of autoimmune diseases as adverse
reactions to vaccines. Pathway models derived from this
data may help predict autoimmune reactions to vaccines
and other medical products in the future.

Pharmacogenetic Determinants of Immunogenicity in
Patients with Hemophilia A

Hemophilia A, also known as “Factor VIII deficiency” is the most
common form of hemophilia and occurs in one of every 5,000
males in the United States. In patients with this disease, one of
the proteins involved in blood clotting (Factor VIII) is missing
or not functional, causing patients to have longer bleeding
episodes after trauma or serious injury, or in more severe
cases, episodes that occur spontaneously. In the treatment of
hemophilia A, about 20% of patients develop inhibitory antibodies
against life-saving therapies. In addition, the prevalence of
this life-threatening reaction among patients of Black African
descent is almost twice to that observed in patients of Caucasian
descent.

Researchers at CBER are working to establish the pharmacogenetic
determinants of immunogenicity, using Factor VIII as a model
system. The long-term goal of their research is to identify and
utilize biomarkers to ensure the safety and efficacy of medications
for all populations. They have developed an algorithm that
considers three critical parameters—mutations in Factor VIII,
HLA type of the patients/recipients, and sequence of therapeutic
Factor VIII agent—to generate an immunogenicity score that
appears to predict a patient’s risk of immunological response
to a given protein therapy and has proven to be consistent with
clinical reports of immunogenicity. Validation of this tool could
pave the way for the development of therapeutics that are closely
matched to the target population. The approach used in this
research is also useful in accessing the potential immunogenicity
of bioengineered protein therapeutics.
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Understanding “Silent” Mutations
The genetic code governs how a cell translates DNA instructions,
via RNA, into functional proteins. Inside the cell nucleus, DNA is
transcribed into RNA and then edited to remove segments that
do not code for amino acids. In the process of translation, RNA
nucleotides spell out the sequence of amino acids in an encoded
protein using three-letter “codes” (called codons) each of which
correspond to one of 20 amino acids. With an alphabet of four
nucleotide bases, 64 codon triplets are possible, resulting in
several codons that specify the same amino acid. Thus one can
frequently have a mutation in the DNA that does not result in
an amino-acid change in the resulting protein. These single
nucleotide changes that do not result in a change in the amino
acid in the translated protein are referred to as “synonymous
mutations or “silent mutations.”
Scientists long assumed that because synonymous mutations do
not alter the sequence of the protein they had no functional or
clinical consequences. However, it is now understood that such
changes may not be ‘silent,’ after all, and instead can impact
protein expression, conformation, and function. To date, more
than 50 diseases have been shown to be caused entirely or in
part by synonymous mutations. While only one synonymous
mutation could cause disease, codon optimization more often
than not results in the employment of synonymous mutations in
more than half of the entire codon.
Researchers at FDA’s CBER are working to understand the
extent to which synonymous mutations occur genome-wide, the
mechanisms by which they can affect protein function, and their
global importance in human health and disease. Advancements
in our understanding in these areas could have broad applications
in drug development as well as in the practice of clinical
medicine. For example, synonymous mutations are routinely
introduced into protein therapeutics by way of genetic
engineering as a strategy for increasing protein production. In
recent years, new approaches, novel technologies and genomic
data are helping us to elucidate the “rules” by which synonymous
codons affect protein folding, structure and function that may
have broad applicability.
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• Evaluation of Personalized Cell-Based Products:
Mesenchymal or Multipotent Stem Cells (MSC): Stem
cell-based treatments hold great promise to provide cells,
tissues, and perhaps organs to treat a variety of clinical
indications from cardiovascular disease to repairing or
regenerating injured organs or limbs. However, these
products are complex and raise a number of questions with
regard to use in clinical trials, such as what are the critical
product attributes to measure, will they form tumors in
patients, and will they go to the wrong place in the body and
cause harm? In order to regulate them effectively, CBER has
a consortium of scientists using a systems biology approach
to identify the critical product characteristics that are
measurable and correlated to desired clinical outcome using
nonclinical functional assays. The outcome of these studies
will be new or improved assays to characterize these cells
as well as improved guidance to sponsors performing
studies to evaluate MSC-based products, thus facilitating
development of this new class of medical products.
• Genetics of Drug Induced Hypersensitivity Reactions:
Understanding genetic susceptibilities to drug responses
(i.e., adverse reactions and efficacy) is critical to the
implementation of personalized medicine. Genetic variants
have been associated with severe adverse reactions to
carbamazepine, a common drug used primarily in the
treatment of epilepsy and trigeminal neuralgia. In particular,
two HLA-related variants (HLA-B* 1502 in Asian populations
and HLA-A* 3101 in Caucasian populations) have been
associated with an increased risk of developing Stevens–
Johnson (SJS) syndrome and toxic epidermal necrolysis (TEN),
two forms of a life-threatening skin condition. However,
these HLA variants predict only a portion of individuals
who will develop these conditions. This suggests that other
rare or non-HLA related variants may also play an important
role. Scientists at NCTR, in collaboration with scientists at
the University of Liverpool (UK) and the Huashan Hospital
(China) are performing whole genome sequencing and
genetic analysis to identify susceptibilities to carbamazepineinduced SJS or TEN. The researchers hope that by identifying
additional factors that help to explain variation in patient
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response, they will be able to better predict in advance
who will have an adverse reaction to the drug.

• Genetics and Cardiovascular Risk: In collaboration with
researchers at the University of Maryland, scientists at
NCTR are conducting research that seeks to identify genetic
factors that interact with common lifestyle factors to
contribute to heart disease. Research subjects were recruited
from the Amish community in Lancaster, Pennsylvania. The
volunteers were examined for metabolic responses to various
diets and drugs that are associated with cardiovascular
risk, specifically: blood triglyceride response after a high fat
meal, blood pressure response after a high salt meal, and
platelet aggregation response after aspirin or clopidogrel
administration. The DNA from subjects who showed
abnormal responses was sequenced using NGS technology
and genetic association studies were conducted. This work
is ongoing, and as candidate genetic markers are discovered,
they are being validated in another cohort. Identification of
genetic factors that interact with dietary and drug exposures
to increase risks of cardiovascular disease or efficacy of
treatment will allow patients and their doctors to utilize
personalized medicine to improve health.
• Role of Genetics in Response to Clopidogrel Doses:
Clopidogrel (sometimes marketed under the trade name
Plavix®) is a drug that inhibits aggregation of blood platelets,
and is commonly used in patients to prevent heart attacks
or strokes caused by blood clots. Although clopidogrel
works in many individuals, some people do not respond well
to the drug. This variation in treatment response may be
linked to genetics. Clopidogrel is converted to an active drug
in the human body through an enzyme encoded by the gene
named CYP2C19. Individuals with genetically impaired
CYP2C19 metabolism have lower capacity to convert the
drug to its active form. Consequently, these individuals
have lower blood levels of the activated form of the drug,
diminished antiplatelet responses, and higher rates of
cardiovascular events and stent thrombosis. Researchers
at FDA, in collaboration with the National Cancer Institute
(NCI), the National Institute of General Medical Sciences
(NIGMS) and the University of Maryland, conducted a study to
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evaluate whether increasing the dose of clopidogrel increases
antiplatelet responses and active metabolite exposure in
individuals with genetically reduced CYP2C19 metabolism
relative to those with normal CYP2C19 metabolism.
• Personalized Medicine for Heart Devices: Researchers in
the Office of Science and Engineering Laboratories at CDRH
have made major advances in understanding the underlying
biology of heart disease. They have used new methods for
analysis of the electrocardiogram to identify the underlying
causes of heart disease and to predict which patients
will benefit from cardiovascular therapies such as cardiac
resynchronization therapy. Specifically, this work has
resulted in new methods to diagnose electrical conduction
problems and to quantify scar tissue in the heart, with
different criteria for women and men. These new methods
are being used by outside research groups and are helping
decipher why women benefit significantly more than men
from cardiac resynchronization therapy. This example of
personalized medicine diagnostics helps to explain why the
efficacy and safety of medical products differs in patient
subgroups and can be used to design more efficient clinical
trials.

• Role of Body Fluid Interaction Testing and Adaptive
Optics in Personalized Medicine: The Office of Science
and Engineering Laboratories at CDRH is collaborating with
George Washington University to develop a microfluidic,
high-throughput microchip to test the interaction of tears
with contact lenses, care products, and microbes. The goal is
to use individual testing results to guide patient prescription
of lens materials and hygiene products. Moreover, in the area
of personalized eye research, scientists at OSEL are working
on adaptive optics where a patient’s ocular aberrations are
measured and used to either provide custom photorefractive
surgery (e.g., LASIK), a custom contact lens, a custom
intraocular lens, or a superhigh resolution imaging to
diagnose retinal disease down to the cellular level (as well as
other novel gene-based applications). The first three enable
a customized treatment; the last enables disease diagnosis
and tailored treatment.

A New Era of Medical Product Development

• Centers for Excellence in Regulatory Science and
Innovation (CERSI): In support of their activities facilitating
collaborative regulatory science research, FDA’s Office of
the Chief Scientist (OCS) has established a program to fund
academic Centers of Excellence in Regulatory Science and
Innovation (CERSI). To date, centers have been established
at Georgetown University and the University of Maryland.
One of the major focuses of the Georgetown University CERSI
is on pharmacogenomics research—understanding what
genetic variants predict response to therapy, building gene
and protein based pathways models to understand adverse
event mechanisms, and better understanding genetic variant
information across ethnic groups to evaluate usefulness
and thoroughness of clinical trial data. On September 3, 2013,
the University of Maryland CERSI facilitated a discussion
between FDA scientists, academic scientists, industry, and
other stakeholders regarding rate-limiting regulatory issues
in personalized medicine and pharmacogenomics.

3.6

A New Era of Medical Product
Development: Opportunities and Challenges
Ahead

From FDA’s vantage point, the era of personalized medicine has
clearly arrived. Of the new drugs approved since 2011, approximately
one-third had some type of genetic or other biomarker data
included in the submission to characterize efficacy, safety, or
pharmacokinetics. Since 2010, CBER has licensed Provenge®, an
autologous cancer vaccine, Laviv ®, an autologous fibroblast product,
and five cord blood products for hematopoietic reconstitution,
which require careful matching of donor and recipient. Personalized
medicine submissions to CDRH’s Office of In Vitro Diagnostics and
Radiological Health (OIR) have increased by more than an order
of magnitude since 2007. Review activity in CDER’s Genomics and
Targeted Therapy Group has steadily increased over the past five
years. Recombinant protein therapeutics, which are particularly
suited for a personalized approach, are the fastest growing
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segment of the pharmaceutical repertoire and are increasingly
used to treat or manage some of the most complex medical conditions.
Data from the last few years indicate that more and more drugs are
being designed for small populations, a trend that is consistent
with the increasing use of stratification in drug development.
Multiple examples of targeted approaches to drug development
have demonstrated that such approaches can dramatically shorten
overall drug development and review times.
Today, patients with breast, colorectal, and lung cancers, as
well as melanoma and leukemia are routinely offered a “molecular
diagnosis,” allowing their physicians to select treatments that
are more likely to improve their chances of survival. These
cancers are no longer considered single diseases, but instead subclassified on the basis of their genetics. Advancements in HLA
genotyping are improving transplant outcomes and dramatically
improving our ability to predict the potential for a patient to
experience a severe hypersensitivity reaction to a drug, including
drugs used to treat HIV, hemophilia, epilepsy, and bipolar disorder.
The genotyping of drug-metabolizing enzymes has led to dramatic
improvements in our ability to identify proper dosing schedules
for drugs, and has helped thousands of patients avoid harmful
side effects, drug interactions, and ineffective treatments. Similarly,
“personalized” medical devices, tailored to individual and unique
patient characteristics, are becoming increasingly common.
All trends signal continued growth in the development and
use of personalized therapeutics. For example, the numbers of
published gene-disease association studies continue to grow each
year. DNA sequencing and characterization of the human genome
have unveiled thousands of new drug targets. Translating new
knowledge about pharmacogenomic biomarkers into routine
clinical practice has become a reality rather than a futuristic vision.
As companies shift pharmacogenomics investigations to early
phase development, we can only expect to see the generation of
more prospective biomarker applications and the development
and approval of more drugs tailored by biomarker use. A recent
report by the Tufts Center for the Study of Drug Development
notes that more than 90% of pharmaceutical companies now
utilize at least some genomic-derived targets in their drug
discovery program. The same study found that personalized
medicines comprise 12–50% of company pipelines [22].

A New Era of Medical Product Development

While there is growing optimism, even the most groundbreaking
personalized therapies are not “magic bullets,” and significant
scientific, medical, educational, business, regulatory, and policy
challenges remain before personalized medicine can reach its
potential and be fully integrated into patient care. A future where
personalized therapeutics are standard in medical practice and
supported by continual learning systems that allow for adequate
clinical decision support and the use of electronic medical records
linked with personal genome sequences, while ever more plausible
from a technical perspective, is still quite a ways off. The most
significant challenges include:

• Limited understanding of the intrinsic biology of
disease: The tools of the last two decades have left us awash
in data, yet we still have a relatively limited understanding
of what it all means. Scientific understanding will likely
remain the most important limiting factor for the momentum
of this field.
• Common conditions involving multiple genes/
biomarkers: Common conditions are often influenced by
multiple genetic, as well as environmental and social factors,
in ways that are not yet well understood. Realization of the
benefits of personalized patient management for common
conditions affected by multiple genes will be a complex
process that will depend on substantial investment in
clinical research well beyond the initial demonstration of
gene-disease correlations.
• An outdated disease classification system: Currently used
disease classification systems define diseases primarily
on the basis of their signs and symptoms. These systems
do not easily accommodate emerging information about
disease mechanisms, particularly when it is at odds with
traditional physical descriptions. As a result, many disease
subtypes with distinct molecular causes are still classified as
one disease, while multiple, different diseases that share a
common molecular cause are not properly linked. The failure
of our outdated disease classification systems to incorporate
optimally new biological insights serves as a fundamental
barrier to progress in personalized medicine. The National
Academy of Sciences has called for the creation of a “New
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•

•

•

•

Taxonomy” of disease that is designed to advance our
understanding of disease pathogenesis and improve health
and that defines and describes diseases on the basis of their
intrinsic biology in addition to traditional signs and symptoms
[23].
Lack of infrastructure: Costs of genetic sequencing have
plummeted over the past decade, resulting in an explosion
of information. Yet, while information is becoming easier
and easier to obtain, the infrastructure to collect, analyze,
integrate, share, and mine that information remains lacking.
Clinical implementation of new diagnostics: Many
clinicians have been reluctant to use new diagnostics. Part of
this reluctance may be due to the ongoing controversy over
clinical utility and the fact that biomarker clinical utility can
often be a moving target. Clinicians also commonly face the
general problem of “information overload,” making adoption
of new tests difficult without decision support tools in place
that could be accessed to help the clinician to identify, order,
and interpret the appropriate tests.
Investment uncertainties: One of the disincentives to
developing personalized therapies is the perceived lower
return on investment that targeted drugs will provide because
of smaller patient populations and therefore lower sales.
While these concerns may be offset by the increased safety
and effectiveness of these medicines that in turn allows for
smaller trial designs and leads to rapid uptake, premium
pricing, and increased patient compliance, the relative costs
and rewards of these investments will clearly vary from one
product to the next, and uncertainties will likely remain for
some time.
Access to personalized therapeutics: Even though
personalized medicine is bringing great benefit to those
who have disease with a diagnostic characteristic of
interest, patients who do not have the characteristic are not
benefitting. Additional work to target all sub classifications
of a disease is needed to assure that many patients will not
be “left out” of the sea change that personalized medicine
brings.

A New Era of Medical Product Development

While many of these and other challenges are well beyond
the scope of FDA’s set of roles and responsibilities, the Agency
is committed to working in concert with all key stakeholders to
finding solutions that will help move this promising field forward.
Moreover, the Agency will continue to facilitate the development
of the personalized medicine field by advancing the science and
tools that will drive innovation, collaborating with scientists
worldwide in important research activities, providing clarity and
guidance to industry in order to help shepherd new products
through regulatory review, and continuing to identify opportunities
to streamline regulatory processes.

THE PRECISION MEDICINE INITIATIVE¥

WHAT IS IT?
Precision medicine is an emerging approach for disease
prevention and treatment that takes into account people’s
individual variations in genes, environment, and lifestyle.
The Precision Medicine Initiative¥ will generate the
scientific evidence needed to move the concept of
precision medicine into clinical practice.

WHY NOW?
The time is right because of:
Sequencing
of the human
genome

Improved
technologies for
biomedical analysis

New tools
for using large
datasets
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NEARTERM GOALS
Intensify efforts to apply precision medicine to cancer.
Innovative clinical trials
of targeted drugs for
adult, pediatric cancers

Use of
combination
therapies

Knowledge to
overcome drug
resistance

LONGERTERM GOALS
Create a research cohort of > 1 million American volunteers who will
share genetic data, biological samples, and diet/lifestyle information, all
linked to their electronic health records if they choose.

Pioneer a new model for doing science that emphasizes engaged
participants, responsible data sharing, and privacy protection.
Research based upon the cohort data will:
• Advance pharmacogenomics, the right drug for the right patient at the
right dose
• Identify new targets for treatment and prevention
• Test whether mobile devices can encourage healthy behaviors
• Lay scientific foundation for precision medicine for many diseases

Follow the Initiative’s progress and consider
volunteering for this landmark effort.

www.nih.gov/precisionmedicine

References

References
1. Abrahams, E., Silver, M. (2010). The history of personalized
medicine. In: Gordon, E., Koslow, S., eds. Integrative Neuroscience
and Personalized Medicine (3-16), Oxford University Press, New York,
NY.

2. Sadee, W., Dai, Z. (2005). Pharmacogenetics/genomics and personalized
medicine. Hum. Mol. Genet., 14 (2), R207–R214.

3. National Research Council: Committee on a Framework for Developing
a New Taxonomy of Disease (2011). Toward Precision Medicine:
Building a Knowledge Network for Biomedical Research and a New
Taxonomy of Disease, The National Academies Press, Washington, DC.
4. U.S. Food and Drug Administration (2008). Guidance for Industry:
E15 Definitions for Genomic Biomarkers, Pharmacogenomics,
Pharmacogenetics, Genomic Data and Sample Coding Categories.
Available
at:
https://www.fda.gov/downloads/drugs/
guidancecomplianceregulatoryinformation/guidances/ucm073162.
pdf (accessed on February 11, 2019).

5. 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,
pp. 127–169.
6. Bawa, R. (2018). Current immune aspects of biologics and nanodrugs:
An overview. In: Bawa, R., Szebeni, J., Webster, T. J., Audette, G. F.,
eds. Immune Aspects of Biopharmaceuticals and Nanomedicines, Pan
Stanford Publishing, Singapore, chapter 1, pp. 1–82.

7. Spear, B. B., Heath-Chiozzi, M., Huff, J. (2001). Clinical application of
pharmacogenetics. Trends Mol. Med., 7(5), 201–204.

8. Department of Health and Human Services Secretary’s Advisory
Committee on Genetics, Health, and Society (2008). Realizing the
Potential of Pharmacogenomics: Opportunities and Challenges,
Washington, DC. p. 11.
9. U.S. Food and Drug Administration (2017). FDA grants regular
approval to pertuzumab for adjuvant treatment of HER2positive breast cancer. Available at: https://www.fda.gov/drugs/
informationondrugs/approveddrugs/ucm590005.htm (accessed on
February 11, 2019).

10. Woodcock, J. (2010). Assessing the clinical utility of diagnostics used
in drug therapy. Clin. Pharmacol. Ther., 88(6), 765–773.

211

212

FDA’s Role in Paving the Way for Personalized Medicine

11. Tezak, Z., Kondratovich, M.V., Mansfield, E. (2010). US FDA and
personalized medicine: in vitro diagnostic regulatory perspective.
Personalized Med., 7(5), 517–530.

12. U.S. Food and Drug Administration. (2014). In Vitro Companion
Diagnostic Devices. Draft Guidance for Industry and Food and Drug
Administration Staff. Available at: https://www.fda.gov/downloads/
medicaldevices/deviceregulationandguidance/guidancedocuments/
ucm262327.pdf (accessed on February 11, 2019).
13. 21 CFR 201.56 (a)(1).

14. U.S. Food and Drug Administration. (2013). Table of Pharmacogenomic
Biomarkers in Drug Labels. Available at: http://www.fda.gov/drugs/
scienceresearch/researchareas/pharmacogenetics/ucm083378.htm
(accessed on February 11, 2019).

15. American Association for Cancer Research (2009). AACR Cancer Policy
Monitor: FDA approves label changes for two cancer treatments.
Available at: http://www.aacr.org/home/public--media/sciencepolicy--government-affairs/aacr-cancer-policy-monitor/aacr-cancerpolicy-monitor--august/fda-approves-label-changes-for-two-cancertreatments.aspx (accessed on February 11, 2019).

16. Norcross, M. A., Luo, S., Lu, L., Boyne, M. T., Gomarteli, M., Rennels,
A. D., et al. (2012). Abacavir induces loading of novel self-peptides
into HLA-B*57: 01: An autoimmune model for HLA-associated drug
hypersensitivity. AIDS, 26(11), F21–F29.

17. U.S. Food and Drug Administration (2010). Advancing Regulatory
Science for Public Health, Silver Spring, MD.
18. U.S. Food and Drug Administration (2011). Advancing Regulatory
Science at FDA: A Strategic Plan, Silver Spring, MD.

19. U.S. Food and Drug Administration (2011). MicroArray/
Sequencing Quality Control (MAQC/SEQC). Available at:
http://www.fda.gov/ScienceResearch/BioinformaticsTools/
MicroarrayQualityControlProject/default.htm (accessed on February
11, 2019).
20. Nature Biotechnology, 24(9), September 8, 2006.

21. MAQC Consortium (2010). The MicroArray Quality Control (MAQC)II study of common practices for the development and validation
of microarray-based predictive models. Nat. Biotechnol., 28(8),
827–838.

22. Tufts Center for the Study of Drug Development (2010). Tufts CSDD
Impact Report, 12(6). Available at: https://static1.squarespace.com/

References

static/5a9eb0c8e2ccd1158288d8dc/t/5aa2c77ec830251b83dd9357
/1520617342187/Press+Release+-+Nov-Dec+2010+IR.pdf (accessed
February 11, 2019).

23. National Research Council: Committee on a Framework for Developing
a New Taxonomy of Disease (2011). Toward Precision Medicine:
Building a Knowledge Network for Biomedical Research and a New
Taxonomy of Disease, The National Academies Press, Washington, DC.

213

Chapter 4

Multifunctional Gold Nanoparticles
in Drug Delivery Systems
Zachary I. Stryker,a Mehdi Rajabi, PhD,b and Shaker A. Mousa, PhDb
aDepartment

of Health, Division of Environmental Health Sciences, Albany,
New York, USA
bPharmaceutical Research Institute, Albany College of Pharmacy and Health Sciences,
Rensselaer, New York, USA

Keywords: drug delivery, multifunctional nanoparticles, gold nanoparticles,
imaging, cancer therapy, double-stranded DNA, enhanced permeability
and retention, platelet-derived growth factor, poly(ethylene glycol),
localized surface plasmon resonance, systematic evolution of ligands by
exponential enrichment, surface plasmon resonance, surface-enhanced
Raman spectroscopy, single-stranded DNA, single-stranded RNA,
bioconjugation, aptamers, antibodies, peptides, biosensors, vaccines

4.1

Introduction

Gold (Au) is among the most precious of metals in existence for
both its everlasting luster and its recently recognized utility in
the field of nanomedicine. In particular, the distinctive surface
chemistry, manipulative nature, biochemical inertness, and optical
properties of gold nanoparticles (AuNPs) make them a suitable
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choice for use in nanopharmaceutical applications [1–8]. It is
uncertain when and where the first synthesis and use of AuNPs
occurred, but perhaps the most well-known application of their
distinct properties comes from the famed Lycurgus Cup of the
4th century. This piece of craftsmanship incorporated Au flakes
into the structure of a goblet to create a color-changing effect [1].
Potable AuNPs have also been used since medieval times for their
array of medicinal properties, many of which were documented
in the works of Francisci Antonii, Johann Kunckels, and Hans
Heinrich Helcher throughout the 17th and 18th centuries [2].
In the mid-19th century, the work of Michael Faraday revealed
one of the earliest methods of synthesizing gold salts by noting
that the color of his solution changed to a vibrant red, beginning
a new age in nanoparticle chemistry [3]. These remarkable
optical and medicinal qualities led to the notion that AuNPs could
have even more valuable uses in the field of medicine.
In the modern era, AuNPs are predicted to have a tremendous
impact in the field of medicine due to the adaptable identity
of the particles themselves. They are referred to as “nanoparticles”
because of their size on the nano-scale of 1–1000 nm, making
them effective at interacting with small biomolecules of similar
dimensions. A number of different procedures have been developed
to produce AuNPs of various shapes and sizes, which are discussed
in more detail in a subsequent section [4]. This potential to
manipulate the synthesis of gold nanoparticles is especially
important considering that their key functional properties are
size and shape dependent. Altering the shape or size of the
particles will cause a change in the surface plasmon resonance
(SPR) bands characteristic to the particle [5] (see Section 4.3.1).
This physical change of the particles causes a significant
difference in absorptive/reflective properties, leading to a shift in
the electromagnetic absorption spectrum, which can then be
optimized for imaging and drug delivery applications [6].
The surface chemistry of AuNPs, along with the net negative
charge of the particles, affords them the ability to conjugate with
biomolecules for relatively easy modification of the outer layer [4].
This property of AuNPs allows them to act as scaffolding agents
for the bioconjugation of targeting moieties such as antibodies
[7] and therapeutic agents such as the chemotherapy drugs
doxorubicin and paclitaxel [8]. This conjugation confers a multitude
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of beneficial effects to these drugs such as increased water
solubility and biocirculation time [9], making them one of the
only realistic options for this type of construct. The combination
and coordinated use of these multiple functionalities within a
single construct has the potential to yield numerous biomedical
applications in the form of efficacious cures and treatments, in
addition to the traditional usage of gold nanoparticles in electron
microscopy [4]. Current multifunctional AuNPs formulations find
use in applications such as biosensors [1], DNA templates [4], and
vaccines [7].
In this chapter, we report on the present state of multifunctional
AuNPs in nanomedicine and focus on the design of such constructs
for use in drug delivery applications. This chapter is sectioned
into the synthesis of the AuNP base, conjugation of imaging and
targeting agents, and the applications of these multifunctional
AuNPs in drug delivery systems.

4.2

4.2.1

Gold Nanoparticle Synthesis: The Construct
Base
Synthesis Considerations

The first thing to consider when designing a multifunctional
nanoparticle is that the construction should be derived from the
intended purpose of the particle. The flexible nature of AuNPs
allows for meticulous fine-tuning of their inherent qualities,
permitting the potential design of specific cures for a vast range of
diseases. Based on the work of Chithrani et al., AuNPs of diameters
close to 50 nm seem most useful for interactions involving
cellularuptake because they were taken in by mammalian
HeLa cells significantly more often than AuNPs of diameters 14
and 74 nm [10]. Interactions with DNA, RNA, proteins, and
viruses are also possible with AuNPs due to their dimensional
similarity [5]. Studies have also proven AuNPs to be minimally
toxic and highly biocompatible, making them ideal candidates for
nanopharmaceuticals [7, 11]. Moreover, the chemical conjugation
of hydrophobic compounds to AuNPs has been shown to increase
the water solubility and effectiveness of the drug in vitro and
in vivo [12] (Fig. 4.1).
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Figure 4.1 Gold can be used for direct conjugation with a thiol group
containing biomolecules through hydrophobic interactions, ionic
interactions, or covalent bonds between ligand and the gold nanoparticle
surface.

AuNPs also increase the blood circulation time and stability
of therapeutic agents when they are conjugated to a polymer such
as polyethylene glycol (PEG), which will protect the nanoparticle
and encapsulated drugs from protein adsorption and potential
degradation effects triggered by an immune response [13–19], in
addition to helping to target cancer cells as a consequence of the
enhanced permeability and retention (EPR) effect [20]. Briefly,
the EPR effect is what causes nanoparticles of proper size (~50
nm) to be absorbed into cells and tumor gaps for localization [9].
In one study, integrated analytical techniques were used to study
the biodistribution of non-polymer functionalized AuNPs in the
blood of Sprague-Dawley rats, and the results showed sustained
circulation [21].
Wang et al. studied the effect of PEG’s molecular weight on
the stability of PEGylated AuNPs by synthesizing a series of
PEGylated AuNPs with different PEG molecular weights, and the
results showed that high-molecular-weight PEG stabilized the
AuNPs and screen the surface charge better than low-molecularweight PEG [22]. Engineering of the PEG for surface modification
of AuNPs also has an effect on the blood circulation half-life
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time. AuNPs conjugated to branched PEG molecules showed
higher blood circulation time than AuNPs conjugated to linear
PEG molecule because the extensive surface coverage by the
branched PEG ligands protected the AuNPs from protein
adsorption [23].

4.2.2

Synthesis Methods

The amount of information regarding the synthesis methods for
AuNPs has grown exponentially since the time of Faraday. His
method involved the reduction of ionic gold, originating from
chloroaurate (AuCl–4), with phosphorus in a two-part solvent system
in carbon disulfide [2]. His work gained much acclaim; however,
nearly an entire century passed before Turkevich came up with
his method of synthesis involving the reduction of chloroauric
acid (HAuCl4) with citrate in water [24]. This approach provided a
more dependable and accurate method of generating monodisperse
particles of identical size (5–250 nm) compared to the method
of Faraday, with citrate acting as both the reactive and stabilizing
agent. Another relevant feature of the Turkevich method is
that the particles are stabilized with a citrate-functionalized
monolayer. However, the drawbacks are that citrate-activated
nanocomplexes are often difficult to use for experimentation
because of aggregation effects, and a negatively charged citrate
surface won’t conjugate well with other negatively charged
species [4]. To overcome these flaws, newer methods have been
developed with even more control (Fig. 4.2A).
The other widely used technique used to synthesize colloidal
gold is known as the Brust-Schiffrin method, and it generates
monodisperse particles with diameters between 1 and 5 nm
[3, 4]. The synthesis involves a two-phase system comprising
chloroaurate and tetraoctylammoniumbromide (TOAB) in water,
and toluene with the inclusion of alkanethiol. TOAB functions as a
surfactant to attract the gold ions in solution and transport them
from the aqueous phase to the organic phase in toluene. Upon
introduction of sodium borohydride (NaBH4), and in the presence
of an alkanethiol, the gold spontaneously forms bonds with
the alkanethiol contained in the organic phase [2]. This is due
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to the powerful interactions in gold–thiol linkages, which lend
great stability to the overall molecule [3] (Fig. 4.2B).
Since the Brust–Schiffrin method was developed, the attention
on nanoparticles has only risen, and the number of academic
articles involving nanoparticles has increased tremendously. As
of early 2012, there were roughly 150 “nano” inspired journals
compared to almost none twenty years earlier [25, 26]. Many
of these studies were devoted to finding strategies to generate
AuNPs by influencing the formation of their shape during synthesis.
While spherical AuNPs are most common, other shapes such
as concave cubes, trisoctahedras, octahedras, and bipyramidal
shapes have all been successfully produced [27], as well as
gold nanoplates and nanorods [1]. The formulation of AuNPs in
different shapes may lead to further investigations to discover
which AuNP shape is optimal for each application, for example,
imaging vs. drug delivery.

Figure 4.2 (A) Reduction of chloroauric acid (HAuCl4) with citrate in
water inducing stabilization of the particles with a citrate-functionalized
monolayer. (B) Using the Brust–Schiffrin method will generate monodisperse particles. The synthesis involves a two-phase system comprising
chloroaurate (AuCl–4) in water and tetraoctylammoniumbromide (TOAB)
in toluene with the inclusion of alkanethiol.

Gold Nanoparticle Targeting and Imaging

4.2.3

Synthesis Drawbacks

Although the syntheses of AuNPs under various conditions have
been well documented, many difficulties exist in producing
AuNPs on a large scale. For example, the price of gold fluctuates
quite often based on the market demand, and as a result working
with gold reagents is sometimes expensive. AuNPs can also be
difficult to experiment with in practice due to aggregation and
environmental effects that cause many syntheses to produce
inconsistent results with varying dimensions [25]. However,
many companies now sell activated AuNPs of specific sizes,
which are conjugated to other reactive compounds for use in
further bioconjugation experiments. Using AuNPs with proper
dimensions could have dramatic effects on the overall success
of a pharmaceutical, and for that reason great care must be taken
when choosing the design of the base of the construct.

4.3

4.3.1

Gold Nanoparticle Targeting and Imaging
Surface Plasmon Resonance and Mie Theory

The potential for NPs to operate as imaging agents as well as
targeting moieties is due to the inherent surface plasmon
resonance (SPR) of the particles, which is one of the most
acknowledged phenomena attributed to AuNPs. This property is
caused by oscillations of electrons around the construct and leads
to a more quantifiable effect called localized surface plasmon
resonance (LSPR). LSPR is roughly defined as a simultaneous
rotation of conducting band electrons caused by incoming
electromagnetic radiation [25]. These constant recurrences in
electron movement cause intense scattering of the radiation, and
the energy being absorbed and scattered can be manipulated.
Current literature suggests that these qualities come from the
absorptive SPR of AuNPs, which cause an SPR band at approximately
530 nm for spherical particles [2, 3, 28]. Based on the Mie theory,
this band is determined from a number of different conditions,
including temperature of the system, dimensions of the particle
(size and shape), surface conjugations, solvent characteristics, and
proximity to other nanoparticles [1, 3]. With some adjustments
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to these characteristics of the multifunctionalized nanoconstruct,
the SPR band can be adjusted to the near-infrared and even
infrared region of the electromagnetic spectrum for biomedical
applications [8, 12, 28]. This ability to red-shift to a lower
energy absorption gives AuNPs the capability of being used for
photothermal treatments, which can disintegrate targeted cells
using infrared radiation [1]. This type of treatment induces a
condition known as hyperthermia in cells. After heating the cells
for a short amount of time, typically within minutes, at elevated
temperatures of 40–47°C, the biomolecules within the diseased
cells will have denatured to the point of no return, causing cell
death [1, 12].

4.3.2

4.3.2.1

Targeting

Oligonucleotide Conjugation

Bioconjugation of AuNPs to oligonucleotides (DNA and RNA) can
serve many purposes. For example, AuNP–DNA complexes can
bind complementary strands for simple and efficient detection
due to the high selectivity of nucleic acid sequences and the
multivalent nature of the AuNPs [4]. The multifunctional construct
of AuNP–DNA can be programmed to control gene expression
as well as test for mutations, and AuNP–DNA complexes are
taken up by cells [4]. Other applications that use oligonucleotide
functionalized AuNPs include nanocrystal formulations, DNA
assays, and colorimetric biosensors [2].
Aptamers also are used widely for conjugation to AuNPs, which
is useful for a variety of challenging investigations such as
intracellular detection. Aptamers are oligonucleotides with
15–40 bases that bind to different molecular targets such as
small molecules, nucleic acids, proteins, and even cells, tissues,
and organisms. Aptamers can be engineered through an in vitro
repeated procedure called SELEX (systematic evolution of ligands
by exponential enrichment), and can be selected from pool
libraries of random oligonucleotides containing between 1 × 1013
and 1 × 1015 members [29]. For example, an aptamer-modified
AuNP (Apt-AuNP)-based molecular light switching sensor has
been developed for the detection of platelet-derived growth
factors (PDGFs) and their receptors as breast cancer markers,
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using N,N-dimethyl-2,7-diazapyrenium dication (DMDAP) as a
reporter [30].

4.3.2.2

Antibody Conjugation

The conjugation of AuNPs to antibodies can be a highly effective
way of conferring selectivity and targeting power to the
construct. For bioconjugation of antibodies to AuNPs, there are
two types of strategies: covalent and non-covalent. Non-covalent
strategies have a multitude of concerns ranging from improper
alignment of the antibodies during conjugation to replacement
effects that cause loss of attachment in changing pH systems [7].
The unpredictability of non-covalently conjugated antibodies
renders them ineffective, and therefore, covalent attractions seem
far more attractive for in vivo applications [7]. In covalent modes
of bonding, antibodies are bound to the exterior of the nanoparticle
surface. This can occur in the form of dative binding or through
the formation of an amide linkage between antibody and
nanoparticle. Dative binding refers to the sturdy thiol–gold bonds
formed by sulfhydryl groups and AuNPs, while amide linkages
are formed using carbodiimides and primary amine functional
groups (or activated esters) to complete amide bonds [7].
The bioconjugation of desired antibodies gives the nanoparticle
the ability to locate objective targets for further imaging and/or
treatment (Fig. 4.3).

Figure 4.3 Gold nanoparticle can be conjugated to an antibody through
ionic interactions, hydrophobic interactions, and covalent bonds. Left:
Ionic interaction between the negatively charged gold and the positively
charged antibody. Middle: Hydrophobic interaction between the
antibody and the gold surface. Right: Direct conjugation of thiol group with
antibody and gold nanoparticle.
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4.3.2.3

Peptide Conjugation

Adhesion of one or more different peptide molecules can enhance
the targeting capabilities of a nanoparticle, conferring a new
functionality to the construct. A common example is the
conjugation of integrins to the Au surface. Integrins, a large family
of transmembrane glycoprotein receptors found in most types of
cells, function in cell adhesion processes and connect the
extracellular and intracellular environments. Integrins consist of
two α and β subunits that bind each other noncovalently.
Integrin αvβ3 is a receptor for many extracellular proteins that
contain the RGD peptide sequence [31, 32] and is known as a
marker of angiogenesis, tumor development, and metastasis
[33–35]. Conjugating RGD peptides to a nanocarrier will enable
the carrier to recognize αvβ3 integrin receptors because they are
highly expressed on tumor blood vessels but not on normal blood
vessels [35, 36]. There are many studies that have used RGD
peptide for incorporation into AuNPs in order to enhance the
targeting ability of the system toward cancer cells [36–43].
For example, Arosio et al. synthesized gold nanoparticles
functionalized with cRGD peptidomimetic with a short PEG linker
armed with a thiol group that had highest affinity for αvβ3 integrin
in an in vitro binding assay. The resulting RGD-modified AuNPs
showed a highly enhanced affinity in comparison to the nonmodified AuNPs [37].

4.3.3

Imaging

The electromagnetic properties of AuNPs can also be taken
advantage of to detect specific cancer or disease-related biomarkers.
Current methods of imaging that incorporate AuNPs are based
on elastic and inelastic light scattering, photoluminescence,
and photothermal conversion, and X-Ray, CT, PET, and Cerenkov
luminescence imaging strategies can also be used [1]. The strategy
involving elastic and inelastic light scattering is referred to as
surface-enhanced Raman spectroscopy (SERS), and its applications
are quite far-reaching. SERS uses the desired biomarker as a
signal enhancer so that when it comes in contact with a AuNP the
indicator for Raman scattering can theoretically increase by 1014
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in order of magnitude [1]. This allows for the exposure of even
the slightest trace of biomarker and significantly increases the
odds of matching the detection limit of the test for accurate
conclusions. SERS also finds use in detection of a variety of
biomolecules such as proteins, oligonucleotides (DNA and RNA),
cancer cells, and several components of the immune system,
making it a formidable tool for their early discovery [1, 44].

4.4

4.4.1

Multifunctional Gold Nanoparticles in
Drug Delivery Systems
Bioconjugation for Drug Loading

Bioconjugation of drugs to AuNPs offers many benefits with a variety
of methods to attain them. Due to the targeting functionalities
afforded by antibodies, DNA, peptides, and other possible surface
ligands, the active medicinal agent can engage the intended
compound with maximum efficiency [3, 8]. Several methods
including electrostatic adsorption [45], covalent binding [46–50],
and non-covalent assemblies [51] have been used for conjugation
of different drugs to AuNPs that direct covalent attachment used
for conjugation of different drugs to AuNPs for use in bactericidal,
anticancer, and gene therapy applications. Therapeutic agents
(small molecules or nucleotides such as small interfering RNA
or microRNA) with a thiol moiety can be simply conjugated to
any type of AuNPs such as sphere, shell, and rod (Fig. 4.4). AuNPs
including nanospheres, nanorods, and nanoshells, will facilitate
delivery of nucleotides like plasmid, single-stranded DNA (ssDNA),
single-stranded RNA (ssRNA), and double-stranded DNA (dsDNA)
to cells due to the highly negative charge of nucleotides [52].
Another important class of AuNP–drug conjugates has
been developed for antibacterial purposes. It has been shown
that AuNPs can improve the efficacy of antibacterial molecules
including vancomycin (targeted against Gram-negative, Grampositive, vancomycin-resistant Enterococcus (VRE), methicillinresistant Staphylococcus aureus (MRSA), and pandrug-resistant
Acinetobacter baumannii (PDRAB) [53, 54]), ampicillin, streptomycin,
kanamycin (targeted against Gram-negative and Gram-positive
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[55]), cefaclor (targeted against Gram-negative and Gram-positive
[56]), and toluidine blue (targeted against Gram-positive [57]).
These antibacterial drugs are conjugated to AuNPs via covalent
bonds. It is also reported that some antibacterial drugs [58–61]
that contain free amino groups with strong affinity to Au surface
will conjugate to AuNPs via a non-covalent bond and lead to
aggregation, as evidenced by a color change from red to blue/purple
[55].
Many cancer drugs like cisplatin [62], paclitaxel [63], tamoxifen
[64], and doxorubicin covalently conjugate to AuNPs, which can
increase the toxicity of drug-AuNPs compared to free drug because
of the AuNPs’ ability to kill cells via intrinsic therapeutic effects,
such as the photothermal effect [65].

Figure 4.4 Conjugation of thiol-modified drugs to AuNPs.

Multifunctional Gold Nanoparticles in Drug Delivery Systems

4.4.2

Drug Release Strategies

The design of drug release strategies is often the most difficult
part in creating multifunctionalized nanoparticles. Considering
that the entire structure is intended to be stable under harsh
conditions in the bloodstream, the problem is to identify a way to
release the active therapeutic agent at the optimal time. Certain
methodologies rely on “triggers” that act to displace therapeutic
ligands from the surface of AuNPs under specific conditions.
For example, in the presence of reducing agents, biomolecules
containing thiol functional groups can replace other ligands on
the outer surface of the nanoconstruct, releasing the drug in a
moderately controlled manner [66]. Other displacement methods
used on citrate-functionalized AuNPs offer a completely different
index for potential triggers [4]. Another common method
used to prompt the release of a therapeutic agent from AuNP
constructs is through light irradiation. By exposing the AuNP
to electromagnetic radiation, the SPR effect causes changes to
certain gold nanostructures (such as hollow gold nanospheres),
which facilitates the release of the drug [12].

4.4.3

Current Applications

The number of applications that incorporate nanotechnology
for use in the field of medicine is rapidly growing. In 2011, over
800 published articles focused on inorganic nanoparticles and
their multifunctional applications [25]. However, many of these
had similar strategies with some changes to chemical composition
or dimensions of the AuNPs. For this reason, the current applications
of AuNPs in drug delivery systems will be summarized next in
brief using selected novel examples of their utility.
One novel use of AuNPs involves the design of hollow
nanospheres to be used as drug carrier vesicles. Hollow gold
nanospheres of size 100 nm display a red-shift in the SPR band due
to the larger size of the particle, which improves the absorption
strategies available for the mediation of drug release while
simultaneously increasing the drug payload [67]. The aim is to
synthesize AuNP vesicles that can encapsulate large amount of drug
payload, which can be released by exposure to electromagnetic
radiation of wavelength at the SPR band [12]. This strategy can
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take advantage of other qualities of AuNPs, for example, the
photothermal possibilities. Laser irradiation of AuNPs equipped
with targeting moieties to locate the antigen can control the timing
of active drug release for optimal effect [12]. Nanoshell constructs
also display tremendous potential for use in similar applications.
The even more dramatic shift in SPR band wavelength from
530 nm to the near infrared allows for enhanced absorption
effects compared to hollow spheres [44].
Another novel use of AuNPs is in the area of pancreatic cancer
and takes advantage of the enhanced permeability and retention
(EPR) effect, which can also be referred to as passive targeting
[9]. After endocytosis of the AuNPs, functional ligands will have
increased influence on their desired target, and the release of the
drug can be based on cellular components. The bioconjugation
of both cetuximab and gemcitabine to AuNPs has been proven
effective in treating pancreatic cancers associated with an
overexpression of tyrosine kinases like many epidermal growth
factor receptors (EGFR) [5]. In this case, cetuximab is used as a
targeting agent for members of the EGFR family of molecules,
while gemcitabine acts as the anti-cancer agent. This EGFR
overexpression is also observed in breast, renal, and prostate
cancers.
A recently improved understanding of phase-change materials
could be practical in terms of generating multifunctionalized
constructs. In some respects, this method is similar to photothermal
therapy; however, it allows for the potential of using novel
materials in nanoformulations. One study combined a phasechange material of melting point 39°C with gold nanocages
for enhanced therapeutic effects through the conjugation of
doxorubicin and SV-119 as anti-cancer and targeting moieties,
respectively [68].

4.5

Conclusion

AuNPs display an incredible capacity to perform multiple functions
at the nanoscale and at the same time remain relatively biologically
inert and responsive. These characteristics lend themselves
ideally to nanopharmaceutical applications, particularly in the
form of precise and efficient nanomedicine. The bioconjugation of
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functional molecules to AuNPs could lead to a diverse collection
of exciting new treatments and possibilities. Some have already
been demonstrated through the improvement of antibacterial,
anticancer, and sensory agents. Perhaps most importantly,
AuNPs can effectively control biomolecules at the nanoscale,
shifting the paradigm on how to approach the challenge of treating
some of the most debilitating human ailments. As a result, AuNPs
could certainly play an important role along the path to precision
medicine.
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5.1

Introduction

In pharmaceutical sciences, significant research has been carried
out in using liposomes, micelles, microemulsions, lipopolymers,
and polymeric dendrimers as nanoparticulate drug delivery
The Road from Nanomedicine to Precision Medicine
Edited by Shaker A. Mousa, Raj Bawa, and Gerald F. Audette
Copyright © 2020 Jenny Stanford Publishing Pte. Ltd.
ISBN 978-981-4800-59-4 (Hardcover), 978-0-429-29501-0 (eBook)
www.jennystanford.com

240

Nanoparticles and Nanoparticulate Drug Delivery Systems

systems (NanoDDSs) and drug nanocrystals as nanoparticles
(NPs). NPs and NanoDDSs are, as the name implies, particulate or
biphasic drug delivery systems, in which at least one dimension
of size of the dispersed phase or particles is in the nanometer
range [1]. NPs are differentiated from NanoDDSs in that NPs
are single component systems, while NanoDDSs are typically
multicomponent systems. Several commercial drug products fall
within the classification of NPs and NanoDDSs (Table 5.1). The
fundamental aspects of the NanoDDSs are described elsewhere
in this book. In this chapter, we describe and discuss the desired
functionality modification (i.e., change in a drug’s biopharmaceutical
and pharmacokinetic properties) with NPs and NanoDDSs; the
role of size and structure on the functionality; and the analytical
methodologies commonly utilized in assessing the quality attributes
of these systems. The importance of size and/or structure to the
functionality of these systems is summarized in a classification
system.
In June 2014, the FDA released a guidance document for
considering whether an FDA-regulated product involves the
application of nanotechnology. The criteria outlined in this
document included the following:
(1) A material or end product is engineered to have at least one
dimension in the nanoscale range (approximately 1 nm to
100 nm).
(2) A material or end product is engineered to exhibit
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 1 micrometer (1,000 nm).
This chapter adapts to the FDA’s definition for the use of
nanotechnology in drug products and concludes with an outlook
to the future prospects of NMs in drug development.
As defined in this book, nanotechnology [1a] is defined 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.”

Active
ingredient

Fenofibrate

Silver, titanium Anti-microbial,
dioxide, zinc
sunscreen
oxide

OTC
products*

6592903, 7101576

6,696,084

6,277,405, 6,375,986, 6,652,881,
7,037,529, 7,041,319, 7,276,249,
7,320,802

Celgene
—

—

5439686, 5498421, 6096331, 6506405, High-pressure
6537579, 6749868, 6753006, 7820788, homogenizer
7923536, 8138229

Ball milling

Ball milling

Microfluidizer

Ball milling

Ball milling

Nanotechnology
platform used

5538982, 5719147, 6048859, 6096742, Ball milling
6235735, 7214692, 8258132

5,145,684, 5,536,729, 5,989,591

U.S. patent listed in Orange Book

Johnson & 5,352,459, 6,077,843. 6,555,544
Johnson

Par

Wound dressing, L’Oreal
topical products

Injectable
suspension

Injectable
suspension

Oral suspension
(125 mg/mL)

First
Horizon

Abbott

Merck

Wyeth

Sponsor

*For example, Acticoat (Smith & Nephew), Silvagard (Acrymed), and many other colloidal silver preparations contain nano-sized silver; Anthelio and
Helioblock (L’Oreal) contain avobenzone, ecamsule, octocrylene, and nano-sized titanium dioxide.

Metastatic
breast cancer

Schizophrenia

Paclitaxel

Paliperidone
palmitate

Abraxane

Anti-neoplastic

Lipid regulation Tablet (50 mg
and 160 mg)

Megestrol

Invega
Sustenna

Capsule (40 mg
and 125 mg)

Tablet
(1 mg and
2 mg)

Dosage form

Lipid regulation Tablet (48 mg)

Antiemetic

Immunosuppressant

Indication

Megace ES

Fenofibrate

Triglide

Tricor

Aprepitant

Emend

Rapamune Sirolimus

Trade
name

Table 5.1a Examples of FDA-approved drug products containing nanometer-sized drug substance
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Fenofibrate

Cyclosporin

Saquinavir

Ritonavir

*Discontinued drug product.

Gortovase*

Norvir

Neoral

Sandimmune Cyclosporin

Gengraf

Lidocaine and
prilocaine

Lipofen

Oraqix

Estradiol
hemihydrate

Estrasorb

HIV therapy

HIV therapy
Capsule

Capsule

prophylaxis of Capsule
organ rejection

prophylaxis of Capsule
organ rejection

Gel,
2.5%/2.5%

Topical
emulsion,
0.25%

Injection
20 mg/mL

Hoffmann La
Roche

Abbvie

Novartis

Abbvie

Cipher

Dentsply

Medicis

6008228, 6352717

5541206, 5635523, 5648497,
5674882, 5948436, 6037157,
6232333, 6703403, 7141593,
7432294

5342625, 5741512, 5985321,
6258808, 6262022

—

5545628

6031007

5629021

Self-microemulsifying
system

Self-microemulsifying
system

Self-microemulsifying
system

Self-microemulsifying
system

Micelle

Microemulsion

Microemulsion

Micelle

Nanotechnology
U.S. patent listed in Orange Book platform used

Sanofi-Aventis 5698582, 5714512, 5750561

Dosage form Sponsor

Lipid regulation Capsule

Local dental
anesthetic

Relieve
menopausal
symptoms

Antineoplastic

Taxotere

Docetaxel
hydrochloride

Indication

Active
Trade name ingredient

Table 5.1b Examples of FDA-approved drug products based on micelles and microemulsion
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Pegvisomant

Somavert

Pegfilgrastim

Prevention of
neutropenia
associated
with cancer
chemotherapy

Injection

Injection

Injection

—

—

—

—

U.S. patent listed in Orange
Book

Amgen

—

Pharmacia and 5350836, 5681809, 5849535,
Upjohn
5958879, 6057292, 6583115

Hoffmann-la
Roche

Schering
Corporation

Sigma Tau

Sigma Tau

Sponsor

Pegylation

Pegylation

Pegylation

Pegylation

Pegylation

Pegylation

Nanotechnology
platform used

Note: Not all drugs are included in the Orange Book. In particular, most biologic drugs and some antibiotics are not included in the Orange Book.
*Discontinued drug product.

Neulasta*

Acromegaly

PEG-Asys* PEG-a-interferon 2b Chronic hepatitis C

Injection

PEG-a-interferon 2b Chronic hepatitis C

Oncaspar* Pegaspargase

Sylatron*

Dosage
form

Acute lymphoblastic Injection
leukemia

Indication

Pegademase bovine Severe combined
Injection
immuno-deficiency
syndrome

Active ingredient

Adagen

Trade
name

Table 5.1c Examples of FDA-approved drug products based on polymer–drug conjugates
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Amphotericin B

Verteporfin

Morphine
sulfate

AmBisome

Visudyne

DepoDur*

Anti-fugal

Anti-neoplastic

Anti-fungal

Anti-fungal

Anti-neoplastic

Indication

Bupivacaine

Pain

Pain

Sigma Tau

Jansen

Sponsor

5616334, 6406713

—

U.S. patent listed in Orange
Book

Injection
(10 mg/mL)

Injection
(50 mg/vial)

Injection
(2 mg base/mL)

Injection

Injection
(10 mg/mL)

Pacira

Pacira

QLT

Pacira

Astellas

Galen

Lipid complex

Liposome

Liposome

Lipid complex

Lipid complex

Liposome

Nanotechnology
platform used

6132766, 5766627, 5891467, Liposome
8182835

5723147, 5807572, 5891467, Liposome
5931809, 5962016, 5997899,
6171613, 6193998, 6241999

5095030, 5707608, 5756541, Liposome
5770619, 5798349, 6074666

5455044, 5723147

5874104, 5965156

—

Injection (100 mg/vial Alkopharma —
and 50 mg/vial)

Injection

Injection (20 mg/10
mL and
50 mg/25 mL)

Dosage form

Photodynamic therapy Injection
for age-related macular
degeneration

Cytarabine lipid Lymphomatous
complex
meningitis

*Discontinued drug product.

Exparel

Depocyt

DaunoXome Daunorubicin
citrate

Amphotericin B
lipid complex

Amphotec

Amphotericin B
lipid complex

Doxorubicin
hydrochloride

Doxil

Abelcet

Active
ingredient

Trade
name

Table 5.1d Examples of FDA-approved liposome drug products
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Functionality

A nanodrug [1b] is defined as “(i) a formulation, often colloidal,
containing therapeutic particles (nanoparticles) ranging in size
from 1–1,000 nm; and (ii) 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.”

5.2

Functionality: Biopharmaceutical and
Pharmacokinetic Modification

NanoDDSs and NPs are frequently utilized to alter the
biopharmaceutical disposition of a drug. The biopharmaceutic
modification is different for NPs that do not retain their
nanoparticulate nature as the drug gets absorbed and distributed,
compared to NPs that owe their biological function in the
central (pharmacokinetic) compartment to their nanoparticulate
size and/or structure. For example, nanoparticulate API that
has high drug dissolution rate and is rapidly absorbed after oral
dosing would have different pharmacokinetics compared to the
API of larger particle size. In contrast, parenteral administration
of a low solubility nanoparticulate API or NanoDDS that maintain
its size in a biorelevant timeframe would likely have very
different biodistribution and pharmacokinetic outcomes. Thus,
both the solubility and the route of administration of the
drug play an important role in determining how critical the size
and structure of NPs are to their function.
NPs behave differently in the pharmacokinetic parameters
of drug absorption, distribution, metabolism, and elimination
compared to the dissolved API [1]. These differences are
attributable to the fundamental biopharmaceutical properties
of NPs such as surface characteristics that affect agglomeration,
protein binding, and opsonization (which leads to uptake by
the mononuclear phagocyte system (MPS), formerly called
the reticuloendothelial system (RES)), and size (which affects
biodistribution by extravasation and clearance).

5.2.1

Role of Particle Size on Pharmacokinetics

Particle size (and shape) of NPs affects their distribution and
clearance through size-dependent extravasation, which may be

245

246

Nanoparticles and Nanoparticulate Drug Delivery Systems

followed by tissue retention. Extravasation, a process of NPs exiting
the bloodstream through porous endothelia, is a result of the
unique vascular architecture of tumor tissues [2, 3]. While the
endothelial cell lining of normal blood vessels form tight junctions
with neighboring endothelial cells (Fig. 5.1A), the endothelial
cell lining in the tumor blood vessels has intermittent widened
intercellular spaces with overlapping endothelial cells and
multiple cellular processes (Fig. 5.1B) [4]. Normal microvasculature
has 2 nm paracellular gap along the tight junctions in capillaries
and up to 6 nm in postcapillary venules, with the exceptions
of fenestrated endothelium of renal glomerulus and sinusoidal
endothelium of liver and spleen, which have 40–60 nm and
150 nm, respectively [3]. In contrast, the paracellular pores in
tumor microvessels could have 100–780 nm wide opening
depending on the tumor location and growth stage. Thus, NPs
and macromolecules can exit the bloodstream through the large
intercellular spaces in tumor vasculature via the paracellular
route. At the same time, the tumor tissues do not have lymphatic
drainage. The combined result of these two characteristics
is enhanced accumulation of NPs and macromolecules at the
tumor site—a phenomenon known as the enhanced permeation
and retention (EPR) effect.
Extravasation and EPR allows for passive targeting of NPs to
achieve either site-specific or site avoidance drug delivery [5].
Site-specific delivery aims to deliver high drug concentration to
the tumor, while site avoidance drug delivery aims to minimize
drug exposure to non-target body sites or tissues that contribute
to drug toxicity [3]. For example, liposomal doxorubicin is
designed to increase safety and tolerability by reducing its
gastrointestinal and cardiac toxicity through decreased exposure
of these tissues to doxorubicin while effectively delivering the
drug to the tumor [6]. The liposomal formulation results in
longer half-life with less free drug available for distribution than
conventional doxorubicin (Fig. 5.2). Also, conjugation of doxorubicin
to the polymer poly(N-(2-hydroxypropyl)methacrylamide) increases
its maximum tolerated dose fivefold [7].



Figure 5.1 Structural basis of tumor vessel leakiness. Scanning electron microscopy (SEM) images comparing the luminal
surface of a normal blood vessel (A) and a tumor blood vessel (B) in mouse mammary glands. The normal blood vessel
is seen with tight endothelial junctions (arrowheads), while a tumor blood vessel is seen with widened intercellular
spaces, overlapping endothelial cells, and multiple cellular processes. Reproduced with permission from McDonald and
Choyke (2003) Nature Medicine 9: 713.
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Figure 5.2 Mean (±SEM) plasma levels of total doxorubicin, encapsulated
doxorubicin and doxorubicinol in patients given MyocetTM (n = 17).

Site-specific delivery is exemplified by the use of EPR effect for
passive tumor targeting [8]. For example, polymer–drug conjugates,
proteins, liposomes, micelles, and NPs containing drugs such
as paclitaxel, doxorubicin, daunorubicin, and vincristine can be
targeted to tumors through this phenomenon to reduce dose
limiting toxicity [9]. NPs that can be used for passive tumor
targeting include drug–polymer conjugates, protein–polymer
conjugates, drug–protein conjugates, polymeric micelles,
liposomes, lipoplexes, PEGylated liposomes, and antibody–drug
conjugates. Several NPs are in clinical development. For example,
AbraxaneTM is a drug–protein complex that delivers albuminbound paclitaxel particles, OncosparTM involves PEG conjugation
to L-asparaginase, ZinostatinTM is poly(styrene-co-maleic acid)

Functionality

(PSMA) copolymer-bound neocarcinostatin, and XyotaxTM is
polyglutamate-conjugated paclitaxel [5].

5.2.2

Effect of Particle Surface on Biodistribution

Modifying the surface of NPs through polymer conjugation
combined with passive tumor targeting has the advantage of
longer blood circulation time and, thus, greater exposure of the
tumor to the drug. Such NPs may additionally incorporate cellular
uptake enhancing or cell targeting ligands. An example is PEGcoated liposomes that also contain TAT-peptide (GRKKRRQRRRPQ)
attached to shorter PEG spacers on the liposomes [10]. Thus,
DoxilTM/CaelyxTM, where doxorubicin is entrapped in liposomes
that are surface coated with PEG, show additional advantages over
doxorubicin and MyocetTM in terms of prolonged plasma residence
time of the drug and higher tumor drug accumulation [11].
Hydrophobicity and surface charge of NPs can modify their
biodistribution by reducing aggregation and protein binding
[12]. Unmodified NPs in the bloodstream are invariably bound
to plasma proteins. The surface layer of plasma proteins on
circulating nanoparticles has been called “protein corona” [13,
14]. The types of proteins that are preferentially adsorbed on the
NP surface depends on their affinity, which is influenced by
the surface characteristics of nanoparticles. Protein adsorption
on NP surface can reduce its agglomeration. At the same time,
depending on the nature of proteins, protein adsorption can
enhance NP uptake by the MPS. The latter is a result of adsorption
of proteins (opsonins) such as immunoglobulin G (IgG), fibrinogen,
and complement factors. Binding of these proteins leads to
recognition by the scavenger receptor on the macrophage cell
surface followed by phagocytosis. This process leads to rapid
clearance of NPs from the bloodstream and into the major organs
of the MPS such as the liver and the spleen. Opsonization
followed by MPS uptake can be a useful tool for targeted delivery
of the drug to the organs and tissues of the immune system.
Surface hydrophobicity is a primary factor affecting
opsonization of NPs. Thus, surface modification (by the attachment
of hydrophilic or neutral polymers such as PEG) can increase
plasma protein binding and increase the plasma half-life of
NPs. Several commercial DPs include PEGylated NPs and proteins.
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Aggregation of NPs due to their surface characteristics can
lead to the formation of lose agglomerates such that the increase
in surface area of the NPs is not compromised, while the sizedependent biodistribution of the NPs is affected. For example,
agglomeration in the bloodstream can result in altered state of
extravasation. Particle aggregation through the inhalation route
of administration results in the retention of drug particles in the
passages through the lung, thus effecting higher rates of drug
dissolution and absorption, while minimizing blood uptake of
undissolved nanoparticulate API.

5.2.3

Absorption

NPs and NanoDDSs can be used to improve the rate and extent of
oral drug absorption. When NPs are designed to improve the rate
and/or extent of drug absorption through the gastro-intestinal
(GI) tract, free drug is available in the plasma or the central
compartment. In such cases, the mechanism of improvement of
oral drug absorption (e.g., through the use of nanocrystalline drug
or amorphous drug in solid dispersions) is the improvement in
drug solubility and dissolution rate, leading to higher rate and
extent of drug absorption. In a study on isotretinoin soft gelatin
capsules, significant reduction in drug particle size was associated
with improvement in oral drug bioavailability (Table 5.2) [15]. The
particle size characteristics of the dosage form in the nanometer
range were deemed important for the oral bioavailability of the
drug. This work highlights the case where nanometer size range
of the drug particles in the formulation is critical to its
performance, though not necessarily the surface configuration
(Class II, see Section 3). Also, for example, Emend™ (aprepitant),
a potent substance P antagonist to prevent chemotherapyinduced nausea and vomiting, showed low oral bioavailability and
exhibited a major food effect using the conventional formulation
with micronized drug substance. Nano-crystalline aprepitant
effectively enhanced bioavailability and provided similar exposure
in the fed and fasted state.
The NanoDDS can sometimes provide greater rate of drug
absorption compared to the drug solution in water miscible
cosolvents. Based on the principle of drug dissolution from
particles being followed by absorption across the biological
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membranes, one would expect oral drug absorption rate to follow
the rank ordering of “solution > solid dispersion > nanocrystals.”
Although this is generally true, this expectation of bioavailability
may not always hold true. In certain cases, the amorphous solid
dispersion may not maintain amorphous character upon storage
[16]. In certain other cases, the reason for such behavior may
not be clearly understood. For example, another recent set of
studies using another Bristol-Myers Squibb, Co. (BMS) compound
indicated higher rate of drug absorption after intra-duodenal
administration from amorphous solid dispersion than drug
dissolved in a hydrophilic PEG-based cosolvent mixture (Fig. 5.3).
In another case, Yang et al. reported higher pulmonary rate of drug
absorption with nanocrystals compared to the amorphous drug,
despite higher supersaturation and higher total bioavailability
of amorphous drug [17].
Table 5.2 Relative pharmacokinetics of isotretinoin formulations after
oral dosing as a function of particle size of the drug
Mean Particle Size (d50)

Cmax
(ng/mL)

AUC0-t
(ng.h/mL)

AUC0-∞
(ng.h/mL)

Accutane capsules

113.80

1106.97

1180.4

Isotretinoin capsules (25.7 µm)

202.38

2081.04

2125.17

Isotretinoin capsules (113 µm)

105.74

Isotretinoin capsules (0.395 µm) 388.56

1059.75
4007.56

1135.97
4367.60

The deviation from dissolution-absorption rank order
expectation between a solution, an amorphous solid dispersion,
and a nanocrystalline DS could be due to an interplay of one or
more of the following mechanisms:

(a) Precipitation of dissolved drug in vivo.
(b) Adhesion to the mucus layer, i.e., higher adherence of
nanocrystals (compared to amorphous solid dispersion
particles) to the mucus layer immediately covering
the absorbing epithelia, might create higher localized
concentration gradient that supports faster drug absorption.
(c) NP uptake, i.e., cellular uptake of nanoparticulate structures,
might explain higher bioavailability from nanocrystals and
amorphous solid dispersions compared to solubilized API.
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(d) Reduction of diffusion coefficient in the cosolvent working
against the diffusion gradient generated by the concentration
difference.
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Figure 5.3 Relative bioavailability from a solid drug dispersion (SDD)
compared to a cosolvent solution of BMS compound A in cynomolgus
monkeys after direct intra-duodenal administration.

These hypotheses point to the relevance of both nanoparticulate size range and the surface structure of the NPs in
influencing their oral absorption (Class IV, see Section 5.3).
Absorption of non-drug NPs has been reported in animal
species [18]. For example, Desai et al. observed 15–250-fold higher
efficiency of uptake of 100 nm size particles by rat intestinal
tissue, compared to larger size microparticles [19]. The efficiency
of uptake was 2–200-fold higher in Peyer’s patch tissue compared
to the non-patch tissue collected from the same region of the

30
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intestine. The authors further observed that the 100 nm particles
diffused through the submucosal layers, while the larger size
nano/microparticles were predominantly localized in the
epithelial lining of the tissue. Jani et al. observed oral absorption
of intact polystyrene microspheres in rats and uptake in liver
and spleen, via the mesentery lymph supply and lymph nodes [20].
The extent of absorption of 50 nm particles (34%) was higher
than the 100 nm particles (26%). The observations in animal
tissues, though, may not translate directly into humans since
rodents have much higher amount of phagocytosing M-cells in
Peyer’s patches [21].

5.2.4

Distribution

The fate and drug biodistribution impact of NPs and NanoDDSs
depend on their site of administration and stability. For example,
a drug delivered through a NanoDDS administered orally is
unlikely to be in the nanoparticulate form in the bloodstream.
Similar behavior may be expected for subcutaneous, intramuscular, and intra-peritoneal routes of drug administration.
A drug administered intravenously as a NanoDDS, however,
is likely to be present as NPs in the blood stream.
In addition to the effect of size of NPs and NanoDDSs on
biodistribution, as discussed above, the use of surface ligands
(e.g., surfactants/stabilizers) and/or targeting molecules (e.g.,
antibodies, peptides, and folic acid) can enhance their performance
and functionality. Surface-conjugated fatty acids and lipopolymers
can act as tight-junction modulators or lipid mobilizers to
improve the bioavailability of low permeability compounds.
Lipidic excipients, such as Vitamin E TPGS (d-alpha tocopheryl
polyethylene glycol 1000 succinate), Gelucire 44/14, Cremophor,
and Peceol, can decrease P-glycoprotein (Pgp)-mediated efflux.
Fatty materials may also be absorbed through lymphatic route,
thus avoiding first-pass metabolism. Drug–fatty acid conjugates or
drug–long chain fatty acid salts may be used for poorly permeable
water-soluble compounds to reduce their aqueous solubility, and
to facilitate drug incorporation into lipid NPs. Such formulations
typically exhibit sustained drug release. From a regulatory
standpoint, the drug–fatty acid conjugates or drug–fatty acid salts
are considered as new drug entities, which pose significant
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regulatory burden on the sponsors of new drug applications
(NDAs) utilizing such technology. Examples of actively targeted
drugs include the following:

• Antibody–drug conjugates for targeting tumor-specific
antigens. For example, ZevalinTM targets CD20, which is
overexpressed in non-Hodgkin’s lymphoma; OntakTM targets
CD25 in T-cell lymphoma; and MylotargTM targets CD33
in acute myeloid leukemia utilizing antibodies against the
named antigens.
• Doxorubicin linked, via a lysosomally degradable tetrapeptide
sequence, to the galactosamine-targeted copolymer N-(2hydroxypropyl)methacrylamide was used for hepatic drug
targeting in a phase I clinical study [22].
• PEG-modified immunoliposomes that target tumor
vasculature receptor VCAM-1 had higher accumulation in
tumors compared to control liposomes in mice bearing
human Colo 677 tumor xenografts [23].

5.2.5

Metabolism and Elimination

NMs follow the same metabolic route of their constituent
components. Thus, liposomes or micelles would disassemble and
the constituent lipids, surfactants, and other components would
undergo metabolism similar to direct administration of those
constituents alone. For the NMs that are internalized in cells,
the degradation route typically proceeds through the protease
cleavage in the endosomes and/or acid-mediated degradation in
the lysosomes.
Elimination of NMs in the bloodstream is affected by their
biodistribution, as related to size affecting extravasation or
surface properties affecting opsonization and uptake by the MPS.
As mentioned earlier, although the normal microvasculature has
2 nm paracellular gap along the tight junctions in capillaries [24]
and up to 6 nm in postcapillary venules [25], fenestrated
endothelium of renal glomerulus and sinusoidal endothelium of
liver and spleen have 40–60 nm and 150 nm, respectively [26].
Thus, NPs can preferentially permeate through or accumulate in
liver, spleen, and kidney. Therefore, predominant routes of
elimination of NPs are the biliary and urinary excretion. For
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example, Singh et al. observed that single-wall carbon tube NPs
are rapidly cleared from the blood through urinary excretion [27].

5.3

Impact of Size and Structure on
Functionality

All the physicochemical characteristics of a NanoDDS or NP may
or may not be critical to the functionality of the drug in a clinical
setting. Therefore, it becomes important to understand and
identify which of the physicochemical characteristics of a
dosage form are biopharmaceutically relevant and impactful.
For example, focusing on size and structure of the nanomaterials,

(a) if the oral absorption rate of a DS from a nanoparticulate
size range of a drug follows the same mechanistic pathway
as the drug in the micrometer particle size range (e.g.,
dissolution followed by diffusive, passive absorption of the
dissolved drug), there may not be a need for any special
considerations for the drug substance (DS); control of the
particle size distribution (PSD) of the active pharmaceutical
ingredient (API) in the drug product (DP) would be
sufficient;
(b) if, however, the nanoparticulate drug absorbs by a different
mechanistic pathway—such as NP uptake by phagocytosis by
M-cells in the intestinal Peyer’s patches—that significantly
increase the rate of drug absorption (with therapeutic or
bioavailability implications by affecting Cmax, Tmax, or AUC),
then the number and amount of drug particles in the range
that would follow this pathway become an important quality
attribute;
(c) if the NanoDDS involves covalent conjugation with a
targeting ligand (such as to an endothelial efflux pump),
attached to either the DS or one of the excipients used in
the formulation, characterization and surface exposure of
the ligand becomes an important quality attribute; this is a
case where both size and structure become important
parameters to the DP control strategy.

In this context, it should be noted that almost all drugs have
some particles in the nanometer size range and that controls
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on the PSD of the drug are typically established. The PSD
controls typically span the higher range (such as d(0.9), the 90th
percentile of particle size distribution range) to minimize the
chances of slow drug dissolution due to large size particles.
Quality considerations of nanosized DDS indicates that for
DSs with significant number of particles in the nanometer size
range, additional PSD control on the lower end of the size range
(such as d(0.5) and/or d(0.1)) may be warranted.
A set of criteria is, therefore, needed to assess the ‘criticality’
of NPs and NanoDDS from both size and structural integrity
viewpoints. The following set of criteria can be used to determine
such criticality.
(1) a quantitative size parameter (e.g., the proportion of unit
dose in nanometer size range)
(2) a quantitative structural parameter (e.g., number of surface
targeting ligands per particle)

A correlation, especially if it is a mechanistic or causative
correlation, of either the size or the structural parameter with
the functional performance of the DDS (e.g., Cmax after oral
administration) would indicate the criticality of such a parameter
to DP performance. The parameter(s) may, then, be utilized for
further development of a control strategy.
In terms of the relative importance of the structural or size
parameter of a DDS, the following four categories become evident
(Fig. 5.4):
(1) Class I, where neither the size nor the structure are
important to the performance of the DDS
• This case is exemplified by a self-emulsifying or a
self-microemulsifying drug delivery system (SEDDS
or SMEDDS, respectively) where the formulation is a
single phase. Therefore, neither the size range nor the
surface characteristics of the dissolved components of
the formulation influence drug absorption. Examples
of approved microemulsion formulations for Class I are
Estrasorb, Lipofen, Gengraf, Sandimmune, Neoral, and
Norvir.
(2) Class II, where the size but not the structure is important
to the performance of the DDS
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• This case is exemplified by higher Cmax of drug
nanocrystals after oral administration where the
shape or surface configuration of the crystalline drug
is less important than its size in influencing oral rate of
absorption. Examples of approved drug products with
nanometer sized APIs (nanocrystals) for Class II are
Rapamune, Emend, Tricor, Triglide, Megace ES, Invega
Sustenna, and Abraxane.

(3) Class III, where structure is important to the performance
of the DDS but not size

• This case is exemplified by the amorphous solid
dispersion, where the presence of drug in the amorphous
state in the polymer matrix is important for drug
delivery but not the proportion of the solid dispersion
particles in the nanosize range. This would be in
contrast to the case of crystalline drug dispersions in the
polymer matrix, where the size of the crystallite would
be an important parameter governing drug release.
Several drugs are commercially utilized in their
amorphous form include quinapril HCl (Accupril®),
zafirlukast (Accolate®), nelfinavir mesylate (Viracept®),
cefuroxime axetil (Ceftin®), and cefpodoxime proxetil
(Vantin®).

(4) Class IV, where both structure and size are important to
the performance of the DDS

• This case is exemplified by stable, nanosized drugloaded micelles that also have surface-conjugated
targeting ligand for tumor tissue targeting. The dosage
form is expected to passively target the tumor tissue
by extravasation, to be followed by active targeting in
terms of specific cellular and/or organelle uptake
attributable to the surface-conjugated ligand. Thus, both
the size and surface exposure of the targeting ligand
are important quality attributes for these systems.
Examples of approved liposome and micelle formulations
for Class IV are Doxil, Abelcet, Amphotec, DaunoXome,
AmBisome, Depocyt, Visudyne, Exparel, Taxotere, and
Oraqix.
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Class II
[size important to
performance but not
structure]

Class IV
[both size and structure
important to
performance]

CorrelaƟŽŶŽĨSize and Performance

Class I
[neither size, nor
structure important to
performance]

Class III
[structure important to
performance but not
size]

Figure 5.4 Critical property grid. Identifying the correlation of size and structure parameters that are important to the function
of the drug delivery system (DDS). The drug product development, control, and regulation strategies may vary depending
on whether one or both of structural and size parameters are important to drug product performance.

CorrelaƟŽŶŽĨStructure and Performance
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5.4

Quality Attributes and Analytical Tools

Physicochemical characterization of NMs is designed to
encompass properties that affect their physicochemical stability
and biological functionality such as improvement in bioavailability
or pharmacokinetic modification. These characteristics may
include one or more of the following.

• Particle size, size distribution, and state of agglomeration:
Particle size and size distribution are the primary
parameters that define nanosized materials. The proportion
of nanosized fraction of the administered dose is an
important parameter to identify the significance of its size
characteristic on the function. State of agglomeration of
nanoparticles is an important determinant not only of the
physical stability of the system but also of their colligative
properties. PSD can be determined by one or more of
several methods such as photon correlation spectroscopy
based on dynamic light scattering, gel electrophoresis, size
exclusion chromatography, analytical ultracentrifugation,
or microscopy. It is imperative to verify the validity of the
test method developed as a quality control technique by a
second method, preferably microscopic examination.
• Particle shape and morphology: Particle shape and
morphology determine particle flow within the bloodstream
or in an aerosol for inhalation. Surface morphology of the
particles can further affect protein binding. In addition,
number of lamellae and thickness of lipid membrane and
grafted polyethylene glycol needs to be investigated for
liposomal preparations. Particle shape and morphology can
be determined by one or more imaging techniques such as
scanning or transmission electron microscopy (including
cryogenic TEM) and high-throughput particle image analysis.
• For encapsulation-type NanoDDS, like liposomal preparations,
phase transition behavior of lipid bilayer may be important
to their quality consistency and performance and can be
characterized by DSC.

• Density: Density of NPs is important for certain routes
of drug administration such as inhalation. For example,
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particle density of the powder fill in dry powder inhalation
devices impacts the region of deposition of the particles
in the trachea and alveoli. Density is also an important
pharmaceutical parameter affecting the unit operations
such as mixing and granulation. True density of particles is
estimated by helium pycnometry. Density of particles and
bulk powder can be expressed in many different ways, such
as bulk and tapped density. The utilization of such other
density parameters is specific to the application. For example,
bulk and tapped density are more applicable to flow and
compactability of powders whereas true density is more
relevant to adsorptive surface area determination.

• Crystallinity: Nanoparticulate drug can be crystalline
or amorphous. If the NPs of a small molecule drug are
produced by milling of large crystals, some conversion of
the crystalline drug to its amorphous form is possible. Given
the significant differences in the physical and chemical
stability, solubility, and dissolution rate of the two forms of
a molecule, determining the crystallinity of nanoparticulate
drug is an important quality attribute. For liposomal
preparations, it is required to elucidate state of encapsulated
drug via appropriate techniques, e.g., UV-Vis spectra.
Crystallinity of particles is typically determined through
powder X-ray diffraction. Sometimes, infrared and Raman
spectroscopy techniques have also been used for high
throughput and quality control purposes.

• Specific surface area: Lower particle size of nanoparticulate
systems is accompanied by higher specific surface area.
The extent of increase in surface area with reduction in
particle size also depends on particle shape, porosity, and
the state of agglomeration. Thus, determination of specific
surface area of particles can be an important quality
parameter for surface-mediated functions such as particle
dissolution and protein adsorption. Specific surface area
is generally determined by nitrogen adsorption analysis
following the Brunauer–Emmett–Teller algorithm.
• Zeta potential: Physicochemical stability and in vivo
performance (e.g., protein binding) of NPs depends not
only on the specific surface area but also on the nature of

Conclusions

surface (e.g., hydrophobic versus hydrophilic) and its zeta
potential. Zeta potential may be determined by a laser
Doppler electrophoresis method.

• Extent and nature of surface modification: Surface
modifications of NanoDDSs are frequently utilized to modify
their surface characteristics and, thus, influence functional
properties. Some materials, such as albumin, surfactants
or other protective colloids, may be used to protect the
nanoparticle during the manufacturing and storage. In
these cases, nature of bonding interactions (e.g., covalent,
ionic, hydrogen, or hydrophobic bond interactions) between
the drug and protective material along with fraction of
free and bound drug or protective ingredient needs to be
investigated. Characterization of the extent and nature of
surface modification through quality control tools provides
a benchmark for assessing and assuring the quality of the
DP. X-ray photoelectron spectroscopy has been used to
determine surface modification in some cases.

• Internal environment and integrity of lipid bi-layer: For
encapsulation-type NanoDDS like liposomal preparations,
internal pH, internal volume, and counter ion concentration
are important physicochemical properties to be investigated.
In vitro leakage tests under multiple leakage conditions
should be investigated to support a lack of uncontrolled
leakage under a range of physiological conditions.
• In vitro drug release: Various dissolution methods should
be explored to identify an appropriate test method
for characterizing in vitro drug release behavior from
nano-medicines.

5.5

Conclusions

Pharmaceutical nanomaterials have a great potential in drug
delivery, because of their inherent and unique advantages, such
as versatility and multiple modalities. Oral dosage form
containing nanoparticles can effectively enhance oral
bioavailability, reduce variability, and overcome pH/food effect.
Additionally, NanoDDSs (micelles, microemulsion, liposomes,
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drug–polymer conjugates, and antibody–drug conjugates) can
achieve the targeted delivery, reduced toxicity, and achieve tailored
pharmacokinetics.
The pharmaceutical development and regulation of these
materials, as confined to the use of API NPs and NanoDDSs
incorporating a drug, nevertheless, are often adequately covered
with the current rigor of drug development process. Just like any
pharmaceutical drug delivery systems, the key quality attributes
of any NMs are identity, purity, uniformity of content, physical
and chemical stability, and drug release. In addition, for each
NMs that have specialized functions by design, it is critical to define
the critical quality attribute(s) that determine the performance
of the drug product in order to develop a successful drug product
with a consistent and reliable performance.
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6.1

Introduction

Molecular self-assembly is the spontaneous, yet controlled,
formation of molecules into ordered nanoscale structures by
various weak molecular interactions [1–5], such as hydrophobic
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interactions [6, 7], electrostatic interactions [8–10], hydrogen
bonds [11, 12] and p–p stacking [13]. Many biological molecules,
such as the phospholipid bilayers of cell membranes [14] and
the DNA double helix [7, 15, 16], are inspiring examples for the
design of self-assembling molecules.
Peptides are composed of amino acids covalently linked
together by amide bonds. The step-by-step conjugation of amino
acids into polypeptide chains can be readily achieved by solidphase peptide synthesis [4, 17, 18]. Chiral amino acids can be
categorized into anionic, cationic uncharged, and aliphatic groups,
resulting in a wide range of peptide side chains [17]. With this
variety, peptides have excellent conformational flexibility for the
construction of complex biomolecules [19]. Artificial peptides with
rationally designed amino acid sequences can be engineered to
mimic protein-like secondary conformations, including helices,
turns, and strands via self-assembly [20]. Moreover, peptides
are highly biocompatible and biodegradable, as they can be
decomposed easily into nontoxic by-products in the body that do
not elicit an immune response. Overall, the peptides with selfassembling properties are promising materials that are analogous
to naturally occurring biological supramolecules and have been
extensively studied and developed as highly biocompatible
healthcare medicines. This chapter reviews and discusses the
self-assembly of peptide amphiphiles (PAs); applications of PAs
in a variety of fields including drug delivery, regenerative
medicine, and antibacterial agents; and the overall future of these
self-assembling PAs in medicine.

6.2

Mechanisms for Peptide Amphiphile
Self-Assembly

Peptide amphiphiles (PAs) are composed of a hydrophobic portion
and a hydrophilic portion. The sequences and chemical structures
of PAs can be rationally designed to mediate self-assembled
supramolecular structures for a broad range of applications
[5, 17, 21]. The Stupp laboratory has developed many types of PAs
that self-assemble into cylindrical structures, and demonstrated
that each molecule of the nanofiber-forming PA could contain
(1) a hydrophobic fatty acid segment (generally contains alkyl tails

Mechanisms for Peptide Amphiphile Self-Assembly

with 10 to 22 carbons) conjugated onto the N-terminus of the
peptide segment via an amide bond; (2) a peptide segment that
has a strong tendency to form b-sheet secondary structures via
intermolecular hydrogen bonds; (3) a charged peptide segment
with a series of charged amino acids to ensure the solubility
while providing adequate spacing for any following bioactive
functional segments; and (4) a functional segment that displays the
bioactive peptide epitopes on the surface of the overall nanotube
structure (Fig. 6.1) [1, 4, 5, 18, 21]. In addition to this “molecular
template” for the design of cylindrical self-assembling PAs,
in terms of some amphiphilic peptides that contain no fatty acid
tail group, consecutive b-sheet-forming hydrophobic amino acid
residues [22], p−p interactions of peptide chains containing
aromatic rings [23], or ionic interactions between selfcomplimentary peptides with alternate cationic or anionic amino
acid residues [24], can also trigger peptide self-assembly and
direct the self-assembled structures into cylindrical shapes.
The self-aggregation of the fatty acid chains is considered
to be the driving force for PA self-assembly [18, 25]. Due to the
nature of hydrophobic materials that have a strong propensity to
avoid contact with water, the hydrophobic-driven aggregation of
amphiphilic molecules occurs spontaneously in aqueous solvent
systems, resulting in micelles consisting of inner hydrophobic
cores shielded from water surrounded by coronas of hydrophilic
portions of the amphiphiles [26]. In this stage of self-assembly,
association of amphiphiles is energetically favorable, whereas the
segregated amphiphiles leads to entropically unfavorable systems
as the fatty acid chains would interrupt hydrogen bonds between
water molecules [27, 28]. The assembly of PAs can be described
as a process that the PAs first aggregate with each other and
reorganize into head-tail conformations, followed by a disorderto-order transition to form secondary structures and the
condensation of the PAs to remove water from the hydrophobic
region [29]. Furthermore, the degree of hydrophobicity of the alkyl
groups plays a crucial role in the morphologies of the resulting
self-assembled structures. These nanoscale structures result from
the balance between opposing weak noncovalent interactions,
such as hydrophobic interactions (attractive) and electrostatic
repulsion (repulsive). Stronger hydrophobic interactions of the
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Figure 6.1 Schematic molecular structure of the amphiphilic peptide building block and their resulting self-assembled structure.
(A) Each building block molecule contains a hydrophobic tail group (region 1), a b-sheet forming peptide sequence (region 2),
charged peptide spacing group (region 3), and a functional moiety (region 4); and (B) illustration of the cross section of the
supramolecular structure. Reprinted with permission of [5].
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alkyl groups can stabilize the supramolecular structures at lower
critical micelle concentrations (CMCs) of the PAs (the minimum
concentration required for self-assembly) [27, 30–32]. In the
multistep self-assembly process, the PA molecules aggregate into
random and loose structures during a transient stage and further
form small micelle clusters. These clusters tend to merge and
grow into structures with a larger size. Eventually, the transition
from spherical micelles to cylindrical fibers is stabilized by the
b-sheet secondary structure between the nearby peptides [33, 34].
Apart from the hydrophobic interactions, intermolecular
hydrogen bonds between peptides also participate in the selfassembly process and govern supramolecular morphologies.
In terms of PAs with a b-sheet forming segment, hydrogen
bonding can direct peptide aggregates to extend along the axial
dimension. PAs lacking b-sheet propensity tend to form globular
spherical micelles with random coiled structures [30, 35–37].
These hydrogen bonding interactions are not an indispensable
driving force but can lead to the elongated morphologies of
such self-assemblies. In a study by Maji and Haldar, amphiphilic
peptides containing an Ala-Ala-Val b-sheet–forming segment
formed an elongated tube or rod-like structures in water.
However, if the Ala in the middle of the b-sheet-forming segment
is replaced by proline, the inter-peptide hydrogen bonds are
destabilized, resulting in the formation of spherical shaped
micelles with random-coiled structures. Compared with the
spherical micelles with disrupted inter-peptide interactions,
peptides with b-sheet structures require a larger number of
amphiphiles for self-assembly and exhibit a tighter packing of the
hydrophobic alkyl tail groups as well as higher micelle stability
[38]. Additionally, the distribution of H-bond forming amino
acids located near the hydrophobic alkyl tail group can also
mediate the conformation and stability of the self-assembled
structure. In a PA molecule, the amino acids with H-bond-forming
propensity nearest to the hydrophobic core are favorable to the
formation of self-assembled nanofibers as well as the gelation of
PAs. It is notable that the destabilization of just a single H-bond
in this region eliminates gel formation and even triggers
the formation of spherical structures of random-coiled aggregates
[39].
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The noncovalent interactions between PAs are controllable
in response to the solvent environment, thereby altering the
hierarchical self-assembly of PAs into supramolecular structures.
For instance, once the charges of amino acids on the surface of PAs
were selectively screened by bringing the pH above the pKa of the
PA surface amino acids, the self-assembled PA nanofibers could
aggregate and form bundle-like structures [40]. Apart from this,
cross-linking by metal ions also influences the morphologies of
the self-assemblies. For example, screening negatively charged
peptide components of PAs by the addition of metal cations can
cause gel-forming networks of cylindrical aggregates [41].
Together with the excellent biocompatibility and biodegradability of peptide-based materials, the self-assembling PAs can
be engineered to be powerful nanomedicines for treating a wide
range of diseases [4, 5, 20, 21, 26, 35]. In the following section, a
number of functional PAs and their applications in terms of drug
delivery, regenerative medicine, and antimicrobial agents are
reviewed.

6.3

6.3.1

Self-Assembling PA Applications
Chemotherapy Drug Delivery

A wide range of nanoscale drug delivery systems have been
developed in order to resolve limitations of commonly used
chemotherapy drugs, such as low solubility in physiological
conditions, rapid clearance due to enzymatic degradation in the
body, poorly controlled burst release, and the undesired toxicity to
healthy tissues [42–44]. To achieve targeted delivery of anticancer
drugs, stable drug delivery vehicles should reduce side effects,
provide long circulation in the bloodstream, and minimize drug
accumulation in the kidney, liver, spleen, and other nontargeted
tissues in the body.
Many self-assembling amphiphilic peptides have been
developed to include diverse tumor-targeting moieties and
conformations. PAs have exceptional advantages over liposomes
and polymeric drug carriers, including excellent biodegradability,
biodegradability, and efficient cell membrane permeability, while
offering protection to hydrophobic drug molecules [43, 45].
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One of the main strategies for cancer targeting is to utilize the
enhanced permeability and retention (EPR) effect of tumors. EPR
essentially traps particles of diameter between 15 and 200 nm
and enhances the accumulation of nanoscale carriers, resulting
in sustained drug release in the targeted tumor sites [34]. Selfassembled PA nanoparticles can be designed to target cancer cells
by being passively engulfed by the tumors with these properties.
Dong et al. [46] designed long-circulating PAs that could selfaggregate into 15 nm-diameter micelles encapsulating doxorubicin
(DOX) with high loading efficiency and in vivo stability (Fig. 6.2).
The hydrophilic head group of each amphiphilic molecule
contained a triple-helix bundle forming peptide sequence
conjugated with two C18 alkyl chains at the N-terminus. Poly
(ethylene glycol) (PEG) was also attached to the C-terminus
and the middle of the peptide chain to both reduce nonspecific
protein absorption and enhance the stability of the self-assembled
micelles. These self-assembled micelles had a very low (2 µM)
CMC, and once loaded with DOX, exhibited an extensively longer
half-life and minimal drug leakage in a 50 mg/ml bovine serum
albumin (BSA) solution in comparison to conventional DSPEPEG2K micelles [46]. The alkyl chain length in the hydrophobic
tail group of these PAs also influences the stability and drug
release profile. Compared to self-assembled micelles with C16 alkyl
tails conjugated to the same hydrophilic head groups, micelles
with C18 alkyl tails showed a remarkably longer blood circulation
time and a more sustained release profile of DOX with only 10%
of the drug released within 24 hours [47].
Apart from spherical nanoparticles, self-assembled PA
nanofibers also possess the ability to deliver hydrophobic
chemotherapy agents to tumors through the EPR effect. Soukasene
et al. designed a PA with an A4G3E3 peptide sequence conjugated
with a hydrophobic palmitic tail at the N-terminus to encapsulate
a naturally occurring chemotherapy agent, camptothecin (CPT).
The hydrophobic CPT was encapsulated by negatively charged PAs
(E3 PAs) using a solvent evaporation method and yielded a high
encapsulation efficiency (72%) with an initial concentration of
0.5 mM CPT during loading. E3 PA-encapsulated CPT (E3 PA-CPT)
yielded a 50-fold higher solubility (360 µM) than CPT in water
(7 µM). After drug encapsulation, the E3 PA nanofiber diameter
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Figure 6.2 Formation of the long-circulating micelles of amphiphilic triple-helix peptide-PEG conjugates for chemotherapeutic
DOX delivery. (A) The short peptide building blocks with two C18 alkyl chains conjugated to the peptide N-terminus, triple-helix
undle forming peptide, and PEG chains attached to the middle and the C-terminus of the peptide. (B) The amphiphiles formed
into subunits and then self-assembled into (C) micelles with shells composed of triple-helix bundles and cores of alkyl chains.
(D) The TEM image of the self-assembled micelles with diameters of about 15 nm. Reprinted with permission of [46] (copyright ©
2012 American Chemical Society).
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slightly increased from about 5.1 to 5.5 nm. E3 PA-CPT released
from the nanofibers slowly over one week, which can facilitate
the minimization of undesired off-target systemic toxicity and
enhanced accumulation of CPT in the tumor site. In vitro studies
with BT-474, MCF-7, and SKBR-3 breast cancer cell lines indicated
that the E3 PA-encapsulated CPT had increased toxicity and
markedly lower IC50 than excipient CPT against breast cancer
cells. When injected intravenously in the mouse tail vein, the E3
PA-CPT induced significant reduction in tumor growth, although
further investigation on the in vivo antitumor effects of these
CPT-loaded nanofibers is under way [48].
The RGD peptide sequence has been a widely used targeting
group for the often-overexpressed aν b3-integrin receptors on
many cancer cells [49], and self-assembled PA nanoparticles
functionalized with this tri-peptide group are promising tools
to achieve both drug encapsulation and cancer cell targeting.
Liu et al. developed a tumor-targeting Nap-GFFYG-RGD PA that
could form into nanofibers 10–20 nm in diameter in water by
hydrophobic and electrostatic interactions. These nanofibers
encapsulated the hydrophobic antitumor drug, curcumin, after
being cooled down from 40°C to room temperature followed by
dialysis. The nanofibers displayed a controlled drug release property
under physiological conditions, and the RGD targeting group on
the nanofibers was responsible for the selective toxicity and cell
internalization in human hepatocellular liver carcinoma (HepG2)
and human breast cancer cells (MCF-7) [50]. In addition,
nanospheres modified with cationic charged peptide sequences
together with RGD groups have been shown to display both
selectivity against cancer cells and efficient cell internalization.
With a higher glycolysis rate to accommodate for invasive growth,
cancer cells generate a more acidic pH compared to normal tissue
and blood that have physiological pH values constant at 7.2–7.4,
which can be beneficial for pH-sensitive drug carriers [21]. Chang
et al. studied amphiphilic peptide nanoparticles (APNPs) with
arginine-rich and RGD peptide sequences in their hydrophilic
head groups. These PAs could self-assemble into 15–20 nm diameter
nanospheres in water but disassemble at acidic pH below 4.
With a hydrophobic C18 tail group and the pH-sensitive property,
the self-assembled APNPs could open up at low pH values to allow

275

276

Self-Assembling Peptide Amphiphiles as a Versatile Future Nanomedicine Platform

for curcumin encapsulation, and as the pH was raised to 7, the
APNPs could reassemble and encapsulate hydrophobic curcumin
inside the hydrophobic cores. The curcumin-loaded APNPs induced
significantly higher internalization into MG-63 osteosarcoma
cells compared with normal human osteoblast cells within 2 h,
while curcumin alone was unable to internalize into the cell
membranes due to its low water solubility. After a 24 h treatment
with curcumin-loaded APNPs, the MG-63 osteosarcoma cell
viability (15%) was remarkably lower than osteoblast cell
viability (>50%), indicating that the APNP peptide sequence was
selective toward osteosarcoma cells [51].
Similar to targeting overexpressed integrins using RGD,
anionic hyaluronic acid can also be conjugated to cationic selfassembling PA nanoparticles to target the overexpressed CD44
protein on the surface of cancer cells. In a recent study, Choi
et al. utilized a cationic tripeptide (sequence Lys-Cys-Lys) to
conjugate hydrophobic CPT with a cleavable disulfide bond. This
peptide-drug amphiphile (KCK–CPT) had higher water solubility
and was able to attach hyaluronic acid that facilitated cancer cell
targeting. The self-assembled structures of these peptide-drug
amphiphiles can undergo morphology changes by dilution. At
800 µM in aqueous solutions, the amphiphiles self-assembled into
rigid nanotubes, while diluting to 400 µM led to the formation
of curved sheet nanostructures. The KCK–CPT complex with
hyaluronic acid formed nanofibers via electrostatic interactions
of about 8 nm in diameter at 400 µM, but transformed into
spherical micelles when diluted to 100 µM. These complexes
showed selectively higher internalization and enhanced toxicity
toward squamous carcinoma (SCC-7) cell lines with overexpressed
CD44. While hyaluronic acid was degraded in the endosome and
lysosome, KCK–CPT amphiphiles underwent endosomal escape
facilitated by the cationic charge. Once the disulfide bonds that
held CPT to the tripeptide were cleaved by intracellular glutathione
(GSH), the anticancer drug was released and eventually led to
cancer cell apoptosis [52].

6.3.2

Regenerative Medicine

The desire for exceptional quality of life and longevity has driven
the development of tissue engineering and regenerative medicine
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with the intention to replace or repair a failing tissue by the
implantation of a material into the body [5, 53, 54]. Given that
living cells derived from donors (i.e., stem cells) and combined
with biomaterials are a promising approach for personalized
medicine, regenerative therapeutic materials need to meet at least
one of the following needs: (i) cell attachment and proliferation;
(ii) retention and presentation of biofunctional compounds;
(iii) porous structures that allow for nutrients, expressed
products, and waste; and (iv) mechanical flexibility or rigidity [55].
The current biomaterials serving as prosthetic and replacement
implants are manufactured from metals, ceramics, and polymers
[56] but have limited durability, immunogenic effects, or inadequate
cell attachment due to the lack of bioactive signals [57, 58].
Therefore, biomimetic materials that display bioactive cues can be
developed to better enhance tissue regeneration.
Self-assembled PA nanomaterials have great promise as
innovative medicines for tissue regeneration. Peptide sequences
that represent bioactive signals can be displayed on the selfassembled structures and direct cells to exhibit specific biological
functions. When cells reside in the extracellular matrix (ECM),
their behaviors and functions are regulated by a dynamic
microenvironment containing insoluble macromolecules and
soluble bioactive factors [59]. Based on a firm understanding
of cellular interactions with ECM or other biomaterials, peptide
sequences from the active sites of bioactive factors capable of
targeting cell receptors can be selected to promote cell functions [4].
Therefore, when designing self-assembled PAs, the bioactive
sequences exposed on the surface of these self-assemblies can
be varied and tuned for a specific and desirable therapeutic
target, while the basic structural elements of the PAs can remain
consistent. PAs modified with bioactive sequences can activate
cell receptors and facilitate targeted cell adhesion, proliferation,
and activation of endogenous regeneration mechanisms of a
diseased tissue [5].

6.3.2.1

Bone Regeneration

PAs functionalized with bioactive epitopes have been shown
to have a promising potential in bone regeneration. Bone is
connective hard tissue that provides structural support for
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skeletal muscles and physical protection to vital organs [60].
Osteoblasts (or bone-forming cells) originate from bone marrow
mesenchymal stem cells (MSCs) and produce a collagen matrix
and hydroxyapatite in the process of osteogenesis [61, 62]. Bone
morphogenetic protein-2 (BMP-2) plays an important role in the
differentiation of MSCs into osteoblasts [63]. A self-assembled
PA system with a BMP-2 binding sequence, NH2-TSPHVPYGGSCOOH, was designed and studied by Lee et al. The BMP-2 binding
sequence was conjugated via the C-terminus of a self-assembling
PA backbone with a carboxyl-rich domain and b-sheet-forming
domain. To space the BMP-2-binding segment on the PA for
higher accessibility to the protein, the BMP-2-binding PAs were
co-assembled with diluent PAs, which had no bioactive segment
and contained the self-assembling backbone only. Nanofibers
of the diluted BMP-2-binding PA (D-BMP2b-PA) were formed
with sub-micrometer lengths. The osteogenesis effects of the
PA nanofibers loaded with BMP-2 was evaluated by the level of
alkaline phosphatase (ALP) activity, which is an indicator for
osteoblast differentiation from C2C12 pre-myoblasts. D-BMP2bPA yielded the highest number of ALP-positive cells after 3 days of
treatment compared with the diluent PA, BMP2b-PA, and even the
positive control sample of heparin loaded with BMP-2. Additionally,
D-BMP2b-PA could form self-supporting gels after being
mixed with CaCl2 and exhibited sustained release of growth
factors for 28 days. In a spinal fusion study for evaluating the bone
formation of the PA gels, a D-BMP2b-PA gel loaded with BMP-2
at low dosages (10 to 100 times lower than the clinically used
dosage) exhibited the highest fusion scores, suggesting that these
PA systems are a promising bone graft to promote spine fusion
with minimized side effects induced by high doses of BMP-2 [64].
In addition, Hartgerink et al. have designed a nanostructured
scaffold formed by cross-linked PA nanofibers to mimic the
alignment observed between collagen fibrils and hydroxyapatite
in bone. The bioactive functional region in these PAs contained a
single phosphorylated serine residue that can interact strongly
with calcium ions (and direct the mineralization of hydroxyapatite)
and a RGD peptide group as a cell adhesion ligand. Four consecutive
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cysteine residues in the b-sheet-forming region could form
intermolecular disulfide bones once oxidized to polymerize the
self-assembled structure (Fig. 6.3A) [65]. These PAs self-assemble
into nanofibers below a pH of 4, and these nanofibers can be
further oxidized into covalently cross-linked fibers, which were
stable in an alkaline solution (pH = 8) (Fig. 6.3B). The oxidized
nanofibers were further analyzed for mineralization properties
by reacting with CaCl2 and Na2HPO4, and the time-dependent
formation of crystalline mineral was monitored by TEM images.
Crystalline minerals started covering the fibers after 20 min, and
plate-shaped polycrystalline minerals were formed throughout
the fiber surface after 30 min (Fig. 6.3C). These results indicated
that the PA fibers were able to nucleate hydroxyapatite on their
surface, and this PA system could promote the directed growth
of mineral crystals [66]. In a following study, PA coatings of these
self-assembled nanofibers on a biologically inert titanium foam
successfully transformed the biological activity of the implants
and enhanced bone growth. These bioactive, hybrid bone implants
(PA-Ti hybrid) were created by filling a Ti–6Al–4V foam with a
PA nanofiber matrix that self-assembled in situ within the foam.
To enhance mineralization and cell adhesion on the PA-Ti hybrid
foam, a mixture composed of 95% of the PA with a phosphoserine
residue and 5% of PA with RGDS were gelled into a CaCl2 solution,
and then were incubated with a human mesenchymal stem
cell osteogenic medium as an approach to evaluate in vitro
mineralization. After the 7-day incubation, small spherical
structures of hydroxyapatite nucleated and grew along the PA
nanofiber coatings on the PA-Ti hybrids, as observed by scanning
electron microscopy (SEM) (Fig. 6.3D). The nanofiber matrix also
encapsulated mouse calvarial pre-osteoblast (MC2T20E1) cells
within the PA-Ti hybrids, which could be controlled by the initial
cell seeding density. More importantly, the in vivo experiment in
rat femurs showed growth of new bone formed adjacent and
inside the PA-Ti hybrid after 4 weeks, demonstrating the great
osteoconductivity and biocompatibility of the PA nanofiber
system on Ti foam implants [67].
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Figure 6.3 (A) Chemical structure of the PA molecule for nanofiber self-assembly and directed mineralization of hydroxyapatite
(HA). (B) Cryo-TEM image of self-assembled nanofibers after oxidative cross-linking. (C) Nanofibers of PAs covered by mature
HA (red arrows) after 30 min of mineralization. Reprinted with the permission of [66] (Copyright © 2001, The American
Association for the Advancement of Science). (D) SEM images of nanoscale bead-like HA formed only on the PA nanofibers.
Reprinted from [67], copyright (2008), with permission from Elsevier.
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6.3.2.2

Angiogenesis

The nanostructured PA systems have also been demonstrated
to have promising potential in angiogenesis. Angiogenesis
is the formation process of new blood vessel networks and
is critical for restoring blood flow during tissue regeneration and
wound healing [68–70]. This process is regulated by a number
of angiogenic growth factors, such as vascular endothelial growth
factor (VEGF) and fibroblast growth factor-2 (FGF-2) [71]. However,
one of the obstacles for successful therapeutic angiogenesis is
low protein retention in the targeted tissue, and serial treatments
are required to maintain a therapeutic level. The self-assembled
nanostructured PA systems can help solve these issues of
currently used angiogenesis therapies. Binding the growth factors
onto the self-assembled nanostructures of PAs can stabilize
their biological conformation and enhance binding strength for
interactions with cell receptors. The use of cell-free angiogenic PA
systems can promote the growth of new blood vessels or repair
ischemic tissues. The PA nanofiber gel network can be loaded
with growth factors in a matter of seconds by mixing the aqueous
solution of heparin-binding PA with FGF-2 and VEGF in a heparin
solution. Once the a-helical PAs were nucleated by heparin, they
transitioned into a b-sheet conformation and formed fibers with
6–7.5 nm diameters and over 1 μm in length. These nanofibers
had a strong affinity with selected growth factors, as well as
their local retention. For example, the FGF-2 loaded PA heparinbinding nanofibers displayed controlled-release over 10 days
with only 57.1% of the growth factor released. The heparinbinding nanofibers combined with growth factors significantly
promoted rat cornea neovascularization in vivo [72]. Rather than
conjugating VEGF to the PAs, VEGF can be mimicked by a synthetic
oligopeptide (KLTWQELYQLKYKGI). In a molecule of VEGF-mimetic
PA, the VEGF-mimetic peptide was covalently linked to a K3G
sequence (charged domain), and followed by a V2A2 sequence
(b-forming domain) and a C16 alkyl chain at the N-terminus.
The VEGF-mimetic peptide in a a-helix secondary structure was
more stable with enhanced bioactivity when conjugated to the PA
molecules than alone in solution. The VEGF-mimetic epitope
displayed on the cylindrical nanostructures of VEGF-PAs stimulated
a higher level of phosphorylated VEGF receptors than the VEGF-
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mimetic peptide alone, improved the proliferation of human
umbilical vein endothelial cells (HUVECs), and enhanced the in vivo
density of blood vessels on a chicken chorioallantoic membrane
model. The therapeutic potential of these VEGF-mimetic PAs
was evaluated in a murine hind-limb ischemia model. Animals
treated with the VEGF-mimetic PAs had improved tissue perfusion,
limb salvage, motor function, and capillarization for ischemic
tissue repair [73].

6.3.2.3

Neural Regeneration

In neural tissue regeneration, scaffolds formed by self-assembled
PA have been extensively studied to restore the functions of
irreversibly damaged neural systems. Neurodegenerative diseases
(such as Alzheimer’s and Parkinson’s diseases) in the central
neural system (CNS) are often associated with trauma, hemorrhage,
ischemia, stroke, and the disruption of blood supply. Unlike the
peripheral neural system (PNS), the CNS has a limited capability
to replace neurons and regrow axons due to the formation of glial
scar tissue induced by an inflammatory response. In the adult
CNS, factors for neuronal incorporation into the brain circuitry
are largely suppressed, including the cues and cell signals for
migration, proliferation, and axon growth, as well as a physical
environment similar to the natural ECM to support proliferation
[74, 75]. Conventional polymer-based neural nanoscaffolds have
many disadvantages, including the use of toxic co-solvent media,
the imprecise addition of ligands and drugs, and the necessity of
multi-stage synthesis. In contrast, the system of self-assembling
PAs can be easily fabricated into nanostructures to emulate ECM
conditions and properly display neural biochemical cues [75].
Gel scaffolds composed of heparin sulfate and laminin mimetic
PA nanofibers have been shown to have therapeutic potential to
treat Parkinson’s disease. This disease is caused by the degeneration
of dopaminergic nigrostriatal neurons and a reduction in striatal
dopamine levels. Laminins are one of the proteins that can regulate
cell adhesion and migration, and can be complexed with heparin
sulfate proteoglycans (HSPG) by noncovalent interactions to
promote neurite-outgrowth. A laminin-mimetic KIVAV peptide
sequence was incorporated into a PA system (LN-PAs) by Sever et al.
IKVAV-PAs were transformed into gel scaffolds by combining them
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with oppositely charged HSPG-mimetic PAs (GAG-PAs), with the
resulting nanofiber networks displaying a morphology similar
to the natural ECM. The LV-PA/GAG-PA nanofibers protected the
SH-SYS5 human neuroblastoma cells in vitro from cytotoxicity
induced by 6-hydroxydopamine (6-OHDA, a neurotoxic compound)
with a significantly increased live cell density after treatment.
Rats receiving treatment with PA nanofibers had significant
improvements in behavioral functions after 6-OHDA injection.
As observed from sectioned rat brain samples, the PA gel injection
to the striatum gave rise to better tissue integrity, and cell
accumulation was observed on the injury site after the degradation
of PA gels [76]. Similarly, injectable PA gel scaffolds can serve
as biomimetic materials to improve functional recovery in
acutely injured spinal cords. A biomimetic peptide sequence,
ADGVFDNFVLK, was derived from the glycoprotein tenascinC (TN-C), which is essential to spinal cord regeneration. In the
self-assembling TN-C PA molecule, the TN-C mimetic peptide is
conjugated to the peptide backbone with an alkyl group and the
VVAAEE sequence, such that the self-assembled PA nanofibers
could transform from a solution to gel upon the addition of divalent
cations (i.e., Ca2+). The TN-PAs could co-assemble and form a gel
with PAs that only contained the backbone peptide sequence
(backbone PAs). P19 embrional carcinoma cells were entrapped
in the gel scaffolds, and the gels with 20% of TN-PAs induced
optimal neurite alignment along the direction of the aligned
nanofiber gels while also significantly enhancing the neurite length
compared with cells grown on coverslips (69% greater) and gels
with the backbone PA only (30% or greater). The gel coatings
of aligned PA nanofibers were also capable of increasing the
migration of neural progenitor-derived cells. This study highlighted
the potential to utilize these biomimetic TN-PAs gel scaffolds to
guide neural stem cell migration to dysfunctional areas of the
brain [77].

6.3.3

Antibacterial Agents against Antibiotic-Resistant
Bacteria

Bacterial antibiotic resistance has become one of the biggest
threats to global health. In the United States alone, at least
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2,000,000 cases of illness and 23,000 of deaths are caused by
antibiotic-resistant bacteria annually [78]. It is anticipated
that the death toll caused by antibiotic-resistant bacteria will
reach 10 million—higher than the deaths expected from cancer
(8.2 million) [79]. The overuse of antibiotics is the most important
factor responsible to the development of antibiotic resistance
around the world. Bacteria can develop drug resistance rapidly
in response to the widespread use of antibiotics, highlighted by
the development of methicillin-resistant Staphylococcus aureus
(MRSA), which was first identified in 1960 hardly a year after
methicillin’s introduction into the clinic in 1959 [80]. Therefore,
there is an urgent need to develop antibacterial agents with
a reduced likelihood for pathogenic bacteria to adopt resistance.
Cationic antimicrobial peptides (AMPs) are short peptides
carrying a 2–9 positive net charge, and can be functionalized on
the self-assembling PAs, such that their antibacterial activity
is enhanced as a result of increased interaction with bacterial
membranes. In the innate immune system, naturally occurring
AMPs are weapons used toward a broad range of microbial
organisms, such as bacteria, fungi, and parasites [81, 82]. Also,
many AMP molecules comprise both hydrophobic residues and
the charged residues. The amphiphilicity can stabilize the peptide
into secondary structures such as a-helix, b-sheet, and loop
structures [83]. In these amphipathic conformations, the
hydrophobic residues face one side of the structure, while the polar
residues reside on the opposite. These conformational features
are important to AMP activity, as the cationic domain can trigger
the initial interaction with the membrane surface while the
hydrophobic domain would then drive the peptide insertion into
the hydrocarbon chain membrane core [84].
Unlike conventional antibiotics, which display their
antibacterial activities via specific receptor-targeting pathways, the
cationic AMPs bind and penetrate into bacterial cell membranes,
causing membrane disruption, membrane lysis, and eventually cell
death [85]. Such membrane-targeting interactions can effectively
reduce the likelihood for the bacteria to develop resistance.
Several models of AMP induced bacterial membrane disruption
are commonly accepted: (i) in the barrel-stave model, AMPs
insert in the membrane perpendicularly and form transmembrane
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pores with polar residues facing the lumen of the pores; (ii) in
the carpet model, AMPs cover parallel to the membrane bilayer,
and disrupt the membrane by a detergent-like manner; (iii) in the
toroidal model, AMPs insert in the membranes similarly as the
barrel model, but induce a local bending in the membrane leaflets
through the pores, which can result in an unfavorable elastic
tension and ultimately lead to membrane disintegration [84, 86, 87].
In addition, due to the strikingly different components of
prokaryotic and eukaryotic cytoplasmic membranes, the cationic
AMPs can selectively attach and disrupt bacteria membranes with
a large amount of anionic phospholipids but have low association
with mammalian cell membranes containing more zwitterionic
phospholipids [88].
Conjugation with hydrophobic domains or secondary
structure-forming peptide sequences promotes the activity and
selectivity of the amphiphilic AMPs [81, 89]. Also, self-assembly
of amphiphilic peptides can further enhance the interactions
with bacterial cell membranes by increasing local cationic charge
and peptide mass. For example, self-assembled, core–shell
structured nanoparticles functionalized with the cell-penetrating
TAT peptide and six arginine residues (R6) were shown to have
strong antimicrobial properties. The self-assembly of these
short amphiphilic peptides was driven by the hydrophobic
cholesterol blocks linked to the cationic TAT and the R6
peptide blocks. The antimicrobial activity of the self-assembled
nanoparticles of the amphiphilic peptide was much higher than
the cationic peptide sequences alone, as evaluated by the minimum
inhibitory concentration (MIC) for a broad range of microbes
responsible for brain inflammatory disease. Compared with
conventional antibiotics, these peptide-based nanoparticles were
superior to penicillin G in killing Gram-positive Bacillus subtilis
and had lower hemolytic effects than amphotericin B. The core–
shell nanoparticles had a relatively larger volume (about 170 nm
in diameter) compared to the outer or inner membranes of
bacteria, which facilitated penetration into the membrane and
membrane disintegration. With the TAT cell-penetrating sequence
on the surface, the nanoparticles were able to penetrate the blood–
brain barrier and suppress S. aureus-induced meningitis in a
rabbit [90].
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Amphiphilic peptides can also display efficient antibacterial
properties when self-assembled into b-sheet cylindrical
nanoparticles. Chen et al. demonstrated the importance of the
molecular propensity of the peptide self-assembly for antibacterial
activity. In this study, a group of designer amphiphilic peptides
with one lysine residue were conjugated with three to nine
consecutive hydrophobic alanine residues (A3K, A6K, and A9K).
Peptide self-assembly in aqueous solutions was directed by the
hydrophobicity of the alanine chain, which resulted in loose
stacks of the A3K peptide, long nanofibers of A6K, and short
and narrow nanorods of the A9K peptide (3 nm in diameter).
The b-sheet-structured A9K displayed significantly higher efficacy
in killing both Gram-positive S. aureus and Gram-negative
Escherichia coli than the two other peptides, indicating a positive
correlation between the peptide self-assembly and antibacterial
properties. Treatment with the self-assembled A9K peptides led
to the aggregation of lysed bacteria and the collapsed bacterial
membrane surface. The A9K amphiphilic peptide, with its short
and simple molecular structure, inserted in the membrane
via a hydrophobic effect, and then flipped to insert in the inner
membrane to cause cell lysis [91].
Antibacterial hydrogels of self-assembled peptides can be used
to treat bacterial infections associated with dermal wounds, as the
bacteria cell membranes are compromised after contact with the
fibril surface of the hydrogel. Schneider et al. developed a series
of arginine-rich, self-assembling b-hairpin peptides that killed
bacteria on contact. The peptides remained unfolded in water
due to the charge repulsion between the positively charged side
chains, but once the side chain charge was screened by the
addition of salts, the peptides could fold into a network of b-sheetrich fibrils that constituted a mechanically rigid hydrogel. The
bidentate hydrogen bonding interactions of the guanidinium
residue of arginine with the outer surfaces of bacteria are important
for antibacterial activities. The b-sheet hydrogels formed by
arginine-rich peptides showed higher toxicity and inhibition
against MRSA than hydrogels that contained lysine residues [92].
In a following study, a similar arginine-rich b-hairpin peptide
(VRVRVRVRVDPPTRVRVRVRV) was designed to self-assemble
into an antibacterial hydrogel in a NaCl solution, in which arginine
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residues were essential for the hydrogel’s antibacterial property.
After being challenged with an inoculum of S. aureus or E. coli
for 24 h, the hydrogel surfaces were capable of inhibiting
proliferation of both strains. The membrane lytic activity of the
hydrogel was analyzed by an atomic force microscope (AFM),
which visualized the collapse of E. coli and a highly punctured
membrane surface, although the rod-like morphology of the
bacterium remained [93].

6.4

The Current Status of Therapeutic Peptides
and the Future of PA Systems

In addition to their attractive pharmacological properties and
general nontoxicity in humans, peptide-based therapeutics generally
have lower production costs owing to their lower production
complexity compared with protein-based biopharmaceuticals.
Currently, over 60 peptide medicines have been approved by the
Food and Drug Administration (FDA) and commercialized on
the market in the United States. The number of FDA-approved
peptide therapeutics are expected to increase rapidly, as about
140 peptide drugs are in clinical trials and over 500 therapeutic
peptides are in preclinical trials. The global market value of
peptide-based medicine is also expected to grow significantly and
is estimated to grow from $1.4 billion in 2011 to $25.4 billion in
2018 [94].
In 2011 alone, 500 to 600 peptide therapeutics were in
preclinical trials. By 2013, the clinical pipeline of peptide
therapeutics was composed of 128 drug candidates, including
14 in Phase I studies, 74 in Phase I/II or Phase II studies, and
14 in Phase II/III or Phase III studies. For the Phase III studies,
oncology is the leading therapeutic area (accounting for more than
40%), followed by infectious disease and orthopedic applications.
A few selected successful examples include Oritavancin
(The Medicines Company), a semisynthetic lipoglycopeptide
antimicrobial agent to treat acute bacteria infected skin and skin
structure infections, as well as Tyroserleutide (China Medical
System/Kangzhe Pharmaceutical) as a treatment for hepatocellular
carcinoma [95, 96].
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However, there are a few intrinsic weaknesses of peptides that
limit their use as therapeutics. These include poor chemical and
physical stability, prone to hydrolysis and oxidation, short halflife, and fast elimination from the body. There have been some
approaches developed to circumvent the instability of peptides
and improve their half-life. Apart from substitution of the amino
acids in the enzymatic cleavage sites of the peptides, enhancement
of the secondary structure of the peptides can also protect the
peptides from enzymatic degradation. The active conformation
of constrained peptides is structurally stable and resistant to
degradation by proteases, thereby improving their pharmacological
properties [94–96].
In conclusion, we have highlighted the self-assembly behavior
and the diverse application of PA systems in drug delivery,
regenerative therapies, and antimicrobial agents. With the
capability of self-assembly into supramolecular structures via the
hydrocarbon tail group stapled to the N-terminus and formation
of secondary structures, PA systems may be the form of therapeutic
peptides that can provide both high stability and long half-lives
in the body. Despite these advantages, relatively few of these
self-assembling PA have been developed in clinical trials or
commercialized to the best of our knowledge, and there are still
challenges ahead concerning their development. For instance, the
supramolecular level mechanisms behind effective cell signaling of
the PA systems should be better understood, such that the systems
can be used to tackle much more complex signaling pathways
in stem cells and cancer cells [97]. Additionally, the supramolecular
materials for PAs still lack the dynamic complexity in biological
structures. Especially in terms of regenerative medicine, ideal
materials that mimic the bioactive cues with temporal control
and the capacity to change dynamically should be developed to
exhibit adaptive behavior in their environment [21]. In the future,
development of biomaterials based on self-assembled PA systems,
more versatile biological signals and dynamic systems are to be
explored, and together with the promising market potential of
peptide therapeutics, PA systems could be the next generation
of nanomedicine.
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7.1

Introduction

In recent years, biodegradable polymeric nanoparticles (NPs)
have become essential to developments in the medical field. For
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example, surface-modified NPs are used as a tool for accurate
cancer imaging and targeting. Biodegradable polymeric NPs are
water soluble, which makes them suitable candidates as carriers of
insoluble ligands. They can be synthesized and engineered in the
size range of 1–1000 nm and can be classified into two essential
groups: organic NPs (micelles, liposomes, nanogels, and dendrimers)
and inorganic NPs (gold nanoparticles, superparamagnetic iron
oxide nanomaterials (SPIONs), quantum dots (QDs), and
paramagnetic lanthanide ions) [1–4].
In particular, polymeric NPs have gained attention as a
potential drug delivery system because of their broad medical
applications in controlled delivery of different chemotherapeutic
agents. They can be surface-modified for better targeting and
can be carriers for oligonucleotides (DNA, RNA, LNA, siRNA,
miRNA), proteins, peptides, and genes [5]. For example, Langer
et al. showed that some hydrophobic polymers, like lactic-glycolic
acid copolymers and ethylene-vinyl acetate [6], can dissolve
proteins in dichloromethane at low temperatures. Subsequently,
these polymers can be made into other physical forms
(macroparticles) that can slowly release proteins ranging from
lysozyme (14,000 Da) to catalase (250,000 Da) for over 100 days
[7].
Polymer-based NPs can have natural or synthetic origins,
giving them unique diversity of properties. For example,
polysaccharides as natural polymers have been used for the
preparation of NP adjuvants, such as heparin [8, 9], chitosan [10–14],
alginate [15], inulin [16], and pullulan [17]. These polysaccharidesbased NPs can be prepared using four mechanisms, namely covalent
cross-linking, ionic cross-linking, polyelectrolyte complexation,
and self-assembly of hydrophobically modified polysaccharides.
They have been widely studied due to their biocompatibility,
biodegradability, non-toxic nature and their ability to be easily
modified into desired shapes and sizes [18–20]. Polyethylene
glycol (PEG) [21], polystyrene [22, 23], poly(lactic-co-glycolic
acid) (PLGA) [24–27], and poly(g-glutamic acid) (g-PGA) [28]
are the most common synthetic polymers used to prepare NPs
with excellent biocompatibility and biodegradability, particularly
PEG and PLGA (Fig. 7.1) [29, 30].
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In this chapter, we will focus on the different synthetic
polymer-based nanosystems and their pharmaceutical applications
in drug delivery.
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Figure 7.1 Chemical structure of the common synthetic polymers used to
prepare nanoparticles with excellent biocompatibility and biodegradability.

7.2

Pharmaceutical Applications of Polymers
in Nanomedicine

Designing a device or medicine in the pharmaceutical world
requires a great deal of consideration of how the characteristics
of various materials will work with each other in order to
influence the properties of the final product. Molecular weight,
composition, and thermal properties are three of the main
characteristics used to differentiate polymers for pharmaceutical
applications [31].
Although Sepassi et al. reported that the molecular weight
of the polymer did not influence drug NP stability [32], polymers
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with higher molecular weight tend to be favored for steric
stabilization because they yield a more stable dispersion compared
to lower molecular weight grades of the same polymer. For
composition, it is important to consider that sometimes the
composition may not correlate with what is expected. For
instance, when working with copolymers one might expect
that the macromolecule’s composition will resemble the two
or more monomers used in synthesis; this is not always true.
Thus careful consideration of the true composition of the polymer
must be taken into account when using it to develop drug delivery
systems [33]. Thermal properties are important to consider
because they greatly impact the drug-release properties such
as the amount of time it takes the drug to be fully released into
the body and the concentration of the drug that is released at a
given time. Characterization based on thermal properties can
tell the user whether the material is hard or soft, or is a liquid at
a given temperature, which is important to know when choosing a
polymer that will work as a drug carrier [34], for example, a
polymer coating material for a tablet should not be a liquid at
room temperature.
Polymers in solution are used as facilitators in the creation
of pharmaceutical formulations. There are three different
systems in which polymers are found, each having its own unique
properties that aid in the performance of drug delivery or that can
create methods of drug delivery that exhibit desired properties:
(i) full dissolution of the polymer in a given solvent, (ii) gels formed
when the concentration or the molecular weight of the polymer is
high, and (iii) colloidal suspensions [35–37].
Full dissolution of the polymer is done in liquid media, but
it can be difficult to dissolve due to the size of the macromolecule.
Gels are formed from polymers when the concentration is high,
when the molecular weight is very high, or when the polymer can
form liquid crystals resulting from the self-organization of the
polymer chains thanks to their nature and structure [38]. In a gel,
polymer chains form a matrix with channels filled with liquid.
The liquid, which represents most of the composition of the gel,
circulates throughout the polymer matrix and can be an organic
or an aqueous phase depending on the affinity of the polymer for
various types of solvents.

Polymer Preparation

Gels composed of an aqueous liquid phase are called
hydrogels, and they are obtained from many hydrophilic polymers
of either natural or synthetic origin. Polymer hydrogels exhibit
important and interesting properties for pharmaceutical
applications. Some properties are a result of the entrapped liquid,
while others are from the polymer. One property that makes gels
very interesting in the formation of drug delivery systems is their
capacity to absorb a liquid phase. This allows gels to be used as a
reservoir for a drug, which can move out of the gel matrix when
the gel matrix has been placed in contact with receiver media, for
example gastrointestinal fluids or the skin surface [39].
Colloidal suspensions, or polymer dispersions, have developed
into an area of great interest when it comes to pharmaceutical
applications. One example is their usefulness as a coating material
and this replaces previous methods that used organic solutions of
polymers [40, 41].

7.3

Polymer Preparation

While there are many natural polymers that are extremely valuable
in the world of pharmacy, there are instances when they are
inadequate, and the reproducibility of their properties cannot be
guaranteed. There is a need to create new synthetic polymers with
properties that are highly adapted to everyday life.
There are two main classes of synthetic polymers:
inorganic and organic. Examples of synthetic inorganic polymers are
polysiloxane, polyphosphazene, polysilanes, silicones, polygermanes,
and polystannanes. Examples of synthetic organic polymers are low
density polyethylene (LDPE), high density polyethylene (HDPE),
polypropylene, polyvinyl chloride (PVC), polystyrene, nylon, nylon
6, nylon 6.6, TeflonTM (poly(tetrafluoroethylene)), and thermoplastic
polyurethanes (Fig. 7.2).
The two main methods for preparing and synthesizing
polymers are step growth polymerization (e.g., condensation)
and chain growth polymerization (e.g., free radical) [42–47]. Step
growth polymerization begins with monomers that contain at least
two chemically reactive groups per molecule and they can be the
same or different. During each step of the reaction, two of the
chemically reactive groups react to form dimers, trimers, longer
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oligomers, and eventually long chain polymers as the length
increases. This process takes a substantial amount of time to
obtain high molecular weight polymers [47, 43]. Chain growth
polymerization is used for the most commonly synthesized
polymers through free radical chain polymerization. The initiation
step involves a free radical reacting with a single monomer
molecule. Propagation steps then take place in which the
monomer molecules react with the species produced during the
initiation step, and the chain length grows. The chains terminate
once two chains that contain radicals find each other and react.
Limitations of polymerization reactions must be taken into
consideration when synthesizing polymers, including polarity of
bonds, thermodynamics, and steric hindrance, which can cause
an ineffective or impossible collision between a radical and a
molecule of monomer. Free radical polymerization is dependent
on the ability of chemicals bonds to open in order to generate
radicals. These openings can only occur between atoms of similar or
very close electronegativity [48, 49].

Figure 7.2 There are two main classes of synthetic polymers: organic and
inorganic.

7.4

Polymers in Pharmaceuticals

Polymers (both natural and synthetic) and their derivatives are
one of the most useful materials in medicine and pharmacy.

Polymers in Pharmaceuticals

They are used in pharmacological materials, drug delivery and
therapeutic systems, synthesis of macromolecular prodrugs,
blood substitutes, and in the technology of prolonged release drug
formulations. Specifically, polymers are used in tissue engineering,
ophthalmic delivery, vascular prostheses, blood contacting, medical
adhesives, and topical hemostat biomaterials. Biodegradable
polymers are ideal candidates for developing therapeutic devices
such as temporary prostheses, three-dimensional porous structures
such as scaffolds for tissue engineering and as controlled/sustained
release drug delivery vehicles.
Of all the pharmacological properties of polymers, water
solubility of synthetic polymers has found extensive application
in pharmaceutical industries. Among synthetic polymers, PEG,
polyethylene glycol vinyl alcohol polymers, poly(ethylene oxide),
polyvinyl pyrrolidone, and polyacrylate or polymethacrylate
esters containing anionic and cationic functionalities are well
established.

7.4.1

Polyethylene Glycol

Polyethylene glycol (PEG), –[CH2–CH2–O–]n–CH2–CH2–OH, is
highly soluble in organic solvents and has a high hydrophilic
nature that enhances the solubility of hydrophobic drugs or
carriers when conjugated with them. PEG can be synthesized by
the interaction of ethylene oxide with water, ethylene glycol, or
ethylene glycol oligomers. There is potential to enhance the physical
and chemical stability of drugs, prevent the aggregation of the
drugs in vivo, and help stabilize the drug in long-term storage [50].
Different functional groups can be attached to terminal sites of
PEG polymer to prepare various type of hetero- and homobifunctional derivatives that are especially suitable as spacers
between two chemical entities or cross-linking agents [51–54].
PEG derivatives can be introduced onto small molecules like
folate, mannose, prodrugs [52, 55], or macromolecules like
peptides [56], oligonucleotides, cells, NPs, virus particles [57],
and surfaces [58] through covalent bonds using the process of
PEGylation. This improves water solubility and biocompatibility.
It is especially useful for drug development; it helps to reduce
aggregation of red blood cells and in turn improves blood
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biocompatibility of PEG copolymers implanted as cardiovascular
devices, such as stents [59]. Several factors can affect bioactivity
of the PEGylated drugs including the PEGylation site, the solvent
selected, the length of the PEG chain, the spacer or linker
chemistry, and the temperature used in the PEGylation reaction.
PEG can be used to modify other NPs such as liposomes [60],
dendrimers [61], PLGA NPs [62], or micelles [63] for drug delivery
or for longer blood circulation times.

7.4.2

Poly(Acrylic Acid)

Poly(acrylic acid) (PAA) is a highly water-soluble and biodegradable synthetic polymer that can be prepared by free-radical
polymerization with broad molecular weight distribution. PAA
exists as a liquid at pH 5 and as a gel at pH 7. Its gelled polymer
can be converted to liquid form upon permeation of cations into the
polymer, which makes PAAs ideal for ocular delivery of ribozymes
to the corneal epithelium [64].
PAA and its copolymer derivatives poly(vinyl alcohol) (PVA),
poly(propylene oxide) and poly(ethylene oxide) have various
industrial and biomedical applications, including as a super
adsorbent (e.g., in disposable diapers), in water treatment [65], in
the cosmetic industry, in the immobilization of cationic drugs, and
as base for Carbopol® polymers.
Recent studies have described different antimicrobial agents
of PAA-copolymers with a focus on PAA-grafted carrier-polymers
that are also antimicrobially active. Popelka et al. reported
antimicrobial effects of PAA copolymers that were cold-plasmagrafted acrylic acid on a polyethylene (PE) surface. They showed
inhibition zones for S. aureus [66]. Results by Yang et al. showed
that the antimicrobial effect against P. aeruginosa increases
with increasing mass fraction (from 10% to 40%) of radiationgrafted PAA on polypropylene non-woven fabric added to a
bacterial suspension [67].
Gratzl et al. presented two different PAA-containing diblock
copolymers, polystyrene and poly(methyl methacrylate) and
showed that these copolymers can kill bacteria and prevent
biofilm formation [68]. The technique involved using anionic
polymerization of tert-butyl acrylate with styrene or methyl
methacrylate with subsequent acidic hydrolysis of the tert-butyl

Polymers in Pharmaceuticals

groups as a way of producing well-defined block copolymers
that provide non-leaching acidic surfaces and do not need heavy
metals or other toxic substances. The block copolymer films
possessed antimicrobial activity of the block copolymers against
S. aureus, E. coli, and P. aeruginosa, which increased with
increasing PAA content that was independent of copolymer chain
length and individual PAA block lengths. This proved that the
acrylic acid groups in copolymer blocks have a bactericidal
effect besides their known adhesion-reducing effect [68, 69].
Gurney et al. demonstrated a new method in which PAA
is distributed as a percolating network within a pressuresensitive adhesives film formed from a polymer colloid. A diblock
copolymer composed of PAA and poly(n-butyl acrylate) (PBA)
was synthesized using reversible addition–fragmentation chain
transfer (RAFT) polymerization and adsorbed onto soft acrylic
latex particles prior to their film formation. Results showed that
the addition of an amphiphilic PAA-b-PBA diblock copolymer
(2.0 wt.%) to a soft latex provides a simple yet effective means of
adjusting the mechanical and adhesive properties of the resulting
composite film [70].
By increasing the molecular weight, enhanced viscosity,
and shear sensitivity of PAA, hydrophobically modified PAA
(HMPAA) is a potential candidate to be used in tablet formulations
for controlled release with poorly soluble drugs. HMPAA can
be produced by modification of the acidic form of PAA with
alkylamines in an aprotic solvent in the presence of N,Ndicyclohexylcarbodiimide [71]. Carbopol® is known as crosslinked PAA and can be used in pharmaceutical formulations
because of its bio-adhesive properties (used as bio-adhesive
tablets) [72–77], nasal applications [78], ocular delivery
[79, 80], suppositories [81], and it is also able to form gels [82]).
PemulenTM is another commercially available cross-linked
hydrophobically modified PAA (CLHMPAA). CLHMPAA has
been evaluated for its use in tablets and also studied for topical
formulations [83]. Unfortunately, it was found that the release
of poorly soluble compounds (diazepam) from the hydrophobic
polymer Pemulen was very slow, almost zero order [83]. Knoos
et al. also employed Pemulen TR2 NF for tablet formulations,
consisting of PAA cross-linked with allylpentaerytritol and
hydrophobically modified with grafted C10–C30 alkyl-chains [82].
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7.4.3

Poly(N-(2-Hydroxypropyl) Methacrylamide)

Poly(N-(2-hydroxypropyl) methacrylamide) (HPMA) is a watersoluble (highly hydrophilic), non-immunogenic, and non-toxic
polymer [84]. It consists of a HPMA monomer and has received the
most attention for passive drug targeting purposes via the enhanced
permeability and retention (EPR) effect. Subr et al. investigated
the effects of water-soluble HPMA copolymers bearing the
anticancer drug doxorubicin and also an inhibitor of ABC
transporters, on the viability and proliferation of the murine
monocytic leukemia cell line P388 (parental cell line) and its
doxorubicin-resistant subline P388/MDR in vitro [85].

7.4.4

Divinyl Ether-Maleic Anhydride

Divinyl ether-maleic anhydride (DIVEMA) is copolymer of
divinyl ether and maleic anhydride, which is also known as pyran
copolymer [86]. DIVEMA is a water-soluble polyanion of high
charge density by alkaline hydrolysis of the anhydrous groups
(Fig. 7.3). It has many biological activities, predominantly because
it can activate macrophages and natural killer cells. DIVEMA has
been used as a drug carrier for various anticancer agents and
is known to be useful for antitumor activity by either direct
toxicity to tumor cells, or indirectly by the activation of the immune
system [87].
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Tumor necrosis factor (TNF) refers to a group of cytokines
that can cause cell death (apoptosis) but it has limited application
due to side effects. To reduce these, TNF protein can be conjugated
onto NPs, which then can be bonded to its antibody (antiTNF). DIVEMA has been conjugated with TNF-α to effectively
increase antitumor activity in vivo with reduced side effects [88].
Synthesis of DIVEMA-TNF-α can be controlled by the addition of
2,3-dimethylmaleic anhydride, which binds to or separates from
amino groups when the pH is changed. Studies have shown that
neither DIVEMA alone nor a mixture of DIVEMA and TNF-α produced
antitumor activity with intravenous administration, and that the
increase in antitumor potency of TNF-α is most likely caused by
covalent conjugation with DIVEMA [89].

7.4.5

Poly(Vinyl Alcohol)

Poly(vinyl alcohol) (PVA) is soluble in highly polar and hydrophilic
solvents, such as dimethyl sulfoxide, ethylene glycerol and
water. It is synthesized by the polymerization of vinyl acetate to
polyvinyl acetate, which is then hydrolyzed to get PVA. PVA
hydrogels, which are ideal biomaterials because of their nontoxic, non-carcinogenic, and bio-adhesive nature, have been used
for various biomedical and pharmaceutical applications. PVA
hydrogels are readily accepted into the body and have been
used for contact lenses, the lining of artificial hearts, and drug
delivery systems. In recent years, much research has been done
on PVA films or gels obtained by the addition of salts to aqueous
PVA solutions [90].
PVA is used in a sol-gel process, which provides a significant
decrease in processing temperature. The magnetic materials
produced using PVA in this way, such as modified nickel ferrite
and multiferroics, are widely functional materials with valuable
properties [91].
Freezing-thawing process has been employed for preparation
of bovine serum albumin (BSA)-loaded PVA cryogels, and BSA
was successfully incorporated into a gel structure [92]. AbdelMottaleb et al. also used an ultrapure PVA for loading fluconazole
(PEG used as stabilizer) and evaluated it for topical drug delivery
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in a sustained release pattern for local treatment of skin fungal
infections [93].

7.4.6 Poly(Vinyl Chloride)

Poly(vinyl chloride) (PVC) is a polymer that has excellent
mechanical and thermal properties. It is relatively cheap [94]
and is used widely in fields such as building, electronic products,
and automotive [95]. Its versatility, easy fabrication, chemical
resistance, high performance in tensile stress and cost-effectiveness
makes the modified PVC matrix a fundamental engineering
material. There are numerous additives incorporated during
PVC production that can improve the mechanical properties of
PVC products and make applications of PVC widespread [96].
PVC is commonly used as a polymer foam, which is a low-density
material with relatively high strength and stiffness and high
damage tolerance. It is used in the packaging industry as thermal
insulation and buoyancy aids. The mechanical testing of several
cross-linked PVC foams revealed that the density, polymer
material, and degree of cross-linking controls the elastic response,
compressive, and tensile strength of the foams [97].
PCV has been used in active packaging films for food storage
because the active agents can transfer slowly from the packaging
material to the surface of the product. So, in order to control
undesirable microorganisms on food surfaces, methods that
coat antimicrobial agents onto the surface of the plastic film
and incorporate antimicrobial agents into the polymer can be
used [98]. Li et al. studied the antibacterial and physical properties
of PVC-based film coated with ZnO NPs and found that these
films have a good potential to be used as an active coating system
for food packaging [99].

7.4.7

Poly(Vinyl Pyrrolidone)

In pharmaceuticals, polymers are used as excipients to formulate
conventional dosage forms, such as tableting and semi-solid
preparations. When preparing a tablet, addition of a binder may
be necessary. Binders are used to clump particles together and
form grains that are more easily compressed. This process
ultimately forms tablets that are strong enough.

Polymers in Pharmaceuticals

Using poly(vinyl pyrrolidone) (PVP) as a solubilizing agent
forms water-soluble complexes with the active ingredient,
increasing its bioavailability. PVP is a water-soluble polymer that
is synthesized by polymerization of vinylpyrrolidone in water or
isopropanol. Due to its wide range of molecular weights, different
grades are available. PVP is mainly used as a binder in the formation
of tablets. Binders used in coatings protect surfaces against
wear, isolation, functionalization of surfaces, electric conductivity,
and/or the improvement of surface appearance, which includes
preparing smooth solid films [100]. PVP can transport charge
and has universal solubility, making it suitable for coatings [101].
Compared to other binders, PVP gives harder granulates with good
flowability, higher binding and low friability, as well as increases
dissociation of the active ingredient.
PVP is also used as a solubilizing agent. Many active substances
have poor aqueous solubility, and in order to increase their
bioavailability, a solubilizing agent such as PVP can be added to
improve dissolution. PVP has been used to increase the aqueous
solubility of eprosartan, a drug that is known to have low solubility
and that has been used to treat high blood pressure. Drug
dispersion with PVP showed solubility about 1.5–2 times higher
than the solubility of pure eprosartan [101].
PVP is used in medicine as a surface modification agent.
Silver sulfadiazine (SSD) is known to be an effective antibacterial
agent because of its twofold action on bacterial growth. However,
the antibacterial performance of SSD is reduced by its poor
aqueous solubility. PVP has been introduced to prepare hydrophilic
NPs of SSD. PVP-modified silver sulfadiazine has steric hindrance
that greatly decreases the size of the SSD particle and has
improved hydrophilic performance [102].

7.4.8 Polyacrylamide

Polyacrylamide is a water-soluble polymer with a wide range of
uses, including oil recovery, cosmetics, and biomedical applications
such as carriers for delivery of drugs and bioactive molecules [103].
Polyacrylamides are synthetic polymers derived from acrylamide
monomers. The acrylamide units are known neurotoxins, but
polyacrylamide itself is non-toxic. The polymer is chemically inert
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and stable over various conditions (i.e., stable over a pH range of
3–11) and has been employed to serve as a useful matrix for several
types of extracorporeal toxin removal devices.
Polyacrylamide gels result from polymerization of acrylamide
with a cross-linking agent, such as bisacrylamide. Polyacrylamides
were first used as an implantable carrier for sustained delivery of
insulin, and since then they have been used as a carrier for other
bioactive materials to produce desired effects. Polyacrylamidechitosan hydrogels are used for sustained antibiotic release.
Wang et al. engineered a hydrogel composed of polyacrylamide
and polyacrylamide-graft-β-cyclodextrin, which has an upper
critical solution temperature behavior at 35°C. They measured
ibuprofen release from 25°C to 35°C and showed that release
was more rapid at 35°C than 25°C. From this, they developed
a super macroporous polyacrylamide bead for use as a carrier
in biotechnology [101].
Gupta et al. reported a novel post-loading approach for
synthesizing a multifunctional biodegradable polyacrylamide
nanoplatform for tumor-imaging (fluorescence) and photodynamic
therapy. This method provides an opportunity to post-load the
imaging and therapeutic agents at desired concentrations [104].

7.4.9

Polyoxazoline

Polyoxazolines are structurally similar to peptides, making them
interesting in the biomedical field. Their properties include high
hydrophilicity, which enables synthesis of hydrophilic watersoluble biocompatible polymers, and hydrophobicity that is
typical for hydrophobic aromatic polymers. These physio-chemical
properties can be modulated by varying the alkyl substituent.
Functionalities can be introduced into the polymer through the
initiation and/or the termination steps, giving head and/or end
groups [105]. Much focus has been placed on the polymerization of
2-substituted oxazolines (poly(2-oxazolines)) because monomers
substituted in the 4- or 5-position are more difficult to polymerize
due to steric crowding [106]. Poly(2-oxazolines) have been used
in adhesive and coating formulations, as pigment dispersants in
inks, and in various drug delivery applications [106].

Polymers in Pharmaceuticals

Polyoxazoline has been used in other applications such as in
preparations of nanoscale systems, thermo responsive systems,
gene delivery, and DNA and RNA delivery into cells. Polymer
vectors are typically cationic and form polyplexes with anionically
charged nucleic acids. The most commonly used polymer is
poly(ethylene imine) (PEI) because of its high charge density. PEI
is normally produced via the acid-catalyzed polymerization of
aziridine, but recently the polymer has been produced starting
from polyoxazolines. This is desirable because it leads to welldefined and benign linear polymers as opposed to branched
and cytotoxic species normally produced using aziridine [106].

7.4.10

Polyphosphates

Polyphosphates are often called “condensed phosphates” because
they are polymers of phosphate anions that are acquired by
repeated condensation of PO4 units [107]. Polyphosphates have
a backbone of phosphorous atoms attached to either carbon
or oxygen [88]. They are relatively stable in neutral aqueous
solutions, even at high temperatures. However, they degrade to
lower condensed phosphates in strongly acidic or basic solutions
at higher temperatures [107]. The uniqueness of polyphosphates
is due to the chemical reactivity of phosphorus, which allows for
the attachment of side chains to alter the biodegradation rates
and molecular weight of the polymer [88].
Polyphosphates are widely used for drug delivery, gene delivery,
and tissue engineering. Wang et al. reported the development
of biodegradable polyphosphoester systems showing sustained
release behavior both inside and outside the cell, increasing the
bioavailability of DNA in the cells. They further showed that the
controlled release behavior of these polymers can be altered by
changing the ratio of polycationic polymer to DNA [108].
Alexandrino et al. developed polyphosphate NPs that
displayed high structural versatility related to the pentavalence
of the phosphorus center compared to polyesters. They prepared
polyphosphate NPs using a miniemulsion/solvent-evaporation
technique for loading and for chemotherapeutic delivery of paclitaxel,
and the cytotoxicity was evaluated against human cancer cell lines
HeLa and Saos-2. The paclitaxel-loaded NPs displayed a similar
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cytotoxicity activity to paclitaxel and Taxomedac® with a higher
efficient adhesion effect on calcium phosphate granules, allowing
drug delivery to the bone [109].
Efforts by Hindi et al. demonstrated that silver–carbene
complex loaded into L-tyrosine polyphosphate NPs exhibited
great antimicrobial activity in vitro and in vivo against the cystic
fibrosis relevant bacteria Pseudomonas aeruginosa [110].

7.4.11

Polyphosphazenes

Polyphosphazenes, known as hybrid inorganic-organic polymers,
are a relatively new class of polymers and are notably distinct
from all other biodegradable polymers because of their
synthetic flexibility and versatile adaptability for applications.
Polyphosphazenes are essentially linear, high molecular weight
polymers that belong to a class of polymers with an inorganic
moiety as the main chain and two active chloride groups on each
repeat unit [111]. Substitution of these chloride groups gives
multifunctional polyphosphates with tunable physicochemical
properties including biodegradability and biological advantages
[88].
Biodegradable polyphosphazenes have been used as film
pellets for drug delivery matrices and are usually created by
compression molding or, because they are soluble in a wide range
of solvents, solvent casting. Degradation studies of biodegradable
polyphosphazenes show that the rate of degradation can be
made more efficient by adding hydrophilic, hydrophobic, or bulky
substituent groups. This efficiency, combined with their nontoxic degradation products, makes these polymers useful for the
controlled release of small and macromolecular drugs [111].
Some water-soluble polyphosphazenes containing ionic
groups can be used to formulate hydrogel microspheres or
nanospheres for controlled release and drug delivery applications
[88]. Studies have shown that polyphosphazenes blended with
other hydrophobic and highly biocompatible polymers, such as
poly(methyl methacrylate), have created microspheres that induce
unique properties and demonstrate good encapsulation and
release behavior for aspirin. These microspheres may be useful in
loading anticancer drugs or cisplatin for drug release applications
for skeletal diseases [112].

Polymers in Pharmaceuticals

7.4.12

Poly(Lactic-co-Glycolic Acid)

Poly(lactic-co-glycolic acid) (PLGA) is one of the most successfully
developed biocompatible and biodegradable polymers. It has
good sustained release properties and can be hydrolyzed or
biodegraded through cleavage of its backbone ester linkages
into oligomers and finally monomers like lactic acid and glycolic
acid that can be easily metabolized by the body via the Krebs
cycle [29, 26]. Hydrolysis and degradation rates of the PLGA
copolymers are relevant to the polymer’s molecular weight and
molar ratio of the glycolic and lactic acids in the polymer chain,
the molecular weight of the encapsulated drugs, and the polymer’s
crystallinity.
PLGA NPs have been extensively used for loading and
encapsulating hydrophobic, poorly soluble anticancer drugs such
as cisplatin [113], paclitaxel [114–118], 9-nitrocamptothecin
[119], doxorubicin [120–123], and tetrac [124]. For example,
copolymer PLGA–PEG NPs have been prepared for encapsulation
of cisplatin. Their in vitro NP degradation, in vitro drug release,
and in vivo drug residence in blood properties were investigated
and were found to have rapid degradation and sustained
drug release [113]. In another study, epidermal growth factor
modified methoxy polyethylene glycol-poly(lactic-co-glycolic
acid)-polysilane (mPEG-PLGA-PLL) was constructed for loading
cisplatin, and it significantly improved therapeutic efficiency of
cisplatin with low toxicity against SKOV3 cancer in mice [125].
PLGA-PEG NPs were functionalized by prostate-specific membrane
antigen (PSMA) for the delivery of cisplatin, and their activity was
compared with non-targeted cisplatin NPs against human prostate
PSMA-overexpressing LNCaP cells. Results showed the great
effectiveness of PSMA-modified PLGA-PEG NPs [126]. In this work,
the authors prepared the cisplatin compound with alkyl chains
at the axial positions because the interior of NPs is more
hydrophobic than their surface. They then encapsulated this
molecule into pegylated PLGA NPs, which can bind to the PSMA
protein on the surface of prostate cancer cells for targeted delivery
of the cisplatin prodrug; this led to the release of cisplatin upon
intracellular chemical reduction (Fig. 7.4).
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Figure 7.4 Preparation of Pt(IV)-encapsulated PLGA-CO-NH-PEG-COOH
nanoparticles by nanoprecipitation and modification with PSMA aptamer
to the nanoparticles, followed by intracellular reduction.

Paclitaxel is a mitotic inhibitor and is well known in cancer
treatment, although its low aqueous solubility produces non-ideal
side effects. In order to decrease these side effects, PLGA NPs
were used for encapsulation of paclitaxel and found to strongly
enhance the cytotoxic effect of the drug and decrease the side
effects in comparison to Taxol® in vitro and in vivo [114, 115, 118].
Yu et al. developed a PLGA-PEI NP in order to deliver paclitaxel,
using the biomacromolecule herceptin as a targeting moiety, that
was conjugated on the surfaces of the NPs via electrostatic
interactions. These electrostatically conjugated herceptin-bearing
PLGA-PEI NPs (eHER-PPNs) were compared with the chemically
conjugated herceptin-bearing PLGA-PEI NPs (cHER-PPNs). Both
were studied as vectors to target HER2-positive BT474 cells and
HER2-negative MCF7 breast cancer cells [127]. Results showed
that the eHER-PPNs exhibited lower cell viability (46.7%) than
did cHER-PPNs (65.1%), but eHER-PPNs displayed higher cellular
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uptake efficiency (p < 0.001) in comparison with cHER-PPNs.
Therefore, eHER-PPNs could provide promising platforms for
the delivery of therapeutic drugs against HER2-positive breast
cancers. In another study by Cui et al., transferrin-conjugated
magnetic silica PLGA NPs were formulated to cross the
blood–brain barrier for brain glioma treatment [128].
Our group has used PLGA for formulation of tetrac
(tetraiodothyroacetic acid), which is a deaminated derivative of
the principle thyroid hormone analog, L-thyroxine (T4). Tetrac
functions as an antagonist to T4 and has been shown to block
interaction of thyroid analogs to the integrin receptor, resulting in
antitumor and anti-angiogenic responses. Encapsulation or surface
modification of PLGA NPs with tetrac (Nanotetrac) limits tetrac’s
activity to the cell surface, preventing some of the thyromimetic
nuclear activity of tetrac, which might counteract its antitumor
effects. Nanotetrac is more efficient than tetrac at inducing tumor
cell apoptosis by upregulation of pro-apoptotic factors such as
CASP2 and BCL2LI4 [129].
Murakami et al. employed a single emulsion/solvent diffusion
method for synthesis of PLGA NPs [130]. The carboxylic groups
of PLGA were first activated by NHS and then conjugated with
ethylenediamine to generate amino-functionalized PLGA. Tetrac
was conjugated to epibromohydrin or epichlorohydrin, which
provide the epoxy group that reacts with the amino groups on
PLGA in aqueous conditions (Fig. 7.5).
We worked on different Nanotetrac formulations that
demonstrated the potent anti-proliferative and anti-angiogenic
actions of Nanotetrac against various human cancer xenografts,
including pancreatic cancer [131], human renal cell carcinoma
[132], chemo-resistant breast cancer [133], human non-small
cell lung cancer [134], and medullary thyroid carcinoma, [135], in
which the nanoformulation of tetrac is 10 times more efficacious
in inhibiting tumor growth compared to free tetrac.
PLGA NPs have also been employed for the delivery of other
bioactive small molecules, proteins, and therapeutic oligonucleotides, such as haloperidol [136, 137], estradiol [138],
diclofenac [139], flubiprofen [140, 141], rolipram [142], tacrolimus
[143], urocortin [144], siRNA targeting MBD1 [145], and shRNA
targeting AnxA2 [146].
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Figure 7.5 Formulation of Nanotetrac. The COOH– groups of PLGA NPs
synthesized with a modified single emulsion/solvent diffusion method
were conjugated with ethylenediamine to generate amino-functionalized
PLGA. Epichlorohydrin conjugated tetrac was then attached to the PLGA
to generate the nano-encapsulated form of tetrac.

7.5

Xanthan Gum

Other conventional dosage forms include semi-solid preparations
such as ointments, creams, gels, and lotions. These forms often
require the use of a thickener or a suspending agent. Polymers
function well as excipients in these applications. Xanthan gum,
a natural water-soluble polymer, is an effective thickener and
stabilizer. It has the unique ability over other polysaccharide
solutions to produce highly viscous solutions even at low
concentrations. Xanthan gum’s pseudoplastic property improves

Abbreviations

mouth feel and flavor release, which is why it is commonly used
in cosmetics and in toothpastes. Its shear thinning flow behavior
allows it to be easily removed from a tube or dispenser, to keep
a stable stand on the brush, and to improve the dispersion on
and the rinsing from the teeth. The polymer is also used in other
gels and creams because its properties allow it to feel soft and
gentle.

7.6

Conclusion

The main goal of this review was to describe the different
synthetic polymer-based nanosystems and their pharmaceutical
applications in nanomedicine and drug delivery. Over the past
few decades, there has been extensive interest in developing
polymeric biodegradable NPs that can effectively deliver a drug
to a target site and thus increase the therapeutic advantage,
while minimizing side effects. Water solubility of biodegradable
polymeric NPs makes them a suitable carrier for delivery of those
candidates that are not water-soluble as well as their possibility
for surface modification with oligonucleotides (DNA, RNA, LNA,
siRNA, miRNA), proteins, peptides, and genes in order to have
better targeting. Polymeric NPs have unique diversity of properties
because they can be prepared based on both natural and
synthetic origins. There are several methods that can be employed
for synthesis of polymeric NPs and it is dependent on different
factors, such as physicochemical characteristics of a drug, particle
size, particle size distribution, and area of application.

Abbreviations
BSA:
cHER-PPN:
CLHMPAA:
DIVEMA:
eHER-PPN:
EPR:
g-PGA:

bovine serum albumin
chemically conjugated herceptin-bearing PLGA-PEI NP
cross-linked hydrophobically modified PAA
divinyl ether-maleic anhydride
electrostatically conjugated herceptin-bearing PLGAPEI NP
enhanced permeability and retention
poly(g-glutamic acid)
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HDPE:

high density polyethylene

LDPE:

low density polyethylene

HMPAA:
HPMA:

hydrophobically modified poly(acrylic acid)

poly(N-(2-hydroxypropyl) methacrylamide)

mPEGmethoxy polyethylene glycol-poly(lactic-co-glycolic
PLGA-PLL: acid)-polylysine
NP:

nanoparticle

PEG:

polyethylene glycol

PAA:

PBA:
PEI:

PLGA:

PSMA:
PVA:
PVC:

PVP:
QD:

RAFT:

SPION:
SSD:

T4:
TNF:

poly(acrylic acid)

poly(n-butyl acrylate)
poly(ethylene imine)

poly(lactic co-glycolic acid)

prostate-specific membrane antigen
poly(vinyl alcohol)

poly(vinyl chloride)

poly(vinyl pyrrolidone)
quantum dot

reversible addition–fragmentation chain transfer
superparamagnetic iron oxide nanomaterial
silver sulfadiazine

L-thyroxine
tumor necrosis factor
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8.1

Introduction

Nanotechnology can be likened as a discipline where natural
sciences, such as chemical physics and engineering, and life sciences
meet, enrich one another, and provide a fertile ground for the
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development of systems with clinical relevance, to name one fast
growing area of commercially lucrative research and development.
Such development of safe next-generation tools undeniably relies
on a robust understanding of nanomaterials. One area where the
detection levels and functionality of nanomedicine is most direly
needed is the ability to find a single cancer cell in the context of a
multicellular tissue environment without damaging surrounding
healthy tissue and also to specifically eradicate this pathological
growth with minimal side effects. Great strides have been made
toward this goal but many questions remain. Here we use select
examples to illustrate how properties of sub-micrometer matter
are used in detecting target molecules with great sensitivity,
specificity, and accuracy.
Progress in nanotechnology, which is a multidisciplinary and
integrative scientific discipline, improves our daily existence by
improving existing systems, processes, and materials. The scale of
technological advances provided by nanotechnology is illustrated
by the emergence of rapidly growing and commercially powerful
sub-fields, such as application-oriented nanotechnology and applied
nanotechnology with synergistic influences on the progress of basic
and customer-oriented medical research. Advances in medical
nanotechnology, often referred to as nanomedicine, benefit patients
directly by, e.g., improving imaging systems and devices to carry
drugs to a targeted location. Cutting-edge developments in these
domains now point to a combination of these functionalities to aid
diagnostics and therapy (Fig. 8.1).
Research efforts and increased scholarly productivity in various
fields of nanomedicine resulted in a steady increase in idea-toproduct transfers with considerable commercial success. Predictions
of the commercial success range well above and beyond doubledigits of billions of Euros in the coming decade with converging
forecasts of the most aggressive growth of market opportunities
in applied research and commerce in the fields interfacing with
function-oriented biomaterial sciences and nanomedicine. This is,
however, not restricted to the concept of “enabling functionality”
in the sense of drug delivery and generation of new materials;
the greatest potential is seen nowadays in areas where products,
based on nanotechnology, sometimes ascribed to as nanoproducts,
function by design as smart drugs. Nanomedicine cross-fertilizes

Definition of Terms

the advancement of modern implantable devices by improving our
understanding of surfaces and interfaces. Most notably, the success
of any implantable device depends on an active management of
cellular adhesion, motility, and proliferation on its surface. One
example is the search for a biocompatible artificial cornea [1–20].

Nanotechnology

DiagnosƟĐ
Drugs

Implantable
Devices

Therapy
Tissue Engineering

Improved Quality of Life
Figure 8.1 Patients benefit from advances in nanotechnology in medicine.
To further our understanding of nanotechnology means to benefit
applied research. Applied research in turn then aids the development and
production of, e.g., more effective and less costly diagnostic approaches
of and treatments for illnesses. Tissue engineering, as another example,
also benefits from improvements in nanomedicine with direct benefits
for patients, who find quality of life restored and/or improved by more
biocompatible implantable devices.

8.2

Definition of Terms

Before we progress in our discussion of nanotechnological
applications to life sciences, we will define the terms used in this
review.
As defined in this book, nanotechnology [1a] is defined 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.”
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A nanodrug [1b] is defined as “(i) a formulation, often colloidal,
containing therapeutic particles (nanoparticles) ranging in size
from 1–1,000 nm; and (ii) 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.”
We define drug delivery as an application and or a development
of means to improve pharmacokinetics and directed bioavailability
of particles and or molecules for therapeutic and diagnostic
purposes. Examples that may come to mind include employment
of artificial and bio-compatible nanoparticles or modified peptides;
the former class may be based on fullerenes and the latter class
could be mimicking bioactive peptides. All these nanoparticles
are then transported to the area where carried agents are needed
for directed treatment.
In this context, one can easily imagine that a directed and
targeted delivery of said agents to the area of need would be
mostly beneficial. This, in turn, precludes that the area of need is
known. In other words, a means is necessary to correctly define
the area of need via appropriate diagnostics and subsequent
delivery of the needed agent. Ideally, the diagnostic agent should
carry the pharmacological treatment, also known as therapeutic
approach. This combination of therapy and diagnostic is referred
to in this review as theranostics [10–14].

8.3

Applications of Nanotechnology to Life
Sciences

Applications of nanotechnological knowledge for the improvement
and refinement of processes and materials will now be discussed
to illustrate basic concepts used in nanoscience. At first, we wish
to direct the attention to a lab on a chip to familiarize the reader
with the field of mechanical nanodevices and their applications
in screening for active compounds that may inhibit a targeted
enzyme, down to a signal to noise ratio where the sensitivity
range of single photons can be successfully transduced by microcantilevers, effectively connecting micromechanics and singlephoton optics. From there, we offer insights into the design of

Applications of Nanotechnology to Life Sciences

nanoparticles to develop artificial chemical noses and tongues.
With this, we guide the reader to the emerging field of designed
material to allow for label-free optical detection of biomarkers
using a near-quantum-scale effect displayed by nanosized noblemetal particles and their use in theranostics, biochemical studies
of signal transduction in carcinoma cells and studies of metabolism
in live model animals. To further explore the area of designed
materials, we then briefly discuss biodegradable polymers to aid
theranostics in cancer medicine.

8.3.1

Lab on a Chip

The governing principle of nanotechnology is to take advantage
of the properties of nanoparticles for the development of devices
and processes. The obvious comes to mind: These particles are
very small and have a very small mass. This means, however, that
additions or subtractions of very small masses should be easily
detectable.
One principle that can be used to detect differences in
masses uses properties of the harmonic oscillator, where the
frequency of the oscillation is indirectly proportional to the mass
of the pendulum.
The detectable mass difference (Δm) via shifting of the
frequency of the harmonic oscillator (Δf) can be approximated
to Dm  2mosc , with with mosc as the oscillator’s mass and its
Df
fo
resonant frequency fo. Recent developments in this field indicate
that detection and counting of single molecules appears to be
of sufficient precision and accuracy for use in clinical settings
(see [21] as a recent review).
More sensitive than the above-described cantilever is a principle
by which adhesion forces between atoms are used to measure
forces or distances, as in atomic force microscopy (Fig. 8.2)
(AFM) [22]. Here, a very small mass is attached to a cantilever,
and the motion of this beam is recorded to measure distances as
small as 100 attometers (am; 1 am = 10−18 m) [22]. For comparison,
the C–H bond has a length of roughly 100 picometers (pm;
1 pm = 10−12 m) [23], placing the distance resolution of AFM at
two orders of magnitude below the distance of a C–H bond in
a biomolecule.
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Figure 8.2 Schematic illustration of the principle of atomic force microscopy.
In atomic force microscopy applications, a recording device is used to
analyze the movements of a cantilever with a small mass attached to it
(see the text for details).

As outlined in the original paper, the sensitivity of AFM
critically depends on a low mass of the cantilever, as well as its high
deflection for a given force and a resonance frequency greater than
100 Hz to minimize background vibrational noise. Considering
that the resonance frequency fo is indirectly proportional to the
mass of the spring, one is led to the scenario of the limiting
practical case that a single atom is used as spring.
In principle, a variety of cantilever-based detection application
can be derived from AFM, where a pointed tip is used to trace the
surface of a sample. For instance, a ferromagnetic tip could be used
to measure electromagnetic forces by deflecting the cantilever.
Applications of this could be used in electron transfer studies
of chemical reactions. Another application of AFM could be the
creation of a bimetallic sensor where differences in thermal
expansion coefficients of two materials can be used to measure
temperatures by registering cantilever bending. The small mass
of the cantilever results in a very small thermal capacity of the
sensor, allowing for an almost real-time measurement of thermal
events. For example, phase transitions could be monitored using
a considerably small amount of sample that needs to be attached
to the cantilever. Another scenario could be to employ such a sensor
in photo-thermal spectrometric assays. Alternatively, measurements
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of shifts in resonance frequencies may be used to determine
mass changes of a probe attached to the tip of the cantilever, e.g.,
detection of the gain or loss of mass of a sample due to varying
hydratation as a function of temperature to record environmental
conditions, such as humidity. By extension, an array of sensors
could be assembled to measure an array of parameters, e.g.,
temperature, humidity, and magnetic force, while others serve
as reference and internal calibration to insure reproducibility,
accuracy, and precision.
In this case, a cantilever consisting of a single atom as “sensor”
is used to measure forces, such as adhesion, magnetic momenta,
etc., in the sensitivity range of 10 pN, roughly equivalent to the
force necessary to rupture an individual hydrogen bond found in a
biomolecule [22]. Building on this foundation, Sbaizero et al. [23]
demonstrated force spectroscopy on a single cell using the
well-established fact that the cytoskeleton of a cell is involved
in the transduction and transmission of mechanical force [24].
Specifically, Sbaizero et al. [23] report that the force needed
to remove a covered nanosphere from the surface of a cardiac
fibroblast is decreased when the polymerization of the actin
filaments is disturbed by pretreating cells with Cytochalasin D.
This example illustrates how this method may be used for
assessing biophysical properties of the interface between tissue
and cells on the one hand and implants or other biomedical
devices on the other (see [25] and references therein).
A combination of mechanical and optical nanodevices
is the principle of a broad-band all-photonic transduction of
nanocantilevers using a single-mode photonic waveguide. Here,
end-coupled and completely transparent nanocantilevers are
separated by a gap of approximately 400 nm. Light passing through
the first cantilever then tunnels through the gap and is received via
the wave guide of the second nanocantilever with the resonance
frequency being indirectly proportional to the square of the
cantilever length, in analogy to the theory of gradient forces used to
advance marker detection [26].
An inherent problem of high-intensity signal input-operating
devices, such as the above-described approach, is that probabilities
of quasi-relativistic couplings between fluctuations in the cavity
photon-field and the mechanic oscillator (the cantilever) increase
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proportionally with the mean photon density in the cavity,
resulting in a Gaussian-distributed steady state phenomena due to
inherent thermal and vacuum noises. Thus, there is only a limited
amount of defined “states” available for proper signal transmission.
Refinements of the opto-mechanical near-quantum coupling
would mean that, for example, single photons would have to be
used for the transmission of signals or the entire input signal
needs to be non-linearized, which could be achieved by couplings
involving membrane and cavity modes of particles trapped in
the cavity for a finite time (see ref. [27] for guidance).
Leaving the above-discussed aside, one can formulate the
normalized mode functions of the input and output waveguides
(abbreviated as ji and jo) in a three-dimensional Cartesian system
of the dimensions x, y, and z. The resulting transmission T from
one cantilever to the other is then expressed by T = T (x, y, z).
Any out-of plane movement of the cantilevers (z + Dz) in turn
alters DT = T (x, y, z + Dz), such that the linear displacement
response RO as a function of Dz of the output cantilever can be
calculated as the ratio of changes of T as a function of the displacement

Dz: Ro = z |[
ji ( x , y , z )jo ( x , y , z + Dz )dxdy ]2 | [25–27].
Because both cantilevers can function as receiver for a light
signal, the optimal linear displacement for the two cantilevers
in this apparatus relative to the point Dz = 0 and RO = 0 needs to
be determined. As shown in Fig. 8.3, RO functions of cantilevers
(here named “a” and “b”) do not need to be congruent and the
optimal linear out-of plane replacement in relation to the point
Dz = 0 (no displacement) has to be determined for the cantilever
to safeguard proper functionality (indicated by the points a and
b on the abscissa), especially significant for a system, where more
than one cantilever is used in signal transmission and processing
[25–27].
Another direct application of the AFM principle for the
search for bio-active compounds is the single-molecule force
spectroscopy (Fig. 8.4) [28]; the authors elected to screen for
new inhibitors of the 2-C-methyl-d-erythritol-4-phosphate (MEP)
pathway designed to specifically affect members of the kingdom
bacteria, including human pathogens, such as malaria parasites,
but not members of the kingdom animalia (see refs. [29, 30] and
below for details).
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Figure 8.3 Linear displacement response of cantilevers in broad-band
all-photonic transduction using a uni-modular photonic waveguide. Shown
here is one graph of possible linear replacement functions RO for two
cantilevers (a; b) as function of the linear replacement Dz, provided that
RO = 0 (internal normalization). Each function for a given cantilever is
shown to maximize at different values of Δz, indicating the proper
relative position of each cantilever to another in a Cartesian space for
optimal transduction efficiency (see the text for details).

The MEP pathway (Fig. 8.5) in most bacteria, fungi, and
plantae is initiated with the condensation of pyruvate with
glyceraldehyde3-phosphate, which yields 1-deoxy-d-xylulose5-phosphate (abbreviated as DXP) and carbon dioxide under
the influence of the 1-deoxy-d-xylulose-5-phosphate synthase
(abbreviated as DXS). It seems likely that DXS critically depends
on Mg2+ or Mn2+ for its activity and thiamine di-phosphate
(TDP) in a reaction mechanism in which pyruvate binds to TDP,
followed by a release of carbon dioxide, binding of GAP to the
intermediate followed by the terminal release of DXP and TDP
to renew the catalytic cycle. The second cascade of reactions
involves the reduction and rearrangement of DXP via the 1-deoxy-
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d-xylulose-5-phosphate reducto-isomerase (abbreviated as IspC)

using energy provided by the oxidation of NADPH to NADP, leading
to the release of MEP, an intermediate in the biosynthetic path
to generate iso-pentenyl-diphosphate (abbreviated as IPP) to
provide a basis for downstream biosynthesis of ubiquinone
and related compounds [29, 30].
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Figure 8.4 Single-molecule force spectroscopy is an AFM application.
An enzyme, attached to a cantilever, is used as sensor, in strict analogy
to AFM. As shown here, the enzyme is exposed to an array of substrates,
depicted using shapes. The strength of the enzyme-substrate, derived
from computer-assisted analysis of the recorded translocation of the
cantilever, can then be used to develop biochemical assays (see text for
details).

Most archaea, fungi, and animalia derive IPP from a different
biosynthesis route, the mevalonate pathway (Fig. 8.6).
Here, three molecules of acetyl-coenzyme A (abbreviated as
Ac-CoA) are used to form 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) in the presence of HMG-CoA synthase and the release
of two reduced forms of CoA. The HMG-CoA reductase then
catalyzes the generation of mevalonate, which now serves as the
source for the biogeneration of IPP and subsequent downstream
synthesis products [29, 30].

Figure 8.5 Select steps of the biogeneration of IPP via the mevalonate route in most archaea, fungi, and animalia. Three molecules
of acetyl-coenzyme A (Ac-CoA) are condensed to hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) in an HMG-CoA-synthasecatalyzed reaction with a concomitant release of two reduced CoA (HSCoA) molecules. The following endothermic reduction
is catalyzed by the HMG-CoA-reductase. Here, reduced CoA is released and Mevalonate is generated, which then, serves as
precursor in the biosynthesis of IPP (see text for details).
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Figure 8.6 Select steps of the IPP biosynthesis in most bacteria, fungi, and plantae. Pyruvate is condensed with glyceraldehyde-3phosphate to generate 1-deoxy-D-xylulose-5-phosphate (DXP) in the presence of the 1-deoxy-D-xylulose-5-phosphate synthase
(DXS), which is then transformed into 2-C-methyl-D-erythriol-4-phosphate (MEP) in the presence of the 2-C-methyl-D-erythriol4-phosphate reducto-isomerase (IspC) using energy provided by the hydrolysis of nicotinamide adenine dinucleotide phosphate
(HADPH) to nicotinamide adenine dinucleotide (NADH). MEP is then used for further functionalization to yield iso-pentenyldiphosphate (IPP) as precursor for ubiquinone and its derivatives (see the text for details).
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As it is clear from Figs. 8.5 and 8.6, any bioactive compound
that is designed to effectively halt synthesis of IPP progenitors in
human pathogens, such as malaria parasites should not interfere
with the maintenance of the host organism. Therefore, targeted
inhibitions of the malarial DXS compartment may serve as potent
remedies for malarial infections [28–30].
In an attempt to screen for effective DXS inhibitors, Sisquella
et al. [28] developed a single-molecule force spectroscopy
application. Here, an enzyme is C-terminally linked to an
appropriately functionalized cantilever instead of the single
atom used in AFM techniques. Functionality of the linked enzyme
appeared to be unaltered as well as the enzyme’s ability to bind
to and discriminate between various substrates in competitive
enzyme assays at a single-molecule level. In this first quantitative
report, Sisquella and colleagues provided a powerful application
of nanotechnology to the field of drug-discovery by improving
the sensitivity and accuracy of screening assays by two orders
of magnitudes [28]. Recent advantages in the development and
refinement of nanodiagnostic platforms for drug discovery are
summarized elsewhere, and we urge interested readers to use
recent papers and the references therein as a guide to in-depth
coverage of the broader field [31, 32].

8.3.2

Chemical Noses and Tongues Based on
Nanobiomaterials

Another application of nanotechnology to biosciences is the use
of coated nanoparticles for the measurement of concentrations of
intracellular ions. For instance, classical methods of measuring
[Ca2+]i rely on the determination of two rations of fluorescent
indicators after a target cell was “loaded” appropriately [33].
This is only valid as long as other cellular content, such as
proteins, do not interfere with the dye-Ca2+-interaction. Published
evidence supports the notion that non-calcium interactions with
commonly used dyes need to be taken into account [34, 35].
This has driven a considerable move to improve Ca2+ indicators.
A recent report, for example, strongly argues for the use of a dye,
based on a green fluorescent protein, which was originally isolated
from the jelly fish Aequorea victoria [36, 37]. The authors concede
that this improved indicator is susceptible to pH changes and
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that a correction of pH effects is necessary for qualified statements
based on the use of their dye [34], which is in accord with
published evidence [38–40]. In addition to the issues raised,
there is always the problem of local distribution of dyes and their
references.
The recent publication of functionalized nanoparticles, or
“chemical noses” [41], appears to be an indication of the way
forward by taking advantage of the size of nanoparticles and
chemical functionalization to allow local determination of
concentration of biomolecules. In this case, the authors used
the ability of a small gold particle of 4 nm diameter to quench
the intensity I of a given fluorescence at time t = 0, with the halflife t1/2, from a constant distance d from the chromophore to the
nanoparticle and with the dipolar moment of the chromophore
µ oriented perpendicular to the nanoparticle-chromophore-axis

(Fig. 8.7), according to the equation I  e –tt1/2 dt [42].
0



U
 QP

Figure 8.7 Small gold particles quench the fluorescence intensity of a
nearby chromophore. A small gold particle with the radius r can quench
the fluorescence intensity of a chromophore with the magnetic moment
µ oriented perpendicular to the nanoparticle-chromophore axis of
1 nm according an exponential decay g (expressed as function of time with r
and d being held constant (see text for details).

Given that the quench efficiency is indirectly and monotonically
proportional to the particle size, average fluorescence lifetimes
range from around 1.7 × 10−10 s (170 ps) for an Au nanoparticle
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of a 30 nm radius, to ~100 ps for a 15 nm particle and 72 ps for
1 nm radii, given a constant distance of the fluorochrome to the
gold particle of 1 nm, amounting to a twenty-fold decreased
fluorescence time of a dye conjugated at a distance of 1 nm to a
gold particle of a radius on 1 nm in comparison to the free dye’s
fluorescence lifetime of ~1.5 ns (1.5 × 10−9 s).
Yu and coworkers [41] used gold particles with a radius of
approximately 2 nm that were functionalized with a hydrophobic
core to insure stability of the device, followed by a layer of poly(ethylene glycol) designed to optimize biocompatibility and
surface-charged residues to interact with target proteins. Successful
interaction with target proteins then released fluorescent dye,
which was then used as a read-out. The inherent properties of the
system was designed to produce a very short-lived fluorescence
signal in the case of unbound protein, whereas bound protein
lead to a release of a considerably long-lasting fluorescence signal.
Using classical multi-color detection approaches in combination
with this nanotechnological application, the authors could
distinguish targeted proteins, which normally display absorbance
maxima at 280 nm incident light [41]. A recently published
review illustrates that progress has been made in the detection
of vaporized molecules in human breath as a means to sample
biomarker for diagnostic purposes (see [43] and references
therein).

8.3.3

Theranostics Based on Quasi-Relativistic Effects

Nanospheres of noble metals, free of any coating, display one
additional property, seen at the interface of two media with a real
and an imaginary refractive index. Irradiation with polychromatic
light leads to an oscillation of charge density relative to the
framework of nuclei and based on Coulomb attraction manifests
itself as a transverse-magnetic polarized wave (named surface
plasmon wave (SPW, Fig. 8.8)) with its maximum at the interface
and decay in both media. The SPW magnetic vector is localized
at a right angle to the SPW propagation vector and plane parallel
to the interface with its propagation constant b described as
1/2
2
k een
, with k as the free space wave number, e as the dielectric
n2
constant of the metal and n as the refractive index of the
dielelectric material [44]. As for nanoparticles and nanospheres,
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they scatter white light as a result of SPW and emit light,
similarly to fluorescent probes. This oscillation frequency of
the resulting SPW depends on density and distribution of the
conducting electron plasma [44–46].
(OHFWURQJDV
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Figure 8.8 Surface plasmon waves can be regarded as oscillations of the
electron gas of a noble metal nanoparticle in response to irradiation with
polychromatic light. As shown here, the electron gas of a gold particle
of the size below the wavelength of the irradiating light responds to the
dislocation in response to the electromagnetic wave with an oscillation
(see text for details).

One additional property of these nanosized noble-metal
spheres needs to be considered: Couplings of such spheres, in strict
analogy to the concept of orbital hybridization between single
atoms, leads to new properties of such grouped objects with a
significant sensitivity to deformation and vibration. Expressed
mathematically for a simple two-center system with a distance
d between the coupled particles, changes of the plasmon frequency
shift (D l) are inversely proportional to the ratio of distance
between resonating bodies and the length of the entire object
l, with t given as the decay constant of the plasmon signal and
b being the maximal fractional plasmon resonance wavelength
d
shift: – t log b Dl = 3 [47].
l
The log-scale and indirect proportionality between D l on
the one hand and d and l on the other provides a basis for the
utilization of coupled nanorod arrays with broken symmetry
for photovoltaic applications due to uniformly constructive
interference over a broad range of incident light wavelengths
resulting in a uni-directional broadband output in the case
of honeycomb arrays to the development of beam-steering
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devices for optical photonic-circuit supported signal processing
based on a phased array of stacked 3-D optical Yagi-Uda
nano-antennae (see references [48, 49] for details).
Another direct application of quantum-dot optical coupling
in life sciences and oncology is the detection of cancerous lesions
using anti-epidermal growth factor receptor type II antibody
(abbreviated as α-EGFRII) coated noble-metal nanoshells [50–52].
In its essence, this nanotechnological approach relies on the
utilization of knowledge that a mutated form of the product of
the oncogene new, where amino acids 6 to 273 in the extracellular
domain are lost and a glycine is created at the new fusion point,
functions as a tumor-specific decoration of the cell surface;
antibodies directed against this mutant are currently being used
in oncology research (see references [53–58] for further reading).
In addition to its already known functions, levels of circulating
EGFRII are indicative of multi-treatment resistance of cancers
(reviewed in [59]). Thus, a directed targeting of cancerous cells
to deliver tailored treatment could be an approach to overcome
multi-drug resistance of this devastating disease (see [60, 61] for
further reading).

8.3.4

Cancer Nanotechnology

Early recognition of cancerous lesions depends on a complete
understanding of the collective features of genesis and progression
of tumors. Such knowledge would, in turn, allow a targeted
delivery of drugs. Here, the combination of diagnostics and
therapeutics, in the form of nanomaterial-derived theranostics,
seems to be a promising avenue to precisely target malignancies
at the cellular level and deliver tailored treatments to the
appropriate recipient, thus, reducing patients’ burden caused
by high-dosage application of pharmaceutical remedies. All
these approaches, however, hinge on a full understanding of all
aspects of cancer biology, such as the biology of oncogenes and
tumor-suppressors and the role of the tumor environment in the
genesis and the progression of cancers, as well as the influence of
hypoxia exerted on the properties of cancers (see [62–64]
and references therein as guides to principles and recent
advantages).

351

352

Nanomaterials

From a standpoint of translational potential in the sense
of immediate relevance to the applied nanotechnology branch,
with focus on the pursuit of commercially viable avenues relevant
and attractive to clinicians and small and medium enterprises
alike, a few randomly chosen examples may serve as cases in point.
For instance, Chen et al. [65] synthesized dually, pH- and
temperature-sensitive micelles, tailored to the tumor environment
via composition of the co-polymer used (see [66–68] as a backdrop).
The dually sensitive di-block-co-polymer with Poly(N-(2hydroxypropyl) methacrylamide diacetate) being a thermosensitive
material suitable for the intended delivery of the payload,
paclitaxel; see [66, 67] for background on thermo-responsive
polymers. Whilst the authors see a slight albeit significant increase
in tumor size in the mouse model used, no significant loss of
body weight of the animals was observed. Of note is that no
significant levels of loaded carriers were found in the liver,
although no evidence was presented to address the issue of
particle clearance [65].
Another area in the field of cancer nanotechnology cannot
be neglected: the mode of drug delivery. For instance, Parcado
et al. [69] review progress made on refinement of programmable
nanomedicine, namely synergistic and sequential drug delivery
systems. The former is designed to deliver payload upon
recognition of two or more stimuli, whereas the latter is designed
to release payload once individual stimuli are recognized. Both
are not mutually exclusive from one another and represent
promising platforms for the refinement of potential therapeutic
approaches. Further effort is required before a translation into
application-relevant prototypes of pharmaceutic formulations
can be considered feasible. One area is the optimization of the
pharmacokinetic characteristics to secure spatial-temporal precision
of the recognition of the stimulus required for release of the
payload. Another issue that needs addressing is the simplification
of the structures required. This will most likely improve commercial
viability by simplification of the approval process if, say, existing
delivery systems can be combined to achieve a programmable
drug delivery system [69].
Another promising avenue of cancer nanotechnology lies in
the generation of delivery systems that form suitable carriers in
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the bottom-up strategy of assembly (see [70–73] and references
therein). Wei et al. [74] used the feature of amphiphilic dendrimers
[75] to form nanomicelles [76]. Using immunocompromised
NSG mice (see [77, 78] for mouse strain description), the authors
found that tumor volume was reduced after treatment with
Dox-loaded carriers while the mice retained body weight [74].
Whether the formulation generated by Wei et al. [74] could
be reasonably compared with other formulations, such as the
ones reported in [79, 80], with regard to efficacy and safety or
mechanism of action is yet to be determined.

8.3.5

Chemically Functionalized Quasi-Atoms in Cancer
Theranostics

Lee et al. [81] designed, created, and tested biodegradable
amphiphilic nanoparticles using cholesterol as functionalization
(Fig. 8.9) to preferentially target tumors in inoculated nude mice
with minimal toxicity for normal cells and the host organism. By
extension, usage of relativistic effects, such as forces generated
by permutations of gradient fields and scattering photons, could
be used to deliver a nanomicro syringe with a nanoparticle for
individual treatment of cells [82].
Another hallmark of cancers is a constitutively increased
cellular pH compared to the adjacent extracellular space with
implications for alterations in oncogenesis and malignant
behavior in the creation and maintenance of appropriate microenvironments for cancer stem cells [83–87]. In its essence,
the presence of cancer stem cell niches with an alkaline pH
environment could favor the survival of tumor stem cells by
providing a climate in which those cells can successfully resist
conventional drug treatment. If so, a targeted delivery of anticancer drugs at the precise pH and temperature of the tumor cell
niche could represent a reasonable approach for treatments of
multi-drug resistant cancers. Pioneering efforts by Kim et al. [88]
using new compounds resulted in a controlled release of drugs
at shifted pH at 40 °C with Böhm et al. [89] reporting temperature
and pH-controlled release of loaded agents at room temperature,
opening the field to the generation of future therapeutic
approaches, see [90, 91] for recent examples.
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Figure 8.9 Structures of some biodegradable and amphiphilic co-polymers
with cholesterol as functionalization to target tumor cells. See the text
and Lee et al. [88] for details.

Comparing Theranostic Features Using a Better than a Random Guess Value

8.4

Comparing Theranostic Features Using a
Better than a Random Guess Value

To ease comparisons of diagnostic approaches, determination of
the area under the receiver operating characteristic curve (AUC,
1
defined by  bda) is more and more reported in life sciences
0
publications (see [92, 93] for examples). Simple geometry can
be used to derive a term brag for better than a random guess by
subtracting 0.5 from AUC, taking into account the area of the
right triangle located underneath the function b (Fig. 8.10).
Factoring in 100 into brag now yields a percent value that is above
the random guess curve, defined by the term b (a) = a.

Figure 8.10 Derivation of a factor better than a random guess from the
area under the standardized operating characteristics curve. Shown here
are specificity (a) and sensitivity (b) normalized to 1 and the area under
the standardized operating characteristics curve (AUC). If a = b can be
used to describe a random guess, subtracting the area of the right
triangle (in red) from AUC, a factor is obtained that, when multiplied
with 100, shows how much better an assay is than the random guess
(see text for details).

Using this new “brag” value, we could roughly compare the
above the random guess quality of attempts to detect early
manifestations of breast cancer using tear proteomics (brag = 25%;
[92]) to the more invasive collection of serum and determination
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of a micro-array signature of auto-antibodies (brag = 25.6%; [93]).
Both attempts are roughly equally above random guess with the
collection of tear fluid being a less invasive harvest of material
than the collection of a patient’s serum. This factor may also be
used to assess the prognostic value of suggested markers for the
detection of tumors. Li et al. [94] report serum markers used for
the differentiation between tumor stages with accompanied AUC
values ranging from 0.4416 (brag = −5.84% (worse than a random
guess)) to 0.6234 (brag = 12.34% (better than a random guess)).
As with all comparative measures, this factor can only be used
if study cohorts and methods, such as statistics and data collection,
can truly be compared between AUC values. We therefore urge
caution in using this value. As a case in point, the brag values
obtained from Li et al. [94], see above, cannot be seen in the
context of, say, AUC values derived from an in-depth Memorial
Sloan Kettering Cancer Center analysis of exclusion-prediction
of mammary carcinoma metastases to sentinel lymph node [95].
In comparing predicted probability of metastasis to actually
observed probability, the authors found “comparable” probability
(AUC = 0.722 (brag = 22.2%; better than a random guess); the
quote is taken from the abstract of [95]).

8.5

Perspective

Nanotechnology is, undeniably, an interdisciplinary endeavor.
As our understanding of small matter, in this case nanomaterial,
improves, so does our ability to translate the underlying principles
into paradigms of the generation of tools and methods to better
our lives and deepen the intellectual grasp of our surrounding
environment. In this article, we illustrated on select examples how
properties of nanomaterials, with such small mass and quantumrelated effects (e.g., energy transfer or resonance phenomena)
can be used to measure and count single molecules with direct
consequences on the refinement of, say, cancer theranostics,
with regard to detection and counting of biomarkers. At the same
time, the tools and methods developed can only be as precise
and accurate as the underlying premises, hence, our ability to
explicate phenomena. A case in point may be our fragmented
comprehension of cancer biology or immunology, to name two
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areas of life sciences. Sidney Brenner’s phrase “(…) we are drowning
in a sea of data and starving for knowledge (…)” [96] elegantly
describes the so-far not adequately addressed issue of extracting
knowledge from the existing body of published work. With the
advent of the relative young discipline of nanotechnology,
nanoinformatics, as referred to in [97–99], is positioned to aid in
filling in this void. With so much achieved already, we are confident
that nanotechnology will attract many talented researchers
and groups of labs to further explore nature’s gift to nanoscience.
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9.1

Introduction

This chapter provides a brief overview of molecular imaging
techniques and its present and future potential in personalized
medicine, with special a focus on the magnetic resonance imaging
(MRI) approach. It discusses the current techniques that allow
for the in vivo visualization of molecular processes at the
nanoscale resolution (nano-MRI).
Nano-MRI is progressing rapidly thanks to the work of a
very small but extremely brilliant community of experts. This
paper is not intended to be a comprehensive review of nano-MRI
written for these experts, but rather a concise description of the
present achievements for a much broader audience of medical
professionals. The goal is to bridge the gap between the nanoMRI community and those in the medical field that will ultimately
benefit from the further development of nano-MRI targeting
specific medical goals. The aim of this review is to highlight the
potential of nano-MRI in the improvement of MRI sensitivity and
consequently on the impact of this widely used technique for
diagnosis and personalized treatment. Sensitivity improvements
are based on the use of magnetic nanoprobes in conventional
MRI as well as novel nanoscale imaging based on nitrogen-vacancy
(NV) centers in diamonds.

9.2

Personalized Medicine

Early diagnosis and treatments tailored precisely to an individual
patient are the primary goals of personalized medicine (PM),

Personalized Medicine

conceived as a system for delivery of the necessary treatment with
the best timing for a specific patient. The inherent personalization
in medical imaging is the ability for it to assess the geometry and
location of abnormalities. This is a fundamental endeavor, the
imaging of suitable biomarkers being instrumental in identifying
candidates for early intervention. The ability to detect diseases
before they show symptoms as well as the capacity to accurately
deliver drugs, makes the principle of molecular imaging a highly
sought after development. It can provide for the visualization
of live tissue physiological, biochemical and biological processes,
thereby permitting patient-specific tailoring of therapy, followup, and monitoring. It also enables the reduction of invasive
treatments and opens the way to theranostics (therapeutics and
diagnostics) [1].
Theranostics provide a link to nanotechnology as nanoparticle
production techniques and materials are constantly improving,
thereby making them useful both as probes for imaging and for
carrying drugs into the body. This has the significant advantage of
being able to deliver a high quantity of substance in relationship
to its size. Agents currently studied range from formulas based
on liposomal vesicles functionalized with cytostatic compounds
and contrast media for magnetic resonance imaging (MRI), to
carbon nanotubes used to carry radioisotopes for therapeutic
and imaging purposes. This includes the use of dendriworms
engineered to deliver small interfering ribonucleic acid (siRNA)
for MRI or optical visualization. A new strategy in this field
involves using cells for both diagnostics and therapy, an approach
dubbed “cellular theranostics” [1].
PM is a new medical paradigm aiming to anticipate a diagnosis
and provide treatments with individual specifics, for delivery
of the necessary treatment with the best timing to a specific
patient. A fundamental aspect of PM is medical imaging, for
purposes such as differential diagnosis, adaptation to the specific
patient features, disease screening and preventative intervention
based on the response of imaging biomarkers. Decisions
about treatment(s) can then benefit from being able to visualize
abnormalities in live tissue and detect process alterations of the
biochemical and physiological kind, making use of structural
visualization and molecular imaging. The drive for accurate biopsies
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to collect biological specimens, detecting genetic morphologies
by their linked biomarkers through radio genomics is also
possible. Imaging also plays a fundamental role in planning
patient-tailored therapy, monitoring, and follow-up, as well as
establishing targets to make treatments in a non-invasive way,
especially in a theranostic framework. The changes in training,
clinical practice and in research brought by this new technique
may bring significant changes in the training and preparation
required of future professionals and the medical imaging
fraternity in general.

9.3

Molecular Imaging (MI)

One key technique to implementing PM is molecular imaging.
This provides the ability to image tissues in vivo without having
to extract them from the organism for analysis. Early detection
through cell and molecule visualization to monitor biological
processes and local biochemistry are two applications of molecular
imaging. In addition to disease staging, which is the determination
of how severe a disease is, molecular imaging allows for tailored
therapy and prognosis. For this purpose, it is necessary to be able
to cover the whole extent of the body in a reasonable time with a
high sensitivity to disease markers. The options in this respect
are combined positron emission tomography (PET), computed
tomography (CT) and diffusion-weighted MRI, which permits the
disease to be staged and tailored for a treatment based on the
results of a single examination [1].
A therapeutic agent can be delivered precisely to the site of
the disease by using image guidance, regardless of the agents
being chemicals such drugs and radio-agents, genetic materials,
mechanical equipment such as stents, cellular material, acoustic
perturbations as used for high-intensity focused ultrasound (HIFU),
or temperature waves to produce hyperthermia or hypothermia.
The image-guided procedure is specifically matched with local
anatomy and functionality and the patient characteristics,
becoming an integral part of PM. The effect can be triggered in
a local environment and be timely, according to the therapeutic
plan of the specific patient. This includes applications directed
by non-invasive techniques such as MRI-guided HIFU, which is
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the only technology able to provoke a deep-tissue non-invasive
temperature increase that is compatible with a clinical environment.
The spatial-temporal tuning of the approach can be achieved
by using MRI to map, in continuous way, the temperature effect
of HIFU and predict the lesion formation as a function of the
delivered heat dose [1].
Clinical imaging assists in the assessment of diseases by
creating virtual images of the interior structures of a patient’s
body, working in combination with pathology to achieve a correct
diagnosis [2]. Molecular imaging has brought a fundamental change
to clinical imaging, bringing imaging technology to molecular
biology so that biochemical reactions in living organisms can be
visualized at molecular scale in a non-intrusive way. One main
feature of molecular imaging is the use of imaging probes, which
are biomarkers that bind to the molecules to be imaged to permit
their visualization. Applications for this technology promise to
foster new therapeutic approaches for oncologic, neurological and
cardiovascular diseases. In this context, PM will benefit from the
ability of molecular imaging to allow for early diagnosis and the
prediction of response to treatment, as well as the development of
new drugs through the optimization of drug candidate tests in
preclinical and clinical environments. Three emergent imaging
techniques that are poised to give a large contribution to PM have
specific imaging applications in apoptosis, angiogenesis, and
receptors.
The recent bout of innovations in the field of biotechnology
is leading to the emergence of the new discipline of molecular
imaging. It is able to show in real time and in live tissues, the
biochemical processes that sustain the process of a disease. It
has been defined as “noninvasive imaging and quantification of
molecular and biochemical events that occur at the cellular and
molecular level of tissues in their normal surroundings inside
living bodies” [3].
Biomarker probes attached to proteins involved in disease
chemistry have a critical role in allowing molecular imaging
within live cells without disturbing their function. This provides
the ability to track in real time the spatial-temporal distribution
of proteins with high target specificity. Designing and synthesizing
molecular probes is thus the first and most important step in
molecular imaging, where one has to design both the targeting
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and the signaling component. The targeting component has
evolved from being a small molecule at the start of the field to
full-fledged peptides, proteins, antibodies, aptamers, affibodies,
and nanoparticles, which contain the ligand to the target molecule
or are surface-functionalized with it. The signaling component is
conjugated or labeled to the targeting signal in a way that permits
out-of-body detection by radioactive, magnetic, echogenic,
luminescent or fluorescent means [2].

9.4

Nanomagnetic Resonance Imaging
(Nano-MRI)

Magnetic resonance (MR) is an imaging technique that relies on the
electromagnetic response of tissues to a combination of magnetic
and radio energy in order to allow for tissue imaging with an
enhanced resolution in both space and time. The tissue contrast of
MRI images is excellent and can penetrate tissues without depth
limits, simultaneously acquiring information on anatomy and
the functionality of structures. The weakness of the magnetic
signal and the low detector sensitivity are usually overcome by
introducing contrast molecules and amplification. The choice
between ferromagnetic and paramagnetic agents determines the
positive or negative contrast that can be obtained in the imaging
process, reaching a resolution of a few number of cells. A major
limitation of the clinical techniques being actively researched
is the management of possible toxicity caused by the large dose
of probes that are sometimes necessary for accurate imaging [2].
Nanoscale-magnetic resonance imaging (nano-MRI) is a
new technique that promises to bring the resolution of MRI
measurements, normally limited to tens of micrometers, down to
the nanometric scale, making measurements of single-biomolecule
MR spectra a tangible aspiration. Nano-MRI research includes
techniques such as magnetic resonance force microscopy (MRFM),
optically detected magnetic resonance (ODMR) using nitrogenvacancy (NV) centers and many other applications of quantum
mechanics and nanotechnologies.
Diamond impurities on the atomic scale have been used as spin
sensors to obtain remarkable results in nano-MRI, by exploiting
interactions between magnetic dipoles in place of detection by
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induction means. The most important nano-MRI results in singlebiomolecule imaging in vivo on the nanometric scale at roomtemperature conditions. This has been obtained by utilizing NV
centers in diamonds as sensors [4].
Nuclear spins are characterized by the spin-lattice relaxation
time, whose limited length affects the use of hyperpolarized
media and weak spin-spin interactions in nano-MRI, and can be
extended by using nuclear spin singlet states. Due to the difference
in symmetry, there is no interaction between associated singlet
and triplet states, and, the only way for relaxation of the singlet
state is by weak processes of higher order. This involves adjacent
spins, with the same difference bars being obtained from accessing
the singlet states by using radio frequency (RF) pulses. To address
this, specific sequences of pulses such as M2S and spin-lock
induced crossing (SLIC) have been designed [5] in order to
transfer the triplet state polarization by exploiting the coupling
peculiarities of nearly equivalent spins with regard to their
spectroscopic features, in particular, the J-coupling parameter and
the differences in their chemical shift.
Experiments [6] to date have shown that it is possible to
measure differences in J-coupling down to 10 mHz, enough to
determine the structure of protein molecules, as the difference
between the syn and anti-geometries is reflected in the J-couplings.
Long-range detection of such coupling differences is limited
by the resolution of couplings, which is around 100 mHz, since the
lifetime of protonic spins is limited at a scale of seconds, though
the transfer to the singlet state can overcome this limit by
extending the technique to weaker long-range couplings up to five
or more bonds away.
Magnetic nanoprobes [7] have a strong potential for
improving the performance of cancer-related MRI, as contrast
agents for MRI relying on magnetic nanoparticles can act as probes
for imaging specific tumors. Significant improvements in the
synthesis and functionalization of their surface with biocompatible
chemicals have recently been affected, leading to multimodal
imaging. Both engineered and natural coverings of the surface such
as coronas of proteins are important in making MRI nanoprobes
biocompatible and improving their performance. However, this
burgeoning field still has to cope with several challenges in order
to progress further.
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MR force microscopy [8] has been used to image the chemical
shift of solids with 1-µm accuracy for a single bi-dimensional
spectrum. This provides the possibility of a 3D extension with
multiple spectral lines. The measurement time is reduced by
multiplexing in frequency and space by either a Fourier or a
Hadamard transform method. The space dimension is acquired
by quadrature detection combined with Hadamard encoding.
Medical diagnosis greatly benefits from imaging technologies
such as MRI by the ability to visualize in vivo internal tissues, and,
the activity of the brain through functional MRI (fMRI), with a
resolution on the millimeter scale or less [9]. While this is enough
for imaging body tissue structures such as organs, it cannot
readily visualize molecules, for which the resolution required
is in the scale of a nanometer or less. This is the realm in which
nano-MRI is being developed with a variety of techniques to
support molecular biology in achieving single-molecule resolution.

9.5

Nitrogen-Vacancy (NV) Center
Magnetometry

The understanding of the physical-chemical processes of magnetism
and the latest spectacular developments in magnetic data storage
are both underpinned by magnetic imaging. This involves
overcoming the limits associated with standard approaches
such as the magneto-optic Kerr effect for X-ray and electron
microscopy with respect to high-resolution real-time imaging
[10]. NV center spins in diamonds can be used to build an array of
magneto-optical sensors to image the stray magnetic field patterns
from thin ferromagnetic films with sub-micrometric accuracies
of over a 100 × 100 µm2 surface at frame rates compatible with
video recording. This technique makes it possible to image
magnetic structures without applying a microwave signal by
exploiting all-optical spin relaxation contrast imaging, which
can be extended to sensitivities below µT and spatio-temporal
resolutions below light wavelength and millisecond scales,
respectively. This practical method for wide-field microscopy
can apply to phenomena such as domain wall and skyrmion
dynamics and the spin Hall effect in metals.

Nitrogen-Vacancy Center Magnetometry

Organic and biological molecules can be analyzed using
nuclear magnetic resonance (NMR) spectroscopy only when a
sufficiently large sample is available [11]. The combination of
two quantum bits, which creates a system akin to the coupling of
an electronic spin with an ancillary nuclear spin, can be used to
sense the MR spectroscopy at room temperature of single ubiquitin
proteins with several nuclear species when they are linked to
the surface of a diamond containing qubits. By exploiting the
quantum logic relationships between qubits to improve readout
faithfulness and a surface treatment to improve the NV center
spin coherence, sensitivities can be pushed to the level where
single proton spins are detectable with an integration window
of only 1 s. This permits users to rapidly and reliably recognize
single proteins and derive their chemical composition by spectral
methods.
The creation of singlet states in molecules is a process
requiring significant microwave radio frequency (RF) power.
This limits its practical use because of safety concerns for in
vivo biological materials. It was recently experimentally and
theoretically demonstrated that RF spin-locking fields two orders
of magnitude weaker than conventional RF methods, and thus
safer for biomaterials, could also create long-lifetime nuclear spin
singlet states, with a long singlet-triplet coherence time that can
be maintained after the spin-locking field is removed [12].
Long lived nuclear singlet states have been proposed as
a new contrast mechanism in NMR and MRI. The new NMR
contrast mechanism named SUCCESS (Suppression of Undesired
Chemicals using Contrast-Enhancing Singlet States) has recently
been demonstrated in vitro, in order to improve the ability to
identify unresolved or hidden peaks buried in the background.
It utilizes a quantum filter based on nuclear spin singlet states
created in the target molecule, preserved by a continuous RF field,
and then converted back into a detectable state after saturating
the magnetization of extraneous molecules, by a tailored pulse
sequence [13].
The ability to image bio-magnetic structures inside cells
with a high resolution of 400 nm has been demonstrated in
magnetotactic bacteria in ambient conditions by placing them
on a nanometric layer array of NV centers on a diamond surface.
The quantum spin states are optically probed and allow for rapid
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and faithful imaging of the chains of magnetosome particles inside
the bacteria, and to correlate the magnetic field with the
simultaneously captured optical image. Submicron resolution
on a 100-micron field of view has been achieved, permitting the
location and measurement single magnetosomes [14].
Bulk-matter NMR spectroscopy and MRI of multiple nuclear
species has been achieved in structured samples by using single
shallow NV centers in diamonds, permitting the imaging of
nanometric proton spin ensembles in ambient conditions with
moderate fields of 20 mT, two orders of magnitude less than
conventional MRI [15].
A new experimental method has been devised for measuring
the depth of NV centers in diamond with accuracy of around 1 nm.
Single NV centers are imaged simultaneously by confocal
microscopy and NMR and their interaction with proton spins is
modeled through polarization statistics, achieving reasonable
agreement with ion implantation simulations [16].
Figure 9.1 presents the experimental set-up of the
magnetometry with repetitive readout as described in [11].
This work shows the opportunity to achieve nuclear magnetic
resonance detection and spectroscopy of single proteins. Individual
Fourier components are measured of the time-varying magnetic
field created by a statistically polarized subset of proximal nuclear
spins contained within a protein. The transverse magnetization
of the spin ensemble undergoes precession at the nuclear Larmor
frequency with a phase and amplitude that vary stochastically
with every repetition of the sequence. Averaging over many
iterations yields a zero mean magnetization but a nonzero variance,
which results in a measurable magnetic resonance signal. To use
the NV center as a sensor, its spin state is manipulated with a
series of periodic microwave pulses separated by free-evolution
intervals of length t. This periodic modulation of the NV center
spin creates a narrow band-pass frequency filter, allowing
phase accumulation when the modulation frequency, defined
as 1/t, is close to twice the nuclear Larmor frequency. Varying the
spacing between the p pulses yields a frequency spectrum that
encodes information about the nuclear spins within the protein.
Various other set-ups have been proposed based on NV centers
in diamond sensors to achieve extremely high resolutions in both
space and time.

Nitrogen-Vacancy Center Magnetometry

Figure 9.1 Experimental setup and magnetometry with repetitive readout
described in [11]. Image from [11]. Reprinted with permission from
AAAS. (A) Schematic of the experimental setup. Ubiquitin proteins
attached to the diamond surface are probed using a proximal quantum
sensor consisting of a nitrogen-vacancy (NV) center electronic spin and
its associated 15 N nuclear spin; (B) Quantum circuit diagram and
experimental magnetometry pulse sequence; (C) Measured gain in the
readout fidelity as a function of repetitive readout cycles. Abbreviations:
MW, microwave; RF, radiofrequency; APD, avalanche photodiode; B,
magnetic field of the nuclear spin.

Neuron in vivo imaging involves the measurement of the tiny
magnetic fields produced by the action potentials, something
that can be achieved by NV center-based magnetometry. To
understand the dynamics of a neuron complex, it is necessary to
image at a sub-cellular or synapse scale spatial resolution, aiming
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to image the dynamics of a single neuron inside the whole living
organism. The challenge of applying NV-based magnetometry is
the typical neuronal pulse duration of 2 ms, with a peak neural
magnetic field value ≤ 10 nT at 100 nm of an axon surface.
A model has been developed based on mimicking the temporal
dynamics of an axon including an ensemble of NV centers contained
in a single crystal ultrapure diamond membrane substrate.
For detection, wide-field NV photoluminescence imaging was
combined with confocal microscopy. The magnetic field is detected
by either continuous ODMR or free induction decay, the two
methods providing a similar sensitivity of 10 µT · Hz−1/2. To permit
a sensitivity down to a single axon, the method needs to be applied
within a specific sequence repetition and sensing volume (1 µm3)
depending on the axon size. Currently, NV-magnetometry can
achieve a single neuron scale (the whole organism scale) with no
labeling at a 10-nm spatial resolution, 30-µs temporal resolution
and 1-mm field of view. The method is non-invasive and non-toxic,
allowing observation for an extended period without adverse
effects on the live animal. This has been demonstrated by a single
crystal diamond chip, used with a uniform 13-µm layer of high
density NV (3 × 107 cm−3) on the surface, where the biological
sample is placed. The action potential magnetic field is detected
as a time variance of the center of the NV magnetic resonance
frequency with a temporal resolution of 32 µs and a magnetic
field sensitivity of 15 pT/Hz1/2. The magnetic field measurement
for an excised single neuron, peak to peak, is ~4 nT.
The biological processes of interest for biomedical imaging
have very different scales, ranging from microns to nanometers,
which requires nano-MRI for an understanding of them at the
molecular scale in order to evaluate their biological functionality
down to assessing the structure and electron configuration of
single proteins and DNA sequences and imaging their engineering
dynamics. To date, the technique has relied on powerful magnetic
pulses, but now it is necessary to shift to greater sensitivity of
detection and hyperpolarization methods. MRI at the molecular
level looks forward to availing itself of sensors the size of a
single atomic spin by using novel optical probes [4].
Diamond NV centers are employed in nano-MRI as sensing
spins experiencing magnetic dipole-dipole interactions with
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other spins in close proximity, thus dispensing with the high
magnetic fields of standard MRI and allowing for resolutions in
the order of a nanometer with high wide-band SNR (signal-tonoise-ratio). Optical confocal and wide-field microscopies have
been proposed as the foundation for NMR measurements and
imaging of small groups of nuclear spins in polymers. This generates
MW (microwave) pulse sequences of greater complexity to
reduce the sensitivity to frequency of the coherence time of NV
electronic spins, and, functionalizing scanning magnetic probes
with nuclear spins in order to detect 2D proton images with
nanometer-scale resolution and 3D images of dark electronic
spins with even smaller resolution [4].
The NV center characteristics of photostable fluorescence
and atomic size allow for its use as NMR sensors in nanodiamonds
of sizes smaller than 10 nm. Its electron spin can be polarized
optically and detected by observing its luminescence while
issuing a sequence of MW pulses. In particular, Hanh-Echo MW
pulse sequences permit the measurement of dephasing on the
order of milliseconds in ultrapure bulk diamond grown isotopically
with room-temperature processes, and dynamic decoupling
pulse sequences permitted to reach a coherence time of around
1 s at 77 K temperature. A dark-state spin-dependent transition
is exploited to optically pump the excited triplet state of the
NV center, permitting engagement of a spin-orbit effect coupling
by applying a suitable MW signal to trigger a transition. This
allows for the modulation of the fluorescence with an amplitude
proportional to the magnetic field, while allowing for positional
measurements with a precision on the order of the size of the
NV center itself. Bulk ultrapure diamond NV centers have
reached sensitivities around 40 nT/Hz1/2 for DC (direct current)
magnetometry and around 10 nT/Hz1/2 for AC (alternating
current) magnetometry. NV center-based sensors have a weak
interaction with nuclear spins, limiting the possibilities of MRI
of single nuclear spins. However, a single NV center can achieve a
2D resolution of 12 nm for imaging of 1H NMR in polymers [4].
To achieve nanometric resolution in the localization of an NV
center with purely optical methods, super-resolution methods
based on stimulated depletion emission microscopy (STED) and
stochastic optical reconstruction microscopy (STORM) must be
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employed. Therefore alternative methods combining STED and
STORM with spin resonance techniques (spin echo sequences) have
to be implemented. One of these methods, called Fourier magnetic
imaging (FMI), uses the Fourier (or k-space) phase-encoding
of the NV electronic spins in a diamond sensor and has been
applied to magnetic field sensing. FMI acquisition and processing
methods applied to NV in diamond achieves imaging in the
k-vector space providing a 3.5 nm resolution. Pulsed magnetic
field gradients are specifically used to phase-encode the
spatial information on NV electronic spins in the “k-space”.
After measuring the wavenumber, an FFT (fast Fourier transform)
transformation is applied in order to retrieve the image in the
real space with a wide field of view and significant computing
time reduction. This is advantageous with respect to real space
imaging since it allows for spatial multiplexing with increased
SNR and high acquisition rate; the sensing is compressed in
wavenumber space and results in the simultaneous acquisition
of all the NV centers within the field of view [17, 18].
A straight expansion of the FMI and of the other techniques
described here, in regard to further engineering, would be to
consider the use of another solid-state quantum spin system
based on defects in silicon carbide (SiC). SiC is a complementary
metal–oxide–semiconductor (CMOS); a compatible material having
an advanced manufacturability that could make the engineering
of a probe much easier. The defects of SiC possess electronic
states whose sharpness in spin and optical transitions make
them more and more relevant for nanoscale sensing. SiC is also a
much more widely used material in manufacturing applications
than diamonds, and, as such, benefits from more established
fabrication techniques. Research has discovered six distinct
defect types in the 4H poly-type of SiC (4H-SiC) with electronic
bound states working as quantum bits similar to the NV centers.
In particular, the single silicon-vacancy defect in SiC is a good
candidate for nanoscale MRI, due to the capability for electrical
excitations similar to other single defects in SiC, allowing the
engineering of more compact probes. Furthermore, DC SiC
magnetometry has been proved to be feasible without recurring
to the radiofrequency excitation, by pure optical excitation
obtaining an actual sensitivity of 87 nT/Hz1/2 and a projected
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sensitivity of 100 fT/Hz1/2, thus making it comparable with the
NV center in diamonds [17].

9.6

Nanocrystals

Another technique with high ability to revolutionize the therapeutic
and diagnostic paradigms of medicine is based on nanocrystals,
though success has been limited to date due to the relatively
recent deployment of the technique. Among the issues to be
resolved is the improvement of biocompatibility and colloidal
stability against physiological conditions, while preserving the
wanted physical-chemical properties such as a small enough size.
Once these issues are addressed, novel nanobio hybrid systems
can be developed with manifold abilities in the therapeutic
realm and with ultra-high detection sensitivities [19]. The use of
magnetic nanocrystals as vectors for drug delivery and probes
for imaging and detection, in particular for MRI, has the
potential to bring about a dramatic enhancement in biomedical
imaging which necessitates compatibility with the biological
environment [19]. The non-invasive and tomographic abilities
with multiple dimensions of current MRI techniques position
them as powerful tools for medical diagnosis. However these
same techniques have issues with respect to sensitivity and
time resolution but can be effectively addressed by introducing
magnetic nanocrystals. By applying an external magnetic field to
such nanocrystals surrounded by wet tissue, the water molecules
(in particular, the protons) will be affected in that their processes
of relaxation of the nuclear spins are perturbed by the magnetic
spins induced in the nanocrystals. As this will shorten the spinspin relaxation time T2 (the spin–spin relaxation is the mechanism
by which the transverse component of the magnetization
vector exponentially decays towards its equilibrium value in
NMR and MRI, T2 is the time constant characterizing the
signal decay), the MRI images will be darker. The result of the
conjugation of nanocrystals with active biomaterials such as
antibodies is to obtain both an effect in MR contrast and a
selective identification of the target biomolecules, acting as agents
for molecular imaging to signal events of genetic and chemical
modifications in the tissue.
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The many uses of nanocomposites to obtain an accurate
diagnosis of diseases, and to provide effective therapy, is discussed
in [20]. A theranostic nanoparticle [21] is divided into at least
three components, i.e., biomedical payload, carrier, and surface
modifier. Nanocomposites are formulated by introducing
therapeutic agents such as drugs or genes and imaging agents
such as magnetic nanocrystals. This enables diagnosis and therapy,
for example, of cancers while monitoring drug behavior.
The protocol of [20] is based on the synthesis of four pyrenylbased polymers: pyrenyl polyethylene glycol (Py-PEG), pyrenyl
dextran (Py-DEX), pyrenyl hyaluronan (Py-HA) and pyrenylconjugated hetero-functional PEG (pyrenyl PEG). Their use
to produce multifunctional nanocomposites for applications
including multimodal imaging, targeted cancer detection and pHsensitive drug delivery is then considered.
The production of inorganic nanocrystals is surveyed in [22].
In MRI, nanocrystals produce contrasts themselves, iron oxides
being the most explored in this regard. Nanocrystals may also
be given a coating that generates MR contrast, gold nanoparticles
coated with gadolinium chelates being an example. MR-active
nanocrystals can be used for imaging of the vasculature, liver
and other organs, as well as molecular imaging, cell tracking
and theranostics.
Figure 9.2 presents a schematic illustration of a multifunctional
nanocomposite.

Figure 9.2 Schematic illustration of a multifunctional nanocomposite.
Image reprinted with permission from [23]. Copyright (2015) American
Chemical Society.
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Authors of [24] present a scalable chemical vapor deposition
method to synthesize FeCo/single-graphitic-shell nanocrystals that
are soluble and stable in water solutions. The nanocrystals exhibit
ultra-high saturation magnetization, r1 and r2 relaxations and
high optical absorbance in the near-infrared region. Mesenchymal
stem cells are able to internalize these nanoparticles, showing high
negative-contrast enhancement in magnetic resonance imaging
(MRI).
Authors of [25] used semiconductor quantum dots and superparamagnetic iron oxide nanocrystals for biomedical imaging.
Quantum dots and super-paramagnetic iron oxide nanocrystals
are embedded in the core of lipoproteins of the blood and it is
demonstrated that the potential exists to image the kinetics of
lipoprotein metabolism in vivo using fluorescence and dynamic
MRI.
The magnetic properties of nanocrystals useful for this
kind of imaging must give a high performance coupled with the
possibility of easily traversing the mononuclear phagocytic system
(MPS) for reliable expulsion from the biological system and the
ability for active functionalization to achieve reliable linking to
biomolecules. The protocols for synthesis of such conjugates by
wet chemistry in water have general issues in delivering particles
that are controlled in size, monodisperse, and with precise
stoichiometry. These issues can be addressed by employing
methods relying on non-hydrolytic injection at high temperature,
which has been shown to produce useful contrast agents for MRI.
By producing nanocrystals with a size of 4, 6, 9, and 12 nm
and subjecting them to a field of 1.5 T, higher contrasts are
obtained for MRI at mass magnetization values of 25, 43, 80, and
102 emu/(g Fe), respectively [26]. The 9-nm nanocrystals are
selected as a model probe for diagnosis of cancer and functionalized
with a shell made of a conjugated ligand for Herceptin, a
cancer-specific antibody, which binds to the receptor tyrosineprotein kinase erbB-2 protein HER2/neu receptor characteristic
of cells in breast cancers (as demonstrated by binding to the
breast cancer cell line SK-BR-3) which is known to overexpress the HER2/neu marker. To prove the selective binding of
the probes, images are obtained by T2-weighted MRI, which shows
a significantly darker image with respect to the control cell line.
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Dynamic 3D imaging of magnetic MRI contrast agents at
clinical concentrations has been demonstrated [27] by magnetic
particle imaging (MPI), a tomographic technique capable of
real-time in vivo imaging with time resolution of 21.5 ms of a
beating mouse heart while still being able to accurately resolve
all the heart chambers.
Microspheres including gold and magnetic particles have
been developed [28] for combined drug delivery and multimodal
MR/CT imaging. The 25-um sized spheres are delivered by
catheterism to treat malignant hepatic cancers and permit the
visualization for targeted delivery via strong MRI T2 and CT contrast,
confirming the selective drug administration.
Gadolinium polytungstate nanoclusters have been synthesized
[29] for the purpose of combining the enhancement of dualmodal MR/CT imaging with cancer theranostics properties on
the nanoscale while avoiding side effects. The clusters show the
ability to combine therapeutic enhancement of photothermal
tumor ablation and radiotherapy with a low toxicity and an
efficient clearance through renal function. Figure 9.3 presents a
schematic illustration of gadolinium polytungstates nanoclusters
GdW10@BSA NCs for dual-modal magnetic resonance (MR)/
computed tomography (CT) imaging-guided photothermal therapy/
radiotherapy of cancer.
Enhanced dual-mode CT/MR imaging of hepatocellular
carcinoma with high X-ray attenuation intensity and relaxation
has been shown in [30] by multifunctional gold nanoparticles,
synthesized via dendrimer technology, that bind to the CD44—a
cell-surface glycoprotein—receptor expressed by the cancer
cells, combined with good dispersibility in water, stability, and
cytocompatibility.
A new MRI contrast agent has been developed in [31], based
on pathophysiological pH-sensitive response of CaP nanoparticles
engineered to release Mn ions in the cancerous environment,
which then bind to proteins and increase the contrast of the
specific hypoxic regions, aiming for early detection of millimetric
liver metastases.

Nanocrystals

(a)

(a)

A new multifunctional graphene-based nanocomposite for
cancer theranostic has been developed in [32] to combine magnetic
field sensitivity for hyperthermic therapy and chemotherapy
through pH-sensitive anticancer drug release, while offering
enhanced performance as agent for T2-contrast MRI, as evidence
by in vitro tests. Figure 9.4 presents the in vitro cytoskeletal
imaging with Rhodamine B displaying localized tumoricidal
effects of (A) GO-IO (control), (B) GO-IO-MH, (C) GO-IO-DOX, and (D)
GO-IO-DOX-MH. (GO-IO Graphene Oxide–Iron Oxide; GO-IO-DOX:
Graphene Oxide–Iron Oxide-Doxorubicin nanocomposite).
Acetic Acid
PH 7.4–7.5
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Figure 9.3 Schematic illustration of gadolinium polytungstates
nanoclusters GdW10@BSA NCs for dual-modal magnetic resonance
(MR)/computed tomography (CT) imaging-guided photothermal therapy/
radiotherapy of cancer. (a) The synthesis process of GdW10@BSA;
(b) The application of the as-made GdW10@BSA for bio-imaging and
treatment of tumor. Image from [29]. Article distributed under a Creative
Commons CC-BY license.
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Figure 9.4 In vitro cytoskeletal imaging with rhodamine B displaying
localized tumoricidal effects of (A) GO-IO (control); (B) GO-IO-MH; (C) GOIO-DOX; and (D) GO-IO-DOX-MH. Image from [32]. Article distributed
under a Creative Commons CC-BY license.

9.7

Conclusions

We have provided a brief overview of nano-MRI applications in
personalized medicine. The chapter is a concise description of
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the present achievements in nano-MRI bridging the gap between
the nano-MRI community and those in the medical field that
will ultimately benefit from the further development of the
techniques discussed. NV center magnetometry has the potential to
revolutionize MRI in the longer term. The use of nanocrystals within
current MRI protocols provides many short-term opportunities
worth further development and application.
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SLIC:
STED:
STORM:
SUCCESS:

spin-lock induced crossing
stimulated depletion emission microscopy
stochastic optical reconstruction microscopy
suppression of undesired chemicals using contrastenhancing singlet states
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10.1

Introduction

Precision oncology combines state-of-the-art molecular profiling
(genetic, cellular, and molecular information) of each patient with
established clinical-pathological indexes to inform individual
patient’s diagnostic and prognostic risk profile. This improves
clinical stratification and places each patient at the center of an
individualized, therapeutic treatment plan [1]. Precision oncology
offers a range of approaches that is revolutionizing the management
and treatment of cancer [2–4].
In this chapter, we discuss key techniques employed at the
forefront of personalized medicine, presented at the 2017 Irish
Association for Cancer Research (IACR) Annual Meeting. A range of
key precision medicine approaches were used and often combined,
providing key insights into the complex molecular signaling
observed in individual tumors and revealing novel treatment
options for individual patients (Fig. 10.1). Crucially, these approaches
can predict therapeutic responses in patients, in near real-time,
providing key pre-clinical insights that can be used to guide clinical
therapeutic decisions.

Figure 10.1 Selection of cancers targeted with precision medicine and
discussed at recent ICAR meeting: (left to right) melanoma, breast,
neuroblastoma and ovarian.

Successful oncology drug development has been suboptimal, manifested by the very low percentage of new agents that
ultimately achieve regulatory approval. This high failure is partially
due to the inability of standard models to accurately predict
clinical response, or tailor chemotherapy to specific high benefit
patient groups. Patient avatars (personalized tumor graft models

Ex vivo Models Predict Treatment Responses

or patient-derived xenografts: PDXs) offer a potential solution to
some of these challenges maintaining a tumors heterogeneity
(a significant factor for personalized medicine [5]), molecular
architecture, and therapeutic responses ex vivo [6, 7], allowing
treatment options to be tested, informing clinical therapeutic choices
(Fig. 10.2).

Figure 10.2 Patient derived xenograft (PDX) model.

10.2

Ex vivo Models Predict Treatment
Responses

Professor David Sidransky (Johns Hopkins University, Baltimore,
Washington, DC, USA) combined mutation profiling with a
propagating PDX model, identifying individual tumors driver
mutations. Whole exome next-generation sequencing (WES) of
4 PDX models and corresponding parental tumors validated their
model, demonstrating nearly identical mutational landscapes
(unpublished data, [8]). WES of 237 early passage PDX tumors
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(including breast, ovarian, head and neck, colorectal, and
lung cancers) identified key driver mutations and displayed
mutational fidelity to samples in The Cancer Genome Atlas (TCGA)
database [9] (and unpublished data, [8]). This driver mutation
dataset represents one of the largest genomic analyses of PDX
models to date and allows tumor-specific targeted treatments to
be selected and tested ex vivo.
Previously, small retrospective patient avatar studies
demonstrated that chemotherapeutic responses mimicked
patients’ clinical outcomes [10, 11]. Professor Sidransky discussed
a precise evaluation of real-time correlations between the clinical
responses of a patient’s tumor and their matched PDXs. PDXs were
established from 92 patients (from five solid tumor types) and
the patient and PDX treatment responses evaluated. Analyzing
129 clinical correlations (including patients with multiple
treatments) revealed that PDX tumor growth regression accurately
paralleled patient clinical responses. A significant association
was observed between patient and PDX treatment responses
in 87% of the therapeutic outcomes (subsequently published,
[12]). Importantly, the PDX models faithfully predicted outcomes
before clinical presentation, allowing multiple treatment options
(based on mutational profiling) to be explored ex vivo, before
clinical implementation. This demonstrates that combining PDX
models and mutational profiling allows novel treatments to be
selected and tested, paving the way for clinical implementation.

10.3

Real-Time Monitoring of Treatment
Responses and ex vivo Guided
Personalized Treatments

In melanoma, advancements in our understanding of both the
genetic landscape and the role of the immune system have enabled
the development of more effective targeted therapies and immune
checkpoint inhibitors. However, resistance to these treatments
is still a significant clinical problem. Professor Richard Marais’
group (Cancer Research UK, Manchester Institute; Manchester, UK)
performed WES of plasma-derived circulating tumor DNA (ctDNA),
analyzing 364 samples from 214 melanoma patients. Monitoring

Real-Time Monitoring of Treatment Responses

of BRAF and NRAS driver mutations prospectively predicted
responses to targeted and immunotherapies more accurately
than serum LDH [13]. A separate WES study analyzed the response
of metastatic vaginal mucosal melanoma to sequential targeted,
immuno- and chemotherapy. Circulating cell-free DNA (cfDNA)
analysis revealed distinct subclonal tumor responses, identifying
two tumor subclones, imatinib sensitive (harboring a KIT mutation)
and imatinib resistant (KIT wild-type). While each subclone
responded differently to immunotherapy, both responded to
carboplatin/paclitaxel [14]. Targeted sequencing of ctDNA or cfDNA
identified de novo mutations associated with treatment resistance,
highlighting WES as a clinical tool for real-time monitoring of
treatment responses and identification of resistance mechanisms.

Figure 10.3 Integration of targeted sequencing of tumors for discovery
with mouse models to optimize treatment. Circulating tumor DNA (ctDNA),
PDX and CDX models as a platform to optimize precision medicine
in melanoma.

Establishing PDX models within a short timeframe (a mean
latency of 49 days and an engraftment rate of 72%), and combining
WES profiling of tumors, allowed individualized clinically relevant
first- and second-line treatments to be tested and validated in
clinically relevant timeframes, positively influencing treatment
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decisions. In patients with advanced disease, tumors are often
inaccessible, which makes the establishment of PDX models
problematic. Building on previous work in small-cell lung cancer
[15], circulating tumor cell-derived xenografts (CDXs) were
established from late stage melanoma patients [13]. The CDXs
demonstrated similar genomic profiles and treatment responses
to that of the patient’s original tumor, highlighting CDX models
as novel tool to predict and monitor individual patient responses in
late stage disease (Fig. 10.3).

10.4

Metabolic Profiling Enhances Mutational
Profiling

Each tumor’s metabolic profile (low-molecular-weight metabolites
and intermediates) influences its dynamic response to treatment.
Dr. Ian Mills’ group (Queen’s University Belfast, Belfast, Northern
Ireland, UK) focuses on defining how the interplay between tumor
metabolic profiles and mutational and epigenetic alterations
regulates gene networks. This offers new approaches to effectively
stratify prostate cancer (PCa) by identifying regulatory hubs
controlling adaptive responses that provide novel targets for
enhancing responses to conventional therapy. The androgen
receptor (AR) is required for both normal prostate gland
development and at all stages in PCa progression, where the AR
acts as a transcription factor sustaining the expression of genes
facilitating reprogramming towards a cancer phenotype [16]. The
prostate gland is a regulator of metabolic process, a net secretor
of citrate derived from the TCA cycle and also polyamines such as
spermine, supported by one-carbon metabolism [17]. Significant
spectroscopic data from clinical samples (biological fluids and
tissue samples) has reported reductions in these metabolites as
prostate cancer develops with concomitant increases in lactate (a
by-product of glycolysis) and phosphocholine in tissue samples.
Extending this concept further, they investigated genetic alterations
(mutational and epigenetic) in metabolic genes in clinical datasets
(including TCGA). Previous studies found that mutations in TCA
cycle enzymes, such as isocitrate dehydrogenase (IDH) (1–2%

Metabolic Profiling Enhances Mutational Profiling

of PCa), could restrict alpha-ketoglutarate production and
consequently TET (Ten-eleven translocation) activity, contributing
to increased DNA methylation (5-methylcytosine) [18]. Alphaketoglutarate derived from the TCA cycle is used a cofactor for a
class enzyme, TETs methylcytosine dioxygenases that converts
epigenetically silenced DNA (5-methylcytosine modified) to
5-hydroxymethylcytosine and can in some contexts act as
transcription factor recruitment sites [19]. A meta-analysis of
TCGA data found a strong correlation between IDH mutation and
DNA hypermethylation (unpublished data, [20]). The importance
of DNA hypermethylation as a “stem” biomarker in PCa was
supported by the number of high-incidence hypermethylation
events impacting gene promoters (HES5, TAACC2, RARB, GSTP1)
[21], in stark contrast to the significant mutational heterogeneity/
low-incidence somatic point mutations affecting individual genes
in clinical samples [22]. Cataloguing these mutations and their
metabolic effects provides a key resource for referencing individual
tumor profiles against, informing and guiding personalized
clinical treatment decisions.
Dr. Luca Magnani’s group (Imperial College London, London,
UK) demonstrated the importance of combining metabolic and
mutation profiling in recurrent breast cancer patients. Endocrine
therapies represent the gold standard for the treatment of
breast cancer as first line treatments following curative surgery.
Importantly, these therapies target, directly or indirectly, estrogen
receptor alpha (ERα). Aromatase inhibitors (AIs) block estrogen
production in various sites of the body, while Tamoxifen directly
antagonizes estrogen receptor (ER) activation. Their similar
method of action suggested that any resistance mechanisms
would likewise be similar. However, recent evidence in metastatic
patients revealed AI resistant tumors were particularly enriched
for ER mutations, which were demonstrated to confer resistance
[23, 24]. Moreover, drug-specific resistance mechanisms were
not limited to ER mutations, as cholesterol biosynthesis can directly
fuel ER activation via alternative ligands. Examining a cohort
of matched primary-metastatic relapses treated uniquely with
either Tamoxifen or AIs they observed AI-treated patients had
significant amplification of the aromatase gene CYP19A1 and this
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amplification event was rare in patients treated with Tamoxifen
[25]. This highlighted the importance of profiling tumor recurrence,
allowing the monitoring of acquired resistance mechanisms and
tailoring of treatments.
Combining recent advances allowing metabolic profiling and
mutational analysis of tumors has revealed dynamic responses
to treatment, informing both personalized treatment options and
disease progression.

10.5

Real Time Mutational Profiling Led Risk
Stratification

Professor Irene Roberts’ (University of Oxford, Oxford, UK) research
focuses on real time mutational profiling of primary leukemia
cells (myeloid and lymphoid) at each stage of leukemia evolution
in Down syndrome (DS) children to stratify patient risk [26]. These
leukemias each have distinct molecular and biological features
as well as a progressive pattern of early onset [27]. Myeloid
leukemia of DS (ML-DS) originates in fetal HSPC and presents as
a neonatal preleukaemic syndrome, characterized by abnormal
megakaryopoiesis, known as transient abnormal myelopoiesis
(TAM) followed in some cases by full ML-DS before 4 years old.
In both ML-DS and TAM, the leukemic cells have acquired
N-terminal truncating mutations in the transcription factor gene
GATA1 which result in exclusive production of a short GATA1
protein (Gata1s) with altered functional properties [26]. Using
an on-going prospective study of the hematological and GATA1
mutation status in >400 children with DS (from birth to age
4 years; Oxford Imperial Down Syndrome Cohort: OIDSC) allowed
the identification of the DS group at high risk of transformation
to ML-DS. Conversely, no children without a GATA1 mutation (at
birth) developed ML-DS (unpublished data, [28]), marking the
low risk group. Importantly the mutational profiling performed
in conjunction with the risk stratification has identified potential
genes (including the Hsa21 genes ERG, DYRK1A, HMGN1, USP16,
and miR125b) and pathways that represent potential future
therapeutic targets for the treatment of childhood leukemia.

Circulating Biomarker Led Detection of High-Risk Patients

10.6

Circulating Biomarker Led Detection of
High-Risk Patients

Circulating biomarkers can allow the calculation of patient risk,
tumor mass and heterogeneity, and the prediction/monitoring
of treatment outcomes, in real-time. The advent of fast, sensitive,
and reliable assays (such as reverse transcriptase quantitative
PCR: RTqPCR) allows the detection of tumor-derived biomarkers
in blood and related bio-fluids, and lays the foundation for
the introduction of rapid biomarker based assays into clinical
practice. Neuroblastoma often presents with tumor cells in the
bone marrow and accurate disease detection is essential for
prognostication and assessment of disease response [29]. Professor
Sue Burchill’s group (University of Leeds, Leeds, UK) pioneered
key improvements in the sensitivity and specificity of disease
detection using RTqPCR, detecting a single tumor cell in over
10 million normal cells [30]. In a prospective study of 290 children
with stage 4 neuroblastoma, RTqPCR detection of neuroblastomaspecific mRNAs in blood enabled the early identification of
drug refractory disease and monitoring of treatment response
and progression in real time [31]. High levels of specific mRNA
(TH, PHOX2B, or DCX) in peripheral blood or bone marrow at
diagnosis strongly predicted for worse event-free survival (EFS)
and overall survival (OS). Importantly, following induction therapy
high levels of these specific mRNAs predicted worse EFS and OS
in bone marrow, but not in peripheral blood [31]. The
predictive power of these mRNAs at diagnosis reveals how their
quantification is a biomarker for early identification of stage
4 disease, in children for whom current treatment will fail and
who may be candidates for alternative novel experimental
therapeutics. Introducing this test into current clinical practice
would provide logistical, financial, and clinical advantages, improving
patient outcomes.
The introduction of trastuzumab-containing chemotherapy
over a decade ago dramatically altered the natural history of
HER2-positive early stage (non-metastatic) breast cancer.
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However, despite excellent results, some patients fail to respond
to trastuzumab, or relapse after initial curative therapy. ICORG
10-05 (TCHL) is a randomized phase II, three-arm, clinical trial
conducted by the Irish Clinical Oncology Research Group (formerly
ICORG, now Cancer Trials Ireland, Dublin, Ireland) and presented
by Dr. Giuseppe Gullo (St Vincent’s Hospital, Dublin, Ireland).
This trial compared a neoadjuvant strategy of docetaxel and
carboplatin chemotherapy with either a dual HER2-blockade
(lapatinib and trastuzumab) or single HER2-blockade (lapatinib or
trastuzumab alone [32]). The study profiled tumor samples from
responders and non-responders (collected before, during and after
treatment). A number of potential serum biomarkers of response
to trastuzumab and/or lapatinib were measured, including the
HER2 extracellular domain (ECD). Peripheral blood mononuclear
cells (PBMCs) implicated in antibody-dependent cell-mediated
cytotoxicity (ADCC) response to trastuzumab were quantified
by flow cytometry in the patient samples. Additionally, plasma
was profiled for immune-related biomarkers of response using a
Luminex multiplex assay capable of examining up to 40 immunerelated factors. The pathological complete response rates after
neoadjuvant chemotherapy were 54% and 40% in the TCH and
TCHL, respectively, with associated survival data pending
(unpublished data, [33]). ICORG 10-5 represents an excellent
example of clinical trials combining with molecular discovery in a
precision medicine approach, to understand tumor responses and
inform treatment choices.
Tailoring personalized treatments to recurrent, resistant tumors
necessitates understanding drug resistance in heterogeneous
tumors. Metastatic cancers challenged with targeted agents
promote growth of resistant cell populations and consequently
targeted therapies are often only transiently effective. It is essential
to design future clinical trials to validate strategies to either
prevent or overcome this resistance by investigating how to
overcome disease recurrence following treatment with targeted
agents [34]. Addressing this requires a deeper understanding of
how tumors evolve following treatment [35]. Professor Alberto
Bardelli’s group (University of Torino, Torino, Italy) used colorectal
cancer (CRC) as a model system to explore how tumor evolution

Discussion and Concluding Remarks

can control drug resistance. They found clonal dynamics can be
monitored in real-time in patient blood, allowing detection of
resistant clones before relapses clinically manifest (unpublished
data, [36]). Furthermore, they discovered that a multistep
clonal evolution process driven by progressive increases in drug
resistance underlies the development of resistance in cells and
patient avatars (PDXs) (unpublished data, [36]). Understanding
and predicting tumor evolution in response to therapy will allow
long-term targeted therapeutic strategies that account for the
continuous evolution of cancer cells and using real time monitoring
to implement treatment changes before they lose effectiveness.
Knowing in advance how CRC cells overcome resistance to EGFR
blockade can inform novel precision treatment strategies which
anticipate and monitor this process.

10.7

Discussion and Concluding Remarks

A recent genomic study of PDX models of cancer has highlighted
some of the challenges in the use and interpretation of results
from PDX models, suggesting that PDX models alter the genomic
evolution of the implanted cells, which affects their response to
therapies [37, 38]. Other challenges limiting the widespread use
of PDX models include the time taken to generate each individual
PDX, the complication of using immune-compromised models
(for analysis, interpretation and translation of results), the
significant resources required to create and maintain these
models, a lack of benchmarking criteria (to monitor and assesses
PDX based tumors changes compared to the primary tumor) and
a need for standardized clinically-relevant “response” criteria [7].
While patient avatars do not perfectly mimic all aspects of
a human tumor response, they do provide a better model for
preclinical evaluation of treatment effects (over cell line-based
models) and have been demonstrated to provide significant value
in guiding real-time clinical treatment decision-making. Patient
avatars can reveal critical clinical points (or tumor evolutions),
informing treatment choice and timing (particularly relevant for
recurrent hard to treat disease).
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Abbreviations

The use of rapid, high throughput genomic sequencing can
provide insights into each tumors’ unique mutational landscape
(in real time), stratifying patients and revealing potential
therapeutic targets and combined with key techniques (mutational
profiling, data analysis, PDXs, metabolic profiling, circulating
biomarkers) provides a powerful toolbox for the optimization
of personalized therapies. Furthermore, these techniques reveal
fundamental mechanisms of cancer progression or treatment
resistance, discoveries exploited in turn to improve patient treatment
options and ultimately survival.
The annual IACR Meeting [39] in 2017 highlighted the
progress in individualized precision medicine gained from applying
advances in individualized real-time tumor profiling. Importantly,
combining these approaches was demonstrated to be a powerful
method for the optimization and monitoring of treatments
that can have real-time impacts on patient outcomes, and is the
future of medicine.
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CDX:

cell-derived xenograft

AI:
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aromatase inhibitor
androgen receptor

cfDNA: cell-free DNA
CRC:

colorectal cancer

ctDNA: circulating tumor DNA
DS:

ECD:
EFS:
ER:

ERα:

IACR:
IDH:

Down syndrome

extracellular domain
event-free survival
estrogen receptor

estrogen receptor alpha
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ML-DS: myeloid leukemia of DS
OS:

overall survival
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PBMCs: peripheral blood mononuclear cells
PCa:

prostate cancer

TCGA:

The Cancer Genome Atlas

PDX:

TAM:

patient-derived xenograft

transient abnormal myelopoiesis
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11.1

Introduction to Precision Medicine

The National Institutes of Health (NIH), along with several other
research centers, has created the Precision Medicine Initiative
as a new way of approaching medicine with a targeted and
The Road from Nanomedicine to Precision Medicine
Edited by Shaker A. Mousa, Raj Bawa, and Gerald F. Audette
Copyright © 2020 Jenny Stanford Publishing Pte. Ltd.
ISBN 978-981-4800-59-4 (Hardcover), 978-0-429-29501-0 (eBook)
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patient-centered focus [1]. Specifically, they have defined precision
medicine as an “emerging approach for disease treatment and
prevention that takes into account individual variability in genes,
environment, and lifestyle for each person” [1]. This approach
to the practice of medicine has a high potential for treating the
nuances of individuals with different genetics, lifestyle factors,
and medical comorbidities that may affect their response to
treatment. Since its initiation, many fields, including oncology [2]
and cardiology [3], have begun refocusing their efforts to more
precision-based approaches to practicing medicine. The role
that genetics plays in the development of late-onset Alzheimer’s
disease (AD) has been widely studied, with one study estimating
genetics to account for more than 50% of the phenotypic
variance [4]. However, the field of AD prevention has yet to fully
advance intervention strategies from universal risk-reduction
approaches to targeted interventions based on personalized risk
factors, including genetics. In the following discussion, we review
examples of a universal “one-size-fits-all” prevention strategy
without any distinction that is based on genetics or other
personalized risk factors versus a clinical precision medicine
approach. From a practical clinical perspective, we have focused
on two genes that can be commercially sequenced for
polymorphisms that are associated with AD and that physicians
may order to help better inform patient care. These include the
most well-characterized genetic influencer on late-onset AD
risk, apolipoprotein E (APOE), and another potential genetic
influencer, methylenetetrahydrofolate reductase (MTHFR). With
the increasing ease of both clinical lab-based, as well as directto-consumer genetic sequencing, a precision medicine approach
that incorporates established genetic factors may be feasible
and may also favorably affect patient outcomes by addressing
individualized risks as well as pharmacogenomics and
nutrigenomic considerations for AD.

11.2 “One-Size-Fits-All” Approach to AD
Prevention

Randomized studies in AD prevention have traditionally used
either single or multiple interventions to determine efficacy across

“One-Size-Fits-All” Approach to AD Prevention

a host of clinical outcome measures (e.g., cognitive function, serum
biomarkers, brain imaging). The vast majority of these studies
have used a “one-size-fits-all” approach to targeting diet, exercise,
and other lifestyle factors without accounting for any individual
genetic variables. Two large-scale randomized control trials
(RCTs), the Multidomain Alzheimer Prevention Trial (MAPT) and
Prevention of Dementia by Intensive Vascular Care (PreDIVA)
trial did not show improvements in cognitive functioning with
lifestyle interventions, including nutrition, physical activity,
cognitive engagement, and management of comorbidities [5–7].
However, these studies used populations that were already
experiencing some degree of cognitive decline or dementia. As AD
starts developing in the brain decades before clinical symptoms
become apparent [8], these study populations may not have
been optimized to benefit from lifestyle modifications since
individuals experiencing cognitive decline may already be beyond
a critical window for AD prevention [9].
The Finnish Geriatric Intervention Study to Prevent Cognitive
Impairment and Disability (FINGER) was the first multicenter
RCT to investigate the effects of similar lifestyle interventions
on cognitive functioning in non-impaired individuals at risk for
cognitive decline [10]. The results of the FINGER trial demonstrated
that all individuals, regardless of baseline cognition, cardiovascular
risk, demographics, or socioeconomic status improved with
lifestyle interventions [11, 12]. While not included in the initial
study, a sub-analysis of the FINGER trial further explored the
impact of a particular genetic factor, APOE, on lifestyle interventions
in this cohort. This sub-analysis is further discussed in the
‘Precision Medicine Approach to AD Prevention’ section.
Several other prevention studies have shown improvement in
cognitive function by implementing universal lifestyle interventions
in non-impaired individuals, but with highly variable results.
The two categories of interventions with the most robust evidence
thus far include nutrition (including dietary patterns and single
or multi-nutrients) and physical exercise. The Mediterranean diet
is one example of a dietary pattern that has been extensively
studied for AD prevention. A recent meta-analysis investigating
the impact of the Mediterranean diet on cognitive functioning
showed that there was a lower risk of cognitive decline and
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conversion to mild cognitive impairment (MCI) or AD in subjects
with higher adherence to the diet [13]. However, there are also
studies that have failed to demonstrate benefits of diet-specific
interventions for AD prevention as well as various studies with
mixed findings about which particular dietary interventions are
the most beneficial [14–16].
Another well-studied dietary intervention focusing on single
or multi-nutrients in the area of AD prevention has aimed to
optimize levels of omega-3 polyunsaturated fatty acids (n-3
PUFA), most specifically, docosahexaenoic acid (DHA) [17–23].
Epidemiological evidence indicates that regular fish consumption
and higher n-3 PUFA levels may reduce the risk for age-associated
cognitive decline and AD [24]. Also, higher blood n-3 PUFA levels
are protective of cortical structures [25], and chronic fish oil
supplementation is associated with increased posterior cingulate
activation in non-demented older adults [26]. Additional studies
have shown improvement in cognitive function or decreased risk
of AD in healthy individuals with DHA supplementation [18–20]
or with consumption of fish high in omega-3s once per week [20].
However, other studies have suggested that there is no benefit of
omega-3 supplementation with regard to cognitive function and AD
prevention [22, 23].
Another lifestyle intervention that has been studied for AD
prevention with variable results is physical activity. A meta-analysis
on the role of physical activity in AD prevention concluded that
physical activity significantly decreased the risk of developing
AD [27]. In addition, an RCT that looked at the impact of physical
activity on cognitive functioning demonstrated that individuals
who participated in six months of physical activity showed
improvement in cognitive functioning up to 18 months later [28].
Researchers have also investigated the timing and intensity of
physical activity. One study found that light and vigorous activity
in mid-life and light and moderate activity in late-life were
associated with lower risks of developing MCI [29]. However,
similar to the variations in the nutrition data, there have been
varied findings and conclusions about the type and intensity of
physical activity that are most effective at reducing the risk of
AD, as well as studies demonstrating no risk reduction from
physical activity [30–32].

Precision Medicine Approach to AD Prevention

The discrepancy in the data on nutritional interventions and
physical activity may be related to a lack of a “one-size-fits-all”
solution, and modifications in diet, exercise, and other lifestyle
factors may need to be personalized to have maximum efficacy.
Unlike universal risk reduction approaches, precision medicine
strategies allow for incorporation of individual risk factors that
may uniquely affect the response to interventions.

11.3

Precision Medicine Approach to AD
Prevention

A precision medicine approach to AD prevention will need
to fully utilize the genome in order to make personalized
recommendations. In this section, we discuss some of the genetic
influencers on late-onset AD that can currently be ordered by a
practicing physician and provide examples of a targeted precision
medicine approach based on these genetic factors.

11.4

APOE and AD Prevention

One of the most well-established genetic influencers on late-onset
AD risk is APOE [33], which codes for the apolipoprotein E
protein [34]. There are three major polymorphisms at the APOE
loci: APOE e2, e3, and e4. Studies have shown that APOE genotype
significantly impacts the risk of AD. Specifically, the e4 allele
has been associated with an increased risk of AD [35], while the e2
allele has been associated with a decreased risk [36]. In addition,
the risk of developing AD is even greater in individuals with
two copies of the e4 allele when compared to those with only one
copy [37].
Several pathophysiologic mechanisms may explain why
APOE e4 is associated with an increased risk of AD and APOE
e2 is associated with a decreased risk. First, the three major alleles
code for proteins with different molecular properties that result
in different binding properties of apolipoprotein E to β-amyloid.
This difference in binding may contribute to the enhanced
accumulation of β-amyloid plaques that was observed in e4
individuals, which is one of the pathologic markers of AD [38].
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Furthermore, their distinct molecular properties also result in
differences in their ability to bind to and transport lipids. Studies
have demonstrated that there are allele-specific interactions of
APOE with both LDL and HDL receptors that play an important
role in the development of atherosclerosis, which is one of the
major risk factors for AD [34]. As the e4 allele has been
estimated to account for 27.3% of late-onset AD risk (with a
heritability of 80%) and with emerging evidence that potential
risk-reduction interventions may be preferentially effective
(or less effective) depending on presence of the e4 allele, it may
be important to incorporate this genotype into the AD prevention
approach [39].
There are several AD prevention interventions that can be
personalized based on APOE genotype. Although the FINGER trial
showed no significant differences in cognitive function between
APOE genotypes with their multimodal lifestyle interventions, a
within-group analysis of the APOE e4 allele demonstrated that there
was a significant difference in certain treatment versus control
scores only for individuals with e4 alleles [12]. This suggests that
some inherent difference exists between individuals with and
without APOE e4 alleles that impacted the effectiveness of the
interventions. Therefore, additional trials with larger sample sizes
and more statistical power are important in order to discern the
impact of APOE on these multimodal interventions.
Other single-factor studies have demonstrated that AD
prevention interventions can be targeted based on APOE genotype.
A systematic review of studies that altered dietary fat composition
showed that changes in total cholesterol, LDL, and HDL were
most significant in individuals with APOE e4 alleles in 15 of the
studies [40]. In another study, researchers found that, in response
to a Mediterranean diet, both individuals with and without
APOE e4 alleles showed improvements in cognitive functioning,
as measured by the Mini Mental State Exam (MMSE), but only
individuals without e4 alleles showed improvement in the clock
drawing test, a measure of executive functioning and spatial
reasoning [41]. Tailoring strategies to APOE genotype can also
be effective for physical activity interventions. For example, one
study demonstrated that sedentary individuals with e4 alleles
were at greater risk of developing MCI, whereas physically active

MTHFR and AD Prevention

individuals without e4 alleles were at decreased risk [29]. Another
study demonstrated that aerobic fitness was correlated with
higher cognitive performance in e4 homozygotes [42]. Similarly,
with regard to omega-3 fatty acids, three recent RCTs showed
an improvement in cognitive function with DHA supplementation
in non-impaired individuals with e4 alleles [43].
While a comprehensive review of the literature is beyond the
scope of this manuscript, these studies demonstrate that, based
on APOE genotype, individuals may exhibit more significant
responses to different lifestyle interventions. For example,
individuals with e4 alleles may experience greater changes in total
cholesterol, LDL, and HDL in response to reductions in dietary
fat, whereas individuals without an e4 allele might show greater
improvement in certain cognitive functions from the Mediterranean
diet. In addition, physical activity may benefit all individuals
but may have increased efficacy for those with e4 alleles. Similarly,
DHA supplementation may also lead to greater improvement in
cognitive function in those with at least one e4 allele. Overall,
genotype-specific strategies such as these may benefit patients by
using an evidence-based approach and utilizing specific targeted
interventions that were shown to be the most effective for
individuals with their same genotype. Additional research to further
elucidate the role of APOE genotype on different dietary, physical
activity, and other lifestyle interventions will be important in
the future as the precision medicine approach to AD prevention
continues to develop.

11.5

MTHFR and AD Prevention

The MTHFR gene, which codes for the methylenetetrahydrofolate
reductase protein, is another potential genetic contributor to AD
and is also readily available for physicians to order in commercial
labs. Several MTHFR polymorphisms have been described in the
literature [44], but two polymorphisms, C677T and A1298C, have
had the greatest investigation as to their association with AD
[45]. These polymorphisms also appear to have a high prevalence
in the general population [46], and one study reported that
92.5% of its AD subjects had at least one of these MTHFR
polymorphisms [45].
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The association between MTHFR polymorphisms and AD may
relate to the catalytic role that the MTHFR protein plays as the
rate-limiting step in the conversion of homocysteine into
methionine, with the B-vitamins folate and cobalamin serving as
cofactors [47]. Homocysteine is an amino acid that is involved in
inflammation and has been associated with cognitive decline and
an increased risk of AD [48, 49]. One study in cognitively healthy
individuals found that baseline homocysteine levels inversely
correlated with cognitive testing scores and rates of cognitive
decline over a five-year period [48]. Similarly, another study of
1000 individuals from the Framingham cohort looked at nonimpaired individuals at baseline and showed a strong positive
correlation between baseline homocysteine and the risk of
dementia up to 11 years later [49]. Another longitudinal study
showed there was an 88% increased rate of cognitive decline over
ten years associated with doubling the homocysteine level from
10 mg/L to 20 mg/L [50].
Changes in the MTHFR protein that alter its catalytic function,
such as seen in the C677T and A1298C polymorphisms, result in
higher levels of serum homocysteine [51], and therefore, have the
potential to increase the risk of AD. Several studies have shown an
association between the A1298C polymorphism and an increased
risk of AD [52], but not with the C677T polymorphism [52, 53].
However, another study showed that the combination of these
two polymorphisms with a third A1793G polymorphism, together
known as Haplotype C, was associated with a decreased risk of
AD [54]. Therefore, further research into the relationship between
these polymorphisms and the risk of AD is warranted.
Similar to APOE, MTHFR genotype status may allow for
targeted AD prevention interventions. B-vitamin supplementation
(cyanocobalamin, folic acid, and B6) has been shown to slow
cognitive decline in individuals with elevated homocysteine
levels [55, 56]. Several trials have studied a combination of B
vitamins to determine whether lowering homocysteine can impact
cognitive function and/or brain pathology [55]. While there is
limited evidence thus far, individuals with one or more MTHFR
polymorphisms may potentially benefit from genotype-specific
recommendations. For example, as individuals with certain
MTHFR polymorphisms have decreased catalytic ability of the
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MTHFR protein, replacing the traditional B-vitamins with their
methylated counterparts (methylcobalamin for cyanocobalamin
and methyltetrahydrofolate [5-MTH] for folic acid) that do not
require hepatic conversion to active forms may increase the
outcomes. One study demonstrated that 5-MTH supplementation
in individuals with C677T and A1298C polymorphisms significantly
increased the serum folate concentration when compared to folic
acid, but it did not result in differences in the serum homocysteine
concentration [57]. Additional studies evaluating the impact of
methylated B-vitamins for specific MTHFR polymorphisms and AD
risk may therefore help to advance the field of precision medicine
for AD prevention.

11.6

Other Genetic Influencers on AD
Prevention

In addition to the discussed polymorphisms in the APOE and
MTHFR genes, recent genome-wide association studies (GWAS)
have identified several other single nucleotide polymorphisms
(SNPs) that are associated with an increased risk of AD: CLU, CR1,
and PICALM [58, 59]. Although these genes are not yet
routinely available for sequencing commercially, the impact of
polymorphisms at these loci on dietary interventions for AD
prevention has recently been investigated [58, 59]. One study
demonstrated that improvements in cognitive function in
response to the Mediterranean diet differed depending on which
polymorphisms an individual had [41]. These findings provide
further evidence that genetics may modify the effectiveness of
AD prevention interventions. As this trial only investigated the
impact of the Mediterranean diet on polymorphisms at these loci,
other dietary interventions as well as other lifestyle interventions
should be explored in a similar manner. In addition, there are
many other known genetic risk factors for AD, such as TOMM40,
which have yet to be explored regarding their impact on lifestyle
interventions for AD prevention [60]. However, these genes are
also not yet routinely commercially available for sequencing. A
discussion of all of the genes that are involved in AD risk is beyond
the scope of this paper, but it is discussed further in an Alzgene
meta-analysis [61].
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11.7

Conclusions and Future Directions

This review considered examples of two approaches to AD
prevention: a universal “one-size-fits-all” approach, which uses
generalized prevention strategies for all individuals, and a clinical
precision medicine approach, which factors in genotype-specific
intervention strategies. While both approaches have merit,
utilizing a precision medicine approach offers the opportunity
to personalize interventions that are based on factors that may
impact the efficacy of the interventions. Genotype-specific
intervention strategies, in particular, hold a great deal of promise
for advancing the field of AD prevention toward more personalized
and effective intervention strategies.
Investigation into the impact of different genetic factors on
AD prevention will continue to become more practicable through
online genetic repositories that are available to the scientific
community. For example, the Alzheimer’s Disease Sequencing
Project (ADSP) and Alzheimer’s Disease Neuroimaging Initiative
(ADNI) are ongoing large-scale whole-exome and whole-genome
sequencing projects in individuals with AD available through the
NIA Genetics of Alzheimer’s Disease Data Storage Site (NIAGADS)
and the Database of Genotypes and Phenotypes (dbGaP) [62].
This increased availability of genetic data will provide additional
resources to investigate the impact of various genetic factors
on AD prevention interventions in the future.
In addition, there has been an exponential growth in the ability
of consumers to order personal genomic testing on their own
via a number of commercially available testing kits. In the
United States, the Food and Drug Administration approved the
first direct-to-consumer tests that provide genetic risk information
for a subset of medical conditions, including APOE [63].
Further, despite these commercial tests not being meant for clinical
purposes, it has also become more common for patients (and
even some physicians) to use a number of online tools to further
investigate the raw data provided by these tests. Websites such
as Promethiase.com and Snpedia.com may be utilized, although
there are currently no professional guidelines and/or standards
on how to do this [64].
We should also be mindful of the ethical implications of
integrating genetic risk factors into clinical practice. While the
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Risk Evaluation and Education for Alzheimer’s Disease (REVEAL)
study demonstrated that APOE e4 disclosure to adult children
of AD patients did not result in significant short-term psychological
effects, the long-term effects have not been evaluated [65, 66].
Clinicians should weigh the potential risks and benefits of
disclosing genetic risk factors to their patients and should counsel
patients accordingly prior to disclosing genotype status [67].
Referral to a certified genetic counselor should also be considered
when clinically indicated. Over the last five years at the
Alzheimer’s Prevention Clinic (APC) at Weill Cornell Medicine and
NewYork-Presbyterian, the majority of patients (over 95%) have
consented to receive APOE and MTHFR testing [68]. Counseling
is initially provided in person by either of the two treating
clinicians (a board-certified Neurologist or Family Nurse
Practitioner). Patients are also asked to complete an online course
via AlzU.org that explains genetic risk for AD and limitations of
these tests [69]. In select cases, when patients have additional
questions or concerns about testing, patients may be referred
to a genetic counselor. In all patients with a family history that is
highly suggestive of early-onset (autosomal dominant) AD, patients
are referred to a genetic counselor prior to any genetic testing.
Studies are ongoing to determine whether APOE and MTHFR
polymorphism disclosure to APC patients impacts outcomes
(e.g., compliance with recommendations, psychological measures
including anxiety and depression). Furthermore, additional
analyses are planned to determine whether clinical outcomes
(e.g., cognitive performance, blood biomarkers of AD risk) are
differentially impacted by APOE and MTHFR genotype. Generally
speaking, the use of genetic testing as a part of clinical evaluation
and patient care has been a favorable addition in the opinion
of the treating clinicians, although further study is warranted
in a broader subset of clinicians and in diverse patient cohorts.
Finally, it is important to consider the limitations of a
genetic-based precision medicine approach to AD prevention. The
genomic-centered foundation that forms the core of precision
medicine reduces diseases to their molecular and cellular
processes. However, there are many risk factors for AD in which the
exact pathogenesis is not fully understood. A precision medicine
approach that relies solely on genetics may miss some of the
underlying mechanisms that are important for AD prevention
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but as of yet are not fully established. In addition to genetics,
there are many other important aspects of a precision medicine
approach to AD prevention, including medical comorbidities
such as hypertension [70, 71], diabetes [72], and hyperlipidemia
[73, 74], which have been associated with an increased risk of
developing AD. There are also other lifestyle factors in addition
to diet, exercise, and omega-3 fatty acids, such as smoking status,
alcohol consumption, and cognitive engagement, which may
play a role in AD prevention. Therefore, a precision medicine
approach should also encompass recommendations to target
these lifestyle factors and medical comorbidities on an individual
basis. All of these factors need to be considered together to
maximize a precision medicine approach that targets AD
prevention strategies to the individual. Ultimately, genetics
should be incorporated as one part of an overarching precision
medicine approach to individualize AD prevention strategies.
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12.1

Introduction

Historically, heme as a porphyrin derivative has served important
functions to support life, even before humans roamed the world.
Besides the well-known function for oxygen delivery, the red color
is also considered an original natural biomarker indicative of
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wounds and injuries [1]. In the past decades, theranostics, which
has combined diagnostics and therapy together, has expanded
rapidly [2]. With inherent optical properties, porphyrins and
derivatives have a great potential for these techniques [3].
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Figure 12.1 (A) Five classic structures of porphyrin and derivatives.
(B) UV-Vis spectrum of porphyrin and Soret bands of derivatives. Adapted
with permission from Berg et al. [4], Wiley.

Five classic porphyrin structures are shown in Fig. 12.1A [4].
Four pyrrole subunits combine stably through methane bridges
to form the porphyrin macrocycles. Chlorins and bacteriochlorins
can be achieved by reduction of one or two double bonds
from porphyrin. With one or two additional outer cyclohexadine
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rings bound to the pyrrole groups, phthalocyanine and
naphthalocyanine are obtained, respectively. Typical UV-Vis
spectra of these five common porphyrins are shown in
Fig. 12.1B. Porphyrins and derivatives usually have one intense
Soret band and multiple Q-bands. The excitation of Q-bands of
porphyrin within near infrared (NIR) range is useful for in vivo
imaging since the NIR lights can penetrate deeper tissue than
shorter-wavelength light. However, the absorption intensity of
porphyrin is not extreme at longer wavelengths. Other classes
of porphyrin derivatives provide higher absorption coefficients
at long wavelengths into the NIR [5].

12.2

Emerging Applications of Porphyrins

Porphyrins can comprise a variety of organic reactive groups by
simply changing the initial reactants and can be functionalized
with hydrophilic or hydrophobic properties. Furthermore,
porphyrins and derivatives have delocalized p-electrons within
the tetrapyrollic skeleton, which makes them display significant
color and they also show high activity to post-chelate with a vast
number of metal ions. With an abundance of inorganic coordinate
chemistry research involving porphyrins, there have been at
least 50 elements from the periodic table successfully chelated
to the center of porphyrin aromatic rings (e.g., Li, Be, Na, Mg,
Al, K, Ti, Mn, Cu, Co, Fe, Pt, Pd, Tm, Yb) [1]. The vast majority of
these were incorporated into different chemical architectures
for various of fields of applications, such as catalysts [6], metalorganic frameworks [7], sensitized solar cells [8], artificial
photosynthesis [9], molecular electronics [10], and therapeutics
and imaging agents [11]. Along with these properties, porphyrins
are able to be dissolved in water or surfactants for intravenous
administration and irradiation at the target areas for therapeutic
photomedicine. Many types of nano-sized drug carriers and
designs have been used together with porphyrins for a variety
of biomedical applications. Besides porphyrins being embedded
into these nanoscale carriers, they can directly participate in
building the stimuli-triggered smart carriers. These materials are
suitable for a wide range of diagnostic and therapeutic applications
and will be discussed here.
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12.2.1

Photodynamic Therapy

The first modern concept of photodynamic therapy (PDT) was
raised by Dougherty et al. in 1975. Since then, PDT has been
studied extensively and has proven to be a viable anti-cancer
treatment [12]. The mechanism of photodynamic therapy involves
the oxidization of cellular biomolecules via singlet oxygen,
then induction of cell damage leading to cell death [13]. Singlet
oxygen (1O2) is considered the principle cytotoxic agent
generated by energy transfer from irradiated photosensitizers
to oxygen molecules [14]. Three conditions are required for
PDT: oxygen, proper excitation wavelength, and photosensitizer.
The excitation of the photosensitizer is achieved through
photon energy transition between ground state S0 and the
singlet excited state Sn. The lowest excited singlet state S1 is from
relaxation of the Sn state. Also, the triplet state (T1) occurs with
energy intersystem crossing, which usually have longer lifetime
than S1 and also make it can damage cells through two ways:
type I and type II mechanisms [15]. The schematic mechanism
is shown in Fig. 12.2.

Figure 12.2 Schematic mechanism of photodynamic therapy. Adapted with
permission from Lucky et al. [16], ACS.

For type I mechanisms, the photosensitizer can directly react
with biomolecules via radical formation. The radicals are generated
by interactions of the triplet photosensitizers and reducing
substrates. Methods can produce radicals include the insertion
of oxygen or electron transfer to oxygen, electron and hydrogen
abstractions from other substrates, initiation of free radical
autoxidation, and back electron transfer relations [17]. Unlike
type I, in type II methods, oxygen will first be oxidized to highly

Emerging Applications of Porphyrins

reactive singlet oxygen (1O2) by interacting with triplet
photosensitizer, and then it will proceed to attack biomolecules.
Type II mechanisms are generally considered the most relevant
to current PDT practice.
As effective photosensitizers, porphyrins have been widely
used for PDT [18]. However, there are some existing problems
such as undesired sunlight photosensitivity, poor light absorption
in deep tissues and off-target damage to surrounding tissues
limit their developments. These problems have led to efforts to
develop improved porphyrin photosensitizers. Since Photofrin
(porfimer sodium) became the first clinically approved porphyrin
for phototreatment of bladder cancer, numerous other porphyrinbased photosensitizers have been approved or have entered into
clinical trials [18–23]. Chlorins and several other derivatives have
been increasingly used in commercial therapeutic formulations due
to their enhanced Q-bands absorptions [16, 24–28]. This steady
stream of new porphyrin-based photosensitizers demonstrates
the remarkable inherent biocompatibility and PDT efficiency of
porphyrins.

12.2.2

Photothermal Therapy

Photothermal therapy (PTT) is another anti-cancer treatment
procedure. With a somewhat similar concept as PDT, after delivery
to the target area, photosensitizers will generate heat by light
irradiation and ablate tumors. For efficient anti-cancer treatment,
agents exhibit strong NIR absorbance will be optimal due to the
effective light to heat energy transfer [29]. Because of the Soret
band within NIR region, phthalocyanines, naphthalocyanines,
and their metallo-derivatives have been used as PTT agents
delivered in vitro and in vivo through polymerization or
combination with other carriers [30–32]. After irradiation with
a laser, all the materials show significant temperature increase
and high levels of anti-tumor efficacy.

12.2.3

Other Active Anti-Tumor Treatments

Besides the above-mentioned passive anti-tumor treatments,
other active anti-tumor therapies have been developed. One of
them is to conjugate photosensitizers with antibodies to perform
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photoimmunotherapeutic efficacy [33]. Distinct from traditional
passive anti-tumor targeting, the covalently bound antibodies
and antibody fragments can guide photosensitizers actively to the
diseased tissues through interactions between these coated
antibodies and antigens on the surface of diseased cells.
Monoclonal antibodies are used to block specific receptor signaling
pathways in cells, or helpful to deliver porphyrins to the target
tissues. A large variety of antibodies have been used to modify
porphyrin-based photosensitizers such as intact IgG and single
chain fragments (scFV). In 1983, Mew et al. conjugated
hematoporphyrin with anti-M-1, which successfully killed 95%
of DBA/2J myosarcoma M-1 cells [34]. Since then, several tumors
were cured in preclinical studies including ovarian cancers
[35, 36], human colon carcinoma [37], human squamous carcinoma
[38, 39], L-M fibroblasts and human breast carcinoma [40].
In 2005, Hudson et al. conjugated two porphyrin isothiocyanates
(one is neutral and the other is positive charged) with
internalizing MAb FSP77 and 17.1 A, and non-internalizing MAb
35A7 [41]. Better anti-cancer efficiency was observed comparing
to free photosensitizers, and porphyrins conjugations modified
with internalizing also demonstrated better results than the
non-internalizing ones. They also found positive charges can
improve loading ratio but have short serum half-life. Also, recently
Kobayashi et al. combined porphyrin with trastuzumab and
panitumumab (which are against human epidermal growth
factor HER1 and HER2) to cure various cancer born mice
including MDAMB468-luc and disseminated peritoneal ovarian
cancers [42–44].
Another method of interest is vascular-targeted PDT [45].
The treatment of this method is achieved by attacking the
tumors’ vascular tissues to generate localized necrosis [46].
In 2005, Brandis et al. developed Pd-bacteriopheophorbide
(Tookad) as anti-vascular agent, which advanced to clinical studies.
Their compounds showed improved aqueous dispersion and
high affinity to serum proteins which can prolong the circulation
time and send them to the vasculature of important target
organs [47]. Later, Reddy et al. combined Photofrin with iron
oxide crystals and PEG to form a multifunctional platform to
shrink orthotopic gliomas in rats [48].

Porphyrin-Containing Nanoscale Materials

12.2.4

Contrast Agents for Different Imaging Techniques

In particular, during recent years, research about the utility of
free base and metalloporphyrin as diagnostic agents has grown
extensively due to their suitability for numerous kinds of imaging
techniques, including fluorescence and NIR imaging [49, 50],
gamma imaging [51], positron emission imaging (PET) [52],
magnetic resonance imaging (MRI) [53], photoacoustic imaging
[54], two-photon imaging [55] and multimodal imaging [56].
Central metals can be post-chelated easily to allow for control
of photochemical and electrochemical and other imaging
properties.

12.3

12.3.1

Porphyrin-Containing Nanoscale Materials
Photodynamic Molecular Beacons

In recent decades, a new class of triggered-activation nanoscale
material which comprises photosensitizers has been developed.
Based on the recognition of specific biomolecules or biological
conditions, these activatable molecular beacons provide the
opportunities for tissue-targeting diagnosis and therapy. With
appropriate designs, the excited energy of photosensitizers
following by photon absorption can be quenched by various
quenchers at different stages upstream of singlet oxygen
generation. In the designed structure, a quencher is responsible
for energy capture and transfer from the excited photosensitizer or
fluorophore [57]. However, in the long-wavelength region,
the quenching efficiency is impaired even with several
alternative quenchers [58]. A commonly used quencher is
4-(4-dimethylaminophenylazo)benzoicacid (dabcyl) due to its
quenching ability for many fluorophores [59]. The quenching
efficiency and photodynamic therapy at certain conditions of
molecular beacons can be predicted by FRET efficiency [60]. By
selecting appropriate linkers, molecular beacons can be activated
by enzymes, nucleic acids, biological and chemical environments
and even other photosensitizers [61–63]. These deactivated
photosensitizers could be designed properly by altering linkers
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with different biomolecules such as nucleic acids or peptides to
be restricted only triggered at target tissues or environmental
conditions [61].

12.3.1.1 Enzyme-activated photosensitizers

Enzymes take parts in almost all facets of cellular activities, and
their overexpression is implicated in several diseases. This offers
an opportunity for activatable photosensitizers showing different
expressions in diseased tissues and normal tissues. There are
usually two formations combine photosensitizers and quenchers:
connected directly at two ends of peptides, or grafted photosensitizers to polymer backbones [64, 65]. Proteases usually are
considered the first choice for activations, whereas other enzymes
like lipases can also work by cooperating with appropriately
designed photosensitizers [66].
In 2004, Chen et al. conjugated pyropheophorbide-a (a
photosensitizer) and carotenoid (a quencher) at the two ends of a
specific caspase 3 degradable amino acid sequence. The structure
is shown Fig. 12.3. With this design, the photosensitizer was
inhibited to generate singlet oxygen until cleaved by the protease,
which then increased about 4 fold [67]. Later, Stefflova et al.
developed a similar structure by conjugating pyropheophorbidea, a quencher BHQ3 and caspase 3-cleavable amino acid
sequence together. Even though this activated molecular
beacon demonstrated both induction and detection during PDT
process, these two molecular beacon models showed the same
drawbacks, which is that they are hard to preferentially target
disease tissues [68].
Besides the models mentioned above, several other
modifications and new targeting proteases have been
demonstrated. In 2003, Shiomi et al. combined pyropheophorbidea and BHQ3 with another peptide sequence specific to matrix
metalloproteinase 7 (MMP-7) [69]. MMP family are believed to play
a vital role in the process of cancer invasion and metastases [70].
By simply testing singlet oxygen production, molecular beacon
showed similar singlet oxygen productivity with photosensitizer
alone after incubating with MMP-7. Also, the PDT effects can
be clearly distinguished between MMP-7 cells and the cells did
not produce MMP-7. Another enzyme that has been assessed is
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fibroblast activation protein (FAP) [71]. FAP is a cell surface
glycoprotein serine protease, and it is found in almost 90% of
human epithelial cancers while not expressed in normal healthy
tissues. In both in vitro and in vivo studies, the molecular beacon
resulted in remarkable fluorescence increases.

Figure 12.3 (A) principle of singlet oxygen scavenging and activation. (B)
Structure of the caspase 3 proteases activatable molecular beacon. Adapted
with permission from Chen et al. [67], ACS.

Since quenching effects are dependent on the distance
between photosensitizer and quencher, a proper linker design will
contribute to the quenching efficiency. One approach is designing
a zipper formation. Polyanion and polycation peptide chains can
be attracted together by electrostatic forces. In this structure, the
photosensitizer will be completely quenched due to the close
contact with quencher. The hairpin conformation improves
the accessibility and cleavage ratio. Polyanions block the cellpenetration function of polycation chain, but polycation peptide
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will increase cellular uptake after cleavage. Furthermore, the
natural folding of the peptide linker will no longer affect quenching
because the function of the zipper is solely to silence the molecular
beacon activity. This model can improve the functionality of a
wide range of photosensitizers. The zipper model can enhance
molecular cancer diagnosis. In 2009, Chen et al. followed this
model to conjugate pyro and BHQ3 together (as shown in
Fig. 12.4) [72]. The close attachment not only resulted in
enhanced quenching efficiency by fluorescence resonance
energy transfer (FRET) but also revealed a completely quenched
background. A high signal/background ratio can be observed
after enzyme activation of the central protease cleavage site.
Moreover, this so-called ZMB also demonstrated significant
contrast between intact and activated molecular beacons after
incubation with cells.

Figure 12.4 Schematic figure of the mechanism of zipper molecular
beacons. Photosensitizers remain inactive initially due to close contact
with quenchers. In the presence of specific protease, dye and quencher
dissociate and photoactivity of dye is restored. Adapted with permission
from Chen et al. [72], ACS.

Another approach involves polymer-based enzymesensitive photodynamic beacons. Choi et al. grafted chlorin-e6
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photosensitizers to a polylysine chain [73]. In their study,
photosensitizers attached to around 30% of lysine residues
along with 5 kDa PEG moieties, which resulted in about 15
photosensitizers per molecular beacon. By incubating with
trypsin, fluorescence and singlet oxygen increased 4.2- and
5.4-fold, respectively. Further, the same structure showed
attenuated tumor growth in the in vivo study after altering the
structure to become a cathepsin B target [74].
Enzymes work as catalysts and participate in a diversified
reaction, making them a compelling choice for photodynamic
molecular beacon activation. Proteases are associated with a
variety of diseases, so enzyme-activated molecular beacons have
good versatility by the convenience of changing substrates to suit
different conditions. It is noteworthy that research has shown
good diagnostic efficiency in vitro and in vivo models.

12.3.1.2 Nucleic-acid activatable photosensitizers

Molecular beacons have become a powerful tool for detecting
nucleic acid with single base precision [75]. Traditional nucleicacid activatable molecular beacons typically comprise a single
stranded oligonucleotide probe with a loop or stem structure. A
photosensitizer and quencher can be placed at the terminus of the
nucleic acid chain; so the photosensitizer will be quenched when
the two nucleic acid stems are proximal. In the presence of the
target which is complementary to the loop sequence, hybridization
results in the disruption of stem-loop structure and expansion
between fluorophore and quencher. As a result, the fluorophore
or photosensitizer is no longer quenched and the signal is
restored [76].
Previously, studies showed that photosensitizer singlet
oxygen generation will be affected when they directly bind to
oligonucleotides. An example is meso-tetra(methylpyridinium)
porphyrin (TMPyP), which is a cationic porphyrin derivative.
It is quenched when bound to oligonucleotides, but this can be
restored when irradiated by light [77, 78]. In early studies, molecular
beacons were designed on the basis of reverse hybridization
strategy [79]. As shown in Fig. 12.5, a photosensitizer was linked
to an oligonucleotide which shared the same nucleic sequence
as the target. With addition of a complementary quencher-
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conjugated oligonucleotide, the contact between photosensitizer
and quencher attenuated the singlet oxygen signal. Addition of the
target oligonucleotide leads to displacement of photosensitizer
and quencher and restoration of fluorescence and singlet oxygen
generation.
The first nucleic-acid activated photosensitizer was
described by Chen et al. in 2008. In their report, a photodynamic
therapeutic molecular beacon was designed to control singlet
oxygen triggered by tumor-specific mRNA. The photosensitizer
was quenched until the target nucleic acid was presented [80].
Later, a so-called linear superquencher consisting of multiple
quencher moieties was developed by Lovell et al. for strengthening
quenching efficiency [81]. This novel structure achieved more
than 300-fold quenching efficiency in the off state, and singlet
oxygen generation was restored when targeting DNA sequences
appeared and complement to the molecular beacon. In addition,
the hydrophobicity of this kind of molecular beacon enable it
to be encapsulated in lipid-based nanoparticles [82]. However,
upon addition of the target DNA, the lipid nanoparticle system
exhibited irreversible aggregation which indicated that the
opened molecular beacons induce physical perturbations in
lipid-nanoparticle system.

Figure 12.5 Schematic figure of activatable photosensitizer based on
target hybridization strand displacement. Adapted with permission from
Clo [79], ACS.

In 2009, Nesterova et al. designed a phthalocyanine
dimerization-based photodynamic beacon system [83]. The
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photosensitizers self-quenched in the H-dimer structure. The
presence of complementary DNA sequences formed duplexes
and disrupted the H-dimer self-quenching structure, leading
to fluorescence restoration. This dimer structure produced
98% quenching efficiency with a signal/background ratio of 59.
Moreover, through testing different-length oligonucleotides, they
found longer chains usually brought higher quenching efficiency.
Another construct of a photosensitizer-aptamer complex
was developed by Zhu et al., who used carbon nanotubes as the
quencher to quench chlorin e6-aptamer conjugates [84].
Upon addition of the aptamer target, the aptamer conjugation
disassociated from the carbon nanotubes, moving the fluorophore
away from the quencher. Even though few papers talk about
this approach, in theory, it is possible to combine with other
aptamers with sufficient affinity for its target.

12.3.2

Porphyrin-Containing Liposomes

Liposomes have been widely used as carriers for porphyrin
delivery [85]. The central hollow core of the spherical structure
isolates the interior aqueous environment from the exterior one.
Both hydrophilic and hydrophobic materials can be encapsulated
inside. By further modifications with other organic or inorganic
compounds on the surface, including disease-specific targeting
ligands, liposomes have good properties to reduce cytotoxicity and
enhance the therapeutic and delivery efficiency [86]. There are
several successful methods for increasing the biocompatibility of
liposomes by simply modifying lipid compositions, surface charge,
in vivo stability and leakiness [87]. Also, the formulations of
liposomes can be determined when taking the desired properties
for each application into consideration. However, pure liposomes
generally are taken into mononuclear phagocytic system following
intravenous injection, which leads to short circulation time
and low delivery efficiency. To overcome these defects, surface
modification with stealth materials like polyethylene glycol
(PEG) can be designed for conjugation with antibodies for longcirculation time and targeted delivery [88, 89].
In recent years, liposomes have attracted attention as
nanocarriers for delivering hydrophobic porphyrins [90–94].
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Besides encapsulating hydrophobic porphyrins, there is a growing
interest in delivering modified hydrophilic porphyrins into
biological systems. In 2011, Makky et al. discovered that
glycodendrimeric porphyrin loaded into DMPC liposomes
demonstrated interactions with Concanavalin A grafted biomimetic
membranes, which was used as a mannose receptor [95].
The specific interaction between mannosylated porphyrins in
liposomes and biomimetic membranes with mannose receptor
shows the possibility for targeted delivery.
Besides photosensitizer delivery, porphyrins loaded in
liposome also can be used for diagnostics. Liu et al. developed
a sensitive membrane pore-forming protein assay consisting
of porphyrin and graphene oxide (GO) [96]. In this system,
porphyrin and GO acted as energy donor and acceptor,
respectively. The a, b,g,d-tetrakis[4-(trimethylammoniumyl)ph
enyl]-porphyrin (TAPP) molecules initially were encapsulated
into liposomes to prevent self-quenching effects. In the presence
of target proteins, phospholipase A2 (PLA2) or the a-toxin,
liposomes are broken and contents are released, which causes
fluorescence intensity changes. The sensitivities of this assay
for PLA2 and a-toxin reached as low as 200 pM and 9 nM,
respectively. With this strategy, potential enzyme inhibitors
can be screened and identified.

12.3.3

Porphyrin Dendrimers

The well-characterized and highly branched structure of
dendrimers makes them much attractive for a wide range of
applications [97–99]. A typical dendrimer structure usually
consists of a focal core, interior shells, and multiple peripheral
groups. The focal core can isolate the exterior environment
with the help of dendritic wedges [100]. The high densities of
functional groups on the surface of dendrimers integrate
the functionalities. Because only the most exterior part will
contact with the outer environment, the solution properties of
dendrimers are controllable by changing the peripheral
compounds. When the interior core and exterior compounds
are hydrophobic and hydrophilic, respectively, dendrimers can
mimic micelle properties in aqueous systems [97]. Because of
the strong optical properties of porphyrin and derivatives,
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porphyrin dendrimers can be used as photofunctional
nanodevices [101, 102]. The reactive functional groups around
the aromatic ring and the hydrophobicity of porphyrins make
them more applicable to conjugate with branches and form the
inner core [29]. Porphyrin dendrimers were first reported in 1993
by Jin et al. [103]. With decades of development, porphyrin
dendrimers have developed into tools as light-harvesting
materials [104], sensors for micro-environment detection
and photosensitizers for photodynamic therapy [105, 106].
There are two main methodologies to synthesize porphyrin
dendrimers: (1) divergent synthesis, which takes porphyrin as a
multifunctional core and reacting with other compounds extend
outside (Fig. 12.6A); (2) the convergent approach, in which
small units first couple with additional compounds to form
branched structure and periphery parts conjugated to the
central core [107] (Fig. 12.6B).

Figure 12.6 Schematic figures of the (A) divergent and (B) convergent
synthesis processes to synthesize porphyrin dendrimers [107].
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As early as in 1956, Warburg described that cancer cells
display unlikely metabolic process to normal cells, a phenomenon
termed “Warburg effect” and used to tutor scientists to use
saccharides for targeting [108]. Later, in the 1980s, people
found the hydrophilicity of porphyrin increases after coupling
of sugar molecules, and sugars also promote PDT efficiency by
improving cellular uptake and target to subcellular areas such
as mitochondria [5]. Several glycodendrimeric porphyrins were
developed. In 2014, Pereira and coworkers used 16 galactose units
to surround a phthalocyanine (PcGal16) as PDT agents to treat
two bladder cancer cell lines, HT-1376 and UM-UC-3 [109]. Good
cellular uptake and PDT efficacy were attributed to the expression
of galectin-1 and GLUT1 receptors on both the bladder cancer
cell lines.

12.3.4

Porphyrin-Phospholipid Materials

Since 2005, porphyrins have been reported to be incorporated
into polymeric nanodevices [110]. Later, in 2011, Lovell et al.
found that after covalent coupling of porphyrins to phospholipid
side-chains, the materials could self-assemble into a liposomeslike structure with a pure porphyrin-phospholipid bilayer, which
was termed a porphysome [111]. The optical properties of
porphysomes make them suitable for several biophotonic
applications such as photothermal therapy and photoacoustic
imaging. As an emerging material, there is a need to explore its
more clinical applications [112]. Their outstanding diagnostic
and therapeutic attributes have driven numerous studies on their
applications [113–116].
Due to their similar structure as liposomes, methodologies
used to improve liposomes release could also be applied to modify
porphysomes, including pH triggering [117, 118], biodegradability
[119], and thermal sensitivity [120, 121]. In 2012, an enzymedegradable porphysome was designed by Lovell et al. Two similar
structured porphysomes with different side chain modifications
demonstrated totally biodegradable differences. Sn-1 regioisomeric
porphysomes stay intact in the liver and the spleen, while the
Sn-2 regioisomeric porphysome degraded dramatically. This
result proved the biodegradation of porphysomes in vivo.
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Later, an active targeting porphysome modified with folic
acid was developed by Jin et al. [122]. With light irradiation, the
initially quenched photosensitizers were released and unquenched
in target cancer cells through broken-up porphysomes. Significant
differences of cellular uptake efficiency were observed between
the cells with and without folic acid ligands. With laser treatment,
the tumors treated with folic acid ligands were totally destroyed
with no reappearance within two weeks.
Recently, dual-modality materials have been described. With
the intrinsic PDT and delivery properties of porphysomes, they
were designed to encapsulate disease-specific drugs to incorporate
with PDT to achieve much more fully treatments [123]. Porphysomes
consisting of devinyl hexyloxyethyl-pyropheophorbide (HPPH)conjugated phospholipids will have enhanced permeability after
irradiation with NIR light. Following this concept, various cargos
packaged in HPPH-porphysome were released with NIR light
triggering. Doxorubicin, a commonly used anti-tumor drug, was
loaded into the liposomes. They clearly opened/sealed status with
or without NIR light irradiation. In an in vivo trial, the liposomes
with controllable drug release successfully cured mice bearing KB
tumors with no signs of reappearance after 90 days. Also, microscale
light-induced permeability was demonstrated in giant porphysome
vesicles [124].
Because of the photosensitization properties of porphyrins,
porphyrin-phospholipids also can be used for photothermal
therapy. Recently, Muhanna et al. synthesized pyropheophorbidelipid porphysomes for diagnostic and ablation of head and neck
tumors [125]. The material not only enabled clear photoacoustic
and fluorescent images of buccal and tongue carcinomas in
rabbits and hamsters but also ablated the tumors and metastatic
regional lymph node through PTT process.
The serum-induced release speed of porphyrin-phospholipid
(PoP) liposome can be controlled by altering the concentrations
of compositions during the process. The stability can be
adjusted by varying the drug-to-lipid ratio [126]. Luo et al.
added 2 molar % PoP in stealth liposomes [127]. The circulation
half-life of this PoP-liposome reached as high as 21.9 h.
A low dose of Dox (3 mg/kg) in PoP-liposomes resulted in more
efficient treatment than maximum dose of free Dox (7 mg/kg)
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alone, or conventional long-circulation liposomal Dox (21 mg/kg).
With 16.7 min NIR light irradiation, vascular shutdown was
clearly observed, which demonstrated the behavior of the dualfunctional cancer treatments.
In 2015, a porphyrin-phospholipid-peptide/protein model
was developed by Shao and coworkers [128]. Traditionally,
functionalization of lipid surfaces with proteins/peptides is
tedious, and non-covalent connections between lipids and
peptides are ineffective. It was shown that his-tagged peptides
and proteins can effectively bind lipid bilayers containing Co(III)
chelated porphyrin-phospholipid, as shown in Fig. 12.7. During
the binding process, the imidazole molecules of his-tagged
peptides are captured into Co-porphyrin-phospholipids hydrophobic bi-layer phase. With this approach, they anchored his-tagged
RGD protein to the porphyrin-phospholipid and achieved tumor
targeting with these functionalized lipid bilayers. Furthermore,
by choosing his-tagged MPER peptide derived from the HIV
gp41 envelope protein as an immunogenic agent inserted into
Co-porphyrin-phospholipid, they observed an immune response
in vivo when lipid adjuvants were included.

Figure 12.7 Schematic figure of his-tagged Co-PoP and their status in
the hydrophobic bilayer phase. Adapted with permission from Shao
et al. [128], Springer.

Besides their use as therapeutic agents, porphyrinphospholipids have novel characteristics fit for several diagnostic
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and imaging techniques. Recently, Cui et al. used organized
aggregation of porphyrins (OAP) in lipid bilayers to generate
harmonic probes for non-linear optical microscopy [129]. This
involved third harmonic generation (THG), which includes
inorganic and organic harmonophores. Although inorganic ones
have better efficiency, their biocompatibility and biosafety are
dubious. In their study, their organic porphyrin-phospholipid
system provides significant enhanced imaging contrast. By
combination of harmonic and fluorescence imaging, real-time
multimodal imaging of PC3 cell lines was possible. By mixing
two types porphyrin-phospholipids, pyropheophorbide-lipid
and bacteriopheophorbide-lipid, Ng et al. developed self-sensing
porphysomes (“FRETysomes”) which can broadcast its structural
state [130]. Fluorescence was enhanced by energy transferred
between the donor and acceptor, and this could be visualized
clearly in vivo through hyperspectral imaging. This FRETysomes
were intact even 24 h and 48 h post injection by in vivo imaging
analysis.
As mentioned above, metalloporphyrins can possess
multifunctional imaging properties, which hold potential for new
clinical applications. In 2012, Tam et al. applied Mn-pyro-lipid
porphysomes as carriers for encapsulated gold nanoparticles for
stable surface enhanced Raman scattering (SERS). Subsequently,
a Mn-pyro-lipid porphysome MRI contrast agent was reported
by MacDonald et al [131]. During the experiment, Mn(II) was
post-chelated into pyro-lipid. The MRI signal strength of the
final product is comparable to clinical MRI contrast agents.
Another metal ion, 64Cu, is widely used as contrast agent for
PET imaging. In 2012, Liu et al. successfully post chelated 64Cu
into porphyrin-lipids for prostate cancer detection with
PET imaging [132]. Based on their results, 64Cu post-chelated
porphysomes accumulated in prostate tumors and provided
clear images 24 h post injection. After that, they chose PC3
prostate tumor as a platform to test the therapeutic efficiency
of similarly structured porphysomes [133]. After intravenous
injections into mice, those porphysomes demonstrated special
selectivity to PC3 tumors. These results illustrate the potential
clinical possibility of 64Cu-chelated porphysomes to diagnose
and treat tumors.
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Another feature of metalloporphyrins is that they are suited
for multimodal imaging. Rieffel et al. designed a porphyrinphospholipid-coated upconversion nanoparticle (UCNP) [56].
PEG and porphyrin-phospholipid molecules were integrated on
the surface of NaYbF4:Tm-NaYF4 particles and the porphyrinphospholipid was post-labeled with 64Cu. This UCNP system
had stability in aqueous solution. This probe was shown for
contrast imaging in six different imaging techniques including
upconversion imaging, fluorescence, photoacoustic imaging, PET,
X-ray computed tomography, and Cerenkov imaging. This
nanoparticle enabled generation of comparative in vitro and in vivo
data.
In addition to these spherical nanoparticles, other structured
nanomaterials have been developed. One example is the
nanodisc which comprises ApoA-I and porphyrin-phospholipid
[134]. After initial formation, fluorescence and singlet oxygen
generation were fully quenched. After the structure was disrupted
by enzymes, fluorescence and singlet oxygen generation were
restored. The ability to incorporate large amounts of photosensitizers holds potential for fluorescence diagnostic and tumor
therapy.

12.3.5 Mesoporous Porphyrin-Silica Nanoparticles

Mesoporous silica nanoparticles are attractive for biomedical
and biological applications due to their uniform porosity, ease
of functionalization, and biocompatibility [135–137]. Because of
their novel properties of monodispersity, high surface area, and
tunable pore size and diameters [138], they have been widely
used as carriers for several therapeutic methods such as drug
delivery [139, 140] and PDT treatments [141–143]. They also
perform as probes in diagnostic techniques like fluorescence
imaging [144] and MRI [145]. After encapsulation with mesoporous
nanoparticles, limitations of porphyrins such as low aqueous
solubility and non-selective delivery can possibly be minimized.
Research on porphyrin photosensitizers and mesoporous
silica nanoparticles has been extensive in recent years. One
strategy is the direct self-assembly of porphyrin–silica conjugates
[146–150]. These porphyrin–silica conjugates can bind with
other chemical compounds, stimulating to the formation of
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mesoporous silica-porphyrin nanoparticles. As with other
porphyrin structures, within mesoporous silica nanoparticles,
porphyrins can provide imaging abilities, act as photosensitizers
for photodynamic therapy, and bring metals into the system by
simple post chelation. In 2010, porphyrin–mesoporous silica
nanoparticles were used to encapsulate gold nanorods [147].
Besides singlet oxygen generation, the interactions between gold
nanorods and porphyrins make the nanoparticles suitable for
high contrast two-photon imaging after incubation with a MDAMB-231 human adenocarcinoma cells. Later, silicon phthalocyanine
were bound with mesoporous silica nanoparticles (Pc4SNP)
for photodynamic therapy. These materials can be localized in
subcellular structures, such as mitochondria and lysosomes
[151]. In 2011, Liang et al. developed a porphyrin-lipid-silicon
complex through a sol-gel reaction and self-assembly [152].
The silica parts not only helped stabilize the whole system but
also provided porous channels allowing singlet oxygen to move
in or out from the system. By combining porphyrins with 33%
drug loading efficiency, this kind of nanoparticle has the potential
for fluorescent diagnosis and drug-PDT treatment of malignant
cells.
Besides chemical conjugation, porphyrins also can be
embedded into mesoporous silica nanoparticles. In 2009, Qian
et al. loaded zinc phthalocyanine into a mesoporous silicon
carrier. With NIR light irradiation, more than 80% bladder cancer
cells were killed by this PDT agent [153]. Tu et al. to developed a
similar structure while coating the nanoparticle with PEG and
polyethyleneimine to increase the cell penetration efficiency
[154]. As expected, this nanoparticle had NIR fluorescence and
effectively inhibited tumor growth with phototreatment.
Another conjugation was described through allylisocyanate [150].
After incubating with MCF-7 breast cancer cells, the porphyrin–
silica nanoparticles were viewed by confocal microscope imaging,
and a PDT response was observed following laser irradiation.
The combination of porphyrin photosensitization and
mesoporous silica delivery features can make porphyrin–silica
nanoparticles dual-functional drug carriers for specific tissue
targeting. The cooperation of conjugated porphyrin and loaded
anti-cancer drugs can enhance anti-cancer treatment. In 2011,
Wang et al. introduced this kind of dual-modality multifunctional
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nanocage to deliver doxorubicin to cancer cells [155]. In the study,
the hollow cubic core and mesoporous surface was achieved
by surface etching of the surface molecules. Two fluorescent
dyes, isothiocyanate and hematoporphyrin, were covalently
embedded into the mesoporous silica nanocages. Then doxorubicin
molecules were encapsulated into the porous nanocages. The
viability of MCF-7 breast cancer cells decreased dramatically
when incubated with the Dox loaded nanocages. These results
indicated that the dual-functional system can treat cancer cells
and provide complementary imaging capacity.
Porphyrin–silica hybrids also can achieve PTT and PDT
dual-functionalized therapy. Hayashi et al. designed an iodinated
silica–porphyrin hybrid nanoparticle [156]. With irradiation by a
light-emitting diode, the nanoscale materials effectively generated
singlet oxygen and heat. By further modification with folic acid
and PEG, the silica–porphyrin nanoparticles concentrated in
tumors and caused necrosis with light treatment.

12.3.6

Porphyrin Nanogels

Hydrogels are three-dimensional polymeric networks containing
a large amount of water or other biological fluids. By confining
dimensions of hydrogels within submicrometers, they are usually
termed nanogels [157]. Due to their chemical or physical crosslinked structures, they easily swell in aqueous systems to hundreds
of nanometers [158]. The favorable dispersion of nanogels in
biological systems is attributed to the low force that drives
them to aggregate together [159]. With a porous threedimensional structure, they also can be used for drug loading and
have stimuli-triggered responses to pH, temperature, or biological
molecules [160]. Nanogels can load various therapeutic agents
through chemical binding or physical embedding, prolong their
circulation time, promote stability and uptake after injection,
and improve bioavailability and safety [161, 162].
General approaches to form nanogels can involve electrostatic interactions [163], reverse-emulsion [164], hydrophobic
interactions [165–167], cross-linking of micelles [168], and click
reactions [169]. There have been several reports about nanogels
as nanoscale carriers for drug and nucleic acid delivery [170].
In 2011, chlorin e6 was conjugated with acetylated-chondroitin
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sulfate through esterification. HeLa cells demonstrated high
uptake of the nanogel. Also self-quenching and fluorescence
recovery were observed both in vitro and in vivo [171]. In 2014,
Yao et al. mimicked the way hemoglobin carries oxygen, by
designing a pH-sensitive metallo-supramolecular nanogel by
interacting histidine and iron-meso-tetraphenylporphyrin [172].
Controllable content release from nanogels was possible due
to the pH sensitivity of the system. More than 80% of loaded Dox
released from nanogels at pH = 5.3, while a negligible amount
leaked out at pH = 7.4. Efficient cellular uptake was observed
by both confocal laser scanning microscopy and flow cytometry.
Recently, inspired by pH sensitive nanogels, Chen et al. designed
a similar-structured nanogel comprising Dox and porphyrin to
achieve chemotherapy and photodynamic therapy [173]. The
conjugated porphyrin provided fluorescence diagnostic capacity,
and showed more efficient phototreatment of cancer cells together
with Dox.
Nanogels can be treated as imaging probes by introducing
porphyrins. For example, in 2014, Fu et al. built a well-defined
30–120 nm fluorescent nanogel by binding alkyne-functionalized
Ga-porphyrin with azide-functionalized PEG through CuAAC click
reaction, and functionalized the system by a reverse-emulsion
process [174]. The folic acid modification on the surface and
700–800 nm emission provided cell-specific NIR imaging.

12.3.7

Other Porphyrin-Based Nanoscale Materials

Surrounding acidic groups around the aromatic ring of
functionalized porphyrins enable them to form nanoscale charged
complexes. In 2011, Jang et al. combined Al(III) phthalocyanine
chloride tetrasulfonic acid (AlPcS4) with gold nanorods [175].
The negatively charged AlPcS4 photosensitizers attached to
positively charged peptide-coated gold nanorods. Only 1 h post
injection, tumor sites were clearly identified by NIR imaging.
After irradiation with a 810 nm laser, the temperature around
the tumor increased to 65°C and killed most of the tumor by
combined PDT and PTT.
Due to their large aromatic rings, most porphyrins are
hydrophobic. Introduction of hydrophilic surfactants to form
micelles is an interesting way to bring hydrophobic porphyrins
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into an aqueous system. In 2014, Zhang et al. used tri-block
polymer, pluronic F127 to encapsulate highly hydrophobic
5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine
(ONc)
and form micelles termed nanonaps [54]. The size of the micelles
stayed around ~20 nm after several purification rounds, and
the micelles have tunable absorption with values over 1000 in
the NIR. Compared to other small-molecule dyes, nanonaps keep
their intrinsic absorbance spectrum and are safe to be taken
orally. The nanonaps were not absorbed in the gut, which makes
them useful optical probes for non-invasive imaging of the
gastrointestinal tract. Through non-invasive and non-ionizing
photoacoustic techniques, high-resolution images were possible,
together with real-time monitoring of the intestinal function.
Furthermore, by post-labeling with 64Cu, nanonaps could be used
as probes for positron emission tomography (PET) for whole-body
scanning.
Besides embedding into amphiphilic polymeric micelles,
porphyrins also can participate in building the micelle structures.
In 2015, Su et al. tailored a porphyrin-based micelle structure
for photothermal and synergistic chemotherapy [176]. The
amphiphilic polymeric chain comprised PEG, poly (d,l-lactideco-glycolide) and protoporphyrin. The bilayer micelles could be
loaded with two chemotherapeutic drugs, and the contents were
released to surrounding area in acidic organelles. With laser
irradiation, the porphyrins within the bilayers generated sufficient
heat for photothermal therapy. The combinations of therapeutic
methods can decrease the dosage of drug to 10% of the traditional
requirement.
Another way to increase porphyrin hydrophilicity and
biocompatibility is to directly conjugate them with hydrophilic
polymers. Recently, Huang et al. cross-linked diamine PEG with
meso-tetra(4-carboxyphenol) porphyrins to form high water
solubility mesh-structured materials [177]. Using PEG longer
than 2 kDa prevented self-quenching phenomena. Following
intravenous injection, around 70% of PEG-2K porphyrin mesh
was removed by renal system within 2 h, and it still maintained
its intact structure. Comparing the urinary fluorescent signal at
2 h post injection to healthy mice, the renal clearance speed of
probes in mice suffering from acute renal failure was delayed.
Non-invasive fluorescence monitoring of the bladders of living
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mice and fluorescence images of frozen sections confirmed those
finding. 24 h post injection, the fluorescence signal could still be
detected in mice suffering from acute renal failure mice while
there was nothing remaining in healthy mice. By simple post
chelation with 64Cu to the center of porphyrin, the probes could
be used for fast detection of renal function using PET imaging.

12.4

Conclusion

A variety of porphyrin nanoscale materials have been synthesized
as agents for theranostic applications. Porphyrin contrast agents
and photosensitizers have been used for fluorescence imaging,
MRI, photoacoustic imaging, and other modalities. Photodynamic
molecular beacons are promising constructs for molecularly
activatable imaging and PDT at target tissues. Liposomes,
dendrimers and mesoporous silicon nanoparticles have been
used to deliver porphyrins into target areas as traditional
nanoscale carriers. Recently, multifunctional porphyrin-containing
materials have been described with exceptional and unique
capabilities. Porphyrins provide a basis for a range of possibilities
for numerous biomedical applications. In the future, more work
is needed to refine these functions and characterize the safety
of these emerging materials to fulfill their clinical potential.
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13.1
13.1.1

Introduction
Cancer Biology

Cancer is one of the most serious health challenges in the 21st
century that people have been fighting and in fact arises from
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healthy cells with genetic alterations affecting tightly controlled
systems for growth control [1, 2]. In other words, healthy cells
turn into heterogeneous multicellular entities containing cells of
multiple lineages [3]. Figure 13.1 represents the initiation and
progression of a tumor starting from a healthy tissue (Fig. 13.1a).
Basically when one cell acquires enough mutations, it becomes
cancerous (Fig. 13.1b) and divides at an accelerated rate (Fig. 13.1c)
until it reaches steady state, where tumor cells grow and die at
a steady state (Fig. 13.1d).

(a)
(a)

(c)

(c)

(b)
(b)

(d)
(d)

Figure 13.1 Schematic of tumor progression. (a) Healthy layer of tissues.
(b) One cell becomes cancerous after acquiring enough mutations.
(c) Cancer cells divide at an accelerated rate and displace healthy tissues.
(d) Tumor cells will continue to grow and die at a steady state size.

Cancer cells interact with each other, the extra cellular matrix
(ECM), and other soluble molecules in their vicinity (Fig. 13.2) [4].
Tumor formation is a dynamic process and favors cell proliferation,
movement, differentiation, and ECM metabolism [5]. Thus, it is

Introduction

almost impossible to find one general cure for all types of cancer.
The type of the cancer is the most important parameter when
trying to cure cancer effectively.

Figure 13.2 Representation of the tumor microenvironment, showing
tumor cell interactions with cellular and non-cellular components.
Adapted from [4].

13.1.2

Current Treatment Options in Cancer

Cancer, being the second leading cause of death in the United
States, still suffers from a lack of proper treatment methods [6].
Current treatment options in cancer treatment are surgery,
radiotherapy, and chemotherapy, where the basic approach is to
remove or kill the diseased cells faster than the healthy cells [7, 8].
Surgical resection, the most decisive way of treatment, is only
an option if cancer is diagnosed at early stages. Limited tumor
accessibility for resection and the risk of damaging the healthy
tissue surrounding the cancerous tissue has been an obstacle for
surgery.
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In chemotherapy, a major issue to avoid treatment failure is to
accumulate and retain therapeutically relevant drug concentrations
at the site of the tumor [7, 9]. For an effective treatment at the
tumor site, prolonged exposure of the tumor to sufficiently high
drug concentrations is a prerequisite. However, physiochemical
properties such as molecular weight, stability, and lipophilicity
of the compound often result in sub-therapeutic drug levels at
the tumor site [10, 11]. Additionally, most chemotherapeutic
agents (such as cisplatin, doxorubicin, and methotrexate) suffer
from non-selective toxicity and harm healthy cells as well as
cancer cells [9, 12]. Therefore, a cancer treatment that is generally
less invasive and more selective is badly needed.
Radiation is efficient in terms of the elimination of cancer cells,
but healthy cells within close proximity of cancer cells may be
exposed to this radiation and could be harmed. During radiation
therapy, there are several ionizing reactions, which result in the
formation of free radicals. These free radicals are capable of
killing cancer cells as well as healthy cells, and they react with
cellular DNA and RNA to alter molecular interactions [13, 14].
Since the 1950s, alternative ways to protect healthy cells from
radiation damage have been an important area of research. In
an effort to protect healthy cells, natural free radical scavengers
(such as glutathione, vitamin E, vitamin C, and B-carotene) as
well as synthetic antioxidants (as amifostine, NAC, and captopril)
have been tested for their capability to scavenge reactive oxygen
species [15–17].
To date, amifostione has been found to be the most effective
free radical scavenger [13]. It prevents radiation-induced cell
death and mutagenesis while facilitating the repair of normal
cells [18, 19]. However, its clinical use is a major problem due to
its short half-life in serum [13]. It has been reported that more
than 90% of the drug disappears from the plasma compartment
6 min after intravenous (i.v.) administration [20]. Clearly, new
materials are needed to fight cancer.

13.1.3

Cancer-Related Infections

Cancer patients suffer not only from tumors-blocking organ
function but also an increased susceptibility to infection. The
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link between tumors and inflammation was formed as early as
in the 19th century when scientists realized tumors often occur
at the site of chronic inflammation and biopsied tumor samples
contained inflammatory cells [21, 22]. The link between infection
and cancer is not just related to the formation of tumors, but it is
also a problem encountered during disease progression. During
disease or treatment of cancer, patients are at increased risk
of developing infections [23]. An elevated risk of infectious
complications among cancer patients is due to a patient’s weakened
immune system or complications during surgical resection.
Moreover, some strains of bacteria (such as Pseudomonas aeruginosa
and Staphylococcus epidermidis) are known to be opportunistic
bacteria, meaning that they mostly affect the host whose immune
system has already been compromised. Often, infectious diseases
are an important cause of morbidity and mortality in patients with
cancer; 15–20% of all deaths from cancer worldwide have been
shown to be related to infections and inflammatory responses.
Thus, effective strategies to anticipate, prevent, and manage
infectious complications should be developed; even better are
strategies which can simultaneously use the same approach to
kill both cancer and infection.

13.2

13.2.1

Nanomedicine

Nanoparticle-Based Therapies

Due to their unique optical, electronic, and magnetic properties
at the nanoscale, nanosized materials are attractive for a wide
range of applications, including biological applications [24, 25].
The motivation behind introducing nanoscale materials for
enhanced interactions for biological applications stems from the
similarity between the nanoscale size range of proteins and other
macromolecules with nanoscale materials (Fig. 13.3). Cells and
their constituent organelles lie on the sub-micron to micron
size, whereas proteins and macromolecules found in cells are at
the nanometer scale [26]. Thus, materials at the nanoscale have
become ideal for probing, imaging, diagnostics, drug and gene
delivery, and tissues engineering applications [24].
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Figure 13.3 Schematic of the interaction of nanorough surfaces with
proteins and other macromolecules which may be controlled to enhance
adsorption and/or minimize such interactions due to altered surface
energy [27].

13.2.1.1 Nanoparticle-based therapies in cancer treatment
Nanoparticle-based therapies may be the answer as they have
been utilized to deliver therapeutic agents to a diseased site and
promote the accumulation of therapeutic levels of drugs at the
target site [28]. So far, liposomes (nanoparticles based on solid
lipids), polymeric nanoparticles, and magnetic nanoparticles
have all demonstrated great promise for targeted cancer drug
delivery [29]. Among them, liposomes have been approved for
clinical use due to their colloidal stability and selectivity of drug
accumulation at the tumor site [7, 30]. Such attractive properties
of nanocarriers stem from their ability to extravasate through the
leaky and highly permeable tumor vasculature and accumulate
in the tumor interstitium as demonstrated in Fig. 13.4. The ability
of nanoparticles to extravasate through the inherently leaky and
loosely compacted vasculature to reach the tumor space and stay
there due to the inability of lymphatic drainage in tumors was
shown by Matsuma et al. for the first time in 1986 [31]. Later, a
phenomenon called the enhanced permeability and retention
(EPR) effect was introduced to explain nanoparticle accumulation
in tumors. Various properties of nanoparticles (such as size, shape,

Nanomedicine

surface charge, and their dynamic and continuous interactions
with components of the vasculature) govern their ability to exhibit
the EPR effect [32].

Figure 13.4 Schematic of the extravasation of nanoparticles in the tumor
interstitium. Adapted from [33]. Copyright (2012), with permission from
Elsevier.

With their small size and macromolecule functionalized
surface, nanosized therapeutic agents tend to stay longer in the
blood circulation. The longer they stay in the circulation, the more
likely it is for them to extravasate into the tumor. However, longer
circulation also means that drug can extravasate into the healthy
tissue just at a slower rate [34]. Thus, even though nanoparticle
access into tumor tissue can be increased temporarily due to local
EPR, there is room for improvement for the specific uptake of
these particles by the tumor cells. Many nanoparticles still suffer
from cytotoxicity to healthy cells [35, 36]. For these reasons,
new carriers, which do not possess such healthy cell cytotoxicity
properties, still need to be identified.

13.2.1.2 Nanoparticle-based therapies in bacterial infection

With the emerging need for novel antimicrobial agents, nanoparticles
have been proposed to treat infections as they utilize different
mechanisms for killing bacteria than conventional antibiotics,
making them promising candidates to overcome current issues
faced with antibiotic drug resistant bacteria [37]. To date,
nanoparticles of many different elements (such as zinc [38], copper
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[39], titanium [40], selenium [41], magnesium [42], iron oxide
[43], and silver [44]) have been studied for their antimicrobial
properties. It is important to note that while some of these
metals, such as silver and copper, are inherently antibacterial even
in their bulk form, other materials such as iron oxide [43] only
exhibit antimicrobial properties on the nanoscale [43, 45]. So far,
more than 10 different nanoparticle-based products have been
commercialized for applications in bacterial diagnosis, antibiotic
delivery, and medical device development [46]. However, the longterm effects associated with the use of these nanosized products
are still being questioned; especially, the use of chemistries like
silver, where silver has been shown to be a very effective antibacterial
agent but demonstrates high toxicity to mammalian cells, or iron
oxide, where iron oxide has been very efficient in killing bacteria
only at high concentrations. Thus, developing effective antibacterial
agents at low enough doses with minimal toxicity to mammalian
cells is crucial.

13.2.2

Cerium Oxide: Background and Motivation

13.2.2.1 Introduction
Cerium (Ce) is the most abundant element in the earth’s crust
(at 66.5 ppm) belonging to the lanthanide group in the rare earth
family [47, 48]. The electron configuration of cerium is [Xe] 4f2
6s2, adding distinction among the lanthanides for these partially
filled 4f and 5d orbital electron subshells allowing for potential
excited states. Unlike most of the rare earth elements, which
are usually in a trivalent oxidation state, there are two stable
oxidation states for cerium: +3 and +4 [48, 49]. Due to the relative
ease of switching between these two oxidation states according
to its chemical environment, significant changes may occur in
cerium’s valence structure, which makes it attractive for a number
of applications [50, 51].
In ceria oxides, both oxidation states (III) and (IV) can coexist,
producing a redox couple that is responsible for ceria’s catalytic
activity (Fig. 13.5). This rapid change in oxidation state is a result
of reversible storage and release of oxygen from the lattice [51].
The corresponding number of vacancies, enriched at the surface,

Nanomedicine

compensates for the reduction in positive charge of Ce+3 [52–55].
Previous research has shown that a decrease in the particle size
directly results in an increase in the lattice constant of crystalline
cerium oxide nanoparticles (nanoceria) due to the increase in
oxygen vacancies [49, 56]. At the nanoscale, not only does the
surface-area-to-volume ratio increase (which thus increases oxygen
exchange and redox reactions), but also the migration enthalpy of
the oxygen vacancy in nanoceria decreases [57, 58]. Thus, the
presence of oxygen vacancies, which makes nanoceria an efficient
oxygen buffer, is more likely at the surface of smaller particles.
Particles around 5 nm in diameter with a high surface-to-volume
ratio enable nanoceria to regenerate its catalytic activity; thus,
it acts in an autocatalytic capacity. The oxidation state and the
defect structure of cerium oxide is dynamic and may change
spontaneously or as a response to changing physical parameters
such as temperature, presence of other ions and oxygen partial
pressure [49].

Ce 4+ ions
O 2- ions

Ce 3+ ions
Vacancy created by
release of O 2- ions

Figure 13.5 Crystal structures of Ce2O4 and Ce2O3. Adapted from [56], with
the permission of AIP Publishing.

Due to its abundance and unique chemical properties, cerium
oxide (CeO2) is a technologically important material. So far, it has
been used in a variety of applications, including sensors, membrane
systems, fuel cells, mechanical polishing, ultraviolet absorbent,
and catalysis and more recently in biotechnology, medicine,
and environmental chemistry [48, 49, 59]. In nanocrystalline
solids, a decrease in the particle size leads to an increase in the
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density of interfaces and leads to a reduction in energy for defect
formation. Thus, increased levels of non-stoichiometry and
electronic carrier formation have been observed as the particle
size is reduced [48].
In spite of the wide range of applications in which nanoceria
is being used, the scope of this chapter is restricted to the
biological applications of nanoceria, which have received
relatively less attention. The concepts and principles relevant to
investigating the effectiveness of nanoceria for tissue engineering
applications will be reviewed in the critical literature review
section of this chapter.

13.2.2.2 Reactive Oxygen Species

Reactive oxygen species (ROS) are highly reactive, oxygencontaining molecules which contain either one or more unpaired
electrons as hydroxyl ions (OH–), and superoxide ions (O2–) or
species that can easily be converted into a radical such as hydrogen
peroxide (H2O2) [60–62]. Endogenously, ROS are derived from the
excitation and partial reduction of molecular oxygen and exist in
all aerobic species at low levels in mitochondria [49, 62]. Tightly
regulated ROS are not always harmful byproducts of oxygen
metabolism. There is now growing evidence on how they are
involved in enzymatic reactions and regulate cell proliferation,
cell differentiation, signal transduction, and ion transport [63–65].
ROS can be eliminated by elaborate mechanisms, known as
antioxidant defense mechanisms [16].
Oxidative stress is generated when there is an imbalance
between the generation and the elimination of ROS [66, 67].
Oxidative stress within the cell has damaging effects on DNA,
proteins, lipids, and other cellular components [63, 68, 69].
Accumulation of reactive oxygen species or oxidative stress
is important to the biomedical society as it is associated with
numerous diseases like neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (ALS), insulin resistance, aging and cancer, which cause
over 500,000 deaths per year [65, 68, 70]. ROS accumulation
can drive both the initial development and progression of cancer
since it affects enzymes which normally would combat such
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oxygen radical production [71–73]. Or ROS may interfere with
cytoplasmic and nuclear signal transduction pathways, causing
structural alterations in DNA that can modulate genes related to
cell proliferation, apoptosis and differentiation [69, 74].
Antioxidants, as defined by Halliwell and Gutteridge in 1989,
are “any substance that, when present at low concentrations
compared with that of an oxidizable substrate, significantly delays
or inhibits oxidation of that substrate” [75]. This definition is
collective of enzymatic and non-enzymatic antioxidant compounds.
Antioxidants function in three different mechanisms:
prevention of the formation of ROS scavengers by donating an
electron to free radicals to neutralize them such that these radicals
cannot damage the cells anymore, interception into damaging
species, and repair of the damage [76]. Within the cell, redox
balance is maintained by antioxidant defense system that consists
of common antioxidant molecules like, vitamin C, vitamin E,
glutathione, and antioxidant enzymes like superoxide dismutase,
catalase, and glutathione peroxidase [77]. The duty of this complex
system is to minimize the ROS accumulation while allowing ROS
to perform cell signaling and redox regulation. Synthetic molecules
like amifostine, captopril, and NAD are also studied for their ability
to eliminate ROS. However, there are two main challenges about
them. The first one is the uptake of the molecule by tumor and
the healthy cells. In a tumor microenvironment, passive diffusion
dominates the uptake, which is slow for hydrophilic molecules
like amifostine. Recent studies by Brown et al. showed that
hydrophilic compounds might be useful when designing
radioprotectants [78]. They showed an increase in the therapeutic
gain for 6 hydrophilic thiols compared to lipophilic thiols.
The second issue in the use of the synthetic antioxidants is the
limit that cells can uptake before they become antioxidant.
WR-1065 was tested against several different cancer cell lines.
Concentrations above 25–30 nmol/106 induced toxicity when
not cells were not irradiated. Thus, there are still limitations with
the use of synthetic antioxidants [17].

13.2.2.3 Biological applications of cerium oxide nanoparticles

CeO2 has been shown to be effective in fighting inflammation and
cancer to protecting cells from radiation, and oxidative stress
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associated diseases. The oxygen defect structure on its surface,
alternating oxidation states between +3 to +4, and low reduction
potential between the oxidation states give it a unique property of
modulating reactive oxygen species (ROS) levels [79]. The ability
of cerium oxide switching oxidation is found to be comparable
to that of biological antioxidants [69]. The ratio of Ce+3 to Ce+4
has been shown to determine the biological property that nanoceria
will attain. With a higher +3/+4 ratio, the number of oxygen
vacancies at the particle surface and superoxide dismutase (SOD)
mimetic activity will increase. Thus, it is more effective against
diseases associated with oxidative stress. With a lower +3/+4
ratio, particles exhibit more catalase-like activity and possess
anticancer and antibacterial properties [80]. Thus, cerium
oxide nanoparticles have extensive potential as therapeutic
agents in ROS–mediated diseases, anti-cancer, and anti-inflammatory
applications.
13.2.2.3.1 Nanoceria as ROS modulator

Among various nanoparticles, nanoceria can effectively regulate/
scavenge reactive oxygen/nitrogen species (act like an antioxidant)
including superoxide radicals, hydrogen peroxide, hydroxyl radical,
peroxynitrite, and nitric oxide radicals [81]. As opposed to their
larger counterparts, nanoceria nanoparticles have a large number
of surface defects which are primarily oxygen vacancies [69].
The catalytically active sites of nanoceria are known to be
oxygen defects at the surface of the particles and/or delocalized
electron density at the surface of the nanoparticles. The presence
of these vacancies is responsible for the change in the local
electronic stability and the valance state of the particles.
Nanoceria’s unique ability to switch its oxidation states between
+3 (reduced) to +4 (oxidized) based on environmental conditions
makes it a desirable material in biomedical science, especially
for antioxidant applications. Studies have shown that the crystal
structure of cerium oxide nanoparticles consists of cerium atoms
in the +4 oxidation state, but as the particle size is reduced, O2
vacancies are formed on the surface of the particles, which then
results in higher levels of cerium atoms in the +3 oxidation state
(CeO2–x) [82].
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In recent studies, nanoceria has been reported to mimic
naturally existing enzymes such as superoxide dismutase,
converting superoxide to H2O2 and catalase, converting H2O2 to
water and antioxidants as glutathione, and uric acid [47, 83–85].
Thus, it is a good candidate as a potent artificial antioxidant. The
essence of the antioxidant behavior of these nanoparticles and the
underlying mechanism behind the antioxidant behavior have been
attributed to the ability of the nanoparticles to modulate its valance
states, and the coexistence of valence states of Ce+3 and Ce+4 on the
surface under the right redox environment [13, 69, 83, 84, 86]. In a
recent study performed by Pirmohamed et al., nanoceria’s activity
was shown to be changing in a redox-state–dependent manner
[82]. Cerium atoms in the +4 state exhibit significant catalase
mimetic activity, and less SOD mimetic activity [59]. These findings
were supported by Li et al. when they observed that particles
greater than 5 nm in diameter had a negligible ratio of Ce+3/Ce+4;
thus, they did not exhibit minimal superoxide dismutase mimetic
activity [87]. In another study performed by Asati et al., the
antioxidant property of nanoceria was shown to be dependent on
pH and it was suggested that nanoceria acts like an anti-oxidant
at physiological pH values and like a pro-oxidant at acidic pH
values [86]. There is also growing evidence on how acidic pH
promotes SOD mimetic activity of nanoceria while inhibiting
its catalase mimetic activity (resulting in increased accumulation
of H2O2) [71, 85]. Due to the array of different ideas, whether
nanoceria is an anti- or pro-oxidant, some groups suggest them
as free radical modulators instead of free radical scavengers [85].
Ceria nanoparticles potentially have superior properties (such
as amifostine) compared to conventionally used antioxidants.
One major problem with the use of current antioxidants is their
short circulation time (in the order of minutes) in which
macromolecule coated nanoceria may be able to overcome [13].
It has been shown by a few groups that surface coatings do not
alter nanoceria’s antioxidant properties [72, 88]. The defective
surface of nanoceria (i.e., oxygen vacancies) may act as chemical
spin-traps, or compounds that have the ability to stabilize or
trap free radicals, in a similar manner to conventionally used
antioxidant molecules. The significance of nanoceria is dependent
on its size as it can offer many spin-trap sites per particle,
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whereas conventionally used antioxidant molecules can only
offer one active site per molecule. Additionally, these defects on
the surface of the particles have the potential for regeneration
in which an autoregenerative reaction cycle (Ce3+  Ce4+  Ce3+)
continues on the surface of the particles. Thus, unlike currently
used antioxidants, the use of nanoceria as an antioxidant does not
require repetitive dosage. This regenerative property of nanoceria
makes it a great candidate as a potent antioxidant [13, 49, 89].
The following set of reactions was proposed by Chen et al. to
elucidate the radical scavenging mechanism of nanoceria [49].
Ce3  Ce4 + e

Ce3 + OH  Ce4 + OH
Ce4 + O2  Ce3 + O2


A detailed study was performed by Chen et al. to evaluate
the ability of nanoceria in scavenging reactive oxygen intermediates
(ROI) within retinal neurons both during in vitro cell culture
systems and in vivo albino rat light-damage models [49].
Photoreceptor cells have the highest rate of oxygen metabolism
and are continuously exposed to the detrimental effects of oxidative
stress (i.e., damage to cells and cellular components exerted
by exposure to highly unstable small molecules) [90, 91]. In every
kind of blindness, the concentration of ROIs rises chronically
or acutely and initiates cell death pathways [92]. The ability of
nanoceria particles to protect retinal neurons in culture was
tested initially. A 5 nM nanoceria treatment was found to be
enough to have fewer apoptotic retinal cells compared to nontreated retinal cells. For a further demonstration of the protective
effects of nanoceria, ROI-induced apoptosis that occurs in retinal
neurons when exposed to exogenously added H2O2 was also
prevented when cells were treated with nanoceria. Under the
same conditions, nanoceria was also shown to prevent the
intracellular accumulation of ROIs.
13.2.2.3.2 Nanoceria treatment against growth of tumor cells

Nanoparticles of different kinds have been extensively studied as
cancer treatment agents or drug-carrying molecules due to their
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unique physiological, optical, and magnetic properties to increase
the efficacy of treatment and to reduce the side effects of the
treatment [93–95]. There is now growing evidence on how reactive
oxygen species are associated with the initial development and
progression of cancer [70, 96, 97]. Since nanoceria’s efficacy on
modulating ROS levels has been shown by many different groups,
subsequently, its efficacy has also been tested against cancer cells.
So far, cerium oxide nanoparticles have been tested against many
different cancer cell lines, including bone, ovarian, pancreas,
bone, and lung cancer cells [85, 98–100].
The cytotoxic effect of 20 nm cerium oxide nanoparticles
was evaluated using human broncoalveolar carcinoma–derived
cell line (A549) by Lin et al. [99]. A549 cells were treated with
3.5 μg/mL, 10.5 μg/mL, and 23.3 μg/mL cerium oxide nanoparticles
up to 3 days in culture. A decrease in the cell viability, even at
the lowest concentration, was observed. The decrease in viability
was further enhanced with an increase in the ceria particle
concentration. It was reported that the ceria particles induce
significant oxidative stress, revealed by increased ROS and
reduced glutathione levels. In fact, after the first day of the treatment,
cell viability was found to be strongly correlated with oxidative
stress levels. Results showed that cell viability was dependent
to the dose of the particles and the incubation time.
Cytotoxicity of an agent against a cancer cell is a very common
way to analyze its anti-cancer efficacy, but it is not the only way
to determine, and definitely not enough, for analysis to make a
solid conclusion. Abnormal angiogenesis (that is, formation of
new blood vessels), is required for the growth and metastasis
of solid tumors [101]. Before a tumor grows beyond 1–2 mm
in size, it requires blood vessels for the transportation of nutrients
and oxygen [102, 103]. Vascular endothelial growth factor
(VEGF) is one of the most important pro-angiogenic factors, which
acts as a mitogen for vascular endothelial cells in vitro, and as
an angiogenic factor in vivo. Levels of VEGF within the cell is
indicative of tumor progression [104].
A very detailed study on nanoceria’s anti-cancer properties
was performed by Giri et al. [100]; 3–5 nm individual crystallites,
which were loosely aggregated to 15–25 nm cerium oxide
nanoparticles, were used to test their anti-cancer efficacy in vitro
and in vivo against ovarian cancer cells. Three different ovarian
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cancer cell lines were used in this study (A2780, SKOV3, and C200)
to assess the proliferation of ovarian cancer cells when treated
with cerium oxide nanoparticles between 25 μM to 200 μM doses.
Three days after the treatment, viability of the cells was assessed.
Results showed that the particles did not inhibit the growth of
ovarian cancer cell lines in vitro after 3 days of treatment. Even
though the particles were found to be ineffective in vitro against
ovarian cancer cells, it was found that they inhibited all growth
factor–mediated cell migration.
Even though there was not any significant reduction in cell
viability in vitro, in vivo studies performed in a A 2780 ovarian
carcinoma cell line bearing mouse model demonstrated that
there was a significant reduction in tumor growth, and attenuation
of metastatic nodule size and numbers in the lung.
13.2.2.3.3 Nanoceria as antibacterial agent

While its effects on mammalian cells have been explored,
relatively few studies have investigated nanoceria’s interactions
with bacteria. Among these studies, some have concluded that
nanoceria particles display no apparent antibacterial activity
[105, 106]. However, results from other research groups have not
been as clear. For example, Thill et al. investigated the impact of
7 nm nanoceria particles dispersed in water on Gram-negative
bacterium Escherichia coli (E. coli) [107] and suggested that cerium
oxide nanoparticles, which are positively charged at physiological
pH values, showed an electrostatic affinity towards the negatively
charged outer membrane of bacteria, thereby increasing the rate
of particle attachment onto the cell surface. The main conclusion
that can be drawn from their study is that direct spatial contact
has to be made in order to provoke a cytotoxic effect of cerium oxide
nanoparticles against E. coli.
Differences in the reported antibacterial activity of nanoceria
can be ascribed to many factors such as materials used during
synthesis, size, media in which the ceria was contained, and
surface chemistry of the particles. In a study performed by
Pelletier et al., a broad range of parameters, such as concentration
(50–150 μg/mL), size (6–45 nm), exposure time, growth
medium, and pH were varied to test the growth and viability of
E. coli, Bacillus subtilis (B. subtilis) and Shewanella oneidensis
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(S. oneidensis) [108]. Results showed a size-dependent inhibition
of E. coli and B. subtilis, whereas S. oneidensis appeared to be
unaffected by the presence of the particles at all concentrations
tested. The growth inhibition of E. coli decreased as the sample
size increased, but an adverse effect was observed for B. subtilis.
Growth inhibition increased with a decrease in size of the particle.
Interactions of E. coli and 15 nm cerium oxide nanoparticles
were observed under TEM and a general stress response was
observed in Gram-negative E. coli cells.
Most of the studies assessing the antibacterial activity of
nanoceria particles have used uncoated particles [108–110]. Even
though some reports claimed enhanced antibacterial activity with
increasing nanoparticle concentrations, some reports suggested
that this toxicity was due to the aggregation of unstabilized
particles and some suggested that uncoated particles interacted
more with the rich culture medium, thus, exhibit less antibacterial
activity due to their coated counterparts [111]. In a study by
Cuahtecontzi-Delint et al., the antibacterial activity of 100 nm
ceria nanoparticles was enhanced by the addition of non-ionic
surfactants [112]. Wang et al. performed a study that compared
the antibacterial activity of dextran and polyacrylate coated
nanoceria against P. aeruginosa. Ceria particles coated with dextran
had a higher ability to inhibit bacteria growth, mainly due to the
smaller size of the particles [113]. Similarly, in Shah et al.’s study,
2–4 nm dextran-coated cerium oxide nanoparticles showed
enhanced antibacterial properties against E. coli [114].
Contrasting antibacterial responses may not only be caused
by differences in treatment conditions, but also by differences in
bacteria strain [115]. Importantly, variations in the thickness and
constituents of the cell wall in Gram-positive and Gram-negative
bacteria lead to different membrane structure, surface charge
density, and metabolic processes. These structural variations may
also cause differences in responses to the same treatment. For
instance, Pelletier et al. showed that nanoceria was able to inhibit
the growth of E. coli and B. subtilis, but not S. oneidensis, due to
the fact that S. oneidensis is a metal-reducing bacterium [108].
Thus, the authors postulated that S. onedensis may be inherently
more resistant to metal oxide nanoparticles than bacteria without
this ability.
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Overall, while reports on nanoceria’s antibacterial activity
have been mixed, those studies which have shown antibacterial
activity emphasize the importance of the culturing conditions.
Further, the mechanism for its bacteria toxicity was shown to be
dependent on whether ceria can be internalized by cells or not.
For non-internalized ceria, where direct contact of the particle
and cell membrane occurs, toxicity was found to be associated
with ROS generation [116], membrane disruption [117], or
interference with nutrient transport functions. In contrast, when
ceria was internalized with lysosomal injury [118], oxidative
stress [99] was proposed to be the only mechanism of action [119].
13.2.2.3.4 Radiation protection by nanoceria

Nanoceria has been also utilized to scavenge the ROS generated
during a widely used treatment method of cancer, radiation
therapy (RT) [13, 85, 89]. Ionizing radiation is being used in RT to
induce the radiolysis of water molecules and then generates ROS
as superoxide and hydroxyl radicals [120–122]. Colon et al. utilized
3–5 nm ceria particles to provide protection against radiation
damage in vitro (normal lung fibroblasts) and in vivo (athymic
nude mice). Their findings suggest that nanoceria may be an
effective radioprotectant for healthy cells which still are in close
proximity of cancer cells [89]. Tarnuzzer et al. also assessed
nanoceria against radiation damage with breast carcinoma
(MCF-7) and a normal breast epithelial (CRL8798) cell line. Both
cell lines showed 40–50% decrease in viability when irradiated
with 10 Gy radiation. However, 10 nM nanoceria with particle
sizes around 3–5 nm and pretreatment for 24 h protected
almost 100% of CRL8798, whereas it did not show any significant
protection to MCF-7 cells [13]. Even though nanoceria was taken
up at the same rate by cancer and healthy cells, the differences in
pH and the physiological differences between cancer and healthy
cells may be a reason for the different response to nanoceria
treatment. The relaxed chromatin structure of tumor cells exposes
more bases in comparison to healthy cells [123]. Thus, the same
amount of particles can protect more sites for healthy cells and
fewer sites for cancer cells.
In Wason et al.’s study, nanoceria was utilized as a radiation
sensitizer in order to reduce the side effects of RT [85]. The (O2).
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To further enhance this knowledge, Wason et al. studied the role
of oxidation state (Ce3+ versus Ce4+) on the activity change of
the particles. RT further enhanced the SOD mimetic activity in
the acidic microenvironment by possibly inducing a switch
between +4 to +3. The results were supported by O22– + CeO2–x
(Ce3+) + 2H+  H2O2 + CeO2 (Ce4+). These promising results
on sensitizing pancreas cancer cells to RT while protecting
the surrounding healthy cells from the toxic side effects of RT can
be further studied in other types of cancer.
In summary, ROS that has detrimental effects on living
organisms can be generated in many different ways endogenously
as oxygen metabolism or exogenously as ionizing radiation,
UV-light, etc. With its unique chemical properties and minimal
toxicity to healthy cells, vacancy-engineered nanoceria has
proven to be an efficient ROS modulator. To date, nanoceria’s
antioxidant properties have shown to be dependent on many
factors, but mainly on its oxidation state, and pH of the
environment. At acidic pH values, nanoceria favors the scavenging of
superoxide radical, whereas at neutral pH values, it can scavenge
both superoxide radical and H2O2. Additionally, Ce+3 has higher
activity on scavenging superoxide radical; on the contrary, Ce+4
is much more active in scavenging H2O2. Now that there is such
a control over nanoceria’s ROS-modulating capacity, its efficacy
should be further analyzed for diseases generated by other
causes which eventually leads to the accumulation of ROS such
as in Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, etc.
13.2.2.3.5 Size and surface coating effects on nanoceria’s biological
functions

To date, nanoceria has been engineered at different size ranges
and with different surface coatings to be utilized in several
different applications, including high-performance catalysis.
Previous studies show that nanoceria with a sub-5 nm particle
size has inherent superoxide-scavenging ability due to its higher
Ce+3/Ce+4 ratio (Fig. 13.6).
To prevent the agglomeration of any kind of nanoparticle,
a surface coating is essential. In the case of nanoceria, a coating
is essential to also stabilize oxygen vacancies [86]. It has been
reported that nanoceria particles greater than 3 nm cannot
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maintain a high Ce+3/Ce+4 ratio under ambient conditions in
comparison to bulk ceria [87]. Without a surface coating, even
sub-5 nm ceria particles would lose their inherent SOD mimetic
activity due to Ce+3 oxidation.
Several different macromolecules used for surface functionalization of cerium oxide nanoparticles include polyethylene
glycol, dextran, and poly(acrylic acid) [86, 88, 113, 124, 125].
Among these, a dextran and poly(acrylic acid) coating was shown
to not affect the redox properties of the particles. To date, particles
with the smallest size (2–4 nm) could be synthesized with a
dextran coating.

Figure 13.6 Defective nanoceria scavenging superoxide radical after
electron transfer. Republished with permission of John Wiley and Sons Inc,
from [87]; permission conveyed through Copyright Clearance Center, Inc.

Dextran-coated ceria nanoparticles can be synthesized
according to a modified protocol published from Perez et al. in
0.1 M dextran T-10 (Pharmacosmos, Holback, Denmark)
concentrations [88]. Briefly, 1 mL of an aqueous solution of
1 M cerium nitrate (Sigma Aldrich, St Louis, MO) and 2 mL of
0.1 M dextran can be mixed and the prepared solutions added
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dropwise to 6 mL of a 30% ammonium hydroxide (Sigma Aldrich,
St. Louis, MO) solution while stirring for 24 h at 25°C. Upon
the addition of the precursor into ammonium hydroxide, the
solution will turn light yellow. With the formation of stabilized
dextran-coated cerium oxide nanoparticles, the solution becomes
dark brown. After 24 h, particles can be centrifuged at 4000 rpm
for 30 min to remove any debris and any large agglomerates
as well as unattached dextran. The final nanoparticle solution
can be stored in a refrigerator at 4°C (Fig. 13.7).
The role of serum in the cell culture media on particle
stability has been investigated here by measuring the particle
size by DLS at different fetal bovine serum (FBS) concentrations
(Fig. 13.8b). These experiments were performed because it is
anticipated that the proteins and the other macromolecules
in cell culture media might actively adsorb on the surface of the
nanoparticle. The results demonstrated that nanoparticle sizes
in various amounts of FBS were larger than their non-serum–
containing samples. As indicated in the literature, it was assumed
here that the change in diameter of the nanoparticles can be
explained by the formation of a protein corona around the
particles, although this would need to be the focus of future
studies [126, 127]. Thus, while many research claim biological
functions of nanoparticles based on size, it is critical to consider
the proteins that adsorb to such nanoparticles and how that
further influences their behavior.
Furthermore, studies have shown that the pH of the culture
media has a large influence on the ability of nanoceria to kill
bone cancer cells and not kill healthy bone cells (Table 13.1).
Such an ability to turn off and turn on the ability of nanoceria to
kill cancer cells is extremely promising for numerous cancer
applications.
Table 13.1 IC-50 values of osteosarcoma cells at pH 6, 7, and 9 and healthy
osteoblast cells at pH 6 and pH 7 after 3 and 5 days of nanoparticle
treatment
Osteosarcoma

Days

pH 9

3

>1000 μg/mL 1000 μg/mL

5

>250 μg/mL

pH 7

>250 μg/mL

Osteoblast

pH 6

pH 6

pH 7

>50 μg/mL

ND

>1000 μg/mL

100 μg/mL

>500 μg/mL >1000 μg/mL
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b 100
Diameter (nm)

a

20 nm

c 100
Diameter (nm)
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80
60
40
20
0
0

1

2.5

5

% FBS Concentration

d

10

80

pH

Zeta Potential
(mV)

Standard
Deviation

60

9 (O S)

6.32

±1.59

40
20
0

pH 6

pH 7

7 (O S)

0.58

±2.2

6 (O S) 1

16.68

±3.98

6 (O B) 2

17.52

±9.67

pH 9

Figure 13.8 (a) TEM micrograph of 0.1 M dextran-coated nanoparticles
(DCN), (b) Size of DCN in DMEM media supplemented with (0, 1, 2.5, 5,
10%) FBS and 1% P/S, (c) Size of DCN in the presence of osteosarcoma
culture media (DMEM supplemented with 10% FBS 1% P/S) at different
pH values, and (d) Zeta potential of DCN at different pH values.1 denotes
that particles were dispersed in osteosarcoma (OS) media,2 denotes that
particles were dispersed in osteoblast (OB) media.

Clearly, the factors related with cytotoxicity are cellular uptake
and sub-cellular localization of the ceria nanoparticles. This
localization depends on the surface charge of the nanoparticles,
charge of the cellular membrane (negatively charged) and pH of
the cellular organelles such as lysosomes (which are acidic) and
cytoplasma (which is at a neutral pH in normal cells) [86, 128, 129].
Due to the negative charge of the cell membrane, highly
positively charged nanoparticles will attack the cell membrane
intensively through electrostatic interactions. Due to this possible
interaction, zeta potential studies have been performed on
nanoceria. The zeta potential of the 0.1 M dextran-coated ceria
nanoparticles was measured at 0.58 mV with a deviation of
±2.27 mV at physiological pH values. At pH 9, in osteosarcoma
media, the zeta potential was measured at 6.32. At acidic pH
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values (pH 6), the zeta potential of the particles increased up to
17 mV, both in osteosarcoma and osteoblast media. The highly
positive surface charge of the particles at pH 6 may enhance the
cellular uptake of the nanoparticles compared to other pH values
(Fig. 13.9). In addition to the change in surface charge, a change
in size was also observed in a pH-dependent manner. Since
the particles were smaller in diameter at pH 6, their cellular
uptake may be easier than their larger counterparts at pH 7 and
pH 9, although this remains to be studied.
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Figure 13.9 Schematic of cerium oxide nanoparticle interactions with
the tumor microenvironment with changing pH.

Lastly, these dextran-coated nanoceria particles also can
kill bacteria without using antibiotics (Fig. 13.10). In an acidic
environment ( pH = 6), the exponential growth of the control
group (bacteria cultured in pH 6 conditions) started after 4 h.
The S. epidermidis growth rate and lag phase was similar when
treated with 250 μg/mL compared to controls (Fig. 13.10a).
Even though bacteria growth started after the 11th hour when
treated at 500 μg/mL, a 7 h delay in comparison to controls,
S. epidermidis growth (A) was significantly lower through 24 h due
to the nanoceria treatment.

0
0
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The alkaline environment affected the growth of S. epidermidis.
The exponential growth of S. epidermidis started after 8 h when
bacteria were cultured in pH 9 media. Even though a significant
reduction was not observed in the growth rate, the lag phase
shifted for another 9 h when treated with 250 μg/mL (Fig. 13.10b).
Figure 13.10b also denotes that no bacteria growth was
observed with the 500 μg/mL nanoceria treatment within 24 h.
All treatments were compared to an untreated control grown in
pH 9 conditions.

ď

Figure 13.10 Bacterial growth inhibition and growth rate ( m) and lag
phase (l) comparison. Proliferation of 106 CFU/mL of Gram-positive
bacteria S. epidermidis (a, b) was measured over 24 h in the presence
of different concentrations of cerium oxide nanoparticles at pH 6
(a) and at pH 9 (b). Values represent the mean ±SEM, N = 3. Corresponding
Gompertz model curve fitting parameters of bacteria in every condition
was calculated. Values represent the mean ±SEM, N = 3 and *p < 0.05
compared to the untreated control.
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Figure 13.11 LIVE/DEAD staining and TEM imaging. The proliferation
and morphology of a 106 CFU/mL culture of Gram-negative bacteria
P. aeruginosa (a and b) and Gram-positive bacteria S. epidermidis (c) as
visualized after 6 h at pH 9 both with and without nanoceria treatment.
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Further evaluation of the bacteria morphology revealed
additional proof of the novel properties of nanoceria. In Fig. 13.11,
the proliferation and the morphology of P. aeruginosa (Fig. 13.11a)
and S. epidermidis (Fig. 13.11c) were visualized under confocal
microscopy after 6 h of culture with nanoceria and compared
with non-treated control groups. While a reduction in the cell
number was observed for S. epidermidis when treated with
nanoceria at pH 9, both a reduction in cell number and drastic
morphological changes were observed for P. aeruginosa. The ratio
of live to dead cells did not change after nanoceria treatment
of S. epidermidis, which implies that nanoceria has a bacteriostatic
effect rather than a bactericidal effect.
On the other hand, P. aeruginosa treated with nanoceria
showed an increase in number of dead cells as well as in cell
length compared to the control (bacteria cultured in a pH 9
environment) after 6 h. This phenomenon is also known as
filamentation, which is a marker of cellular stress observed mostly
in Gram-negative cells [130].
TEM analysis of P. aeruginosa was also performed at pH 6 in
order to see whether nanoceria caused any morphological
changes when treated with ceria at pH 6. No morphological change
was observed in Gram-negative Pseudomonas with nanoceria
treatment at pH 6.
In this study, the idea was to enhance the antibacterial
activity of nanoceria by altering the pH of the local environment
(i.e., ion balance), thus changing the catalytic activity of the
particles (Fig. 13.12). A simple experimental approach was
employed to compare the antibacterial activities of nanoceria at
different pH values. As expected, bacteria growth decreased with
increasing nanoparticle concentrations. Particles at pH 9 delayed
the lag phase and reduced the total amount of bacteria for both
strains more than particles at pH 6 with a reasonable presumption
that once electrostatic interactions govern the proximity of
particles to cells, nanoceria elevated bacteria ROS levels leading
to their death. Different growth curves were observed between
Gram-positive and Gram-negative bacteria. For both of the pH
values, pH 6 and pH 9, Gram-positive bacteria S. epidermidis
showed a longer delay in bacterial growth compared to the
control group and P. aeruginosa growth curves under the same
conditions. This study, thus, showed that ceria nanoparticles
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possess outstanding antibacterial efficacy at basic pH values (i.e.,
pH 9), especially for S. epidermidis, indicating that they can be
integrated with an approach to locally increase pH to reduce
bacterial infection, with or without a medical device.
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Figure 13.12 Interaction between positively and negatively charged
nanoceria particles and a positively charged bacteria membrane.

Based on the aforementioned previous reports on nanoceria’s
biological activity, it is clear that nanoceria can be engineered
to have certain biological properties simulating those of
chemotherapeutics and antibiotics.

13.3

Conclusions

This chapter introduces a new nanochemistry to the field of cancer
and infection prevention: ceria. It describes the role that the
local environment in which colloidal cerium oxide nanoparticles
are suspended in has an effect on tuning its physiochemical
properties (e.g., particle size, surface charge, colloidal stability,
optical properties) to selectively kill cells. Subsequently these
changes in physiochemical properties translate into variations in
their biological activity that leaves us room to engineer them to be
better tumor targeting molecules, anti-microbial agents, or antioxidants.
The most noticeable remarks of this chapter are as follows:

• Dextran-coated sub-5 nm cerium oxide nanoparticles
can be synthesized successfully by simple alkaline-based
precipitation method. The amount of dextran has an impact

Conclusions

•

•

•

•

•

on the size, shape, and toxicity of the particles. Particles
coated with 0.1 M dextran were smaller in size and in
spherical in shape compared to particles with 0.01 M
dextran coating.
Physiochemical properties of particles like particle size
and surface charge were analyzed in cell culture media and
shown to be dependent on pH and the ingredients of the
solution in which the particles were dispersed. When
particles were dispersed in cell culture media and the pH
was adjusted to pH 6, particles attained a surface charge
of 16.68 mV and their colloidal diameter was 28.78 nm.
On the contrary, the particles had a surface charge of
–8.75 ± 4.17 mV and were 24.5 nm in diameter when
dispersed in bacteria culture media at pH 6. A similar trend
was observed for particles at pH 9. In mammalian cell
culture media, particle size was found to be 50.24 nm and
the surface charge was 6.32 mV versus in bacteria
culture media surface charge was 11.76 ± 3.54 mV and
hydrodynamic radius was 15.5 nm.
Particles delivered in pH 6 cell culture media were
more effective in killing cancerous osteosarcoma cells in
comparison to particles delivered at pH 7 and pH 9. The fact
that particles at pH 6 had stronger electrostatic interactions
with the negatively charged cancer cell membrane could
dictate the mechanism of action.
Nanoceria delivered at pH 6 was selectively toxic to
cancerous cells as they showed minimal toxicity to healthy
osteoblast cells under the same conditions. ROS generation
results were in agreement with the viability results.
When both cell lines were treated at pH 6, elevated
ROS generation was observed in osteosarcoma cells in
comparison to osteoblast cells.
Under basic conditions, particles were much more efficient
in prohibiting the bacterial growth due to their smaller
hydrodynamic diameter and positively charged surfaces in
bacteria culture media at pH 9.
At pH 9, reduction in the cell number of S. epidermidis
was observed while keeping the ratio of live to dead
cells constant with treatment. This implies that nanoceria
has a bacteriostatic effect rather than bactericidal.
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P. aeruginosa had both reduction in cell number and
immense morphological changes known as filamentation
when treated with nanoceria at pH 9.

In summary, this chapter signifies that biological activities
of ceria nanoparticles can be engineered by tuning their
physiological properties, and among all nanoparticles, cerium
oxide nanoparticles have a lot of potential to be used in biological
systems.

Abbreviations
ALS:
Ce:
CeO2:
DCN:
ECM:
EPR:
FBS:
H2O2:
OB:
OS:
ROI:
ROS:
RT:
SOD:
VEGF:

amyotrophic lateral sclerosis
cerium
cerium oxide
dextran-coated nanoparticles
extra cellular matrix
enhanced permeability and retention
fetal bovine serum
hydrogen peroxide
osteoblast
osteosarcoma
reactive oxygen intermediates
reactive oxygen species
radiation therapy
superoxide dismutase
vascular endothelial growth factor

Disclosures and Conflict of Interest

The authors would like to thank Northeastern University for
funding and have no other disclosures.

Corresponding Author

Prof. Dr. Thomas J. Webster
Department of Chemical Engineering
313 Snell Engineering Center, Northeastern University
360 Huntington Ave, Boston, MA 02115, USA
Email: th.webster@neu.edu

References

References
1. Hanahan, D., Weinberg, R. A. (2011). Hallmarks of cancer: The next
generation. Cell, 144, 646–674.

2. Tjalsma, H., Boleij, A., Marchesi, J. R., Dutilh, B. E. (2012). A bacterial
driver–passenger model for colorectal cancer: Beyond the usual
suspects. Nat. Rev. Microbiol., 10, 575–582.

3. Loeb, L. A., Loeb, K. R., Anderson, J. P. (2003). Multiple mutations
and cancer. Proc. Natl. Acad. Sci. U. S. A., 100, 776–781.

4. Koontongkaew, S. (2013). The tumor microenvironment contribution
to development, growth, invasion and metastasis of head and neck
squamous cell carcinomas. J. Cancer, 4, 66–83.

5. Tlsty, T. D., Coussens, L. M. (2006). Tumor stroma and regulation
of cancer development. Annu. Rev. Pathol. Mech. Dis. 1, 119–150.

6. Siegel, R. L., Miller, K. D., Jemal, A. (2015). Cancer statistics, 2015.
CA Cancer J. Clin., 65, 5–29.

7. Chertok, B., et al. (2008). Iron oxide nanoparticles as a drug
delivery vehicle for MRI monitored magnetic targeting of brain
tumors. Biomaterials, 29, 487–496.

8. Riehemann, K., et al. (2009). Nanomedicine—challenge and
perspectives. Angew. Chem. Int. Ed., 48, 872–897 (2009).

9. Andresen, T. L., Jensen, S. S., Jørgensen, K. (2005). Advanced
strategies in liposomal cancer therapy: Problems and prospects
of active and tumor specific drug release. Prog. Lipid Res., 44, 68–97.

10. Goodwin, S., Peterson, C., Hoh, C., Bittner, C. (1999). Targeting
and retention of magnetic targeted carriers (MTCs) enhancing
intra-arterial chemotherapy. J. Magn. Magn. Mater., 194, 132–139.

11. Haag, R. (2004). Supramolecular drug-delivery systems based
on polymeric core–shell architectures. Angew. Chem. Int. Ed., 43,
278–282.
12. Malik, N., Evagorou, E. G., Duncan, R. (1999). Dendrimer-platinate:
A novel approach to cancer chemotherapy. Anti-cancer Drugs, 10,
767–776.
13. Tarnuzzer, R. W., Colon, J., Patil, S., Seal, S. (2005). Vacancy engineered
ceria nanostructures for protection from radiation-induced
cellular damage. Nano Lett., 5, 2573–2577.

14. Lee, S. Y., et al. (2017). Induction of metastasis, cancer stem cell
phenotype, and oncogenic metabolism in cancer cells by ionizing
radiation. Mol. Cancer, 16, 10.

505

506

Cerium Oxide Nanoparticles as a Novel Reactive Oxygen Modulating Nanodrug

15. Fernández-Gil, B., et al. (2017). Melatonin protects rats from
radiotherapy-induced small intestine toxicity. PLoS One, 12,
e0174474.
16. Lobo, V., Patil, A., Phatak, A., Chandra, N. (2010). Free radicals,
antioxidants and functional foods: Impact on human health.
Pharmacogn. Rev., 4, 118.

17. Okunieff, P., et al. (2008). Antioxidants reduce consequences of
radiation exposure. Adv. Exp. Med. Biol., 614, 165–178 (2008).

18. Fu, P., Murley, J. S., Grdina, D. J., Birukova, A. A., Birukov, K. G. (2011).
Induction of cellular antioxidant defense by amifostine improves
ventilator induced lung injury. Crit. Care Med., 39, 2711.
19. Grdina, D. J., Murley, J. S., Kataoka, Y. (2002). Radioprotectants: Current
status and new directions. Oncology, 63, 2–10.

20. Van der Vijgh, W., Korst, A. (1996). Amifostine (Ethyol®):
Pharmacokinetic and pharmacodynamic effects in vivo. Eur. J.
Cancer, 32, S26–S30.

21. Mantovani, A., Allavena, P., Sica, A., Balkwill, F. (2008). Cancer-related
inflammation. Nature, 454, 436.

22. Balkwill, F., Mantovani, A. (2001). Inflammation and cancer: Back to
Virchow? Lancet, 357, 539–545.

23. Segal, B. H., et al. (2008). Prevention and treatment of cancerrelated infections. J. Natl. Compr. Cancer Netw., 6, 122–174.

24. Jain, P. K., El-Sayed, I. H., El-Sayed, M. A. (2007). Au nanoparticles
target cancer. Nano Today, 2, 18–29.

25. Whitesides, G. M. (2003). The ’right’ size in nanobiotechnology.
Nat. Biotechnol., 21, 1161–1165.
26. Salata, O. V. (2004). Applications of nanoparticles in biology and
medicine. J. Nanobiotechnol., 2, 3.

27. Webster, T. J. (2013). In: Nanotek-2013, OMICS International,
Nanotek Expo.

28. Barua, S., Mitragotri, S. (2014). Challenges associated with penetration
of nanoparticles across cell and tissue barriers: A review of
current status and future prospects. Nano Today, 9, 223–243.

29. Wilczewska, A. Z., Niemirowicz, K., Markiewicz, K. H., Car, H. (2012).
Nanoparticles as drug delivery systems. Pharmacol. Rep., 64,
1020–1037.
30. Wang, A. Z., Langer, R., Farokhzad, O. C. (2012). Nanoparticle delivery
of cancer drugs. Annu. Rev. Med., 63, 185–198.

References

31. Matsumura, Y., Maeda, H. (1986). A new concept for macromolecular
therapeutics in cancer chemotherapy: Mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer
Res., 46, 6387–6392.

32. Palakurthi, S., Yellepeddi, V. K., Vangara, K. K. (2012). Recent trends
in cancer drug resistance reversal strategies using nanoparticles.
Expert Opin. Drug Deliv., 9, 287–301.

33. Brigger, I., Dubernet, C., Couvreur, P. (2012). Nanoparticles in
cancer therapy and diagnosis. Adv. Drug Deliv. Rev., 64, 24–36.

34. Nakamura, Y., Mochida, A., Choyke, P. L., Kobayashi, H. (2016).
Nanodrug delivery: Is the enhanced permeability and retention
effect sufficient for curing cancer? Bioconjugate Chem., 27,
2225–2238.
35. Ahamed, M., AlSalhi, M. S., Siddiqui, M. (2010). Silver nanoparticle
applications and human health. Clin. Chim. Acta, 411, 1841–1848.

36. Prabhu, B. M., Ali, S. F., Murdock, R. C., Hussain, S. M., Srivatsan,
M. (2010). Copper nanoparticles exert size and concentration
dependent toxicity on somatosensory neurons of rat. Nanotoxicology,
4, 150–160.

37. Seil, J. T., Webster, T. J. (2012). Antimicrobial applications of
nanotechnology: Methods and literature. Int. J. Nanomed., 7, 2767.

38. Raghupathi, K. R., Koodali, R. T., Manna, A. C. (2011). Size-dependent
bacterial growth inhibition and mechanism of antibacterial activity
of zinc oxide nanoparticles. Langmuir, 27, 4020–4028.
39. Hajipour, M. J., et al. (2012). Antibacterial properties of nanoparticles.
Trends Biotechnol., 30, 499–511.

40. Tran, N., et al. (2010). Bactericidal effect of iron oxide nanoparticles
on Staphylococcus aureus. Int. J. Nanomed., 5, 277.

41. Tran, P. A., Webster, T. J. (2013). Antimicrobial selenium nanoparticle
coatings on polymeric medical devices. Nanotechnology, 24, 155101.

42. Jin, T., He, Y. (2011). Antibacterial activities of magnesium oxide
(MgO) nanoparticles against foodborne pathogens. J. Nanopart. Res.,
13, 6877–6885.

43. Arakha, M., et al. (2015). Antimicrobial activity of iron oxide
nanoparticle upon modulation of nanoparticle-bacteria interface.
Sci. Rep., 5, 14813.

44. Geilich, B. M., et al. (2015). Silver nanoparticle-embedded polymersome
nanocarriers for the treatment of antibiotic-resistant infections.
Nanoscale, 7, 3511–3519.

507

508

Cerium Oxide Nanoparticles as a Novel Reactive Oxygen Modulating Nanodrug

45. Thomas, S., Grohens, Y., Ninan, N. (2015). Nanotechnology Applications
for Tissue Engineering (William Andrew), Elsevier, Amsterdam,
pp. 89–101.

46. Zhu, X., Radovic-Moreno, A. F., Wu, J., Langer, R., Shi, J. (2014).
Nanomedicine in the management of microbial infection: Overview
and perspectives. Nano Today, 9, 478–498.

47. Heckert, E. G., Karakoti, A. S., Seal, S., Self, W. T. (2008). The role of
cerium redox state in the SOD mimetic activity of nanoceria.
Biomaterials, 29, 2705–2709.

48. Sun, C., Li, H., Chen, L. (2012). Nanostructured ceria-based materials:
Synthesis, properties, and applications. Energy Environ. Sci., 5,
8475–8505.

49. Chen, J., Patil, S., Seal, S., McGinnis, J. F. (2006). Rare earth nanoparticles
prevent retinal degeneration induced by intracellular peroxides.
Nat. Nanotechnol., 1, 142.

50. Balint, A., Mesaros, A., Mirea, L., Bogdan, V., Perju-Dumbrava, L.
(2014). In: International Conference on Advancements of Medicine
and Health Care through Technology, Springer, pp. 317–320.

51. Melchionna, M., Fornasiero, P. (2014). The role of ceria-based
nanostructured materials in energy applications. Mater. Today, 17,
349–357.

52. Barkam, S., et al. (2015). The change in antioxidant properties
of dextran‐coated redox active nanoparticles due to synergetic
photoreduction–oxidation. Chemistry, 21, 12646–12656.

53. Celardo, I., et al. (2011). Ce3+ ions determine redox-dependent
anti-apoptotic effect of cerium oxide nanoparticles. ACS Nano, 5,
4537–4549.

54. Celardo, I., Pedersen, J. Z., Traversa, E., Ghibelli, L. (2011).
Pharmacological potential of cerium oxide nanoparticles. Nanoscale,
3, 1411–1420.

55. Lawrence, N. J., et al. (2011). Defect engineering in cubic cerium
oxide nanostructures for catalytic oxidation. Nano Lett., 11,
2666–2671.

56. Deshpande, S., Patil, S., Kuchibhatla, S. V., Seal, S. (2005). Size
dependency variation in lattice parameter and valency states in
nanocrystalline cerium oxide. Appl. Phys. Lett., 87, 133113.

57. Conesa, J. (1995). Computer modeling of surfaces and defects on
cerium dioxide. Surf. Sci., 339, 337–352.

References

58. Kosacki, I., Suzuki, T., Anderson, H. U., Colomban, P. (2002). Raman
scattering and lattice defects in nanocrystalline CeO2 thin films.
Solid State Ionics, 149, 99–105.

59. Neal, C. J., Das, S., Saraf, S., Tetard, L., Seal, S. (2015). Self-assembly
of PEG‐coated ceria nanoparticles shows dependence on PEG
molecular weight and ageing. ChemPlusChem, 80, 1680–1690.

60. Bayr, H. (2005). Reactive oxygen species. Crit. Care Med., 33,
S498–S501.
61. Degli Esposti, M. (2002). Measuring mitochondrial reactive oxygen
species. Methods, 26, 335–340.

62. Murphy, M. P. (2009). How mitochondria produce reactive oxygen
species. Biochem. J., 417, 1–13.

63. Aguirre, J., Ríos-Momberg, M., Hewitt, D., Hansberg, W. (2005).
Reactive oxygen species and development in microbial eukaryotes.
Trends Microbiol., 13, 111–118.

64. Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M., Sheu, S.-S.
(2004). Calcium, ATP, and ROS: A mitochondrial love-hate triangle.
Am. J. Physiol. Cell Physiol., 287, C817–C833.

65. Uttara, B., Singh, A. V., Zamboni, P., Mahajan, R. (2009). Oxidative
stress and neurodegenerative diseases: A review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol.,
7, 65–74.

66. Reuter, S., Gupta, S. C., Chaturvedi, M. M., Aggarwal, B. B. (2010).
Oxidative stress, inflammation, and cancer: How are they linked?
Free Radical Biol. Med., 49, 1603–1616.
67. Sosa, V., et al. (2013). Oxidative stress and cancer: An overview.
Ageing Res. Rev., 12, 376–390.

68. Barnham, K. J., Masters, C. L., Bush, A. I. (2004). Neurodegenerative
diseases and oxidative stress. Nat. Rev. Drug Discov., 3, 205–214.

69. Karakoti, A., et al. (2008). Nanoceria as antioxidant: Synthesis and
biomedical applications. JOM, 60, 33–37.
70. Waris, G., Ahsan, H. (2006). Reactive oxygen species: Role in the
development of cancer and various chronic conditions. J. Carcinog.,
5, 14.

71. Alili, L., et al. (2011). Combined cytotoxic and anti-invasive properties
of redox-active nanoparticles in tumor–stroma interactions.
Biomaterials, 32, 2918–2929.
72. Gao, Y., Chen, K., Ma, J.-l., Gao, F. (2014). Cerium oxide nanoparticles
in cancer. Onco Targets Ther., 7, 835–840.

509

510

Cerium Oxide Nanoparticles as a Novel Reactive Oxygen Modulating Nanodrug

73. Liou, G.-Y., Storz, P. (2010). Reactive oxygen species in cancer.
Free Radical Res., 44, 479–496.

74. Wason, M. S., Zhao, J. (2013). Cerium oxide nanoparticles:
Potential applications for cancer and other diseases. Am. J. Transl.
Res., 5, 126–131.
75. Halliwell, B., Gutteridge, J. M. (2015). Free Radicals in Biology
and Medicine, Oxford University Press, Oxford, England.

76. Sies, H. (1997). Oxidative stress: Oxidants and antioxidants.
Exp. Physiol., 82, 291–295.

77. Poljsak, B., Šuput, D., Milisav, I. (2013). Achieving the balance
between ROS and antioxidants: When to use the synthetic
antioxidants. Oxid. Med. Cell. Longevity, 2013, 956792.

78. Brown, D. Q., Yuhas, J. M., Mackenzie, L. J., Graham, W. J., Pittock,
J. W. (1984). Differential radioprotection of normal tissues by
hydrophilic chemical protectors. Int. J. Radiat. Oncol. Biol. Phys., 10,
1581–1584.

79. Das, S., et al. (2013). Cerium oxide nanoparticles: Applications
and prospects in nanomedicine. Nanomedicine, 8, 1483–1508.

80. Gupta, A., Das, S., Neal, C. J., Seal, S. (2016). Controlling the surface
chemistry of cerium oxide nanoparticles for biological applications.
J. Mater. Chem. B, 4, 3195–3202.
81. Das, S., et al. (2014). Therapeutic potential of nanoceria in
regenerative medicine. MRS Bull., 39, 976–983.

82. Pirmohamed, T., et al. (2010). Nanoceria exhibit redox statedependent catalase mimetic activity. Chem. Commun., 46, 2736–2738.

83. Korsvik, C., Patil, S., Seal, S., Self, W. T. (2007). Superoxide dismutase
mimetic properties exhibited by vacancy engineered ceria
nanoparticles. Chem. Commun., 1056–1058.

84. Saraf, S., et al. (2014). Understanding the adsorption interface of
polyelectrolyte coating on redox active nanoparticles using soft
particle electrokinetics and its biological activity. ACS Appl. Mater.
Interfaces, 6, 5472–5482.
85. Wason, M. S., et al. (2013). Sensitization of pancreatic cancer cells
to radiation by cerium oxide nanoparticle-induced ROS production.
Nanomedicine, 9, 558–569.

86. Asati, A., Santra, S., Kaittanis, C., Nath, S., Perez, J. M. (2009). Oxidaselike activity of polymer-coated cerium oxide nanoparticles. Angew.
Chem. Int. Ed., 48, 2308–2312.

References

87. Li, Y., et al. (2015). Acquired superoxide-scavenging ability of
ceria nanoparticles. Angew. Chem. Int. Ed., 54, 1832–1835.

88. Perez, J. M., Asati, A., Nath, S., Kaittanis, C. (2008). Synthesis of
biocompatible dextran‐coated nanoceria with pH‐dependent
antioxidant properties. Small, 4, 552–556.
89. Colon, J., et al. (2009). Protection from radiation-induced pneumonitis
using cerium oxide nanoparticles. Nanomedicine, 5, 225–231.

90. van Reyk, D. M., Gillies, M. C., Davies, M. J. (2003). The retina:
Oxidative stress and diabetes. Redox Rep., 8, 187–192.

91. Voaden, M., Marshall, J., Oraedu, A. (1981). The biochemistry of
photoreceptor cells. In: Zauberman, H., ed. Proceedings of the
Conference on Subretinal Space, Springer, pp. 107–117.

92. Punzo, C., Xiong, W., Cepko, C. L. (2012). Loss of daylight vision
in retinal degeneration: Are oxidative stress and metabolic
dysregulation to blame? J. Biol. Chem., 287, 1642–1648.

93. Brannon-Peppas, L., Blanchette, J. O. (2012). Nanoparticle and targeted
systems for cancer therapy. Adv. Drug Deliv. Rev., 64, 206–212.

94. Malam, Y., Loizidou, M., Seifalian, A. M. (2009). Liposomes and
nanoparticles: Nanosized vehicles for drug delivery in cancer.
Trends Pharmacol. Sci., 30, 592–599.
95. Win, K. Y., Feng, S.-S. (2005). Effects of particle size and surface
coating on cellular uptake of polymeric nanoparticles for oral
delivery of anticancer drugs. Biomaterials, 26, 2713–2722.

96. Storz, P. (2005). Reactive oxygen species in tumor progression.
Front. Biosci., 10, 1881–1896.

97. Wiseman, H., Halliwell, B. (1996). Damage to DNA by reactive oxygen
and nitrogen species: Role in inflammatory disease and progression
to cancer. Biochem. J., 313, 17.
98. Alpaslan, E., Yazici, H., Golshan, N. H., Ziemer, K. S., Webster,
T. J. (2015). pH-dependent activity of dextran-coated cerium
oxide nanoparticles on prohibiting osteosarcoma cell proliferation.
ACS Biomater. Sci. Eng., 1, 1096–1103.

99. Lin, W., Huang, Y.-W., Zhou, X.-D., Ma, Y. (2006). Toxicity of cerium
oxide nanoparticles in human lung cancer cells. Int. J. Toxicol., 25,
451–457.

100. Giri, S., et al. (2013). Nanoceria: A rare-earth nanoparticle as a novel
anti-angiogenic therapeutic agent in ovarian cancer. PLoS One, 8,
e54578.

511

512

Cerium Oxide Nanoparticles as a Novel Reactive Oxygen Modulating Nanodrug

101. Carmeliet, P., Jain, R. K. (2000). Angiogenesis in cancer and other
diseases. Nature, 407, 249.

102. Mukherjee, S., Patra, C. R. (2016). Therapeutic application of antiangiogenic nanomaterials in cancers. Nanoscale, 8, 12444–12470.

103. Carmeliet, P. (2005). VEGF as a key mediator of angiogenesis in
cancer. Oncology, 69, 4–10.

104. Roskoski, R. (2007). Vascular endothelial growth factor (VEGF)
signaling in tumor progression. Crit. Rev. Oncol. Hematol., 62,
179–213.

105. Hoecke, K. V., et al. (2009). Fate and effects of CeO2 nanoparticles
in aquatic ecotoxicity tests. Environ. Sci. Technol., 43, 4537–4546.

106. Masadeh, M. M., et al. (2015). Cerium oxide and iron oxide nanoparticles
abolish the antibacterial activity of ciprofloxacin against gram
positive and gram negative biofilm bacteria. Cytotechnology, 67,
427–435.

107. Thill, A., et al. (2006). Cytotoxicity of CeO2 nanoparticles for Escherichia
coli. Physico-chemical insight of the cytotoxicity mechanism.
Environ. Sci. Technol., 40, 6151–6156.
108. Pelletier, D. A., et al. (2010). Effects of engineered cerium oxide
nanoparticles on bacterial growth and viability. Appl. Environ.
Microbiol., 76, 7981–7989.

109. Zhang, H., et al. (2011). Nano-CeO2 exhibits adverse effects at
environmental relevant concentrations. Environ. Sci. Technol., 45,
3725–3730.

110. Zholobak, N. M., Ivanov, V. K., Shcherbakov, A. B. (2016). In:
Grumezescu, A., ed. Nanobiomaterials in Antimicrobial Therapy:
Applications of Nanobiomaterials, Vol. 6, edn. 4. Elsevier, Oxford,
England, p. 576.
111. Berg, J. M., Romoser, A., Banerjee, N., Zebda, R., Sayes, C. M. (2009).
The relationship between pH and zeta potential of ~30 nm metal
oxide nanoparticle suspensions relevant to in vitro toxicological
evaluations. Nanotoxicology, 3, 276–283.

112. Cuahtecontzi-Delint, R., et al. (2013). Enhanced antibacterial
activity of CeO2 nanoparticles by surfactants. Int. J. Chem. Reactor
Eng., 11, 781–785.

113. Wang, Q., Perez, J. M., Webster, T. J. (2013). Inhibited growth of
Pseudomonas aeruginosa by dextran-and polyacrylic acid-coated
ceria nanoparticles. Int. J. Nanomed., 8, 3395–3399.

References

114. Shah, V., et al. (2012). Antibacterial activity of polymer coated
cerium oxide nanoparticles. PLoS One, 7, e47827.

115. Babu, K. S., et al. (2014). Cytotoxicity and antibacterial activity of
gold-supported cerium oxide nanoparticles. Int. J. Nanomed., 9, 5515.

116. Zeyons, O., et al. (2009). Direct and indirect CeO2 nanoparticles
toxicity for Escherichia coli and Synechocystis. Nanotoxicology,
3, 284–295.

117. Rogers, N. J., et al. (2010). Physico-chemical behaviour and algal
toxicity of nanoparticulate CeO2 in freshwater. Environ. Chem., 7,
50–60.
118. Lin, S., et al. (2014). Aspect ratio plays a role in the hazard potential
of CeO2 nanoparticles in mouse lung and zebrafish gastrointestinal
tract. ACS Nano, 8, 4450–4464.

119. Pulido-Reyes, G., et al. (2015). Untangling the biological effects
of cerium oxide nanoparticles: The role of surface valence states.
Sci. Rep., 5, 15613.

120. Azzam, E. I., Jay-Gerin, J.-P., Pain, D. (2012). Ionizing radiation-induced
metabolic oxidative stress and prolonged cell injury. Cancer Lett.,
327, 48–60.
121. Riley, P. (1994). Free radicals in biology: Oxidative stress and the
effects of ionizing radiation. Int. J. Radiat. Biol., 65, 27–33.

122. Wallace, S. S. (1998). Enzymatic processing of radiation-induced
free radical damage in DNA. Radiat. Res., 150, S60–S79.

123. Ropero, S., Esteller, M. (2007). The role of histone deacetylases
(HDACs) in human cancer. Mol. Oncol., 1, 19–25.
124. Karakoti, A. S., et al. (2009). PEGylated nanoceria as radical scavenger
with tunable redox chemistry. J. Am. Chem. Soc., 131, 14144–14145.

125. Dai, W.-W., et al. (2017). Improving endothelialization by the
combined application of polyethylene glycol coated cerium oxide
nanoparticles and VEGF in electrospun polyurethane scaffolds.
J. Mater. Chem. B, 5, 1053–1061.
126. Ould-Moussa, N., et al. (2014). In vitro toxicity of nanoceria: Effect
of coating and stability in biofluids. Nanotoxicology, 8, 799–811.

127. Safi, M., Courtois, J., Seigneuret, M., Conjeaud, H., Berret, J.-F. (2011).
The effects of aggregation and protein corona on the cellular
internalization of iron oxide nanoparticles. Biomaterials, 32,
9353–9363.

513

514

Cerium Oxide Nanoparticles as a Novel Reactive Oxygen Modulating Nanodrug

128. Asati, A., Santra, S., Kaittanis, C., Perez, J. M. (2010). Surface-chargedependent cell localization and cytotoxicity of cerium oxide
nanoparticles. ACS Nano 4, 5321–5331.

129. Patil, S., Sandberg, A., Heckert, E., Self, W., Seal, S. (2007). Protein
adsorption and cellular uptake of cerium oxide nanoparticles as a
function of zeta potential. Biomaterials, 28, 4600–4607.

130. Lee, W., Kim, K.-J., Lee, D. G. (2014). A novel mechanism for the
antibacterial effect of silver nanoparticles on Escherichia coli.
Biometals, 27, 1191–1201.

Chapter 14

Artificial Nanomachines and
Nanorobotics
Alexandre Loukanov, PhD, DSc,a,b Hristo Gagov, PhD,c and
Seiichiro Nakabayashi, PhDa
aDivision

of Strategic Research and Development,
Graduate School of Science and Engineering, Saitama University, Japan
bLaboratory of Engineering NanoBiotechnology,
University of Mining and Geology “St. Ivan Rilski,” Sofia, Bulgaria
cFaculty of Biology, Sofia University “St. Kliment Ohridski,” Sofia, Bulgaria

Keywords: artificial nanomachines, nanorobotics engineering, bionanorobotics, biomimetic nanorobots, nanomechanical nubots, shape-shifting
nanorobot, nanorobotic arm, light-powered nanoconverter, nanoimpellers, microswimmers, nanotweezer, nanogears, nanowalkers, nanovehicles,
nanovalves, nanodevice, synthetic nanomotors, molecular components,
nanoscale manipulation, personalized nanomedicine, nuclein, DNA origami, electromechanical actuators, ultrasound-powered nanowire motors,
sperm-powered biohybrid microrobots, molecular machine

14.1

Introduction

The engineering and fabrication of nanomachines and
nanorobots is an emerging and fascinating field of the advanced
nanotechnology [1]. These tiny nanodevices attracted great
attention due to their unprecedented features, functions and
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capabilities to perform diverse tasks with enormous potential
application in the field of nanomedicine and health care (medical
diagnosis, drug delivery, chemotherapy, noninvasive precision
surgery) as well as environmental remediation, detoxification,
etc. [2–4]. Both nanomachines and nanorobots are with overall
dimension below or at the micrometer range (from 0.01 µm to
10 µm); however, they are made of assemblies constructed by
individual nanoscale components (nanoparticles subject to
quantum effects, biomolecules, synthetic polymers or molecular
components, etc.) [5]. In the case of biomedical applications, the
nanodevices must be constructed from non-toxic biocompatible
materials that degrade and disappear in the body upon completion
of their mission [3, 6]. In numerous scientific reports the terms
nanomachine and nanorobot are often used as synonyms for
nanoelectromechanical devices, but there is a difference between
them with respect to the functions and degree of autonomy in
their performance [7]. Nanomachines are designed to perform a
predetermined actuator task. They must pursue a set goal and may
just repeat one task, without consideration of the environmental
surroundings. On the other hand, nanorobots are a more specific
class of nanodevices that need to be reprogrammable; thus, they
have a degree of autonomy and can switch their program during
performance of various activities [8]. Besides the components for
programmed function and execution of diverse tasks, nanorobots
also require a biosensing element for molecular recognition of
the target; e.g., identification and destruction of metastatic or
malignant tumor cells in the early stages of cancer development,
as illustrated in Fig. 14.1. The precise interaction with molecular
objects and their manipulation at the nanoscale level (a process
known as molecular manufacturing) hold considerable promise
for nanomachines and nanorobots for enhancing the treatment of a
wide variety of diseases. The application also includes repair
of damaged tissues, unblocking of arteries affected by plaques,
construction and recovery of body organs, etc. [9, 10], which is
a revolutionary progress of personalized medicine. Nowadays
the number of patented clinical trials based on the advanced
hybrid nanomaterials or nanodevices has significantly increased
particularly for cancer treatment, biosensor technology, and tissue
engineering.

Figure 14.1 Nanorobot with embedded biomaterial for molecular recognition, which allows the detection of tumor cells in the
early stages of cancer development, metastatic cells, precision interaction, and manipulation with nanoscale resolution.
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14.2

Biologically Inspired Molecular
Nanomotors

Molecular motors are nanometer-sized devices based on proteins,
DNA, supramolecular self-assemblies, etc., which are involved in
a wide range of physiological processes and are often described
as the workhorses of the living cell [11]. These nanoscale devices
are capable of converting energy (chemical, light, electrical,
thermal) into mechanical movement and typically generate
force in the piconewton range [12, 13]. In an effort to study and
manipulate the complex operations of natural molecular motors,
researchers have designed and created corresponding synthetic
analogues. There are two general approaches for the designing of
molecular nanomotors [14]. The first one is inspired by the existing
classical mechanical machines in the macroscopic world and
their scaling down to nanosize. For example, nanocars, molecular
elevators, molecular wheelbarrows, molecular pistons, etc., were
designed and synthesized to imitate the macroscopic machines at
molecular level [15]. The second, approach, known as biomimetic,
is to design synthetic nanomotor based on the concepts
already established in nanotechnology, molecular biology and
bioengineering. Its efficient design requires generation of sufficient
forces to power the nanomotor and precise control of the produced
motion. DNA-based self-assemblies are ideal building blocks for the
creation of artificial nanomotors with mechanical functions,
including nanotweezers, nanogears, motors, and nanowalkers
as shown in Fig. 14.2.
The above DNA nanomotors require two basic energy sources
to power their motion: hydrolysis (cleavage) of the phosphodiester
DNA backbone or ATP, and DNA hybridization (formation of
base-pairing hydrogen bonds) [16]. Directional movement has also
been demonstrated by using photoexcitation [17] or sequential
addition of chemical reagents [18]. However, if single chain
molecules are attached to magnetic nanoparticles, they can
be manipulated by applying an external magnetic field [19].
Figure 14.3 shows the design of DNA nanomotor that can be
fueled by an oscillating magnetic field gradient. Therefore, the

Biologically Inspired Molecular Nanomotors

implementation of magnetic force as an alternative energy source
for the nanomotors is of great interest.

Figure 14.2 Schematic illustrations of artificial nanomotors based on DNA.
(A) The open nanotweezer is formed by three DNA strands. (B) Rolling
process of gears with generation of twisting motion. (C) Autonomous
mechanical motor powered by enzyme and chemical fuel. (D) Free-running
linear motor powered by nicking enzyme.

Another mechanism to power rotary or molecular nanomotors
is by inducing pulses from acid–base oscillations [20]. The motion
is achieved by the change in relative binding affinity of the
macrocycles on the circular or linear tracks, which is controlled
by switching of the basic and acidic pH of the media. The use
of pulses is operationally simple and effective and can function
in a wide range of artificial rotary and linear nanomotors.
The combination of nanomotor with electromechanical actuators
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and an incorporated biosensor element is a novel platform for
inventing the next generation of advanced nanomachines and
nanorobotics.

Figure 14.3 Concept of magnetically driven nanomotor. It consists of
immobilized on glass surface DNA hairpins that are conjugated on the
opposite side on magnetic iron oxide nanoparticle. The hairpins can
be opened by applying an external magnetic field perpendicular to the
glass. After magnet removal, the oligonucleotides are subsequently
returned back to the initial state of hybridization. In order to visualize
the motion, the hairpins are labeled with fluorescein (FAM) and dabcyl
(DAB).

Artificially Fabricated Nanomachines

14.3

Artificially Fabricated Nanomachines

Nanomechanical machines designed to store, deliver, and release
payload from their reservoirs in response to intentionally caused
stimuli have been the subject of intensive investigation. It is not
necessary for these nanomachines to be physically connected
to an external energy supply, but their components must be
powered in order to achieve the programmed task. There are
several routes toward power generation on nanoscale, including
random vibration, temperature gradients, enzymes, ultrasonic
waves, etc., but the working design of common nanomachines
is engineered on two basic principles: photo- or magnetic
activation. Figure 14.4 shows examples of light-induced operation
of nanoimplellers (Fig. 14.4A) and magnetic-guidance and
exploitation of nanovehicles (Fig. 14.4B).
A light-activated switch to turn DNA nanomachine on and off
is developed in response to UV and visible light [23]. In short, a
DNA fragment with hairpin structure has two arms and at the
end of each arm an azobenzene group is integrated. Under
VIS-irradiation the azobenzene group adopts the trans isomer
allowing the photoswitch interlock of the base-pairs (the
nanomachine is turned off). When UV-irradiation is applied the
azobenzene group switch to cis isomer and the strands come
apart (the nanomachine is turn on). This clever mechanism is
used for the design of another light-powered nanomachine built
from hairpin DNA with an incorporated aptamer, semiconductive
hematite (α-Fe2O3) magnetic nanoparticles, and carbon nanodots
(C-dots). Figure 14.5A shows a TEM image of anticancer lightpowered nanomachine for the diagnosis and therapy of malignant
breast cancer. The design includes a nanoconverter as an energy
conversion engine, chemically conjugated to a photon-fueled
oligonucleotide with an incorporated aptamer (Fig. 14.5B). The
nanoconverter is made of hematite quantum dots coated with
C-dots. It converts the near infrared irradiation into chemical
energy as reactive oxygen species [24], which are highly toxic
to the cancer cells because it induces endonuclease-mediated
DNA fragmentation (Fig. 14.5C).
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Figure 14.4 Artificial nanomachines with photo and magnetic operation mechanism. (A) Light-activated nanoimpeller.
When illumination with specific wavelength and intensity is directed at the nanoimpeller its dynamic wagging motion increases,
then the light mechanism takes effect and the content is released. If nanovalves are introduced to the design of nanoimpeller [21],
the drug remains inside during the motion and can be released only in response to pH changes (for example inside the malignant
tumor but not in the healthy tissue). (B) Magnetic nanovehicles. The magnetic shell structure can be expanded in the presence
of heat or light and loaded with the drugs. In the body the nanovehicles are guided by an external magnetic field to the target
area [22]. Once they reach this area, the nanomachine is activated again to expand and release the payload.
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Figure 14.5 Anticancer nanomachine designed from nucleotide aptamer and light-powered nanoconverter. (A) Transmission
electron microscopy (TEM) image of the nanomachine, scale bar = 10 nm. (B) Schematic illustration. (C) Mechanism of operation
and inducing of DNA fragmentation.
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14.4

First-Generation Nanorobots with
Autonomy Locomotion

The design of a nanorobot requires an autonomy swimming
and navigation strategy for overcoming the low Reynolds
number viscous drag and Brownian motion. Various types
nanorobots have been developed based on a few distinct
propulsion mechanisms, which typically rely on chemically
powered nanomotors (converting the supplied fuels to motion)
or externally powered nanomotors (harvesting magnetic,
ultrasound, optical, and thermal energy). These propulsion
mechanisms have led to the engineering of numerous nanorobotic
prototypes (Fig. 14.6), including magnetically actuated
microswimmers (Fig. 14.6A), fuel-powered tubular microrockets
(Fig. 14.6B), ultrasound-powered nanowire motors (Fig. 14.6C)
and sperm-powered biohybrid microrobots (Fig. 14.6D).

Figure 14.6 Typical actuation mechanisms of nanorobotic designs:
(A) magnetic actuation (magnetically actuated helical microswimmer),
(B) chemical propulsion (tubular microrockets), (C) acoustic propulsion
(acoustically propelled nanowire motor for biodetoxification), and (D)
biological propulsion (biologically propelled sperm hybrid microrobots).

Nubots

The chemically powered nanomotors can propel themselves
by using reactions for the generation of local concentration
gradients, gas bubbles, and electrical potential [25]. Magnetic
microswimmers reproduce the motions of natural microorganisms
through the use of magnetic actuation [9]. The propulsion
mechanism of acoustic nanorobots is due to their use of asymmetric
steady streaming to produce a finite motion speed along the
axis of symmetry of the nanodevice and perpendicular to
the oscillation direction. Synthetic nanomachines might be
integrated with motile microorganism to build hybrid, biologically
powered nanorobots [26]. The coupling of diverse biological
functions of the cell membrane proteins with the propulsion
of the nanorobot results in the innovation of biomimetic
nanorobots with novel and attractive capabilities, including
binding to pathogen microorganisms and their removal from
the body, extraction of toxins from the media and its
detoxification. These characteristics provide capabilities for
performing other tasks such as cell separation, noninvasive
surgery, targeted drug delivery, nanoscale imaging, environmental
remediation, etc.

14.5

Nubots

Nubots are nanorobots designed from nucleic acids [27].
They can be activated by small molecules, proteins, or other DNA
oligonucleotides. The nubots can perform such challenging and
precise tasks as cargo delivery vehicles, imaging probes, cutting
the blood supply for cancerous tumors, etc. [28]. An autonomous
nanobot functionalized with DNA aptamer that binds nuclein has
been programmed to transport in its inner cavity cargo thrombin
(blood coagulation protease) to the tumor cells, as shown in
Fig. 14.7.
It has been demonstrated that intravenously injected nubots
in the tumor-bearing mouse model induce intravascular
thrombosis and inhibition of tumor growth. In another design,
the nubot has been able to use its nanorobotic arm for the precise
positioning of nanoobjects or generation of molecular forces [29].
The scientific advancement associated with DNA origami and
nubot engineering as well as nanofabrication technology offers a
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wide spectrum of hybrid nanomechanical nubots functionalized
with organic and inorganic nanomaterials.

Figure 14.7 Schematic illustration of the design of thrombin-loaded nubot.
(A) Thrombin is loaded on the surface of DNA origami by hybridization
and formation of thrombin-loaded tubular nubot (step 1). (B) The ends
of the nubot are functionalized with DNA aptamer for targeting of cancer.
In the presence of nuclein (specifically expressed protein on tumorassociated endothelial cells), the hollow-tube shaped nubot opens the
encapsulated thrombin and induces blood coagulation in the blood vessel
(step 2). Cutting of cancer’s blood supply (arterial embolization) causes
tumor cell necrosis.

14.6

Shape-Shifting Nanorobot

An amoeba-like shape-changing nanorobot has been developed
[30] consisting of assembled biomolecules and nanomotors,

Bionanorobotics

such as proteins and nucleic acid. It might act as a programmable
and controllable nanorobot for the treatment of single cells or
monitoring of environmental pollution. Its construction was
designed by the integration of biologically inspired nanomotors
into an artificial cell membrane as a body (vesicle), an actuator,
and an actuator-controlling nanodevice (clutch). The nanorobot
transmits the force generated by the nanomotor to the membrane
and the shape-changing function is in response to specific DNA
signals (Fig. 14.8).
When the clutch is engaged, the nanorobot exhibits continuous
shape change. If the clutch is disengaged (after illumination with
light), the shape-changing behavior is terminated. Thus, the
components are consistently integrated into a functional system.
This is the first generation of nanorobot that recognizes signals
and controls its shape-changing function. It can provide a platform
to build more complex and functional nanorobotics system with
controlled motility.

14.7

Bionanorobotics

Biologically inspired nanorobots are known as bionanorobots.
This is another research field for the development of nanorobotics
by creation of artificial biological systems—both engineered
viruses and bacteria. These so-called microbiological bionanorobots
are able to implement a dozen or so important functions with
medical application in oncology. The engineered viruses are used
in experimental genetic therapies as devices for the transportation
of anticancer drugs, salts, nucleic acids, and other molecules;
repairing damage; and replicating DNA [31]. The oncolytic viruses
that are highly specific against cancer cells open new medical
approaches in antitumor therapies. The engineered bacteria are
able to avoid potential immune response, to manufacture cellular
biomolecules and to produce anticancer proteins that can shrink
tumors. The nanorobotics bacteria are capable of navigating
through the bloodstream and thus targeting the tumor cells
throughout the body.
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Figure 14.8 Overall schema of amoeba-like molecular nanorobot in inactive (spherical, clutch-OFF) and active (non-spherical, clutchON) states.
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14.8

Future Perspectives

It is possible in the future, these artificial nanomachines and
nanorobots will essentially patrol the circulatory system of the
human body and will contribute to the progress of personalized
medical care. They could also be used for the early detection of
specific chemicals or toxins in the environment and thus may
significantly improve the quality of life.
Imagine that 10 years ago microscopic nanomachines and
nanorobots were still science fiction and research dream. Nowadays,
these artificial nanodevices are real [32] and demonstrate the
great power of nanoenginering for the manipulation of molecular
machines [33], drug delivery and cancer targeting in the body,
even surgery at the single-cell level [34]. It is possible in the future
these artificial nanomachines and nanorobots will essentially
patrol the circulatory system of the human body and will contribute
to the progress of the personalized medical care. They could
also be used for early detection of specific chemicals or toxins in
the environment and thus may significantly improve the quality
of life. No doubt that we have already stepped on the threshold
of the future nanomedicine.
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15.1

Introduction

The development of tiny nanomotors able to precisely perform
complex surgical operations inside a patient, to administrate
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drugs directly in the diseased tissue, or to analyze the number
of pathogenic agents with astonishing accuracy is no longer a
science fiction tale. Since the inspiring lecture of Prof. Feynman in
1959 about the unlimited possibilities within the nanoscale [1],
scientists of many different fields have joined forces in order to
develop novel technologies capable of observing matter in atomic
scale, to manipulate atoms or molecules with extraordinary
precision and to assembly nanometric objects into autonomous
nanomachines. A nanomotor should be composed of at least
two principal parts: an engine and a work unit. The engine is
responsible for the production of kinetic energy from a certain
potential energy source such as chemical energy, radiations,
or magnetic fields, among others. This engine provides motion
capacity to the nanodevice. The work unit should be able to
recognize a signal, which can be a biomolecule, and then—to
provide a controlled response such as radiation emission—open or
close valves or to provoke a directional change in the translational
motion of the device (Fig. 15.1). The principles which govern
the fabrication of macroscopic machines are not valid for the
construction of nanometric ones. Locomotion in an environment
with a low Reynolds number is strongly affected by Brownian
motion and, therefore, the physical principles which rule
the nanomotor’s behavior in this scale should be taken into
account [2–4]. There are different strategies available for achieving
locomotion at the nanoscale depending on the fuel or energy
employed. Nanomotors powered by chemical reactions usually
create reagents/products or electrical gradients which propel
the systems by self-diffusiophoresis [5] or self-electrophoresis
[6] mechanisms or produce oxygen bubbles which propel the
nanodevice in a similar way to a conventional rocket [7, 8]. Magnetic
fields have also been employed for the propulsion of nanomotors.
In this case, helical or exhibit fast locomotion when they are
exposed to rapid changes in the magnetic field orientation which
mimics bacterial flagella [9, 10]. The exposure of the material
surface of a nanomotor to certain light wavelengths catalyzes
reactions producing chemical gradients which can be used as
propulsion force. Thus, TiO2 [11] or AgCl nanoparticles have shown
excellent locomotion capacities under UV exposure, being able to

Introduction

destroy pollutants or bacteria at the same time [12]. Finally, the
use of ultrasounds (US) for propelling nanomotors has provided
an interesting alternative in order to guide them to specific
locations, even within living organisms, due to the capacity to
focus these mechanical waves with high precision [13].

Figure 15.1 Principles of nanomotor for sensing: engine and sensors.

Despite the fascinating nature of these tiny motors, which are
able to move from one point to another, only locomotion capacity
is not quite useful, being necessary to provide to the motors the
capacity to carry out useful tasks such as drug release, biomolecule
sensing, or precise nanosurgery, among others. In recent years,
nanomotor scientists have struggled with the unique properties
of the nanoscale in order to engineer smart systems capable of
performing complex tasks such as capturing and transporting
nanometric cargoes, releasing therapeutic agents, removing
pollutants, carrying out delicate surgeries, or capturing and
analyzing important biomolecules, among others [14]. The
earliest nanomotors were designed in order to capture polymeric
nanoparticles by electrostatic interactions or by the formation
of biotin–streptavidin bridges, as a proof of concept of the
ability to transport cargo to different locations [15]. Later, the
capacity to transport and release nanoparticles was applied
for the transportation of drug loaded nanocarriers in order to
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lead them close to the diseased cells. As a few examples of drug
delivery applications, Wang et al. have described a magnetically
propelled nanowire able to transport polymeric nanoparticles,
loaded with a potent cytotoxic compound, doxorubicin (Dox), or
iron encapsulated liposomes. These nanomotors navigated into
a microfluidic channel controlled by an external magnetic field
and were able to release the cargo on demand [16]. The control
of the performance of these nanowires is so precise that it was
even possible to release the transported nanoparticle in the
surroundings of tumoral cells, which could be useful for the future
application of these nanomachines in the fight against complex
diseases, such as cancer [17]. Engineered polymeric tubular
microrockets have shown capacity to release Dox into tumoral
cells under ultrasounds application [18]. Water detoxification is
another interesting task which can be addressed with nanomotors.
The motile behavior of these systems enables the achievement of
a homogeneous distribution in the contaminated area, as well as
allowing the motors to be driven to the desired place. Moreover,
motor motion facilitates the pollutants capture improving their
efficacy, in comparison with static systems [19]. The possibility
of precisely controlling the motion of these nanometric machines
has opened a new way to perform delicate surgeries in order to
minimize the side damages caused by surgery and to accelerate
the patient recovery. Thus, Pane et al. have developed micromotors
able to navigate within the eye, perform intraocular surgery, and
even deliver drugs in the zone [20]. Clinical diagnosis is one of
the fields that have benefited most from the use of nanomotors,
receiving great attention in recent years. The use of self-propelled
nanodevices capable of capturing “on-the fly” specific analytes
from complex samples such as blood or urine, and to deliver
them into clean detection spots, allows the detection of important
biomolecules without tedious purification steps, and without
the need to concentrate the sample. Thus, these self-propelled
nanomotors can carry out three analytical steps at once: capture,
isolation, and detection, saving a considerable amount of time.
Additionally, it is not necessary to design complex microfluidic
systems due to the autonomous and directed motion capacity of
the motors and therefore, these systems can be easily integrated

Nanomotors for Protein Detection

within simple and portable kits for the detection of important
biomolecules facilitating the diagnosis of many different pathologies.
In this review, some of the most representative advances of the
use of nanomotors for biomolecule and cell detection carried out
in recent years will be presented. The aim of this review is not to
present a comprehensive description of the current state of the art,
but to describe a few representative examples of the application
of nanomotors in the detection of important biomolecules such
as proteins or DNA/RNA strands and cells, in order to provide a
picture of the potential of this technology in the diagnosis field.

15.2

Nanomotors for Protein Detection

Proteins are probably the most important biomolecules for life.
They perform practically all the key tasks in living systems, from
structural to metabolic and sensing functions, being ubiquitous
in all organisms. There are many pathologies such as cancer,
neurological disorders, or cardiovascular diseases, among others,
which are characterized by an unbalanced production of proteins
or by the production of mutated or altered proteins, which are
not present in the healthy organism. Therefore, the development
of precise and rapid analytical methods for their detection is of
paramount importance for the early diagnosis of these diseases.
Detection of proteins is not a simple process, especially when
they are existent in the sample in a very low amount. This process
usually requires the application of tedious purification steps, which
consume a large amount of time and significantly increase the cost
of the analysis. As mentioned above, the use of nanomotors able
to specifically capture proteins from an untreated complex sample
and transport them into a clean spot for subsequent detection,
can significantly facilitate the process, allowing a rapid detection
of the desired protein.
Wang et al. have employed aptamer-modified microrockets
for the capture of thrombin from human serum samples [21].
The system is based on metallic microtubes (microrockets) which
present Pt in the inner surface and Au in the external face. The
Pt core is responsible for the generation of the propulsion force,
because this metal catalyzes the decomposition of hydrogen
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peroxide into water and molecular oxygen. Thus, when the motor
is submerged in a solution which contains small amounts of
hydrogen peroxide, the continuous bubble formation propels
the rocket following a jet-based propulsion mechanism [22]. The
gold surface was decorated with thiolated aptamers thanks to the
high affinity of the sulfur atom by Au, which rapidly forms a covalent
bond at room temperature in the aqueous phase. Aptamers are
DNA strands which can bind specifically to different biomolecules
through intermolecular interactions between the tridimensional
structure of the DNA strand and specific points of the biomolecule
[23]. Thus, the explicit sequence of the attached aptamer allowed
the capture of thrombin from the sample and its transportation
into a clean zone. Additionally, the nanomotor surface was decorated
with a mixed binding aptamer which contained two recognition
regions for ATP and thrombin, respectively. Thus, this system was
able to capture thrombin and release it when ATP was present,
as a consequence of a conformational change caused by the ATP
binding event which triggered the aptamer release from the Au
surface (Fig. 15.2). The resulting nanomotor has demonstrated
excellent properties for the detection of important biomolecules
because this methodology can be easily tuned for the capture of
many different biological moieties, thanks to the great versatility of
aptamers. Antibodies can also be attached to the surface of tubular
microrockets in order to capture biomolecules. García et al. have
immobilized antibodies against immunoglobulin G (Anti-IgG) on
the polymeric surface of Ni/Pt microtubes coated with poly(3,4ethylenedioxythiophene) (PEDOT) functionalized with carboxylic
acids [24]. The antibody was attached employing the well-known
carbodiimide chemistry which activates the carboxylic acids,
located on the polymer-coated microtube surface, transforming
them into more reactive esters that react with the amine groups,
naturally present in the antibody. Similar to the previous system,
this nanomotor was capable of propelling itself in a media
enriched in H2O2 by oxygen bubble formation, capturing the
protein during flying. Thanks to the presence within the tube of
a Ni core, which interact with magnetic fields, this system was
magnetically guided throughout a microchip channel network,
allowing the transportation of the captured proteins towards
clean spots.

Nanomotors for Protein Detection

Aptamer
Thrombin
DNA-strand

Figure 15.2 Microrocket for capture and release of thrombin mediated by
aptamers and ATP.

The same methodology was reported for the detection of
multiple analytes using microrockets functionalized with several
antibodies [25]. The antigens were attached on gold nanoparticles
with different sizes and shapes which act as tags and, therefore,
the antigen capture process could be multiplexed detected by
direct microscopic observation of the micromotor-microscopic tag
movement. The authors have also demonstrated that the rocket’s
own motion facilitates the mixing of the media enhancing the rate of
the protein capture. One important advantage of this technology is
its easy adaptability which can allow the detection of a vast number
of biomolecules and the use of multiple tags, which permit a rapid
detection by different spectroscopic or fluorescence methods.
Wu et al. have reported the use of polyaniline/Pt microtubes
for the detection of cancer biomarkers [26]. In this system, gold
nanoparticles were sputtered on the microtube surface and a first
antibody was then adsorbed on the gold surface in order to capture
the cancer biomarker (anticarcinoembryonic antigen). A second
antibody was conjugated on the surface of glycidyl methacrylate
microspheres which binds to the microrocket which transports
the biomarker, forming a sandwich complex and slowing their
translation rate. It was possible to determine the number of
biomarkers present in a sample, measuring the motion rate change
and counting the tags attached on the motor surface. This process
allowed the determination of these biomarkers in 5 min, when the
analyte was present in a concentration range of 1–1000 ng·mL–1.
Wang et al. have developed graphene oxide (GO)-based microtubes
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which contains a platinum inner cavity, that catalyze the oxygen
bubble formation, and are decorated with a ricin B aptamer
tagged with fluorescein [27]. The aptamer was bound to the GO
surface by p–p interactions between the nucleotide bases and
the carbon surface. When ricin B was not present, the aptamer
was adsorbed on the motor surface and the fluorescence was
quenched by the close proximity between GO and fluorescein. The
high affinity between ricin B toxin and the aptamer produced the
aptamer release from the GO surface when this toxin was present
in the media and, therefore, the fluorescence was recovered. This
On–Off fluorescent response and the efficient mixing capacity of
the micromotors allowed the rapid detection of this toxin without
the need to isolate it from the original sample. Based on similar
aptamer-functionalized GO microrockets, another research group
has applied this type of system to the detection of mycotoxins in
food samples [28]. The presence of mycotoxins such as ochratoxin
A and fumonisine B1, which are produced by several fungi species
that usually contaminate food samples, is related with many
health problems in the animal and human feed. The use of this
motors for their detection provides a rapid analysis with high
sensitivity due to the improved mixing process cause by the
motor motion and the excellent affinity of the aptamer by the
toxins.

15.3

Nanomotors for Nucleic Acid Detection

Deoxyribonucleic acid (DNA) is one of the most important
molecules in all living organisms on Earth. This molecule codes
the entire information of an organism, being the instruction
manual of each living being. DNA is copied to ribonucleic acid (RNA)
in order to translate its coded information for protein synthesis.
Therefore, the analysis of DNA or RNA is critical for the early
diagnosis of a plethora of different diseases, from cardiovascular
pathologies to cancer. Nowadays, the analysis of these important
biopolymers is mainly based on polymerase chain reaction (PCR),
which is a technique that mimics the natural DNA replication
mechanism for amplifying the DNA strands present within a
sample. This reaction increases the concentration of these
macromolecules and facilitates their detection [29]. The main
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limitation of this, and other related techniques, is that they usually
require time-consuming pre-purifications steps which increase
the time of the analysis and also raises their cost. At this point,
the use of nanomotors for DNA isolation and analysis can speed
up the process due to the self-propelled behavior of these machines
which can be employed in order to carry out the DNA isolation,
similar to the case of the proteins mentioned above. In 2010, Wang
et al. reported one of the first motor-based DNA sensors which
exploited the observed speed differences in Au–Pt nanowires in the
presence of silver [30]. In this assay, DNA strands complementary
to the DNA analyte were attached on a gold surface. Then, a second
DNA strand complementary to other section of the DNA analyte
was attached on the surface of Ag nanoparticles. When the DNA
analyte was present in the media, the Ag nanoparticles were
retained on the surface by the formation of a sandwich DNA
complex between the DNA attached on the gold surface, the DNA
anchored on the Ag nanoparticle, and the DNA analyte, which
acted as bridge. After this process, a solution with Au–Pt nanorods
and H2O2 as fuel was added. The speed of the Au–Pt nanorods
was strongly enhanced by the presence of Ag+ in the media and,
therefore, the greater amount of DNA, the greater concentration
of Ag+ in the media and the higher the nanomotor speed that
was observed, it being possible to quantify the DNA concentration
in the sample. Despite the innovative nature of this assay, its
suitability was not very high because it required several steps.
Additionally, the precise nanomotor speed determination is quite
difficult. The same research group developed another motor-based
DNA assay based on the use of tubular microrockets, asymmetrically
covered with gold on one side and having a Pt core able to propel
themselves in a solution of H2O2 [31]. In this system, thiolated
DNA strands, which are complementary to certain DNA or RNA
sequences present in pathogen organisms, were anchored on
the gold surface of the micromotors. The analyte DNA or RNA
sequences were tagged with fluorescent nanoparticles in order
to facilitate their detection. These micromotors were capable
of capturing the pathogen oligonucleotide strands “on-the-fly”
and transporting them to a clean chamber, where the detection
could be carried out without any interference. Minteer et al. have
reported the development of other “on-the-fly” capture system
but, in this case, the micromotor captured the engine instead of the
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signal if a certain DNA strand was present in the media [32]. This
nanodevice was based on PEDOT/Au nanorods decorated on the
gold surface with DNA strands which captured Pt nanoparticles
functionalized with a second DNA strand. If the desired DNA
was present in the environment, the nanorods captured the Pt
nanoparticles (engines) by a sandwich hybridization between
the three oligonucleotide strands causing the motion of the device.
The average speed of these nanorods was dependent on the DNA
amount and it indicated its concentration in the media. Another
strategy also based on an indirect strategy to detect DNA was
presented by Simmchen et al. employing Janus mesoporous silica
nanoparticles [33]. In this case, the authors proposed the use
of asymmetrically functionalized nanoparticles as nanomotors
which were decorated with catalase (engine) in one hemisphere
and DNA strands on the other side. Catalase was selected as
engine because this enzyme catalyzes the decomposition of H2O2
generating oxygen bubbles with a high efficacy, significantly
higher than Pt, allowing the motor motion in environments with
a really low fuel concentration. These nanomotors were able to
capture and transport signal particles, which were functionalized
with DNA strands complementary to a certain DNA analyte
sequence due to the formation of a sandwich complex, similar to
the others mentioned above. In order to discard the possibility
that the capture process could have occurred by unspecific
interactions between both systems (the motor particle and the
signal particle) fluorescein was attached at the end of the DNA
attached on the motor particles and the DNA strands present
on the signal particle were labeled with TAMRA. The assembly of
both particles occasioned a clear fluorescence emission in the
emission wavelength of TAMRA when the sample was irradiated
in the excitation wavelength of fluorescein (Fig. 15.3). The
apparition of this phenomenon, called Förster resonance energy
transfer (FRET), indicated that both fluorophores were placed
closer than 5 nm, as a consequence of the DNA hybridization,
corroborating that the motor-signal assembly was caused by the
presence of the DNA analyte in the media. Moreover, employing a
DNA analyte which has one base mismatched to the complementary
strand, the FRET effect disappeared and the motion in the signal
particles was not observed. This last property indicates the high
specificity of this type of sensors.

Figure 15.3 DNA motion-based assay based on Janus mesoporous silica nanoparticles.
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The use of nanomotors for DNA or RNA detection is not
exclusive for extracellular applications, as mentioned above, but
these propelled systems can also be employed for real time detection
of DNA or RNA inside cells [34]. This system was composed by a
gold nanowire coated with GO. A single-strand DNA sequence
labeled with a fluorescent tag was adsorbed on the surface of the
GO layer by p–p interactions, resulting in fluorescence quenching
of the tag (Off state). This DNA sequence was carefully selected
to be complementary with miRNA-21, which is overexpressed by
many tumoral cells [35]. This nanomotor can be propelled by
ultrasounds and it can be “injected” within a tumoral cell and,
once there, the presence of miRNA-21 can detach the fluorescent
DNA from the GO surface by specific sequence complementarity,
resulting in fluorescent recovery within the cell (On state).
Thus, the apparition of a fluorescent signal within the cells
indicated that these cells were malignant. Keya et al. have recently
published an interesting work in which the presence of certain
DNA signals triggers the swarming behavior of kinesin-based
nanomotors [36]. In this work, microtubules of tubulin (MT)
were functionalized with one single DNA strand and tagged with
a fluorophore in order to monitorize their motion by fluorescence
microscopy. The propulsion force was provided by kinesins
adhered on the surface of the MT which extract the energy from
ATP. These micromotors were able to perform translational
motion on the surface of a glass substrate without any interaction
between them. However, if a certain DNA, which was partially
complementary to the DNA located on the MT surface, was added
to the media, the MT experienced aggregation, forming a swarm
of around 100 MT each. Additionally, the authors incorporated
an azobenzene molecule in each DNA strand in order to control
the hybridization by the application of light. Azobenzene present
trans–cis isomerization when UV or visible light is applied and
this process alters the melting temperature of the hybridized
DNA, being of 20°C in the cis state and 60°C in trans conformation.
The application of UV light at 365 nm converted the azobenzene
into the cis form, distorting the hybridization, and therefore MT
performed motion in an individual state. If the sample was exposed
to visible light at 480 nm, the azobenzene suffered isomerization
to trans state, allowing the hybridization and triggering the
swarming process. This process is completely reversible, it
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being possible to control the swarming behavior of these MT and
their motion by the exposure to different light sources.

15.4

Nanomotors for Pollutants and Small
Molecules Detection

The analysis of pollutants in water, especially heavy metals,
constitutes an important research area due to the increased
contamination problems in industrialized society. One of the
first motor-based assay of metals in water was reported by Wang
et al. in 2009 [37]. This method exploited the dependence which
exhibits the speed of Au-Pt nanorods with the presence of Ag+ in
the media. The nanomotors that present a propulsion mechanism
based on self-electrophoresis suffer a strong dependence with the
presence of salts in the media, showing a linear speed decrease
with the solution conductivity [38]. In contrast, the presence of
silver produces a significant speed up to 5-fold showing a
concentration dependence which was used for the determination
of this element in water samples. The most plausible explanation of
this acceleration is that Ag+ was adsorbed on the nanorods surface
being reduced to Ag0 in the presence of H2O2, which produced
changes in the catalytic power of these systems. This alteration
in the motor speed caused by the presence of metal cations has
also been employed for the determination of toxic metals in water
samples. Pumera et al. have employed bubble-powered Pt
micromotors for the determination of Pb2+ and Cd2+ [39]. These
heavy metals poison the Pt surface, hampering the decomposition
of H2O2, and thus provoke a decrease in the speed of the nanomotor
which was used for the concentration determination of these
metals in the mM range. Micromotors can also be employed for
pollutant removals instead of only as sensors. Sánchez et al. have
employed tubular microjets with Pt in the inner space and coated
with GO capable of capturing heavy metals, as Pb2+, due to the
high adsorption of these metals on the oxygen moieties which are
present on the carbon surface [40]. These microtubes contained
a magnetic shell of Ni and Ni/Pt alloy in the middle, which
allowed their magnetic guidance in order to control the motion
of the motors and achieved the recovery and even the analysis
of the captured lead. The application of these micromotors in
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contaminated water samples achieved a significant Pb2+ reduction
from 1000 ppb to below 50 ppb, which pointed out the suitability
of this type of system for water treatment. GO microrockets have
been recently reported for the elimination of oil from water [41].
The application of these self-propelled nanodevices has also been
proposed for the detection of chemical warfare agents (CWA).
Wang et al. have reported the use of PEDOT/Au tubular microjets
functionalized with catalase in the organic inner surface for the
detection of sarin gas [42]. Catalase is inhibited by the presence
of sarin gas and therefore, it is possible to detect the presence
of this CWA through the observation of the motion decrease of
these micromotors. H2O2 is the fuel of practically all the motors
mentioned in this review but it is also possible to employ a
nanomotor for its detection. For this purpose, Escarpa et al. have
developed a motion-based assay of H2O2 in different matrices as
mineral water, urine, plasma, or tumoral cell cultures [43]. This
motor was based on microcones which released a surfactant
(sodium dodecyl sulfate) by the sharp edge which propelled the
system by the difference in surface tension between both ends of
the cone (Maragoni effect). The cone also released horseradish
peroxidase (HRP) which produced the oxidation of a colorless
compound (TMBred) in the presence of H2O2 into the blue-colored
oxidized species (TMBox). The concentration of H2O2 could be
rapidly determined by UV-Vis spectroscopy because the cone’s
own motion allowed the mixing of the reagents, speeding up the
detection. Finally, other important biomolecules, such as sugars,
have been determined using micromotors [44]. In this case,
poly(3-aminophenylboronic acid) (PAPBA)/Ni/Pt microrocket
was decorated with boronic acid on the external surface in order
to capture sugars by the complexation reactions between the
boronic acid and the hydroxyl groups of the monosaccharides.

15.5

Nanomotors for Cell Capture

There are many diseases originated by living organism such as
bacteria, fungi, and viruses, or which are caused by the pathological
transformation of an organism’s own cells into malignant cells, as
is the case with tumoral cells. The correct identification of these
organisms is crucial for the appropriate diagnosis of the disease
and the assignation of an effective treatment. This process usually
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requires the isolation of the pathogenic organism from the
physiological fluids or tissues obtained from biopsies. These are
very complex matrices and a plethora of different procedures
as removal of the matrix components, isolation, and culture
of the pathogen being and identification of the species by
complex analytical methods, are required. For these reasons, the
development of self-propelled nanomachines able to capture these
organisms in a selective manner and then transport them to a
different location in order to identify them could suppose a great
advancement which could improve the diagnosis tools of the
clinicians. Wang et al. have reported the use of lectin-functionalized
microrockets for the capture and release of Escherichia coli
(E. coli) [45]. Lectins are a family of proteins able to recognize
many of the carbohydrate constituents of the bacteria membrane.
In this work, the authors employed concanavalin A (ConA) which
specifically binds to specific polysaccharides of Gram-negative
bacteria as E. coli. The microrockets presented a size of around 8
μm and were composed of a polyaniline (PANI)/Pt bilayer core, for
providing the propulsion capacity by decomposition of hydrogen
peroxide, and a Ni/Au layers required for controlling the navigation,
which was sputtered on one side of the motor. The gold surface
was decorated with alkenethiol mixture of 6-mercaptohexanol
and 11-mercaptoundecanoic acid (MUA); the last contains a
carboxylic group of the terminal end in order to provide the
grafting points for the lectin attachment by carbodiimide chemistry.
These microrockets were able to capture and transport E. coli
selectively from a solution which contained either 5-fold excess of
Saccharomyces cerevisiae (S. cerevisiae) or Staphylococcus aureus
(S. aureus) which are pathogens responsible for urinary tract
infections, because ConA does not present selectivity against
the saccharides present in the membrane of these organisms.
Additionally, the captured bacteria were effectively released using
a glycine solution at low-pH because the complex lectinpolysaccharide was disrupted in these conditions (Fig. 15.4).
Finally, the nanomotors were able to capture and transport
bacteria and lectin-functionalized poly D,L-lactic-co-glycolic
acid (PLGA) microparticles loaded with magnetic iron oxide
nanoparticles at the same time, which pointed out the possibility
of using these systems as theranostic devices able to detect and
treat bacterial infections.
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Figure 15.4 Bacteria capture and release by lectin-functionalized
microrockets.

In another work, the Wang’s group reported the fabrication
of a three-segment Au@Ni@Au nanowire capable of capturing
bacteria propelled by ultrasounds [46]. In this work, the nanowires
were fabricated by template electrodeposition methods yielding
Au@Ni@Au (0.8 µm/0.2 µm/0.8 µm) in which the Nickel segment
was necessary for controlling the orientation of the nanowire
by the application of a static magnetic field. The gold segments
were decorated with MUA and then in other work, the Wang’s
group reported the fabrication of a three-segment Au@Ni@Au
nanowire capable of capturing bacteria propelled by ultrasounds
[46]. In this work, the nanowires were fabricated by template
electrodeposition methods yielding Au@Ni@Au (0.8 µm/0.2 µm/
0.8 µm) in which the Nickel segment was necessary for controlling
the orientation of the nanowire by the application of a static
magnetic field. The gold segments were decorated with MUA
and then functionalized with recognition moieties (ConA or antiprotein A) able to recognize different bacteria such as E. coli
or S. aureus, respectively. A concave end in the nanowire was
introduced in the fabrication process employing a sacrificial
Cu layer at the beginning of the electrodeposition procedure.
Ultrasounds generated a pressure gradient when they entered in
this concave end and, therefore, propelled the nanosystem even
in high-ionic environments, which is a great advantage in
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comparison with the systems propelled by hydrogen oxide
decomposition, that are only suitable for media of low ionic
strengths. Another advantage of ultrasound-based propulsion is
that the average rate of the motors is not affected by the
functionalization of the gold rods, as is the case with chemically
propelled nanowires. Not only complete bacteria but also spores
have been captured using micromotors. This is particularly
important because spores are much more resistant than bacteria
to common chemical antibacterial treatments such as bleach,
chlorine dioxide, or paraformaldehyde, as a consequence of their
strong protective coating. Thus, polypyrrole (PPy)-COOH/PEDOT/
Ni/Pt microtubes functionalized with antibodies against spores
of Bacillus globigii (B. globigii), a simulant of Bacillus anthracis,
were able to capture these spores from real samples of tap and
lake water and then destroy them in a more effective manner, in
combination with antimicrobial agents, thanks to the improved
mixing caused by the motor motion [47].
Circulating tumoral cells (CTC) are the pioneers of the
metastatic process and their number in blood is closely related
with the disease state and its progression. Therefore, their
premature detection is of paramount importance in cancer therapy.
Unfortunately, the number of these cells is very low, being 0–10 CTC
per mL which is insignificant in comparison with the high number
of blood cells (>109 erythrocytes and >106 leucocytes, among
others) [48]. There are different methods for their analysis in
blood samples reported in the scientific literature, such as the use
of magnetic beads functionalized with targeting moieties able to
recognize these malignant cells [49] or microfluidic procedures
[50]. However, these methods require tedious procedures or
extensive sample preparations. As in the previous case, micromotors
can facilitate the capture and detection process of these elusive
cells. Thus, anti-carcinoembryonic antigen (anti-CEA) monoclonal
antibody was anchored on the surface of a tubular microrocket
because this antigen is overexpressed in around 95% of colorectal,
gastric, and pancreatic cancers [51]. The microrocket presented a
ferromagnetic iron layer which allowed its orientation and an inner
Pt surface which propelled the system in the presence of H2O2.
These systems were capable of capturing CTCs in PBS and diluted
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human serum solutions in a selective manner in the presence
of cells which did not express the CEA antigen on their surface.
Importantly, CTC remained viable during the capture and transport
process and after 1 h of exposure to H2O2 solution at 2% of
concentration, which supported the use of these motors for the
isolation and subsequent analysis of CTC. Khandare et al. have
reported the use of carbon nanotubes with iron oxide nanoparticles
in the inner space, and decorated with transferrin on the external
surface, for the capture of CTC which overexpress transferrin
receptors [52]. Finally, another interesting alternative, different
to the cell capture, is to combine the motion capacity of the living
organisms with micromotors in order to create hybrid devices
able to carry out important tasks, such as controlled fertilization.
Thus, Schmidt et al. have trapped bovine sperm cells in the inner
cavity of microtubular motors in order to exploit the flagellabased propulsion mechanism of these cells to propel the motors
[53, 54]. Additionally, immotile sperm cells have been captured
by magnetically driven microhelices in order to introduce them
into the oocyte for fertilization [55].

15.6

Conclusions

Since the visionary speech of Richard Feynman, scientists of
very different fields have struggled with the exotic physical laws
of the nanoscale in order to produce tiny machines capable of
performing autonomous, controlled and directed motion at the
same time that they execute complex tasks such as drug delivery,
pathogen, or biomolecule detection and cell transportation,
among others. The main advantage of the use of nanomotors for
biomolecules or cell detection is their capacity to perform the
detection, capture, and transportation process by themselves,
without the necessity of carrying out any purification steps. The
self-propelled behavior of these motors, in combination with their
capacity to be externally guided with the application of magnetic
fields, light, or US, provides an enormously valuable tool for clinical
diagnosis. Despite the great advances carried out in this field in
recent years, there is still work to be done in order to improve
their abilities. The fabrication methods of these motors should be

Abbreviations

studied in more detail in order to fabricate even tinier machines
(in the sub-micrometer scale) which would allow their use inside
the organism and even within cells. It is necessary to develop
more biocompatible materials as motor components, because
many of the systems which have been reported until now employ
toxic metals and non-degradable components, which strongly
limit their application in the clinical field. Fuels other than H2O2
should be applied in order to exploit the natural molecules from
which the living systems extract energy. The nanomotors described
throughout this review have been employed in vitro or in acellular
media. The in vivo application of these nanomotors should be
studied in the coming years, which will provide more knowledge
about the real impact and liabilities of these systems in the
clinical field. This promising field is still in its infancy, but the great
potential inside the nanoscale and the inspiring work developed by
the nanomotors’ pioneers allows us to have positive expectations
about the bright future of these nanometric motors.

Abbreviations
anti-CEA:
CTC:
CWA:
DNA:
FRET:
GO:
HRP:
MT:
MUA:
PANI:
PAPBA:
PEDOT:
PCR:
PLGA:
PPy:
RNA:
US:		

anti-carcinoembryonic antigen
circulating tumoral cells
chemical warfare agents
deoxyribonucleic acid
Förster resonance energy transfer
graphene oxide
horseradish peroxidase
microtubules of tubulin
11-mercaptoundecanoic acid
polyaniline
poly(3-aminophenylboronic acid)
poly(3,4-ethylenedioxythiophene)
polymerase chain reaction
poly d,l-lactic-co-glycolic acid
polypyrrole
ribonucleic acid
ultrasound

551

552

Nanomotors for Nucleic Acid, Protein, Pollutant, and Cell Detection

Corresponding Author
Dr. Alejandro Baeza
Dpto. Materiales y Produccion Aeroespacial
ETSI Aeronautica y del Espacio
Universidad Politecnica de Madrid, 28040 Madrid, Spain
Email: alejandro.baeza@upm.es

Disclosures and Conflict of Interest

This chapter is a thoroughly revised and updated version of
the original article that was published as: Baeza, A, Vallet-Regí,
M. (2018). Nanomotors for nucleic acid, proteins, pollutants
and cells detection. Int. J. Mol. Sci., 19, 1579, doi: 10.3390/
ijms19061579, under the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/). It appears here
by kind permission of the authors and the publisher, MDPI
(Basel). This work was supported by the European Research
Council (Advanced Grant VERDI; ERC-2015-AdG Proposal No.
694160) and the project MAT2015-64831-R. The authors declare
no conflict of interest.

References

1. Feynman, R. There Is Plenty of Room at the Bottom, Caltech, Pasadena,
CA, USA, 1959.

2. Li, J., Rozen, I., Wang, J. (2016). Rocket science at the nanoscale. ACS
Nano, 10, 5619–5634.

3. Golestanian, R., Liverpool, T. B., Ajdari, A. (2005). Propulsion of a
molecular machine by asymmetric distribution of reaction products.
Phys. Rev. Lett., 94, 220801.
4. Howse, J. R., Jones, R. A. L., Ryan, A. J., Gough, T., Vafabakhsh, R.,
Golestanian, R. (2007). Self-motile colloidal particles: From directed
propulsion to random walk. Phys. Rev. Lett., 99, 048102.

5. Kapral, R. (2013). Perspective: Nanomotors without moving parts
that propel themselves in solution. J. Chem. Phys., 138, 020901.

6. Pumera, M. (2010). Electrochemically powered self-propelled
electrophoretic nanosubmarines. Nanoscale, 2, 1643–1649.

References

7. Solovev, A. A., Xi, W., Gracias, D. H., Harazim, S. M., Deneke, C.,
Sanchez, S., Schmidt, O. G. (2012). Self-propelled nanotools. ACS
Nano, 6, 1751–1756.

8. Zha, F., Wang, T., Luo, M., Guan, J. (2018). Tubular micro/nanomotors:
propulsion mechanisms, fabrication techniques and applications.
Micromachines, 9, 78.
9. Zhang, L., Abbott, J. J., Dong, L., Kratochvil, B. E., Bell, D., Nelson, B. J.
(2009). Artificial bacterial flagella: Fabrication and magnetic control.
Appl. Phys. Lett., 94, 064107.

10. Gao, W., Sattayasamitsathit, S., Manesh, K. M., Weihs, D., Wang, J.
(2010). Magnetically powered flexible metal nanowire motors. J. Am.
Chem. Soc., 132, 14403–14405.
11. Hong, Y., Diaz, M., Córdova-Figueroa, U. M., Sen, A. (2010). Light-driven
titanium-dioxide-based reversible microfireworks and micromotor/
micropump systems. Adv. Funct. Mater., 20, 1568–1576.
12. Simmchen, J., Baeza, A., Miguel-Lopez, A., Stanton, M. M., ValletRegi, M., Ruiz-Molina, D., Sánchez, S. (2017). Dynamics of novel
photoactive AgCl microstars and their environmental applications.
ChemNanoMat, 3, 65–71.

13. Kiristi, M., Singh, V. V., Esteban-Fernández de Ávila, B., Uygun, M., Soto,
F., Aktas¸ Uygun, D., Wang, J. (2015). Lysozyme-based antibacterial
nanomotors. ACS Nano, 9, 9252–9259.

14. Li, J., Esteban-Fernández de Ávila, B., Gao, W., Zhang, L., Wang, J.
(2017). Micro/nanorobots for biomedicine: Delivery, surgery, sensing,
and detoxification. Sci. Robot., 2, eaam6431.

15. Sundararajan, S., Lammert, P. E., Zudans, A. W., Crespi, V. H., Sen, A.
(2008). Catalytic motors for transport of colloidal cargo. Nano Lett., 8,
1271–1276.

16. Kagan, D., Laocharoensuk, R., Zimmerman, M., Clawson, C.,
Balasubramanian, S., Kang, D., Bishop, D., Sattayasamitsathit, S.,
Zhang, L., Wang, J. (2010). Rapid delivery of drug carriers propelled
and navigated by catalytic nanoshuttles. Small, 6, 2741–2747.

17. Gao, W., Kagan, D., Pak, O. S., Clawson, C., Campuzano, S., ChuluunErdene, E., Shipton, E., Fullerton, E. E., Zhang, L., Lauga, E., et al. (2012).
Cargo-towing fuel-free magnetic nanoswimmers for targeted drug
delivery. Small, 8, 460–467.
18. Wu, Z., Wu, Y., He, W., Lin, X., Sun, J., He, Q. (2013). Self-propelled
polymer-based multilayer nanorockets for transportation and drug
release. Angew. Chem. Int. Ed., 52, 7000–7003.

553

554

Nanomotors for Nucleic Acid, Protein, Pollutant, and Cell Detection

19. Soler, L., Sánchez, S. (2014). Catalytic nanomotors for environmental
monitoring and water remediation. Nanoscale, 6, 7175–7182.

20. Chatzipirpiridis, G., Ergeneman, O., Pokki, J., Ullrich, F., Fusco, S., Ortega,
J. A., Sivaraman, K. M., Nelson, B. J., Pané, S. (2015). Electroforming of
implantable tubular magnetic microrobots for wireless ophthalmologic
applications. Adv. Healthc. Mater., 4, 209–214.
21. Orozco, J., Campuzano, S., Kagan, D., Zhou, M., Gao, W., Wang, J. (2011).
Dynamic isolation and unloading of target proteins by aptamermodified microtransporters. Anal. Chem., 83, 7962–7969.

22. Xu, B., Zhang, B., Wang, L., Huang, G., Mei, Y. (2018). Tubular micro/
nanomachines: From the basics to recent advances. Adv. Funct. Mater.,
1705872, 1705872.
23. Keefe, A. D., Pai, S., Ellington, A. (2010). Aptamers as therapeutics. Nat.
Rev. Drug Discov., 9, 537–550.

24. García, M., Orozco, J., Guix, M., Gao, W., Sattayasamitsathit, S., Escarpa,
A., Merkoçi, A., Wang, J. (2013). Micromotor-based lab-on-chip
immunoassays. Nanoscale, 5, 1325–1331.

25. Vilela, D., Orozco, J., Cheng, G., Sattayasamitsathit, S., Galarnyk, M.,
Kan, C., Wang, J., Escarpa, A. (2014). Multiplexed immunoassay based
on micromotors and microscale tags. Lab Chip, 14, 3505.

26. Yu, X., Li, Y., Wu, J., Ju, H. (2014). Motor-based autonomous microsensor
for motion and counting immunoassay of cancer biomarker. Anal.
Chem., 86, 4501–4507.
27. Esteban-Fernández De Ávila, B., Lopez-Ramirez, M. A., Báez, D. F.,
Jodra, A., Singh, V. V., Kaufmann, K., Wang, J. (2016). Aptamer-modified
graphene-based catalytic micromotors: Off-on fluorescent detection
of ricin. ACS Sens., 1, 217–221.

28. Molinero-Fernández, Á., Moreno-Guzmán, M., López, M. Á., Escarpa, A.
(2017). Biosensing strategy for simultaneous and accurate quantitative
analysis of mycotoxins in food samples using unmodified graphene
micromotors. Anal. Chem., 89, 10850–10857.

29. Higuchi, R., Fockler, C., Dollinger, G., Watson, R. (1993). Kinetic PCR
analysis: Real-time monitoring of DNA amplification reactions. Nat.
Biotechnol., 11, 1026–1030.
30. Wu, J., Balasubramanian, S., Kagan, D., Manesh, K. M., Campuzano,
S., Wang, J. (2010). Motion-based DNA detection using catalytic
nanomotors. Nat. Commun., 1, 1–6.

31. Kagan, D., Campuzano, S., Balasubramanian, S., Kuralay, F., Flechsig,
G.-U., Wang, J. (2011). Functionalized micromachines for selective

References

and rapid isolation of nucleic acid targets from complex samples.
Nano Lett., 11, 2083–2087.

32. Van Nguyen, K., Minteer, S. D. (2015). DNA-functionalized Pt
nanoparticles as catalysts for chemically powered micromotors:
Toward signal-on motion-based DNA biosensor. Chem. Commun., 51,
4782–4784.

33. Simmchen, J., Baeza, A., Ruiz, D., Esplandiu, M. J., Vallet-Regí, M. (2012).
Asymmetric hybrid silica nanomotors for capture and cargo transport:
Towards a novel motion-based DNA sensor. Small, 8, 2053–2059.

34. Esteban-Fernández de Ávila, B., Martín, A., Soto, F., Lopez-Ramirez,
M. A., Campuzano, S., Vásquez-Machado, G. M., Gao, W., Zhang, L.,
Wang, J. (2015). Single cell real-time MiRNAs sensing based on
nanomotors. ACS Nano, 9, 6756–6764.

35. Yang, C., Dou, B., Shi, K., Chai, Y., Xiang, Y., Yuan, R. (2014). Multiplexed
and amplified electronic sensor for the detection of MicroRNAs
from cancer cells. Anal. Chem., 86, 11913–11918.

36. Keya, J. J., Suzuki, R., Kabir, A. M. R., Inoue, D., Asanuma, H., Sada, K.,
Hess, H., Kuzuya, A., Kakugo, A. (2018). DNA-assisted swarm control
in a biomolecular motor system. Nat. Commun., 9, 453.
37. Kagan, D., Calvo-Marzal, P., Balasubramanian, S., Sattayasamitsathit,
S., Manesh, K. M., Flechsig, G.-U., Wang, J. (2009). Chemical sensing
based on catalytic nanomotors: Motion-based detection of trace silver.
J. Am. Chem. Soc., 131, 12082–12083.

38. Paxton, W. F., Baker, P. T., Kline, T. R., Wang, Y., Mallouk, T. E., Sen,
A. (2006). Catalytically induced electrokinetics for motors and
micropumps. J. Am. Chem. Soc., 128, 14881–14888.

39. Moo, J. G. S., Wang, H., Zhao, G., Pumera, M. (2014). Biomimetic
artificial inorganic enzyme-free self-propelled microfish robot for
selective detection of Pb2+ in water. Chem. A Eur. J., 20, 4292–4296.

40. Vilela, D., Parmar, J., Zeng, Y., Zhao, Y., Sánchez, S. (2016). Graphenebased microbots for toxic heavy metal removal and recovery from
water. Nano Lett., 16, 2860–2866.

41. Baptista-Pires, L., Orozco, J., Guardia, P., Merkoçi, A. (2018).
Architecting graphene oxide rolled-up micromotors: A simple
paper-based manufacturing technology. Small, 14, 1702746.

42. Singh, V. V., Kaufmann, K., Esteban-Fernández de Ávila, B., Uygun,
M., Wang, J. (2016). Nanomotors responsive to nerve-agent vapor
plumes. Chem. Commun., 52, 3360–3363.

555

556

Nanomotors for Nucleic Acid, Protein, Pollutant, and Cell Detection

43. Moreno-Guzman, M., Jodra, A., López, M. Á., Escarpa, A. (2015). Selfpropelled enzyme-based motors for smart mobile electrochemical
and optical biosensing. Anal. Chem., 87, 12380–12386.

44. Kuralay, F., Sattayasamitsathit, S., Gao, W., Uygun, A., Katzenberg,
A., Wang, J. (2012). Self-propelled carbohydrate-sensitive
microtransporters with built-in boronic acid recognition
for isolating sugars and cells. J. Am. Chem. Soc., 134, 15217–15220.
45. Campuzano, S., Orozco, J., Kagan, D., Guix, M., Gao, W., Sattayasamitsathit,
S., Claussen, J. C., Merkoçi, A., Wang, J. (2012). Bacterial isolation
by lectin-modified microengines. Nano Lett., 12, 396–401.

46. Garcia-Gradilla, V., Orozco, J., Sattayasamitsathit, S., Soto, F.,
Kuralay, F., Pourazary, A., Katzenberg, A., Gao, W., Shen, Y., Wang, J.
(2013). Functionalized ultrasound-propelled magnetically guided
nanomotors: Toward practical biomedical applications. ACS Nano,
7, 9232–9240.

47. Orozco, J., Pan, G., Sattayasamitsathit, S., Galarnyk, M., Wang, J.
(2015). Micromotors to capture and destroy anthrax simulant
spores. Analyst, 140, 1421–1427.

48. Cristofanilli, M., Budd, G. T., Ellis, M. J., Stopeck, A., Matera, J., Miller,
M. C., Reuben, J. M., Doyle, G. V., Allard, W. J., Terstappen, L. W. M. M.,
et al. (2004). Circulating tumor cells, disease progression, and
survival in metastatic breast cancer. N. Engl. J. Med., 351, 781–791.

49. Galanzha, E. I., Shashkov, E. V., Kelly, T., Kim, J.-W., Yang, L., Zharov, V. P.
(2009). In vivo magnetic enrichment and multiplex photoacoustic
detection of circulating tumour cells. Nat. Nanotechnol., 4, 855–860.

50. Adams, A. A., Okagbare, P. I., Feng, J., Hupert, M. L., Patterson, D.,
Göttert, J., McCarley, R. L., Nikitopoulos, D., Murphy, M. C., Soper,
S. A. (2008). Highly efficient circulating tumor cell isolation from
whole blood and label-free enumeration using polymer-based
microfluidics with an integrated conductivity sensor. J. Am. Chem. Soc.,
130, 8633–8641.

51. Balasubramanian, S., Kagan, D., Jack Hu, C.-M., Campuzano, S.,
Lobo-Castañon, M. J., Lim, N., Kang, D. Y., Zimmerman, M., Zhang, L.,
Wang, J. (2011). Micromachine-enabled capture and isolation of
cancer cells in complex media. Angew. Chem. Int. Ed., 50, 4161–4164.

52. Banerjee, S. S., Jalota-Badhwar, A., Zope, K. R., Todkar, K. J.,
Mascarenhas, R. R., Chate, G. P., Khutale, G. V., Bharde, A., Calderon,
M., Khandare, J. J. (2015). Self-propelled carbon nanotube based
microrockets for rapid capture and isolation of circulating tumor
cells. Nanoscale, 7, 8684–8688.

References

53. Magdanz, V., Sanchez, S., Schmidt, O. G. (2013). Development of a
sperm-flagella driven micro-bio-robot. Adv. Mater., 25, 6581–6588.

54. Magdanz, V., Medina-Sánchez, M., Chen, Y., Guix, M., Schmidt, O. G.
(2015). How to improve spermbot performance. Adv. Funct. Mater.,
25, 2763–2770.
55. Medina-Sánchez, M., Schwarz, L., Meyer, A. K., Hebenstreit, F., Schmidt,
O. G. (2016). Cellular cargo delivery: Toward assisted fertilization
by sperm-carrying micromotors. Nano Lett., 16, 555–561.

557

Chapter 16

Magneto-Responsive Scaffolds for Tissue
Engineering Applications
Adedokun A. Adedoyin, PhD, and Adam K. Ekenseair, PhD
Department of Chemical Engineering, Northeastern University, Boston,
Massachusetts, USA

Keywords: biomaterials, bionanocomposite, bone regeneration,
cartilage regeneration, Hooke’s law, hydrogels, in vivo stimulation,
magnetic fields, magnetic force, magnetic nanoparticles, magnetoresponsive, magnetic torque, mechanosensitive ion channels,
nanocomposite hydrogels, mesenchymal stem cells, neuronal
regeneration, personalized medicine, regenerative medicine,
scaffolds, stimuli-responsive materials, tissue engineering

16.1

Introduction

Stimuli-responsive hydrogels capable of responding to subtle
changes in their local environment have become a subject of interest
in the field of tissue engineering for their potential application
in guiding the regeneration of a damaged tissue in vivo [1].
Biomaterials can be made responsive to external stimuli through
the incorporation of specialized nanoparticles into the scaffold
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structure. The specific nanoparticles embedded within the hydrogel
network determine the type of stimuli that can be used to elicit
often dramatic changes in hydrogel shape/swelling, network
structure, and even mechanical integrity [2, 3]. Incorporation
of magnetic nanoparticles (MNPs) into the hydrogel will endow
the nanocomposite biomaterial with unique magnetic properties
that can be manipulated via an external magnetic field over time
and space (Fig. 16.1). These “magneto-responsive” scaffolds
have already gained interest for on-demand in vivo drug delivery
applications [4, 5], and recently there has been increasing interest
in using magneto-responsive biomaterials as active scaffolds for
tissue regeneration applications. This chapter will focus on the
potential impact that magneto-responsive hydrogels could have
on the future of personalized regenerative medicine.

Figure 16.1 Scheme depicting a magneto-responsive hydrogel being
manipulated by an external magnetic field gradient.

16.2

Magnetic Nanoparticles in Tissue
Engineering

Magnetic nanoparticles (MNPs) are particles (usually <100 nm in
size) composed of magnetic elements, such as iron (Fe), nickel
(Ni), cobalt (Co), or their oxides [6]. Although an extensive amount
of research has been conducted to evaluate the unique physical,
structural, and magnetic properties that MNPs possess, the
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scientific community is still at the threshold of understanding the
full potential of using MNPs for various biomedical applications.
Recent literature (circa 2010) has presented multiple advantages
of using MNPs for theragnostic applications in targeted drug
delivery, hyperthermia, magnetic resonance imaging, and cellular
targeting [7–9]. Furthermore, MNPs have also been utilized in
the construction of multi-layered tissue structures for potential
tissue engineering applications [10, 11].
Current research has grown in advocacy of using MNPs to
activate mechanosensitive ion channels located on the cellular
membrane to initiate biochemical pathway reactions that could
directly influence osmoregulation in cells [12]. Functionalized
MNPs can be bound to cellular surface receptors, and by
subjecting these particles to an external magnetic field, mechanical
forces can be transmitted to the cytoskeleton to trigger an
increase in ion channel activity [12, 13] (Fig. 16.2).
These forces transmitted on the cell membrane can be
caused by either shear forces created as a result of magnetic drag
forces [14–16] or magnetic rotation produced by orientating
the magnetic field at an angle to the particles’ magnetization
vector [12]. Several attempts have been made to model the
magnetic force generated on a single particle ata given magnetic
field strength. In theory, the magnetic force ( F m ) generated on
a single particle (idealized as a magnetic sphere of uniform
density) can be calculated using Eq. 16.1 [17]:
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where F m is the magnetic force, Vp the nanoparticle volume, x
the volumetric magnetic susceptibility (can be obtained from
a Superconducting
Quantum Interference Device (SQUID)

magnetometer), B the applied magnetic field, and m0 the
permeability to vacuum (constant) = 4p × 10–7 TmA–1.
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Figure 16.2 MNPs can be bound to the cell receptors located on the cell membrane surface. When a magnetic field is applied, the
MNPs generate mechanical forces that can be transmitted to the membrane to activate mechanosensitive ion channels.
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Magnetic torque, however, is derived from an internal
magnetic restoring torque working to rotate the nanoparticle to
an orientation of lower energy and is expressed as in Eq. 16.2 [18]:






T m = U m /q = m0Vp M × H ,






(16.2)

where T m =isthe
torque,
U m /magnetic
q = m0Vp M
× H , Um the internal energy state of
the
nanoparticle,
q
the
angle
at which
magnetic field is being




T m =nanoparticle,
U m /q = m0Vpand
M × H , the
applied,
T m = U m /q
= m0Vp M ×the
H , magnetization of the
magnetic field strength.
Note: This equation is only valid for a nanoparticle surrounded
in a non-magnetic medium such as air or water. Furthermore, for
paramagnetic nanoparticles, there is no permanent magnetic
dipole within the material and thus Eq. 16.2 equals zero.
By using the equations presented above to aid in understanding of MNP responses to applied magnetic fields, therapeutic
advances in tissue regeneration can be achieved. For example,
researchers are now using MNPs to mechanically stimulate
and promote the growth of functional osteochondral tissue [8].
Henstock et al. (2014) showed that they were able to improve
mineralization in chicken fetal femurs by microinjecting MNPs
into the bone tissue and directly delivering 4 pN of force per
nanoparticle at a low magnetic field of 25 mT [19]. Furthermore,
magnetic nanoparticles have also been used in developing multilayered tissue engineered blood vessels for cardiovascular
applications [20].
However, a major drawback of using MNPs to deliver localized
magnetic forces is that cell damage may occur as a result of
excessive magnetic force stimulation on the cell membrane. In
addition, internalization of the nanoparticles attached to a cell’s
surface may occur over long-term stimulation periods, especially
for nanoparticles less than 50 nm [12]. Furthermore, some
researchers have attempted to develop magnetic force bioreactors,
made from an array of permanent magnets, to spatially vary the
stresses experienced by MNP-tagged cells in order to recreate
complex tissue structures. However, this technology still faces
many challenges as the ability to fully mimic the stress environment
profiles experienced in vivo have not been achieved [12, 21].
Due to these limitations, scientists are now focusing their
attention on developing “magneto-responsive” scaffolds for tissue
regeneration.
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Magneto-responsive biomaterials are capable of producing
compressive and tensile forces that can be sensed by cells located
within the scaffold and activate mechanosensitive channels on
the cell membrane [21]. Furthermore, by varying the magnetic
field strength gradient, one can theoretically spatiotemporally
control the physical and mechanical properties of the magnetic
biomaterial to guide the regeneration of complex heterogeneous
tissue structures in vivo. Moreover, since the MNPs are physically
and chemically incorporated in the biomaterial structure,
concerns of cytotoxicity (nanoparticle internalization) on
neighboring cells are significantly reduced. Thus, magnetoresponsive biomaterials have emerged as promising scaffolds for
tissue engineering applications.

16.3

Synthesis of Magneto-Responsive
Biomaterials

Several strategies have been used to develop magneto-responsive
scaffolds. Magnetic scaffolds used for tissue engineering
applications usually consist of a synthetic or naturally derived
biomaterial with MNPs distributed throughout the scaffold. Cells
can either be mixed in with the biomaterial pre-solidification
or seeded onto the scaffold surface post-solidification. The
incorporation of magnetic nanomaterials into a polymer-based
scaffold can be achieve by either blending the MNPs with the
biomaterial, in situ precipitation of MNPs in a swollen hydrogel
environment, or forming covalent bonds between MNPs and a
biomaterial scaffold (Fig. 16.3) [1].

• Blending: In the blending method, MNPs are physically
mixed into the scaffold mixture pre-formation. In a paper
published by Sapir et al. (2012), MNPs were suspended in
alginate solution to form a magneto-responsive hydrogel.
They found that nanoparticles ranging between 5–20 nm
tend to aggregate within the scaffold due to strong surface
forces and a high surface area [22]. Furthermore, Tong and
colleagues (2010) were able to fabricate magneto-responsive
hydrogels by blending MNPs with an N-isopropylacrylamide
(NiPAAm) solution. The formed magnetic hydrogels were
then separated by an external magnetic field from the
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NiPAAm solution [23]. Moreover, Fuhrer et al. (2013)
fabricated magnetic scaffolds by sonicating functionalized
nanomagnets in a polymer solution composed of 2hydroxyethyl methacrylate, ethylene glycol dimethacrylate
and styrene maleic anhydride [24]. However, the main
problem when using the blending technique is that it is a
challenge to uniformly distribute the nanoparticles within
the scaffold. Furthermore, it is possible for the MNPs to
diffuse out of the scaffold if immersed in a liquid medium [1].

Figure 16.3 Formation of a magneto-responsive gelled network through
the incorporation of functionalized magnetic nanoparticles into the
scaffold structure. Cells can either be added to the scaffold solution presolidification or post-solidification depending on the target application
of the magnetic scaffold.

• In situ Precipitation: For this technique, first hydrogels
are formed by either a physical or chemical cross-linking
mechanism, and then swollen in a solution containing Fe2+
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and Fe3+ ions that can be made into MNPs by the following
reaction:

		 Fe2+ + 2Fe3+ + 8OH–  Fe3O4 + 4H2O

		 The main advantages of the in situ preparation technique to
create magnetic scaffolds are that it is relatively inexpensive
and a large number of MNPs can be uniformly distributed
into the scaffold network. Hu et al. (2007) were able to make
magnetic ferroscaffolds by an in situ precipitation process
in which iron oxide nanoparticles were co-precipitated and
deposited within a gelatin hydrogel [25]. They found that
by increasing the amount of iron oxide nanoparticles inside
the ferroscaffold, the magnetic properties of the scaffold
were enhanced. Hernandez et al. (2009) were also able to
fabricate a semi-interpenetrating alginate and pNiPAAm
hydrogel with iron (III) oxide nanoparticles incorporated in
the network by in situ preparation [26]. Furthermore, Wong
and coworkers (2008) synthesized magnetic chitosan
hydrogels by chelating the ferric and ferrous ions with the
amino groups on chitosan (CS) to form a CS-Fe (II, III) precursor.
In the presence of hydroxide ions, magnetite crystals are
formed that were dispersed within the chitosan hydrogel
[27]. However, in situ preparation of magneto-responsive
scaffolds is only possible if the scaffold is able to maintain its
network structure and is not damaged by the strong alkali
environment needed to form the MNPs. Furthermore, the
strong alkali conditions that are needed to make the scaffold
may not be conducive for cell encapsulation applications [1].
• Covalent Bonding: In this technique, covalent bonds are
formed between functionalized MNPs and the biomaterial
scaffold. In a paper written by Dr. Patrick Ilg (2013), he
proposed the idea of incorporating functionalized cobalt
ferrite (CoFe2O4) nanoparticles into a hydrogel composed of
different polymers, such as polyethylene glycol (PEG), poly
(acrylamide) (PAAm) and polysaccharides, depending on the
functional groups present on the nanoparticle surface [28].
In our research lab, we are able to synthesize magnetoresponsive nanocomposite hydrogels by incorporating aminefunctionalized iron (III) oxide nanoparticles into pNiPAAm-

Synthesis of Magneto-Responsive Biomaterials

based thermogelling macromers with pendant epoxide rings
developed by Ekenseair et al. (2012) [29]. The key advantage
of this technique is that the covalent bonds between the
nanoparticles and the scaffold prevent the nanoparticles
from leaching out. However, this method is generally less
cost-effective than the other methods presented.

Recently, Bock et al. (2010) presented an alternative method
of fabricating magnetic biomimetic scaffolds for bone tissue
engineering by dip-coating their scaffold in a ferrofluid [30].
To describe the process briefly, first they created a composite
scaffold from hydroxyapatite (HA) and collagen in a 70:30 wt.%
ratio. Both of these materials have been regularly used as bone
graft substitutes because they have excellent biocompatibility
properties and are also naturally found in the body [31, 32].
Then, the formed HA-collagen scaffolds were immersed in a
ferrofluid (to allow the fluid to flow and occupy the pores in the
scaffold), freeze dried, and washed repeatedly with deionized
water. They found that they were able to significantly improve
the magnetic properties of their scaffolds by simply dipping
the scaffold in the ferrofluid multiple times. However, more
biocompatibility studies need to be conducted to verify that
these types of scaffolds are not cytotoxic to cells.
Regardless of the technique used to synthesize magnetic
biomaterials, an overlying challenge, hindering the implementation
of magneto-responsive scaffolds for regenerative medicine
applications, is that it is quite difficult to predict the force
distribution within the scaffold. This complication makes it a
strenuous task to predict how these scaffolds would respond to
a magnetic field in vivo. As one can imagine, by using the blending
or dip-coating techniques, the MNPs are randomly distributed
within the scaffold, and in the presence of a magnetic field, the
magnetic force generated in an area with a high concentration
of MNPs would be much higher than an area with fewer
MNPs. Furthermore, even if the MNPs were perfectly distributed
throughout the entire scaffold by the proposed covalent bonding
technique, Eqs. 16.1 and 16.2 would not be able to accurately
describe the magnetic force/torque generated on a single
particle attached to a polymer substrate. However, if the MNPs
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were evenly distributed throughout an elastic biomaterial of a
known modulus of elasticity (Young’s modulus), the amount of
magnetic force needed to deform a scaffold a certain percentage
can be calculated using Hooke’s law (Eq. 16.3) [33]:

EAo DL
,
(16.3)
Lo

EAo DL
,
where F m =is the
magnetic
force, E Young’s modulus (modulus of
Lo
elasticity), Ao the
original cross-sectional area where the magnetic
force is applied, DL the length of hydrogel after deformation caused
by magnetic force, and Lo the original length of hydrogel.
By inserting Eq. 16.3 into Eq. 16.1, an approximation of the
magnetic field strength needed to elicit a known deformation in
the magneto-responsive scaffold can be calculated. However,
despite not being able fully predict magnetic scaffold behavior when
subjected to an external magnetic stimulus, recently published
literature still supports the use of magneto-responsive scaffolds
for the regeneration of functional bone, cartilage, neuronal, and
cardiovascular tissues.


Fm =

16.4

Magneto-Responsive Biomaterials for
Tissue Regeneration Applications

Bone Regeneration: Skeletal bone defects caused as a result
of excessive force trauma, tumor resection, or disease (such as
osteoporosis) can be very challenging to repair [34]. Bone is a
highly complex tissue that needs continual mechanical stimulation
to promote and maintain a functional structure [35, 36]. Scaffolds
play a crucial role in bone regeneration, as they not only provide
an environment for cell adhesion but also guide cell proliferation
and differentiation [37]. Magnetic biomaterials capable of
delivering direct mechanical stimulation to individual cells without
the need for expensive biomolecules could potentially be used as
scaffolds for bone regeneration applications. Meng and colleagues
(2013) have shown that by incorporating superparamagnetic
nanoparticles in an electrospun hydroxyapatite (HA)/polylactide
acid (PLA) scaffold, they were able to support cell attachment
and proliferation while under the influence of a weak magnetic
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field (5–25 mT) [35]. They found that under an external magnetic
field, their scaffold induced earlier and higher amounts of
osteocalcin positive cells, which can lead to faster bone formation in
a bone defect. Furthermore, Panseri et al. (2012) created magnetic
scaffolds by impregnating a composite HA-collagen scaffold with
a ferrofluid solution [38]. From their results, they were able to
show that cells and collagen fibers aligned parallel to the magnetic
field lines under a strong magnetic field of 8 T both in vitro
and in vivo. Moreover, Xu and Gu (2014) wrote a great review
article advocating for the need for paramagnetic scaffolds in bone
regeneration and citing multiple examples from literature on
how other scientists have developed magnetic scaffolds to repair
bone defects [37]. However, more in vivo studies need to be
conducted in order to evaluate the biocompatibility of these
magneto-responsive biomaterials. Also, many of the in vivo studies
are conducted in small animal orthopedic models, which have
inherent differences in bone composition, density and quality
when compared to humans. Thus, the results from these animal
studies cannot be directly extrapolated to human conditions and
investigations in larger animal models are needed [39].
Cartilage Regeneration: The restoration of articular cartilage
has been a primary target in the field of tissue engineering due
to the lack of functional regeneration within the joint. This lack
of functional regeneration is primarily attributed to cartilage
tissue’s innate avascular and heterogeneous tissue structure. Every
year, over 3.1 million surgeries are performed to treat cartilage
damage caused by osteoarthritis [40]. However, these surgeries
neither restore nor regenerate the damaged cartilage tissue back
to its original state. Stimuli-responsive biomaterials capable of
responding to changes in the local environment have emerged as
promising scaffolds to guide the repair of a cartilage defect in vivo.
There have been a few published reports supporting the use
of magneto-responsive hydrogels for cartilage regeneration. In
a study conducted by Fuhrer et al. (2013), human stem cells
were seeded onto an implantable magnetic hydrogel scaffold.
The scaffold was made by suspending nanomagnets into
a solution containing ethylene glycol dimethacrylate (EGDMA)
and 2-hydroxy-ethyl-methacrylate (HEMA) and subsequent
copolymerization. The scaffolds were then subjected to a
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controlled magnetic field of 0.8 T. They found that the mechanical
stimulation resulting from the deformation of the magnetic
scaffold significantly incased GAG expression and caused the stem
cells to commit to a chondrogenic lineage [24].
Furthermore, Sapir-Lekhovitser et al. (2016) developed an
implantable magneto-responsive alginate-based scaffold that
could undergo reversible shape deformation when exposed to a
time-varying magnetic field generated by a Helmholtz coil. They
estimated that the mechanical force that could be imposed on
cells seeded in the scaffold would be on the order of 1 pN, which
correlates to the reported threshold to activate mechanotransduction pathways on a cellular level [33]. However, more
work is needed to understand the amount of force that can be
generated given the concentration of nanoparticles incorporated
into the scaffold. Thus, accurate modeling of the force distribution
generated by a magnetic field within a scaffold is needed.
Cardiovascular Regeneration: One of the major challenges
in engineering thick, complex tissues such as cardiac muscle is the
need to pre-vascularize the tissue in vitro to enable its efficient
integration with the host tissue [22]. Vascularization in vitro is
important for maintaining cell viability during tissue growth,
inducing structural organization and promoting vascularization
upon implantation [41]. Sapir et al. (2012) developed a magnetoresponsive scaffold by impregnating alginate scaffolds with
magnetite nanoparticles [22]. Aortic endothelial cells were seeded
onto the scaffolds and stimulated using an external alternating
field for 7 days. Through immunostaining, they found that
endothelial cells seeded in the MNP-scaffolds that were exposed
to magnetic fields organized into early capillary-like structures
in vitro. However, the mechanism by which magnetic stimulation
directly influenced endothelial cells in the scaffold still remains
obscure.
Neuronal Regeneration: Recently, there has been interest
in using magneto-responsive biomaterials for neuronal tissue
regeneration. Damage to neural tissue is very difficult for the body
to repair naturally, and if left untreated can detrimentally affect
the quality of life of a patient. In an effort to develop a scaffold
that could be used to promote axonal extension and cell migration
to guide neural regeneration in situ, Antman-Passig et al. (2016)
created a magneto-responsive hydrogel made by mixing MNPs

Abbreviations

with collagen fibers [42]. They found that at low magnetic
fields of 255 Gauss, they were able to align the collagen fibers
within the scaffold, which led to the elongation and directed
growth pattern of neurons seeded onto the scaffold. To the
best of our knowledge, this is the first time a magnetic scaffold
has been used for neuronal tissue engineering applications.
The work done by Antman-Passig and coworkers just further
supports the multiple tissue engineering applications that
magneto-responsive scaffolds can have in the near future.

16.5

Concluding Remarks

Magneto-responsive biomaterials show high potential as
active scaffolds that can be used to guide the regeneration of a
damaged tissue. These specialized scaffolds can have an immense
advantageous impact in the near future in the field of regenerative
medicine. In this chapter, we have only outlined a few potential
applications within tissue engineering; however, magnetic
hydrogels have also been used as sustained drug delivery devices,
soft actuators, and artificial muscles [1]. However, there are
still multiple issues that need to be resolved before magnetic
scaffolds can be used clinically. First, more in vivo studies have to
be done to address cytotoxicity concerns. Also, more theoretical
calculations need to be performed to be able to accurately
predict the scaffold behavior in vivo under the influence of a
strong external magnetic field.
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17.1

Introduction

A model anti-angiogenesis agent for use in oncology (a) affects
multiple blood vessel formation pathways, (b) acts at multiple
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points in several pathways, e.g., vascular growth factor genes
and growth factor receptor function, (c) has some specificity
for tumor-related angiogenesis, (d) may stimulate endogenous
anti-angiogenesis pathways such as transcription of the
thrombospondin-1 (TSP1) gene and (e) has a favorable side
effect profile. Tetraiodothyroacetic acid (tetrac) is a novel antiangiogenic and anti-cancer agent that, formulated covalently via
diaminopropane linker to a nanoparticle, e.g., poly (lactic-coglycolic acid) (PLGA) or to polyethylene glycol (PEG), acts
anti-angiogenically at a specific receptor on the extracellular
domain of plasma membrane integrin αvβ3. The integrin is
overexpressed by dividing endothelial cells and tumor cells. The
nanoformulation—Nanotetrac, or nano-diamino-tetrac (NDAT)—
disrupts mechanisms of action of vascular growth factors (VEGF,
FGF2, PDGF), downregulates expression of the VEGFA gene and
the vascular growth factor receptor gene (EGFR) and upregulates
anti-angiogenic TSP1. In addition, by multiple downstream
mechanisms initiated wholly at tumor cell surface αvβ3, Nanotetrac
interrupts cancer cell survival pathways, disrupts the cell cycle,
supports apoptosis, and blocks repair of double-strand DNA
breaks. The agent also decreases the production of both components
of the programmed cell death-1 (PD-l)/PD-ligand 1 (PD-L1)
immune checkpoint. Thus, Nanotetrac acts at a single cellular
target primarily expressed by cancer cells and attendant blood
vessel cells to cause multiple desirable anti-cancer actions. The
agent does not affect the reproduction of nonmalignant cells,
other than endothelial cells. These anti-angiogenic actions and
anti-proliferative effects of Nanotetrac on tumor cells provide
support for pharmacological targeting of the thyroid hormone and
other small molecule receptor sites on integrin αvβ3 [1].
Several laboratories have documented the pro-angiogenic
properties of thyroid hormone (L-thyroxine, T4; 3,5,3¢-triiodoL-thyronine, T3) in the animal heart [2a, 2b] or in model systems.
The latter include the chick chorioallantoic membrane (CAM) [3]
or wound-healing and tubule formation with human umbilical
vascular endothelial cells (HUVECs) [4]. The reproduction in the
CAM system of the pro-angiogenic qualities of thyroid hormone
led to the definition of a cell surface receptor for thyroid hormone
on the extracellular domain of plasma membrane integrin

Introduction

αvβ3 [5]. This pro-angiogenic activity of the hormone was an
example of a nongenomic action, that is, an action independent
of a primary interaction of thyroid hormone (T3) with a
nuclear thyroid hormone receptor (TR) [6]. The integrin is
primarily expressed by rapidly dividing endothelial cells and by
tumor cells [7]. Acting at this integrin receptor, tetrac, the
naturally occurring deaminated analogue of T4, inhibited
the binding of both T4 and T3 [5] and was shown by us
to block the angiogenesis induced by thyroid hormone in the
CAM [3, 5]. The anti-angiogenic activity of tetrac was confirmed
to be present in the vascular supply to a variety of human tumor
xenografts [7–9] and was interpreted to reflect only the disruption
of the thyroid hormone-integrin receptor interaction. However,
in 2008 we found that in the absence of thyroid hormone, tetrac
blocked the pro-angiogenic activity of vascular endothelial
growth factor (VEGF) and of basic fibroblast growth factor (bFGF;
FGF2) in the CAM and in an endothelial cell microtubule formation
assay [10]. These results were thought to reflect interruption
of crosstalk between the integrin and adjacent vascular growth
factor receptors that exist on the cell surface, but also raised
the possibility that tetrac had a unique panel of anti-angiogenic
mechanisms. Reformulated as an agent that acts primarily on the
cell surface, tetrac is a hormone-drug that acts at a single target
that is linked to expression of multiple angiogenesis-relevant genes,
to function of growth factor receptors and to other factors or
processes involved in blood vessel formation. These actions are
relevant to cancer-associated blood vessel formation. Tetrac
formulations also affect tumor cell biology independently of
angiogenesis.
When taken up by cells, tetrac is a low-grade thyromimetic
[11]. This intracellular action contrasts with its effects as an
antagonist of thyroid hormone on the cell surface at αvβ3. In
order to restrict the activities of tetrac to the integrin, we have
covalently bound tetrac to a biodegradable nanoparticle of
sufficient size to minimize internalization by cells [7, 12]. Attached
by an ether bond to a diaminopropane linker that, in turn,
is bound to a 150–250 nm PLGA nanoparticle, tetrac in a
reformulation acquired useful properties beyond its restriction
to the extracellular space [7]. These properties were increased
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potency and integrin-initiated actions on transcription of a broader
spectrum of differentially regulated genes, some of which were
angiogenesis-relevant, such as epidermal growth factor receptor
(EGFR).
Development of nanoparticulate tetrac (Nanotetrac®, nanodiamino-tetrac, NDAT) as an anti-angiogenic agent for use in the
setting of cancer required that we consider ideal qualities of such
pharmaceuticals. These qualities include multiple mechanisms
of action, high relevance to the chemistry of tumor-relevant
vascular supply, low risk of intratumoral hemorrhage and a
favorable side effect profile.
The confirmation in several model systems of the αvβ3dependent anti-angiogenic properties of Nanotetrac and the
proliferative action of thyroid hormone on multiple cancer
cell lines [13–17] caused us to examine Nanotetrac and tetrac for
anti-cancer cell properties that originate at the integrin. Early
microarray studies of breast cancer cells we conducted revealed
a substantial panel of effects of Nanotetrac on transcription of
differentially regulated genes [18]: the genes related to regulation
of the cell cycle, pro- and anti-apoptosis and the catenin pathway,
in addition to suppression of transcription of the EGFR gene.
Subsequent human tumor cell in vitro and xenograft studies
confirmed the anti-cancer activity of Nanotetrac [7–9, 19–23]
that included chemosensitization [24] and radiosensitization
[25, 26]. This broadly based anti-cancer activity initiated at αvβ3
is complimented by several additional attributes that enhance
attractiveness of the agent. For example, from the standpoint of its
side effect profile, the agent is largely extracellular in distribution,
is not cytotoxic and is biodegradable. In addition, the nanoparticle
component of Nanotetrac offers the option of encapsulating
and delivering one or more additional cancer chemotherapeutic
agents to the tumor via the tetrac-αvβ3 interaction [27, 28].
This review examines the anti-angiogenic and anti-cancer
properties of Nanotetrac that exploit the novel small molecule
receptor for thyroid hormone-Nanotetrac on αvβ3. The cell
surface, cancer-relevant actions of this thyroid hormone analogue
formulation are independent of the nuclear thyroid hormone
receptor.

Tetrac, Nanotetrac and Angiogenesis

17.2

Tetrac, Nanotetrac (Nano-diamino-tetrac,
NDAT) and Angiogenesis

17.2.1

Thyroid Hormone Is a Pro-Angiogenic Agent and
Tetrac or Its Derived NDAT Is an Anti-Angiogenic
Agent

Studied in the CAM model, T4 at physiological free concentrations
and T3 at concentrations that are supra-physiologic increase
vascularity 3-fold in 72 h [3, 5]. This degree of activity is comparable
to that of fibroblast growth factor 2 (FGF2; bFGF). T4 covalently
bound to agarose reproduces the pro-angiogenic effect of thyroid
hormone and the formulation does not gain access to the cell
interior. Thus, the effect is initiated at the cell surface. The effects
of unmodified thyroid hormone and of agarose-T4 on angiogenesis
were found to be inhibited by unmodified tetrac, consistent
with the blockade of putative T4-binding sites on the cell surface.
Pharmacologic inhibitors of mitogen-activated protein kinase
(MAPK; ERK1/2) and of protein kinase C also eliminated thyroid
hormone induced angiogenesis. RT-PCR studies revealed that
the hormone induced transcription of FGF2 within 6 h, and
measurement of FGF2 protein in the medium showed increased
release of the angiogenic factor. Thus, the promotion of vascular
sprouting [29] and new vessel formation was attributable to
initiation by T4 at the plasma membrane of a nongenomic effect
that culminated in expression of a specific vascular growth factor
gene, the manufacture of the gene product and the release of the
latter protein into the medium. All of these effects were subject to
inhibition by tetrac.
The cell surface receptor for thyroid hormone and tetrac
was shortly thereafter defined on the extracellular domain of
integrin αv3 [5]. Other thyroid hormone agonist analogues,
such as GC-1 [30] and diiodothyropropionic acid (DITPA) [31] were
also shown to be pro-angiogenic, and tetrac blocked the activity
of these analogues.
We subsequently tested unmodified tetrac for anti-angiogenic
activity in the absence of T4 and T3 [29]. The studies were conducted
in the CAM, in a mouse Matrigel® plug assay and against microtubule
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formation by human dermal microvascular endothelial cells
(HDMECs). The addition of VEGF or bFGF (FGF2) to these models
expectedly induced angiogenesis; this activity was inhibited by
more than 50% by tetrac at up to 10 µM. Low concentrations of
tetrac (1–3 µM) were shown to reduce abundance of angiopoietin2 (Ang-2) in the system, but did not affect Ang-1. The Ang-2
protein destabilizes vascular beds for consequent expansion/
angiogenesis, whereas Ang-1 supports quiescence of existing
vascular networking. VEGF has effects on expression of several
matrix metalloproteinase genes that are also consistent with preangiogenic destabilization of vascular beds, and these actions
were blocked by tetrac. We proposed that this panel of internally
consistent, anti-angiogenic actions of tetrac reflected disruption
of crosstalk between the integrin and the nearby VEGF receptors
(VEGFRs) and FGFRs that has been described by others. Again,
this complex of actions in model systems of angiogenesis was
wholly independent of T4 and T3 and anticipated subsequent
findings of very broadly based anti-angiogenic activity of tetrac.

17.2.2

Tetrac, Nanotetrac and Gene and MicroRNA
Expression That Is Relevant to Angiogenesis

As indicated above, unmodified tetrac is taken up by cells and
expresses low-grade T4-like activity and may be converted to
triiodothyroacetic acid (triac), which is also thyromimetic [11, 32].
We were interested in limiting the action of tetrac exclusively
to integrin αvβ3 and therefore covalently bonded tetrac to a
nanoparticle of sufficient size to preclude cell uptake of the
complex. The nanoparticulate formulation involved a stable ether
bond of the outer ring of tetrac to a diaminopropane linker and
amide-bonding of the latter to PLGA [12]. The amide bond was
imbedded in the nanoparticle and thus not readily accessible
to circulating or tissue peptidases. The resulting Nanotetrac
indeed was restricted to the extracellular space until the PLGA
was metabolized in plasma, leaving diaminopropane-tetrac. The
nanoparticulate formulation preserved the previously known
actions of tetrac, but it was also found to have desirable additional
biologic activities not previously obtained with tetrac.

Tetrac, Nanotetrac and Angiogenesis

Microarray studies of two human cancer cell lines showed
that tetrac and Nanotetrac downregulated expression of VEGFA
[22], the gene product of which is a principal inducer of the
porous blood vessels associated with cancers [33]. Tetrac and
Nanotetrac also increased transcription of thrombospondin 1
(THBS1, TSP1). TSP1 protein is an endogenous suppressor of
angiogenesis and its production is regularly suppressed in cancer
cells. Nanotetrac also decreased expression of EGFR, the gene
product of which mediates actions of EGF on angiogenesis.
Unmodified tetrac lacked this action. Nanotetrac, but not tetrac,
downregulated expression of NFκB via the integrin and NFκB
de-activation is an anti-angiogenic target [34, 35]. Finally, thyroid
hormone may regulate transcription of the αv gene [36], but it
is not known whether this action is initiated at the αvβ3 protein
or is a genomic effect that requires participation of the nuclear
thyroid hormone receptor (TR).
In recent studies of microRNAs (miRs), we have shown that
Nanotetrac increases cellular abundance of miR-15A in breast
cancer cells by 10-fold [21] and decreases miR-21 by 50%.
miR-21 is pro-angiogenic in certain tumor cells [37] and miR-15A
decreases angiogenesis by a VEGF-dependent mechanism [38].
Mechanisms involved in the anti-angiogenic activity of
Nanotetrac are summarized in Table 17.1.
Table 17.1 Cellular/molecular mechanisms by which Nanotetrac is antiangiogenic
Angiogenesis-relevant target
bFGF transcription

Action


VEGFA transcription



IL-6 transcription



Cellular bFGF abundance



EGFR transcription



miR-21 transcription



Cellular Ang-2 abundance



TSP1 (THBS1) transcription



miR-15A transcription



Cellular MMP-9 abundance



Reference
[3]

[7, 22]
[18]

[18, 22]
[99]
[21]
[21]
[3]

[10]
[53]

(Continued)

583

584

Anti-Cancer Action of Nanotetrac

Table 17.1 (Continued)

Angiogenesis-relevant target
Integrin αvβ3-bFGFR crosstalk

Action


Integrin αvβ3-VEGFR crosstalk



Cellular release of bFGF



Pro-angiogenic activity of
thyroid hormone



Integrin αvβ3-PDGFR crosstalk



Endothelial cell motility in
response to cue



Reference
[10]
[10]

(S.A. Mousa, unpublished
observations)
[3]

[50]
[50]

Source: Reprinted from Davis et al. [102] with permission.

Note: Transcription measurements were made in breast cancer cells [18]. Crosstalk
measurements were made in the CAM assay. See text for details of mechanisms
involved in actions of Nanotetrac reported in this table.

17.2.3

Tetrac and Nanotetrac and Actions of Vascular
Growth Factors

As indicated above, among the first anti-angiogenic actions of
tetrac described were inhibition of the actions of VEGF and
bFGF [10], apparently via disrupted crosstalk between growth
factor-specific plasma membrane receptors and integrin αvβ3.
Epidermal growth factor is an important contributor to
tumor-related angiogenesis—for example, in non-small cell lung
carcinoma [39]—and its contributions may be in conjunction with
VEGFR [40]. Thyroid hormone can potentiate the activity of EGF
at its receptor (EGFR) [41] and such actions are subject to
inhibition by unmodified tetrac. This potentiating action of thyroid
hormone has not yet been specifically examined in the context of
angiogenesis. However, a typical downstream index of EGF action
is c-fos gene expression in tumor cells and c-fos is implicated
in angiogenesis [42]. We have shown that the signal transduction
factors involved in such EGF activity are MAPK and STAT3
[41, 43]. Nanotetrac, but not tetrac, also inhibits transcription of
the EGFR gene [18]. Thus, the inhibiting effects of tetrac
formulations on EGF actions may involve functions of EGFR and
abundance of the receptor protein.

Tetrac, Nanotetrac and Angiogenesis

Insulin-like growth factor-1 (IGF-1) is pro-angiogenic [44, 45].
Although the action of the factor on blood vessel formation has
been attributed to induction of VEGF [44, 46], perhaps via hypoxiainducible factor-1α (HIF-1α) [44], gene transfer of IGF-1 has
been shown to be angiogenic in wound-healing models without
the participation of VEGF [47]. In addition, the IGF-1 receptor
(IGF1R) has been implicated in angiogenesis [48]. The possibility
of interaction of thyroid hormone and IGF-1 in angiogenesis has
not been studied. However, we have shown that thyroid hormone
(T4) can block the proliferative action of IGF-1 at its receptor in
muscle cells (L6 myoblasts) and that the hormone also inhibits
IGF-1-induced glucose uptake [49]. Unmodified tetrac blocks
these actions of T4, indicating the existence of crosstalk between
integrin αvβ3 and IGF1R. In the absence of IGF-1, T4 stimulates
glucose uptake and cell proliferation in L6 cells. Given this
complex functional context, it will be important to determine
experimentally whether tetrac formulations inhibit or support
IGF1R-dependent angiogenesis.

17.2.4

Actions of Tetrac and Nanotetrac on Endothelial
Cells

Studied in a modified Boyden chamber, endothelial cell migration
towards a vitronectin cue is potentiated by thyroid hormone [50].
This action is blocked by Nanotetrac and unmodified tetrac and
thus is initiated at integrin αvβ3. Such migration is a contribution to
the pro-angiogenic activity of the hormone and the anti-angiogenic
contribution of Nanotetrac.

17.2.5

Anti-Angiogenesis of Nanotetrac in the Retina

Studied in vitro in human retinal endothelial cells, Nanotetrac
and tetrac inhibited the pro-angiogenic activity of VEGF and
erythropoietin (EPO). The endpoints were cell proliferation, cell
migration and vascular tube formation [51]. The same authors
also studied the anti-angiogenic effect of Nanotetrac in oxygeninduced retinopathy (OIR) in the intact newborn mouse.
Administered by intravitreal or systemic routes, Nanotetrac
effectively blocked neovascularization in this model of diabetic
retinopathy [19].
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17.2.6

Anti-Angiogenesis of Nanotetrac in Human
Tumor Xenografts

As noted above, Nanotetrac has anti-proliferative actions on a
variety of cancer cells. The hemoglobin content of xenografts of
such cells is an index of tumor vascularity/angiogenesis. Exposed
in situ to systemically administered Nanotetrac, these xenografts
have regularly exhibited a decrease of 50% or more in hemoglobin
content. The xenografts include those from cancer cell lines
derived from human lung [16, 19], pancreas [23], kidney [9],
glioma/glioblastoma [52], and medullary thyroid carcinoma [22].

17.2.7

Action of Nanotetrac on Mechanisms of Vascular
Sprouting

Unmodified tetrac examined in the CAM did not affect Ang-1
accumulation, but decreased the amount of Ang-2. As noted above,
Ang-2 destabilizes vascular beds in anticipation and support of
sprouting, whereas Ang-1 is a factor that stabilizes vascular beds.
Activity of tetrac and Nanotetrac to block endothelial migration
towards vascular cues, discussed earlier, is also relevant to
sprouting.
We have shown that thyroid hormone stimulates matrix
metalloproteinase-9 (MMP9) gene expression [53]. MMPs such as
MMP-2 and MMP-9 are factors involved in preparation of vascular
beds for angiogenesis [54], and unmodified tetrac blocks the
induction of MMP9 expression by thyroid hormone [53].

17.3

Anti-Cancer Properties of Nanotetrac

17.3.1

Thyroid Hormone Supports Cancer Cell
Proliferation and is Anti-Apoptotic; Nanotetrac
Inhibits Cancer Cell Proliferation, is ProApoptotic and Disrupts Cell Defense Pathway
Gene Expression

A number of laboratories have described the stimulatory effect of
thyroid hormone on cancer cells [13, 15, 16, 55–58] and clinical
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studies have described thyroid hormone dependence of solid
tumors, in that spontaneous or medically induced hypothyroidism
has improved outcomes [59–64]. Trophic actions of thyroid
hormone on tumor cells were initially presumed to require a
nuclear TR isoform and to be genomic in mechanism until the
description in 2005 of the cell surface receptor for thyroid hormone
and tetrac on αvβ3, described above [7, 65]. Existence of this
receptor offered a discrete, nongenomic mechanism for initiation
of tumor cell and endothelial cell proliferation. It should be
noted, however, that TRβ may be involved in certain cancer
cell proliferative responses to thyroid hormone [66, 67], while
the work by S.Y. Cheng and co-workers indicates that TRβ is a
tumor suppressor that, when mutated in the thyroid gland, may
become oncogenic [68].
The demonstration that T4—including an agarose-T4
formulation that is excluded from the interior of cells—was a
proliferative factor for certain human tumor cells (breast, thyroid
cancer) [6, 15, 17] and animal cells (C6, F98, GL261 glioma cell
lines) [56] was accompanied by evidence that unmodified tetrac
inhibited the T4 effect. We had shown that unmodified tetrac
blocked nongenomic actions of thyroid hormone on certain
plasma membrane functions [7, 69]. The proliferative effect was
mitogen-activated protein kinase (MAPK)-dependent. Interestingly,
in human breast cancer (MCF-7) cells, tetrac-inhibitable
enhancement of proliferation by thyroid hormone involved Ser118 phosphorylation of nuclear estrogen receptor-α (ERα); this
pathway is identical to that by which estrogen stimulates MCF-7
cell proliferation [17].
In a model of resveratrol-induced apoptosis that involves
MAPK phosphorylation of p53 at Ser-15, we showed that T4 was
anti-apoptotic. The hormone prevented the p53 phosphorylation
step in several tumor cell lines [14, 15]. Tetrac blocked this antiapoptotic activity of T4. Additional evidence of the anti-apoptotic
activity of T4 included inhibition of nucleosome liberation by
resveratrol, as well as of the pro-apoptotic accumulation of BcLxs
[14, 23]. The hormone did not, however, affect cell accumulation
of survival protein BcLxl. The action of thyroid hormone on
nucleosome liberation and BcLxs in tumor cells was prevented by
tetrac [70].
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Subsequent microarray studies conducted with Nanotetrac
in human breast cancer (MDA-MB-231) cells revealed a coherent
pro-apoptosis pattern of gene expression. That is, transcription of
the X-linked inhibitor of apoptosis (XIAP) gene was downregulated
and transcription of a set of pro-apoptotic genes—CASP2, CAP8AP2,
DFFA, and BCL2L14—was upregulated [7, 18].
Catenins are proteins involved in cell-cell adhesion. β-Catenin
also has transcriptional functions in the nucleus. Mutation
and overexpression of β-catenin occurs in a variety of tumors,
including colorectal carcinoma, breast and ovarian cancer [71, 72].
Nanotetrac increases transcription of the CBY1 gene [18], the
gene product of which is an inhibitor of nuclear functions of βcatenins. From the standpoint of anti-tumor activity, this is a
desirable effect of Nanotetrac at αvβ3 in cancer cells. The action
would be deleterious in non-cancer cells, but the latter when not
undergoing cell division express little αvβ3 or little activated αvβ3.
Like β-catenins, integrin αvβ3 participates in cellular adhesion
complexes and the αv monomer has functions in specific gene
transcription [73].
Nanotetrac also affects β-catenins, downregulating expression
of the CTNNA1 and CTNNA2 genes. Mutation of CTNNA2 is associated
with tumor invasiveness and thus inhibition of transcription
of the mutated gene is desirable. The non-mutated gene product
of CTNNA1 can function as a tumor invasion suppressor [74],
but mutation is associated with gastrointestinal tract and other
cancers [75].
Nanotetrac downregulates expression of 8 of 9 cyclin genes
and one cyclin-dependent kinase gene [18] and more than 20
oncogenes. Thus, the agent acts at multiple points of vulnerability
in the cancer cell. It promotes apoptosis, antagonizes antiapoptotic (survival) defenses, disrupts control of the cell cycle,
and interferes with function of the frequently mutated catenins
[7, 18, 22]. As noted above in the review of angiogenesis, thyroid
hormone and tetrac or its Nanotetrac formulation affect matrix
metalloproteinase gene expression. T4 induces transcription of
MMP-9 in myeloma cells [53] and tetrac prevents expression of
this gene in response to thyroid hormone. The importance of this
is that an intact metalloproteinase axis interferes with cell-cell
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interaction, resulting in tissue destabilization that supports cancer
cell invasiveness and metastasis [76]. We would also note that
thyroid hormone (T4) has protein trafficking action on integrin
αvβ3, directing internalization of the membrane protein—without
the hormone ligand—and nuclear uptake of the αv monomer, but
not of β3. In the nuclear compartment, αv is a co-activator protein
[73]. Among the cancer-relevant genes whose transcription is
affected by this action of T4 is ERα, important to breast, ovarian, and
certain lung cancers. The thyroid hormone-directed αv monomer
also increases transcription of the HIF1α gene. HIF-1α protein
is a cell survival factor that triggers angiogenesis and cellular
conversion to anaerobic metabolism [77].
The anti-cancer properties of Nanotetrac are broadly based in
terms of mechanisms, despite initiation of the actions of the drug
at a single target receptor on integrin αvβ3, and in this regard
resemble the pluralistic anti-angiogenic actions of the drug. As
noted above, the coherence of the effects of the agent on expression
of differentially regulated cancer cell genes is remarkable.
It is possible that there are effects of Nanotetrac at αvβ3 that
may involve integrity of the actin cytoskeleton in cancer cells.
The drug also may influence interactions of the integrin
with extracellular matrix proteins that may disorient tumor
cell movement or interfere with defensive responses (see
Section 17.3.3, below). However, these possibilities have not yet
been examined. Some of these actions of Nanotetrac/tetrac are
summarized in Table 17.2.
Table 17.2 Mechanisms of selected cancer chemotherapeutic actions of
Nanotetrac
Action

Example

Chemosensitization Decreased efflux of doxorubicin,
P-gp effect; increased effectiveness of
other chemotherapeutic agents
Radiosensitization

References
[24]

Disordered repair of radiation-induced [20, 25, 26]
double-strand DNA breaks; prevention
of radiation-induced activation of
integrin αvβ3

(Continued)
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Table 17.2 (Continued)
Disabling of cell
survival pathway
gene expression

Cell cycle
Disordering of
growth factor
pathways

Decreased expression of
[7, 18, 22,
anti-apoptotic XIAP, MCL1; enhanced
53, 100]
expression of pro-apoptotic CASP2,
BCL2L14, TP53, PIG3, BAD; disruption
of catenin pathways via increased
expression of CBY1, decreased
expression of CTNNA1, CTNNA2;
decreased expression of pro-oncogenic
miR-21, increased expression of
pro-apoptotic miR-21; decreased
expression of matrix metalloproteinase
genes, e.g., MMP-9; decreased
expression of stress-defense genes,
e.g., HIF-1α; decreased expression of
multiple Ras oncogenes
Downregulation of multiple cyclin,
[7, 18]
cyclin-dependent protein kinase genes
Suppression of EGFR gene expression,
disabled function of EGFR

[7, 18]

See Table 17.1 for other activities
vs. other vascular growth factors,
receptors

Source: From Davis et al. [103], used under a Creative Commons Attribution License
(CC BY).

17.3.2

Induction of Chemosensitization of Cancer Cells
by Tetrac

P-glycoprotein (P-gp; MDR1; ABCB1) is a plasma membrane efflux
pump whose ligands include a number of cancer chemotherapeutic
agents [78]. The pump is a principal component of cancer cell
chemoresistance. Thyroid hormone causes transcription of P-gp
[79–81] and increases function of the protein [79]. Thus, ambient
thyroid hormone may be viewed as a support mechanism for
chemoresistance [82]. It is not known what the molecular basis is
for regulation by iodothyronines of P-gp function, i.e., whether the
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hormone receptor on integrin αvβ3 is involved in the process. We
have examined the intracellular residence time of radiolabeled
doxorubicin, a ligand of P-gp, in tetrac-treated cells and found that
retention time of the chemotherapeutic agent was significantly
increased [24]. This is an indicator of decreased P-gp pump activity.
A variety of chemoresistant cell lines specifically resistant to
doxorubicin, etoposide, cisplatin or trichostatin A were found to be
drug-sensitive in vitro in the presence of tetrac [24]. Cisplatin is not
a ligand of P-gp, and we have postulated that tetrac may decrease
activity of the plasma membrane influx pump—organic cation
transporter (OCT) [83]—by which cisplatin is pumped into the
intracellular space. Thus, at least two mechanisms are involved in
the enhanced chemosensitivity conferred by tetrac on cancer cells.
The molecular basis of the action of tetrac and, presumably,
Nanotetrac on restoration of chemosensitivity in cancer cells is
not known. We have recently reviewed the multiple possible
mechanisms of restoration of this function [82] and concluded that
impaired Na+/H+ exchanger (NHE1) function in the presence of tetrac
or Nanotetrac is the most likely contributor. The downregulation
of NHE1 by tetrac has been examined in detail by Incerpi et al.
[84, 85], and we have proposed that the frank decrease in
intracellular pH (pHi) that results from tetrac exposure will impair
function of P-gp sufficiently to explain increased intracellular
residence time of ligands of the efflux pump [82]. The pHi change
induced by inhibition of NHE1 may also affect OCT activity.
P-gp in nonmalignant cells is an asset in the cellular purging
of accumulations of a variety of toxic substances. Reversal of
P-gp-dependent chemoresistance in cancer cells is a desirable
attribute offered by Nanotetrac. Other chemical inhibitors of Pgp include calcium channel blockers [78, 86] and tyrosine kinase
inhibitor (TKI) anti-cancer drugs [87]. The distinction between
the actions of Nanotetrac and those of verapamil and TKI agents
is that Nanotetrac acts primarily on tumor cells and dividing
endothelial cells.

17.3.3

Induction of Radiosensitization of Cancer Cells by
Tetrac/Nanotetrac

Hercbergs and co-workers have defined the potentiation of
radiation exposure by tetrac in animal glioma (C6) [25] and human
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glioblastoma (U87MG) cells [26], as well as by Nanotetrac in
human prostate cancer (PC3, LNCaP) cells [20]. In vitro studies
revealed that at a 4 Gy x-radiation dose 1 h after exposure
to tetrac, there is a 60% reduction in cell survival, compared to
control [25]. The mechanism of action of tetrac and Nanotetrac
is interference with cancer cell repair of double-strand DNA
breaks (neutral comet assay/mean tail moment) [26].
Radiation exposure experiments are also feasible in the CAM,
where tumor cells form a spherical xenograft that reproduces
the geometry of in situ cancers [20]. The potentiation of radiationinduced cell killing with Nanotetrac has been confirmed in this
model [88]. Another observation in these studies was that
within 1 h after exposure to 1–2 Gy in the absence of Nanotetrac
there was evidence of assumption by αvβ3 molecules of the
“open conformation” or activation state that is an apparently
defensive response to radiation. Nanotetrac blocked this response.
Induction of radiosensitization in radioresistant tumor cells
is a long-sought therapeutic goal. Reduced radiation dosing that is
highly effective of course spares nonmalignant cells in radiation
paths and may permit more courses of radiation in recurrent
disease. Others have pointed out the utility of the αvβ3 protein,
notably the RGD recognition site, as a target for radiosensitization
in endothelial cells [89].

17.3.4

Tumor Imaging with Tetrac-coupled Agents

Concentration of the αvβ3 integrin in tumor cells and proliferating
blood vessels makes the protein a potentially attractive target
for imaging of tumors or nonmalignant highly vascular lesions,
e.g., localized infection or occult sites of systemic inflammatory
diseases. Kang and co-workers have tested radiolabeled tetrac
conjugated to liposomes for preclinical PET imaging of tumors
and tumor angiogenesis [90]. This modality provided modestly
heightened tumor signal above background, but the uptake of
liposomes by liver and spleen and by other normal tissues imposed
a noise-to-tumor signal relationship that was undesirably high.
Others have used radiolabeled RGD compounds for preclinical
tumor imaging [91] and the topic of PET imaging of integrins has
recently been reviewed [92].
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Covalently bound to PLGA nanoparticles, radio-iodinated
tetrac has theoretical promise as a tumor imaging agent. This
preparation will not be concentrated in liver, spleen, and other
normal tissues.

17.3.5

Permissive Actions of Nanotetrac in the Immune
Response and on the PD-1/PD-L1 Checkpoint

The permissive effects of thyroid hormone on the immune
response have been reviewed by De Vito et al. [93] and Perrotta
and co-workers [94]. Perrotta emphasized the possible linkages
between thyroid hormone-regulated factors in the immune response
in the crosstalk between microglia and glioma cells.
There is substantial current interest in the programmed
death-1 (PD-1)/PD-ligand 1 (PD-L1) checkpoint that regulates
T cell-cancer cell interactions [95, 96] and defends cancer cells
against immune destruction. Produced by cancer cells, PD-L1 binds
to PD-1 expressed by T lymphocytes, suppressing activated T cell
engagement of tumor cells and also inducing T cell apoptosis.
Antibodies to PD-L1 have been shown to have clinical anti-cancer
activity in subpopulations of cancer patients [95, 97], but also
have induced undesirable autoimmune responses in previously
healthy organs.
Thyroid hormone has a number of actions on the immune
response [49, 84] and such effects prompted our examination of the
actions of the hormone, as T4, and Nanotetrac on PD-L1 expression
in human colon cancer cell lines and in a breast cancer cell
line [96]. Physiological concentrations of T4 significantly increased
PD-L1 mRNA accumulation in these cell lines and increased cancer
cell PD-L1 protein content by up to 2.7-fold. Nanotetrac (NDAT)
completely abolished the T4 effect and variably, and significantly
reduced basal PD-L1 protein production by tumor cells. Thus,
there are non-immunologic pharmacological strategies available
to attack the PD-1/PD-L1 checkpoint in tumor biology. Production
of PD-L1 by normal cells will be spared by Nanotetrac, because
these cells express little αvβ3 [7]. We have also found that PD-1
expression by activated lymphocytes is stimulated by T4 and this
action, as well as basal production of PD-1 in the absence of T4,
is opposed by Nanotetrac [98].
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17.3.6

Actions of Nanotetrac on the Inflammatory
Response and Chemokines

We have shown that Nanotetrac and tetrac affect expression of
certain interleukin and chemokine genes in human breast cancer
(MDA-MB-231) cells [99]. For example, transcription of the IL-1α
and Il-6 genes is reduced, as are the genes of pro-inflammatory
chemokines CX3CL1 (fractalkine) and its receptor (CX3CR1).
These actions are nongenomically initiated at the thyroid
hormone/tetrac receptor on integrin αvβ3. These inflammatory
factors may be relevant to tumorigenesis and to aggressiveness of
established tumors.

17.3.7

Delivery of a Second Drug in the Nanoparticle of
Nanotetrac Targeted to Tumors

The tetrac-diaminopropane linker of Nanotetrac is covalently
bound to PLGA and offers an opportunity for adsorbing a second
cancer chemotherapeutic to the PLGA component of the agent and
achieving high concentration of the latter in the microenvironment
of tumors. We have by this strategy achieved enhanced uptake of
cisplatin, paclitaxel or doxorubicin in, respectively, xenografts of
urinary bladder, pancreatic and breast cancers [27, 28]. The tumor
concentration of these generic agents was up to 5-fold higher than
that obtained with conventional administration. In the case of
cisplatin, this effect was achieved without evidence of neurotoxicity,
indicating that this approach offers the prospect of reduced
systemic toxicity.
It may be possible to target Nanotetrac loaded with an antiinflammatory agent or an antibiotic to areas of increased vascularity
without cancer, for example, inflammation or infection. This
possibility has not yet been explored.

17.4

Pharmacodynamics of Nanotetrac

Maximum anti-angiogenic activity of Nanotetrac is achieved at
10–7 to 10–6 M in the CAM model [7]. It is the concentration of
tetrac that is specified here, representing about 8% of the mass
of Nanotetrac. The pharmacodynamics of Nanotetrac as an anti-
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proliferative cancer chemotherapeutic agent have been extensively
studied in vitro in a cell culture perfusion bellows system [100];
the threshold concentration of the agent in this model is 10–9 M
and maximal anti-proliferative activity against several human
cancer cell lines is obtained at 10–7 to 10–6 M, as it is for inhibition
of angiogenesis in the CAM model. Unpublished studies conducted
in human tumor xenografts in the nude mouse indicate that the
duration of anti-proliferative action of Nanotetrac is 1–2 days (S. A.
Mousa: unpublished observations) and we assume a similar duration
of anti-angiogenic activity.
The distribution of the nanoparticle is throughout the
extracellular space. The agent crosses the intact blood–brain
barrier in the mouse with high efficiency (M. Yalcin, unpublished
observations).
The PLGA nanoparticle is biodegradable. The tetrac bound to
a linker by a stable ether bond may be metabolized comparably to
all iodothyronines [101].

17.5

Side Effect Profile of Nanotetrac

Nanotetrac has not caused hemorrhage in any of the human cancer
xenografts that have been studied [52]. The agent is excluded
from the intracellular space and has been shown to induce no
histopathologic changes in brain, heart, liver, or kidneys of mice
exposed to 30-fold higher dosage over its maximal anti-cancer
dosage of the agent for up to 2 weeks (S. A. Mousa, unpublished
observations).
Angiogenesis that is desirable at the sites of self-limited
inflammation, e.g., infection, or at wound-healing sites may be
inhibited by Nanotetrac. These contexts have not been studied.
But we anticipate that the use of the agent in these settings will
be contraindicated. The use of the agent in pregnancy will be
contraindicated, although it is not yet known whether transplacental
passage of Nanotetrac occurs.

17.6

Conclusions

Integrin αvβ3 controls a variety of intracellular and transcellular
functions. It is a transmembrane structural protein that is
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differentially expressed/activated in tumor cells and dividing
blood vessel cells. The definition of the specific thyroid hormonetetrac receptor site on αvβ3 [5, 7] enabled recognition of the
existence of control from a single locus of expression of differentially
regulated, angiogenesis-relevant genes, as well as modulation of
function of adjacent vascular growth factor receptors. Nanotetrac
is a prototypic anti-angiogenic and anti-cancer agent focused on
a single, specific small molecule receptor site on the extracellular
domain of αvβ3. From this site, Nanotetrac blocks actions of VEGF,
FGF2 and PDGF at their plasma membrane receptors, inhibits
expression of VEGFA and EGFR, stimulates transcription of TSP1,
decreases endothelial cell abundance of Ang-2 without affecting
Ang-1, selectively regulates miRNAs that control angiogenesis
and decreases endothelial cell motility (Table 17.1).
From the standpoint of anti-cancer activity, Nanotetrac
desirably disrupts gene expression critical to cell cycling in αvβ3bearing tumor cells and dividing endothelial cells and interferes
with a substantial group of cancer cell survival pathways so that
apoptosis is advanced and defensive anti-apoptosis pathways are
disordered (Table 17.2). Nanotetrac reverses chemoresistance
and confers radiosensitivity. This novel and extensive spectrum
of actions makes Nanotetrac an attractive anti-angiogenic and
anti-cancer agent for further development.
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18.1

Biomarkers and Quantitative Neuroscience

Biomarkers are quantitative biological signatures of several
physiological states or pathological conditions. As such, they are
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commonly used to provide information about the risk of developing
specific diseases, the likelihood and rapidity of progression, and
the prediction of their outcome [1]. In clinical practice, a biomarker
of any type may be used individually or in combination with
another biomarker: The two or more (i.e., a profile of data gathered
from imaging, genomics, and proteomics testing) are sometimes
referred to as a biosignature. As a general rule, a composite
measure such as a biosignature can significantly enhance the
sensitivity and specificity of diagnostic protocols compared to
that of each measure alone.
In quantitative neuroscience, identifying suitable biomarkers
is pivotal to streamlining the clinical screening for early and
ultra-early diagnosis of degenerative diseases, including cancers.
Noteworthy, attempts to identify biosignatures to monitor also
the evolution of traumatic injuries, specifically those to the
brain and spine, currently represent the latest frontier in neurotraumatology. Similarly, neuro-oncology is focusing on the
markers of spreading of neoplastic cells and recurrence of disease
following initial treatment to optimize the management of
many primary and secondary brain malignancies.
Furthermore, in the era of preventive medicine what has
garnered considerable interest is the possible role of biomarkers
not only during the phases of early and ultra-early diagnosing and
monitoring of diseases, but more importantly, in research settings.
Biomarkers can help scientists with measurable parameters to
test the efficacy and safety of experimental protocols. In this
regard, the pharmaceutical industry is now looking at a peculiar
category of quantitative indicators known as surrogate biomarkers:
a specific group of intrinsic laboratory markers that can be
objectively measured and evaluated as an indication of normal or
pathologic biologic processes or used as pharmacologic responses
to a therapeutic intervention [2]. Surrogate biomarkers can,
in fact, be used as endpoints when the pathophysiology of the
disease and the mechanisms of action of the intervention are
thoroughly understood. In those instances, they can actually serve
as potential substitutes for clinically meaningful endpoints in
clinical trials [3].

Nanomedicine and Its Contribution to Genomics, Proteomics, and Metabolomics

In this chapter, we offer an overview of how improvements
in the state of the art of many methodologies for genomics,
proteomics, and metabolomics testing are rapidly finding a
place in modern medicine. In particular, we review the latest
discoveries in quantitative neuroscience—specifically those that,
through nanotechnology, hold the promise to foster the field of
preventive and personal medicine in neuro-traumatology and
neuro-oncology—and finally forecast how system biology will
further enhance neurosurgery in the realm of diagnostics at the
nanoscale.

18.2

Nanomedicine and Its Contribution to
Genomics, Proteomics, and Metabolomics

Diagnostics, one of the building blocks of nanomedicine, relies on
methodologies that are empowering clinicians with information
coming from accurate biosensors: devices that combine a biological
component with a physicochemical detector used for the recognition
of an analyte [4]. The improved applicability and sensitivity of
modern biosensors allowed molecular diagnostics to rapidly move
beyond genomics to proteomics and to identify a disease based on
their typical post-translational modifications [5]. The proteome
and secretome, by definition, are dynamic, changing both in
physiological and in pathological conditions; the ultimate goal of
determining them is therefore to characterize the flow of information
within the cells, through the intercellular protein circuitry that
regulates the extracellular microenvironment. Indeed, the study
of proteomics and molecular biomarkers already allowed us to
identify direct or indirect predictive factors and to determine
which affected pathway has more chances to be a selective
therapeutic target. Eventually the goal of nanodiagnostics became
the study of single cells or the identification of single proteins in a
variety of biologic samples, such as serum, plasma, cerebrospinal
fluid (CSF), urine, and cell extracts.
Whereas traditional readout systems (i.e., ELISA) require
large volumes that ultimately dilute the specimens to generate
detectable signals at a cost of reduced sensitivity to the picomolar
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range (pM, 10–12 M/L), with single-protein or single-molecule
essays, the focus has shifted on the presence or absence of the
protein or molecule of interest and the related signal (see
Fig. 18.1), at very low, femtomolar concentrations (fM, 10–15 M/L)
[6–9]. To support the development of those analytical methods
for the detection of relevant biomarker at a micro- or nanometer
scale, scientists pursued innovative techniques able to reduce the
quantities of biological specimens required for diagnostic assays,
while scaling down the minimum amount of DNA or proteins
that can be directly detected, and acquired a more comprehensive
knowledge regarding the over-expression or under-expression
of certain proteins and their physiological or pathological
correlations.

Figure 18.1 Accuracy of biosensors. The sensitivity of conventional readout
(A) is proportional to biomarker concentration; as such, its detection fades
beyond pM/L. Single-molecule imaging (B) instead is not concentration
dependent, and therefore provides positive detection even at much
smaller volumes in the range of fM/L.

Nanomedicine and Its Contribution to Genomics, Proteomics, and Metabolomics

On one hand, the miniaturization supported by
nanotechnology-based methodologies allowed for the manufacture
of portable, hand-held, implantable, or even injectable devices;
as a result of their minute size, these devices need less sample or
reagent for analysis or operation, resulting in enhanced cost- and
time-effectiveness [4]. For instance, by harnessing the ability
to precisely and reproducibly actuate fluids and manipulate
bioparticles, such as DNA, cells, and molecules, micro- and nanofluidics revolutionized the chemical and biological analysis
of those biological substrates by replicating laboratory bench-top
technology on a miniature chip-scale device.
A wide range of laboratory and consumer biotechnological
applications, from genetic and proteomic analysis kits to cell
culture and manipulation platforms allowing in vitro analyses of
established inflammatory, viral, or oncological biomarkers, enable
scientists to predict the behavior of cells under various exogenous
stimuli [10]. Furthermore, point-of-care diagnostic testing,
which enables testing directly at the patient’s bedside, permits
physicians to diagnose pathological conditions more rapidly than
conventional lab-based testing. By using these devices to reduce
the time to diagnosis, the physician is able to make better patient
management decisions, leading to improved patient outcomes
and reduce the overall cost of care.
On the other hand, advances in microelectronics and biosensor
tools have been instrumental in facilitating the development of
these diagnostic devices. Various platforms were developed to
allow for the simultaneous real-time evaluation of a broad range
of disease markers by non-invasive techniques. Among them two
classes of microtechnological devices developed since the early
1990s, such as microarray DNA chip and microfluidics systems for
lab-on-a-chip diagnostics, found their full application following
further miniaturization at the nanoscale [4]. Several techniques
from the field of nanotechnology are nowadays available for the
miniaturization and biofunctionalization of diagnostic surfaces
which result promising in the screening armamentarium for
molecular analyses. Indeed, many of them appear particularly
suitable for a high-sensitivity determination of panels of
biomarkers [11].
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18.3 Highlights on Predictive Biomarkers for
Neuro-Traumatology
Traumatic brain injury (TBI) and spinal cord injury (SCI)
represent a critical worldwide health problem; despite remarkable
advances in medical and surgical management, their diagnosis
and prognosis remain a major challenge of modern healthcare
systems [12, 13].
With an estimated 10 million people affected annually by
TBI worldwide, it is predicted by the World Health Organization
(WHO) that by the year 2020, TBI will surpass many diseases
to become the third leading cause of global mortality and
disability [14]. In recent years neuro-traumatologists attempted
to elucidate the complex mechanisms of TBI progression and to
seek acute and chronic biomarkers helpful in optimizing TBI
prognosis and management [15]. Given the commonalities between
TBI and degenerative diseases such as Alzheimer and other forms
of dementia, one fruitful research approach focused on progressive
white matter degeneration [16]. As such, the mechanisms
involved in myelin loss, delayed microvascular damage, and
appearance of focal microbleeds, that are temporally and regionally
associated with punctuate blood–brain barrier breakdown, were
better understood [17]. Furthermore, four relatively early stages
of TBI resulted particularly productive in terms of biomarker
discovery: oxidative stress, neuroinflammation, apoptosis, and
autophagy [18]. Overall, the above approach allowed to theorize
and, later on, experimentally confirm several putative glial and
inflammatory biomarkers, which appear to be early (within 24 h
from injury) or chronically (over the first 3 months from injury)
upregulated. Of note, most of them can be derived from brain
tissue, blood, and CSF at time of surgical intervention, or during
invasive intracranial monitoring through external ventricular
drains or parenchymal microdialysis [19].
For instance, S-100β, a calcium-binding protein retrievable
in both serum and CSF, is now considered an established marker
for severe TBI [20–22]. Similarly, tau proteins seem to correlate
with elevated intracranial pressure, an acute symptom reflective
of medically refractory TBI, whereas phosphorylated tau can be
found in serum of patients who suffered severe TBI up to several
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months after injury [23, 24]. However, due to the complexity
and heterogeneity of TBI, multiple proteins identified as good
candidates to monitor its evolution actually present as perturbed
networks; as such, investigations on animal models of TBI are
now trying to attempt a more comprehensive system biology
approach as the next step in studying the many pathological
processes involved [25]. This will likely serve as a new ground to
better predict the short- and long-term outcome of patients with
very different conditions such as moderate concussion versus
devastating brain injuries.

Figure 18.2 Pivotal temporal events following TBI. The upregulation
and downregulation of several proteins involved in the processes of
oxidative stress, neuro-inflammation, apoptosis, and autophagy are
those providing the most putative prognostic biomarkers in neurotraumatology.

Recently, the area of neuroproteomics was used also as a
potential tool in biomarker discovery for SCI, which is considered
among the most frequent causes of mortality and morbidity in
every medical care system around the world [26]. The incidence
of SCI in the United States alone is estimated to be around
11,000 new cases per year, with a prevalence of more than
200,000 individuals in the general population [27]. Hence, there
is growing interest in using some of the new diagnostic tools
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previously mentioned to seek a broader view of the dynamics of
genes and proteins involved in the various stages of acute and
chronic SCI. Interestingly, in the field of SCI, the goal was never
limited to the diagnostic and prognostic aspects pertaining to
this pathology; instead several groups attempted to understand
the mechanism behind cell regeneration after injury, as well as
therapeutic targets for chronic pain and spasticity [28–32].
So far, the most common models of SCI used in genomic and
proteomic investigations involved, obviously, contusive injuries,
rather than those transecting the spinal cord. In SCI, similarly to TBI,
the genes involved in inflammation and immune cell recruitment
resulted upregulated in the acute phase post-injury. Specifically,
transcriptional changes in inflammation related molecules (i.e.,
cyclooxygenase 2, interleukins, and tumor necrosis factor α) are
known to increase at early time points (between 30 min and
6 h) post-injury; this is followed by immediate activation of cell
cycle genes involved in cell damage and death [26]. Also, another
common finding seems to be the downregulation of ion channels
involved in cell excitability (i.e., N-methyl-D-aspartate, glutamate
receptors, and potassium ion channels) which prelude to
cytoskeletal destruction (i.e., catabolism of neurofilaments and
microtubules associated proteins that reflect the early tissue loss
at the site of spinal contusion) [33]. Finally, during the subacute
period following SCI, the overall pattern of gene expression changes
dramatically from a damage-dominant transcriptional profile to
one of active repair involving cellular proliferation and migration,
whereas in the chronic phase, markers of matrix and blood vessel
remodeling, antioxidant action, and blood–spinal cord barrier
re-establishment (i.e., angiopoietin, glial fibrillary acidic protein,
glutathione S-transferase) markedly increased [26].
Ultimately, rather than targeting the SCI transcription levels,
microRNA array technology was used as a new, powerful tool
to reveal the consequences of injury at the gene modulation
level [34, 35]. Briefly, microRNAs are a class of RNA molecules
implicated in a wide range of gene regulation mechanisms. Their
role in SCI can be classified into three categories: (1) upregulation,
(2) downregulation, and (3) an early upregulation at 4 h followed
by downregulation at 1 and 7 days post-SCI. An initial bioinformatics
analysis indicated that the potential targets for miRNAs altered
after SCI include genes involved in the inflammation, oxidation, and
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apoptosis [34]. Soon, this approach could represent a useful way to
determine pathologic biosignatures (i.e., abnormal expression of
miRNAs coupled with microsegmental neuroradiological imaging
of the spinal cord) and contribute not only to the monitoring of
SCI but also to the development of therapeutic interventions,
through the analysis of the clinical response to innovative
regenerative drugs currently tested in randomized controlled
trials, such as the Rho inhibitor known as Cethrin [37].

18.4

Why Progress in Neuro-Oncology Relies on
Biomarkers?

Whereas the diagnostics in neuro-traumas investigate a biological
system that implies a physiological state at time of injury, the
tumor microenvironment represents a much more complex
and heterogeneous system, consisting of intricate interactions
between the tumor cells and its neighboring non-cancerous
stromal cells [38]. On one hand, the principal stromal cells in the
tumor niche consist of endothelial cells, macrophages, immune
cells, and fibroblasts; on the other hand, the tumor cells and their
progenitor stem cells show unique behaviors due to variation in
genetic and environmental factors, with dramatic implications in the
pathogenic conditions of brain cancers. For these reasons, efforts
in neuro-oncology, and in particular those revolving around
gliomas, the most common and aggressive primary brain
tumors, continue to focus on elucidating the complex molecular
mechanisms underlying the pathophysiology of brain cancers,
with the aim to define sensitive and specific biomarkers exploitable
in clinical settings [39, 40].
Highlighting the issue of inter- and intra-tumor heterogeneity,
many single-cell analysis techniques, such as cell-based, nucleic
acid-based, protein-based, metabolite-based, and lipid-based,
emerged over the past decade as an important approach to detecting
variations in morphology and genetic or proteomic expression
within the tumor niche [41].
The demand for parallel, multiplex analysis of protein
biomarkers from very small biospecimens obtained at the time
of surgery, or through blood/CSF samples during follow-up,
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represented for years an increasing trend. To date, one example
of this approach to multiplex protein assays relies on the DNAdirected-immobilization technique, where spatially encoded
antibody microarrays (capitalizing on the chemical robustness
of DNA oligomer strands and on the reliable assembly of DNAlabeled antibodies via complementary hybridization) allow the
capturing of multiple proteins of interest in a cell lysate all at once
[10]. Furthermore, in the past five years, the miniaturization of
conventional techniques led to the development of DNA barcodetype arrays at 10 times higher density than standard spotted
microarrays, potentially enabling high-throughput and lowcost measurements. The versatility of barcode immunoassay
is demonstrated by the ability to stratify glioma patients via
multiple measurements of a dozen blood protein biomarkers for
each patient [42]. In a research setting, this technique was further
implemented by coupling it with the immobilization of living
cells, with an outlook for multiplex assay of cytoplasmic proteins.
By this method, it was possible to detect simultaneously not
only enzymes, such as phospho-extracellular signal regulated
kinase (ERK), but also receptors, such as EGFR, both key nodes
of the PI3K signaling pathway, remarkably upregulated in highgrade gliomas (such as aggressive glioblastomas), at concentrations
of 10 to 1 ng/ml [43, 44].
Of note, another recent achievement was the interrogation of
cross talk between signaling pathways within a cellular population
as a paradigm to understand the overall tumor architecture, so
that now we have a broader view of how cell–cell contacts, and
soluble factors signaling, influence the interaction between glioma
cells and the surrounding environment. In particular, experiments
conducted on PI3K signaling in a model of glioma cancer (U87 cells
line), as a function of cell–cell separation, demonstrated that the
expression of EGFR in a subpopulation of cells represents a trigger
for parenchymal invasion, whereas its expression in the majority
or the entirety of the tumor would not enhance tumorigenicity
but would instead result in a self-inhibiting state [45].
With specific regard to the forthcoming steps of multiplexing
analysis of gliomas, the concomitant detection of key biomarkers
such as p53, nestin, EGF-R, OLIG2, and PTEN and the increase in
the statistical value of assays obtained from homogeneous cell
populations (perhaps sorted according to their positivity for CD 133,
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a marker of glioma stem cells) will result in an enhanced recognition
of recurrent tumors, or the newly discovered glioma circulating
tumor cells [40–46].

18.5

System Biology and the Future of
Neurosurgery in the Realm of Nanometers

Nanotechnology-based approaches are being extensively explored
to discover, identify, and quantify clinically useful cellular
signatures for early detection, diagnosis, and prognosis of any
pathology. The study of the brain as the main focus of neuroscience
poses significant challenges for protein analysis. Apart from the
large number of proteins spanning a wide dynamic range in
abundance, brain function is governed by a multidimensional
interplay between gene–protein, protein–protein, and protein–
environment interactions, that are tightly regulated both spatially
and temporally [47]. As previously described, specimens important
for neuroscience research include brain tissue, blood/serum/
plasma, and CSF; each of these has specific limitations, which makes
their analysis difficult. Namely, the high-molecular complexity
of the brain necessitates complex proteomic analysis in order
to investigate neuronal processes of clinical interest, and the
related proteins governing those processes in physiological and
pathological conditions.
As shown in this chapter, the high-throughput nature of
genomic, proteomic, and metabolomics studies has generated
so far a huge volume of information mostly in a hypothesis-driven
manner. This, however, anticipated the next wave of clinical
research: In the near future, in fact, those data will probably
acquire new meanings as systems biology is paving the way to
understand the dynamics that govern protein networks and
regulate the progression of the neurologic pathologies of
neurosurgical interest discussed here.
Systems biology is one of the newest domains in biological
science, and its aim is to better investigate complex biological
processes. Briefly, it represents a mathematical model capable of
predicting the altered processes or functions of complex biological
systems under normal or perturbed conditions [48]. As such, by
using tailored algorithms, it is theoretically possible to extract
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a vast number of statistically significant set of proteins, altered
in different functional pathways pertaining to a given disease.
The suitability of those sets of proteins as possible biomarkers
is then further tested by interpreting their biological role from
gene activation to protein expression, and therefore finding
meaningful relationships among genes, proteins, cell processes,
and diseases. Eventually, system biology allows analyzing changes
in gene expression across thousands of transcripts and visualizing
the interplay between proteins of interest as pattern profiles
for the understanding of CNS neuronal and glial injury. To this
extent, the objective is not just to identify single protein candidates
but to reveal how those biomarkers interact with each other at
subcellular levels, generating a global understanding of neural
biological entities, such as receptors, synapses, mitochondria, and
organelle structures.
Despite in their infancy, targeted studies coupling highthroughput data from genomics, proteomics, and metabolomics,
with the bioinformatics power of a system biology approach
might potentially provide insights on many more neurologic
diseases [49]. Hence, in the near future, scientists will be hopefully
able to identify new key players, propose novel drug targets, and
provide clinicians and surgeons with more accurate biosignatures
in a non-speculative manner.
In conclusion, because of their clinical importance, the
generation at the nanoscale of new materials suitable for
diagnostic purposes has always been central in the conversation
about nanomedicine. However, given the excellent opportunity
provided by diagnostics at the nanoscale, and the unmet dream
to predict the occurrence of diseases and somehow prevent them,
the mathematical models required to analyze the big data
produced by those platforms will acquire even more importance.
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Nanotechnology-enabled medicine or nanomedicine is one of
the most popular applications of nanotechnology. In 2013, Over
240 nanomedicine products were identified either in use or in
trials [1]. Public Communication of Science and Technology (PCOST)
continues to investigate the linkage between claims about
nanomedicine and the broader implications associated with those
claims: personalized and individualized medicine. Berube has
made three arguments about nanomedicine to date. In this chapter,
he and a colleague add a fourth.
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First, nanomedicine like most of nanotechnology has been
hyperbolized. To characterize the National Nanotechnology
Initiative as something truly groundbreaking, proponents
exaggerated the role nanoscience may play in medicine. In turn,
media amplify their messages: “Media have risen to help the public
along by framing even the dullest findings as monumental with
life-saving and life extending qualities.” In addition, “[d]iscoveries
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” [2].
Second, nanomedicine combined with health-related
phobias transforms nanomedicine related nanotechnology into
“especially tasty fruit.” Much like the concept of “low hanging
fruit,” this intrinsic favorability of nanomedicine to various publics
suggests nanomedicine—among nearly all other applications of
nanotechnology—has the potential to transfer its high positive
valence to other applications of nanotechnology becoming a
hallmark of the entire industry and a variable to rehabilitate the
industry should some crisis with nanotechnology surface [3].
Third, nanomedicine has a very special audience: the patient
and their supportive intimates and family. “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.”
Under high stress circumstances brought on by medical issues,
patients react as unique audiences. “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 [4]. In general,
nanotechnology was hailed as the next industrial revolution.
More recently, there has been an effort to rebrand it as “green.”
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Nanomedicine was similarly hyperbolized. Two predictions
from 2005 have been recognized as being not only off mark, but
hyperbolizing.
The first hyperbolic claim came in 2005, at the 4th annual
Nano Business conference at New York Marriott’s Financial
Center [5]. Jeff Jaffe, then the president of Bell Labs Research,
provided a vision of a ubiquitous, virtually invisible nanotechenabled communication network that would offer global “secure
and instantaneous” conversation, as if people were in the same
room.
The second claim came from Dr. Anna Baker of the National
Cancer Institute, where she served as deputy director for
Strategic Scientific Initiatives. For several years, she implemented
multi/trans-disciplinary programs including the Nanotechnology
Alliance for Cancer. Dr. Barker wowed a gathered audience when
she spoke of the grand challenge to “do away with pain and suffering
caused by cancer” by 2015 [5]. She is the current director of
Transformative Healthcare Knowledge Networks and co-director,
Complex Adaptive Systems, at the School of Life Sciences at
Arizona State University (ASU). Of course, in 2019, we know
that Baker’s prediction was off the mark.
As social scientists and rhetorical critics, we are interested
not only in what has been said, but also why what had been said
could have been so “off the mark” by someone whom we
assume handled a large sum of grant resources if not the metaphorical keys to the country’s cancer labs. While a determination
of her motivations is mostly guesswork, we can name some
socio-politically grounded assumptions that we will examine
in more detail below.
In the post-truth political world in which we live, the rhetorical
function of truth has been tarnished. During our last election,
PolitiFact scored US President Donald Trump alone with 174 false
and “pants on fire” (zero evidence) statements [6]. Truth doesn’t
seem to matter much anymore. We have false news events posted
on the Internet with sometimes disastrous consequences. For
instance, one false news event was associated with a shooter
visiting a pizzeria to investigate a child sex ring allegedly run by
Senator Hillary Clinton and John Podesta [7]. Conspiracy generated
by false statements and false news posts feed into the affirmation
bias whereby people tend to believe something as true if it is
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consistent with what they already feel or believe is true. The public
is highly vulnerable to false claims especially when they do not
have the capacities to separate fact from fiction and when the
false claims are consistent with what they already believe is true.
The post-truth world is a world of fiction: claims that seem plausible
are not based in facts. The shooter referenced above is a twisted
example of the consequences of post-truth fiction.
While in most cases, falsities and hyperbole do not lead
to violence and death, they do lead to misunderstanding and
wrongful decision making. In some cases, we will argue
exaggeration can be dangerous for promoting false promises
in regards to the realities of our current technological and
medical capabilities. In other words, when researchers promise
groundbreaking advances in nano-enabled personalized medicine
without considering the economic and communicative constraints
preventing that actualization, they risk misleading the public
and exacerbating this recently legitimated ‘post-truth’ cultural
climate.
To support our argument, this chapter covers four concepts:
a brief review of the prominence of nanomedicine research in
the USA among some of the top health and medicine academic
research institutions; a critical analysis of personalized and
individualized care within the current health care economy; an
assessment of how effective nanomedicine can be at implementing
individualized care to the public; and finally, an review of some
of the dangers associated with hyperbole and exaggeration in
promoting public programs involving science and technology in
our current climate.

19.1

The Nanomedicine Community

There is the National Network of Nanomedicine Development  Centers
(https://commonfund.nih.gov/nanomedicine/fundedresearh).
The
Nano-medicine Initiative applies an engineering approach to the
study of cellular and subcellular systems in an effort not only to
understand, but to precisely control molecular complexes that
operate at the nanoscale [8].

The Nanomedicine Community

There are many outstanding nanomedicine centers in the US. For
purposes of illustration, the following surface regularly in the
literature:
• Johns Hopkins Center (JHC) for Nanomedicine at the
Wilmer Eye Institute, which claims six start-ups, including
Kala Pharmaceuticals, Graybug, Theraly Pharmaceuticals
and its own Theraly Fibrosis, Ashvattha Therapeutics and
Orpheris. A highlight involves work on fibrosis. There
are currently no effective anti-fibrotic drugs available for
patients. The dendrimer-platform technologies targeting
neuroinflammation is being commercialized and moved
towards clinical trials [9].
• UCSB Center for Nanomedicine (CNM) in Santa Barbara
and Goleta is leading research into sepsis, diabetes, cancer
and auto-immune diseases. UC San Diego’s work in sepsis
is very interesting. According to their Web site and CNM
publication records, CNM scientists have discovered a
receptor system in the body that modulates sepsis. This
receptor system controls blood coagulation and thrombosis
thereby promoting host survival of pneumococcal sepsis.
We have further learned how to manipulate this receptor
system to reduce inflammation and increase survival in
both Gram-positive and Gram-negative sepsis. There have
not been any effective drugs developed to treat sepsis
for decades, and the pharmaceutical industry has mostly
dropped all sepsis research and development programs.
CNM discoveries of a novel receptor system in the body that
modulates sepsis by controlling blood protein aging and
turnover has provided a new class of molecules for targeted
therapies for sepsis [10].
• UC San Diego’s Center for Excellence in Nanomedicine
and Engineering (CNME). The tissue engineering work
with computer-assisted, light-based 3D nanopatterning
of hydrogels, which could allow uniform vascularization
of cellular constructs. They claim such a development
would represent a major step forward, as the nonuniform vascularization resulting from endothelial cell
infiltration may not support extended culture or survival
of implants [11].
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Cancer is the focus of much work in nanomedicine. The
National Cancer Institute and its NCI Alliance for Nanotechnology
in Cancer have been making promises about nanomedicine for
some time [12] and many centers across the country have reported
similar promises.
Here are a few illustrations.
• The UCSB teams report their scientists have devised
multiple nanoparticle approaches that enable cancer drugs,
for example, to home to tumors and subsequently to enter
into tumors with increased infiltrating capabilities thereby
exposing more of the tumor to drugs that can eliminate
cancer cells. The ability to target drugs and imaging agents
to diseases such as cancer is one of the next major steps
required to ultimately focus new drugs and treatments to
diseased tissues while sparing normal healthy tissues and
thereby reducing side effects.
• One of the foremost nanomedicine/cancer centers is the
Texas Center for Cancer Nanomedicine. It is developing
and applying a diverse array of nano-platforms for new
therapeutics, methodologies for reliable monitoring of
therapeutic efficacy, early detection approaches from
biological fluids and advances in imaging, and cancerprevention protocols for ovarian and pancreatic cancers [13].
Finally, many large hospital and care networks have opened
Departments of Nanomedicine as well, far too many to list here.

19.2

Nanomedicine and Personalized Care

The claims associating nanomedicine and personalized care are
extensive and what follows hardly exhaust the developments
and projections made by researchers in nanomedicine.
Nanomedicine-based tests and assays may add to the list of
laboratory tests that can improve care-giving. Potentially, some of
these tests could provide highly individualized information. The
theory works this way [14]:
The promise of personalized nanomedicine was based on the
understanding that each individual possesses a unique genetic
profile predisposing him or her to respond to therapies differently.

Challenges Involved in Personalized Medicine

Now, armed with the predictive power of in silico models of patient
populations, whole-genome testing, clinically qualified biomarkers
that can assess individual responses to therapies, and other tools,
the biomedical field is poised for significant advances and benefits to
individuals rather than to their population mean.

For example, Glinky wrote that “laboratory tests for
measurements of microRNAs and other classes of small noncoding
RNAs in archived, formalin-fixed, paraffin-embedded human
samples with sufficient specificity and sensitivity has significantly
limited the development of clinically relevant noncoding
RNA–based diagnostic and therapeutic applications” [15]. His
commentary discussed research advances that allow him to
conclude: “These exciting studies will facilitate the conclusive,
evidence-based interrogation of the molecular and genetic
mechanisms of disease states and enable unequivocal validation
of diagnostic and therapeutic noncoding RNA targets” [15].

19.3

Challenges Involved in Personalized
Medicine

Despite the notable promises professed for nanomedicine’s
therapeutic implications—Personalized Medicine and Precision
Medicine—there are notable constraints that prevent the
actualization of widespread implementation. Challenges currently
exist in the generation, management, and deployment of relevant
data to accommodate healthcare professionals and to reach patients
who would benefit from personalized treatment programs.
Personalized medicine has been hailed as a welcome
advancement for diseases such as heterogeneous forms of cancer,
chronic illnesses, smoking cessation [16], and mental illness [17].
The practice of mapping trends over large genomic data sets is
replacing observational data [18]. Yet, it is data (and its utility,
applicability, accessibility, and management) that also presents
one of the most profound challenges for a future of precisionbased medical care. Until researchers can come to terms with data,
personalized medicine will remain an implication—not a reality.
A first challenge is generating large sets of data for a
comparatively small sample size. Because researchers have
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embraced the complexity of genomic data to map the structure
of heterogeneous diseases [19], an abundance of data emerges
from a relatively small sample of patients [20]. As Zakim
and Schwab note, high costs of data collection limit the
diversity of phenotypes in clinical studies [18]. A large-scale
review of personalized treatment in colorectal cancers [21]
observed that despite promising to advance the mapping of
biomarkers, “further validation is required because of contradictory
study reports, small cohort sizes, inconsistent detection of genes
and enzyme activity and variations in data analysis.” Despite
what the authors name as “promising” futures, they still reported
a need to “validate more biomarkers through large prospective
trials” [21]. This is one way that personalized medicine has hit
roadblocks in actualization. The sheer amount of data generated
is remarkable when considering that it reflects a small sample of
subjects being studied. This “big p, small n” problem potentially
undermines the goal of surveying complex disease profiles [22].
We should remain suspicious of hyperbolic claims of broad
trans-disease applicability for personalized medicine when the
number of subjects studied remains small. For example, Zarrinpar
et al.’s [23] pilot prospective randomized clinical study tested
tacrolimus drug efficacy in post-liver transplant patients
and included eight participants. Four participants received a
parabolic personalized dosing based on a second-order algebraic
equation. The other four, the control group, were treated by their
physician’s observational guidance. The authors noted that the
equation reduced the need for physician recalibration of dosing
and celebrated the possible applications of algebraic drug
administration to cancer, infectious disease, and cardiovascular
medicine. While the authors tested the efficacy of the equation
on animal models, their optimism should raise questions about
the equation’s translational and predictive power across different
classes of disease [23].
Conversely, the abundance of data that can be collected
from a single person has also been hailed as an advance in
precision medicine, but this too raises concerns about replicability.
Schnork argued in Nature that one-person trials (“N-of-1”) could
be advantageous to examine multiple factors that contribute to
disease onset. Individual physicians have certainly taken on this
task in an ad hoc manner, as when a patient is prescribed a drug to

Translational Science Problems

treat a symptom for which it has not yet been approved (typically
defined as “compassionate use.”) Schnork points to “N-of1” population aggregation to reach the best of both worlds:
limiting negative side effects from large-scale clinical studies and
aggregating individuated insights. Unsurprisingly, the cost of care
is the major obstacle to implementing “N-of-1” and individual
trials would have to be implemented in routine clinical care to
be effective [24]. Herein lies the possibility for nanotechnology.
“Nanotechnology enabled carrier and reporter systems may assist
in the collection of patient-specific data noninvasively by giving
access to a previously inaccessible spatiotemporal resolution”
[25]. Technologies designed to collect and synthesize vast amounts
of data are crucial to implementing laboratory successes in
larger populations, particularly as the wealth of data that can be
extracted from a single individual grows.
Without improved abilities to generate, analyze, and store
data, the enterprise of personalized medicine risks contributing
to a multi-tiered global health system with profound access
issues. Although a hallmark of personalized medicine lies in
the curation of unique treatments for unique individuals facing
unique iterations of disease, the generation, storage, and
funding for computational resources are lacking. Such financial
constraints restrict the reach of personalized medicine to those
with resources living in the wealthiest of countries. Alyass et al.
conclude: “Major investments need to be made in the fields of
bioinformatics, biomathematics, and biostatistics to develop
translational analyses of omics data and make the best use of
high-thoroughput technologies” [22]. Referencing the “big-p,
small-n” issue, visualization technologies generate massive
amounts of data applicable to either a single person or a small
population, requiring copious economic and technological
resources for the benefit of a few.

19.4

Translational Science Problems

Perhaps some of the nanomedicine hyperbole has emerged
from grand promises made at the national level. Although
former President Obama announced that he would direct his
administration to invest significant resources into personalized
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medicine (what he named “precision medicine”) in his 2015
State of the Union Address, there are significant roadblocks to
actualizing this investment for improved patient outcome.
Scientific translation between domains of knowledge production,
or what the 1968 New England Journal of Medicine named as
the “bench-to-bedside interface” presents personalized medicine
with constraints that require interdisciplinary teams to work
together effectively to get the insights generated by physician
scientists into the hands of clinicians [26]. This requires not only
a mechanism for transferring technical insights from research
studies, but a plan for clinicians to engage with their patients on
timely basis when survival is measured in weeks and months,
not years. Unfortunately, much of the work to this end completed
between 2009 and today reflects personalized medicine being
“lost in translation” [27].
Scientists and clinicians working within personalized medicine
research agree that there is a gap between the insights generated
in the laboratory and its impact for people living with a given
disease. Malentecchi et al. sent a survey to hospital directors
in European academic institutions. Eighty-seven percent of
surveyed participants agreed. “Cooperation and collaboration
between health-care professionals is becoming a pressing need
to consolidate a personalized medicine approach” [28, p. 984].
After surveying the field, the authors concluded that a “landslide
breakthrough” in translational research was necessary for proper
implementation of the research advances into clinical practice.
They further explain that this goal is unobtainable without
“communication among professionals, doctors, and patients”
[28, p. 981]. Communication is pivotal amongst scientists and
practitioners even when they share a level of technical expertise.
Joly et al. remind us that “the perception of personalized care,
in primary care…differs among healthcare professionals and
patients” [29, pp. 406–407]. When researchers, hospital clinicians,
and primary care professionals are not speaking the same
language, the likelihood that life-prolonging insights will make its
way to patients in need is low.
While communication plays a pivotal role in translating
laboratory insight into clinical practice, advances have been
primarily in genomic database and biobanking. In 2009,
Madhavan et al. discussed the emergence of Rembrandt, a new
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database that would integrate, distribute, and analyze complex
genomic insights to bridge the gap between the “bench to
bedside” [30, p. 157]. While the authors praised the possibility of a
genomics database to permit discoveries, they admitted that
searching for the right data means that they are effectively
looking for a “needle in a haystack” [30, p. 158]. The authors
note that the goal of Rembrandt was not necessarily producing
numbers, but rather insight into the problem at hand. While this
is a worthy goal, it does produce pause towards its ultimate
efficacy if it does not include the necessary communicative training
in translating the proverbial hay to find the needle.
To pursue the goals of translational science beyond establishing
biobanks and genomic databases, personalized and precision
medicine advocates need to take seriously the insights that have
been generated in The Science of Team Science [31]. Team Science
seeks to understand how collaboration across multiple areas of
expertise can productively occur. Team science training exceeds
simply sharing information; it focuses on the communicative
practices and policy initiatives that allow insights to translate
from “bench to bedside” when experts are siloed in their own
daily practices of knowledge production and implementation.
Personalized medicine stakeholders need to be integrating
the following team-based concerns into their translational
considerations: collaboration, including satisfaction, impact and
mutual trust, and integration [32]. Each of these frameworks
indicates that there must be critical interrogation of the
interactions between professionals trained in unique modes—be
it laboratory science or clinical practice. Without attending to
the human dimensions of translation, we risk missing very real
obstacles to integrating personalized medicine—the scientists
and clinicians themselves. After all, while there may well be the
technologies present to permit cross-pollination of ideas, without
the communicative collaboration, we risk burying the needle in the
haystack even further.
All told, personalized medicine—while promising—presents
notable constraints in translation. This is not a problem that in a
post-truth environment we can simply wish away with improved
technological capacity. Our technological progress is only as useful
to helping patients as the ability for knowledge-generating experts
to commune for the benefit of many, not just a few.
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19.5

The Economy of Personalized Care

Despite the hype, nanomedicine will not change this commercial
form of distribution of medicine and treatments. Worse, the
distribution will continue to be concentrated in rich countries
and for the upper classes [33, p. 117].
The nursing community has discussed personalized care for
some time. The ability to present oneself, to be with a patient in
a way that acknowledges shared humanity, is the basis of much
of nursing practice [34]. This approach seems fundamental to
nursing but we want to use a different definition: Individualized
and personalized care involves providing medical assistance to a
patient that has been designed to resolve an ailment or injury
maximizing the individualized therapeutic variables each individual
patient brings to the case instant.
Is personalized care possible? The idea that nanomedicine
can produce diagnostic and therapeutic technologies that can be
effective in treating individuals whose ailments have individual
characteristics is commendable. Unsurprisingly, most care regimens
we used today do not work most of the time. Indeed, the failure
rates are often very high yet still profitable for the health
care industries from pharmaceuticals through broad hospital
networks. Put simply, selling drugs and procedures that do not
work remains profitable.
In an era of debates over hospital care expenses and shortfalls
in practicing physicians in some specialty fields, we hear about
telemedicine whereby a patient may use a kiosk to begin a dialogue
with a caregiver sharing symptoms and concerns. In turn, the
caregiver triages the patient to a health care regimen that may
involve an actual visit with a nurse practitioner or a doctor, but in
some cases, it may involve self-treatment regimens.
Before we begin to examine some of the claims made by
researchers in nanomedicine, it is important to examine the
economy of individualized and personalized care. For example,
it is unsurprising that the pharmaceutical industry profits on
the significant failure of drugs designed for a general population.
Failure rates can be very high. The public has become quite
accustomed to switching from one drug to another one that does
the trick. High failure rates are profitable. While in the therapeutic
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care field that may not be the case, high risks especially
economic ones can reduce the incentive to practice in a specific
field of practice. High failure rates lead to liability issues and
overall competency concerns that can impact a caregiver and
associated institutions.
The economy of nanomedicine and its high costs at least in
the earliest applications does not fare well for populations on the
margins of society.
Even in the wealthiest regions of the world, the cost of novel
medicines and medical devices are frequently prohibitive, and
access to them is limited to the most privileged or denied for all
because they are too costly to bring to market. Nanomedicines
comprising an active “conventional” pharmaceutical agent, such
as doxorubicin and paclitaxel, plus a vectoring nanoparticle, are
typically more expensive per dose or per unit mass of the active
agent than the naked drug by itself [35].

The pharmaceutical industry is directed to the rich. Following
Forbes, the world’s 10 best selling drugs in 2005 were all for
rich patients (high cholesterol, heartburn, high blood pressure,
schizophrenia, and depression) [35].
The entire concept of personalized treatment may be an
obstacle for indigent patients altogether. “Medicines or treatments
that cannot be distributed en masse constitute an additional
difficulty in getting treatment to those with lower purchasing
capacity or who live in locations where there is less medical
infrastructure” [36, p. 117]. Indigent populations do not
have the capacity to generate the types of information that make
personalized therapies effective. It is a fundamental problem of
access.
According to the World Health Organization (WHO),
by 2002, 80% of the world drug market was concentrated in
North America, Europe, and Japan, a geographic area where only
19% of the world population lives. However, 90% of the burden
of disease can be found in poor countries, where patients do
not have the purchasing capacity to buy medicine [36].
While a 2012 unpublished dissertation [37] suggests a net
savings from reduction of side effects and other benefits using
quality-of-life years analysis, the costs up front will be higher and
could be much higher than the author had previously imagined.
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Individuals who may benefit the most from individualized
medicine and personalized care will be those who have the means
to pay for it.

19.6

Dangers of Exaggeration and Hyperbole

Can exaggeration kill you? Not usually. Most of the rhetoric of
exaggeration is treated as falsehood and disposed appropriately
into one of the circular files we empty regularly. Whether the
file is out short-term memory or the trash bin, exaggeration
generally has little serious implications.
While excess is seldom wise, hyperbole is more than excessive
exaggeration and it can be unintentional and intentional. As a
trope, hyperbole is used effectively when both the speaker/writer
and the audience/readership understand they are speaking and
hearing exaggerated rhetoric. Indeed, it is intended to work that
way, just like the tropes of sarcasm and irony. However, when
the audience/reader interprets hyperbole as fact, we get
misinformation. When the speaker or writer knows hyperbole
will be misinterpreted by the audience or reader, we get
mal-information. Misinformation is countered by refutative
information. We correct what we understand wrongly with more
information.
Mal-information is another problem altogether. Malinformation can be found in conspiracy arguments and conspiracy
arguments are the germ of “fake news,” a recurring phenomenon
in social media. A conspiracy argument involves an arguably false
major premise and a truly false minor premise. Returning to our
earlier example of fake news:
Major Premise: Senator Hillary Clinton and John Podesta can’t
be trusted.
Minor Premise: Senator Hillary Clinton and John Podesta run a
child porn ring.
Much like rebutting rumors, the problem is the arguer needs
to attack and rebut both premises while the defense involves using
one premise to bolster the other. This is incredibly frustrating
and mostly unproductive.
A second powerful reason mal-information is so powerful
is because it generally makes a claim within a set of plausible
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scenarios that some audiences are predisposed to believe as true.
Misinformation is consistent with what already can be found in
the wheelhouse of beliefs some publics believe is true. We tend to
believe true what we are prepared to believe is true. Affirmation
or confirmation bias involves many behaviors, including searching,
interpreting, favoring, and recalling information in a way that
confirms one’s preexisting beliefs or hypotheses, while giving
disproportionately less consideration to alternative possibilities
[38]. Once you believe something, most anything that aligns with
this belief is embraced as believable as well.
We have panoply of beliefs and attitudes that help us organize
the complex components of the world in which we live. Susan Fiske
called us “cognitive misers” [39]. We spend little time analyzing
concepts unless they meet strict requirements: high salience and
high exigence [40]. The concepts are important to us and there is
some phenomenon or interpretation thereof which is significantly
and substantially important. Otherwise, we interpret concepts using
what Kahneman calls System 1 reasoning [41] and what Chaiken
calls heuristically [42].
Another example: In the early years of this millennium,
mal-information generated by anti-genetically modified seeds
opponents led to some countries (Malawi, Mozambique, Zambia,
and Zimbabwe) rejecting genetically modified related food aid
under PL 480, the US Food for Peace program. The result was
malnutrition and likely starvation on some scale. According to
Vidal [43], anti-GM ‘‘groups are putting millions of lives at risk in a
despicable way.’’ While some academics have argued the provision
of GMO food aid had little to do with starvation [44], most
agricultural sciences disagree. While research needs to be done
to evidence the direct linkage between anti-GMO information and
malnutrition/starvation, the hypothesis is worth contemplating.
Yet another example: In 2012, mal-information was released
that indicated comments about the dangers of nanoparticles in
sunscreens in Australia resulted in Australians using less sunscreens
in general. Suggesting that an anti-nanoparticle public interest
group (Friends of the Earth Australia) was misdirecting the public,
advocates asserted the claims by the interest group were having
a negative effect on health and well-being. First, it is important
to note that in 2008, Berube published a piece claiming the
Friends of the Earth Australia publication against nanoparticles
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in sunscreens was suspect [45], a team from PCOST investigated
the data that had been generated on sunscreen use and the
proximate relationships this may have had to overall sunscreen
use by sunbathers and could find no significant effect. Clearly,
the hypothesis that mal-information was dangerous in this case
instant could not be sustained.
The challenge for the debunked hyperbole is the overwhelming amount of hyperbole and the inability of fact-checkers
to have the temporal and financial capacity to investigate each
case. Furthermore, we have no protocol in place to help us
decide which cases need to be investigated.

19.7

Conclusions

Argument by hyperbole is problematic for many reasons and can
be dangerous to public life. The public is unprepared for a truthfree society where anyone can make any claim they want wherein
the “fact police” determine what faction deserves to be rebutted
and debunked. One of the foundations of debate is that asserting
something is true is much easier than proving the assertion is
incorrect.
In the current post-truth atmosphere, it might behoove
advocates in science and technology, and in this case nanomedicine, to take great precaution against exaggerating their
claims. Concerns have been expressed elsewhere in the overclaims
of nanomedicine [46]. Overclaims and hyperboles can have real
effects.
For example, Baker’s claim on cancer may come back to
haunt government agencies like the NIH and the NCI when they
attempt to increase appropriations for nanomedicine research.
Ultimately, we know the public is unprepared to vet claims about
complicated science and technology. After the last election season,
it is reasonable to suspect this problem may extend to many
members of the political elite and the media.
While grants demand broader implications and public relation
officers want great claims that capture headlines, learning to
temper overclaims can reduce difficult arguments down the line.
To date, “the promise and hype of personalized medicine has
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outpaced its evidentiary support. In order to achieve favorable
coverage and reimbursement and to support premium prices for
personalized medicine, manufacturers will need to bring better
clinical evidence to the marketplace and better establish the value
of their products” [47].

Disclosures and Conflict of Interest

This article was supported in part by a grant from the National
Science Foundation. ECCS-1542015. NNCI: North Carolina
Research Triangle Nanotechnology Network. RTNN. All opinions
expressed are the authors and do not necessarily reflect those of the
National Science Foundation, North Carolina State University
or the University of Minnesota. Both authors report no conflicts of
interest.

Corresponding Author

Dr. David M. Berube
PCOST, 1070 Partners Way
Campus Box 7565
Suite 5100, Hunt Library
North Carolina State University
Raleigh, North Carolina 27606-7565, USA
Email: dmberube@ncsu.edu

References

1. Etheridge, M. L., Campbell, S. A., Erdman, A. G., Haynes, C. L., Wolf,
S. M., McCullough, J. (2013). The big picture on nanomedicine: The
state of investigational and approved nanomedicine products.
Nanomedicine, 9, 1–14.

2. Berube, D. M. (2006). Nanohype: The Truth behind the Nanotechnology
Buzz, Prometheus Books, Amherst, NY.

3. Berube, D. M. (2009). Public acceptance of nanomedicine: A personal
perspective. WIREs Nanomed. Nanobiotechnol., 1, 2–5.

4. Berube, D. M. (2016). The audience is the message: Nanomedicine
as apotheosis or damnatio memoria. In: Bawa, R., Audette, G. F., and
Reese, B. E., eds. Handbook of Clinical Nanomedicine: Law, Business,

643

644

Nanomedicine and Personalized Care

Regulation, Safety, and Risk, Pan Stanford Publishing, Singapore,
pp. 1117–1140.

5. Business Wire (2005). NanoBusiness 2005 concludes fourth
successful conference in New York City with record number of
sponsors and attendees. Available at: http://www.businesswire.
com/news/home/20050607006026/en/NanoBusiness-2005Concludes-Fourth-Successful-Conference-York (accessed on January
24, 2019).
6. Politifact (2016). Donald Trump’s file. Available at: http://www.
politifact.com/personalities/donald-trump/ (accessed on January 24,
2019).

7. Kang, C., Goldman, A. (2016). In Washington pizzeria attack, fake
news brought real guns. New York Times, December 5. Available at:
http://www.nytimes.com/2016/12/05/business/media/cometping-pong-pizza-shooting-fake-news-consequences.html?_r=0
(accessed on January 24, 2019).

8. NIH Completes Formation of National Network of Nanomedicine
Centers. Available at: https://www.nih.gov/news-events/newsreleases/nih-completes-formation-national-network-nanomedicinecenters (accessed on January 24, 2019).

http://cnm-hopkins.org/
9. Commercialization.
Available
at:
commercialization/ (accessed on January 24, 2019).

10. Sepsis. Available at: https://www.cnm.ucsb.edu/research/sepsis
(accessed on January 24, 2019).

11. Center of Excellence for Nano-Medicine and Engineering (CNME).
Available at: https://iem.ucsd.edu/centers/cnme-nano-medicineengineering.html (accessed on January 24, 2019).

12. Main page. Available at: https://www.cancer.gov/ (accessed on
January 24, 2019).
13. Center Overview. Available at: https://nano.cancer.gov/action/
programs/uthsc/index.asp (accessed on January 24, 2019).

14. Ferrari, M., Philibert, M. A., Sanhai, W. R. (2009). Nanomedicine and
society. Clin. Pharmacol. Ther., 85(5), 466–467.

15. Glinsky, G. V. (2013). RNA-guided diagnostics and therapeutics
for next-generation individualized nanomedicine. J. Clin. Invest.,
123(6), 2350–2352.

16. Lerman, C., Schnoll, R. A., Hawk Jr, L. W., Cincirpini, P., George, T. P.,
Wileyto, E. P., Swan, G. E., Benowitz, N. I., Heitjan, D. F., Tyndale, R. F.
(2015). A randomized placebo-controlled trial to test a genetically

References

informed biomarker for personalizing treatment for tobacco
dependence. Lancet Respir. Med., 3(2), 131–138.

17. Simon, G. E., Perlis, R. H. (2010). Personalized medicine for depression:
Can we match patients with treatments?. Am. J. Psychiatry, 167(12),
1445–1455.
18. Zakim, D., Schwab, M. (2015). Erratum: Data collection as a barrier to
personalized medicine. Trends Pharmacol. Sci., 36, 68–71.

19. West, M., Ginsburg, G. S., Huang, A. T., Nevins, J. R. (2006). Embracing
the complexity of genomic data for personalized medicine. Genome
Res., 16, 559–566.

20. Beim, P. Y., Elashoff, M., Hu-Seliger, H. H. (2013). Personalized
reproductive medicine on the brink: Progress, opportunities, and
challenges ahead. Reprod. Biomed. Online, 27, 611–623.
21. Patil, H., Saxena, S. G., Barrow, C. J., Kanwar, J. R., Kepat, A., Kanwar,
R. K. (2017). Chasing the personalized medicine dream through
biomarker validation in colorectal cancer. Drug Discovery Today,
22(1), 111–119.

22. Alyass, A., Turcotte, M., Meyre, D. (2015). From big data analysis to
personalized medicine for all: Challenges and opportunities. BMC
Med. Genomics, 8(1), 33.

23. Zarrinpar, A., Lee, D., Silva, A., Datta, N., Kee, T., Eriksen, C., Weigle,
K., Agopian, V., Kaldas, F., Farmer, D., Wang, S. E., Busuttil, R., Ho, C.,
Ho, D. (2016). Individualizing liver transplant immunosuppression
using a phenotypic personalized medicine platform. Sci. Transl. Med.,
8(333), 1–13.

24. Schnork, N. J. (2015). Time for one person trials. Nature, 520(7549),
609–611.
25. Herrman, I. K., Rosslein, M. (2016). Personalized medicine: The
enabling role of nanotechnology. Nanomedicine, 11(1), 1–3.

26. Lehrer, R. I. (1968). Phagocytes and the ‘bench-bedside’ interface.
N. Engl. J. Med., 278, 1014–1016.

27. Hulot, J. (2008). Pharmacogenomics and personalized medicine:
Lost in translation? Genome Med., 2(3), 1.
28. Malentacchi, F., Mancini, I., Brandslund, I., Vermeersch, P., Schwab,
M., Marc, J., van Schaik, R. H., Siest, G., Theodorsson, E., Pazzagli,
M., Di Resta, C. (2015). Is laboratory medicine ready for the era of
personalized medicine? A survey addressed to laboratory directors
of hospitals/academic schools of medicine in Europe. Clin. Chem. Lab.
Med., 53(7), 981–988.

645

646

Nanomedicine and Personalized Care

29. Joly, P. B., Kaufmann, A. (2008). Lost in translation? The need for
‘upstream engagement’ with nanotechnology on trial. Sci. Cult., 17(3),
225–247.
30. Madhavan, S., Zenklusen, J. C., Kotliarov, Y., Sahni, H., Fine, H. A., Buetow,
K. (2009). Rembrandt: Helping personalized medicine become a
reality through integrative translational research. Mol. Cancer
Res., 7(2), 157–167.

31. Falk-Krzesinski, H. J., Contractor, N., Fiore, S. M., Hall, K. L., Kane, C.,
Keyton, J., Klein, J. T., Spring, B., Stokols, D., Trochim, W. (2011). Mapping
a research agenda for the science of team science. Res. Eval., 20(2),
145–158.

32. Mâsse, L. C., Moser, R. P., Stokols, D., Taylor, B. K., Marcus, S. E., Morgan,
G. D., Hall, K. L., Croyle, R. T., Trochim, W. M. (2008). Measuring
collaboration and transdisciplinary integration in team science.
Am. J. Preventive Med., 35(2), S151–S160.

33. Hall, R. M., Sun, T., Ferrari, M. (2012). A portrait of nanomedicine
and its bioethical implications. J. Law Med. Ethics, 40(4), 763–779.

34. Herper, M., Kang, P. (2006). The world’s ten best selling drugs, Forbes,
March 22. Available at: http://www.forbes.com/2006/03/21/pfizermerck-amgen-cx_mh_pk_0321topdrugs.html (accessed on January 24,
2019).

35. Invernizzi, N., Foladori, G. (2006). Nanomedicine, poverty and
development. Development, 49(4), 114–118.

36. Lichtenburg, F. (2005). Pharmaceutical innovation and the burden
of disease in developing and developed countries. J. Med. Philos., 30,
663–690.
37. Bosetti, R. (2012). Cost effectiveness of cancer nanotechnology.
Dissertation, D/2012/2451/8, Hasselt University, Belgium.

38. Plous, S. (1993). The Psychology of Judgment and Decision Making,
McGraw-Hill, Inc., NY.
39. Fiske, S., Taylor, S. (1991). Social Cognition, McGraw-Hill, Inc., NY.

40. Bitzer, L. (1968). The rhetorical situation. Philos. Rhetoric, 1, 1–14.

41. Kahneman, D. (2011). Thinking, Fast and Slow, Farrar, Straus &
Giroux, NY.
42. Chaiken, S. (1980). Heuristic and systematic information processing
and the use of source versus message cues in persuasion. J. Pers. Soc.
Psychol., 39, 752–766.

43. Vidal, J. (2002). US dumping unsold GM food on Africa. The Guardian,
October 7. Available at: https://www.theguardian.com/science/2002/
oct/07/gm.famine (accessed on January 24, 2019).

Supplemental Readings

44. Zerbe, N. (2004). Feeding the famine? American food aid and the
GMO debate in Southern Africa, Food Policy, 29, 593–608.
45. Berube, D. M. (2008). Rhetorical gamesmanship in the nano debates
over sunscreens and nanoparticles. J. Nanopart. Res., 10, 23–37.

46. Duncan, R., Gaspar, R. (2011). Nanomedicine(s) under the microscope.
Mol. Pharmacol., 8, 2101–2141.

47. Meckley, L. M., Neumann, P. J. (2010). Personalized medicine: Factors
influencing reimbursement. Health Policy, 94(2), 91–100.

Supplemental Readings

Allon, I., et al. (2017). Ethical issues in nanomedicine: Tempest in a
teapot? Med. Health Care Philos., 20(1), 3–11.
Bawa, R., Johnson, S. (2007). The ethical dimensions of nanomedicine.
Med. Clini. N. Am., 91(5), 881–887.

Halappanavar, S., Vogel, U., Wallin, H., Ysuk, C. L. (2017). Promise and
peril in nanomedicine: The challenges and needs for integrated
systems biology approaches to define health risk. WIRES Nanomed.
Nanobiotechnol., 10(1), e1465.

Hermann, I., Rosslein, M. (2016). Personalized medicine: The enabling role
of nanotechnology. Nanomedicine, 11(1), 1–3.

Kaushik, A., Jayan, R. D., Nair, M., eds. (2017). Advances in Personalized
Nanotherapeutics, Springer.
Mohammed, W., et al. (2018). Potential application of nanotechnology
in health care: An insight. Nanoscale Rep., 1(2), 1–8.

Nouri, M., Lopez, J. (2017). Nanomedicine and personalised medicine:
Understanding the personalisation of health care in the molecular
era. Sociol. Health Illn. 39(4), 547–565.

Sahakyan, N., et al. (2017). Personalized nanoparticles for cancer therapy:
A call for greater precision. Anti-Canc. Agents Med. Chem., 17(8),
1033–1039.
Shi, J., Kantoff, P. W., Wooster, R., Farokhzad, O. C., et al. (2017). Cancer
nanomedicine: Progress, challenges and opportunities. Nat. Rev.:
Cancer., 17, 20–37.
Tinkle, S., et al. (2014). Nanomedicines: Addressing the scientific and
regulatory gap. Ann. N. Y. Acad. Sci., 1313, 35–56.

Ziegelstein, R. C. (2017). Personomics: The missing link in the evolution
from precision medicine to personalized medicine. J. Pers. Med.,
7B(4), 11.

647

Chapter 20

Precision Immuno-Oncology: Prospects
of Individualized Immunotherapy for
Pancreatic Cancer
Jiajia Zhang, MD, MPH,a,b,c Christopher L. Wolfgang, MD, MS,
PhD,a,b,c and Lei Zheng, MD, PhDa,b,c
aDepartments

of Oncology and Surgery, Sidney Kimmel Comprehensive Cancer Center,
Johns Hopkins University School of Medicine, Baltimore, Maryland, USA
bBloomberg-Kimmel Institute for Cancer Immunotherapy, Baltimore, Maryland, USA
cPancreatic Cancer PMCoE Program, Johns Hopkins University School of Medicine,
Baltimore, Maryland, USA

Keywords: pancreatic cancer, pancreatic ductal adenocarcinoma, precision
medicine, immunotherapy, immune checkpoint, tumor microenvironment,
biomarker, tumor-infiltrating lymphocytes, mutational burden, mismatch
repair deficiency, chromosomal chaos, neoantigens, neoepitopes, stromal
matrix, CD40/CD40L, RAS/MAPK activation, focal adhesion kinase, DNA
repair, immune tolerance

20.1

Introduction

Pancreatic cancer is the fourth leading cause of cancer death for
both men and women, with an annual incidence of approximately
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53,000 new cases in the United States, of whom 43,000 are expected
to die [1]. Despite a better understanding of tumor biology and
optimization of current treatment modalities, 5-year survival
rate of pancreatic cancer is only 5–6% [2]. These sobering results
have spawned the efforts spent on developing novel therapies to
improve the treatment outcomes. Immunotherapy, which targets
cancer cells by augmenting the immune system, has become a game
changer in modern cancer cares. Emerging immunotherapeutics
including immune checkpoint blockade antibodies and CAR T cell
therapies have led to durable response among responsive patients.
However, challenges remain as only an objective response rate
of 10–30% was observed among those receiving single agent
immunotherapy. There is a growing need for individualized medicine
solutions to guide patient selection by predicting treatment
response, to spare patients from ineffective treatment, and also to
avoid toxicity associated with immunotherapy.
With rapid advancement in the technology of next generation
sequencing and novel bioinformatics platforms, molecular and
genetic profiling of tumors has become an integral venue to
guide personalized cancer cares. Opportunities for precision
medicine have been expanded to the field of immune-oncology.
Integrating immunotherapy with precision medicine by leveraging
molecular, genomic, cellular, clinical, behavioral, physiological,
and environmental parameters to tailor immunotherapy options
has generated enormous interests. PD-L1 status, mutation burden
and neoantigen load has been shown in various cancer types
to predict positive response to immune checkpoint inhibitors.
More challenges lie in validations of the clinical values of these
biomarkers in selecting the patients for immunotherapy. Particular
opportunities and challenges of personalized immunotherapy
exist for pancreatic cancers.

20.2

Overview of Immune-Biology of
Pancreatic Cancer

Cancer immunotherapy is based on the exquisite specificity of
both antibodies and T cells to differentiate the subtle differences
between cancer and normal cells and thus mediate a response
against tumor cells. To trigger an effective killing of cancer cells, a
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series of stepwise events must be initiated and allowed to proceed
and be expanded iteratively [3, 4]: (1) release of tumor specific
or associated antigens; (2) antigen presentation (dendritic
cells/APCs); (3) priming and activation of T cells; (4) trafficking
of T cells to tumors (CTLs); (5) infiltration of T cells into tumors;
(6) recognition of cancer cells by T cells; (7) killing of cancer cells.
Each step of anti-tumor immune response is characterized by
the coordination of numerous factors, with stimulatory factors
promoting immunity and inhibitory factors reducing immune
activity or keeping the process in check. Therefore, cancer
immunotherapy has been attempted by targeting each of the ratelimiting steps. Over the last decade, researches have suggested
an immunosuppressive TME (Fig. 20.1) as the fundamental basis
for most of the rate-limiting steps of an effective anti-tumor
immune response in pancreatic cancer [5, 6].
Pancreatic cancer bears unique immunologic hallmarks. With
a low-moderate mutational burden, pancreatic cancer cells are
less immunogenic and reside within a dense stromal environment.
The stromal matrix, which comprised of cellular and acellular
components, such as fibroblasts, myofibroblasts, pancreatic
stellate cells, immune cells, blood vessels, extracellular matrix and
soluble proteins such as cytokines and growth factors, contributes
to tumor growth and promotes metastasis [7]. In line with the
excessive desmoplasia, another conundrum of pancreatic cancer
is a deficiency of vasculature, leading to impaired perfusion and
drug delivery. The unique TME of pancreatic cancer gives rise to
a series of challenges along multiple steps of anti-tumor immune
response: a lack of strong cancer antigens or epitopes recognized
by T cells (Step 1), minimal activation of cancer-specific T cells
(Step 3), poor infiltration of T cells into tumors (Step 5),
downregulation of the major histocompatibility complex on cancer
cells (Step 6), and immunosuppressive factors and cells in the
tumor microenvironment (Step 2–7). As a consequence, T cells
are largely excluded from the immediate TME, which may, at least
partially, explain the unresponsiveness to checkpoint blockade
therapy (including anti-PD-1/PD-L1 and anti-CTLA-4) [8]. An
individual pancreatic cancer patient can have a deficiency in
one or multiple step(s) of anti-tumor immune response. Thus, a
personalized medicine approach will ultimately be required for
effective cancer immunotherapy.
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Figure 20.1 Deficiencies in the tumor microenvironment of pancreatic cancer. The mechanistic processes of anti-tumor immune
response are delineated in the diagram. The deficiencies in tumor microenvironment that lead to the failure of anti-tumor immune
response are highlighted in red.
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20.3
20.3.1

Biomarkers Identification
Tumor Microenvironment

20.3.1.1 PD-L1 expression
The PD-1/PD-L1 pathway regulates the balance between the
stimulatory and inhibitory signals needed for effective immune
responses [9]. In tumors, upregulation of PD-L1 on cancer cells
creates an “immune shield” to protect against immune attack from
T cells and contributes to the development of T-cell exhaustion [10].
This lays the foundation of checkpoint blockade of the PD-1-PDL1
pathway pathway to unleash the effector functions of T cells and
reinvigorate the killing of tumor cells, and also highlights the value of
PD-L1 expression as a predictive biomarker for this class of therapy.
For tumors reported with clinical response to the anti-PD-1/PD-L1
therapies including melanoma, renal cell carcinoma (RCC),
non-small cell lung cancer (NSCLC) and bladder cancer, the range
of PD-L1 expression falls from 14% to 100% [11–13]. In the
KEYNOTE-010 study, the magnitude of benefit with pembrolizumab
was associated with the levels of PD-L1 expression, with increased
survival benefits in patients with PD-L1 expression ≥ 50% of
tumor cells (regardless of the staining intensity with the 22C3
clone) [14]. A further study restricting patient recruitment
among PD-L1 ≥ 50% showed a significantly improved progression
free survival and subsequently established pembrolizumab as a
first-line treatment for metastatic NSCLC with PD-L1 expression
≥ 50% [14]. By contrast, a clinical trial based on PD-L1 selection
of ≥5% showed no survival advantage of nivolumab as the first
line treatment compared to the standard-of-care chemotherapy [15].
Of note, differences in the PD-L1 expression threshold may not be
the single factor contributing to the divergent results of the above
two clinical trials; other factors such as difference in assays of
assessing PD-L1 expression and imbalance in baseline patient
characteristics may also have contributed to the difference in
the clinical trial results.
In PDACs, reports of PD-L1 expression vary from
12–90% [16–19], suggesting that we do not have a consensus
on the expression of PD-L1 [20, 21]. Multiple factors may have
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contributed to the wide range of reported expression rates
including the specificity of the staining methodology, the difference
in the PD-L1 positivity cutoff, the difference between primary and
metastatic lesions, and the inclusion of tumor vs. immune cells
in quantifying PD-L1 expression [22]. However, one important
factor may be the effect of the prior treatment on the expression
of PD-L1 [20, 22]. Thus, extreme cautions should be taken
in investigating the predictive role of PD-L1 expression for
immunotherapy response in pancreatic cancer. In fact, none of
the pancreatic cancer patients without mismatch repair deficiency
has responded to the single-agent anti-PD-1 antibody treatment.

20.3.1.2 Tumor-infiltrating lymphocytes

Tumor-infiltrating lymphocytes (TILs) are the immune cell context
direct interacting with the TME and have been shown to act
either as a predictive or prognostic factor for treatment in various
cancers [21–25]. In a study in colon cancer, the densities of
CD3+, CD8+, granulysin, and granzyme B (GZMB)+, and CD45RO+
cells in each tumor region (tumor center and invasive margin)
were shown to be prognostic [23]. In melanoma, a significant
correlation was observed between the presence of both TILs
and B7-H1 expression in the tumor microenvironment and the
response to checkpoint blockade [26]. Nevertheless, only having
positive PD-L1 expression and TILs is not sufficient for pancreatic
cancer responding to anti-PD-1 therapies. In our study evaluating
24 pancreatic ductal adenocarcinomas from patients who
received neoadjuvant GVAX vaccination, although essentially all
the tumors have induction of TILs and PD-L1 expression, the
survival of patients is correlated with the infiltration of myeloid
cells [27]. Therefore, only a comprehensive characterization of
the tumor-infiltrating immune cells would adequately support the
precision medicine practice for pancreatic cancer.

20.3.2

Biomarkers in the Genome

20.3.2.1 Mutations and mutation burden
Known as a genetic disease, cancer is initiated by mutations that
activate oncogenic drivers and eventually turn normal cells into

Biomarkers Identification

cancer cells through activation of genes that promote proliferation
or suppression of genes that modulate apoptosis. In many
cancers, oncogenesis is accompanied by the accumulation of
mutations, which lead to generation of neoantigens that capable
of eliciting potent T cell responses and drive response to current
immunotherapies [4]. A growing body of evidence in the past
five years have suggested that the overall mutational burden is a
predictive biomarker of checkpoint blockade therapies [28–31].
For example, in tumors with higher spectrum of somatic mutational
burdens, such as melanoma and non–small cell lung cancers,
treatment with anti–PD-1 blockade has resulted in significantly
improved survival outcome [14, 32, 33]. Moreover, recent research
identified truncal mutations, which arise early in oncogenesis
and are shared by almost all of the cancer cells, are more likely
to elicit a potent anti-tumor response compared to those arise
later and shared by only a subgroup of cancer cells (branch
mutation) [4]. In solid tumors with mismatch repair (MMR)
deficiency, higher mutational burdens were seen [34, 35]. In a
Phase II clinical trial of progressive metastatic carcinoma with
or without MMR deficiency, whole-exome sequencing revealed
a significantly increased somatic mutations per tumor (mean,
1782 vs. 73) in MMR–deficient tumors as compared with MMR–
proficient tumors. This corresponds to a remarkable increase
in immune-related objective response rate (40% vs. 0%) and
prolonged immune-related progression-free survival rate in MMRdeficient tumors vs. MMR-proficient tumors (78% vs. 11%) [35].
In the subsequent expanded cohort which included 86 advanced
MMR-deficient patients across 12 different tumor types, objective
radiographic responses were observed in 53% of patients and
complete responses were achieved in 21% of patients [36]. This
leads to the recent approval of the microsatellite instability high
condition, the phenotype of mismatch repair deficiency, as a
pan-cancer biomarker for immune checkpoint blockade therapies
and set a stage for the development of precision immunooncology. Another potential genetic biomarker is associated with
point mutations affecting DNA replication—polymerase epsilon
(POLE) or polymerase delta (POLD1), which have been reported to
exhibit some of the highest mutational burdens identified to date
and render patients with exceptionally mutated (ultramutated)
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cancers [37–40]. Improved survival has been observed for POLEmutated tumors in retrospective studies of conventional therapy
setting [21]; and a few case reports also reported dramatic
responses to immune checkpoint blockade [41, 42].
In pancreatic cancer, the average mutation burden was reported
from 26~67 mutations per case [43, 44], representing a relatively
low mutational burden compared to those seen in other solid
tumors. In general, PDAC with more copy number alterations
(indicative of chromosomal instability) exhibited mutations in
DNA break repair genes and trended toward poor prognosis
[43]. Microsatellite instability (MSI) and POLE/POLD1 mutations
are found in 2% and 1–2% of patients with pancreatic cancer,
respectively [45]. Favorable outcomes are anecdotally reported for
MMR-deficient PDAC [46], suggesting that even lower incidence
of MMR deficiency would be found in the PDAC patients who
require treatment. A retrospective cohort study of resected
PDAC (154 in discovery cohort and 95 in replication cohort)
clustered PDAC into five predominant mutational subtypes: age
related, double-strand break repair, mismatch repair, and one
with unknown etiology. Those with higher frequency of somatic
mutations and tumor-specific neoantigens corresponded to
double-strand break repair and mismatch repair subtypes, which
were found to have higher expression of antitumor immunity,
including activation of CD8+ T lymphocytes and overexpression
of regulatory molecules (CTLA-4, PD-1, and indolamine 2,3dioxygenase 1 [IDO1]) [47]. Moreover, a significant number
of germline mutations that are associated with genes for DNA
repair were found in the double-strand break repair subtype
including BRCA1, BRCA2, PALB2, and ATM. These gene mutations
render individuals susceptible to pancreatic cancer and are
potential biomarkers for response to targeted therapy or
immunotherapy. Ongoing clinical trials are testing poly (ADP-ribose)
polymerase (PARP) inhibitors in the small fraction of patients
(<10%) with mutations in BRCA2 or other DNA repair genes.
Although high mutation burden is a predictive biomarker
for favorable response, individual mutations may also act as a
predictor of inferior anti-cancer immune response, particularly
those cancer-associated driver mutations. Mutations activating the
MAP kinase pathway, for example, the KRAS and BRAF mutations,
may attenuate T-cell recognition by down-regulation of the

Biomarkers Identification

major histocompatibility complex (MHC) class I antigen-processing
factors [48–51]. Notably, KRAS and BRAF is mutated in 90–95%
and 3% of PDAC, respectively [43]. These alterations result in a
decrease of T-cell ligands for antigen presentation (Step 2) and
thus attenuating anti-tumor inflammatory response. Reduced
expression of the MHC class I antigen-processing factors enables
cancer cell more likely to escape from immune surveillance and
attack, and poses great challenges for effective immunotherapy.
Oncogenic RAS has also been shown to upregulate expression
of immunomodulatory cytokines, such as IL-8 and GM-CSF [52],
which subsequently induces the infiltration of myeloid derived
suppressor cells (MDSC) [53]. Other mutations can also attribute
to immune resistance. For example, β-2-microglobulin (B2M)
and Janus kinases (JAK1 and JAK2) mutations have been reported
to attribute to primary and secondary resistance to the PD-1
blockade therapy [54, 55]. Truncating mutations of B2M lead to
loss of surface expression of MHC class I molecules. Loss-offunction mutations of AK1/2 result in a lack of response to the
interferon gamma signaling. Recognizing that B2M and JAK1/2
mutations would lead to lack of response to PD-1 blockade
therapy, it has been suggested that these genes be incorporated in
target gene sequencing panels to help select patients for precision
cancer treatments. To validate the predictive value of genomic
biomarkers with a low incidence, basket trials that incorporate
precision medicine into hypothesis-driven clinical trials have
emerged as a feasible solution [56]. In these clinical trials, tumors
are classified based on genetic alterations instead of tumor
histology. These clinical trials scale the number of patients
screened for multiple genetic alterations in tumors through a large
consortium or multi-institution collaboration and assign patients
to a treatment arm corresponding to one particular actionable
mutation.

20.3.2.2 Chromosomal Chaos

Aneuploidy, also known as somatic copy number alterations
(SCNAs), is characterized by the presence of a chaotic chromosomal
environment with abnormal number of chromosomes and
chromosomal segments and has been proposed to drive
tumorigenesis in various cancer types [57]. In pancreatic cancer,
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DNA aneuploidy is an independent factor of poor prognosis [58].
Recently, aneuploidy was found to be associated with decreased
expression of cytokines responsible for tumor destruction
(IFN-γ, IL-1A, IL-1B, and IL-2) [59]. In this study, compared to
the mutation number, the level of SCNAs showed a stronger
correlation with the cytotoxic immune signature in most of the
tumor types examined, even in those whose mutation numbers
positively correlated with the SCNA levels. Clinical validation of the
predictive role of aneuploidy in melanoma patients treated with
anti–CTLA-4 revealed that high SCNA levels were associated with a
poorer response [59].

20.4

20.4.1

Immunotherapeutic Targets for Pancreatic
Cancer
Immune Checkpoints

Immune checkpoint inhibitors, including anti-CTLA4, anti-PD-1,
and anti-PD-L1 antibodies, are effective as single agents in
immune-sensitive cancers like melanoma, renal cell carcinoma
and NSCLC, but lack efficacy in immune-quiescent or resistant
cancers such as pancreatic cancer [60–62]. In a phase II trial,
Ipilimumab was administered to 27 patients with locally advanced
or metastatic pancreatic cancer. Unfortunately, no significant
improvement in survival was observed [63]. As discussed
previously, PD-L1 was rarely expressed on untreated pancreatic
cancer. Therefore, combination strategies to leverage the
potentials of other therapies to turn tumors from immunologically
“cold” to “hot” are a key to achieve the response to immune
checkpoint blockade.

20.4.2

Activating or Introducing Cancer Antigen-Specific
T Cells

20.4.2.1 Tumor Vaccines
Over the last decade, great efforts have been made to explore the
role of vaccines in enhancing the immunogenicity of cancer cells
and boosting the T cell response in pancreatic cancer. At the
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center of vaccine design is the delivery of tumor antigen to antigen
presenting cells (APCs), which plays a major role orchestrating
the immune response [64]. Early studies with single agent tumor
vaccines targeting cancer associated antigens (TSAs) showed
improved immune profiles, but have been largely unsuccessful
in inducing a positive clinical response [65]. On the one hand,
lack of a strong immunogenicity of TSAs may have decreased the
efficiency of the vaccine. On the other hand, the excessive
immune suppressive TME also contributes significantly to the
unresponsiveness. However, our group has raised the “Priming”
hypothesis and demonstrated the role of cancer vaccine in
priming the TME for immune checkpoint blockade therapies.
This evidence supports the combinatorial immunotherapy
strategies by providing T cells to immunologic “cold” TME followed
by removing the inhibitory signals in the TME [66–69]. GVAX,
which composed of two granulocyte-macrophage colonystimulating factor–secreting allogeneic pancreatic tumor cell lines,
induces T-cell immunity to cancer antigens, including mesothelin
[70]. In a clinical trial of 59 patients with resectable pancreatic
cancer treated preoperatively with GVAX, infiltration of T cells
and development of tertiary lymphoid structures in the TME were
observed in the tumors resected 2 weeks following the treatment
of GVAX, suggesting that the combination therapy converted a
“non-immunogenic” neoplasm into an “immunogenic” neoplasm.
In addition, the vaccine therapy induces the adaptive immune
resistance mechanisms, including the PD-1–PD-L1 pathway,
indicates that the vaccine approach could prime pancreatic cancer
for immune checkpoint and other immunomodulatory therapies
[17]. This was also evidenced by another trial in which favorable
objective responses were observed among metastatic PDAC
patients treated with the combination of GVAX and Ipilimumab
compared to ipilimumab alone [71]. Therefore, combinatorial
therapy of vaccines with immunomodulatory therapies (e.g.,
Checkpoint blockade) or other treatment modifying TME would
be the best strategy.

20.4.2.2 Neoantigens and Neoepitopes

The recognition that neoepitope-specific T cells underlies
the immune response to checkpoint inhibitors have pushed
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neoantigens to the wavefront. Indeed, as tumor neoantigens are
non-self to the host immune system, they are less likely to induce
immune tolerance or trigger autoimmunity [72]. As discussed
previously, the fact that mutation/neoantigen burden drives
immune response and correlates with clinical outcomes of immune
checkpoint blockade strongly supports the use of neoantigens
for therapeutic intervention. In a mouse model, therapeutic
vaccines of synthetic mutant peptides predicted from genomics
and bioinformatics approaches showed comparable outcome
as checkpoint blockade in sarcomas [73]. Steven Rosenberg
and his group reported that a metastatic cholangiocarcinoma
patient treated with adoptive transfer of TIL containing mutationspecific polyfunctional T helper-1 cells achieved notable tumor
regression. CD8+PD-1+ neoantigen-specific lymphocytes detected
in the peripheral blood in melanoma patients resembled
infiltrating CD8+PD-1+ cells in their tumors, implying that vaccineinduced CD8+PD-1+ lymphocytes could also traffic into the tumors
[74]. These results provide evidence for the rationale to develop
personalized therapies using neoantigen-reactive lymphocytes
or T cell receptor (TCR) engineered T cells to treat cancer [75].
Adoptive transfer of T cells targeting the mutant KRAS as a
cancer-specific neoantigen is also being tested [76].
In the initial step of developing personalized neoantigen
vaccine, somatic mutations can be identified by comparing the
whole exome sequences and those of matched normal cells [77, 78].
Tumor RNA expression profiling will help to filter in those
expressed candidate neoepitopes [79]. Subsequent prediction of
putative peptides involves interrogating the class I and class II
HLA binding affinities using neoantigen prediction software.
The final step requires well-designed clinical study to validate the
vaccine before it applied to the patients.

20.4.3

Targeting the Microenvironment

20.4.3.1 Stromal matrix
Stroma cells contribute to the resistance of pancreatic cancer
to chemotherapy by forming an insulating matrix around the
tumor, squeezing the blood vessels and preventing chemotherapy
drugs and immune cells from reaching it (Fig. 20.2).

Figure 20.2 Potential immunotherapeutic targets for pancreatic cancer.
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Breaching the significant stroma barriers represents a promising
strategy to improve the delivery and efficacy of systemic
therapeutics agents. Various attempts have been made to target
stromal profibrotic pathways, cytokines and growth factors involved
in tumor desmoplasia and angiogenesis. In a mouse PDA model,
inhibition of the sonic hedgehog (SHH) signaling pathway could
engender a dramatic depletion of stromal components paralleled
by an increase in intratumoral vascular density, leading to a
significantly enhanced concentration of intracellular metabolite
of gemcitabine, transient disease stabilization and a significant
prolongation of survival [80]. However, tumors could develop
adaptation to chronic SHH inhibition and ultimately resume stromal
desmoplasia and hypovascularity [80]. Though disappointing,
it provides a proof of principle that disruption of the desmoplastic
stroma facilitates the delivery of therapeutic agents into PDAC.
Preliminary data in mice have shown that a synthetic form of
vitamin D could be used to target the protective matrix, which
would increase the delivery of chemotherapy and immune
cells into tumor more efficiently [81]. Another study reported
depleting carcinoma-associated fibroblasts (CAFs) expressing
fibroblast activation protein (FAP) resulted in the immune
control of PDAC growth. The depletion of the FAP(+) stromal cell
also uncovered the antitumor effects of α-CTLA-4 and α-PD-L1,
indicating that the potential therapeutic value of stroma targeting
agents in combination with T-cell checkpoint antagonists [8].

20.4.3.2 CD40/CD40L Pathway

The tumor microenvironment in PDAC is predominantly
immunosuppressive and exerts potent restrains for antitumor
immunity. CD40 agonist antibodies (αCD40) promote APC
maturation and enhance macrophage tumoricidal activity [82].
Beatty et al. reported on a small cohort of PDAC patients treated
with gemcitabine chemotherapy plus anti-CD40 agonist antibodies
and observed tumor regressions in a CD40-dependent mechanism
by targeting tumor stroma [83]. More recent studies suggested
that CD40 agonists can mediate both T-cell-independent and
T-cell-dependent immune mechanisms of tumor regression in
pancreatic cancer. The former mechanism involves systemic
activation of macrophages that infiltrate the tumor, become
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tumoricidal, and facilitate the depletion of tumor stroma [84].
The latter finding suggested, when combined with chemotherapy,
CD40 blockade can activate T-cell immunity and mediate major
tumor regression, but this anti-tumor T-cell response is restrained
by suppressive elements in the tumor microenvironment. An
early clinical trial testing agonist CD40 monoclonal antibody in
combination of gemcitabine was well-tolerated and associated
with increased antitumor activity in patients with PDAC [85].

20.4.3.3 RAS/MAPK activation

With the significant role of RAS/MAPK (mitogen-activated protein
kinase) pathway in modifying the TME, inhibition of activated RAS
downstream pathways may increase anti-tumor immune response
and thus therapeutic effect of checkpoint blockade therapy. In
melanoma patients, treatment with MAPK (mitogen-activated
protein kinase) inhibitors have shown reduced levels of
immunosuppressive cytokines and increased TILs [86, 87]. For
triple-negative breast cancer (TNBC), the use of MAPK inhibitors
has enhanced the responses to immune checkpoint blockade,
with an upregulation of MHC I and II on tumor cells, increase in
CD8 TILs, and improved prognosis [88]. In pancreatic cancer,
most efforts targeting RAS/MAPK activation pathway has been
largely unsuccessful. However, simultaneously targeting RAS/
MAPK pathway and providing immunotherapy hold a promise
to tear down the barriers of immune suppression in the TME and
increase the effectiveness of immune-based therapeutic modalities.
Nevertheless, additional resistance mechanism may likely need
to be identified and overcome.

20.4.3.4 Focal adhesion kinase

Focal Adhesion Kinase (FAK), is a non-receptor tyrosine kinase
that plays an critical role in cancer migration, proliferation, and
survival [89], and more recently has been found to regulate proinflammatory pathway activation and cytokine production [90, 91].
In neoplastic PDAC cells, hyperactivated FAK activity has been
shown to orchestrate fibrotic and immunosuppressive TME. In
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the mouse model of PDAC, elevated FAK activity correlated with
high levels of fibrosis and poor CD8+ cytotoxic T cell infiltration
in tumors. However, administration of FAK inhibitors was
associated with markedly reduced tumor fibrosis and decreased
numbers of tumor-infiltrating immunosuppressive cells [92].
Furthermore, FAK inhibitors were shown to render previously
unresponsive PDACs sensitive to chemo- and immunotherapy
including anti-PD-1 and anti CTLA-4 antibodies in preclinical
model of PDACs. These findings have supported the clinical testing
of FAK inhibitors in combination with checkpoint inhibitors
and chemotherapy for pancreatic cancer treatment.

20.4.4

Targeting DNA Repair Mechanisms

Poly (adenosine diphosphate [ADP]) ribose polymerase (PARP),
which represents a powerful machinery for single-strand break
repair, orchestrates the DNA damage response (DDR) and the
maintenance of genomic stability inhibitors [93, 94]. In murine
models, PARP–/– knockout mice demonstrated increased genetic
instability, major DNA repair defects as well as hypersensitivity
to alkylating agents and radiotherapy [95]. A synthetic lethal
therapeutic effect was also proved for patients with compromised
ability to repair double-strand DNA breaks by homologous
recombination when treated with PARP blockade [96]. Over
the past few years, PARP inhibitors (PARPi), which have been
tested as monotherapies or in combination with DNA-damaging
agents, have shown an efficacy against tumors with defects in
DNA repair mechanisms, especially in BRCA1/2 mutation–related
cancers [97]. There have been great interests in the combination
of immunotherapy with PARP inhibitors based on the rationale
that PARPi may increase a synergic therapeutic effect. Treatment
using a PARP inhibitor together with immunotherapy of CTLA-4
blockade was shown to induce long-term survival in a BRCA1deficient ovarian tumor model, with local induction of antitumor
immunity and the production of increased levels of interferon-g
(IFNγ) in the peritoneal tumor environment. Several clinical trials
testing the combination of PARPi and immunotherapy for PDACs
are underway.
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Conclusions

The advances in immunogenomics coupled with the recent
fundamental advances in the understanding of immune-tumor
microenvironment interaction have created opportunities for the
development of more effective and personalized immunotherapy
approaches for pancreatic cancer patients. Great efforts have
focused on identification of biomarkers to facilitate more precise
choices of immune modulatory agents. Research-driven drug
discovery has led to the emergence of a variety of novel therapeutic
targets that are reshaping the pancreatic cancer treatment
landscape. Future directions include strategies to pool the right
neoantigens/neoepitopes for personalized vaccines, to break host
mechanisms of immune tolerance, to enable relevant immune
cells to effectively localize to the sites of disease, and to use new
drugs such as PARPi to target DNA repair deficiencies. Moreover,
studies characterizing PDACs with unique neoantigens and those
from long-term survivors might provide new insights into effective
treatment strategies for pancreatic cancer [98]. With enormous
amount of genomics and immune-biomarker data generated,
more efforts should be made to the development of relational
databases and bioinformatics platform to empower the practice
of precision immuno-oncology. Nevertheless, before unleashing
the full power of precision oncology, more studies with robust
validation and well-designed clinical trials are warranted to
provide evidence to support individualized immunotherapy for
pancreatic cancer.
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21.1

Introduction

The term “Precision Medicine” was first coined by Clayton
Christensen in his book the “Innovator’s Prescription”, published
in 2009 [1]. According to the early definition given by the
Institute of Precision Medicine, “Precision medicine is targeted,
individualized care that is tailored to each patient based on his
or her specific genetic profile and medical history” [2].
While the above definitions allow us to assume that precision
medicine is focused on meeting patients’ requirements accurately,
we need to review the scientific nature of accuracy, precision and
their relationship with each other to put things in perspective.
This is essential toward optimizing patient requirements and
outcomes, minimizing damage to the healthcare ecosystem by
reducing under-overdiagnosis and therapy. To quote from Thomas
(2014), “The healthcare ‘system’ is now better understood as an
‘ecosystem’ of interconnected stakeholders, each one charged
with a mission to improve the quality of care while lowering its
cost. To ensure patient safety and quality care while realizing
savings, these stakeholders are building new relationships—often
outside the four walls of the hospital” [3].
We illustrate current concepts borrowed from existing
scientific literature around accuracy and precision with Figs. 21.1
and 21.2. We have modified the figure in reference to paper [4] to
offer a fresh perspective on accuracy-driven “precision medicine”,
which is an age-old tool for physicians, currently augmented
by technology.

21.1.1

Precision versus Accuracy

We illustrate the above concepts with micro case studies below:

“An elderly patient from a country endemic with tuberculosis
presented with a chronic cough and weight loss. A lung pathology
was detected on imaging that was not amenable to further biopsy
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efforts as a result of unavailable resources. He was started on
empirical treatment for tuberculosis after sending a sputum for
acid-fast bacillus (AFB) and culture.”

PRECISE BUT
INACCURATE
DIAGNOSIS
AND THERAPY
ACCURATE
AND PRECISE
DIAGNOSIS
AND THERAPY

ACCURATE BUT
IMPRECISE
DIAGNOSIS AND
THERAPY

Figure 21.1 Mapping ‘Precision’ and ‘Accuracy’ in Medicine (Accuracy—
achieving patients’ requirement of best outcome, and Precision—the
narrowest path to achieve it).

In tuberculosis endemic countries, physicians often treat
empirically for tuberculosis in lung pathologies, although lung
malignancy is a close differential in such situations. In the above
patient’s context, physicians were being obviously imprecise
in starting treatment for tuberculosis empirically even when
the tuberculosis bacilli was undetectable. This is an acceptable
standard practice with established protocols for treating
sputum-negative tuberculosis utilized globally by many countries
that are endemic for tuberculosis.

Bowler = Treating Physician
Batsman = Disease

Fielders = Treating
Physician’s oīline team

Figure 21.2 Illustrates the analogy of healthcare ecosystem functioning in the form of a cricket match.

Audience =
Patient’s well
wishers

Dugout = Treating Physician’s online team
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Now to illustrate the concepts further, the above case may
have the following mentioned outcomes:

(a) The elderly patient’s sputum comes out to be positive and
once he is begun on antitubercular therapy, he recovers. His
cough subsides and weight improves and his sputum culture
report that comes after 6 weeks also turns out to be positive
for tuberculosis. This is an example of precise and accurate
diagnosis and treatment.

(b) The elderly patient’s sputum turns out to be negative and
yet once he is begun on antitubercular therapy, he recovers.
His cough subsides and weight improves and his sputum
culture report that comes after 6 weeks turns out to
be positive for tuberculosis although his initial sputum
smear was negative. This would be an example of initially
imprecise, but finally accurate outcomes.
(c) The elderly patient’s sputum turns out to be negative
and a cartridge-based nucleic acid amplification assay test
(CBNAAT) sent at the same time also turns out to be negative
for tuberculosis and once he is begun on antitubercular
therapy, he does not appear to recover at all. His cough
worsens along with his appetite and his weight loss increases.
A bronchoscopy with bronchoalveolar lavage is performed
and sent again for malignant cytology, AFB, CBNAAT, and
culture. His sputum culture report that comes after 6 weeks
turns out to be positive for drug-resistant tuberculosis.
Although, he receives second-line therapy for his drugresistant tuberculosis, his condition worsens, and he dies.

		 The above is an example of a precise approach that still leads
to inaccurate patient outcomes. We can be inaccurate in spite
of being precise because of the current limitation of
information and knowledge that does not always allow
us to be accurate. The role of research and learning is to
address this limitation and push the boundaries of current
knowledge. Precision medicine develops and positively
evolves with better research and learning.
(d) The elderly patient’s sputum turns out to be negative for
tuberculosis and no further tests are done due to lack of
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resources. He is put on empirical antitubercular therapy,
but he does not appear to recover at all. His cough worsens
along with his appetite and his weight loss increases.
One day he has a sudden shortness of breath and dies. An
autopsy reveals bronchogenic carcinoma and pulmonary
embolism.

The above is an example of imprecise and inaccurate outcomes.
Here again, the obvious precipitants are low resources that
prevent further probing toward a precise diagnosis, leading one
to resort to imprecise treatment.
Out of the descriptions of a–d above, let’s focus on (b), which
illustrates imprecise approaches to arrive at accuracy. This is also
known as the trial and error method in common parlance. Over
the past centuries, medicine has often relied on this imprecise
trial and error method, particularly on individual patients before
it was replaced by the population-based randomized controlled
trial approach to collect generalizable average evidence that is
often applied on individual patients. The problem with this current
approach is that the requirements of the individual at hand may
not always match the average requirements.
Nevertheless, modern-day, evidence-based precision demands
that the individual is first viewed through the ‘average evidence’
lens. Once the individual’s response to the ‘average’ evidence-based
available therapy is suboptimal or the therapy itself is unavailable,
a therapeutic trial on the individual can be undertaken as a
single subject ‘n of 1’ study design.
Coming back to (b), which is about a situation where empirical
therapy is provided to an individual who may have a substantial
chance of having an alternative diagnosis, and in (b) that
individual turns out to be lucky to have that very diagnosis that
was targeted. This imprecise approach may often be overdone in
low-resource settings, where one often comes across prescriptions
listing out 9–10 medications where the strategy is to target all
possible differentials with whatever medicine appears to have
the slightest evidence of success. While this form of irrational
overuse of medication is a global problem, it appears to be more
pronounced in low-resource settings [5]. This problem, a lack
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of system to make practitioners aware of their follies, is more
common in low-resource settings also because of arcane medical
education strategies that do not train students in critical appraisal,
neither in terms of recognizing nor applying current best
evidence. This deficit often stems from the education system’s
overreliance on rote memorization based on a curriculum that
discourages students to ask questions [6]. One solution to the
current curricular conundrum is to create more CBBLEs in every
medical college, where patient-centered, evidence-based, selfdirected learning is the prime emphasis [7].
Behnke L. M. et al. have defined overutilization as “use of
unnecessary care when alternatives may produce similar outcomes,
results in a higher cost without increased value” [8]. Overuse has a
huge burden on low- and middle-income countries, where much
healthcare is provided by ill-regulated, private providers and
with fee-for-service. As a result, healthcare costs significantly
increase and potentially harm patients through inappropriate
interventions.
While our above description of overuse is true for multiple
medication overuse in single patients, some single interventions
can be scaled rapidly in larger populations. Current global
concerns are mounting over inappropriate interventions such as
percutaneous coronary intervention (PCI) for patients who are
unlikely to benefit.
Brownlee S. et al. reported that in an Indian second opinion
setting, 55% of recommended PCIs were ill-advised [9]. A study in
a tertiary care center in India showed that ST-elevation myocardial
infarction (STEMI) patients constituted 55% of all inappropriate
elective PCIs. These PCI procedures were performed on totally
occluded infarct-related vessels after 12 h of symptom onset.
The same study also showed that patients with stable angina
with single or double vessel disease, low-risk group and suboptimal medical therapy constituted 45% of all inappropriate
elective PCIs [10]. It has been reported that the prevalence of
inappropriate PCI procedures is 3.7% in Korea; 12% in the
USA; 14% in Germany; 16% in Italy; 22% in Israel and 20% in
Spain [9].
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Over the last decade, we have adopted an evidence-based
precision medicine approach that enables utilizing the best
available evidence toward optimizing care for individual patients.
Our individual patient requirements have led us to adopt a
blended learning platform to enable an informational support
for our patients. It also helps medical students to have a platform
to help patients locally while learning from global experts in
an online ecosystem [11]. Our online learning ecosystem is a
community of computer and mobile users comprised of medical
students, their physician teachers, other health professionals and
patients and their relatives, each one of whom provide inputs
(in terms of case-based information) to this ecosystem through
devices. They receive learning feedback on the same cases such
that their learning outcomes can be potentially translated into
patient outcomes. This system, labeled “user-driven healthcare”
(UDHC), is not restricted to our CBBLE, but represents an evolving
global “phenomenon”. Here “improved healthcare is achieved
through concerted collaborative learning between multiple
users and stakeholders, primarily patients, health professionals
and other actors in the caregiving collaborative network across
a web interface”. This has been described in detail elsewhere
[12–18].

21.1.2

Case-Based Blended Learning Ecosystem
(CBBLE): Current Case Studies and Implications
for Precision Medicine

“The idea of sharing and learning around patients has been
alive since the beginning of medicine, when physicians would
present their cases to a large audience to primarily learn from the
inputs of other physicians.” With the invention of the printing
press, instead of restricting themselves to verbal face-to-face case
presentations, many physicians published their cases in journals
and slowly the medical fraternity started naming those published
diseases after their first authors. “In this way, case reporting
became a gainful activity not only in terms of scientific
advancement towards patient benefits, but also as an important
instrument of physician fame.” We have utilized this case
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reporting model to help our patients and to train our medical
students about disease and patient experience [18, 19].
By reporting cases, this model allows more engagement
both from patients and medical students to reach a precise and
accurate diagnosis, and also helps as an educational tool.
Our healthcare learning ecosystem is currently based offline
in the Kamineni Institute of Medical Sciences, and this offline
base keeps shifting with the various university locations in
India where our corresponding authors are based for varying
numbers of years. The online component of this blended learning
ecosystem began on email groups, and then shifted to social
media groups such as “Tabula Rasa” [14]. It currently exists in
WhatsApp groups with a global audience of medical students and
physicians. Gauging by the mentions in our past publications that
have flowered through offline inputs processed further online,
the students and faculty driving our online discussions range
from universities in the US; India; Oxford, UK; Ontario, Canada;
Montpellier, France; and Monash, Australia; as well as in the
Maldives, Nepal, and Bangladesh.
What follows is a series of case narratives by the physicians
in our case-based learning ecosystem and our critical appraisal of
them through the “precision lens”. We have previously published
detailed patient narratives of online patient users of our
ecosystem [18], and this article focuses on the physician
narratives to provide a qualitative perspective of our workflow.

21.2

Materials and Methods

These case studies were taken from our “case-based blended
learning ecosystem” (CBBLE) and were narrated by the physicians,
students, and their senior teachers. We illustrated current
concepts of scientific accuracy and precision using two analogies.
The first was an age-old analogy of “scientific precision” and the
second was a creative analogy comparing the medical endeavor
of our CBBLE to a game of cricket where health professional
bowlers and fielders try to get the batting disease team out in
time to win the match. While this is not far from established
analogies of “battling” disease, the cricket stadium offers a detailed
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perspective of our CBBLE framework. A group of our CBBLE online
students visited Kamineni Institute of Medical Sciences (KIMS),
Narketpally, where its offline component is currently ongoing.
They worked with the team of students, physically managing
the patients and developing insights into the nature of precision
that enabled further analysis of the narratives obtained from
our CBBLE students past and present.
This was done to attain our objective of illustrating the role of
accuracy-driven “age-old precision medicine” in the framework of
our current CBBLE, parallel to current “OMICS-driven” precision
medicine narratives, and how we may create a bridge between
the two systems.

21.3

21.3.1

Results

Precision Medicine through a Physician
Resident’s Narrative Lens (in Relatively
Low-Resource Settings)

SS is a postgraduate resident physician managing critically ill
patients, as well as chronic patients in the outpatient department
(OPD) as part of her formal residency program in medicine.
She also works part of the time on a thesis that involves clinical
decision making around management of thyroid disorders.
What follows is her own narrative of experiences with one
recent critically ill patient that she managed onsite, offline along
with her other resident colleague as well as other first-year
postgraduate colleagues, also known as interns. This was observed
in real time by the online members of our CBBLE, who supported
with their input once SS shared the patient’s deidentified online
record on a blog. This was preceded by a snippet of the patient’s
computed tomography (CT) images, as well as a very brief history
of her problem. The online record blog link is accessible in [20].
After dinner on my night duty, I rushed to casualty as a patient was
brought who needed immediate attention. On going to casualty, I
saw that a 60-year-old lady was struggling to breathe and appeared
tachypneic. Her % oxygen saturation was only 86% at room air.

Results

We had to provide her immediate oxygen support which improved
her saturation but she was still tachypneic, and opening her mouth
to take in the air, basically struggling to take the air in.
After making sure that her saturation was well maintaining I had
called the attenders to take a detailed history. Her complaints were
not of recent onset. She had complaints since the past 4 months.
The lady had been having complaints of burning micturition since
4 months. She had been visiting the hospital often for the above
complaints. This time, she had the same complaints of burning
micturition, fever, abdominal pain and decreased urine output.
On asking further the attenders related that she hadn’t passed
urine since 3–4 days. So I had immediately asked for a Foley’s
catheterization. The moment we had inserted the Foley’s the urine
was milky white for the initial few minutes. By this time we had
got a few of their old prescriptions which showed a urology
outpatient card and the urologist made a diagnosis based upon
the history of “thin stream of urine” as stricture urethra. Now
everything was falling into place. Her persistent complaints from
the past few months, her burning micturition, fever.
We got the necessary investigations done, firstly sent a blood and
urine culture as I could sense that she may deteriorate. Sent
immediately blood for an arterial blood gas (ABG) analysis which
showed a metabolic acidosis thus ruling out any lung pathology
leading to shortness of breath. She needed dialysis. Blood counts
showed elevated leukocytes. Her urine routine microscopy showed
plenty of pus cells. Her ultrasonogram (USG) of the abdomen
revealed pyonephrosis with dilated ureters.
Had got her dialysis done the next day. In her Foley’s interestingly
we noted some debris. We had a discussion around it as what it
could be. But post dialysis though her acidosis resolved she went
into hypotension. We had to start her on inotropic support. Had to
monitor her blood pressure (BP) closely to tailor the dose accordingly.
We were eagerly waiting for her culture reports as the leucocyte
count showed an increasing trend. By this time we had got all her
previous outpatient cards which not only revealed her past history
and procedures done but were also a representation of the
case-based workflow of multiple departments in our rural tertiary
medical college hospital.
Her previous outpatient cards revealed that her first visit was
in December last year. She had first gone to a gynecologist with
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complaints of burning micturition, whitish discharge per vaginum
and fever. Probably the gynecologist had asked her to void and
come as they wanted to examine her per vaginally. But this is where
we lost track of the information in her outpatient card progress
notes. She then landed up in urology OPD where her outpatient
card revealed that she had a thin stream of urine. The diagnosis of
stricture urethra was made solely based on this and a dilatation
procedure was done, she was catheterized with Foley’s and urine
culture sensitivity was sent. She was started on antibiotic and asked
to turn up after 3 days which she did. She got her Foley’s removed
and was prescribed the 1st line antibiotic for urinary tract infection
(UTI). The urine culture report was, unseen by the care provider, and
unasked by the patients. She was prescribed the same 1st line
antibiotic as in the first visit. She was then asymptomatic for the
next 2 months. When she developed her current symptoms she
turned up in the casualty this time.
The organism was the same since the first report, but sadly the
culture reports being unseen she was getting the antibiotic for which
the organism was never sensitive. The organism had been evolving
since then into a more virulent one.

21.3.1.1 Analogy-driven analysis: Retrospective notes from
the dugout
We draw below an analogy of our blended ecosystem with a cricket
match (Fig. 21.2), where the bowler is the treating physician,
along with the rest of the fielders as a part of the treating team.
The dugout is the online team sending inputs to the bowler,
also known as, the offline treating physician team for taking the
wicket of that batsman, also known as, the disease.
The main aim of the entire offline and the online team is to
take an accurate wicket using a precise strategy that minimizes
overuse and overtreatment and successfully banishes the disease
to the pavilion and accurately meets patient requirements.
Precision medicine ensures the narrowest path toward accuracy.
The healthcare professional team, as bowlers and fielders,
rushed to the casualty (field) to battle the disease of this patient
and win the match to meet the patient requirements within a
narrowest path possible to attain precision and accuracy without
overdiagnosis and overtreatment (Fig. 21.2).

Results

The postmenopausal woman was prescribed first-line
antibiotics for UTI without following the urine c/s reports that
precisely pointed toward the sensitivity. This permitted the E. coli
to strengthen, as the antibiotic in use was a poor match. Moreover,
an estrogen ointment was prescribed for local use, although
evidence of efficacy for this intervention for UTI prevention
or treatment is inconclusive [21]. Lacking adequate diagnosis
and follow-up, she returned to casualty with life-threatening
symptoms.
The above is an example of an initial accurate managed with
an imprecise approach leading to inaccuracy.
The physician resident’s narrative, continued:
We got a CT abdomen done for her as the USG abdomen revealed
pyonephrosis. We had something very unusual and unexpected
in store for us in the CT. She had air pockets in the kidney, in the
erector spinae muscle and spinal canal. We decided to change
the antibiotic. We were still waiting for the culture report and
had started her on a higher antibiotic. But to our dismay, our
microbiology department didn’t have the sensitivity checking disc
for the antibiotic which we had started her on.

21.3.1.2 Online work flow in parallel with the offline
component of our CBBLE
At this point, the patient data was shared online in our CBBLE and
the online team (analogous to the stadium dugout) swung into
action (Figs. 21.3 and 21.4). This enriched the decision-making
capacities of the bowling and fielding team by sharing current
evidence-based inputs gathered through search engines. This
considerably helped the offline treating team (the bowlers and
fielders) to intensify their strategy to finally get all the batsmen
out. This patient’s course was such that one batsman after another
tried to score as much as possible, as once she appeared to
have recovered from the sepsis, she developed a myocardial
infarction. Once that was out, she developed recurrent seizures,
which were possibly a result of her uremic encephalopathy.
She finally recovered, with all the wickets taken. A graphical
representation of the entire hospital course of her illness is
shared (Fig. 21.5), here.
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Figure 21.3 Illustrating the patient data shared online into our CBBLE online network.
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Figure 21.4 Illustrating the patient data shared online into our CBBLE online
network.

21.3.2

Precision Medicine through a Neurologist’s
Narrative Lens (in Relatively High-Resource
Settings)

KS has been a member of our CBBLE since 2006, when RB, his
offline teacher in his medical college in Bangalore migrated on a
teaching assignment to Malaysia and he chose to keep in touch
online. Since then, he has completed his postgraduate residency
in medicine and fellowship in neurology. He currently practices
interventional neurology in a high-resource setting in India, where
he often works in the neuro cath lab performing angiography
and stenting of cerebral blood vessels.
What follows is a case-based narrative in his voice.
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Figure 21.5 Illustrates the graphical representation of her illness during
her stay in the hospital.
A 29-year-old male, presented to our Neurology Clinic with his first
known episode of generalized tonic-clonic seizures. He denies drug
or alcohol usage and his growth and developmental history was
normal. Prior to this hospital visit, he had not attended any medical
consultation. He was not on any medications for any other ailment.
His neurological examination was normal. He was then subjected
to an electroencephalography (EEG) and magnetic resonance
(MR) imaging of the brain. EEG was normal. However, MR imaging
(with contrast) revealed a single ring-enhancing lesion in the left
temporal lobe with a visible scolex. A diagnosis of Neurocysticercosis

Results

was made. The patient was prescribed Albendazole and steroids for
the acute problem and then prescribed T. Levetiracetam 500 mg
twice a day for the seizures.
Two weeks into treatment he was brought to the emergency room
(ER) in an unresponsive state. His parents found him unresponsive
and noticed that he had inadvertently passed urine in his clothes.
On examination, his vitals were stable. He had a gaze preference to
the left, with paucity of movements on the right side. The possibility
of an unwitnessed seizure, Todd’s palsy, and postictal confusion
were suspected. A repeat MR imaging revealed acute infarct in the
left middle cerebral artery (MCA) and left anterior cerebral artery
(ACA) territories. MR angiogram revealed a left carotid occlusion.
His older MR images were reviewed and showed no evidence of
carotid or intracranial vascular disease. He was transferred to
the angiography suite and a diagnostic cerebral angiogram was
performed. Digital subtraction angiography (DSA) revealed a left
carotid T occlusion. A mechanical thrombectomy was successfully
performed. However, there was also evidence of left MCA
occlusion. Mechanical thrombectomy was repeated, with partial
recanalization. Repeat brain imaging revealed significant left
hemispheric infarct with evidence of evolving cerebral edema. A
decompressive craniectomy was done 3 days after the surgery,
repeat imaging revealed persistent cerebral edema and hence he was
referred for re-exploration. He underwent left frontal and temporal
lobectomy. The patient is slowly recovering with occupational and
rehabilitative therapies.
A young stroke workup was considered. Routine blood investigations
were normal. Autoimmune markers including antinuclear
antibody (ANA) and antineutrophil cytoplasmic antibodies (ANCA)
were normal. He had normal homocysteine levels and a normal
echocardiogram. Holter monitoring was normal. We screened him
for genetic thrombophilic conditions. He was found to have a
homozygous MTHFR C677T gene mutation. MTHFR mutation has
been previously linked to ischemic strokes.
Two hit hypothesis is well discussed in the field of oncology where
a reactive genetic mutation can be triggered by an epigenetic
event such as an infection. However, if we are to apply the same
principle in this case scenario, our patient had a ‘first hit’ with a
homozygous MTHFR C677T mutation. The ‘second hit’ may have
been the neurocysticercosis infection, followed by the interventions
or the resultant systemic distress and functional recovery.
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21.3.2.1 Analogy-driven analysis: Retrospective notes from
the dugout
In the above game, the bowling and fielding team of KS played
with the best possible strategy (precision), but was unable to get
the disease out (accuracy), and the game appeared to be drawn,
if not lost.

21.3.3

Precision Medicine (in Relatively Low-Resource
Settings) through the Lens of a Medical
Student’s Online Interaction with Our CBBLE

VP is a medical student from Tairunnessa Memorial Medical
College and Hospital, Gazipur, Bangladesh, and an active member of
our CBBLE who has attended the offline component of our CBBLE,
which is also organized in collaboration with BMJ case reports
[22]. After finishing his offline elective stint a year back in our
host institute, he has subsequently remained active online and
regularly collates patient data shared by different members of our
CBBLE into deidentified online patient records and ensures that
all the signed informed consents from these patients are
maintained and preserved in secure locations. The physicians in
our CBBLE share their patient data in the hope of obtaining online
feedback through conversational engagement with peers along
with current best evidence support which VP provides through
extensive searches of online and offline electronic resources. The
patient narrative below was posted on our WhatsApp discussion
forum by a CBBLE member and collated by VP:
A 52 year old woman, who was visiting us from North Bengal said
she was watching TV in her apartment one day in the summer of
2015 and suddenly noticed that the TV was swinging followed
by swinging walls and even the stairs of her apartment when she
quickly started running down to safety and amidst all this
commotion she noticed a buzz of people shouting earthquake!
Earthquake!! She remembers that is the first time she had
experienced severe palpitations since then which she complains
of repeatedly experiencing over the years. However, she didn’t
notice the swelling in front of her neck that we noticed. We didn’t
notice any protruding eyes or tremors etc. USG neck showed
nodules in the thyroid that was sent for fine-needle aspiration
cytology (FNAC) and her T4 was double the normal value and TSH
was very low.

Results

Toxic adenoma is a toxic thyroid nodule which produces
excessive thyroid hormones. They are managed either by prolonged
thionamide therapy, surgery or radioiodine ablation. In this nondiabetic patient, a non-velvety, hyperpigmented area involving
skin folds was noticed at the back of the neck that was very atypical
of acanthosis nigricans. In view of thyroid nodule and hyperpigmentation in the neck, paraneoplastic acanthosis nigricans
was brought into consideration. Later, FNAC report was available
which showed features of benign thyroid lesion with foci of mild
atypia.

Once the above narrative was posted by one of our CBBLE
users feedback started pouring in, in the form of queries and
clarifications sought (Fig. 21.6).

Figure 21.6 Illustrates the feedback and the queries posted from the
CBBLE online network.
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21.3.3.1 After the discussion, the following questions about
the patient were raised
If FNAC is positive, we would know what to do next, but what are
the chances of false negativity after FNAC? What is the frequency
of having to obtain excision/incision biopsies in such situations?
What if we miss an underlying malignancy and go for radioiodine?
Based on FNAC findings, how would you decide between surgery
and medical management in this patient? These were answered
by VP after searching online and offline resources and illustrated
by him below along with interactions with the initial CBBLE
user who had posted the patient data.

21.3.3.2 If FNAC is positive, we would know what to
do next, but what are the chances of false
negativity after FNAC?

This made us look up specificity and sensitivity of FNAC in
detecting thyroid malignancy. A study showed FNAC is more
specific (98%) than sensitive (80%) in detecting malignancy [23].
Here if FNAC is more specific than sensitive so what should
we do if the FNAC is negative? There is still 20% chance of its
being malignant.

21.3.3.3 What is the frequency of having to obtain
excision/incision biopsies in such situations?

The decision to go for excision biopsy primarily for histopathological
examination (HPE) to rule out malignancy is often a judgement
call. In this context from a precision medicine perspective would
a liquid biopsy be feasible or helpful? A feasibility study was
conducted by detecting BRAF(V600E) circulating tumour DNA
(ctDNA) in the plasma of patients with thyroid nodules to distinguish
between benign and malignant nodules. Results showed that
BRAF(V600E) ctDNA could distinguish between the two [24].

21.3.3.4 Based on FNAC findings, how would you decide
between surgery and medical management in
this patient?

The problem with both radioiodine and surgery is that the patient
would become hypothyroid eventually and end up in a lifelong

Results

dose of maintenance thyroxine. The problem with carbimazole
is that we may not be sure of the response.
Eventually, the patient was started on carbimazole after
shared decision making with her and her relatives.

21.3.3.5 Analogy-driven analysis: Retrospective notes
from the dugout

This game involved a fair amount of precision even in a relatively
low-resource setting. It appears to have achieved a fair amount
of accuracy, although the game is going to be long, as thyroidsuppressive treatment takes a long time to maintain remission in
toxic adenomas. There is always a chance of a malignancy showing
up sometime later. This patient was actually referred to our CBBLE
from a very distant community, nearly 2000 km away from our
tertiary care teaching hospital. VP and RB were already evaluating
the patient’s inputs posted by one of our CBBLE community health
workers, who also resides in the same community 2000 km away,
in the patient’s village/town. A tentative plan for evaluation was
made online, following which the patient was further evaluated in
the hospital after she made the long journey. The revised inputs
on the patient after evaluation by the hospital residents and
faculty were again posted to the online network on WhatsApp,
and a final plan of available intervention was drawn. There
was a question raised by the team evaluating the patient in the
hospital about the uncertainty of future malignancy prediction in
this patient when an online CBBLE member suggested that this
could become feasible in the near future using BRAF (V600E)
ctDNA. At the current point in time, this is out of reach from a
rural Indian tertiary teaching hospital perspective, but it is
possible that resources and research could make this available
even in less than a decade, in the coming years. Until then, we
may have to live with the uncertainty posed.

21.3.4

Precision Medicine through a Hematoncologist’s
Narrative Lens (in Relatively High-Resource
Settings)

Author BD is one of the earliest students of our CBBLE from the
purely email era, when he published some of his cases even as a
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graduate student in Manipal College of Medical Sciences, Pokhara,
Nepal, way back in 2002. He is currently working at the cutting
edge of precision medicine in a high-resource setting at the Medical
College of Wisconsin, as a hemato-oncologist focused on multiple
myeloma and other plasma cell disorders.
In a frigid Wisconsin morning last December, I received a phone call
from my friend, whose brother was in the battle for his life against
Multiple Myeloma. This patient’s disease had progressed after
multiple lines of chemotherapy including two stem cell transplants
in the span of 4 years. My friend was desperate for a ray of hope to
help his brother. He had exhausted all available options, and
enrollment in a clinical trial was the only potential solution for his
disease. As a myeloma focussed physician, I was aware of a clinical
trial that was exploring an experimental agent for the subtype of
myeloma he had; myeloma with chromosomal translocation 11 and
14; t(11:14). With ample caution, I routed them towards relevant
myeloma clinical trials in their area. Fast forward a few months,
my friend called me again, but this time excitement was palpable
through the phone. His brother was enrolled in a clinical trial using
bcl 2-inhibitor (venetoclax)—a drug active against a particular
subtype of multiple myeloma with t(11:14) [25]. This result, a
remission, was shared by others and this would open a new era of
precision medicine in the therapeutic armamentarium of multiple
myeloma.

21.3.4.1 Analogy-driven analysis: Retrospective notes from
the dugout
The patient’s disease was difficult to drive out in spite of the best
possible efforts by the fielding team over 4 years, and a chemical
that targeted a precise molecular pathway in the pathogenesis
of the disease offered promise of finally making a dent in the
disease.

21.4

21.4.1

Discussion

Current Narratives in Precision Oncogenomics

In 1927, a brilliant physicist from Germany, Werner Heisenberg,
introduced a principle, well known as “The Heisenberg Uncertainty
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Principle”, which would become pivotal for the development of
quantum mechanics. The principle asserts the fundamental limit
to the precision with which certain pairs of physical properties
of a particle can be known. Modern medicine, particularly within
the field of oncology, is rapidly moving towards a precision
approach, as the molecular underpinnings of disease evolution are
made known. As one of the major goals of cancer research is the
gaining of understanding of the genetic changes responsible for
the establishment of the “cancer clone” and the “key pathways”,
they could be targeted therapeutically. New insights into human
cancers are emerging from basic research, and this has the
potential to augment disease diagnostics, therapeutics, and clinical
decision-making.
“Precision Medicine”—an abundant term in medical
literature—refers to the tailoring of medical treatment guided
by genomic or molecular features of the disease and not by the
clinicopathological features [26]. Since cancer is a disease of
the genome, the field has been the perfect choice to enhance the
impact of precision medicine [27]. Because every single cancer
patient exhibits a different genetic profile, and that profile can
change over time, “tailored” treatment, rather than a “one-sizefits-all” approach, is likely to benefit patients, and hence is an
attractive concept. Whether it is a mere concept or realistically
assures a better future in oncology continues to remain a debate.
The precision medicine approach has transformed the outlook
for some deadly cancers. One of the most notable examples is
the discovery of bcr-abl gene fusion and the development of
imatinib for chronic myelogenous leukemia (CML). CML treated
by imatinib resulted in unprecedented results, with a 5-year
survival of 90% and some patients even inching towards cure [28].
Other examples include the human epidermal growth factor
receptor-2 (HER-2) and development of agents like trastuzumab.
Compared to conventional chemotherapy, the addition of this
agent has resulted in significant improvement in progressionfree survival and reduction of death by 20% [29]. These examples
illustrate how the identification of key molecular pathways
targeted therapeutically could alter the disease course and
result in the desired outcomes. What about other cancers? Has
precision medicine delivered its promise in other cancers, as well,
and is it a time to celebrate? Or has our approach for more
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“precision” resulted in more “uncertainty”, as described by
Heisenberg?
In this context, the design and the results of the SHIVA trial
are worth a discussion. It is a phase 2, randomized multicenter
trial, which assessed the efficacy of several molecularly targeted
therapies based on molecular profiling compared to conventional
therapies in patients with advanced cancers [30]. The results
showed no improvement in progression-free survival (the
primary end-point) with the use of molecularly targeted agents
compared to physician’s choice of chemotherapy. However, it is
important to realize that the majority of the patients in the trial
received a hormone modulator or mTOR inhibitor, and thus the
justification of the failure of the precision approach based on this
limited data is not reasonable. The other was that the study was
powered to determine whether the use of an algorithm-based
approach to treatment allocation can improve patient outcomes—
regardless of the nature of such allocated treatments [30]. In the
trial, each patient served as his or her own control in terms of
primary end-point assessment. This calls for novel methods of
designing the trials, with clinically meaningful endpoints using
precision medicine. One of the other concerns has been the
possible lack of valid biomarkers. We are experiencing another
revolution in personalized treatment, with the introduction of
various immune-based approaches. Cancer immunotherapy used
to have limited applications, mainly for selected cancers like
melanoma and renal cancers and involved the use of interleukin
2 (IL-2). With the dramatic progress in the last few years, this
approach has moved into the mainstream in several cancers.
Currently, immune-based approaches represent the most exciting
area for diseases like melanoma, non-small lung cell cancer, and
hematological cancers including multiple myeloma. The immune
approach includes both active and passive immunotherapies:
monoclonal antibodies, checkpoint inhibitors, and cellular
immunotherapy. Recently, Rosenberg et al. demonstrated a new
approach to immunotherapy, in which “adoptive transfer of
mutant-protein-specific tumour-infiltrating lymphocytes (TILs)
in conjunction with interleukin (IL)-2 and checkpoint blockade
mediated the complete durable regression of metastatic breast
cancer, which is now ongoing for >22 months” [31]. However, not
all patients respond to immunotherapy, and there is a variability
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in response. One of the reasons for the variability in patient
response with immunotherapy is the lack of predictive
biomarkers. Identifying predictive biomarkers is a challenge in
immunotherapy, and the other challenges include cost, toxicity
and tumor heterogeneity, which impede the efficacy of immunebased therapy. For checkpoint inhibition, PDL1 has been
proposed as a putative biomarker, as pembrolizumab (anti-PD 1)
is approved in non-small-cell lung carcinoma (NSCLC) only in
patients whose tumor PD-L1 levels are ≥50% [32]. Unfortunately,
with the different temporal, spatial and methodological
heterogeneity, it remains an unreliable biomarker [27].
The other unreliable biomarker includes the ERCC1 for NSCLC
to platinum therapy [33].
Despite the challenges, precision medicine holds a lot
of potential in cancer therapy. While we need to conduct
well-designed randomized trials to assess broader efficacy of
personalized medicine and validate the bio-markers, we can also
enjoy the tremendous success of KIT mutations in gastrointestinal
stromal tumor (GIST), BRAF (V600E) in melanoma, EGFR, ALK,
and ROS1 alterations in NSCLC [34–36]. In a study in which my
friend’s brother participated, venetoclax monotherapy resulted
in unprecedented response rates of 40% in heavily pre-treated
patients with multiple myeloma [25]. Biomarker analysis
confirmed that response to venetoclax correlated with higher
BCL2:BCL2L1 and BCL2:MCL1 mRNA expression ratios, which
are predominantly seen in patients with t (11:14). These outcomes
show potential in results, for the first time, that pave the way
for precision medicine in multiple myeloma with a significant
potential to change practice in specific subgroups of patients and
the hope is that knowledge in the field will increase to include
other subgroups.
Clinical trials are evolving to investigate tumor heterogeneity
from patient to patient in their design. The Molecular Analysis
for Therapy Choice (NCI-MATCH) is a clinical trial selecting
treatments based on genetic features of patients, not traditional
tumor histology [32]. Thusfar, 2500 patients in the USA have been
enrolled in one of the 24 arms of this trial, representing one half
of the recruitment goals [37]. The Molecular Profiling-based
Assignment of Cancer Therapy (NCI-MPACT) is another innovative
clinical trial to test the hypothesis that targeting an oncogenic
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driver mutation is more efficacious than not targeting it.
NCI-MPACT will recruit advanced cancer patients who have
been unresponsive to standard therapeutic options and possess
mutations in one of three genetic pathways that include DNA
repair, PI3K/mTOR (phosphoinositide-3 kinase/mammalian
target of rapamycin), and Ras/Raf/MEK (mitogen-activated protein
kinase). The efficacy of diagnosis and therapies using precision
medicine could be significantly enhanced, should results deliver
the outcomes investigated in these trials.
With the development of novel technologies, it is hoped that
understanding of tumor complexity and the immune system will
be increased. These will be critical in designing future tailored
combination therapies. The recent advances in the development
of sequencing technologies have enhanced the ability to sequence
cancers at both population and single-cell levels. Diverse
mechanisms that lead to disease evolution, disease response, and
refractoriness are slowly being understood. These advancements,
we hope, will translate to more targeted therapies with better
outcomes in patients with cancers in future.
The above discussion by author BD perhaps reflects and
echoes the thoughts of many of his peers, who are working to
make the dream of precision medicine a reality; while at the same
time, this is an evolving area, where there are unseen threats (for
patients) and opportunities (for pharma) in terms of aggravating
the pandemic of overdiagnosis and overtreatment [38–40].

21.4.2

Age-Old Precision Medicine

The patient of KS presented to a relatively high-resource set-up in
India, where the practitioner worked in a highly specialized and
narrow domain of precision medicine (interventional neurology)
and made the best precise efforts to address the problem in
this critically ill patient, but the results were far from accurate.
We are not sure of the outcomes that may have been achieved if
the same patient had visited a low-resource setting; would the
approach have been imprecise but the outcomes serendipitously
better? Currently, what are the available strategies for predicting
patient outcomes in response to highly specialized precision
intervention? Randomized controlled trials have looked at
catheter-based interventions in cerebral vessels, and available
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data supports the use of mechanical thrombectomy from 6 to
24 h for patients with occlusion of the intracranial carotid or
proximal middle cerebral artery who present to a stroke center
with expertise in both mechanical thrombectomy and
automated infarct volume determination using MR imaging or
perfusion CT [41]. While the data continues to evolve, there
shall remain a grey zone where the push of newer innovations
in terms of pharmacological and non-pharmacological devices
will encourage overdiagnosis and overtreatment. This appears
directly reactionary to combat pre-existing underdiagnosis
and undertreatment, particularly in parts of the globe that are
plagued by it.
The two patient narratives from relatively low-resource
settings naturally reflect the danger of underdiagnosis and
undertreatment. This is apparent beginning with the very first
narrative, where the urinary tract infection was undertreated
due to underdiagnosis. This was again a result of informational
discontinuity. This is another malady that our CBBLE is striving
to address by tracking each patient record online and encouraging
physicians to communicate around their online patient records,
which can be accessed through our CBBLE. The solution to this
lies in concerted team communication. Ideally, if this patient had
first approached our CBBLE, we could have utilized our online
network, connected to microbiologists, to collect her results.
While this is easier in patients admitted to our hospital, the same
may not be true with outpatients. For such situations, we have
in the past tried to train community health workers to follow
up with our outpatients even after they return to their homes.
We have tried to integrate this with rudimentary home health
care programs, but we must admit that we have not been able
to scale this approach beyond just one or two towns in rural
India [42].
Identification, elucidation and correlation of external life
event pathways through traditional history taking and internal
cellular and molecular event pathways through current precision
medicine approaches could serve as a superior predictor of
outcomes than the binary preference-bound “patient-related
outcome”. It can begin with recording and documentation of
individual case-based experiences of the external and internal
pathways that are otherwise routinely lost to science, and all
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this data can be harnessed using case-based reasoning (CBR)
techniques. Many labels, such as case-based informatics and
evidence farming, have been applied to these currently fledgling
endeavors [43–46]. Our elective students have begun the
process through their case records in their online learning
portfolios [47], and in the next few months to years, once the
number of cases in our database improves, we shall be able to
utilize algorithms for “experiential evidence farming” to
demonstrate improved patient outcomes with recording,
sharing, reusing and recycling steps in the CBR evidence farming
cycle.

21.5

Conclusions

This chapter illustrates how CBBLE can strengthen the bridge
between age-old precision approaches with modern omicsdriven approaches to deliver precision healthcare and reduce
overdiagnosis and overtreatment. The narratives from our CBBLE
found that physicians naturally aim for precision and accuracy,
although accuracy may remain elusive in spite of our best focused
precise approaches. One can considerably increase one’s chances
of obtaining accuracy if one is regularly supported by a CBBLE that
not only offers evidence-based decision tools, but also a regular
connection with peers that can go a long way toward improved
documentation, transparency and newer learning insights.
We hope to scale the CBBLE approach in the near future to not
only reduce overdiagnosis and overtreatment, but also promote
transparency, accountability, and innovation toward optimizing
solutions for individual patients, integrating age-old as well as
technology-driven precision medicine approaches.
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Views from the FDA: Precision Medicine,
Genetic Variant Databases and
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22.1

22.1.1

Precision Medicine and Personalized
Medicine
Introduction

Most medical treatments are designed for the “average patient”
as a one-size-fits-all-approach, which may be successful for
some patients but not for others. Precision medicine, sometimes
known as “personalized medicine” is an innovative approach to
tailoring disease prevention and treatment that takes into account
The Road from Nanomedicine to Precision Medicine
Edited by Shaker A. Mousa, Raj Bawa, and Gerald F. Audette
Copyright © 2020 Jenny Stanford Publishing Pte. Ltd.
ISBN 978-981-4800-59-4 (Hardcover), 978-0-429-29501-0 (eBook)
www.jennystanford.com
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differences in people’s genes, environments, and lifestyles. The
goal of precision medicine is to target the right treatments to
the right patients at the right time.
Advances in precision medicine have already led to powerful
new discoveries and FDA-approved treatments that are tailored
to specific characteristics of individuals, such as a person’s genetic
makeup, or the genetic profile of an individual’s tumor. Patients
with a variety of cancers routinely undergo molecular testing as
part of patient care, enabling physicians to select treatments
that improve chances of survival and reduce exposure to adverse
effects.

22.1.2

Next Generation Sequencing (NGS) Tests

Precision care will only be as good as the tests that guide diagnosis
and treatment. Next Generation Sequencing (NGS) tests (Fig. 22.1)

Databases

BioinformaƟcs
Tool

Would allow
A cloud-based community
developers to use data
research and development
from FDA-recognized
portal that engages users
public databases of
across the world to
geneƟc variants to
experiment, share data
Next-GeneraƟŽŶ and tools, and test
support a test’s clinical
validity.
Sequencing-BaseĚ new bioinformaƟcs

GeneƟĐTests

approaches for
NGS.

Standards
The FDA oīers recommendaƟons for designing,
developing, and validaƟng NGS tests that could
also form the basis for community-developed
consensus standards.

Figure 22.1 FDA’s recommendation for next-generation sequencing-based
genetic testing.

Precision Medicine and Personalized Medicine

are capable of rapidly identifying or ‘sequencing’ large sections of
a person’s genome and are important advances in the clinical
applications of precision medicine. Patients, physicians and
researchers can use these tests to find genetic variants that help
them diagnose, treat, and understand more about human disease.

22.1.3

The FDA’s Role in Advancing Precision Medicine

The FDA is working to ensure the accuracy of NGS tests, so
that patients and clinicians can receive accurate and clinically
meaningful test results.
The vast amount of information generated through NGS poses
novel regulatory issues for the FDA. While current regulatory
approaches are appropriate for conventional diagnostics that
detect a single disease or condition (such as blood glucose or
cholesterol levels), these new sequencing techniques contain the
equivalent of millions of tests in one. Because of this, the FDA has
worked with stakeholders in industry, laboratories, academia, and
patient and professional societies to develop a flexible regulatory
approach to accommodate this rapidly evolving technology that
leverages consensus standards, crowd-sourced data, and stateof-the-art open-source computing technology to support NGS
test development. This approach will enable innovation in testing
and research, and will speed access to accurate, reliable genetic
tests.

22.1.4

Streamlining FDA’s Regulatory Oversight of
NGS Tests

In April 2018, the FDA issued two final guidances that recommend
approaches to streamline the submission and review of data
supporting the clinical and analytical validity of NGS-based tests.
These recommendations are intended to provide an efficient and
flexible regulatory oversight approach: as technology advances,
standards can rapidly evolve and be used to set appropriate
metrics for fast growing fields such as NGS. Similarly, as clinical
evidence improves, new assertions could be supported. This
adaptive approach would ultimately foster innovation among
test developers and improve patients’ access to these new
technologies.
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22.1.5

Clinical Databases Guidance

The final guidance “Use of Public Human Genetic Variant Databases
to Support Clinical Validity for Genetic and Genomic-Based In Vitro
Diagnostics” allows developers to use data from FDA-recognized
public databases of genetic variants to help support a test’s
clinical validity and outlines how database administrators can
seek recognition for their databases if they meet certain quality
recommendations. This approach incentivizes data sharing and
provides a more efficient path to market.

22.1.6

Analytical Validation Guidance

The final guidance “Considerations for Design, Development,
and Analytical Validation of Next Generation Sequencing (NGS)–
Based In Vitro Diagnostics (IVDs) Intended to Aid in the Diagnosis
of Suspected Germline Diseases” offers recommendations for
designing, developing and validating NGS tests. The guidance also
encourages community engagement in developing NGS-related
standards by standards developing organizations (SDOs) since
standards can more rapidly evolve with changes in technology and
knowledge and can therefore be used to set appropriate metrics
such as specific performance thresholds for fast growing fields
such as NGS.

22.1.7 FDA’s Bioinformatics Platform

The FDA created precision FDA, a cloud-based community research
and development portal that engages users across the world to
share data and tools to test, pilot, and validate existing and new
bioinformatics approaches to NGS processing. Individuals and
organizations in the genomics community can find more information
and sign up to participate at http://precision.fda.gov.

22.1.8

Reports and Discussion Papers

• Optimizing FDA’s Regulatory Oversight of Next Generation
Sequencing Diagnostic Tests
• Report: Paving the Way for Personalized Medicine (also see,
Chapter 3 in this volume).

Overview of Immune-Biology of Pancreatic Cancer

22.1.9

Past Meetings

• 07/27/16: Webinar: Next Generation Sequencing (NGS)
Draft Guidances: Implications for Patients and Providers
• 07/27/16: Webinar: Next Generation Sequencing (NGS)
Draft Guidances: Technical and Regulatory Aspects
• 11/13/2015: Public Workshop: Use of Databases for
Establishing the Clinical Relevance of Human Genetic
Variants
• 11/12/2015: Standards Based Approach to Analytical
Performance Evaluation of Next Generation Sequencing
In Vitro Diagnostic Tests
• 02/20/2015: Optimizing FDA’s Regulatory Oversight of Next
Generation Sequencing Diagnostic Tests Public Workshop

22.2

FDA Recognition of Public Human Genetic
Variant Databases

A genetic variant database contains information about genetic
differences (also called genetic variants). Researchers submit data
to these databases, which collect, organize, and publicly document
the evidence supporting links between a human genetic variant
and a disease or condition. These databases may make assertions
about genetic variants, which are informed assessments of the
correlation (or lack thereof) between a disease or condition and
a genetic variant based on the current state of knowledge. Better
understanding the relationships between genotypes (the genetic
code of an organism) and diseases or conditions can aid in the
diagnosis and treatment of individuals with genetic conditions.
The FDA’s April 2018 final guidance “Use of Public Human
Genetic Variant Databases to Support Clinical Validity for Genetic
and Genomic-Based In Vitro Diagnostics” provides a mechanism
for test developers to leverage publicly accessible databases of
human genetic variants to support the FDA’s regulatory review
of genetic and genomic tests. The FDA hopes that this program
will encourage database administrators to submit genetic variant
information to publicly accessible databases, which could help reduce
regulatory burdens on test developers and spur advancements
in the evaluation and implementation of precision medicine.

719

720

Views from the FDA

FDA recognition of a database indicates that the FDA
believes the data and assertions contained in the database can be
considered valid scientific evidence. This program will allow
sponsors to use the assertions within FDA-recognized databases
to support the clinical validity of their tests.

22.2.1

How to Participate in the FDA Database
Recognition Program

Database administrators who wish to seek recognition for their
databases should follow the recommendations outlined in the final
guidance.
Participation in the FDA database recognition process
is voluntary, and participation does not subject the database to
FDA oversight, beyond what is needed to retain the recognition.
There are no user fees associated with the FDA Database
Recognition program.
A request for recognition can be for the entire genetic
variant database or for a subset of the database as decided by the
database administrator. Submissions should demonstrate that
the recommendations in the final guidance have been followed
or should explain why an alternative approach was taken.

(1) Prior to submitting an application for database recognition,
database administrators should contact FDA staff at
OIRPMGroup@fda.hhs.gov to determine how to address
their recognition request. Database administrators should
then submit an application as an eCopy. The eCopy should
be in the form of a DVD, CD, or flash drive and should be
sent to the Document Mail Center at the following address:

		 U.S. Food and Drug Administration
Center for Devices and Radiological Health
Document Mail Center – WO66-G609
10903 New Hampshire Avenue
Silver Spring, MD 20993-0002

		 The eCopy should meet the technical standards outlined in
Attachment 1 of the FDA guidance “eCopy Program for Medical
Device Submissions.”

(2) The cover letter of this application should identify the
appropriate division that will undertake the review of the

Precision Medicine and Personalized Medicine

application (this information is obtained by contacting FDA
staff prior to submission at OIRPMGroup@fda.hhs.gov).
The application should be submitted as an “informational
meeting” Q-submission based on the FDA guidance document
“Requests for Feedback on Medical Device Submissions: The
Pre-Submission Program and Meetings with Food and Drug
Administration Staff.” The following types of documents,
which show that the recommendations in the final guidance
have been met, should be submitted as part of an application
for recognition:

• Standard Operating Procedures (SOPs), policies or other
documents related to the recommendations in the final
guidance, such as:
o General operation of the genetic variant database
o Personally, identifiable information and protected health
information confidentiality and privacy
o Data integrity and security
o Curation, variant evaluation, and reevaluation
o Training for curation, evaluation, privacy and security,
and other relevant activities

• Validation studies for evaluation SOPs
• Documentation of the qualifications of the individuals
evaluating variants and policies for approving those
individuals
• Data preservation plan
• Conflict of interest policies and disclosures of conflicts of
interest
• A commitment to make all recommended documents
publicly accessible via weblinks

(3) Applications should be accompanied by a cover letter, which
should include the following information:
• Identification of the submission as an “Informational
Meeting” Q-Submission
• Identification of the submission as a request for Database
Recognition
• Statement of the types of variants the genetic variant
database assertions address (e.g., germline)
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• Scope or portion of the database for which recognition is
being sought
• Point of contact
• Entity name
• Statement that the submitter believes, to the best of his or
her knowledge, that all information submitted are truthful
and accurate and that no material fact has been omitted

If you have any questions, please contact us at OIRPMGroup@
fda.hhs.gov

22.2.2

Additional Resources

• Webinar: Final Guidances on Next Generation Sequencingbased Tests: May 24, 2018
• Final Guidance: Use of Public Human Genetic Variant
Databases to Support Clinical Validity for Genetic and
Genomic-Based In Vitro Diagnostics

22.3

Personalized Medicine and Companion
Diagnostics Go Hand-in-Hand

Personalized medicine is an evolving field of medicine in which
treatments are tailored to the individual patient. You may
have a condition, for example, that is caused by a mutation in
your genes. With advances in personalized medicine, you might
be prescribed a medication that targets that specific mutation.
To learn which patients would benefit from a particular
drug therapy or, conversely, which patients should not receive
the medication, the Food and Drug Administration works with
drug and device manufacturers that are developing certain tests
called companion diagnostics.
Companion diagnostics (Fig. 22.2) are medical devices that help
doctors decide which treatments to offer patients and which dosage
to give, tailored specifically to the patient, says Elizabeth A.
Mansfield, Ph.D., Deputy Office Director for Personalized Medicine
in FDA’s Office of In Vitro Diagnostics and Radiological Health.
The companion diagnostic is essential to the safe and effective
use of the drug. They go together.

Personalized Medicine and Companion Diagnostics Go Hand-in-Hand

Figure 22.2 Companion diagnostic tests show which patients could be helped
by a drug and which patients would not benefit, and could even be harmed.

Because the companion diagnostic test is designed to be
paired with a specific drug, the development of both products
requires close collaboration between experts in both FDA’s device
center, which evaluates the test to determine whether it may
be cleared or approved, and FDA’s drug center, which evaluates
the drug to determine whether it may be approved.
Patricia Keegan, M.D., an oncologist and supervisory medical
officer in FDA’s Division of Oncology Products II, part of FDA’s drug
center, explains that the agency requires a companion diagnostic
test if a new drug works on a specific genetic or biological target
that is present in some, but not all, patients with a certain cancer
or disease. The companion diagnostic test is used to identify who
would benefit from the treatment and sometimes to determine
if there are patients who not only would not benefit but could
be harmed by use of a certain drug for treatment of their disease.
The process works best when development of the test begins
before the drug enters clinical trials, Keegan explains, increasing
the likelihood that the participants in the trials are the patients
most likely to benefit from the treatment.
FDA’s device center is issuing a final guidance on the
development, review and approval or clearance of companion
diagnostics to help companies identify the need for these tests
earlier in the drug development process and to plan for codevelopment of the drug and companion diagnostic test. The
goal is to stimulate early collaborations that will result in faster
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access to promising new treatments for patients with serious and
life-threatening diseases.
“This will give health care providers more confidence in
these tests to direct the therapies because the tests and therapies
have been developed and evaluated together,” Mansfield says.
Most recently, FDA approved a companion diagnostic genetic
test to select patients with metastatic colorectal cancer for
treatment with the drug Vectibix. The test detects seven mutations
in the KRAS gene in colorectal tumor tissue. When the KRAS gene
is mutated, those mutations could render Vectibix ineffective
in treating the colon cancer.
The patient could be a good candidate for this treatment if
he or she does not have a mutation. So, in this case, the approved
companion test will be used to identify people who would not be
helped by the drug.
This is the second time that FDA has approved this test—called
the QIAGEN therascreen KRAS RGQ PCR Kit—to help colorectal
cancer patients and their health care providers determine the
potential effectiveness of a drug. In July 2012, FDA approved the
test for use with the drug Erbitux, which was also found to be
ineffective in patients with a mutated KRAS gene.

22.3.1

It Began with Herceptin

The road to companion diagnostics began in 1998 with FDA
approval of the cancer drug Herceptin, which shuts off a protein
present in abnormally high amounts in about one-quarter to onethird of breast cancers. These breast cancers are typically very
aggressive. The companion diagnostic test looks for excessive
levels of a particular protein, called HER2, in a patient’s tumor or
for extra copies of the HER2 gene in a patient’s tumor, indicating
that Herceptin could be an effective treatment for that patient’s
breast cancer.
Multiple companion diagnostics can be approved for a drug—
as they have been for Herceptin—as scientific knowledge evolves
with practical application of the therapy, enabling the tests to
become more sophisticated.
With the advent of more drugs that target particular genetic
mutations, there has been increasing acceptance from drug
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manufacturers that these diagnostic tests can greatly increase
the clinical success of certain medications by carefully identifying
patients’ tumors where the drug may work, says Keegan. As of
December 2018, there are over 30 cleared/approved companion
diagnostic tests for selection of drugs to treat various
diseases and conditions and are available at https://www.
fda.gov/MedicalDevices/ProductsandMedicalProcedures/
InVitroDiagnostics/ucm301431.htm. Most drugs with a companion
diagnostic test have been cancer treatments that target specific
mutations.

22.3.2

Companion Diagnostics

A companion diagnostic (briefly discussed above) is a medical
device, often an in vitro device, which provides information that
is essential for the safe and effective use of a corresponding drug
or biological product. The test helps a health care professional
determine whether a particular therapeutic product’s benefits
to patients will outweigh any potential serious side effects or risks.
Companion diagnostics can:

• identify patients who are most likely to benefit from a
particular therapeutic product;
• identify patients likely to be at increased risk for serious
side effects as a result of treatment with a particular
therapeutic product; or
• monitor response to treatment with a particular therapeutic
product for the purpose of adjusting treatment to achieve
improved safety or effectiveness.

If the diagnostic test is inaccurate, then the treatment decision
based on that test may not be optimal.
On July 31, 2014, the FDA issued “Guidance for Industry: In
Vitro Companion Diagnostic Devices” to help companies identify
the need for companion diagnostics at an earlier stage in the drug
development process and to plan for co-development of the drug
and companion diagnostic test. The ultimate goal of the guidance
is to stimulate early collaborations that will result in faster access
to promising new treatments for patients living with serious and
life-threatening diseases.

725

726

Views from the FDA

On July 15, 2016, FDA released the draft guidance “Principles
for Codevelopment of an In Vitro Companion Diagnostic Device
with a Therapeutic Product.” This guidance document is intended
to be a practical guide to assist therapeutic product sponsors
and IVD sponsors in developing a therapeutic product and an
accompanying IVD companion diagnostic. Electronic comments
should be submitted through www.regulations.gov. Written
comments may be submitted to the Division of Dockets Management
(HFA-305), Food and Drug Administration, 5630 Fishers Lane, Rm.
1061, Rockville, MD 20852. Identify comments with Docket No.
FDA-2016-D-1703.

22.3.3

Additional Information

• Webinar Presentation: Draft Guidance on Principles for
Codevelopment of an In Vitro Companion Diagnostic Device
with a Therapeutic Product
• Webinar Slides: Draft Guidance on Principles for
Codevelopment of an In Vitro Companion Diagnostic Device
with a Therapeutic Product
• Webinar Transcript: Draft Guidance on Principles for
Codevelopment of an In Vitro Companion Diagnostic Device
with a Therapeutic Product
• Principles for Codevelopment of an In Vitro Companion
Diagnostic Device with a Therapeutic Product: Draft
Guidance for Industry and Food and Drug Administration
Staff (July 15, 2016)
• Guidance for Industry: In Vitro Companion Diagnostic
Devices (July 31, 2014)
• List of Cleared or Approved Companion Diagnostic Devices
(In Vitro and Imaging Tools)
• Consumer Update: Personalized Medicine and Companion
Diagnostics Go Hand-in-Hand
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23.1

Introduction

Drug delivery systems are a valuable means of disease treatment
and prevention in today’s medicine. Prior to the introduction of
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drug particle microencapsulation in the 1950s, drug delivery
was based on rudimentary practices such as applying poultices
or consuming herbal ingredients [1]. These methods, while
moderately effective at the time, are inefficient and pose
unnecessary health risks. However, progress in the understanding
of pharmacokinetics has led to the development of sophisticated
and novel methods for administering a variety of therapeutics
throughout the body. Now, drug delivery methods allow for
controllable drug-release and targeting to improve the safety
and efficacy of treatment. To further enhance drug delivery,
nanotechnology has begun to be implemented in the field.
Specifically, the use of nanoparticles as carriers is an effective
strategy to deploy medications to specifically targeted parts of
the body [2, 3].
Nanoparticles, or microspheres, are ideal drug delivery
systems for both controlled and targeted drug delivery. Their sizes
typically range between 1–100 nm in diameter and can extend to
more than 1000 nm [4a]. However, particle sizes smaller than 200
nm are more preferable for use in nanomedicine due to their ability
to traverse micro-capillaries [4b]. There are several aspects to
consider, such as size and surface charge as examples, before
selecting an appropriate nanoparticle material [5, 6]. While
nanoparticles can be fabricated from synthetic materials, proteinbased nanoparticles have received considerable more attention
due to their biodegradability and tunable properties [6, 7]. Advances
in medical technology have also brought about techniques to
synthesize protein-based materials that offer improved efficacy
and reduced costs compared to synthetic materials [8]. Protein
polymers are natural macromolecules derived from plants and
animals which makes them an easily obtainable, renewable
resource. In addition to their biodegradability and tunable
properties, nanoparticles fabricated from protein-based materials
are often biocompatible and can be easily processed [9, 10].
There are a variety of different protein polymers suitable for
nanoparticle-based drug delivery each with their own unique
structure-function relationships. In this review, the structure and
property relationships of these natural protein-based polymers
will be discussed, as well as their methods of preparation. The
use of these nanoparticles in medicine will then be reviewed with
a focus on their application for nanoparticle-based drug delivery.
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Due to the wide range of applications for protein nanoparticles,
there are many types of proteins that are used to create protein
nanoparticles. The type of protein polymer required may vary
depending on the application. In this review, silk fibroin [11],
keratin [12], collagen [13], gelatin [14], elastin [15], corn zein
[16], and soy protein [17] will be given particular attention due to
their popularity in biomaterials research (Fig. 23.1). However,
additional protein polymers such as casein [18], fibrinogen [18],
hemoglobin [19], bovine serum albumin [20], gluten [20] have
also been used to create nanoparticles.
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Figure 23.1 Nanoparticle materials can be fabricated from a variety of
protein sources, including silk, keratin, collagen, elastin, soy, and corn
zein etc. These proteins can then be processed into particles with unique
properties for biomedical applications.

23.2.1

Silk Fibroin

Silk fibroin protein is among the most popular natural polymers
used for the creation of biomaterials due to its acceptance by the
US Food and Drug Administration (FDA), low cost, and abundance.
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Commonly extracted from silk produced by the Bombyx mori
silkworm, fibroin can be easily isolated after removal of the
external sericin protein coating through treatment with sodium
carbonate. The resulting fibroin protein is made of semicrystalline structures comprised of a light and heavy chain [21]. An
isoelectric point (IEP) below pH 7 and molecular weight of 83 kDa
have been reported for regenerated silk fibroin, but the latter
value may vary depending on the extraction procedure and
duration of treatment [22, 23]. The repetition of amino acids in
the pattern (Gly-Ser-Gly-Ala-Gly-Ala)n leads to crystalline betasheets that are then stacked in an antiparallel configuration [24–26].
This structure gives silk fibroin robust mechanical properties
and high tensile strength. The crystallinity and conformation of
silk fibroin can also be modulated to allow for high encapsulation
of drugs while preserving their pharmaceutical activity [27].
Silk-based nanoparticles have proven effective in the delivery
of both hydrophobic and hydrophilic drugs such as indomethacin
and aspirin [28] of varying molecular weights, as well as anticancer therapeutics such as doxorubicin [11], bioactive molecules,
including growth factors VEGF (vascular endothelial growth factor)
and BMP-2 (bone morphogenetic protein 2) and Horseradish
peroxidase and glucose oxidase enzymes [29], as well as plasmid
DNA [30]. Silk-composite nanoparticles have also been fabricated
by combining the protein with other biopolymers such as insulin
[31], chitosan [32], and albumin [33] and synthetic polymers such
as polyvinyl alcohol [34], polylactic acid [35], and polycaprolactone
[36]. These approaches allow for a greater degree of tunability
that can potentially increase the efficacy of drug delivery.

23.2.2

Keratin

The use of keratin as a biomaterial has been rapidly expanding
over the past 40 years because of its abundance, low cost,
biocompatibility, and its ability to biodegrade safely [37]. Keratin is
a fibrous structural protein with molecular weight of up to 63 kDa
and IEP between pH 4.5 and 5 that is derived from the human or
animal epidermis and epidermal appendages, such as hair, scales,
feathers, and quills in mammals, reptiles, and birds [38–40].
The keratin protein is most commonly found in epithelial cells.
It is a structural protein that provides the framework for cell-cell
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adhesion to form a protective layer. Keratin structure is a lefthanded alpha-helix which can be coiled together with other
keratin proteins to form a polymerized complex. There are three
different forms of keratin: α-, β-, and γ-keratins. α-keratins contain
intermediate filaments, which are involved in the cytoskeleton,
and are mainly found in soft tissues. β-keratins also contain
intermediate filaments, but are found in hard tissues, such as scales
and nails. γ-keratin is not involved in the structural elements of
the cytoskeleton [37].
According to recent studies, keratin-based nanoparticles are
effective anticancer drug carriers possessing a degree of tumor
targeting ability and controlled drug release [12, 41]. Disulfide
bonds from cysteine residues and hydrogen bonds from amine
groups grant keratin nanoparticles the durability to deliver drugs
with high molecular weight to their target location. In addition,
keratin is negatively charged allowing positively charged molecules
to better adhere to the nanoparticle for more effective transport.
The targeting ability of keratin-based nanoparticles is attributed to
their pH sensitivity [12, 41–43]. Keratin-based nanoparticles can
respond to changes in pH to release their drug contents accordingly
in a controlled release. Due to its intrinsic water stability, keratin
is also a desirable support polymer for synthetic nanoparticle
composites [43]. Silver nanoparticles coated with keratin are
shown to have improved stability in aqueous environments [44].
Keratin is also advantageous for supporting cell adhesion and
promoting cellular proliferation [41, 45]. Gold nanoparticles
coated with keratin are shown to exhibit biocompatibility with
improved antibacterial activity [46]. Keratin appears to be an
ideal drug carrier which should be investigated further for drug
delivery purposes.

23.2.3

Collagen and Gelatin

Collagen is the most abundant biopolymer in the human
body [47]. This fibrous protein is a major component of the
extracellular matrix and is responsible for maintaining its
structure. The majority of collagen is located in connective tissues
such as the skin, tendons, and ligaments [48]. Collagen can be
divided into two different groups: non-fibrillar and fibrillar, which
can be further divided depending on the structure and use. Type 1
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of fibrillar collagen is the most common type found in the human
body and has a molecular weight in the 100 kDa range. Long,
triple helical structures are responsible for strength and flexibility
in collagen. This helical structure has high mechanical strength
due to a repeating amino acid sequence Gly-X-Y, where “X” and “Y”
are commonly proline, hydroxyproline, leucine, or lysine. The
individual helical structures, known as tropocollagens, will bind
together and form a fibril structure. These fibril structures can then
be cross linked together to form suitable cell scaffolds for use in
tissue engineering [49].
Due to collagen’s biocompatibility and low antigenicity,
collagen-based nanoparticles have been used for the delivery
of pharmaceuticals such as theophylline, retinol, tretinoin, and
lidocaine [13, 50, 51]. Collagen is capable of resembling the
microenvironment of some tumors allowing collagen nanoparticles
to effectively infiltrate the areas and deliver anticancer therapeutics
[52]. Physical properties of collagen nanoparticles such as size,
surface area, and absorption capacity, are easy to configure [53].
This makes collagen nanoparticles a prime candidate for controlled
drug release strategies.
In comparison, gelatin is a biopolymer derived primarily
from insoluble Type I collagen through thermal denaturation
or disintegration [54]. Like collagen, gelatin has received much
attention in the biomedical field due to its biocompatibility and
high abundance. Gelatin contains a triple helical structure, similar
to collagen, made of repeating amino acids: alanine, glycine, and
proline [55]. Depending on the production process, gelatin can
be classified as type A or type B and consist of varying molecular
weights. Type A gelatin is extracted through an acidic process,
while type B is process under alkaline conditions [56]. Type A
gelatin is positively charged and has an IEP of approximately pH
9. Conversely, type B gelatin is negatively charged and has an IEP
of pH 5 [56]. Tissue engineering scaffolds have thus been made
from gelatin as well. Alternatively, gelatin can also be formed into
a gel which can be used in the place of thermoplastic polymers [57].
Gelatin is also a favorable nanoparticle material due to its
relatively low antigenicity and non-carcinogenic nature [14, 58].
Gelatin nanoparticles are extensively used as successful anticancer
drug carriers [59] and gene delivery vehicles [60]. Gelatin
nanoparticles are able to deliver drugs across the blood brain
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barrier, which is a semipermeable barrier that is highly studied
for drug delivery systems [55]. Gelatin nanoparticles have also
safely and efficiently carried NS2, a recombinant gene from the
hepatitis C virus, without negatively impacting the function of the
gene [61]. In addition, gelatin can be blended with other natural
polymers to enhance their therapeutic behavior. An alginategelatin composite nanoparticle benefitted from an electrostatic
bond formed between the two polymers and allowed for a more
controlled release of the encapsulated drug, doxorubicin [62].
Utilizing gelatin is both a promising and convenient approach for
nanoparticle-based delivery of genes, vaccines, and drugs.

23.2.4

Elastin

Elastin is an important protein found in elastic fibers, specifically
in the extracellular matrix. It provides support and elasticity to
many structures such as the heart, lungs, skin, and blood vessels
with high molecular weight species weighing 130 to 140 kDa [63].
It is insoluble and therefore can retain its shape and insolubility
after stretching [8]. However, insoluble proteins are often not
biocompatible and are difficult to alter. Through the use of
recombinant proteins and peptide synthesis, soluble proteins
that have elastin-like properties called elastin-like-peptides (ELP)
are able to be produced with tunable molecular weights [64].
These polypeptides are derived from tropoelastin, the building
block of elastin. This precursor molecule is vital in the exploitation
of ELP materials. ELP materials are able to react to stimuli due to
their temperature sensitivity, which induces a phase transition [65].
They can then self-assemble by the process of coacervation into a
more ordered structure such as beta-spiral structure [66]. This
property, along with their biocompatibility, makes them excellent
prospects for biomedical applications. Elastin-based proteins
also have the ability to communicate with cells through naturally
occurring cellular receptors such as elastin binding protein
(EBP) [67]. This receptor can be exploited by using tropoelastinbased polymers to induce or inhibit various cell functions [66].
Elastin, or ELP, nanoparticles have proven effective in delivery
of cytokines such as BMP-2 and -14 [68], anticancer therapeutics
such as doxorubicin [69], and genes [70]. Their ability to selfassembly when exposed to certain temperatures serves as
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a mechanism to entrap active substances [15] and achieve
controlled drug release [69]. The polymer functionality of ELP
nanoparticles can be controlled by using a recombinant fabrication
technique [69, 70]. This means that variables pertaining to drug
release, such as composition and molecular weight, can be tailored
for a variety of applications in drug delivery.

23.2.5

Corn Zein

Zein is low-molecular-weight protein (20 kDa), found within the
cytoplasm of corn cell endosperm and is insoluble in water except
in the presence of alcohol, urea, alkali, and anionic detergents [71].
The protein has an IEP of pH 6.2 and is a mixture of two different
peptides: α zein and β zein [72]. α zein is the most widely used
variety due to its abundance [73, 74]. Zein has a helical wheel
shaped structure with nine homologous units arranged in a
non-parallel way with hydrogen bonds stabilizing it. This helical
shape gives zein a globular structure similar to insulin and
ribonuclease [73]. Zein can be extracted using primary, secondary,
and ternary solvents. Primary solvents consist of a compound
that dissolves zein in a concentration greater than 10%. Secondary
solvents are organic compounds. Ternary solvents are a combination
of solvent, water, and alcohol. Zein is commonly used in fibers,
adhesives, plastics, ink, chewing gum, and as a preservative coating
for some food and pharmaceuticals [74].
Zein nanoparticles are successful drug carriers for
encapsulation and controlled release of fat soluble compounds
such as α-tocopherol [75–77], other proteins [16], vaccines [16, 78],
and vitamins such as D3 [79, 80]. Due to the protein’s hydrophobicity, zein nanoparticles are promising oral drug delivery
vehicles able to protect encapsulated contents from harsh acidic
environments such as in stomach acid [79]. Zein nanoparticles
can also have their properties improved by combining the natural
polymer with other substances. For example, sodium caseinate
was incorporated with zein nanoparticles to improve particle
stability in water [81]. Zein nanoparticles are an attractive
drug delivery system due to their high stability in a variety of
environments and tunable properties in combination with certain
molecules.
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23.2.6

Soy

Soy protein is a globular protein isolated from soybeans, known
as soy protein isolate, and is one of the most abundant types of
plant proteins. The globular structure is comprised of two major
subunits, conglycinin and glycinin, which contain all amino acids
particularly glutamate, aspartate, and leucine [82]. This structure
composition gives soy protein relative stability for long storage
life [83] and biocompatibility [84]. When the globular protein is
treated with enzymes, soy protein hydrolysates below 1 kDa and
between 1 and 5 kDa can be obtained and further processed [85].
In addition, soy protein is biodegradable as it can be digested if
consumed. For example, soy protein-based edible films are often
used as a wax coating for fruits to preserve their quality [86–88].
Soy protein films, scaffolds, and hydrogels have also been applied
in tissue engineering for wound healing and transdermal drug
delivery [89]. With every amino acid available, soy protein is
effective in supporting cellular communication and cell proliferation.
The amino acid composition may also attribute to soy protein
being used as protection against bacterial infection [83, 90].
Soy protein nanoparticles are becoming more popular due
to the high abundance and low cost of the protein, as well as
its biodegradability and low immunogenicity. The amino acid
composition gives soy protein nanoparticles an advantage in
encapsulation of highly hydrophobic drugs [17]. Unlike zein, soy
protein nanoparticles are soluble in aqueous environments which
can be used in different oral drug delivery scenarios. Soy protein
isolates are used as a coating in conjunction with other materials
either for protection [91] or for physical or chemical surface
modification [17, 92]. For example, magnetic nanoparticles
prepared with soy protein isolate benefit from enhanced functional
surface area increasing the loading of enzymes [92]. The protein
coating also offers a degree of bioinert behavior to otherwise
non-immunogenic nanoparticle materials.

23.2.7

Other Proteins: Casein, Fibrinogen, Hemoglobin,
Bovine Serum Albumin, Gluten

Along with the many proteins mentioned above, there are some
that will be excluded from this review but are worth mentioning.
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Casein, fibrinogen, hemoglobin, bovine serum albumin, and gluten
are just a few of many. Similar to those previously explained,
the use of these proteins depends on their properties and the
application’s demands. Casein is very useful in hydrophilic
environments since casein is a hydrophilic protein in itself. It is
useful for water-based environments since as a microsphere
they disperse instead of aggregate [18]. As a micro-/nanosphere,
fibrinogen polymerizes when used in conjunction with a serine
protease and forms a protein mesh that can be used to cover and
treat open wounds or used in vitro for more in depth biomedical
applications [93]. Hemoglobin as a micro-/nanoparticle can be
used as an oxygen deposit to make oxygen releasing biomaterials
[19]. Bovine serum albumin can be used to pack prepared protein
particles to aid in protein and drug delivery [94]. Gluten as a
microsphere can be used as a drug delivery vehicle that is very
effective compared to other widely used proteins [20]. While these
proteins are not described in further detail in this review, each
protein possesses their own unique advantages when applied
in nanoparticle-based drug delivery.

23.3

Fabrication Methods

Due to the necessity of obtaining particles of different sizes,
shapes and weights, there are many fabrication methods that are
available for the creation of nanoparticles. Fabrication methods
will also vary depending on the properties of the individual
polymers, such as temperature dependence. Fabrication methods
that will be discussed in this review include pH variation,
spray-drying, phase separation, milling, rapid laminar jet, and
polymer chain collapse. The synthesis of blended proteinbased nanoparticles will also be discussed. The advantages and
disadvantages of these fabrication methods are summarized in
Table 23.1.

23.3.1

pH Variation

The drug delivery properties of silk fibroin can be modified
by changing many factors during nanoparticle synthesis.

Fabrication Methods

Table 23.1 Advantages and disadvantages of the common protein-based
nanoparticle fabrication methods
Method

Advantages

Disadvantages

pH
Variation
[95]

• Control for particle size
• Control secondary structure of
protein
• Control for zeta potential
• Produces chemically and
physically stable particles
Experimentally simple

• Post-fabrication drug loading
is required
• Limited to small scale
production

• Control for particle size
• Production of uniform particles
• Production of strong, stable
particles

• Possibility of coalescence
• Many parameters must be
controlled for

• Cost effective
• Large-scale production is
possible
• Control of nanoparticle size
• Experimentally simple

• Heat is released during the
process requiring chamber to
be cooled
• Little control over
nanoparticle shape
• Nanoparticles must be coarse

Spraydrying [96]

Rapid
Laminar Jet
[97]
Phase
Separation
[98]

Milling [99]

Polymer
Chain
Collapse
[100]

• Cost effective
• Experimentally simple
• Easily encapsulate hydrophilic
drugs
• Useful for heat-sensitive
samples
• Control for particle size

• Limited to small scale
production
• Challenging to incorporate
hydrophobic drugs

• Specialized equipment is not
required
• Particle size can be controlled
by adjusting protein
concentration
• Uniform particles are produced

• Particle sizes are limited to
50–500 nm in diameter
• Organic solvents are required
• Limited to small scale
production

• Properties of the nanoparticle
can be easily controlled by
selection of the precursor chain
• Production of particles with
high stability
• Particles with improved
spherical shape are produced

• Particle size is limited to 5–20
nm in diameter
• Side reaction may be difficult
to control
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One of these factors is the pH of the silk fibroin [95]. Particles are
made by salting out a fibroin solution with potassium phosphate. The
pH of the particles can be controlled depending on what type of
potassium phosphate is used in the salting out. Mono potassium
phosphate has a pH of 4 and dibasic potassium phosphate has a
pH of 9. Silk fibroin particles with a pH of 4 develop silk II rich
secondary structures while silk fibroin particles with a pH of 9
developed a silk I rich secondary structure. Particles with the
silk II structure or the lower pH are less chemically stable than
the particles with a higher pH and the silk I structure. When a
positively charged drug is loaded into a negatively charged silk
fibroin particle there is a difference in the release depending on
the pH of the particle. Particle with the silk II structure and low
pH have an increased initial release, whereas the high pH
particles have a low release. However, particles at a neutral pH
of 7 had an overall increased release over the entire time not
just initially.

23.3.2

Spray-Drying

Spray-drying is a technique that is used to fabricate nanoparticles
from a liquid sample. The liquid sample is sprayed out of a
nozzle into a chamber where heated nitrogen and carbon dioxide
gas flow in the direction of the spray (Fig. 23.2). In the bottom of
the chamber, there are electrodes which are used to collect the
nanoparticles. As the sprayed droplets move towards the bottom
of the chamber, they become electrostatically charged due to
these electrodes. This is a one-step process that is a quick, cost
effective method for small scale protein particle production.
One application of spray-drying is for use in drug delivery systems
due to the ability of hydrophilic drugs to be encapsulated in these
spray-dried nanoparticles [96]. This nanoparticle fabrication
technique is useful for samples that are heat-sensitive since
the solvent evaporation helps maintain the temperature of the
nanoparticle droplets. This method of nanoparticle synthesis
also gives the user the ability to control the size of the particle
that is produced by changing parameters, such as the size of
the nozzle and speed at which they are sprayed out [101].

Fabrication Methods

Figure 23.2 A schematic of a nanoparticle spray-drying system in
which the liquid polymer sample is sprayed alongside of heated gas
in a chamber that leads to electrodes which are used to collect the
charged sprayed nanoparticles. Reproduced with permission from [102],
Copyright Springer Nature, 2015.

23.3.3

Rapid Laminar Jet

Particles can be also made using a rapid laminar jet method.
The feed liquid will contain a certain number of compounds from
which the particle can be made. Spherical drops form when a liquid
jet discharges from a small opening at laminar flow conditions.
This formation behavior of the drops is resulted because of the
surface energy and tension of the jet. The liquid spheres will
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be dispersed in some type of fluid or gas/air depending on the
mechanism. Drop size is-based on the length of the jet. For best
results the jet length between breakpoints should be five times
the diameter of the stream which gives particle sizes of about
twice that of the jet. This laminar breakup of the jet is a result of
small disturbances. These disturbances must be controlled to
preserve uniformity in drop sizes. To control these disturbances
a controlled uniform vibration is applied to the jet. Ideally the
frequency of the vibration is close to the naturally occurring
frequency for laminar breakup. This leads to a clean controlled
breakup and uniform drop sizes [97].

23.3.4

Phase Separation

Out of the various methods of protein nanoparticle fabrication,
emulsion-solvent evaporation is the most popular. This technique
was the first to form polymer nanoparticles [103]. Organic and
aqueous phase separations are the backbone of this method.
Prepared polymers are placed in an organic solvent. A surfactant
is added to the aqueous phase in order to prevent the fusion
of emulsion particles [104]. The solution is then subjected to a
mixing method such as ultrasonification. Mini-emulsion droplets of
polymer are formed. Finally, the solvent is separated. This is often
completed by evaporation of the organic phase. The remaining
solution contains polymer nanoparticles which can be collected
through a centrifuge. This method produces particles in the
50–500 nm size range. Particle size could be controlled by altering
the concentration of polymer solution [105]. This technique is
extremely popular due to the availability of conjugated polymers
[98].
Another method based on separations is the coacervation
method. This is commonly referred to simply as phase separation
but for the purposes of this paper it is included in this section.
This method requires the separation of two liquid solutions.
One will contain the protein polymer and the other is a solvent.
Through some means of disrupting equilibrium such as the
addition of a salt, coacervation is induced. The charges create
electrostatic forces which induce the formation of nanoparticles
[98].

Fabrication Methods

23.3.5

Milling

Milling is a fabrication technique for nanoparticles that requires
mechanical energy to break down larger particles into fine
nanoparticles (Fig. 23.3). This fabrication technique is commonly
used for nanoparticles that are to be used in drug delivery [106].
Milling is a cost-effective way to produce nanoparticles in a
large-scale production. High energy ball milling involves the
subjection of coarse nanoparticles to high energy collisions from
the milling balls. Coarse nanoparticle powder is placed in a
chamber that contains milling balls and mechanical movement is
applied to the cylindrical chamber to accelerate the milling balls
which can roll over and collide with the powder. These collisions
and other mechanical force from the milling balls causes the
coarse nanoparticles to break down into fine nanoparticles. The
chamber must be cooled due to the heat energy released from the
mechanical energy exerted on the nanoparticles. This fabrication
technique allows the user of the system to control the size of
the nanoparticles by altering the speed of the rotation of the
cylindrical chamber [99].

Figure 23.3 The basic mechanism used in high-energy ball milling. As the
cylinder rotates, the milling balls are accelerated and through physical
force fracture the polymer material that is placed in the chamber.

23.3.6

Polymer Chain Collapse

Single-chain collapse of polymers is a method to produce individual
single-chain polymer nanoparticles (SCNP). This method can
produce particles in the range of 5–20 nm. In addition, intrachain
folding produces particles that have great stability compared to
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other techniques [100]. Control of the precursor chain can
also dictate the properties of the nanoparticle, allowing for the
production of distinct molecules [107].
There are different varieties of the SCNP method and the
type of reaction is dependent on the functional groups involved.
However, all the methods benefit more from intramolecular
cross-linking rather than intermolecular cross-linking [108].
Homofunctional chain-collapse involves placing a functional group
that is likely to bind with itself on the precursor chain and then
performing a reaction that couples the functional group [107].
This method often produces particles that are not globular in
shape. Instead, heterofunctional coupling is being looked to for
improved results. This requires two functional groups which are
orthogonally cross-linked. There are many ways to perform the
cross-linking in both hetero and homofunctional chain collapses.
Data has shown that this method produces nanoparticles with
improved spherical shape [109].

23.3.7

Protein Particle Composite

Protein particle composites contain more than one protein or
polymer, the addition of which can be used to tune the mechanical
and physical properties of a drug delivery vehicle. The method
in which they are fabricated depends on the type of particle
desired and the differing properties of the additional component.
The properties can be a variety of different things such as
mechanical properties, electric properties, electromagnetic
properties, elasticity, crystallinity, moldability, and many more.
When choosing the different type of additional polymer to add,
it usually contains an additional characteristic that the main
protein does not. Where one protein’s structure may be dependent
on pH, adding another material to form a stable complex between
the two to withstand a lower pH could make more fabrication
methods possible.
For fabrication of these particles, it depends what end
product is desired. Any previous or following fabrication method
that is described can be used to make composite proteinbased particle. The only difference between this method and the

Factors to Control Particle Formation

others is the fact that a protein composite must be made before
or after fabrication. For example, if the particles are going to be
fabricated using spray drying, a liquid protein mixture can be
made before spray drying is done or individual nanoparticles
can be formed and then mixed together to create the same
product. If a certain percentage of protein is desired in the final
product, it is important that an appropriate fabrication method
is selected. Fabrication methods can affect the resulting nature
of the particle. Particle behavior depends on their surface
composition, geometry, and size among other characteristics.
There are many more methods that can be utilized for fabricating
protein particles apart from what was described in this review
[110].

23.4

Factors to Control Particle Formation

In nanoparticle formation, there are many factors that can be
controlled to modify drug delivery, such as size, molecular weight,
and shape. These factors are mainly determined by the fabrication
technique applied but can also be due to the properties of the
polymers themselves.

23.4.1

Size

Nanoparticle size can vary depending on the molecular weight of
the protein polymer used. Typically, nanoparticle size ranges
from 1–100 nm but they can extend to 1000 nanometers in
diameter [4a, 111]. One way to control nanoparticle size is to
prevent aggregation of the nanoparticles, which can be done by
introducing chemicals that help prevent this aggregation by
reducing disulfide bonds or by altering the charge state of the
polymers [112]. Other factors related to controlling the size of
the nanoparticles vary by the technique used to produce them.
With the spray drying nanoparticle manufacturing technique,
the size of the particles can be altered by changing the size of
the nozzle used to spray the polymeric nanoparticle solution into
the drying chamber; the size can also be altered by the speed
at which the solution is sprayed [101].
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23.4.2

Shape

There are many different forms of nanoparticles. The two
fundamental types are nanospheres and nanocapsules. The main
difference between these types are that nanospheres contain a
polymer matrix inside, whereas nanocapsules have a shell that
separates the encapsulated polymer from the outside environment
(Fig. 23.4). Solid lipid nanospheres are being studied as potential
drug carriers due to their matrix morphology. This allows for
controlled release and protection of the drug [113]. These particles
can be formed by subjecting alkyl cyanoacrylates to polymerization
in emulsion [114]. An additional method is precipitating polymers
that have already been altered [113]. Solid nanospheres may
also be formed using microfluidics method. This method is
extremely cost efficient and allows for more control of particle
features. The solvent volatility can be altered to shape the
surface. Variances in flow rate and the architecture of the devices
can create different geometries [114].

Figure 23.4 (A) A model protein nanosphere. The drug (red) is within
a protein matrix (blue); (B) A model of protein nanocapsule. The drug is
suspended and encapsulated by a thick protein polymer shell.

Nanocapsules are somewhat the opposite of solid nanoparticles.
This is based on their hydrophobic and hydrophilic interactions.
The counter methods can be applied to form nanocapsules.
Adding an oil to the emulsion polymerization results in a coreshell formation [113]. Essentially, the presence or absence of oil
dictates which type of nanoparticle will form. Another type of
nanoparticle is the Janus nanoparticle. These particles consist of
two different sides, each with their own properties. These

Novel Applications of Protein-Based Nanoparticles

properties can include hydrophobicity and hydrophilicity. The
combination of functionalities allows for stimuli response and
unique assemblies. Janus particles can be formed by masking.
This process involves protecting one region of the particle while
the other is functionalized. The mask is then removed, and the
final product is a particle with a dual nature particle [115].
Another process is self-assembly. First block copolymers undergo
phase separation. Then specific cross-linking must occur, followed
by disassembly of larger structures [116].

23.4.3

Properties of the Protein

When designing a protein-based nanoparticle, it is important
to consider how the protein will interact with the encapsulated
drug and physiological environment. Ultimately, a protein with
the appropriate molecular weight and IEP must be chosen. The
molecular weight of the protein used to create the nanoparticle
is important to consider since it can affect how much drug can
be effectively stored and the particle targeting mechanism in the
body. In some instances, a nanoparticle made from a very high- or
low-molecular-weight protein can result in lower encapsulation
efficiency. A moderate molecular weight protein is often more
appropriate and can help to achieve higher encapsulation
efficiency [117]. The molecular weight can also contribute to
the pathing of the nanoparticle through the body. In addition to
molecular weight, the IEP of the protein will affect the stability
of the nanoparticle in different environments. At pH near the IEP,
nanoparticles may begin to aggregate and decrease in stability
[118]. This can inhibit their circulation throughout the body
as well as their drug release. Therefore, a protein with the
appropriate IEP and molecular weight must be chosen to ensure
that nanoparticles withstand certain environments.

23.5

Novel Applications of Protein-Based
Nanoparticles

Protein nanoparticles offer a wide range of uses in medicine as
both drug delivery vehicles and bioimaging aids.
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23.5.1

Bioimaging

Polymer nanoparticles are gaining traction as contenders to
replace typical fluorescent dyes. These are used in non-specific
and targeted microscopic imaging [119]. In non-specific imaging,
these nanoparticles can be used to dye cells. Data demonstrates
that phospholipid encapsulated polymer nanoparticles are
successful in providing quality fluorescent imaging of cancer
cells. These cells displayed no symptoms of toxicity. In addition,
it is possible to tune the wavelength emitted by altering the
conjugated protein polymer [120]. These properties, along with
an increased circulation period, could lead to applications in vivo.
In addition, protein nanoparticles have a bright future in targeted
cellular imaging. These particles have an increased uptake due
to the enhanced permeability and retention of advanced tumors.
Near IR light can provide excellent imaging quality when paired
with a polymer nanoparticle-based probe due to the previously
mentioned properties [121]. Overall, the applications of these
particles in the biomedical imaging field are rapidly growing.
To enhance the biocompatibility and cellular uptake of
nanodiamonds (ND), Khalid et al. encapsulated the material in silk
fibroin nanospheres using a co-flow technique. Due to silk fibroin’s
transparency and low background signal, the photoluminescence
of the NDs was not diminished. In fact, NDs encapsulated in silk
fibroin spheres fluoresced 2–4 times brighter than NDs alone. The
400 to 600 nm spheres were also found to be highly stabile in an
aqueous environment, but began to degrade after one week of
incubation at 37°C. When introduced to fibroblast cells in vitro,
the intracellular mobility and diffusion of NDs was improved
[122]. Li et al. also used silk fibroin to create nanoparticles
for bioimaging, through hydrothermal treatment that simply
involved heating the protein at 200°C for 72 h. This procedure
produced water-soluble, nitrogen-doped, photoluminescentpolymer-like carbonaceous nanospheres (CNSs) that measured
approximately 70 nm in diameter and could easily be isolated
through filtration. These nanoparticles exhibited low cytotoxicity
when incubated with HeLa cells and fluoresced in the perinuclear
regions once ingested. CNSs could also be used to image tissue at
a depth of 60 to 120 µm with no blinking and low photobleaching
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[123]. These studies illustrate the improvements that may result
from the incorporation of protein into nanoparticles for bioimaging.
In addition to silk fibroin, gelatin nanoparticles have also
been utilized as bioimaging platforms. Liu et al. created gelatin
nanocapsules containing gold nanoparticles by denaturing gelatin
polypeptides that then absorbed onto citrate-stabilized gold
nanoparticles. A thin layer of silica was then used to stabilize these
particles that measured approximately 50 nm in diameter and
hold promise in Raman-active bioimaging [124]. Gelatin has
also been used to coat cadmium telluride (CdTe) quantum dots
(QDs), leading to an improvement in their cytotoxicity and
biocompatibility. In this study, Byrne et al. introduced gelatin
single- or multi-stranded polypeptides during QD synthesis, to
control their growth and nucleation. Functional groups present
in the glycine, proline, and 4-hydroxy proline residues of gelatin
were then able to interact with the surface of the CdTe QDs,
allowing for their coating. When incubated with macrophages,
these “jelly dots” were successfully engulfed by the cells, resulting
in the illumination of their membranes. When compared to QDs
alone, cells exposed to QDs treated with gelatin showed a lower
lysosomal pH and cellular permeability, suggesting decreased
toxicity of the particles [125]. In both studies, the ability to
further functionalize the surface of these particles due to their
natural polymer coating, may further enhance their efficacy in
bioimaging.

23.5.2

Drug Delivery Vehicle

Protein-based nanoparticles have also found new use as
drug delivery vehicles. In addition to their biocompatibility and
biodegradability, the surface of protein nanoparticles can be
easily functionalized due to their defined primary structure, while
charged proteins can facilitate drug loading through electrostatic
interactions [6, 126]. Such particles can also often be fabricated
under mild, aqueous conditions, making them easier and safer
to process than ones based on synthetic polymers [95]. The use
of natural proteins has also been shown to increase cell retention
and reduce the effects of toxic byproducts produced during
degradation [127].
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One such protein used to create nanoparticles for drug
delivery is corn zein. Due to its hydrophobic nature, this protein
is especially suited for the prolonged, controlled release of
pharmaceuticals. Lai et al. noted this effect when they used the
protein to create nanoparticles loaded with the chemotherapeutic
agent, 5-fluorouracil (5-FU). These particles were synthesized
using a standard phase separation procedure and measured
approximately 115 nm in diameter. The corn zein particles were
able to encapsulate 5-FU at an efficiency of up to 56.7% which was
then released after an initial burst of 22.4%. When injected into
mice, the nanoparticles remained in circulation for 24 h before
localizing to the liver due to their high molecular weight [127].
Corn zein nanoparticles have also been used for the controlled
release of vitamin D3 [80], therapeutic proteins such as catalase
and superoxide dismutase [128], and anti-diabetic drugs [126].
In the latter study, Xu et al. developed hollow zein-based nanoparticles through a two-step procedure. This fabrication technique
began with the mixing of corn zein and sodium citrate ethanolbased solutions. The zein polymer than aggregated around the
sodium citrate crystals, resulting in the formation of particles with
a sodium citrate core and zein shell. To create hollow particles,
the core-shell particles were added to water, leading to the
dissolution of the sodium citrate core. The resulting hollow
nanoparticles measured less than 100 nm in diameter and were
able to encapsulate 30% more drug compared to solid zein
particles. This drug was then released in a more sustained,
prolonged manner over 200 h. When incubated with 3T3 fibroblast
cells, the particles were also successfully internalized by cells
without effecting their viability [126].
Other plant-based proteins such as soy protein have also been
used to create nanoparticles for the controlled release of nutrients
and pharmaceuticals. Due to soy’s balanced composition of
nonpolar and polar residues, it can act as a versatile carrier by
storing drugs with various functional groups. Using a desolvation
method and a glutaraldehyde crosslinker, particles measuring
between 200 and 300 nm in diameter were fabricated and loaded
with curcumin. Curcumin was then released with an initial burst
of over 50% within the first 1.5 h, but continued to be released
in a more controlled manner over the next 8 h [17]. Although cell
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studies were not conducted, the established biocompatibility
of soy suggests that the particles were act as suitable drug delivery
vehicles [84].
Negatively charged proteins such as keratin have also been
used to fabricate nanoparticles that are able to incorporate
drugs through electrostatic absorption. When prepared through
ionic gelation, keratin particles allowed for the long-term and
controlled release of the model drug chlorhexidine (CHX). This
fabrication technique involved the dropwise addition of a CHX
solution to one containing keratin. Negatively charged carboxylate
groups on the outside of keratin aggregates attracted the drug,
allowing for its retention. CHX was then gradually released over
140 h in a pH-sensitive manner, with greater release occurring
at acidic and neutral pH [12]. Cheng et al. also created keratinbased nanoparticles consisting of varying ratios of the oxidized
(keratose or KOS) and reduced (kerateine or KTN) forms of
the protein. These particles were created using an ultrasonic
dispersion technique and measured between 345 and 400 nm,
with decreasing diameter upon the addition of more KOS. The
addition of KOS also resulted in an increased release rate of the
model drug, Amoxicillin (AMO). The nanoparticles were found to
be mucoadhesive due to the electrostatic interaction and disulfide
bonding between gastric mucin and KTN, and hydrogen binding
with KOS. These results suggest that keratin-based nanoparticles
may be an ideal carrier for mucoadhesive drug delivery [42].

23.6

Conclusions

Protein polymer and protein composite materials are becoming
more accepted in the realm of nanoparticle drug delivery. Their
properties are ideal for drug delivery systems and show promise
in improving controlled release or targeting delivery mechanisms.
Natural protein polymer is relatively cheap, easy to process,
and renewable which makes it an attractive material from an
economic perspective. The primary advantages that protein-based
nanoparticles have over synthetic materials is their biodegradability
and biocompatibility. Minimizing the host immune response is
an important aspect determining the success of a drug delivery
operation. The natural degradation of these protein polymers
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reduces accumulation of particle byproduct which is also better
for the human health.
This review focused on the properties of protein materials,
such as silk fibroin, keratin, and elastin, and their usage in
nanoparticle drug delivery and biomedical applications. There are
a variety of processing methods for protein-based nanoparticles
which can tune their resulting properties for more specific
applications. While there are still challenges to overcome, there is
an increasing demand for biocompatible protein nanoparticles in
the medical field. To overcome these challenges, future work
involving protein-based nanoparticles must focus on the
development of large-scale production techniques that allow these
particles to be manufactured in a commercially attractive manner.
Functionalized particles capable of targeting specific areas of
the body are also likely to be developed to limit off-target effects.
With the development of new pharmaceuticals, the fabrication
and characteristics of protein nanoparticles must also adapt to
provide ideal vehicles for drug delivery. As these new studies
emerge and the functionality of these protein materials is improved,
the more opportunities there will be for effective disease treatment
in the future.
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24.1
24.1.1

Introduction
A Principle

The following principle (basics-focus principle) is proposed here
as a foundation for uses of phages in nanomedicine. The curing of
currently intractable, biochemically complex diseases requires
understanding of the disease basics, but it does not require
understanding of the disease details. Historical justifications for
the basics-focus principle include (1) the development of
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smallpox [1] and rabies [2] vaccines before any details about
virus composition and structure were known; (2) the discovery of
bacterial cell wall-active [3, 4] and ribosome-active [5] antibiotics
before the composition and structure of bacterial cell walls and
ribosomes were known and (3) the use of phage therapy for
infectious disease in the absence of knowledge of the composition
and structure of phages [6, 7].
Applying the basics-focus principle does not mean neglecting
the rest of the science. Louis Pasteur ’s basics-oriented work
on improving wine and beer fermentation was a major part of
the foundation for the fields of biochemistry and microbiology
[2, 8]. Antibiotics became major tools in investigating the
composition, structure and dynamics of bacterial cell walls [4] and
ribosomes [5, 9].
A proposed corollary is the following. Basics-focus on
practical aspects of neurodegenerative and other diseases will not
compromise the remaining science. Indeed, as we will describe
in Section 24.6, we think that the remaining science will also be
promoted with this approach.
However, to get started, one has to know enough basics.
We think likely that, at least in the case of neurodegenerative
diseases, some basics will have to be assumed, without rigorous
proof. In the discussion below, we will present both key
assumptions and the phage-based evidence in the case of
neurodegenerative disease. We will also present a basics-oriented
strategy for malignant tumor therapy. This strategy includes use
of a phage capsid-based drug delivery vehicle (DDV).

24.1.2

The Scientific Environment

Articulation of the basics-focus principle is motivated, in part, by
a current environment in which progress is politely described
as slow for the curing of both neurodegenerative diseases and
metastatic cancer. Less politely, but probably more accurately,
most (not all) research on neurodegenerative diseases appears
to be mired in its focus on complex biochemical details, with only
limited symptomatic relief achieved [10–13]. Focus on these
details is the opposite of (1) what has historically been the
most successful focus (previous section) and (2) what some

Introduction

fundamentals project to be the optimal focus for developing
future therapies for pathogenic virus infections (Section 24.2.5),
neurodegenerative diseases (Section 24.3.2) and cancerous
tumors (Section 24.4.2). Lack of basics-focus is one possible
explanation of why neurodegenerative diseases are incurable at
this stage in history.
Two recent books appear to be warning signs that public
patience is beginning to exhaust. A recent, cancer-oriented book
comes very close to laying the slow-progress blame at the feet of
science (really, scientists) [14]. A recent, polio vaccine-oriented
book suggests the following. Without the intervention of the
law partner of an American President, polio vaccine, as we
know it, would not have existed as early as it did [15]. A logical
rendition of the current state of phage therapy is likely to exhaust
public patience to a new level because, in this case, successful
application of the basics has already been achieved ([16],
reviewed in [17, 18]). However, apparently, in the US, one can
receive phage therapy only on an ad hoc basis [16, 19].
Our entire research history is in the area of phages, with
a primary focus on phage assembly. Historically speaking, the
Caltech phage group (the home of PS for four years) was, in its
early years, supported by the foundation that previously supported
the basics focus-oriented work on polio vaccines. This foundation,
The March of Dimes (also called the National Foundation), also
supported the Pauling-associated work on structure discussed
below (see the credits in references [20–23]). That is to say,
the basic philosophy in the current article appears to have an
indirect linkage to the distant past.

24.1.3

Phage Assembly Basics

The composition and structure of phage T3 and its relative, T7,
are illustrated in Fig. 24.1d. The phage particle consists of (1) a
DNA-encapsulating shell of the protein product of gene 10, called
gp10; (2) an external structure (tail) adapted for specific binding
to host cells and (3) an internal core stack [24–26]. The various
phage proteins are labeled by gp, followed by the number
of the encoding gene. A T3 gene is given the same number as its
T7 counterpart [27].
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The DNA-containing, protein capsid of all well-studied,
double-stranded DNA phages begins its existence as a DNA-free
capsid, called a procapsid. The T3/T7 procapsid (also called
capsid I) is illustrated in Fig. 24.1a [24]. The procapsid subsequently
packages a DNA genome and, while so doing, changes its structure
to form a more phage-like capsid, called capsid II for T3/T7
(Fig. 24.1b). At the end of packaging, the T3/T7 tail is attached to
a ring (called portal or connector) that is on a DNA-filled capsid
(Fig. 24.1c) called a head [26]. The connector (1) is the site
of DNA entry; (2) occupies a 5-fold vertex of an icosahedral, DNAcontaining gp10 shell and (3) forms the base of the core stack
[24, 25].

Figure 24.1 The progression of capsids during the in vivo assembly of
phages T3 and T7. (a) capsid I; (b) capsid II packaging DNA; (c) head;
(d) mature phage.

Phage Assembly and Dynamic States

Figure 24.2 A line drawing of the proposed α-sheet-generating polypeptide
backbone of the gp10 subunits of (a) hyper-expanded T3/T7 capsid II;
(b) an intermediate converting from its state in hyperexpanded to its
state in contracted capsid II and (c) contracted capsid II. N and C
indicate the N- and C-terminals of gp10; (d) Assembly of two gp10
subunits is shown with the proposed radial staggering. The staggering
improves electrical charge-charge-derived energetics. The + symbols
indicate the + electrical charge of the α-amino edge; the – symbols
indicate the – electrical charge of the α-carboxyl edge.

24.2

24.2.1

Phage Assembly and Dynamic States

The Stability of the Icosahedral Shell of the
Related Phages, T3 and T7

One’s first impression of the mature T3/T7 capsid is that the
DNA-enclosing gp10 shell is extremely stable and unlikely to
change states. The shell is resistant to both ionic detergent [28]
and the proteases, trypsin and subtilisin [29]. In a mature phage
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T3/T7 capsid, the major shell protein has a conformation [25]
in common among the various double-stranded DNA phages.
This conformation is called the HK97 fold, named after the first
phage found to have this fold [30].
The mature gp10 shell of T7 capsid II also has a surprisingly
high stability to elevated temperature, as discussed in Section
24.4.3. This characteristic suggests resistance to damage during
possible use as a capsid-drug delivery vehicle (DDV).
Nonetheless, dynamism of phage shells is suggested by cryoelectron microscopy (cryo-EM) analysis. After expulsion of DNA
from phage HK97, the shell “bows out” more than it does before
expulsion [31]. Similarly, T7 capsid II is found 1.4% larger than
the mature capsid when purified [25] and in lysates [32]. If one
makes the assumption that HK97-type shell proteins have
incompressible components, without capacity for storing and
releasing energy, the above result with HK97 is impossible. The
reason is that DNA expulsion releases pressure from packaged
DNA. This would cause contraction, not expansion, if one makes
this assumption. Therefore, the shell of HK97 and probably T3/T7
can move internally to store and release energy.
Less direct evidence for shell dynamics arises from analysis
of the leakage of DNA from (tail-free) phage T3 heads. The heads
are obtained from a T3 mutant; almost no T3 and T7 heads are
without a tail in a wild type infection [26]. The DNA leaks from
heads in quantized amounts. This phenomenon is seen via the
formation of sharp bands during agarose gel electrophoresis of
the DNA remaining packaged after 1-hit restriction endonuclease
digestion. The DNA remaining packaged is obtained by (1) DNase
I-digestion of external DNA; and (2) expulsion from the capsid
of DNA remaining packaged [26]. This leakage-quantization
phenomenon is best explained by quantized gp10 shell contraction
that evolved via selection for control of the rate of infectioninitiating DNA injection [26, 33].
In addition, some multi-site T3 mutants undergo enhanced
in vivo production of the following gp10-shell variants of capsid
II: hyper-expanded and contracted. Identification of hyperexpanded capsid II is made by both (1) electron microscopy and
(2) calculation of hydration from the density during buoyant
density centrifugation in Nycodenz density gradients of a
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Nycodenz-impermeable (low density, high hydration) capsid II
[34, 35]. A DNA-free version of these capsids was initially
investigated [34].
Next, a DNA-containing version of hyper-expanded capsid
II was isolated via its Nycodenz impermeability (sealing)
and accompanying low density [35]. This particle underwent
contraction in the presence of magnesium ATP, but not
magnesium ADP. Binding of ATP to gp10 was proposed to be the
source of energy [35]. The following was evidence that the
sealing had been evolutionarily selected. For wild type capsid
II, cryo-EM revealed the complexity of inter-gp10 subunit
interactions to be so high [25] that accidental sealing was
improbable. Thus, these capsids were proposed [35] to be in
states selected for function during DNA packaging (details [36]).
The hyper-expansion required shell thinning to the point that
β-sheet was proposed as the likely dominant conformation of
gp10 major shell protein [35].

24.2.2 α-Sheet, Rather than β-Sheet, in Size-Altered
Capsid II?

α-Sheets resemble parallel β-sheets in having a parallel and
extended conformation. However, if the amino acids in an α-sheet
all have the same chirality (as they do in almost all current proteins),
then amino acids alternate side chain positions. That is to say, the
conformation is not a helical array of amino acids. If constituent
amino acids either alternate in chirality or are all glycine, then
an α-sheet can be a helical array of amino acids [21–23, 37, 38].
The above has suggested the possibility that α-sheets began
existence abiotically, when proteins were glycine-rich and other
amino acids involved were not chiral [37, 38].
An α-sheet-like peptide of 3–6 amino acids is called a nest.
Nests are typically glycine-rich. α-Sheets and nests have α-amino
groups segregated on one edge and α-carboxyl groups segregated
on the opposing edge [21, 37, 38]. Nest-associated α-amino groups
are known to bind anions, such as phosphate, via the α-amino
group edge. P-loop ATP-binding sites typically have a phosphatebinding nest [37, 38]. Thus, one projects that a more extensive αsheet is also likely to bind phosphates, including those part of ATP.
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α-sheets were discovered via model building in 1951 [21]
and were originally called parallel pleated sheets before parallel
β-pleated sheet was known to be the more frequent structure.
However, extensive α-sheets were found, by the discoverers,
to be unlikely for the real world of left-handed amino acids.
The reason was “steric hindrance between adjacent side chains”
[23] for left-handed, non-glycine amino acids. Bending of α-sheets
can reduce steric hindrance enough to make extensive α-sheet
possible [22].
Additional unfavorable energetics are expected from the charge
separation of α-sheets in the absence of multiple sheet layers.
The α-carboxyl edge is negatively charged; the α-amino edge is
positively charged at physiological pH. Indeed, stable proteins
have only a small percentage of α-sheet-like nests. Among the
proteins stable enough to be characterized, α-sheet-like nests
are found primarily in ATP binding sites and in the lining of
transmembrane pores [37, 38].
The expected increase of α-sheet content for abiotically
generated peptides suggests that nests are imprints from times
before the existence of living organisms. The idea is that this
structure was not completely replaced when increased diversity
and chirality arrived for biological amino acids [37, 38].
In theory, evolutionary retention of α-sheet structure would
be increased if (1) the α-sheet is curved; (2) cooperativity
is symmetry-promoted by incorporation of the protein in a
symmetrical structure and (3) the protein binds a nest-stabilizing
ATP molecule, thereby initiating a cooperative transition to
α-sheet structure. Thus, we propose the following hypothesis.
During DNA packaging, the observed T3 capsid II shell dynamics
(hyper-expansion and contraction) are caused by the adopting
by gp10 of ATP-responsive, dynamic α-sheet conformations.
Specifically, single-layered α-sheet is the proposed structure
for gp10 in the shell of the most hyper-expanded version of
T3 capsid II (Fig. 24.2a; orientation in the shell is discussed in
the next paragraph). The thickness is 0.6–0.9 nm [21, 37], which
is thin enough to make possible covering of the entire surface of
the observed hyper-expanded T3 capsid II [35]. In addition, the
proposed structure for the contracted versions of T3 capsid II
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is multi-layer α-sheet (Fig. 24.2c), generated by an event
approximating the folding of the single-layered α-sheet (Fig.
24.2b), without loss of gp10 subunits. This latter conversion would
be assisted by favorable electrical charge-charge interactions
(Fig. 24.2b).
Assembly of multiple Fig. 24.2a-like subunits will be inhibited
by charge-charge interactions unless the radial positions of
neighboring subunits vary so that the negatively and positively
charged edges of neighboring subunits are juxtaposed (Fig. 24.2d).
This “staggering” of radial position will cause increase in apparent
shell thickness when a shell is visualized in a two-dimensional
projection of the three-dimensional structure.
Given the polar nature of the two edges of alpha-sheet, one
edge is predicted to be at the outer surface of the capsid’s shell;
the other is predicted to be at the inner surface of the shell. Most
likely, the negatively charged edge will be at the outer surface
to minimize interaction with other intracellular proteins, most of
which are negatively charged at neutral pH [39].

24.2.3

Test of a Prediction: Surface Charge

We have tested the prediction of a relatively high negative
surface charge for the gp10 shell of hyper-expanded T3 capsid II.
This was done for capsid II that had incompletely packaged DNA,
abbreviated ipDNA; an ipDNA-containing capsid is called an
ipDNA-capsid. The test was performed by native agarose gel
electrophoresis in two dimensions (2d-AGE) (recent reference
[26]): 0.30% agarose gel in the first dimension; 2.0% agarose gel
in the second dimension. A band of hyper-expanded ipDNA-capsid
II was seen (labeled HE-CII in Fig. 24.3a) after GelStar staining,
nucleic acid-specific. This band was also seen after Coomassie
staining, protein-specific. The effective origin of electrophoresis
is indicated by the letter o. For comparison, the position of wild
type T3 capsid II was also determined by 2d-AGE (dot labeled
WT-CII in Fig. 24.3a). The latter 2d-AGE was performed in a
separate first and second dimension gel embedded in the same
agarose frame as the gel in Fig. 24.3a. The position of capsid I
was determined from a separate analysis (dot labeled CI).
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Figure 24.3 Analysis by 2d-AGE of hyper-expanded T3 ipDNA-capsid II.
The ipDNA-capsid II is from the Nycodenz gradient-isolation in Fig. 4b
of reference [35]. Two fractions of the Nycodenz density gradient were
analyzed by 2d-AGE, the (a) 1.073 g/mL and (b) 1.099 g/mL fractions.
The procedure of 2d-AGE is described in reference [26]. The first
dimension was run in a 0.30% agarose gel at 2.0 V/cm for 5.0 h.
The second dimension was run in a surrounding 2.0% agarose gel at
1.8 V/cm V/cm for 16.0 h. The electrophoresis buffer was 0.09 M Trisacetate, pH 8.3, 0.001 M MgCl2. The temperature was 25±0.3°C. Seakem
LE agarose was used (Lonza, Basel, Switzerland). The arrowheads indicate
the leading edges of sample wells. The arrows indicate the directions
of the first (I) and second (II) dimension electrophoresis. The curved
dashed lines indicate the profile of variable length DNAs (no protein
attached) from the DNA fraction of the same Nycodenz gradient. The DNA
profile was obtained in a separate quadrant embedded in the same
agarose frame as the gels of (a,b).

The effective radius of a particle (RE), together with the radius
of the gel’s effective pore (PE), uniquely determine the straight
line drawn from the effective origin to the position of a particle in
the gel. This line (dashed) is indicated for the WT-CII position in
Fig. 24.3a (RE = 28.6 nm by small angle X-ray scattering [40]).
The angle, q, between dashed line and first dimension gel decreases
as RE increases [26]. Thus, the particles of the HE-CII band are
confirmed in Fig. 24.3a to be relatively large. The shape and
orientation of HE-CII band indicate that these particles are also
heterogeneous in RE.
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The average particle of the HE-CII band also had an average
electrical surface charge density, s, that was negative and was
increased in absolute value. The reasoning is the following. The
value of σ has, in general, been found to be proportional to the
electrophoretic mobility in the absence of a gel. This mobility has
been found to be independent of internal contents, such as ipDNA
([26] and included references). The ratio of σ value for HE-CII to
s value for WT-CII was 1.9. This ratio was determined from the
ratio of average distances migrated in the first (low sieving)
dimension, corrected for an estimated 5% greater effect of sieving
on HE-CII in the first dimension. When CI was substituted for
HE-CII, this ratio was also 1.9.
The source of the relatively high negative σ of hyper-expanded
ipDNA-capsid II had to be either (1) the σ at the surface of shellassociated gp10 or (2) leakage from the capsid of a segment of
(negatively charged) ipDNA, without dissociation of the ipDNA.
We concluded that the former possibility was correct because
electron micrographs did not reveal any leaked DNA [35]. Thus,
qualitatively, the above prediction was confirmed.
Finally, the relatedness of HE-CII and WT-CII particles was
confirmed in the 2d-AGE profile of a higher density fraction from
the same Nycodenz density gradient. In this case, the HE-CII
band was connected to a WT-CII-like band by an arc formed by
capsid II particles with intermediate RE and σ values (Fig. 24.3b
and inset). Contrast enhancement was used in the inset of Fig. 24.3b
to make the arc more easily seen. Presumably, the arc-forming
particles were also intermediate in structure.

24.2.4

Electron Microscopy

In previous electron micrographs of specimens negatively stained
with sodium phosphotungstate, hyper-expanded ipDNA-capsids
appeared full [35]. This appearance was caused by impermeability
to the negative stain, not by filling with DNA [35]. The low-electron
density interior was occupied by dried buffer components. The
appearance was similar after negative staining with uranyl acetate
(Fig. 24.4). However, the following feature was exaggerated in
some particles of hyper-expanded NLD capsid II. A thin, dark layer
of negative stain separated the light interior from the light gp10
shell (Fig. 24.4). Apparently, after drying of most of the interior,
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external negative stain leaked through the gp10 shell and then
dried in a thin layer. In contrast, a contaminating wild type capsid
II-like particle had the traditional negative stain-filled appearance
(arrow in Fig. 24.4). The shell of the latter capsids is 2 nm thick.

Figure 24.4 Electron microscopy of hyper-expanded NLD capsid II. The
sample was the same as the sample used for Fig. 24.3a. Particles in the
sample were negatively stained with 1% uranyl acetate. The procedures of
specimen preparation and EM were the same as used in reference [35].

In the shell-revealing regions of hyper-expanded ipDNAcapsid II particles, the shell usually appears 3–5 nm thick. However,
the thickness of the shell is likely to be significantly less than that
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(Section 2.2). This difference is enough so that staining alone is
unlikely to be the cause. Thus, the cause of the above difference
resides in changes to the gp10 shell that occur in the latter stages
of negative staining.
Details were suggested by the observation that, in some
regions, the gp10 shell appeared doubled (arrowhead in Fig. 24.4).
The radial position staggering proposed in Fig. 24.2d explained
the observed doubling via an increase in the staggering distance
at the latter stages of negative staining. By this explanation,
embedding in the negative stain limited shell disruption to subobservable levels. The regions of apparent shell thickening,
without doubling, could be explained by smaller increase in the
staggering distance and superposition of images from multiple
planes perpendicular to the direction of observation. In summary,
the electron microscopy produced images that were explained by a
gp10 structure similar to the one in Fig. 24.2d. Higher resolution,
direct determination of structure is needed to test more directly
for α-sheet and other structures.

24.2.5 Possible Pathway to Anti-Viral Therapeutics

The above analysis by 2d-AGE has been performed only for phage
T3. This analysis is also a relatively simple, inexpensive, sensitive
way to determine whether other viruses produce size-altered
capsids like those of phage T3. For now, we make the following
extrapolation. Pathogenic viruses do make extensive α-sheetcontaining shell intermediates, at least in the case of the capsids
of viruses with a double-stranded DNA genome, such as herpes
viruses.
If, indeed, this is true, then the following is a possible strategy
for anti-viral therapy. Find or design therapeutic compounds that
target the backbone of extensive α-sheets. The low frequency of
extensive α-sheets suggests low therapy toxicity. This strategy has
the projected advantage of being insensitive to bypass via single
mutations. In addition, a relatively broad spectrum of viruses
is likely to be susceptible. Two major factors in reducing the
success of anti-viral drug therapies are evolution of resistant
viral mutants and presence of narrow drug specificity (examples
[41]).
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24.3
24.3.1

Dynamic States and Neurodegenerative
Disease
Some Details

Neurodegenerative diseases are all characterized by the presence
of protein aggregates collectively called amyloid. This name is
derived from starch-like texture. The aggregate-forming protein
varies with the neurodegenerative disease (reviews: ALS [42],
Alzheimer [43], Huntington [44], Parkinson [45], prion-associated
[46]). When various proteins form amyloid, they convert from
an original mixed-element structure to a predominantly β-sheet
structure.
Although β-sheet is the predominant conformation of
accumulating amyloid protein, computer simulations reveal that
α-sheet is (1) accessible to amyloid-forming proteins [47, 48]
and (2) selectively accessible to them at low pH, especially in the
protein region thought to initiate the transition to amyloid [48].
The proposal has been made that charge-charge interactions
assist assembly to form an α-sheet intermediate that subsequently
converts to β-sheet during the formation of amyloid. Molecular
dynamics simulation has shown the possibility of conversion of
α-sheet to β-sheet [47–49].
Given the association of nest-like structures with membrane
pores, the theory is that extensive α-sheet-containing amyloid
proteins, which are minority species, generate toxicity by making
pores in cell membranes [37, 38, 47, 48]. Mature amyloids are
complex enough so that the amount of α-sheet associated with
the β-sheet structure is, to our knowledge, not known.
Returning to the biology, the hypothesis has previously been
proposed [50] (and expanded [51]) that one of the normal (nontoxic) functions of amyloid-forming proteins is innate immunity.
This innate immunity occurs via neutralizing of products of both
pathogen-generated and physical insults. By this hypothesis,
neurodegenerative disease occurs when control of this insultneutralizing activity is lost and, in some cases, the innate
immune proteins start neutralizing themselves. A result is
accumulation of toxic aggregates. Indeed, more recent studies
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have shown anti-bacterial and anti-viral effects of the amyloid
for Alzheimer disease [52, 53].
The expanded proposal [51] originally was that the neutralizing
interaction occurred via the extension by innate immune proteins
of β-sheet structure generated by the insult. However, the
above considerations suggest substitution of α-sheet structure for
β-sheet structure.

24.3.2

A Proposal for Reduction to Practice

We propose the following working assumptions to implement
the basics-focus principle for neurodegenerative diseases.
(1) Pathogenic viral infection and other insults trigger activation
of amyloid-forming host innate immune proteins. These proteins
convert to extensive α-sheet structure and, then, co-assemble
with and inactivate extensive α-sheet-rich structures generated by
the insults. These activities are currently obscure. (2) Extensive
α-sheets are rare to non-existent in endogenous proteins of the
virus host, other than activated innate immune system proteins.
(3) Neurodegenerative diseases are caused by α-sheet-dependent
damage caused by hyper-produced, activated innate immune
proteins. These proteins eventually form β-sheet-rich amyloid.
Other virus-induced innate immunity activities (cytokineinduced neuroinflammation, for example) are known to be
associated with the onset of neurodegenerative disease [54]. By
the above hypothesis, these activities are secondary.
The proposal of (1)–(3) includes the fundamental idea that
higher organisms have retained an immune system that has
anciently derived targets and mode of action. This system is based
on an abiotically derived protein structure. This system is difficult
to analyze because proteins with more recently evolved
composition and structure force both the innate immune system
and its targets into intermittent status.
A way to reduce these ideas to practice is the following, as
similarly suggested [51] before the introduction of the above
α-sheet proposal. (1) Select for low-pathogenicity viruses that yield
unstable, α-sheet-rich complexes when innate immune system
proteins co-assemble with intracellular intermediates of this
virus. (2) Infect patients with these viruses. To manage adaptive
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immunity, several such viruses would be used in succession. To
isolate the needed viruses, one could begin by trying to find cases
of spontaneous (presumably limited) disease-remission that
have a correlation with a previous virus infection. The correlation
would presumably not be dramatic and finding it would require
determination. The reason is that most infections are expected
to have the opposite effect, i.e., to trigger disease [54, 55]. Therefore,
the desired post-infection remissions are likely to be rare.
Of course, selecting for any immune system-avoiding virus
has an obvious potential danger of ending with a problem of
virus virulence. Presumably, virus virulence would be carefully
monitored during selection. In any case, the selection would
include screening for low virulence. Low virulence might, indeed,
be necessarily co-selected during selection for an immune
complex-destabilizing phenotype.

24.4

24.4.1

Phage Assembly and Development of
Gated, Targeted Drug Delivery Vehicles
Avoiding Immune Systems

Here, we change direction to discuss use of phage capsids as DDVs
for the therapy of cancerous tumors. Administration of phage
capsids is accompanied by the problem of phage capsid removal/
neutralization by host immune systems. Both adaptive and
innate immune systems will act to remove or neutralize foreign
nanoparticles, including phages [56]. Optimization of a DDV-based
strategy must include a response to this problem. One response
to adaptive immunity is to serially change the phage-source of
the DDV, in analogy to what is proposed above for low-virulence,
therapeutic, eukaryotic viruses. In addition, phages propagate
rapidly enough so that directed evolution can be used to reduce
removal of a phage-derived DDV by any immune system.
However, probably the most significant potential advantage
of a phage capsid-DDV is gating via the connector (formed by gp8
for T3/T7; Fig. 24.1). The connector of phages T3 and T7 also
exists for all other studied double-stranded DNA phages (reviews
[57, 58]). Thus, if connectors can, in general, be used as gates to
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capsid-DDVs, nature will provide many immunologically unrelated
DDVs.
Before adaptive immunity becomes limiting (which takes
1–2 weeks in the case of phage K [56]), innate immune systems
reduce effectiveness of any unprotected nanoparticle. Apparently
the most active system is the mononuclear phagocyte system
(MPS), formerly called the reticuloendothelial system. The MPS
moves nanoparticles primarily to the liver and spleen [59, 60].
Published tests of the efficiency of the MPS have been made
with phages lambda, P22 and K. Phages lambda and P22 are
lysogenic. When in a lysogenic state, lambda and P22 presumably
could not have experienced and adapted to their environments.
In contrast, phage K is lytic and had continuously experienced
and adapted to its environment. Therefore, one expects that past
genetic adaptation would cause phage K to have a longer lifetime
in mouse circulation. This is the case. Complete removal occurs
in over 24 hr for phage K [56] and 3–4 h for phages lambda and
P22 [61, 62].
That the above difference in lifetimes can be adaptive for
phage lambda was shown by 10-cycles of the following: mutagenic
growth, followed by mouse passage [61]. The adapted lambda
was removed from mouse circulation more slowly than wild type
lambda. Removal was by approximately a factor of 10 per day,
several orders of magnitude more slowly than before adaptation
[61]. A comparable removal rate was found for lytic phage T3
without any laboratory adaptation [63]. Apparently, the needed
adaptation had occurred for T3 in the wild. Systematic attempts
to make lytic phages more long-lived in circulation have not
been made to our knowledge.

24.4.2

Targeting Tumors

Perhaps the most dramatic potential application of the basicsfocus principle is to the therapy of cancerous tumors, including
metastatic tumors. Focus on details (rather than basics) leads to
targeting of either tumor-concentrated biochemistry or a patient’s
immune systems. However, the biochemistry of tumors overlaps
the biochemistry of normal cells. Thus, essentially all drug and
radiation therapies are toxic, which limits the extent of the
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therapy and makes patients sick [64–66]. Multi-faceted toxicity of
immunotherapy is emerging as a problem [67]. In addition, when
a cancer becomes metastatic, none of the above therapies can
systematically block bypass of the therapy via evolution of cancer
cells.
However, tumors do have one targetable, basic characteristic
that they apparently cannot evolve to eliminate. This characteristic
is the presence of 10–200 nm-sized pores in the blood vessels
that feed tumors. Healthy blood vessels do not have these pores
[68, 69].
Thus, one should be able to achieve specific drug delivery
to tumors with the following strategy: use of a DDV small enough
to fit in these pores, but too large to pass through healthy blood
vessels. In addition, tumors have relatively poor lymphatic drainage.
Thus, when a DDV enters a tumor, it is slow to leave. The combined
effect of the pores and the poor drainage is called the enhanced
permeability and retention (EPR) effect [68, 69].
Knowledge of the EPR effect is not new. The EPR effect has
been the foundation for improved drug delivery via liposomal
DDVs. Several products are FDA approved [70], the earliest being
Doxil [71]. However, results have been disappointing. A recent
review indicates the following limitations [72]: (1) “rapid loss of
the drug cargo…often immediately after…systemic administration”;
(2) “in many cases, less than 1% of the administered nanoparticle
dose reaches the malignant tissue”; (3) “lack of release of drug in
tumors”; (4) safety of the DDV; (5) safety of impurities (bacterial
endotoxin which can generate a cytokine storm); (6) immunotoxicity
(complement-generated, for example) and (7) standardization
during manufacturing scale-up. A major uncertainty is the extent of
the EPR effect in early metastases.
In evaluating the use of a phage capsid-DDV, we initially
note that phages have never been found to be toxic to humans.
Phages T3 and T7 were presumably isolated from sewage [73]
and have passed through humans many times with the associated
likelihood that they and their capsids already have evolved to
avoid human immune systems. Furthermore, phage capsids with
DDV potential are assembled in vivo and easily purified with
structure uniform enough to obtain a 3–4 Å cryo-EM structure of
the shell in the case of T7 [25]. If gated, a phage capsid is well
on its way to removing the above limitations.

Prospects for the Future

Indeed, one form of T3 capsid II is sufficiently gated so
that it does not allow Nycodenz (molecular weight = 821) in its
internal cavity until the temperature is raised. That is to say, the
elevated temperature opens a gate. The gate is closed by lowering
temperature, with the loaded Nycodenz not leaking detectably.
The connector is the likely location of the gate [74].

24.4.3 Adequate Loading of a Phage Capsid-DDV

Nonetheless, a major barrier still exists to implementation of a
gated T3 phage capsid-DDV. When we used elevated temperature
to increase permeability (open the gate) in the presence of
10 mg/mL doxorubicin, the T3 gp10 shell was damaged. Native
gel electrophoresis suggested disassembly to small aggregates,
possibly monomers of gp10 (unpublished data). This limitation
was possibly caused by detergent characteristics of doxorubicin,
which has a positively charged and a hydrophobic region. These
two regions are also present in most anti-cancer drugs.
Although this limitation has not yet been bypassed, we have
found that the T7 counterpart of the loadable T3 capsid II is much
more stable (80–83°C). Future work will focus on the T7 version
of this capsid II.

24.5

Prospects for the Future

Hypothesis-derived theory and practice can differ, possibly
because of variables not in the theory. Also, hypotheses can be
incorrect. The above proposals for treating neurodegenerative
disease and cancerous tumors are not exempt from this pattern.
Nonetheless, when basic considerations point in a simple
direction, attempts to go in that direction should, it seems to
us, be made. However, in the absence of a change in priorities,
the probability is very close to zero that the above strategies will
be tested experimentally within the next few years.
As support for this pessimism, exhibit A is the current status
of phage therapy of infectious disease. For phage therapy, the
basics point in a clear direction (details [17]). In addition, going
in this direction is supported by (1) historical [6, 7, 73] and
present-day [16] examples of dramatic success of doing that
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and (2) recent development of technologies that should
dramatically improve results, if deployed. These include
technologies of computerized database use/phage storage/phage
retrieval, in addition to updated procedures of phage isolation
and characterization. Yet, few, if any, systematic attempts at
implementation are being made. Phage therapy is performed on an
ad hoc basis [16, 75], which slows implementation, sometimes to
the point that it is too late.

24.6

Relationship to Scientific Details

In Section 24.1.1, we gave examples of scientific output triggered
by de facto past clinically oriented use of the basics-focus principle.
The finding of a curative, low-virulence virus, as proposed above,
should do the same in the case of neurodegenerative diseases.
Existence of such a virus would likely trigger experiments that
use the virus to determine the interaction of virus metabolism
and assembly with cellular events. Cellular events would be better
understood. One finding might be that the above assumptions
need to be modified or abandoned. However, the overall direction
embodied in the assumptions could still be accurate enough to
obtain a cure.
A gated, uniform-size, uniform-structure DDV can also be used
to track the progression of tumors via the loading of the DDV with
a trackable compound. Nycodenz, for example, is x-ray opaque and
can be tracked by use of micro-CT. Such tracking would be used
both clinically and also to analyze pathways of receptor mediated
endocytosis and lysosome targeting of endocytic vesicles.
In other words, the division between basic science and
clinical practice is not sharp.
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25.1

Introduction

Pharmacogenomics has been described as one of the most
promising research areas to stem from the genetic revolution
[28]. Proponents proclaim it has the potential to transform health
care and pharmaceutical development, leading the way toward
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a new era of personalized medicine whereby the right amount
of the right kind of drug would be provided to the right patient.
Pharmacogenomic stratification is becoming more frequent in
clinical drug trials, and already a handful of pharmacogenomic
tests have been approved by regulators and are now included as
part of drug labels in many developed countries. Perhaps because
of the necessity for researchers to convince industry and policy
makers of the pharmaceutical potential of pharmacogenomics,
this type of research has been described in a particularly
favorable light in both scientific and lay publications. For example,
in recent scientific publications, words such as “revolution,”
“rebirth,” “renewal,” “revitalization,” “hope,” “new age,” “new century,”
“new era,” “new paradigm,” “transformation,” and “illumination”
have been used by authors to describe pharmacogenomics or
its probable impact on medical practice [39]. Pharmacogenomic
research has also often been described as the field of genomic
research that will have a substantial impact on medical practice
in a relatively short time span (usually stated as 5 to 10 years)
[66]. Coupled with this attractive picture, the popular expression
“personalized medicine” is often employed as a synonym of
pharmacogenomics, conferring a stronger and more positive
appeal to policy makers and the general population alike [23, 67].
However, issues linked to research ethics—a multidisciplinary
field of inquiry interested in ensuring that research is conducted
in a way that serves the needs of participants and society—have
often been associated with genetic research. Could these issues
impede the development of new pharmacogenomic drugs and
diagnostic tests? Indeed, both pharmaceutical research and
genomic research have generated their share of ethical concerns
in the past. Since it integrates important aspects of both disciplines,
pharmacogenomics could exacerbate well-known problems, as
well as create completely novel ones.
This chapter will introduce the reader to the ethics of
pharmacogenomic research. Following a general introduction to
research ethics, we will present a critical overview of pharmacogenomic research that penetrates the idyllic vision of this discipline
pictured at times in both scientific and popular media. Genomic
exceptionalism and its implications for pharmacogenomics will
also be explored in this section. Following this discussion, we will
present the main ethical issues raised by pharmacogenomics,

Introduction

Definitions of Key Terms
Ancestry informative markers (AIMs): A subset of genetic
markers (single-nucleotide polymorphisms [SNPs]) used to estimate the biogeographical origins of an individual and ascertain
what proportion of ancestry is derived from each geographical
region.
Anonymization: A process of irrevocably stripping data of
direct identifiers so as to prevent subject reidentification. The
risk of reidentification of individuals from remaining indirect
identifiers is low or very low.
Broad consent: Consent to a wide (broadly delimited) range
of options.
Casuistry: A branch of applied ethics casuistry that takes a
practical approach to morality by examining cases, rather than
theories, to resolve moral problems by applying general principles
of morality to particular instances.
Consequentialism: A system of ethics that bases the morality
of an action upon the consequences of the outcome.
Deontology: A system of ethics that judges the morality of
an action on the basis of the action’s adherence to a rule or rules.
Deontology focuses on inputs, the actions and will of individuals,
rather than outputs, and the goals achieved.
Genetic exceptionalism: A belief, popularized in the 1990s
during the development of the Human Genome Project, that genetic
information requires greater protection than other personal or
health information because of its special, more sensitive nature.
Incidental findings: Unanticipated or unintended research
findings or results concerning a participant that are outside the
research objectives provided in the informed consent process.
Laboratory services (or lab-developed tests [LDTs]):
Assays developed in a particular laboratory for internal use, or
research use only, and therefore not distributed or sold to any
other labs, health care facilities, or consumers.
Orphan populations: Populations that either have a
genotype leading to a condition for which there is currently no
effective therapy or that have been defined by the pharmaceutical
industry as too small to be attractive as a drug market.
Personalized medicine: A medical model that customizes
and tailor’s health care decisions and practices to individual
patients on the basis of genetic and environmental profiles.
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Principlism: A system of ethics based on the four moral
principles of autonomy, beneficence, nonmaleficence, and
justice. Viewed as a practical and pluralistic approach to ethics
that bridges various ethical, theological, and social approaches
toward moral decision making, principlism operates by
specifying how the principles are to be used in specific situations
and then balancing the principles with other competing moral
principles.
Specific consent: Specific and fully informed consent
provided by research participants that is confined to one particular
research purpose and time period.
Test kit (or in vitro diagnostic test kit): A pharmacogenomic
or genetic testing medical device intended for use in the
collection, preparation, and examination of specimens taken
from the human body to diagnose a disease or other condition in
order to cure, treat, or prevent such disease or condition. These
test kits may be sold by manufacturers directly to consumers,
testing laboratories, clinicians, or other approved recipients,
depending on the device.
Virtue ethics: An ethical theory based on the intentions of
an individual. As opposed to deontological or consequentialist
ethics, which derives rightness or wrongness from the outcome
of the act itself, virtue ethics focuses on the character of an
individual as a driving force for ethical behavior.
Vulnerable population: Individuals or groups who have
a greater probability than the population as a whole of being
harmed, coerced, or exploited because of financial circumstances
or place of residence; health, age, education, functional, or
developmental status; the ability to communicate effectively; and
personal characteristics, such as race, ethnicity, and sex.

including data privacy, direct-to-consumer (DTC) sale of
pharmacogenomic tests, and race-based stratification. We hope
that our chapter will provide readers with the methodological
tools and academic interest to start their own personal
ethical inquiry into this research field.

25.2

The Ethics of Pharmacogenomics

Ethics is a broad academic discipline interested in moral options
in particular domains of inquiry [12]. Bioethics is the field of

The Ethics of Pharmacogenomics

ethics concerned with the impact of advances in the biomedical
sciences (e.g., stem cell research, gene therapy, pharmacogenomics,
population genetics) on humanity and its environment. It is a
constantly evolving multidisciplinary field of reflection closely
related, yet complementary, to medical ethics [44]. In North
American biotechnology research, a movement has emerged in
favor of aggregating ethical reflection with other social science
fields in order to enrich the debate. Hence in the United States,
we now refer to the ethical, legal, and social issues (ELSI) of
biotechnology research [103], while in Canada the adopted acronym
is genomics and its ethical, economic, environmental, legal, and
social aspects (GE3 LS) [29].
Ethical reflection can be made at a theoretical level (e.g.,
what constitutes beneficial health innovation in a contemporary
society?) or at a more applied level (e.g., should this particular
pharmacogenomic project receive approbation from a local ethics
committee to start recruiting research participants?). At the
applied level, practitioners will usually resort to core ethical
theories (principlism, consequentialism, deontological ethics,
casuistry, and virtue ethics) and norms to guide them in their
decision process. The rights-centered approach to bioethics
based on principlism remains the most popular approach used
in the ethical literature. It has been criticized by several authors,
however, for simplifying and somewhat limiting the depth of
ethical reflection [26].
Pharmacogenomics, situated at the crossroads of pharmacology
and genomics, could be expected to, at minimum, generate similar
ethical issues to those raised in both of these research fields.
It also seems logical to assume that it may create a few novel
issues of its own. Yet it is somewhat surprising to discover that
pharmacogenomics has been treated in a relatively conservative,
quiescent vein in the ethics literature [33].
Early pharmacogenomics proponents generally posited that
the potential ethical issues would be less numerous and easier to
handle in this context than in other types of genetic research (see
Fig. 25.1 for an example) [83]. According to these proponents,
because pharmacogenomics mainly focuses on the reactions to
drugs of already-sick patients, rather than on a more controversial
research topic such as disease genes, gene therapy, or population
genetics, it should raise comparatively minor ethical issues [31].
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Could a somewhat complacent vision of pharmacogenomic
research explain why there are only few ethical guidelines in
existence that specifically address the ethical issues raised by
pharmacogenomic research and development [81]? Recent research
on pharmacogenomic ethics suggests that pharmacogenomics
is not readily distinguishable from other types of biotechnology
research and could raise similar ethical issues like informed
consent, data privacy, genetic discrimination, DTC sale of genetic
tests, and incidental findings [97].
Moreover, a case can be made for pharmacogenomics-specific
concerns (see Fig. 25.2). Pharmacogenomics can raise ethical
issues usually associated with pharmaceutical drug research and
development (e.g., conflicts of interest, orphan drugs/orphan patient,
access to medicine) and ethical issues more specifically associated
with pharmacogenomic research, including genotyping and
drug development based on racial and ethnic categories, the
redefinition of the traditional model of drug development, and
assessment of the cost and benefit of new pharmacogenomic
tests and medicines.
Informed consent
ConĮdenƟality

Shared ethical issues

Return of research results
Research with vulnerable parƟĐipants

GeneƟĐƌĞƐĞarch:
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Figure 25.2 The ethics of pharmacogenomic research.
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Lastly, the ongoing debate on the relevance of the concept
of “genetic exceptionalism” [69] is also pertinent to the field of
pharmacogenomic research. There is some consensus, though,
that setting apart genetic data for special protective treatment can
be both unpractical (e.g., because of the genetic nature of most
medical data) and counterproductive (e.g., because treating genetic
data differently from other data contributes to the marginalization
of this type of information), making exceptionalism an imperfect
solution at best [37].

25.2.1

Hopes and Accomplishments

As discussed by some authors [99], to conduct a proper ethical
assessment of pharmacogenomics, it is necessary to reach
beyond the rhetoric and hype that have been associated with this
discipline to critically survey the nature and concrete realization
of pharmacogenomics since it first made regular scientific
headlines in the mid-1990s.
At the outset, it must be stated that “pharmacogenomics”
does not equate to “personalized medicine.” The latter expression
refers to a much broader world than that of pharmacogenomic
tests and drugs, including the general customization of health
care, the tailoring of medical decisions, and the provision of
recommendations and practices to individual patients [67].
Moreover, given that pharmacogenomics tends to propose treatment
options applicable to genetically defined groups, it is more
accurate to describe its methods as “group-tailored medicine”
rather than as “personalized medicine” [89].
In addition, the cost of pharmacogenomic drugs and tests
remains high and their availability—and utility—can be limited
[94]. While this is not a surprise in such a nascent industry, it is
a reason to remain level headed about the rate of progress and
discovery. In the United States, where pharmacogenomics has been
progressing most rapidly, pharmaceutical companies are routinely
using pharmacogenomic techniques to identify new therapeutic
markers. But the validation of these numerous markers is proving
to be a challenging task. Pharmacogenomic tests are required,
recommended, or mentioned for around 82 drugs currently in
use. Most of these drugs (63%) are used for cancer treatment [80].
The first test using deoxyribonucleic acid (DNA) chips technology
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to determine the way patients will metabolize and respond to a
variety of drugs received marketing approval in the United States
in 2006 [9]. The number of pharmacogenomics-related drugs (such
as Gleevec and Herceptin) remains small but growing, and their
cost is high. Several companies, such as 23andMe and Navigenics,
have started providing genetic testing services (including some
pharmacogenetic tests) to consumers over the Internet. The clinical
utility of many of these tests remains questionable [23, 82]. The
biggest immediate challenge for pharmacogenomics is probably
the magnitude of genes and polymorphisms involved in drug
responses to most known drugs, as well as the substantial role
played by environmental factors in drug responses [70, 71].
In light of this brief overview of the hopes and accomplishments
of pharmacogenomic research, one can say that the clinical impact
of pharmacogenomic research at the current time is modest
but growing. It is difficult to determine with great precision if or
when pharmacogenomics will have a major impact on the
development of new medicines, clinical practice, and health care
management. Thus, there remains great potential for this genetic
discipline, but concrete realizations are emerging at a somewhat
slower pace than was originally anticipated—or at least publically
proclaimed—by the media [54, 57] and research community.

25.3

Pharmacogenomics: A Selective Review of
Ethical Issues

This section presents a number of ethical issues currently confronted
by pharmacogenomics. It is not meant as a comprehensive list
but as a good illustration of the ethics of pharmacogenomics “here”
and “now.” Critical prospective analysis remains necessary to
anticipate emerging issues.

25.3.1

Informed Consent

In pharmacogenomics, the breadth of permissible research for a
given study, also known as the scope of consent, remains
controversial [85]. At the root of the controversy is whether it
is necessary to disclose to participants all the specific research
objectives for which their samples will be used. Traditionally, both
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legal and ethical norms relating to consent in biomedical research
require that, as part of the consent process, researchers disclose
to participants the specific objectives for which their samples
will be used [95]. However, this process of “specific consent”
might be outdated in the modern era of large-scale biobanks and
longitudinal studies. In this context, it is perceived by some critics
as impractical, since samples have to be destroyed following
completion of the specified research. Moreover, participants will
have to be recontacted every time to give new samples, while they
might have preferred being left alone by the research team [16].
Some argue that if there are no restrictions on the use of
collected samples for future, as of yet, unspecified projects,
pharmacogenomic research would proceed more efficiently and
the value of samples would be maximized [24]. Moreover, the high
costs of creating and maintaining a biobank should be considered.
But shouldn’t these important considerations be balanced with
the ethical duty of respecting a research participant’s autonomy
by disclosing to him or her how his or her samples will be used
in the research? Many policy documents and recommendations in
pharmacogenomic research advocate a compromise between both
interests. For example, regarding genetic studies, some authors
suggest obtaining “broad consent” for a range of related studies over
a defined period of time, with specific consent for research projects
that could pose particular problematic issues to the research
participant [81]. Another important area of concern is the issue of
consent to pharmacogenomic “add on” studies. These studies are
conducted in conjunction with clinical trials, but research subjects
are not necessarily obligated to participate in them in order to
be part of the clinical trial. There are two main types of add-on
studies, (1) a specific add-on study, where a request is made to
study specific genetic variants that are thought to be associated
with the performance of the drug being investigated in the clinical
trial, and (2) a general add-on study, where a request is made to
store participants’ DNA samples in a biobank for a certain period
of time following the completion of the clinical trial for future,
as of yet undefined research. These two types may also be
combined in a clinical study, where the researcher desires to study
specific genetic variants but also wants to store samples for a long
term for future research [33].
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Add-on studies are not troublesome per se; in fact, their
addition to the main clinical trial could be a potential source of
individual benefit for some participants (e.g., by discovering the
genetic cause of certain adverse effects). This being said, for obvious
reasons, fundamental research should still be clearly distinguished
from clinical trials and medical care. Although pharmacogenomic
add-on studies might become commonplace in the future, they
are as of now still a relatively novel area of study, especially for
participants who may be unfamiliar with medical research in
general. Investigators and researchers must therefore ensure that
participants are aware during the initial screening or recruitment
process that these are generally optional studies that are distinct
from the main clinical trial [33].

25.3.2

Confidentiality

Privacy protection is an ethical and legal issue often associated
with genomic research. It is a particularly important issue for
pharmacogenomics as there will be not only genomic information
included in a participants’ research file but also medical information
and other types of personal data (e.g., lifestyle, familial health
data). On the one hand, some industry researchers have argued
that pharmacogenomic information is not particularly sensitive
health information [88]. Scholars, on the other hand, counter that
pharmacogenomic research, like other types of genetic research,
can produce incidental findings (some of those related to
susceptibility to disease, paternity, etc.) and that databases used
in pharmacogenomics are vulnerable to third-party misuse (i.e.,
potential misuse by governmental law enforcement agencies,
insurers, employers, and drug companies) [27, 72]. In
pharmacogenomics, the privacy concerns are complex because
private pharmaceutical companies often control sample collections.
This raises concerns regarding the long-term governance of the
samples. For example, what will happen to the samples if a private
company becomes bankrupt or is sold [33, 100]? Another scenario
to consider is the case where law enforcement officials, in the
context of a criminal investigation, request access to the database.
Usually, pharmacogenomic researchers require access to a
large number of samples from various geographical locations to
validate new biomarkers and translate interesting preliminary

801

802

Pharmacogenomics

findings into concrete clinical applications [96]. This entails
sharing of samples and data between research projects, making
it that much harder to adequately protect personal information.
Sharing can be done by depositing the samples and data in a public
or controlled access repository (e.g., the National Institutes of
Health dbGaP and the Wellcome Trust Case Control Consortium) or
through bilateral or multilateral agreements between researchers.
Samples are usually anonymized or coded to protect the identity
of research participants. However, studies by Lin et al. [58],
Malin and Sweeney [61], Homer [76], and Elrich et al. [14], have
shown the limits of sample anonymization to fully protect the
identity of research participants and the possibility of reidentifying
individuals participating in genetic research. Adding additional
means of privacy protection, such as firewalls, access codes,
confidentiality agreements, and oversight committees, will become
increasingly important.
Privacy is a serious concern, but one must temper it with
the reminder that the risk of identifying an individual and using
their information for illicit purposes remains low. Very few people
have the combination of skills, interest, information, equipment
and ethical disregard to reidentify participants from their genetic
data [59]. It is therefore not surprising that pharmacogenomic
research confidentiality breaches resulting in adverse consequences
for research participants remain rare. For example, results
from research on genetic discrimination in the field of personal
insurance have yet to convincingly demonstrate misappropriation
or substantial use of genetic research data by insurers (with
the exception of rare monogenic life-threatening diseases) [76].
Moreover, cryptography and anonymization techniques are
constantly improving to better protect privacy. Nevertheless, the
recognized limits of privacy protection mechanisms should be
disclosed clearly to research participants on the informed consent
form. The 2008 adoption of sample coding terminology standards
by the International Conference on Harmonisation (ICH) should
facilitate this necessary disclosure [34].

25.3.3

Clinical Trials and Genotyping

Pharmacogenomics is increasingly used to streamline clinical
trials. By genotyping potential research participants and by only
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including those that, according to their genetic profile, are more
likely to respond well to the experimental drug or to avoid the risk
of adverse events, clinical trials should be safer and less expensive
[80, 36]. In theory, this would lead to smaller and more targeted
clinical trials and better protection of research participants. The
disadvantage of using genetic information to select research
participants in clinical trials is that the drug is no longer fully tested
on a full spectrum of participants, representative of the general
population, and therefore there is no guarantee that a genetically
heterogeneous group can use the drug. Considering the widespread
medical practice of off-label prescribing, the implications of
genotyping clinical trial participants should be carefully reviewed
[89]. Drug development strategies that incorporate pharmacogenomic genotyping are based on the assumption that certain
polymorphisms will be identified that can predict the response
to a specific drug. This leads to the stratification of clinical trial
participants into subgroups on the basis of genotype. Genotyping
as either an inclusion or exclusion criteria to stratify research
participants might lead to a loss of the benefits of research
participation or to unfair representation in the clinical trial. In other
words, this genotype-induced stratification could lead to subject
selection biases [35]. Marketing considerations could also lead
pharmaceutical companies to apply pharmacogenomic stratification
to improve the attractiveness of a particular drug. For example,
a company that has struggled to get a given drug onto hospital
formularies and public systems reimbursement lists might carry
out further trials on only a genotypically selected subpopulation of
patients and use the results of that study to portray the given drug
in a more positive light. Conversely, if clinical trials can be designed
to accommodate smaller but better-defined populations, this could
lead to an improved analysis of risk–benefit ratios [35].
Another challenge of genotyping is that small groups of
participants with rare genetic profiles could find themselves
excluded from the clinical trial process that would lead to the
development of promising new drugs. The resulting drugs would
not be authorized for use on this excluded “orphan population.”
However, it should be recognized that pharmacogenomics does
not so much create orphan populations as reveal already existing
ones to researchers and clinicians through the use of genotyping.
Used in a scientific and ethical way, genotyping can avoid subjecting
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research participants to serious adverse effects for a drug that is
unlikely to yield them any tangible benefits. Further, it is still too
early to tell if there will be many people with orphan genotypes
or if, as many pharmacogenomic researchers claim, this will
remain a purely theoretical issue.

25.3.4

Race and Ethnic Stratification

It is important to note that although race and ethnicity are often
used interchangeably in population research literature, the two
terms describe related but distinct concepts. The term “race” refers
to biological differences between groups that are assumed to have
different biogeographical ancestries or genetic makeup [65]. On
the other hand, ethnicity refers to an intricate multidimensional
construct of various biological and geographical factors, as well
as historical and social influences among populations that may
or may not share a common genetic origin [65].
Race-genetics debates have subsisted for more than a century,
and since the 1950s, stratification by ethnic origin has been common
practice in pharmacogenetics [77]. Despite the longevity of the
debates the issue is current and controversial. The story of BiDil
is a telling example. In 2005, the US Food and Drug Administration
(FDA) approved the sale of this antihypertensive drug produced
by the company Nitromed. However, the approval was for use
only in African Americans, as this was the only group on whom
researchers tested the drug [45]. Although BiDil was shown to
be a very beneficial drug for its target population, by exclusively
testing BiDil in African American patients, the researchers did not
demonstrate greater efficacy of the drug in this population than in
other groups. In addition, the BiDil approval raised concerns over
how pharmaceutical companies could deploy—or exploit—race as a
marketing tool through the patent system [55, 77]. Although medical
history is replete with the usage of race as a proxy in medical,
research, diagnosis and treatments, this type of medical practice is
controversial and has been refuted by part of the medical community
[2]. Thus, it stands as a concern to see race frequently used as
a variable to stratify participants in current pharmacogenomic
research [55, 77].
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One of the principal concerns lies with defining race in terms
of pharmacogenomics and other omics research. Not only is this a
complex endeavor, categorizing DNA samples by ethnic categories
is also highly inconsistent. Divergent and often conflicting
methodologies are used to define and interpret race in clinical
practice and in academic disciplines such as genetic epidemiology,
molecular biology, and biological anthropology. Often implicitly,
biomedical researchers and clinicians invoke surrogate concepts
to define and identify race, including skin color, hair type, national
origin, geographic location, personal experience and citizenship.
Further complicating matters is the common practice of relying
on self-reports, which can be based on nonbiological factors [55].
Indeed, it is not uncommon for the same individual to report their
racial identity differently in different contexts and at different
points in their lives [9]. Scholars warn that self-identified race
and ethnicity should not be used exclusively to predict a patient’s
genotype or drug response as it often lacks precision and scientific
validity [8].
More recently, the term “ethnicity,” which draws more on
cultural, socioeconomic, religious, and political aspects, has surfaced
as an alternate way of characterizing individual and population
differences. Yet, ethnic definition is as fraught with difficulty as
a racial definition when used as a basis for pharmacogenomic
stratification. Both suffer from the twin problems of ambiguity and
malleability. Because biological, cultural, political, religious, and
socioeconomic systems change over time, it is axiomatic that racial
and ethnic definitions change as well.
But since clinicians and researchers continue to use these
imprecise concepts, it can seriously impact health outcome
predictions [8]. In the case of genomics research, imprecise use of
race and ethnicity can be misguiding in that it may validate the
notion that discrete genetic groups exist, and may miscommunicate
the complex relationships among social identity, ancestry,
socioeconomics, and health [8]. Uncertainty can also lead to greater
risk of potential harm to patients who are prescribed drugs on
the basis of these determinants [76]. The use of race as a proxy
can further have a considerable negative social impact on
population groups. Even in the case of carefully and conservatively
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publicized results, the media and fringe, racist organizations
could misrepresent or exaggerate the “racial” element of the
research to fit personal agendas. Hence, use of racial and ethnic
categories in pharmacogenomics could increase stigmatization
and discrimination, while decreasing access to information,
surveillance, and valuable treatment [13].
Despite the pitfalls associated with using race and ethnicity in
genomic research, an increasing number of researchers demonstrate
the significance of considering human genetic diversity (in the
form of ethnicity or ancestry) for the success of personalized
precision medicine [60]. Nevertheless, it must be noted that from
a clinical genomic and population genomic point of view, race
should be understood as a mere contextual, instrumental value
[60]. For example, in the case of pharmacogenomics, the statistical
value of race is a meagre 0.3% [46]. Nonetheless, the frequency
of certain health-related phenotypes do indeed show variation by
ethnicity, such as breast cancer [60]. This therefore begs the question
of how researchers should use ethnicity to maximize possible
benefits while ensuring minimal risk.
Furthermore, given the profit-oriented nature of the private
pharmaceutical industry, could population groups in developing
countries be vulnerable to inappropriate uses of ethnicity as a proxy
for genotyping in clinical trials? For all its flaws, racial or ethnic
stratification remains widely used in pharmacogenomic research
today. This is because this type of stratification can simplify the
drug development process and has proven to be an interesting
proxy for genotyping in several pharmacogenomic studies [19].
Considering the time and cost involved in the drug development
process and the oft-urgent need to bring new drugs to the market,
wholly discarding race and ethnicity as a stratification marker at
this stage could seriously inhibit valuable pharmacogenomic
research.
However, as genome sequencing and SNP scans become
increasingly inexpensive and as biotechnology evolves into the
personal genome era, the use of racial categorization will hopefully
become moot. Indeed, the use of genotyping to ascertain population
stratification removes one of the primary analytic arguments for
the utility of race and other social identities in genetic research
[73]. In the meantime, it has been suggested that the scientific
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community develop and adopt consensus practices for the use of
ethnicity and ancestry in determinants of health and medical care,
study design, and interpretation of results [8]. It has also been
suggested that researchers should use AIMs instead of relying on
self-reports or arbitrarily defined physical criteria to assign racial
or ethnic categories to research participants. Researchers could
also describe and justify the group denomination used in the
research protocol and consult with the population group that will
be involved in the research [9, 65].

25.3.5

Return of Results

The return of research results has become an increasingly popular
topic in the literature. The importance of reporting general research
results (results that concern a group of participants) back to the
scientific and lay communities is now well recognized. At the
very least, researchers should provide general information on the
progress of their research as a sign of gratitude and respect to the
research participants who contributed to their project [50].
In the case of personal results associated directly with an
identified individual, the appropriate course of action is more
complex. The early guidelines on pharmacogenomic research
tended to recommend nondisclosure because this type of research
was judged too fundamental to generate findings that would
be sufficiently robust or relevant to be of interest for research
participants [75]. Communicating fundamental or non-validated
results is generally associated with the following ethical issues:
participants could misunderstand results, results could be an
unjustified source of stress and anxiety, results could be refuted
by future research, information could be misused by third parties,
and participants could seek to have additional information on
their results from their family doctor, thus unnecessarily burdening
the health care system [7, 64].
However, the landscape has changed in the last 20 or so years,
and it is now possible, through an analysis of the ethical guidelines
and literature applicable to both genetic and pharmacogenomic
research, to identify a general trend toward the reporting of results
on the condition that they meet set criteria such as analytical
validity, clinical validity, clinical utility, and an absence of
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outstanding ethical issues linked with the disclosure [43, 51]. Yet,
it should be recognized that these criteria are expressed in a wide
variety of terms and expressions, creating a certain degree of
uncertainty as to the exact threshold required for disclosure.
The situation regarding the disclosure of incidental findings is
even less clear than that of personal results. An incidental finding
can be described as a research finding that has potential health
or reproductive importance and is discovered in the course of
conducting research but is beyond the aims of the study [68]. An
example in pharmacogenomics would be a researcher studying
the implication of certain polymorphisms on drug responses who
finds out that these same polymorphisms are associated with a
greater predisposition to arthritis. Until recently, very little was
made of the question of incidental findings outside the context
of clinical research. Incidental findings were, by default, treated
similarly to research results. But with the advent of research
fields like personal genomics (via high-throughput technologies
such as genome-wide association studies or exome sequencing)
[62] and neuroimaging, the quantity of medical data available to
researchers has grown exponentially, putting the question of
incidental findings at the forefront. There is still little consensus
within the international community as to when and how incidental
findings should be addressed by researchers [7]. The 2008
recommendations by Wolf et al. are an interesting first attempt to
introduce a flexible grid comprising proposed options on how to
handle different types of incidental findings [101].
In 2013, the ACMG published a “minimum list” of gene and
gene variant incidental findings, subsequently updated in 2016,
to be reported from clinical sequencing [21, 47]. The basis for this
list is the consideration that certain findings may be of clinical
utility, and if reported, would therefore likely have medical benefit
for the patients and their families [21]. Additionally, the ACMG is
considering the incorporation of pharmacogenomic variants onto
this “minimum list”, with a preliminary version already being
developed [47]. The ACMG’s attempt to define cases where there
would be sufficient reasons to report incidental findings raises
important questions as to researchers’ professional and ethical
obligations, and the possibility of legal liability in the case of
unreported incidental findings [86]. Concerns were also raised
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in relation to uncertainties regarding accuracy of genotypic
predictions, technological gaps in sequence coverage, and the
potential harms of reporting false positives [86]. While such
professional guidance can prove helpful, the ACMG approach
has generally not been followed outside of the U.S. and remains
controversial in this country as well [52]. In contrast to the
proposition of the ACMG, EuroGentest and the European Society
of Human Genetics recommend that the analysis of diagnostic
laboratories should filter results to avoid the chances of incidental
findings [61]. Ideally, more empirical data on return of incidental
findings and the outcome of such initiatives should be carefully
studied before implementing a systemic, variant specific, approach,
such as that proposed by the ACMG.
Nevertheless, making a decision to return research results
or incidental findings is only the first step in the construction of a
more complete return of results framework that could also consider
the following questions:
(1)
(2)
(3)
(4)
(5)

Who should be returning the results?
To whom should the results be returned?
Is genetic counseling appropriate/necessary?
How should the results be communicated?
Should the results be included in the medical file?

Answers to these complex questions are slowly emerging
from the literature and guidelines. It is becoming apparent that a
comprehensive return of results framework should address these
questions prospectively, at the outset of the research project.
Research participants can then be offered from the start the option
to receive available research results and incidental findings rather,
than being presented with distressing news at an unexpected future
moment in time.

25.3.6

Pediatric Research

It is consistently recognized that despite being considered a
vulnerable population, children should be able to benefit from
having access to research [5, 40]. Clinical research is needed to
establish the value and validity of new pharmacogenomic tests
and drugs in children. However, carrying out research in pediatric
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pharmacogenomics presents considerable challenges. Children
are not miniature adults; neonates, infants, and adolescents are
set apart by their rapid development and differ in their responses
to drugs. This developmental issue demonstrates the complexity
of associating genotypic and phenotypic information in pediatric
populations [46].
Foremost on the list of ethical issues associated with pediatric
pharmacogenomics could be the need to better define the acceptable
risk level in the case of invasive sampling (e.g., a biopsy of an organ
involved in drug metabolism). Pediatric pharmacogenomics also
raises challenges that are methodological in nature that impact the
informed consent and return-of-results processes. Informed consent
in pediatric pharmacogenomics is complicated by, amongst other
factors, the need to adapt complex pharmacogenomic information
to a child’s level of understanding. Moreover, very young children
might not remember their participation in a pharmacogenomic
research study after a few years. Even if they do, upon reaching
adulthood, they might have a different opinion from that of their
parent on the question of the return of results, making this issue
particularly challenging to address prospectively in a pediatric
population [40].
Children are often considered an orphan population from a
drug development standpoint since so little research has been done
on them historically [40]. Including children in pharmacogenomic
drug trials may both positively and negatively influence their
therapeutic orphan status. Pharmacogenomics could foster
investment in orphan markets as it may reduce the cost of drug
trials. In fact, it has been suggested that treatments that are not
commercially viable at present may well become viable with
reduced clinical trial costs through pharmacogenomics. However,
it may also reveal specific genetic characteristics of nonresponders,
thereby identifying new orphan groups for whom it may be
even more economically disadvantageous to develop treatment.
This raises the concern that already-orphaned children may be
further stratified on the basis of genotype, making them even less
desirable targets for the development of new treatments [17].
There is a statistics-related issue regarding whether there
will be enough children with matching diseases and genotypes
to conduct pediatric pharmacogenomic clinical trials. Pediatric
clinical trials need to be performed with many healthy and sick
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research participants at different stages of development in order
to have appropriate statistical power. Obtaining a sufficient sample
size to generate robust study results could be difficult because
of the difficulties of recruiting children as research participants [6].

25.3.7

Regulatory Approval Issues

This chapter has posited that the clinical impact of pharmacogenomics remains modest so far. Not unlike other “-omics” fields
of research (genomics, proteomics, metabolomics), pharmacogenomic researchers have encountered difficulties in translating
promising pharmacogenomic findings into valuable clinical
applications. This situation is known as the “translation problem”
in genomic research [49]. The transfer problem is likely the result
of a combination of scientific, technical, and regulatory hurdles. In
pharmacogenomics, one of the regulatory hurdles that have been
identified relates to the regulatory approval framework for new
tests [57].
The challenge for government and policy makers is to develop
a regulatory framework sufficiently stringent to ensure that only
tests that are sufficiently robust and useful are offered to patients
and refunded by health care payers. At the same time, the entry
of valuable new tests that could potentially save lives should not
be delayed needlessly because of cumbersome requirements
linked with regulatory approval. An ideal system would be simple,
efficient, and inexpensive for researchers and drug companies
yet sufficiently structured and thorough to ensure the safety of the
users of the technology [42].
In Europe, Canada, and the United States, pharmacogenomic
tests have to respond to different requirements, depending on
whether they are sold as test kits to be used directly by the health
care provider/consumer or as laboratory-offered services. Tests
marketed as kits usually have to meet more stringent requirements,
while in-lab developed tests are not scrutinized as closely if
the laboratory that developed them met specified regulatory
requirements. This difference in regulatory treatment could result
in unnecessary qualitative dissimilarities and could also explain, in
part, the low clinical utility of a number of pharmacogenomic tests
sold directly to the consumer over the Internet [42, 48]. Regulatory
requirements may also be partly responsible for differences in
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availability of new genetic tests between national jurisdictions in
both developed and developing countries. For example, there are
currently more pharmacogenomic tests approved and available to
consumers in the United States than in most other countries [41].
Given the current weight, in terms of time and money, of obtaining
regulatory approval, private companies are naturally focusing
their energies on obtaining approval in countries possessing a
combination of friendly regulatory approval mechanisms and
attractive potential consumer markets. Jurisdictional harmonization
of regulatory requirements and processes could alleviate this
problem. It should be noted that this “availability problem” is not
unique to pharmacogenomics and is also well known in the entire
field of pharmaceutical development. Nevertheless, the high cost
linked with the development of pharmacogenomic tests and drugs
could substantially amplify this particular issue [42, 43].
On a positive note, policy makers in a number of countries are
aware of the issues linked with the approval of new pharmacogenomic tests and drugs and are currently in the process of refining
their national systems [42]. The introduction of initiatives such
as codevelopment policies aimed at simultaneously obtaining the
approval of new combinations of tests and drugs and of encouraging
signs for future regulatory coordination and technology transfer
[42].

25.3.8

Professional Liability

The intersection of professional liability and pharmacogenomic
research is currently in emergence. It is beginning to define new areas
of responsibility and liability for various actors. Pharmacogenomic
research has already generated a considerable amount of new
knowledge on the way genetics can impact individual responses
to drugs. This new medical knowledge, once sufficiently validated,
will impact the duties and the professional liability of a number
of stakeholders in the medication chain, namely, researchers,
pharmaceutical companies, doctors, genetic counselors, nurses,
and pharmacists [38]. The fundamental question—who is liable
for what?—is beginning to be addressed by the literature and case
law. Given the growing scientific knowledge, drug manufacturers
could eventually be expected to know the genomic risks particular
to the drug they are developing and marketing [84]. Thus, a
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manufacturer may face liability if clinical data was to show that
certain genotypes are more susceptible to adverse side effects
to a drug that is subsequently marketed without adequate
genetic warnings [88]. For example, a class action suit involving
the manufacturer of LYMErix, a Lyme disease vaccine, alleged
that the drug manufacturer should have known the particular
risks presented by the drug for only 30% of the population with a
specific genotype. As is often the case with novel types of liability
suits, the manufacturer agreed to a small settlement without
acknowledging any liability and withdrew the vaccine from the
market [11]. Researchers involved in clinical trials who do not
use available and reliable pharmacogenetic information in clinical
trials to reduce risks to research participants, by excluding those
who are unlikely to respond, or for whom the drug would be
harmful, could also eventually face liability. It could also become
a legal duty in the future to disclose to both research participants
and at-risk relatives clinical research results in pharmacogenomics
that are associated with serious adverse effects [88]. These
scenarios demonstrate why it is imperative that pharmacogenomics
be integrated into clinical standards in a timely manner if these
stakeholders hope to minimize professional liability.
Pharmacogenomics can also identify genetic markers that
reduce the efficacy of a given drug in particular individuals.
A number of product liability claims have been made against drug
manufacturers based on the argument that the drug was ineffective
due to genetic variation, and that the plaintiff was owed a “duty
to warn” of such information [51]. In face of such claims, the
courts predominantly concluded that drug manufacturers are only
required to provide a warning in relation to any known potential
risks associated with the drug, and that the duty to warn does not
extend to the drug’s efficacy [51, 91].
Physicians could see their professional duties expanded by
the integration of pharmacogenomic drugs and tests into clinical
practice. Pharmacogenomics may expand physicians’ duty of care,
that is, the legal obligation to improve and safeguard the health
of a patient using reasonable means. A first pharmacogenomicsrelated liability suit against a family physician involving the death
of child due to fluoxetine toxicity was discussed in the US journals
Forbes and Fortune in 2000 [92, 93]. Although it was settled
out of court in 2001 and little publicized, this case could be a
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harbinger of things to come for the medical profession. New
or expanded duties for physicians could include a duty to offer
pharmacogenetic testing prior to prescribing a new medication,
a duty to prescribe in accordance with patients’ pharmacogenetic
test results, a duty to refer patients to genetic counselors in
specific cases, and a duty to recontact at-risk patients and known
relatives following a novel pharmacogenomic breakthrough [1, 6].
Doctors and pharmaceutical companies might also be expected to
use validated pharmacogenomic tests to investigate the genomic
source of drug side effects on patients, thus improving the
pharmaco-vigilance process. Nurses, pharmacists, and genetic
counselors could also see their traditional roles affected if a
considerable quantity of pharmacogenomic tests and drugs was
to become part of clinical practice [88]. It is however, difficult to
clearly determine which new duties could befall each of these
professionals at this point, given that the impact of pharmacogenomics on clinical practice remains relatively modest.

25.3.9

Pharmacogenomic Tests Sold Directly to
Consumers over the Internet

DTC genetic testing (DTC-GT) claims to have placed genomics
directly into the hands of consumers by allowing patients to easily
obtain information about their genetic makeup, sometimes without
having to even see a doctor, genetic counselor, or pharmacist. The
type of DTC genetic tests being offered to the public varies from
testing for lifestyle factors, nutrigenomics, ancestry, rare diseases,
and susceptibility for common chronic diseases and includes
pharmacogenetic testing for drug responses [18].
Proponents of DTG-GT argue that the benefits of such services
include providing a greater choice for consumers, empowering
people to become more involved in making decisions about their
medication, and at the same time avoiding charges of paternalistic
notions of consumers [25].
However, the use of DTC-GT is controversial and could raise
ethical, legal, and social issues such as false advertising and the
risk of misleading patients/consumers about their health status;
regulatory issues; and concerns about the possibility that the
samples collected by the DTC company are also being used for
research purposes [20, 30]. Furthermore, there are questions as
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to the actual preparedness of health professionals and the health
care system to deal with patients who have DTC pharmacogenomic
tests in hand [102]. These ethical, legal, and social issues will
likely become more prominent (or urgent) as full-genome scans
become widely available and affordable for consumers. In the
case of pharmacogenomics, DTC problems may arise when a
patient actually acts on the information without medical input.
Pharmacogenomic research is still in its infancy and has only a
limited number of clinical applications. This reality is often not
disclosed to consumers by DTC-GT companies. Even when the
pharmacogenomics-based tests will be adequately validated,
the consumer may still misinterpret or misuse this information
when deciding which medicines to purchase over the counter
or independently adjust his or her drug dosage. For example,
the pharmacogenetic testing for cytochrome P450 (CYP450)
polymorphisms to assess how individuals metabolize an
antidepressant drug is currently being offered by some DTCGT companies to advise drug choice and dosage. Patients on
antidepressants, depending on their test results, may change the
dose of antidepressant medication after receiving information on,
for instance, their CYP450 profile. In the absence of professional
guidance, this practice is not without risks and might have adverse
health outcomes [48].
The lack of regulatory guidance about what can be posted and
sold on DTC-GT websites is concerning. This issue was propelled
into the headlines in June 2010 when the FDA challenged the
health information role of companies providing DTC-GT. The US
Government Accountability Office (GAO) was asked to investigate
DTC companies due to concerns that the advertisement of these
companies has expanded rapidly despite the lack of evidence about
the validity and clinical utility of genetic tests. This is all the more
troubling, given the impact these tests could have on the medical
decisions of consumers [40, 96].
Seemingly, progress has been made since. In October 2018,
The FDA approved the 23andMe Personal Genome Service
Pharmacogenetic Reports test as a direct-to-consumer test to
detect 33 variants for multiple genes. Specifically, these genetic
variants may be associated with a patient’s ability to metabolize
certain medications. The concerns expressed by the FDA in 2010
are evidently still salient. For example, the FDA’s news release
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concerning the 23andMe test states very clearly that the test is
not intended to provide information as to a patient’s ability to
respond to a given medication, and that health care providers
should not use the test as an aid to make treatment decisions [15].
The FDA even indicated that any results from the 23andMe test
should be confirmed with “independent pharmacogenetic testing
before making any medical decisions” [15].
Furthermore, knowledge about how health professionals
should use pharmacogenomics is still developing, and we do not
have sufficient guidance about how health professionals could
help patients make decisions based on information obtained from
DTC-GT. The American College of Clinical Pharmacology (ACCP)
aims to build awareness amongst its members to prepare them for
the day a patient will walk in with a genome report card in hand
to ask for medical advice. Their position statement recommends
the following:
• Consult with knowledgeable and trusted colleagues and
pay attention to the population at risk and the weight of
the genetic factor.
• Appreciate that many professionals do not have expertise
in genetics and pharmacology.
• Recognize the scientific and clinical limitations of each
test and ensure that the genetic tests are validated and
supported by evidence [3].

Finally, it has been noted that some DTC-GT companies have
built “in-house” biobanks, in which they store all data they provide.
This raises a number of ethical issues. There are concerns that
consumers are not always aware that the data generated by the
DTC company, to fulfill the terms of their service, may be used later
for research purposes, or used for other pharmaceutical purposes.
This contravenes the principle of informed consent, an essential
requisite of participating in a research study. A commentary by
Howard et al. notes that in the DTC-GT context there seems to be
a blurred line between individuals as consumers and as research
participants. It is felt that “requesting additional information
could still be understood by consumers as an additional service
that they purchased and not an explicit invitation to take part in
the research” [32]. Also, there is some concern about the possibility
that privacy will not be sufficiently protected, since, often, on
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company websites it is not made clear whether the data used for
their research will be anonymized or not [32].
These social, ethical, and legal issues related to DTC-GT
testing will need to be addressed to facilitate the eventual use of
pharmacogenomic information and to protect the consumer.

25.4

Conclusion

Pharmacogenomic research is a promising discipline that could
have a substantially positive impact on pharmaceutical development
and population health in the future. Like research in most other
biomedical fields, it raises its share of ethical, legal, and social issues.
Without falling into the excesses of genetic exceptionalism, these
issues should not be obscured in an attempt to circumvent ethical
research and oversight. Instead, all stakeholders would greatly
benefit from proactively engaging in a multidisciplinary reflection
on the ethics of pharmacogenomics [78]. Not only will this type
of proactive engagement promote trust in scientific research and
in the pharmaceutical industry, it will also ensure that research
is not derailed at the most inopportune moment by unexpected
ethical developments. More importantly, stakeholders should be
interested in the ethics of pharmacogenomics because it is
beneficial for research participants and the population in general.
Pharmaceutical companies, academic researchers, and ethics
committees have a common goal in promoting safe and efficient
research and development on promising new drugs that could one
day save lives. Ensuring that research practices are ethically sound
is an integral part of this process.
Beyond the research environment, stakeholders will also
need to reflect on the impact that new pharmacogenomic drugs
and tests will have on health care delivery once they enter clinical
practice. This sort of foresight exercise will promote safe and
effective use of new pharmacogenomic products and facilitate a fair
distribution of the benefits of pharmacogenomic research.
This chapter aimed to assist the reader in taking the
important first steps toward a reflective process on the ethics of
pharmacogenomics. The ethical issues presented therein constitute
a necessarily incomplete overview of the major ethical dilemmas
raised by pharmacogenomics. Some issues will likely be easily
resolved and disappear over time. Others may persist, and new ones
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will probably emerge within the next few years. Consequently, it
is critical to continuously revisit the practices and impacts of this
promising research discipline.
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26.1

Introduction

Omics technologies offer a new view of biological function
and organization at level of different molecular systems. Highthroughput studies generate genomic and transcriptomic data
which finally lead to dissection of the cancer molecular profile.
However, because human genomes are complex and regulated
at multiple levels, a new challenge could be the integration of
information coming from different biological layers. The integration
of “omics” including genomics, epigenomics, transcriptomics,
proteomics, and metabolomics, into physiological and clinical
studies will provide new clues on the mechanism of tumor initiation,
progression, and metastatic spread, as well as the discovering of
novel targets for therapeutic intervention. Personalized medicine
aims to ensure customized healthcare, which proposes disease
prevention, medical decision, and tailored therapy for each
condition/patient, taking information from integrative studies.
However, omics integration is still in its infancy. Currently, singleomics analyses on cancer patient samples have provided valuable
data available to the scientific community, mostly in the field of
genomics, although matched clinical annotation is still limited.
In this review, we first discuss general concepts on the generation
of omics data, along with currently available strategies for multiomics data analysis and integration in the context of clinical
oncology. Finally, we discuss emerging challenges to translate
information arising from this new knowledge into personalized
anticancer therapies.

26.2

Omics Data Production

In the last decades, the improvement or development of new omics
technologies notably ameliorated personalized medicine, in the
prevention or treatment settings, by providing a broad range of
information from genetic to metabolic tumor-specific features.
Here, we will describe several exemplary studies reporting
various applications of the main technologies, summarized in
Table 26.1, adopted in cancer research to profile each biological
layer.

Epigenomic

Microarray

Genomic

4C-Seq
HiC-Seq

MNase-Seq
ATAC-Seq
DNase Il-Sseq

ChIP-Seq

Restriction enzymes-based methods

Capture-based methods

Bisulfite conversion-based methods

Affinity enrichment-based methods

DNA-seq

Main platforms

Data type

BS-Seq
OxBS-Seq

MeDip-Seq
MBD-Seq

WES
WGS
Targeted exon-seq

Array-CGH
SNP-array
Array-CGH + SNP

Investigation of the 3D structure of the genome

Investigation of chromatin accessibility

Identification of chromatin-associated proteins

DNA-methylation profiling

Identification of DNA mutations and CNVs

Identification of CNVs
Identification of CNVs, copy neutral of LOH,
SNPs genotyping in defined sequences

Applications

(Continued)

Table 26.1 Summary of the technologies which have provided relevant information in cancer research to investigate different
aspects of each biological level and are described in this chapter
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MS

NMR

RPPA

Analysis of complex metabolite mixtures with high sensitivity

Discrimination of metabolic markers

Quantification of either total proteins or post-translationally
modified proteins

Abbreviations: CGH, Comparative genomic hybridization; CNV, copy number variation; SNP, single-nucleotide polymorphism; LOH, loss of
heterozygosity; WES, whole exome sequencing; WGS, whole genome sequencing; MeDip, methylated DNA immunoprecipitation; MBD, methylCpG-binding domain; BS, bisulfite; OxBS, oxidative bisulfite; ChIP, chromatin immunoprecipitation; MNase, micrococcal nuclease; ATAC, assay for
transposase-accessible chromatin; 4C, chromosome conformation capture-on-chip; HiC, high-throughput chromosome conformation capture; LC–
MS/MS, liquid chromatography-tandem mass spectrometry; MALDI-TOF/TOF MS, matrix assisted laser desorption ionization time-of-flight; ICAT,
isotope-coded affinity tag; SILAC, stable isotope labeling by/with amino acids in cell culture; iTRAQ, isobaric tags for relative and absolute quantitation;
NMR, nuclear magnetic resonance; RPPA, reverse phase protein array; lncRNA, long non-coding RNA.

Metabolomic

Identification of the 3D structure of proteins

X-ray crystallography
NMR

ICAT
SILAC
iTRAQ

Labeled proteins quantification

Analysis of complex protein mixtures with high sensitivity

LC–MS/MS
MALDI-TOF/TOF MS

Proteomic

RNA-Seq

Detection and quantification of theoretically all RNA sequences
including lncRNAs and microRNAs

Applications
Quantification of a wide set of defined sequences simultaneously

Main platforms

Transcriptomic Microarray

Data type

Table 26.1 (Continued)
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Omics Data Production

26.2.1

Genomic Profile

The cancer genome carries several somatic changes that include
single nucleotide substitutions, small insertions and deletions
(indels), structural rearrangements, and copy number variations
(CNVs). Some of these somatic alterations are targetable
driver mutations, which contribute to cancer development and
disease progression. The remaining ones are passengers, which
have no “fitness” effects and thus do not contribute to cancer.
However, the prevalence of somatic mutations shows inter- and
intratumor heterogeneity ranging from approximately 0.001 per
megabase (Mb) to more than 400 per Mb [1]. This variability is a
consequence of clonal tumor evolution in which selection
pressure in different contexts (microenvironment, host immune
system, therapy) lead to a mosaic of different clones with varying
degrees of somatic truncal and branched mutations in a Darwinian
evolution process. In particular, tumors with increased genomic
instability, such as melanomas, lung cancers, and cancers with
DNA repair defects, are prone to develop branched aberrations [2].
Although many cancer drugs have been developed to specifically
target clonal mutations in known truncal driver genes, which
occurred early in cancer evolution, later branched abnormalities
may confer resistance to therapies and thus may not account
for the whole tumor evolution. The accurate detection of clonal
and branched subclonal cancer mutations is a critical step in
personalized cancer care as mutational profiling is used in
clinical practice to classify patients in subgroups and associate
the subtypes with clinical outcomes for better prognosis and
treatment. McGranahan and colleagues identified approximately
15% of branched druggable mutations in IDH1 in glioblastomas
and approximately 20% in PI3K-AKT pathway effectors in all
cancer types [3] Until now, a large amount of oncogenetic
alterations from various tumor types have been collected in
curated databases such as the Cancer Genome Atlas (TCGA), the
International Cancer Genome Consortium, and the Cancer Cell
Line Encyclopedia [4].
DNA sequencing technologies now allow targeted or whole
exome sequencing (WES) and whole genome sequencing (WGS) of
multiple tumors to identify genetic alterations. WES investigates
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the coding regions of the genome, whereas WGS focuses on the
entire DNA sequence. In both, the tumor genome is compared
with a patient’s germline sequence or a reference genome, thus
parallel data capture and analysis is needed to classify variants
as germline and somatic. Many reports demonstrate the power
of massively parallel sequencing. For example, Wedge and
colleagues [5] sequenced the whole genomes of 112 primary and
metastatic prostate cancer samples. They identified 28 genes with
an excess of coding driver mutations, five of which (TBL1XR1,
ZMYM3, IL6ST, CASZ1, and TBX3) were previously unknown drivers
in prostate cancer. They also reported loss of CHD1 and BRCA2
as early events in cancer development of ETS fusion-negative
cancers and losses of CDH12 and ANTXR2 were associated with
poorer recurrence-free survival. In addition, Miao and colleagues
[6] analyzed the WES of 249 tumors and matched normal tissues
from patients with clinically annotated outcomes to immune
checkpoint therapy. They found that clonal driver alterations in
PIK3CA and KRAS were enriched in patients with complete or
partial response to treatment, while clonal driver mutations
in EGFR were enriched in patients with progressive disease.
Complementary to WGS/WES, oligonucleotide array-based
methods have been widely used to identify copy number (CN)
changes as well as CN neutral differences associated with loss
of heterozygosity (LOH). Currently, there are three types of
chromosomal microarray analysis (CMA) platforms that differ in
technology, resolution, and detection: array comparative genomic
hybridization (array-CGH), single nucleotides polymorphism
array (SNP-array), and array-CGH supplemented with SNP probes.
Array-CGH platforms are designed for the detection of CN, while
SNP-array and array-CGH plus SNP probes combine classic CN
analysis with SNP genotyping. However, SNP density on CN+SNP
platforms is typically lower than on the traditional SNP-array.
For instance, Yeung et al. [7], in a retrospective analysis of
68 patients with myelodysplastic syndromes (MDS), found that
73% of patients had abnormal CMA, carrying either copy number
LOH (32%) or CNV (41%). Patients harboring chromosomal
abnormalities showed a lower overall survival (p = 0.04). A new
and promising area of research is the use of liquid biopsies to
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genotype cell-free DNA (cfDNA) and circulating tumor cells (CTCs).
Circulating cell-free DNA (cfDNA) is released from apoptotic
or necrotic cancer cells. Circulating cell-free DNA harbors
mutations, which are representative of the genetic background
of the cell of origin and their levels are related to tumor stage and
prognosis [8]. For example, Zill and colleagues [9] analyzed the
somatic mutation landscape of 70 cancer genes from cfDNA
deep-sequencing analysis of 21,807 patients with treated, latestage cancers. They found that patterns and frequencies of
driver alterations in advanced cancers reflect patterns found in
early-stage disease. Circulating tumor cells derive from primary
and metastatic tumor cells and are present into the bloodstream.
Enumeration of CTCs has been proven as a prognostic marker for
metastatic cancer and response to therapy [10]. Also, CTCs have
similar clonal and subclonal structures with matched primary
tumor. Comparative genomic analyses of CTCs, bone marrow (BM)
tumor cells, and peripheral blood germline DNA from multiple
myeloma (MM) patients showed that 100% of clonal mutations
in patient BM were detected in CTCs and that 99% of clonal
mutations in CTCs were present in BM MM [11]. Inherited germline
variants were also associated with somatic mutations in known
cancer genes, suggesting that a specific germline background may
contribute to tumor development. Carter and colleagues [12] found
that a germline haplotype at locus 19p13.3 increases likelihood
of somatic mutations in PTEN. This locus includes two genes,
GNA11 and STK11, known to be involved in the PIK3CA/mTOR
signaling pathway in which PTEN plays a major repressive role.
In particular, GNA11 activates mTOR signaling whereas STK11
inhibits mTOR activity. The authors suggested a model in which
the minor allele of 19p13.3 impairs mTOR signaling, conferring
selective pressure to later somatic mutation of PTEN. In terms of
cancer prevention, genome-wide association studies (GWAS) have
identified many common low-penetrance germline variants that
are linked with cancer predisposition, providing direct evidence
of polygenic susceptibility. An example is the SNP rs149574 in
N-acetyltransferase 2 (NAT2) gene, which is functional and
has been reported to modify the effect of smoking in bladder
cancer [13].
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26.2.2

Epigenomic Profile

Epigenomic profiling provides the possibility to discover significant
associations between chromatin features and genomic function
at gene expression level. The epigenetic modifications, such as
DNA methylation at the 5¢ position of cytosine, or posttranslational modifications of histone tails, are heritable changes
that regulate gene expression pattern by altering DNA accessibility
and chromatin structure without altering the genotype. As a
consequence of these modifications, several biological processes
are differentially modulated, sometimes producing pathologic
conditions. In particular, defects in chromatin modifiers and
remodelers have been associated with the etiology of both solid
and hematological tumors [14]. Approximately thirty percent of
all the reported cancer driver genes have been related to
chromatin remodeling [15]. For example, alterations in epigenetic
enzymes such as the methylcytosine dioxygenase (TET2) [16],
the DNA methyltransferase 3α (DNMT3A) [17], and the histonelysine N-methyltransferase (EZH2) [18], as well as the aberrant
promoter DNA methylation causing the silencing of genes such
as CDKN2A or MLH1 [19], have been associated with tumor
development or progression. Considering the important role of
the epigenetic enzymes in tumorigenesis, different targeted drugs
have been developed. Among them, HDAC and DNMT inhibitors
have been approved for treatment of hematological cancers and
are under clinical evaluation for solid tumors and for combination
protocols with non-epigenetic drugs, while many others drugs
targeting other players in nucleosome remodeling are currently
undergoing preclinical and clinical studies with very promising
findings [20, 21]. The idea to identify disease-related epigenetic
biomarkers and to exploit the epigenetic reprogramming to
revert a pathological state to a healthy one, led to deeper
investigation of the human epigenome. For this purpose, nextgeneration technologies, combined with methylation microarrays,
are being increasingly adopted to improve our understanding. In
particular a strong interest is devoted to the DNA methylome whose
characterization is essential to disclose cell-specific transcriptomes
that could not be explained by limiting the analyses to a gene
level. For DNA methylation profiling we can distinguish different
genome-wide approaches such as (i) affinity enrichment-based
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methods [22, 23], (ii) restriction rnzymes-based methods [24],
(iii) bisulfite conversion-based methods [25, 26], (iv) capturebased methods [27], and (v) third-generation sequencing basedmethods [28, 29]. All these techniques share the preservation of
the methylation signature that would be otherwise lost during
polymerase chain reaction (PCR) amplification needed for
DNA sequencing. The readout of these approaches is entrusted
to microarrays, such as the Infinium Human Methylation 450
Bead Chip array (Illumina, Inc., San Diego, CA, USA) that cover
450.000 CpGs, or sequencing [30]. Apart from the technologies
adopted to reveal the DNA methylation profiling, it is worth
mentioning other methods used to investigate the epigenome
such as (i) chromatin immunoprecipitation sequencing (ChIP-Seq)
[31, 32], which is performed to identify chromatin-associated
proteins; (ii) DNase I sequencing, assay for transposase-accessible
chromatin sequencing (ATAC-Seq), and micrococcal nuclease
sequencing (MNase-seq) [33, 34] enabling to reveal chromatin
accessibility; and (iii) chromosome conformation capture-onchip sequencing (4C-seq) and high-throughput chromosome
conformation capture sequencing (HiC-seq) which provide
information about the global three-dimensional (3D) structure of
the nucleus [35].
Many of the data produced through the technologies
mentioned above are collected in several databases such as
MethyCancer [36–38] including DNA methylation data; Histone
Database [39] and HIstome [40] including histone modification
data; and Cistrome cancer including chromatin remodelers data
combined with tumor molecular profiling data. Several studies
that focused on the epigenomic profiling of cancer patients led to
the characterization of epigenetic players in tumor initiation or
progression and to the identification of diagnostic or prognostic
biomarkers. Guo and colleagues identified a signature of
differentially methylated genes (AGTR1, GALR1, SLC5A8, ZMYND10,
and NTSR1) as biomarkers for non-small cell lung cancer (NSCLC)
diagnosis by integrating three high-throughput DNA methylation
microarray datasets including 458 samples (352 NSCLC and
106 normal tissues) from GEO (Gene Expression Omnibus) and
TCGA [41]. Exner et al. performed a microarray-based methylation
analysis of 360 promoters of genes previously described as
hypermethylated in several tumors on 22 rectal cancer DNA
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samples and eight control DNA samples identifying two novel
three gene-based signatures comprising TFPI2-DCC-PTGS2 and
TMEFF2-TWIST1-PITX2 which are able to label tumor samples
respect to adjacent tissues or blood, respectively. Moreover,
the authors found the methylation of CDKN2A as a negative
prognostic factor for overall survival of rectal cancer patients [42].
Legendre and colleagues reported a differential methylation
analysis performed through a paired-end whole-genome bisulfite
sequencing on cell-free DNA from plasma of 40 metastatic
breast cancer (MBC) patients that led to the identification of
hypermethylation hotspots within CpG islands of 21 genes that
are unique for MBC patients compared with a pool of 40 diseasefree survivors or 40 healthy individuals. Their findings suggested
that a DNA hypermethylation signature might be of prognostic
relevance [43]. Qu and colleagues analyzed 111 Cutaneous T
cell lymphomas (CTCLs) by ATAC-seq by identifying chromatin
signatures which enable the discrimination between leukemic,
host, and normal CD4+ T cells and by revealing that clinical
response to HDAC inhibitors is associated with specific changes in
chromatin accessibility. The regulome profiling could then be
used as prognostic factor due to the patient-specific chromatin
landscape in response to epigenetic drugs [44]. Cai and colleagues,
through the 4C-capture method followed by next-generation
sequencing, revealed genome-wide interacting partners in
correspondence of the 8q24 locus by proposing an approach able
to explain how genetic variants affect this well-known hotspot
increasing prostate cancer risk [45].

26.2.3

Transcriptomic Profile

Transcriptomic technologies allow for the production of information
on the total transcripts of a genome or a specific cell by the use
of two high-throughput methods: (i) microarrays, which allow
the simultaneous detection and quantification of thousands of
previously identified transcripts by hybridization of targets
on high-density array containing complementary probes; (ii)
RNA sequencing (RNA-Seq), which uses high-throughput massive
parallel sequencing combined with computational methods to
detect and quantify the complete set of RNA transcripts. Comparison
of transcriptomes in different tissues, conditions, time points,
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or even at single cell level gives information on how genes are
regulated and differentially expressed disclosing details about the
biology of the system. Moreover, expression profiles can also help
to infer the functions of previously unannotated genes. Thereby,
the lowering of the technology costs and increased sensitivity
allowed a large amount of studies. Many consortium efforts have
produced transcriptomic data sets of (i) cancer cell lines, such as
the Encyclopedia of DNA Elements (ENCODE) [46], the Cancer Cell
Line Encyclopedia (CCLE) [47], and Genentech [48]; (ii) normal
tissues, such as the Genotype-Tissue Expression (GTEx) project [49]
and the Human Protein Atlas (HPA) [50]; and (iii) tumor tissues
such as TCGA [51] and the Stand Up To Cancer-Prostate Cancer
Foundation (SU2C-PCF) project [52]. RNA-seq has become the most
robust and comprehensive transcriptome profiling technology,
virtually replacing all expression microarrays. An example of
the clinical utility of RNA-seq has been demonstrated by several
studies disclosing a large number of new actionable genetic
events [53] or the real-time management of pediatric tumors
[54] as well as the characterization of metastatic tumors [55].
Moreover, the advance in RNA-Seq library preparation methods,
resulted in enhanced sensitivity and effectiveness of single-cell
in situ RNA-Seq also performed in fixed tissues [56].
The applications of the transcriptome analysis span in a
broad range of biomedical research, including diagnosis, disease
classification, and monitoring, or response to, treatments.
For example, Huet and colleagues [57] developed a predictor of
progression-free survival based on a gene expression signature,
including 23 genes, in follicular lymphoma. Using this strategy
the authors were able to identify, at diagnosis, patients with an
increased risk of progression when initially treated with rituximab
and chemotherapy.
An additional example was reported by Boyault et al., who
established one of the first transcriptomic molecular classification
systems for hepatocellular carcinoma (HCC), composed of six
groups, G1-G6 and G1-G3 groups were associated with a high rate
of chromosomal instability and overexpression of proliferation
genes. Specifically, the G3 subtype was reported as having the worst
prognosis, bearing increased allelic loss, including chromosome
17 deletion and TP53 mutation, CDKN2A hypermethylation, and
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increased expression of cyclins [58]. Further studies established
other transcriptomic HCC signatures correlated with adverse
biologic features and clinicopathologic observations [59].
Apart from gene expression profiling, transcriptomics has also
been applied to non-coding RNAs (ncRNA), which are untranslated
transcripts with several biological functions [60]. Many of the
ncRNAs affect disease states, including cancer, cardiovascular,
and neurological diseases. A class of ncRNAs, the microRNAs
(miRNAs), have been widely analyzed by expression to generate
miRNA signatures able to stratify human tumors in different
subtypes correlating with clinical features or to be used as
biomarkers or candidate therapeutic targets [61, 62]. miRNA
alterations were identified during breast cancer transition from
ductal carcinoma in situ to invasive ductal carcinoma by Volinia
and colleagues. A nine-microRNA signature was identified and
specifically, let-7d, miR-210, and miR-221 were downregulated
in the in situ and upregulated in the invasive transition, thus
featuring an expression reversal along the cancer progression
path [63].
Based on miRNA expression profiles, Namkung and colleagues
identified three pancreatic ductal adenocarcinoma tumor subtypes
associated with prognosis. These subtypes showed significantly
different survival for patients with similar clinical features,
demonstrating that the prognostic molecular subgroup has
independent prognostic utility [64]. Li and colleagues reported
novel diagnostic tools for deeper prognostic substratification
in five intrinsic subtypes of primary glioblastoma (GBM) in TCGA
dataset based upon miRNA expression profiles. miRNA signatures
revealed that high-risk scores strongly correlated with poor
overall survival as compared with patients who had low-risk scores.
This evidence suggests that transcriptomic technologies allow
the identification of genes and pathways that can be associated
with oncodriver signatures. Moreover, the nontargeted nature
of transcriptomics let us define novel transcriptional networks
in complex systems such is the cancer disease.

26.2.4

Proteomic Profile

Proteomics is the study of the entire set of proteins in any given
cell, including the set of all protein isoforms and modifications,
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the interactions between them, the structural description of
proteins, and their higher-order complexes [65, 66]. Therefore,
proteomics is the next step to study biological systems because
proteins are responsible for most cellular processes; their analysis
would more accurately reflect cellular status to determine
the mechanism that underlies disease initiation, progression,
and dissemination [67, 68]. To analyze the complex protein
mixtures with higher sensitivity, the main technology presently in
use is mass spectrometry (MS) [69], combined with liquid
chromatography or matrix-assisted laser desorption ionization
(MALDI-TOF/TOF) [68, 70, 71]. However, new methods were
recently developed for quantitative proteomic such as isotopecoded affinity tag (ICAT) labeling, stable isotope labeling with
amino acids in cell culture (SILAC), and isobaric tag for relative
and absolute quantitation (iTRAQ) [72–74]. X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy are
two major high-throughput techniques that provide 3D structure
of proteins [75]. These technologies are adopted in cancer
research to generate data on (i) differential protein expression
levels, (ii) protein–gene expression correlation, (iii) differential
protein expression comparisons between different cancer
phenotypes and subtypes, and (iv) the associations of protein
expression with survival prognosis in cancer patients. Proteomic
data are collected in several databases including PRIDE (proteomics
identification database) and Global Proteome Machine [76].
Other databases such as KEGG, IPA (Ingenuity Pathway Analysis),
Pathway Knowledge Base Reactome, or BioCarta include
comprehensive data regarding metabolism, signaling, and protein
interactions [77–79]. Global proteomic profile is increasingly
being carried out in both cancer cell lines and patient-derived
samples to provide information that are useful for cancer type
classification [80–83] and drug sensitivity/resistance prediction
[84, 85].
Tyanova and colleagues used quantitative proteomics to
examine the functional difference between breast cancer subtypes,
related to energy metabolism, clearly selecting four proteins
(HER2, Grb7, FOXA1, and MLPH) which may represent novel
potential therapeutic targets [80]. Moreover, in ovarian cancer,
the application of proteomic analysis highlighted the differential

841

842

From Single Level Analysis to Multi-Omics Integrative Approaches

expression of five proteins (serotransferrin, amyloid A1, hemopexin,
C-reactive protein, and albumin) which improved the diagnostic
performance of the model discriminating between benign and
malignant tumors. The identification of these proteins shed light
on the molecular signaling pathways that are associated with
ovarian cancer development [84]. Similarly, by using an iTRAQ
approach combined with high-resolution MS analysis, several
proteins were found dysregulated during gastric cancer progression,
demonstrating their potential use as specific biomarkers and/or
therapeutic targets [73]. Moreover, by using MS-based proteomic
analysis on 130 clinical breast cancer samples, Yanovich and
colleagues demonstrated intertumor heterogeneity across three
breast cancer subtypes and healthy tissues, identifying four
proteomic clusters. One of them represents a novel luminal
subtype, characterized by increased PI3K signaling, demonstrating
the importance of deep proteomic analysis for clinical decisionmaking [86]. The application of a quantitative targeted proteomic
approach was also applied to identify four candidate biomarkers
of drug resistance (GRP75, APOA1, PRDX2, and ANXA) in ovarian
cancer cell lines and patient biopsies, after carboplatin and
paclitaxel treatments [87].
In the last decades, a promising new array application, named
reverse phase protein array (RPPA), has been developed to
measure either total or post-translationally modified proteins
[88, 89]. This technology allows the investigation of protein–
protein interactions or biochemical reactions revealing information
on the cellular processes driving tumor growth and response to
treatments in cancer patients. An example of the application of
RPPA has been reported by Masuda and colleagues, which
demonstrated that the level of ribosomal protein S6 phosphorylated
at serine residue 235/236 (p-RPS6 S235/236) was most
significantly correlated with the resistance of HCC cells to sorafenib.
The high expression of p-RPS6 S235/236 was confirmed
immunohistochemically in HCC biopsies from patients who
responded poorly to sorafenib, suggesting a novel biomarker for
drug resistance [90]. In recent years, additional RPPA data generation
is improving, for identification of cancer subtypes and targeted
therapy through integration with other data platforms.
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26.2.5

Metabolomic Profile

Another way to understand the amount of endogenous proteins
within a biological system is to measure the metabolome—the
endpoint of the omics cascade. Metabolites are small molecules
interacting with proteins helping various biological functions.
Detection of metabolites is carried out in cells, tissues, or biofluids
by either NMR spectroscopy or MS [91]. Metabolomics have
important potential in oncology, including the early detection and
diagnosis of cancer and as both a predictive and pharmacodynamic
marker of drug effect for therapeutic evaluation [92]. Moreover,
metabolomics can provide a link between laboratory and clinics,
particularly because metabolic and molecular imaging technologies
enable a non-invasive discrimination of metabolic markers in
vivo [93]. Despite this, the knowledge about metabolomics in
clinical cancer research is poor. However, metabolomics allows
for a complete global assessment of a cellular state, taking into
account genetic regulation, altered kinetic activity of enzymes, and
changes in metabolic reactions. Thus, compared with genomics
or proteomics, metabolomics reflects changes in phenotype, and
therefore, functions [91]. Metabolomic data obtained from NMR
or MS methods were analyzed to provide information about
metabolic profile of samples, including quantitation and
association of putative biomarkers with respect to a particular
characteristic or outcome, such as tumor grade or response to
therapy. To accomplish this, bioinformatic databases were created
to store metabolomic data of endogenous metabolites of biological
samples simultaneously, such as the Human Metabolome Database,
Genome Alberta, and Genome Canada [94]. An example of a
metabolomics approach has been reported in several studies such
as in the analysis of patients with acute myeloid leukemia (AML),
in which significant changes in carbohydrate metabolism in blood
were assessed [95]. Specifically, high levels of the well-known
oncometabolite 2-hydroxyglutarate (a product of IDH1/IDH2
mutations) were detected in AML patients with poor prognosis,
suggesting its potential role as a prognostic marker [96]. Other
studies reported an association between fatty acids metabolites
and carcinogenesis. Serum levels of unsaturated free fatty acids
were revealed to be diagnostic indicators of early-stage colorectal
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cancer [97]. Similarly, amino acids also play important role in
tumor development. As a matter of fact, cancer cell studies
indicated serine and glycine metabolism as necessary resources
for cancer cell metastatization and malignant potential [98].
Moreover, decreased citrate and elevated spermine levels were
detected in prostatic fluid from men with prostate cancer,
compared with noncancer patients, identifying new prostate cancer
biomarkers for clinical diagnostic [99]. Branched-chain amino
acids, including leucine, isoleucine, and valine, were found at
high levels in blood from patients with human pancreatic
adenocarcinoma compared with healthy controls [100].
Therefore, metabolomics data can contribute, with other
omics, to an integrative approach to decipher cancer disease
facilitating and accelerating the clinical practice.

26.3

Integrative Analysis Tools

As discussed before, the application of high-throughput
technologies for the monitoring of almost all the key players
within cells (DNA, RNA, ncRNAs, proteins, or metabolites) leads
to the possibility to investigate cancer samples at different
levels. The ultimate goal of these efforts is to discriminate among
cancers samples to deliver precision and personalized treatments.
From a computer science point of view, the key challenge to
be faced is the integration of such heterogeneous data, since
many different works have demonstrated that integromic
analysis provides the opportunity to better understand molecular
phenomena [101]. For instance, Hofree and colleagues developed
a strategy to cluster patients integrating clinical data and
functional relationships among a set of genes [102]. In parallel
the integration of transcriptome analysis with proteomic data
(protein–protein interactions) has been used in ovarian
cancer [103]. More recently, Singh and colleagues introduced
a novel approach analysis able to integrate even the mutation
analysis [104]. Consequently, the need for the introduction of
novel frameworks, algorithms, and tools for the integrated analysis
arose. Here we focus on available tools for the integrated analysis
to offer to the reader a synergistic point of view [105].

Integrative Analysis Tools

(a) dChip-GemiNi [106] is a web server able to integrate and
to analyze miRNA and mRNA expression data. It is based
on the analysis of time-series data, i.e., a set of temporally
sorted observations, in which for each time there exist both
an mRNA and a miRNA observation. dChip-GemiNi may
be used through a web interface and it may be also
downloaded for running it in a local environment. In dchipGemiNi experimental data are compared with respect to an
experimental model derived from publicly available data.
This model has been built using a workflow composed of
four steps. Initially, existing databases have been mined to
derive known associations among miRNA–mRNA (e.g.,
TargetScan [107]) and transcription factor (TF) sites. Such
associations have been integrated with data derived from
expression databases. These two steps produce an initial
network of associations among TF, miRNA, and mRNA. Then
significant motifs have been mined and ranked. Each motif
is a small subgraph representing the association among TF,
miRNA, and mRNA.
(b) MAGIA [108] is a web server for the integrated analysis of
mRNA, TFs, and miRNA. It includes miRNA–mRNA associations
derived from eight different databases, and it also includes
experimentally validated TF–miRNA interactions and
TF–gene interactions. The user that would analyze its own
data using MAGIA needs to upload into the web server
experimental miRNA and gene/transcripts expression data.
MAGIA is able to mine time series experiments in which for
each sample there exists a pair miRNA/mRNA experiment
(referred to as matched data), and two-class experiment
(referred to as unmatched data). Results of MAGIA are small
networks of association among miRNA, mRNA and TFs
ranked by score.
(c) mirConnX [109] is based on a genome-wide approach, i.e.,
the associations are analyzed on a genome scale, but only
referring to human and mouse data. The approach of analysis
is based on the comparison of a first network, derived from
data extracted from public databases, and a second one
derived from experimental data provided by the user. It
considers both miRNA–mRNA associations derived from many
existing databases and associations among TF and genes.
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Experimental data provided by the user are mined to build
a network obtained by analyzing all the possible pairwise
interactions between TFs, miRNAs, and genes across the
samples/replicates. Networks are finally merged into a single
model using a simple weighted sum function (S) producing
a novel network in which edges, which are found in both
networks, have a higher weight.
(d) IntegraMiR [110] analyzes experimental data whose samples
belong to two classes (e.g., healthy vs. disease). Initially, it
searches and ranks differentially expressed miRNAs and
mRNAs. Then it focuses on the functional comparison of
transcripts by performing a gene set enrichment analysis
(GSEA). Finally, the associations among miRNA and mRNA
are derived on the basis of expression levels and biological
consideration derived from GSEA. Finally, association
among genes and TFs are derived from existing databases.
Resulting networks of association are mined to reconstruct
motifs (i.e., association among miRNA–mRNA and TF)
considering only differentially expressed genes. These FFLs
are then organized considering the kind of deregulation
and ranked by using a statistical approach and visualized to
the user.
(e) XCMS Online is a new platform available through an online
web interface. It enables the analysis of metabolomics
data by integrating both genomic and proteomic data, such
as LC–MS data. It is based on a cloud infrastructure,
therefore, it enables the sharing of data easily among
collaborator [111]. Ruffalo and colleagues [112] developed
a model for the integration of expression data, mutational
data, and protein interaction networks. The model is based
on the use of protein interaction networks to integrate
experimental data into a single model and then to derive
knowledge by mining this network. Authors used the model
to analyze cancer related genes. They used public available
data from TCGA to predict a gene association with cancer,
shows improved predictive power in recovering cancerrelated genes in known pathways.
(f) The MR4Cancer [113] is a web server to prioritize key genes
involved in cancer controls, also known as master regulator
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(MR) genes. Authors extracted all the cancer specific
regulator genes for 26 cancer types by analyzing TCGA data
and then they extracted regulators that are not directly related
to cancer from public databases. The list of these regulators
has been used to build a reference model. User may upload
into the web server its own experimental data (e.g., expression
data) and MR4Cancer outputs ranked MRs by enrichment
testing against the predefined.
(g) The Cancer Systems Biology Database (CancerSysDB) is a
database for the analysis of cancer-related data that integrate
multiple data types and multiple studies [114].

Regarding the integration of the epigenomic data together
with RNA expression profiling and clinical data, we can mention
databases such as:
(a) MENT, which is a database containing integrated data of
DNA methylation and gene expression of normal and tumor
tissues together with clinical data from GEO and TCGA [115].
(b) MethHC, which includes a systematic integration of DNA
methylation and mRNA/microRNA expression data from
human cancers [109].
(c) Wanderer, which is a web tool allowing user-friendly access to
gene expression and DNA methylation data from TCGA [116].
(d) MethCNA, a database in which raw array data obtained by
Infinium HumanMethylation450 bead chip and deposited
in TCGA and GEO databases are collected and re-analyzed
through a pipeline that includes multiple computational
tools and resources for omics data integration. In this
database DNA methylation and copy number alteration data
refer to exactly the same genetic loci from the same DNA
specimen, providing an important advantage respect than
other databases that instead integrate data deriving from
different patients and platforms [117].

26.4

Integrative Analysis Approaches in Cancer
Research

Several studies focused on the integration of multi-omics data in
order to provide a global view of the tumor landscape, to accurately
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stratify patients that may or not benefit from current treatment
options, as well as identify new potential targets and new diagnostic
and prognostic biomarkers, often by taking advantage of the access
to wide databases, such as those previously mentioned, collecting
data from thousands of patients.
Among these datasets, TCGA is the most extensive, and
includes multi-omics data deposited from many centers involved
in the TCGA research network, as well as patient’s clinical metadata
prospectively collected. TCGA data currently refers to 33 cancer
types from more than 11,000 patients that have been obtained
through different high-throughput technologies such as DNA-seq,
SNP-based platforms, array-based DNA methylation-seq, microRNAseq, RNA-seq, and RPPA by providing a comprehensive view of the
human cancer molecular bases. Each platform produces data that
are informative about DNA mutational status, SNP, methylation,
loss of heterozygosity (LOH), copy number variation, miRNA
expression, gene expression, and protein expression.
An example of the TGCA-based multi-omics data integration
is represented by the study published from the Cancer Genome
Atlas Network on the breast cancer molecular landscape. This
study analyzed different sets of breast tumors, through the six
platforms mentioned above, to provide an extensive characterization
enabling the identification of many subtype-specific alterations. As
matter of fact, thanks to the multi-omics cross-integration analysis,
it has been found that the four main breast cancer subtypes
(luminal A, luminal B, basal-like, and HER2+) have specific genomic,
proteomic, and clinical features. This study highlighted druggable
targets for each group such as many players of PI3K and RAS-RAFMEK pathways in basal-like tumors in which enhanced activity
of the HIF1α/ARNT pathway was also found, suggesting the
possibility to use bioreductive drugs or angiogenesis inhibitors in
this orphan disease. In HER+ tumors, mutations of PIK3CA, PTEN,
INPP4B, IK3R1, and within HER-family members were identified
instead, while in luminal/ER+ subtypes, there were many mutated
genes including p53 and RB1 [118]. Moreover, the huge amount
of information included in TGCA offers the possibility to perform
sophisticated analyses with an enhanced statistical power by
integrating multi-omics data, not only from different patients
with the same type of cancers, but also from different tumor
types (TCGA Pan-Cancer Project). In fact, Weinstein and colleagues
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demonstrated that analysis of the molecular aberrations and
their functional roles across tumor types could extend therapies
effective in one cancer type to others with a similar genomic profile.
Thus, the Pan Cancer TCGA data set provides a major opportunity
to develop an integrated picture of commonalities, differences,
and emergent themes across tumor species [119]. Multiplatform
integrated analysis of different cancer types revealed molecular
classification within and across tissues of origin [120, 121].
An application of integromics includes the development
of models that combine proteomic and genomic data with the
aim to accurately predict patient survival. Interestingly, Zhu and
colleagues generated RPPA data from tumors for which genomic,
transcriptomic, and clinical features have been previously collected
in the TCGA database, in order to provide the possibility to
integrate multi-omics data from different layers to globally
characterize these tumors [122].
Using the same cell line, Akbani and colleagues integrated
RPPA together with genomic and transcriptomic data from TCGA
to identify similarities and differences in pathways and network
biology within and across tumor lineages, as well as biomarker and
target discovery spanning multiple tumor lineages by providing
a framework for determining the prognostic, predictive, and
therapeutic relevance of the functional proteome [120].
Apart from TCGA-based analyses, several studies focused on
the integration of different platforms to answer specific questions
about various cancer types. Koplev and colleagues performed
an integrative analysis on 726 pan-cancer cell lines profiled for
gene expression, protein expression, and phosphorylation by
explaining key regulators mechanisms involved in tumorigenesis.
In particular, they revealed enrichment for HDAC inhibitors as
inducers of epithelial–mesenchymal transition and kinase inhibitors
as mesenchymal-to-epithelial transition (MET) promoters [123].
Snyder and colleagues instead performed an integrated analysis
of multi-omics data generated through WES, RNA-seq, and T cell
receptor sequencing from 29 patients with locally advanced or
metastatic urothelial carcinoma which were treated with the
checkpoint-blockade atezolizumab. With this approach, they
evaluated the role of somatic, immune, and clinical patient-specific
features in response to atezolizumab [124].
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Mancikrnaova and colleagues focused on the study of the
medullary thyroid carcinoma by combining DNA methylation
data with mRNA/miRNA expression data. They identified specific
genes involved in tumor progression that were negatively
regulated through promoter methylation and indicated JAK/Stat
pathway as potential target in RETM918T medullary thyroid
carcinomas in enhancing the antitumor activity of RET inhibitor
vandetanib [125]. Piccolo et al. summarized genomic data in
tracking pathways to explain how germline, genetic, and epigenetic
variations regulate gene expression changes in normal cells, in
order to identify mechanisms that underlie breast cancer
susceptibility [126]. Robles et al. found biomarkers to allow
early detection and prognostic assessment of lung cancer
by combining data regarding genomics (DNA methylation),
transcriptomics (miRNA and mRNA expression), and metabolomics
data (pro-inflammatory cytokines and metabolites from urine)
in order to provide additional information for therapeutic
tailoring [127]. With a similar approach, Li and colleagues combined
genomic, transcriptomic, proteomic, and metabolomic data
obtained by profiling three cell lines that were representative of
HCC, each with a different metastatic potential in order to evaluate
the influence of metabolism in metastatization process. They
revealed 12 altered genes at different levels of specific pathways
involved in cell metabolism such as sucrose and glutathione
metabolism and glycolysis. Moreover, they reported an association
between uridinediphosphate (UDP)-glucose pyrophosphorylase
2 (UGP2) and cell migration and invasion in vitro and in vivo
[128]. Recently, our group used an integromics approach to shed
new light within the molecular architecture of multiple myeloma
(MM) hyperdiploid (HD-MM) and the non-hyperdiploid (nHDMM) subtypes. By integrating annotated MM patient mRNA/
miRNA dataset information, a specific gene and miRNA expression
profile for HD-MM was found. Indeed, from this analysis a
significant role of the STAT3 pathway, as well as the Transforming
Growth Factor β (TGFβ) and the transcription regulator
nuclear protein-1 (NUPR1), was demonstrated, thus defining
novel molecular features of HD-MM that may translate in novel
relevant therapeutic targets characterization [129].

Discussion

26.5

Discussion

Molecular approaches, including mutational analysis, RNA and
miRNA expression profiling, and epigenetic characterization,
greatly enhance the understanding of pathogenesis and allows
prognostic stratification for many cancers, thus driving the rational
design of novel targeted therapies. In addition, to gain a broader
perspective of the molecular aberrations that contribute to tumor
development, it is valuable to consider data at the pathway more
than at single gene level. Furthermore, by tracking pathway
activities using multiple types of omics data, including both
genomic alterations and gene expression changes, it is possible
to delineate a landscape view, which might include tumor cells
and the micro-environment, providing a novel approach to define
personalized therapeutics. Accordingly, the expression of cDNAs
harboring mutations identified in human cancer if combined with
protein functional assays may address whether these mutations
are crucial for disease progression (driver mutations) or have
been generated as the consequence of genomic instability, without
biologic relevance (passenger mutations). High-throughput data
may provide inputs for preclinical and clinical studies towards
the precision medicine starting from the exploration of a wide
amount of patient-specific omics information (see a possible
workflow represented in Fig. 26.1).
Even if the theoretical value of precision medicine approaches
as integrative genomics is now well-established, it has to be
demonstrated its value in providing a paradigm shift in the real
life. This is a crucial point that needs to be approached in terms
of feasibility, effectiveness, and equity. It is clear that a major
point is that all validated approaches must be offered in light of
clinical utility, which means they provide useful information for
clinical decision-making and not provide only redundant data.
In this light, a biomarker-driven approach can allow patient
selection and, therefore, reduce toxicity and costs, with a major
benefit for patients, the health system, and other stakeholders.
In terms of equity the major point is not indeed the cost of
molecular analysis, which is lowering but a true access for
all patients and a full access to all molecular targeted drugs
which might be identified, that can be highly expensive.
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Discussion

At this aim is crucial the setting up of laboratory networks with
free sharing of molecular data and programs to negotiate access
to innovative drugs for nationwide coverage. These considerations
resound more for those patients with a rare disease, in which
more specific and personalized treatments are eagerly awaited.
In cancer treatment, precision medicine offers the opportunity
to choose the drugs not only based on the type of cancer, but also
on the genomic driver aberrations that can be tissue-agnostic
but shared by different malignancies In drug development,
precision medicine means finding new drugs that act as “keys” to
certain “locks” in the body. In the case of rare disease, molecular
diagnosis opens the door for new treatment options that cannot
be explored by conventional pivotal trials.
All together these points show that the empowering of
integrative genomics as a novel tool for precision medicine indeed
is not only a technical but also a social and health policy challenge.
The integration of omics profiles with clinical variables lead
to improved prognostic performance over the use of clinical
variables alone. In fact, the integrated portrait of omics architecture
provides a comprehensive view which likely outperforms the
predictive capability of single gene changes. Developing models
that accurately can predict patient survival using prognostic
and predictive biomarkers obtained from aggregation of multidimensional omics data, is a challenge in the era of precision
oncology. A promising new direction for enhancing all the omics
techniques is the integration of data-driven network models with
prior biological knowledge. This strategy lead to a significantly
improved biomarkers identification compared for example to the
top genes obtained by conventional differential gene expression
analysis. A great step forward in precision medicine could derive
from a pan-cancer analysis of multiple omics profiles on a genomewide scale, in order to understand the shared patterns across
cancer types and identify shared actionable targets at a multilayer
level. It therefore appears evident that the integration of omics
data represents a powerful tool to allow clinical translation of
this integrated dissection of cancer biology (Fig. 27.2).
However, major efforts will be also necessary for the adoption
in the clinics of raw data obtained from the described technology
platforms, in order to translate wet biologic information to an
improved therapeutic approach for cancer patients.
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Figure 26.2 Schematic workflow summarizing major steps occurring from
omics data production to personalized clinical decision-making.
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Introduction

Genomic medicine is defined by the National Human Genome
Research Institute (NHGRI) as, “an emerging medical discipline
that involves using genomic information about an individual as
part of their clinical care (e.g., for diagnostic or therapeutic
decision-making) and the health outcomes and policy implications
of that clinical use” [1]. Prior research has demonstrated that
genomic medicine has promise for improving health outcomes.
As a result, it is beginning to emerge into the clinical practice for
selected indications including pharmacogenomics [2], precision
oncology [3], and diagnosis of complex conditions suspected
be genetic [4]. Large-scale research programs such as the All of
Us program funded by the United States National Institutes of
Health (NIH) [5] and smaller private clinical research
programs [6, 7] are beginning to explore the integration of
genomic information with other health information to assess
the impact on patient outcomes that, it is hoped, will ultimately
result in more programs in precision public health.
Several barriers to the implementation of genomic medicine
have been identified [8]. One of the most important of these is the
lack of evidence of the clinical utility of the interventions. Stated
another way, while there is strong evidence about the association
of genomic variation with genetic disorders, there is, with few
exceptions, inadequate information about the impact on outcomes
(both positive and negative) of implementing genomic medicine
into clinical care [9, 10]. This lack of evidence results in a reluctance
of healthcare systems to invest in and payers to reimburse for
genomic medicine interventions. There is a general agreement that
evidence of the impact of genomic medicine on health outcomes

Materials and Methods

must be generated. There are many barriers to the generation of
evidence [9, 10], one of which is the lack of agreed-upon outcomes
to measure the impact of conditions of interest.
The NHGRI has funded several large collaborations to study
genomic medicine in clinical care. These include, but are not
limited to, the Implementing Genomics in Practice (IGNITE)
network [11], the Clinical Sequencing Evidence-Generating
Research (CSER) consortium [12], and the Electronic Medical
Records and Genomics (eMERGE) network [13]. All three of these
groups have a workgroup tasked to develop outcomes for sitespecific and network projects. While these groups have worked
to harmonize outcomes within each project, it was not until
2017 that an effort started to try to harmonize outcomes across
these and potentially other NHGRI-funded projects. This was
initially accomplished by creating formal liaisons between each
of the respective outcomes groups, and by holding joint meetings
between the networks/consortium [14]. While this has resulted
in some convergence, the differences between the projects and
the lack of alignment of the project timelines have hindered
the agreement on a standard set of outcomes across the three
networks.
eMERGE is in its third phase of funding. The focus of this phase
is the return of genomic results to participants [15]. A total of just
over 25,000 participants will be sequenced on a next-generation
sequencing platform, eMERGEseq, that contains 109 genes and a
number of single nucleotide variants, including pharmacogenomic
variants that may also be returned to participants [16].
The eMERGE Outcomes Working Group (OWG) was tasked to
develop outcome measures for a set of genetic disorders for
which the associated genes would be interrogated by sequencing.
The OWG identified another NHGRI-funded project, the Clinical
Genome Resource (ClinGen) [17] that had a relevant activity
that could be used to move outcomes harmonization forward.
Herein we report the results of a comparison between the
eMERGE-defined outcomes and the ClinGen outcome intervention
pairs.

27.2

Materials and Methods

eMERGE network sites represented on the OWG selected a
disorder(s) for which their site developed clinical outcome
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measures. The outcomes were organized into three categories,
process outcomes, intermediate outcomes, and health outcomes
(Table 27.1). While health outcomes are of the greatest interest,
the relatively short project timeline necessitated reliance on the
process and intermediate outcomes for which a chain of evidence
exists relating them to health outcomes of interest. Sites developed
outcomes using their own approach, with the expectation that
any proposed outcomes would have evidence of its relevance to
clinical care. Emphasis was given to outcomes that were related
to published clinical and practice guidelines where available.
Once the draft outcomes were developed, they were presented to
the OWG for discussion and revisions. The penultimate draft was
submitted to the eMERGE coordinating center that, under the
direction of one of the OWG co-chairs (JP), was tasked to develop
the outcomes into a collection tool that could be created in
REDCap [18] using a standard format. The coordinating center
worked with the individual sites to create the final version of
the outcomes.
The ClinGen Actionability Working Group (AWG) was
tasked to assess the relative actionability of returning a genomic
variant identified in an asymptomatic patient undergoing nextgeneration sequencing [19]. This was to be accomplished through
four activities:
(1) Develop rigorous and standardized procedures for
categorically defining “clinical actionability”; a concept that
includes a known ability to intervene and thereby avert a
poor outcome due to a previously unsuspected high risk of
disease.
(2) Nominate genes and diseases to score for “clinical
actionability.”
(3) Produce evidence-based reports and semi-quantitative
metric scores using a standardized method for nominated
gene-disease pairs.
(4) Make these reports and actionability scores publicly
available to aid broad efforts for prioritizing those human
genes with the greatest relevance for clinical intervention.

Materials and Methods

Table 27.1 The framework of outcomes for clinical implementation
Outcome type Description

Examples

Process

The specific steps in a
process that lead—either
positively or negatively—
to a particular health
outcome

Lipid profile performed
after the return of a
pathogenic variant
in LDLR, a gene
associated with familial
hypercholesterolemia

Change in the health of
an individual, group of
people or population
which is attributable to an
intervention or series of
interventions

Decrease in myocardial
infarction, or cardiac
revascularization
procedures in response to
interventions recommended
based on presences of a
pathogenic variant in LDLR

Intermediate

Health

A biomarker associated—
either positively or
negatively—to a particular
health outcome

An LDL cholesterol level at
or below the target level of
100 mg/dL in response to
interventions recommended
based on presences of a
pathogenic variant in LDLR

The AWG has developed a set of outcome intervention
pairs [20] that have been scored using a standardized approach
informed by evidence-based summaries as described in a methods
paper from 2016 [21]. The published outcome intervention pairs’
table represents those that have been scored by the AWG. The
evidence summary also contains interventions and outcomes
that were not formally scored. Both the table and the associated
evidence summary were reviewed to completely ascertain the
interventions and outcomes that had been reviewed by the AWG.
For the comparison, each site participating in the exercise
compared the set of outcomes developed for the disorder in eMERGE
to the corresponding outcome intervention pair published on
the AWG website. If the eMERGE outcome was represented in
the scored AWG outcome intervention pair, it was categorized as
concordant. If it was not represented in the scored AWG outcome
intervention pair, but was noted in the evidence summary, it was
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also categorized as concordant with the annotation that it did not
cross the threshold for scoring by the AWG. If the outcome was
not present in either the scored list or evidence summary, it was
categorized as discordant. Conversely, if an outcome intervention
was present on the AWG scored list, but not represented as
an eMERGE outcome, it was also categorized as discordant.
The evidence summaries were not comprehensively reviewed
for outcomes to compare to eMERGE outcomes.
The sites’ comparisons were compiled and reviewed by one of
the authors (MSW) who also independently compared the eMERGE
outcomes to the AWG outcome intervention pairs. No differences
were noted between the sites’ scores and the second review
for the AWG outcome intervention pairs. A few outcomes were
identified in the evidence summaries that had not been scored
by the sites, and these were added to the comparison table. The
final comparison table was reviewed and approved by all
the authors.

27.3

Results

A total of 12 disorders were scored (Tables 27.2 and 27.3).
The full comparison table with all defined eMERGE outcomes
for each disorder is provided in the supplemental materials. Three
gene/variant disorder pairs with outcomes defined by eMERGE
do not have an AWG actionability score or evidence summary.
CFTR/Cystic Fibrosis is being returned by eMERGE but has not
yet been evaluated by the ClinGen AWG. While adult familial
hypercholesterolemia (FH associated with the genes LDLR,
APOB, and PCSK9) has been evaluated by both the OWG and AWG,
FH in the pediatric population has only been evaluated by the
OWG. This is because ClinGen initially focused on conditions in
the adult population. However, this year, a pediatric AWG is
being convened by ClinGen and one of their first conditions to
evaluate will be pediatric FH. Finally, eMERGE is studying a large,
well-characterized copy number variant (CNV) at chromosome
22q11.2 that encompasses many genes. The AWG is only looking
at single gene-disorder associations at present.

Results

Table 27.2 Disorders with equivalent definitions from eMERGE and ClinGen
Disorder Genes eMERGE Outcomes
OTC
OTC
Deficiency

AWG
evidence
review

No

Yes

Process
Metabolic testing

Metabolic crisis plan
in EHR
Intermediate

Low protein diet

Prescription for
nitrogen scavenger
Health

Tuberous TSC1,
sclerosis TSC2

AWG Scored O/I
Pair

No

No

Yes
Yes

Metabolic protocol
applied during illness
Process

Yes
(Hyperammonemic
encephalopathy)

Imaging studies

Yes

Assessment for
Yes
lymphangioleiomyomatosis (LAM)
Intermediate

Discontinuation of
estrogen containing
medications (F)

No

Yes

Use of inhibitor of
renin-aldosteroneangiotensin system as
first line therapy for
hypertension

No

No

Avoid ACE inhibitor
No

No

Use of mTOR
inhibitor

No

(Continued)
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Table 27.2 (Continued)
Disorder Genes eMERGE Outcomes
Health
No
HBOC
(Breast)

BRCA1, Process
BRCA2

Yes

Specialty referral

No

Breast imaging

Yes

Risk reducing
mastectomy

Yes

Aromatase inhibitor

No

Selective estrogen
receptor modulator

Discontinuation HRT
Health

Breast cancer
Vital status

AWG
evidence
review

Development of
SEGA, non-SEGA
tumors, LAM

Breast self-exam
Intermediate

HBOC
(Ovarian

AWG Scored O/I
Pair

Yes

No

Yes

No

No

Yes

No

No

Yes

Pelvic US

Yes

No

Specialty referral

Yes

No

BRCA1, Process
BRCA2
CA 125

Intermediate

Prophylactic BSO
or TAH/BSO

Oral contraceptives
Health

Ovarian, fallopian,
peritoneal or
endometrial cancer
vital status

Yes
Yes
Yes

No
No
No

Yes
No

Yes

Results

AWG Scored O/I
Pair

AWG
evidence
review

No

Yes

Echocardiogram

No

Yes

Stress test

No

Disorder Genes eMERGE Outcomes
Adult FH

LDLR, Process
APOB, Laboratory testing
PCSK9 (lipid, CRP)

Coronary CT angiogram No
ECG

Specialty referral
No

No
No
No

Intermediate
Lipid lowering therapy Yes (statins)
Aspirin

No

No

High cholesterol

Coronary
revascularization
Health

No

Yes
No
No
No

Cardiac
catheterization
Highintensity
statins
Yes
No

Of the remaining nine gene(s)-disorder pairs defined by
eMERGE, five had equivalent definitions from the AWG, while
four had some differences which raised interesting issues that
impacted the comparison. These two groups will be discussed
separately.
The five disorders with equivalent definitions from both
groups and the associated genes are presented in Table 27.2. It
should be noted that the eMERGE project is only returning results
from two genes that are associated with breast and/or ovarian
cancer risk (BRCA1 and BRCA2). Three genes with evidence for
association with breast cancer are on the eMERGEseq platform
(ATM, CHEK2, PALB2), but were not used to develop outcomes.
These have been scored by the AWG but had much lower
actionability scores than BRCA1 and BRCA2; therefore, they were
excluded from the comparison for the purposes of this study.
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MLH1, MSH2,

Colorectal cancer

MSH6, PMS2,
FAP

Genes

Disorder

Gynecologic cancer
(endometrial, ovarian)

CRC (polyps,
hospitalization, death)

Health

No

Familial Cascade Testing

Other cancer screening

Yes

Yes

No

Yes

Yes

CRC Screening

Intermediate

No

Scored O/I Pair

Yes

No

Evidence
Review

Lynch syndrome
(MLH1, MSH2, MSH6, PMS2)

N/A

Yes

Colectomy

No

No

No

No

N/A

Yes

Yes

No

Yes (gastroenterology)

Scored O/I Pair Evidence Review

Familial adenomatous polyposis
(FAP)

ClinGen Actionability Working Group

Specialist Referral

Process

eMERGE outcomes

Table 27.3 Disorders with differing definitions between eMERGE and ClinGen
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FBN1,
TGFBR1/2,

Aortopathies

eMERGE outcomes

MYLK, MYH11

Prophylactic surgical
intervention

Medication
(beta-blocker, ARB)

Intermediate

No

No

High risk pregnancy
management

Angiography

Magnetic Resonance

Aortic Imaging

SMAD3, ACTA2, Process

Genes

Disorder

No

Yes (both)

Ophthalmologic
eval

Recommendation
to avoid contact
sports

Yes

Yes

Yes

Yes

Arterial tortuosity syndrome
(SLC2A10)

No

Yes
(beta-blocker)

No

No

Yes

Yes

Yes

(Continued)

Yes

Yes

Yes

FTAAD (FBN1, TGFBR1/2, SMAD3,
ACTA2, MYLK, MYH11)

ClinGen Actionability Working Group

Results
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Genes

Cardiomyopathies ACTC1,
DSC2,
DSG2,
DSP,
LMNA,
MYBPC3,
MYCH7,
MYL2,
MYL3,
PKP2,
TMEM43,
TNNI3,
TNNT2,
TPM1

Disorder

Table 27.3 (Continued)

No

Cardiac MRI

Electrophysiology
study

Stress test
No

No

No

No

Loop recorder

Holter monitor

Yes

Yes

Echocardiogram

EKG

Process

No

No

No

No

No

Evidence
review

Dilated cardiomyopathy
(TNNT2, LMNA, DMD)

No

No

No

No

No

No

No

Scored
O/I pair

No

No

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

Yes

Yes

No

No

Yes

Yes

Yes

Evidence
review

Arrhythmogenic
right ventricular
cardiomyopathy (DSC2,
DSG2, DSP,
PKP2, TMEM43)

Evidence Scored O/I
review
pair

Hypertrophic
cardiomyopathy
(ACTC1,CSRP3,
MYBPC3, MYH7, MYL2,
MYL3,PRKAG2, TNNI3,
TNNT2, TPM1)

ClinGen Actionability Working Group

Scored O/I pair

eMERGE outcomes
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Genes

KCNH2,
KCNQ1,
RYR2,
SCN5A

Disorder

Inherited
arrhythmias

eMERGE outcomes

No
No

No

Stress test

Loop recorder

Holter monitor

No

No

No

Yes

No

No

Yes

No

No

Yes

Yes

Yes

No

No

No

No

No

Yes

No

No

Yes

Yes

Catecholaminergic
polymorphic
ventricular
tachycardia (RYR2)

No

Yes

No

Yes

No

No

ClinGen Actionability Working Group

Brugada syndrome
(SCN5A)

Yes

Echocardiogram

EKG

Process

Reduce heart
failure

Sudden cardiac
death

Health

Implantable
defibrillator

Yes

No

Documentation
of activity

Yes

Yes

Yes

Medications

Specialty referral

Intermediate

No

Yes

No

No

No

No

No

No

No

(Continued)

No

No

No

Yes

Romano-Ward Long QT
syndromes
(KCNH2,
KCNQ1, SCN5A)

No

Yes

No

Yes

No

Yes

Results
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Disorder

Genes

Table 27.3 (Continued)

eMERGE outcomes

No

No

No

Sudden cardiac
death

Health

ICD

Activity
restriction

Medications

Symptoms
suggestive of
arrhythmia

Intermediate

Yes

Yes

Yes

No

No

Specialty referral No

Personal history
of arrhythmias

Trial sodium
channel blocker

Cardiac MRI

Electrophysiology No
study

Yes
(quinidine)

Yes

Yes

Yes

Yes

No

No

Yes

No

No

Yes

No

No

No

No

No

No

No

Yes

Yes

No

Yes

No

No

No

ClinGen Actionability Working Group

Yes

Yes

No

Yes (betablockers
are
ineffective
for LQT3

No

No

No

No

No

No

Yes

Yes

No

Yes

No

No

No
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Results

Comparing AWG scoring to the eMERGE outcomes list
demonstrates significant concordance. Only two of the outcome
intervention pairs scored by AWG were not present in the
eMERGE outcomes. Both of these represented health outcomes
(diagnosis of tumors and/or lymphangioleiomyomatosis (LAM)
in the tuberous sclerosis complex (TSC) and high cholesterol in
adult FH. For the latter, lipid values will be obtained from EHR
review so a determination can be made as to whether a
participant who has been tested is at a goal. Thus, while this is
not explicitly represented in the eMERGE outcomes, it should be
added given the robust association between low-density
lipoprotein cholesterol (LDLC) and cardiovascular events [22–24].
For the TSC health outcomes, eMERGE will be capturing information
about the prior diagnosis of sub-ependymal giant astrocytoma
(SEGA), other TSC-associated non-SEGA tumors, and LAM. It is
also possible that the diagnostic evaluation prompted by the
genomic result could lead to a diagnosis of one of the conditions.
However, given the short time period of the eMERGE project, a
long-term longitudinal follow-up is not feasible, in contrast to
the AWG score, which is meant to inform interventions over
a patient’s lifetime.
While most of the eMERGE outcomes are not represented in
the AWG scored outcome intervention pairs, most are discussed
in the evidence review that accompanies the scored pairs.
The AWG methodology does not score all possible outcome
intervention pairs, rather it focuses on those interventions that
have the strongest impact on the most important health outcomes
of interest.
Hereditary breast and ovarian cancer syndrome (HBOC),
associated with BRCA1/2, illustrates an interesting difference in the
OWG and AWG approaches. The eMERGE OWG developed outcomes
for HBOC as a whole, while the AWG has organized this around
the two primary cancer types, breast, and ovarian and associated
gynecologic cancers. This is logical as the outcome intervention
pairs for the two types of cancers are quite different. This is not
incompatible with the eMERGE outcomes, and Table 27.2 reflects
how the outcomes can be separated to allow comparison.
A more important difference in the approach between
the two groups is illustrated in Table 27.3. The four disorders
represented, cardiomyopathy, inherited arrhythmogenic disorders,
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aortopathies, and colorectal cancer (CRC) predisposition illustrate
the tension between pragmatic decisions to reduce the burden to
collect outcomes of interest at the expense of capturing outcomes
that are specific to individual disorders lumped within the
overarching category of disorders. Some of these differences are
clinically significant as discussed below.

27.3.1

Colorectal Cancer Predisposition

The eMERGE outcomes combine two disorders, Lynch syndrome
(LS) and the rarer familial adenomatous polyposis (FAP), while these
are scored separately by the ClinGen AWG. There is good
concordance between eMERGE and the AWG scored intervention
outcome pairs. One significant difference is in FAP, for which the
AWG does not score CRC surveillance. Review of the evidence
summary presents the rationale that the polyp burden reduces
the effectiveness of surveillance. The outcome intervention pair
scored by the AWG for FAP is colectomy to prevent CRC. This
is consistent with the clinical guidelines for FAP [25], although
this recommendation may not be as relevant for patients with
attenuated FAP, as they have fewer polyps than FAP (hundreds
vs. thousands). Colectomy is listed as an option for reducing the
risk of CRC in patients with LS, but is generally not indicated
due to the effectiveness of routine colonoscopy in prevention.
Another difference between FAP and LS is that the non-CRC tumors
differ and occur at a higher frequency in LS. This necessitates
different screening approaches which are detailed in the AWG
evidence reports. Finally, the AWG evidence reports also discuss
the use of aspirin (LS) and non-steroidal anti-inflammatory drugs
other than aspirin (FAP) to reduce the CRC risk. These should
be considered for inclusion in the eMERGE outcomes.

27.3.2

Aortopathies

The OWG developed outcomes to accommodate all disorders
that could result in aortic root dilation and other arteriopathies.
The AWG divided these into arterial tortuosity syndrome
(associated with variants in SLC2A10), and Familial Thoracic Aortic
Aneurysms and Dissections (FTAAD associated with seven genes;
Table 27.3). The AWG scored each of these FTAAD genes separately,

Results

although the evidence summary was the same for all seven genes.
The actionability scores for the seven gene-disorder pairs were
identical. As with CRC, there was very good concordance between
the eMERGE outcomes and the AWG scored outcome intervention
pairs. Indeed, the only discrepancies were recommendations for
avoidance of contact sports and evaluation by an ophthalmologist,
both present as a scored recommendation for arterial tortuosity
syndrome, present in the evidence summary for FTAAD but
not scored, and absent from eMERGE. Given that many of these
disorders have associated ophthalmologic findings, this should be
considered as an outcome by the eMERGE OWG. Recommendations
to avoid activities such as contact sports are difficult to extract from
medical records, so they were not considered for practical reasons.
There is one other issue with the aortopathies that complicates
outcome development. There are two multiple malformation
syndromes that can be seen in patients with variants in some of
these genes, the Marfan and Loeys-Dietz syndromes. This complexity
was acknowledged by the ClinGen AWG, as both disorders have
been scored as separate entities. These syndromes are associated
with many other medical issues; however, the scored outcome
intervention pairs are concordant with the recommendations for
aortic root dilation represented in arterial tortuosity syndrome
and FTAAD.
However, the evidence summary goes into much more detail
about the other medical issues associated with these syndromes.
The eMERGE OWG recognizes this issue and it is anticipated
that a targeted clinical evaluation will occur in conjunction with
the return of results.

27.3.3

Cardiomyopathies

The eMERGEseq platform has 14 genes associated with three forms
of cardiomyopathy: dilated, hypertrophic, and arrhythmogenic
right ventricular (ARVC). One form was developed to capture
outcomes for all three disorders. The ClinGen AWG scored each of
the three disorders separately, and further scored each of the five
ARVC genes separately, although as with FTAAD, the scores were
identical for each of the five genes. The major risk for all three
of these disorders is sudden death, and this health outcome is
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common across all the conditions. Related to this, an implantable
cardiac defibrillator (ICD) is also present across all conditions. Not
surprisingly, given the differences in the clinical course of these
three conditions, beyond sudden cardiac death and ICD, there is a
considerably more difference in the other outcomes. Most of these
differences appropriately reflect the clinical differences between
the conditions. There is only one AWG recommendation that is not
reflected in the OWG outcomes. A creatine kinase determination
is recommended for dilated cardiomyopathy associated with
variants in DMD. However, DMD is not included on the eMERGEseq
platform, explaining this difference. One gene associated with
dilated cardiomyopathy, LMNA, is associated with several other
disorders. One of them is Emery-Dreifuss Muscular Dystrophy
(EDMD), which was scored separately by the AWG. There were
other outcome intervention pairs scored for EDMD in addition to
those related to cardiomyopathy. The eMERGE network decided
that it would only return variants in LMNA associated with dilated
cardiomyopathy, so outcomes for the other disorders were not
considered. One other issue with the cardiomyopathies reviewed
by the AWG is that variants in TNNT2 can cause either dilated or
hypertrophic cardiomyopathy. This pleiotropy will be more of an
issue in the next group of disorders.

27.3.4

Inherited Arrhythmias

The eMERGEseq platform has four genes associated with
three inherited arrhythmogenic disorders: Brugada syndrome,
catecholaminergic polymorphic ventricular tachycardia (CPVT),
and Romano-Ward Long QT syndromes (LQT). As with the
cardiomyopathies, the major risk is for sudden death. This health
outcome is represented across all conditions. ICD is an AWG
recommendation for two of the three conditions. CPVT is the
exception given the effectiveness of the beta-blockade to prevent
sudden cardiac death in this disorder. There are numerous
differences between the OWG outcomes and the AWG that reflect
the differences in the conditions. The most notable absence
from the eMERGE outcomes were medications to avoid in each
condition. The AWG evidence reports provide detailed lists of
medications and other substances to avoid as they can provoke

Discussion

abnormal cardiac rhythms. These are important to document
and should be considered in addition to the eMERGE outcomes,
as the documentation of medications associated with adverse
events are relatively easy to find on the chart review.
As noted with TNNT2 previously, one gene (SCN5A) is
associated with two different arrhythmogenic disorders:
Brugada syndrome and LQT3. There are several unique aspects
to disorders associated with variants in SCN5A. For patients
with Brugada syndrome, a trial of therapy with sodium channel
blockers is indicated. The recommended anti-arrhythmic drug
is quinidine. Both recommendations are specific only for the
arrhythmogenic disorders associated with variants in SCN5A. For
LQT3, the treatment with beta-blockers is not indicated as these
have been shown to be ineffective in this condition. These findings
argue persuasively for outcomes that are not only condition
specific but gene and potentially even variant specific when
appropriate.

27.4

Discussion

The results of this study show that it is possible to compare
outcomes from two projects despite differences in the project
objectives and methods. The important finding is that outcomes
that are represented across multiple projects can be prioritized
to harmonize the outcome definitions and develop guidance for
their collection. This will facilitate the collection of prioritized
outcomes from a wider set of research projects and clinical
implementations, allowing evidence to accumulate at a faster
rate to support clinical use. An example of the power of this type
of approach for a genetic condition is cystic fibrosis (CF). Certified
CF centers that receive funding from the CF Foundation are required
to collect and submit many standard outcome measures. The
outcomes are compared across sites and opportunities to improve
care are identified, followed by implementation at the centers.
This approach, which is also being used in other settings, has
resulted in a dramatic improvement in multiple outcomes of
interest for patients with CF [26]. The hope is that similar
improvements in care could be realized across the many conditions
for which genomic information can be used to inform care.
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While there was generally good agreement for the highlevel outcomes across the various conditions, there are some
significant differences—the highlighting of which could inform
further efforts to harmonize outcomes. eMERGE and ClinGen have
very different objectives. The eMERGE network is studying the
impact of implementation of genomic information into clinical
care. To fully understand this impact, the outcomes are much
more granular and detailed to allow chart abstractors to identify
relevant information from the EHR. For example, in the
cardiomyopathies (Table 27.3), process outcomes include five
different interventions that assess the cardiac conduction system
and two imaging modalities. The ClinGen scored outcome/
intervention pairs only list one assessment of the cardiac conduction
system and one imaging modality, and that was only for dilated
cardiomyopathy. This is understandable as the scored pairs
represent the results of the evidence synthesis that identifies the
interventions and outcomes that drive clinical actionability, the
key objective for ClinGen—a much different objective compared
to eMERGE. Nonetheless, most of the eMERGE outcomes were
identified in the ClinGen evidence reviews, although the reviews
identified a few outcomes not included in the eMERGE OWG
outcomes that are worthy of consideration for inclusion.
Additionally, the AWG scored some gene-disorder pairs that, while
on the eMERGEseq platform, are not being routinely returned.
If the OWG proceeds with outcomes development for these genes,
the AWG outcome intervention pairs and evidence summary
will be used to inform the process.
A more complex issue is illustrated by the conditions in
Tables 27.2 and 27.3, that is, how best to map outcomes for
separate but related disorders. While it may be desirable to create
outcomes specific for each disorder within a category, the time and
effort required to do this are significant. Therefore, the eMERGE
OWG opted to develop one outcome form for an overarching
disorder category that encompasses multiple conditions. While
this reduces the resources needed to create the outcome forms
and simplifies the work for the chart abstractor, it will require
more effort by the OWG after the abstraction to map the outcomes
that are specific to the relevant disorder in order to determine
whether appropriate condition-specific management goals were
achieved. Challenges with this issue are also evident in the ClinGen
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AWG scoring as some conditions lump all genes under one disorder
(e.g., familial hypertrophic cardiomyopathy), while others have a
separate score for each gene (e.g., FTAAD, ARVC). In these examples
the scored outcome intervention pairs are identical across the
different genes, raising the question as to the value added from
this approach. In contrast, the three LQT disorders have different
interventions based on the causal gene, supporting separate
scoring of the outcome intervention pair. A further complication
involves a pleiotropy of disorders associated with variants in
the same gene. The issues with SCN5A and LMNA described
previously illustrate the challenges of developing outcomes for
disorders associated with variants in these genes. The most precise
solution would be to develop outcomes based on the established
genotype-phenotype correlations, but this further increases the
complexity. This issue has led to the creation within ClinGen of the
Lumping and Splitting Working Group (LSWG) [27]. The goal of
the LSWG is to engage with a broad range of stakeholders to
gather input “.  .  .  to coordinate disease classification and
categorization in order to harmonize disease categorization and
classification for the greater community”. The work product from
this group will be incorporated into the ongoing efforts for outcomes
harmonization.
Chromosome 22q11.2 deletion syndrome (22q11.2DS)
is the most common chromosomal microdeletion disorder
with approximately 3.0 million base pairs deleted (ranging
from 0.7–3.0 Mb) resulting in a loss of ~90 known or predicted
genes, including 46 protein-coding genes and 7 microRNAs,
10 non-coding RNAs, and 27 pseudogenes (Figure 1) [28]. The
22q11.2DS results most commonly from de novo non-homologous
meiotic recombination events occurring in approximately
1 in every 1000 fetuses and 1 in 2000 live births. About 4% of
infants with 22q11.2DS succumb to it, while cardiac defects,
hypocalcemia, and airways disease are risk factors for early death,
with the median age of death at 3–4 months. However, most
individuals with 22q11.2DS survive well into adulthood, at which
time approximately 50% of them develop schizophrenia.
While ClinGen (currently) makes no recommendations with
respect to 22q11.2DS we note the syndrome has become a model
for understanding rare and frequent congenital anomalies such
as heart defects, medical conditions including immunodeficiency,
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allergies, asthma, and psychiatric and developmental differences,
which may provide a platform into better understanding
these phenotypes, while affording opportunities for translational
strategies across the lifespan for both patients with 22q11.2DS
and for those with these associated features in the general
population. The diverse phenotype and outcomes of nearly every
organ system make this population valuable for understanding
the variables that impact on the manifestations of the deletion,
which is relatively consistent from person to person.
The eMERGESeq panel captures six SNPs (five in the COMT
gene and one flanking the region), which can be used to capture
22q11.2DS, while existing genotype data can be readily used to
detect the syndrome. Current efforts aim at assessing the prevalence
of 22q11.2DS in respective eMERGE cohorts, and to determine
a health outcome across multiple organ systems and outcome
measures as available.
We are using PennCNV and XHMM to derive CNVs from
eMERGESeq data, as well as existing array data. Data will be
returned to participating sites for outcome evaluation of relevant
phenotypes (e.g., heart defects, immunodeficiency, allergy, asthma,
psychiatric, and developmental differences) and for additional
validation, if required.
This study represents a pilot to assess the feasibility of
harmonizing outcomes across two notable research projects.
As such the results are descriptive and limited to the two projects
assessed. The study did not include the evaluation of outcomes for
any clinical genomic medicine implementation projects. However,
one eMERGE site reports the genomic results on a large scale in
a clinical research setting [7]. Institutional authors (MSW, JLW),
in conjunction with the Genetic Screening and Counseling Program
at the institution, have aligned the eMERGE and institutional
outcomes for the disorders shared in common between the two
efforts (data not shown). The availability of the outcomes from
eMERGE aided in the prioritization of the institutional outcomes,
while input from the authors, both of whom are members of the
eMERGE OWG, influenced the outcome definitions for the OWG.
This illustrates that the harmonization of outcomes is not only
feasible but may represent a generalizable approach. Mapping
outcomes to standardized, structured terminologies such as the

Discussion

International Classifications of Disease-Clinical Modification
(ICD-CM) or the Systematized Nomenclature of Medicine-Clinical
Terms (SNOMED-CT) would facilitate generalizability and reduce
the reliance on manual collection, although it is important to
note that many critical outcomes are not currently represented
as structured data so some manual review will be required.
It is possible that outcome “algorithms” could be developed.
These would be similar to phenotyping algorithms that eMERGE
has developed, disseminated across multiple healthcare and
electronic health record systems and made publicly available
through the Phenotype Knowledgebase-PheKB [29]. This could
further reduce, although not eliminate, the burden of manual
review.
Another limitation of this study was the outcomes and
process measures such as cost, reimbursement, institutional
visibility, access, etc., which also play a role in decisions about
implementation were not assessed. We also did not focus on
patient-centered outcomes, which are not always aligned with
health or other outcomes. Measuring outcomes from the perspective
of the patient has been identified as a deficiency in much
medical research as evidenced by the creation of the Patientcentered Outcomes Research Institute (PCORI) in 2010 [30].
The PCORI vision statement (“patients and the public have the
information they can use to make decisions that reflect their
desired health outcomes”) emphasizes that part of precision
medicine is understanding what outcomes the patient desires,
which will vary from patient to patient. Patient engagement is
a key part of the All of Us project [5], therefore, developing and
harmonizing patient-centered outcomes for genomic medicine
is important. Of interest, the NIH funded the development and
harmonization of a large set of patient-centered outcome measures
now included in the Patient-Reported Outcomes Measurement
Information System (PROMIS®) [31] made available through the
Department of Health and Human Services. These measures can
be reviewed and revised as necessary to develop patient-reported
outcomes for genomic medicine. This also illustrates that a
process led by the NIH to collect and harmonize outcome measures
across its portfolio of projects is a successful approach and can
promote the use of standardized measures going forward.
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Figure 27.1 The depiction of the chromosome 22q11.2 deletion including the deleted genes and variations of the common deletions
reported.
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27.5

Conclusions

The definition and harmonization of common outcomes to
develop evidence and assess the value of genomic medicine
implementation are needed to further the goals embodied in
precision public health. The approach proposed in this study
will be applied to other NHGRI-funded genomic implementation
projects. The resulting outcomes will be made publicly available
and their use will be encouraged for outcome measurement,
collection, and research to accelerate the implementation of those
interventions that demonstrate improved value.
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28.1

Introduction

Prostate cancer (PC) is the second-most frequently diagnosed
cancer in men worldwide, with 1.1 million new cases estimated
to have occurred in 2012 [1]. PC is the fifth leading cause of death
due to cancer worldwide, with the highest mortality rates
reported in the Caribbean (29.3 per 100,000) and Southern (24.4
per 100,000) and Middle Africa (24.2 per 100,000) [1]. Mortality
rates due to PC have decreased in most of the developed countries,
including those in the North America, Oceania, and Northern and
Western Europe [1]. In contrast, mortality rates have increased
in some Asian and Central and Eastern European countries,
such as Korea, China (Hong Kong), and Russia. Chemoprevention,
prostate-specific antigen (PSA) screening for early detection, and
innovative treatments for advanced PC are necessary to reduce
the resultant mortality due to PC.
Systematic treatment for advanced or metastatic PC
includes androgen deprivation therapy (ADT) or chemotherapy.
Conventional ADT involved surgical or medical castration and the
administration of anti-androgen agents, such as bicalutamide,
flutamide, and nilutamide. Recently, new anti-androgen agents,
such as enzalutamide and abiraterone, have been approved for
castration-resistant PC (CRPC) [2]. Docetaxel and cabazitaxel
are also available for CRPC. However, effects of these new agents
are transitory. Moreover, they are relatively expensive, costing
$10,759 for 160 mg of enzalutamide; $9817 for 1000 mg of
abiraterone per month; $1919 for 120 mg of docetaxel; and $10,639
for 40 mg of cabazitaxel, respectively (https://www.drugs.com/
price-guide/). To improve cancer-specific survival (CSS) and reduce
the cost incurred on drugs used for advanced PC treatment, durable
and economic therapeutic strategies are warranted worldwide.
Here, we reviewed the literature pertaining to endocrine therapy
and proposed a new therapeutic strategy involving estrogen and
androgen signal blockade (EAB) for advanced PC.

28.2

Initiating Endocrine Therapy for PC

Pioneering work by Huggins [3] established diethylstilbestrol
(DES) administration as a low-cost but effective treatment for

Nuclear Receptors Associated with Endocrine Therapy for PC

metastatic PC. However, due to adverse side effects associated
with DES treatment, including the exacerbation of heart failure,
vascular complications, and gynecomastia, DES therapies have been
replaced with the application of luteinizing hormone-releasing
hormone analogs and anti-androgen agents, such as leuprolide,
goserelin, bicalutamide, and flutamide, since the past two decades.
The precise functional network of androgen receptors (ARs),
co-factors, and micro-RNA (miR) has been clarified using next
generation sequencing in these lines [4, 5]. Recently, the use of
selective estrogen modulators (SERMs) for advanced PC treatment
has reemerged due to the discovery of various nuclear receptors
and their functional analyses in context of PC.

28.3

Nuclear Receptors Associated with
Endocrine Therapy for PC

Initially, the action of estrogens was believed to be mediated via
the blockade of the pituitary–testicular axis, which effectively
decreased circulating androgen levels and induced tumor regression.
This concept was supported by immunohistochemical and in situ
hybridization studies conducted in the 1990s, which could not
identify any detectable estrogen receptor (ER) levels in the epithelial
compartments of the human prostatic tissue [6]. The classical ER,
ERα, is dominantly expressed in the stromal compartment but not
in the glandular epithelium of the normal human prostate [6–8].
Estrogens actions on prostatic epithelium have been considered to
be exerted via ERα-mediated paracrine mechanism. Conversely, the
exposure of humans or rodents to estrogens induced proliferative
changes and squamous metaplasia in their prostates [9–11].
Noble strain rats treated with androgen plus estrogens over a long
period have been reported to show high PC incidence [12]. The
mechanism underlying estrogen action was clarified in the past
two decades owing to the successful cloning of nuclear receptors,
such as ERα, ERβ, and estrogen-related receptors (ERRs: ERRα,
ERRβ, and ERRγ) from 1980 to 1996 [13–16]. Evidence suggests
an overlap between ERR and ER biology.
In the 1990s, the status of ERα expression in PC remained
controversial [17–23]. ERα protein expression was more frequently
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observed in higher-grade metastatic cancers than in low-tomoderate grade tumors [17]. Conversely, other investigators
noted the presence of ERα expression in well-differentiated
adenocarcinoma but not in poorly differentiated tumors and
metastatic lesions [24–26]. In our study, over 70% of the malignant
epithelium showed no ERα expression, whereas distinct ERα
immunoreactivity was identified in 7% of the cancerous loci in
50 patients with localized PC [27]. Previous researchers have
reported variable expression patterns of ERα in PC [28].
Novel ERβ cloned from a rat prostate cDNA library was
found to be localized in the epithelial compartment of the rat
prostate [14]. ERα and ERβ are paralogs and they share 86%,
23%, 17%, and 100% amino acid identity in DNA-binding domains
(DBDs), N-termini, C-termini, and ligand-binding domains (LBDs),
respectively. However, because of the divergence in their LBDs,
the two ER subtypes bind ligands (agonists or antagonists) with
different affinities [29]. Although several studies have investigated
the expression of the second ER, ERβ, in normal and malignant
epithelium of the human prostate, the available data on ERβ protein
expression in the human prostate remains controversial [17–23,
30, 31]. While one study reported a decrease in the ERβ protein
expression in PC, another reported an increase. This discrepancy
may be attributed to the presence of C-terminal truncated
splice variant of ERβ, ERβl-ERβ5 [32] and the specificity of ERβ
antibody [33]. The expression of ERβ3 is limited to the testis,
whereas ERβ1, ERβ2, ERβ4, and ERβ5 are expressed in the
prostate [32]. Anderson showed the schematic view of antibody
epitopes and ERβ isoforms, and validated 13 commercially
available or in-house produced ERβ antibodies [33]. Out of the
13 ERβ-targeting antibodies, PPZ0506 and 14C8 appeared to
specifically target ERβ in formalin fixed paraffin embedded-treated
cell lines [33].
Next, cDNA for ERRα was isolated by screening cDNA libraries
with probes corresponding to the DBD of human ERα [16].
ERRα has a high homology to ERα at DBD and also recognizes
estrogen response element (ERE) [34–38]. ERRα mRNA was
highly expressed in the heart and skeletal muscle and expressed
to a lesser degree in the kidney, pancreas, small intestine, and
colon in humans [39]. ERRα is now established to be associated
with unfavorable biomarkers in human breast cancer [40, 41].

Clinicopathological Features of Nuclear Receptors in PC

Moreover, ERRα and ERRγ are associated with unfavorable and
favorable biomarkers, respectively, in human PC [42, 43].
The steroid and xenobiotic receptor (SXR), also known as
the human pregnane X receptor, constitutes members of the
nuclear receptor superfamily of ligand-activated transcription
factors [44, 45]. The elimination of dihydrotestosterone (DHT),
which is the active androgen in the prostate, is critical for
successful endocrine therapy for PC. Testosterone is inactivated in
the liver and prostate by Cytochrome P450 (CYP) enzymes [46–48].
SXR regulates CYP3A4 and CYP2B6, which are responsible for
the hydroxylation of testosterone in the liver and prostate [48–50].
SXR and its target genes CYP3A4 and CYP2B6 participate
in the regulation of PC via intra-prostatic testosterone metabolism
[49–52].

28.4

Clinicopathological Features of Nuclear
Receptors in PC

wtERβ expression was significantly lower in cancers than in
benign epithelium and inversely correlated with the Gleason grade.
In contrast, ERβcx (ERβ2) was significantly more expressed in
high-grade cancers than in low-grade tumors. The CSS of patients
with lower wtERβ expression was significantly worse than that of
patients with higher wtERβ expression. ERβcx (ERβ2) expression
was correlated with the Gleason grade and inversely correlated
with EBβ expression [27]. Higher ERβcx (ERβ2) expression was
significantly correlated with poor CSS.
This finding was corroborated by the results of the following
investigations of ERβ splice variants. Tissue microarrays constructed
using samples from 566 men who had undergone radical
prostatectomy were analyzed using immunohistochemistry for
wtERβ, ERβ2, ERβ5, and G-protein-coupled receptor-30 (GPR 30)
[53]. Intense cytoplasmic wtERβ staining was independently
associated with time to recurrence (Hazards ratio (HR) 1.7, 95%
confidence interval (CI) 1.1–2.6, p = 0.01) and PC-specific mortality
(HR 3.9, 95% CI 1.8–24.9, p = 0.01). Similarly, intense nuclear ERβ2
staining was independently associated with PC-specific mortality
(HR 3.9, 95% CI 1.1–13.4, p = 0.03) [53]. Samples obtained from
100 patients with cT3N0M0 PC were evaluated to determine the
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expression of AR, ERα, and wtERβ as well as the clinical outcomes,
including biochemical recurrence (BCR), progression-free survival
(PFS), and overall survival (OS) [54]. BCR was defined with two
consecutive PSA values of ≥0.2 ng/mL. Disease progression was
diagnosed by digital rectal examination, computed tomography,
or bone scintigraphy. AR expression was not associated with any
of the above outcomes; however, patients with high ERα or low
wtERβ immunoreactivity scores than those with negative ERα or
high wtERβ immunoreactivity scores showed 6.03-, 10.93-, and
10.53-times greater hazards for BCR, PFS, and OS, respectively.
Nuclear ERβ2 and cytoplasmic ERβ5 expression served as
significant prognostic factors for BCR and PFS in 144 men with
localized PC, who had undergone radical prostatectomy [54].
ERRα expression was elevated in PC, particularly in those with
a higher Gleason grade, compared with benign epithelium foci, and
higher ERRα expression acted as a significant prognostic predictor
of CSS [42]. In contrast, ERRγ expression decreased in PC and
acted as a preferable prognostic marker of PC [43].
SXR immunoreactivity was significantly lower in cancerous
lesions than in the benign foci of specimens obtained from
radical prostatectomy. CSS in patients with high SXR expression
was significantly increased, and the combined data of SXR and
CYP3A4 showed that a higher expression of SXR and CYP3A4
was correlated with better CSS [49]. In addition, CYP2B6 was
abundantly localized in the cytoplasm of normal epithelial cells
compared with that of PC cells. CYP2B6 immunoreactivity was
inversely correlated with higher Gleason grade. Patients with
decreased CYP2B6 expression showed poor CSS [51]. CYP2B6
overexpression in LNCaP cells significantly decreased testosteroneinduced proliferation. Thus, SXR, CYP3A4, and CYP2B6 may
regulate PC progression via testosterone metabolism.

28.5

Functional Analysis of Nuclear Receptors
and Associated Factors for Endocrine
Therapy

We summarize the pathway of the nuclear receptors associated
with endocrine therapy for PC (Fig. 28.1). In the classical pathway,
ERα binds to EREs to regulate its gene transcription [55]. ERα

Functional Analysis of Nuclear Receptors and Associated Factors for Endocrine Therapy

also participates in several non-classical pathways, including
ERE-independent gene transcription via protein–protein
interactions with transcription factors, and rapid non-genotropic
pathways. ERα functions have been investigated in two mouse
models of aggressive PC: Phosphatase and Tensin Homolog (PTEN)deficient and Hi-MYC mice [56]. ERα promoted cell proliferation
in PTEN-deficient tumors by regulating phosphatidylinositol3 kinase (PI3K) and mitogen-activated protein kinase (MAPK)
signaling pathways and glucose sensitivity.
Various genes of cell proliferation and bone metastasis gens
are known to be recruited by ERβ [57]. E2 imparts paradoxical
effects in PC because E2 biphasically regulates prostate tumor
growth by suppressing Forkhead Box O1 (FOXO1) and Platelet
Derived Growth Factor Subunit A (PDGFA) expression levels
through ERβ and Kruppel-like factor (KLF) 5 pathways [58, 59].
E2 treatment decreased KLF5-dependent FOXO1 transcription in
PC cells through ERβ, inhibiting apoptosis and increasing tumor
weight in mouse xenograft models [59]. In contrast, when mice
were treated with higher doses of E2, prostate tumor growth was
suppressed through ERβ and KLF5 pathways. In fact, E2 inhibited
PDGFA transcription and suppressed angiogenesis through ERβ
and KLF5 pathways. PDGFA recovered angiogenesis inhibited
by E2. Both PDFGA and FOXO1 expressions were markedly
suppressed by higher doses of E2, and angiogenesis was insufficient
for prostate tumor growth, leading to the suppression of tumor
growth [59]. ERβ and NFκB also regulate PC activating Interleukin
(IL)-12, Growth differentiation gene (GDF)-1, IL-8, and Receptor-like
tyrosine kinase (RYK) [60].
ERβ activation is a target for treating early stage PC to
prevent cancer progression [61, 62]. RNA sequencing and
immunohistochemistry were conducted to compare gene expression
profiles in the ventral prostate of young (2-month-old) and aging
(18-month-old) ERβ/ERβ mice and their wild-type littermates.
ERβ modulates AR signaling by repressing AR driver RORc and
increasing AR co-repressor dachshund family (DACH 1/2). ERβ loss
resulted in the upregulation of genes whose expression is associated
with poor prognosis in PC, accompanied with the downregulation
of tumor-suppressive or tumor-preventive genes. ERβ agonist
(LY3201) treatment resulted in the nuclear import of PTEN and
repression of AR signaling.
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Figure 28.1 Nuclear receptors associated with prostate cancer progression including androgen receptor (AR), estrogen receptor (ER),
and estrogen-related receptor (ERR).
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ERβ activation is also a treatment option for CRPC [62]. The
influence of the ERβ-specific ligand 8β-VE2 was investigated
using three kinds of VCaP cells through pretreatment, under ADT,
and under maximum ADT. 8β-VE2 treatment reduced the
overexpression of AR as well as AR splice variants (ARVs) lacking
the ligand binding domain in VCaP cells under maximum ADT.
ERRα has been reported to promote several traits of cancer
progression, such as proliferation [63–65], epithelial–mesenchymal
transition [66], resistance to hypoxia [67], angiogenesis [68],
and cell migration [69] in prostate, breast, or colon cancer. ERRα
was also involved in the bone tumor progression of CRPC [70].
Increased ERRα levels in tumor cells led to rapid tumor progression,
with both bone destruction and formation accompanied with
osteoclasts and osteoblasts. Vascular Endothelial Growth Factor
A (VEGF-A), Wnt Family Member 5A (WNT5A), and Transforming
Growth Factor Beta 1 (TGFβ1) were upregulated by ERRα
expression in tumor cells. In addition, ERRα regulated tumor
stromal microenvironment by stimulating pro-metastatic
factor periostin expression. With no natural ligands of ERRα
involved miR-135a, modulated ERRα function [71, 72]. miR-135a
downregulated ERRα expression through specific sequences
of its 3-untranslated region (UTR) and also decreased the cell
invasive potential of ERRα pathway [72].

28.6

SERMs for PC

SERMs are involved in major therapeutic advancements in
clinical practice for breast cancer, osteoporosis, and PC. The firstgeneration clomiphene, the second-generation toremifene and
raloxifene, and the third-generation ospemifene and bazedoxifene
have been used in diseases affecting women [73]. SERMs are
economical, costing $90 for 50 mg of clomiphene; $1313 for
60 mg of toremifene; and $16 for 60 mg of raloxifene per month,
respectively. SERMs are synthetic ligands for ERs that can exhibit
either estrogenic or anti-estrogenic effects, depending on the
tissue type [73]. SERMs have tissue-specific agonist–antagonist
activity [74]. For example, raloxifene exhibited diverse activities
via ER depending on ERα or ERβ expression in the target
organ [75]. When ERE-luciferase (ERE-LUC) and either ERα or
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ERβ were co-transfected into HEK 293 cells, toremifene acted as a
potent antagonist of the 17β-estradiol-stimulated transactivation
of ERα (at 1 µM) and ERβ (at 5 µM), respectively [74]. In contrast,
toremifene (0.1 µM) served as a potent antagonist of ERα (95%
inhibition), but not of ERβ (20% inhibition). Thus, toremifene
is a more selective antagonist of ERα, the activation of which
is implicated in prostate epithelial growth, than of ERβ [74].
Toremifene significantly reduced PC incidence in a transgenic
adenocarcinoma of mouse prostate model [76]. Toremifene
treatment resulted in a significant reduction in prostate tumor
growth and PC3M (a human PC cell line) proliferation, expressing
ERα [77].
Details of clinical investigations of SERMs are summarized in
Table 28.1 [78–82]. A phase II trial of toremifene was conducted
in 15 patients with CRPC [78]. The patients received toremifene
at a dose of 300 to 600 mg/m2, which is a relatively high dosage.
The treatment was well-tolerated and toxicity was mild; however,
no objective responses were achieved [78]. Another study used
toremifene at a dose of 20 to 60 mg to prevent PC incidence in men
with high-grade prostatic intraepithelial neoplasia (HGPIN) [79].
A total of 514 patients with HGPIN and no PC evidence on
screening biopsy were randomized to 20, 40, or 60 mg toremifene
dose or to a placebo daily for 12 months. The patients underwent
re-biopsy at 6 and 12 months. The cumulative risk of PC was
decreased in patients on 20 mg toremifene compared with that
in placebo controls (24.4% vs. 31.2%, p < 0.05). The annualized
rate of prevention was 6.8 cancers/100 treated men. In patients
with no biopsy evidence of cancer at baseline and at 6 months, the
12-month incidence of PC was decreased by 48.2% with 20 mg
toremifene as compared with the placebo controls (9.1% vs.
17.4%, p < 0.05). Thus, 20-mg dose was found to be most
effective, but the cumulative (40 mg, 29.2%; 60 mg, 28.1%) and
12-month incidences of PC (40 mg, 14.3%; 60 mg, 13.0%) were
lower for each toremifene dose than those for the placebo.
In addition, in a 3-year phase III, double-blinded, multicenter
trial, 1590 men with HGPIN and negative PC findings on the
prostate biopsy were randomly assigned to a toremifene citrate
(20 mg) treatment or placebo group, with equal number of
patients in each group [81]. Cancer was detected in 34.7%

Hormone
naïve PC

Hormone
naïve PC

CRPC

CRPC

CRPC

HGPIN

PC

RCT

Cancer control

Testosterone
reduction

Cancer control

Cancer control

Cancer control

RCT

RCT

Experimental

Experimental

Experimental

Cancer prevention RCT

Lipid profile
improvement

RCT

ADT, ADT+ Toremifene 60 mg, or
ADT+Raloxifene 60 mg

ADT, ADT+ GTx-758 1000 mg, or
ADT+GTx-758 2000 mg

Fulvestrant 500 mg, 250 mg

Raloxifene 60 mg + Bicaltamide
50 mg

Raloxifene 60 mg

Toremifene 20 mg

Toremifene 80 mg

Toremifene 80 mg

Toremifene 20, 40, 60 mg

15

164

20

18

13

1467

1389

197

514

ADT+ toremifene significantly
improved BCR

Superior testosterone reduction
in GTx-756 group

PSA reduction

No patients reduced >50%

Partial effect (4 of 18 patients)

Partial effect (5 of 13 patients)

Not significant cancer prevention

Decreased T Cho, LDL, HDL, TG

Increased bone density

Cancer prevention in 20 mg group

No cancer inhibitory effect

Number Results

ADT+Toremifene 300–640 mg/m2 15

Treatments

Abbreviations: PC, prostate cancer; CRPC, castration-resistant prostate cancer; ADT, androgen deprivation therapy; HGPIN, high-grade prostatic
intra-epithelial neoplasia; RCT, randomized clinical trial; T Cho, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
TG, total glyceride; BCR, Biochemical recurrence.

2015 [88]

2015 [87]

2008 [86]

2017 [85]

2006 [84]

2013 [81]
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PC

2008 [80]
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Cancer Control

Years
(References) Subjective Objective

Table 28.1 Clinical trials of selective estrogen receptors modulators for prostatic diseases
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and 32.3% of the men in the placebo and treatment groups,
respectively, without any difference (p = 0.39, log-rank test) in
PC-free survival. The 3-year Kaplan–Meier PC-free survival
estimate was 54.9% (99% CI, 43.3–66.5%) in the placebo group
and 59.5% (99% CI, 48.1–70.9%) in the treatment group. Some
previous studies had focused on adverse events associated with
ADT, including osteoporosis and lipid metabolism [82, 83].
However, no study has yet demonstrated the inhibitory effect for
PC or for serum PSA changes.
Raloxifene, an ER agonist in the bone tissue [73], has
been developed for osteoporosis treatment in women, which
demonstrated some tumor-inhibitory effects against CRPC in a
pilot study [84]. Raloxifene inhibited androgen-independent PC
growth in 5 of 13 patients (28%). Another investigation was
conducted using a combination of raloxifene and bicalutamide
to evaluate treatment toxicity [85], in which 18 men with CRPC
were administered a combination of bicalutamide (50 mg) and
raloxifene (60 mg) over 28-day cycles. Although none of the patients
required dose reduction, the resultant clinical benefit was
limited. Only 4 of the 18 patients experienced >50% PSA reduction,
with a median PFS of 1.9 months (1.8–2.8 months).
Fulvestrant is a pure estrogen antagonist with no agonist
activity [86, 89]. Fulvestrant was administered via intramuscular
injection at a dose of 500 mg on day 0, followed by 250 mg on day
14, day 28, and monthly thereafter in 20 patients with CRPC [86].
Median time to progression was 4.3 months, and median OS was
19.4 months. No patient showed >50% PSA reduction or any
radiological improvement.
Only one study has been conducted in patients with treatmentnaïve PC [87], in which 164 patients were randomized to oral
GTx-758, ERα agonist, 1000 mg/day, 2000 mg/day, or leuprolide
depot. Although leuprolide reduced the total testosterone level
to <50 ng/dL in most patients compared with GTx-758, GTx-758
was superior in lowering the free testosterone level and PSA.
GTx-758 reduced the side effects of estrogen deficiency, such as
hot flushes, bone loss, and insulin resistance, but increased
the incidence of venous thromboembolic events. Therefore, the
oncological outcomes of SERMs have not yet been comprehensively
investigated for use in patients with treatment-naïve PC.

Molecular Diagnosis for Precision Medicine

We thus hypothesized that additional SERMs may prolong the
durability of ADT because androgen and estrogen signaling drive
PC progression. In our study, we conducted a prospective
randomized clinical phase IIA trial to investigate the effects of
SERMs (toremifene and raloxifene) in combination with ADT in
treatment-naïve bone metastatic PC [88]. Men with treatmentnaïve bone metastatic PC were randomly assigned into receive
ADT, toremifene (60 mg) plus ADT (TOPADT), or raloxifene (60 mg)
plus ADT (RAPADT). A total of 15 men, 5 each, were allocated
to one of the three treatment arms. The basal serum PSA level
was 198 ng/mL (median; range, 30–8428). Bone metastases were
graded as 1 (n = 11), 2 (n = 3), and 3 (n = 1) depending on the
extent of the disease. During the median follow-up period of
1370 days (range, 431–1983), BCR occurred in 3, 0, and 2 men in
the ADT, TOPADT, and RAPADT groups, respectively. The 5-year
BCR-free rate was 30%, 100%, and 53% in the ADT, TOPADT, and
RAPADT groups, respectively (p = 0.04, ADT vs. TOPADT; p = 0.48,
ADT vs. RAPADT; and p = 0.12, TOPADT vs. RAPADT). Although
ERβ agonists were expected to have tumor-inhibitory effect, the
study did not prove a distinct tumor-inhibitory effect. Further
additional ERβ agonists are warranted with respect to their
potential role in the inhibition of human PC. Thus, we for the first
time demonstrated clinical benefits of EAB in patients with
treatment-naïve bone metastatic PC.
To date, anti-cancer effects of EAB have not yet been
completely investigated in treatment-naïve PC patients. We assumed
that the concurrent use of SERMs can prolong the duration of ADT
efficacy in treatment-naïve men with bone metastatic PC. In the
future, additional clinical trials with larger cohorts will be warranted
to confirm our promising phase IIA findings. Furthermore,
functional investigations are required to clarify the mechanism
underlying EAB in treatment-naïve PC.

28.7

Molecular Diagnosis for Precision
Medicine

Determination of the therapeutic strategy for breast cancer
depends on the expression patterns of ERα, progesterone receptor,
and human epidermal growth factor receptor 2 (HER 2) in needle
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biopsy samples [90]. Therapeutic strategies for non-small cell lung
cancer are based on mutation of epidermal growth factor receptor
(EGFR), Kirsten murine sarcoma virus (KRAS), or anaplastic
lymphoma kinase (ALK) [91]. However, pretreatment diagnosis
using the estimated gene expression is not yet prevalent in patients
with PC. Molecular diagnosis using immunohistochemistry;
fluorescent in situ hybridization; and DNA, RNA, and/or microRNA analyses have been discussed in recent articles [92–100].
Studies in which gene sets of SC-like cells, micro-RNA, or cell-cycle
progression markers reflect more aggressive diseases are limited
to localized PC. A recent study has revealed that of the analysis
of mutations, such as ATM Serine/Threonine Kinase (ATM) and
Breast Cancer 1/2 (BRCA1/2), or the expression of specific genes
can indicate the risk, metastatic potential, or radio sensitivity
of PC [100, 101]; however, investigations regarding metastatic
PC through molecular diagnosis are limited.
We have previously defined an AR transcriptional network in
PC cells using Chromatin immunoprecipitation on chip (ChIP–chip)
and 5-cap analysis of gene expression (CAGE) analyses [102, 103]
as well as functional analysis of AR-related genes, including
Amyloid precursor protein (APP), Octamer-Binding Transcription
Factor 1 (Oct1), Tripartite Motif Containing 36 (TRIM36), and
Forkhead Box P1 (FOXP1), in PC [104–106]. Following experiments
revealed the association between BCR and the expression of AR,
ERα, Sox2, CRP, and Her2 as well as the association between CSS
and the expression of AR, Oct1, TRIM36, Sox2, Klf4, c-Myc, and
ERα in patients with metastatic PC using laser microdissection
technique (LMD) [107].
Various nuclear receptors; their related co-regulators; and
miR, including ARs, ERα, ERβ, and ERRs participate in the
development or regulation of metastatic PC. Here, we proposed a
new therapeutic strategy for metastatic PC (Fig. 28.2). In summary,
some patients with homogeneous PC cells sensitive to ADT alone,
while others with heterogeneous PC cells, including ERα, ERβ,
and ERRα, were eligible for EAB. In conclusion, we assume that
an initial precision medicine induces dormancy in PC cells. In the
future, there is a scope of precision medicine contributing to a
longer and active life in patients with metastatic PC through the
use of LMD of biopsy specimens, genomic analysis, or liquid
biopsy of blood samples.

Figure 28.2 Time course of advanced prostate cancer.
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In classical pathways down-stream genes of AR, ER, or ERR
are activated through binding AR, ER, or ERR with androgenresponsive elements (ARE), estrogen-responsive elements (ERE),
or estrogen-related receptor elements (ERRE), respectively. AR is
directly regulated by micro-RNAs (miRs). ERα and ERRα contribute
prostate cancer (PC) progression via phosphatidylinositol-3 kinase
(Pl3K), mitogen-activated protein kinase (MAPK) and vascular
endothelial growth factor A (VEGF-A), Wnt Family Member 5A
(WNT5A), and Transforming Growth Factor Beta 1 (TGFβ1) VEGF/
WNT5A/TGF pathways, respectively. Estradiol and GS-1405, ERβ
agonist, suppress Forkhead Box O1 (FOXO1) and platelet derived
growth factor subunit A (PDGFA) expression levels through ERβ
and Kruppel-like factor (KLF) 5 pathways, and inhibit PC growth
via apoptosis, anoikis, and angiogenesis. ERβ and NFκB also
regulate PC activating Interleukin (IL)-12, Growth differentiation
gene (GDF)-1, IL-8, and Receptor-like tyrosine kinase (RYK).
Conventionally most of the patients with advanced PC receive
ADT after initial diagnostic prostate biopsy irrespective of the PC
cell type. Consequently, PC becomes castration resistant status
with distant metastasis.
Precision or personalized medicine can separate patients
according to types of PC cells: AR positive, AR, ERα, ERβ, and
ERRα positive, or chemo-naïve type. Precision medicine changes
advanced PC cells to dormant cells and provides patients with
long and active life.
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29.1

Introduction: Current Limitations of
Cancer Chemotherapy

Although more than 100 chemotherapy drugs (National Cancer
Institute, http://www.cancer.gov/about-cancer/treatment/drugs)
including alkylating agents, antimetabolites, anti-tumor antibiotics,
anthracyclines, topoisomerase inhibitors, mitotic inhibitors,
corticosteroids, and other molecularly-targeted agents are available
for cancer chemotherapy (either alone or in combination), the
overall long term clinical benefit from these agents has been
generally disappointing, and modern chemotherapy usually ends
in failure due to either severe side effects or loss of effectiveness.
One major reason for the loss of effectiveness is the development
of chemoresistance [1–5]. To overcome such problems, a new
approach called precision medicine or personalized medicine has
been proposed and initiated by the National Institute of Health
(Bethesda, MD, USA). While the precision medicine approach
is likely to yield more effective cancer treatment options in the
future, the drug development cost is not expected to be reduced
and thus the new drug cost for the patients will likely remain
high. According to a recent report from the American Society of
Clinical Oncology, the average cost to the patient of newly approved
anticancer drugs is $10,000 per month and can be as high as
$30,000/month [6]. Such cost is not only difficult to afford for a
typical US citizen, it is unlikely to be affordable by more than 80%
of the world population living in developing countries [7]. Thus,
an alternative approach, such as using herbal medicine, whether
alone or in combination with conventional anti-cancer agents,
could be a feasible and less costly option. But can herbal
medicine meet the rigorous testing required and offer improved
personalized cancer chemotherapy over conventional anticancer
agents? If it is subjected to rigorous testing, can herbal medicine
still be cost effective? We believe the answers to both questions
can be an optimistic “yes”. This chapter will first review the
definition and perspectives of precision medicine versus
personalized medicine relevant to research and clinical practice.
We shall then examine the existing and future technologies that
could speed the development of herbal products for personalized
cancer chemotherapy leading to enhanced efficacy and reduced
cost for treatment of resistant cancer in individual patients.

Personalized Medicine—Potential Application to Improved Cancer Chemotherapy

In order to quicken the development that could rapidly lead to
application in individual patients, this chapter will concentrate
in reviewing the phenotypic approach rather than genotypic/
proteomic/metabolomic approaches to personalized cancer
chemotherapy.

29.2

29.2.1

Precision Medicine vs. Personalized
Medicine—Potential Application to
Improved Cancer Chemotherapy
Definition of Precision Medicine and
Personalized Medicine

Precision medicine refers to the tailoring of medical treatment to
the individual characteristics of each patient. Similarly, personalized
medicine usually refers to a medical approach that proposes the
customization of healthcare—with medical decisions, practices,
and/or products being tailored to the individual patient. Thus,
personalized medicine is often synonymous with precision
medicine [8, 9].
Since precision medicine relies on the comprehensive
understanding of individual molecular profiles using genomic,
proteomic, metabolomic, as well as bioinformatic approaches to
obtain a thorough understanding of the correlation between the
regulation of gene(s) (functional protein) and disease status, it
depends largely on microarray and next-generation sequencing
(NGS) in obtaining the genetic information [10–13].
As genetic variations/mutations are often important factors
relating to a particular disease as well as drug response, the first
essential step for precision medicine would be the identification
of such mutations in specific genes at multiple cell regulatory
levels (such as genome, transcription, and epigenetics). Thus,
massive genetic screening of genetic variations is necessary in
understanding the underlying mechanisms. Based on such
information, the unique therapeutic strategy can be made for each
individual patient having the genetic variation [14].
The regulation of genes can also occur at the stages of
translation and post translation modification. In contrast to the
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genomic information which is relatively inherently static, dynamic
processes of cells cannot be monitored using classical genomic
approaches alone. Therefore, proteomic approaches have gained
extensive development which can complement the molecular
profiles. Proteomics will add additional information to precision
medicine by monitoring the cellular function at the protein level
and help to identify the quantitative biomarkers which can be
essential for characterization of disease course and therapeutic
response reliably [15, 16].
Metabolomics is the qualitative identification and quantitative
measurement of the dynamic multiparametric metabolic response
in a biological system (such as cancer tissue and cells) under the
condition of pathophysiological stimuli, genetic modification, or
therapeutic treatment [17, 18]. Endogenous metabolites can be
determined by using GC-MS/LC-MS profiling [19, 20]. Spectral
data can be processed and annotated using commercially available
database (NIST), and on-line database (HMDB). Based on such
information the metabolite annotation and metabolomic biomarker
can be selected.
Thus the “-omics” (genomics/proteomics/metabolomics) technology could enable researchers to further uncover the causative
mechanisms or biomarkers and potentially optimize drug efficacy
and safety.

29.2.2

Examples of Precision Medicine or Personalized
Medicine in Cancer Chemotherapy

Precision medicine can involve a single drug or combination of drugs.
A good example of single drug is pembrolizumab for metastatic
non-small cell lung cancer (NSCLC) whose tumor cells express
programmed death ligand 1 (PD-L1) and progress after platinumbased chemotherapy. When PD-L1 is activated, immune response
is inhibited. Pembrolizumab targets PD-L1 and allows the host
immune system to recognize and attack tumor cells (www.fda.gov).
A good example of combination therapy is pertuzumab in
combination with trastuzumab and docetaxel for the treatment
of human epidermal growth factor receptor 2 (HER2) positive
metastatic breast cancer. Trastuzumab is an antibody that blocks
the function of HER2, a protein produced by a specific gene with
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cancer-causing potential in HER2-positive metastatic breast
cancer. Pertuzumab, another monoclonal antibody which binds to
a different epitope on HER2 other than trastuzumab, can inhibit
HER2 dimerization. The combination with pertuzumab has been
shown to produce a median of 6.1 months longer survival time
compared to without it [21].

29.2.3

Precision Medicine vs. Personalized
Medicine—Perspectives in Drug Development
and Practice

While precision medicine and personalized medicine are often
synonymous in cancer chemotherapy, the initiating steps could be
different in drug development versus practice. Precision medicine
is usually a research initiative followed by practice, whereas
personalized medicine often starts with an empiric practice
followed by basic research (e.g., identification of biomarkers using
genomic/proteomic/metabolomic technology) with subsequent
implementation in clinical practice. Thus, personalized medicine
approach can begin with the initial step of empiric culture of cancer
cells from patient’s tumor tissue followed by drug sensitivity
testing using relevant techniques/models. Once an effective (high
cytotoxicity to cancer cell) but safe (low cytotoxicity to normal cell)
agent is found, individualization of its dose to achieve the desired
target concentration can be implemented based on individual
pharmacokinetics and pharmacodynamics. Additional research
steps to identify genomic/proteomic/metabolomic biomarkers
in response to drug therapy can be included. At present only, a
limited number of drugs have been developed to offer personalized
cancer chemotherapy. The potential however is huge for future
therapeutic agents including herbal medicines.

29.3

Technologies Relevant to Development of
Herbal Medicine for Personalized Cancer
Chemotherapy

To implement personalized cancer chemotherapy, a relevant pretherapeutic diagnostic procedure such as biomarker identification
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or cancer cell culture and drug sensitivity determination is needed
prior to proper therapy.

29.3.1

Identification of Biomarkers

The National Cancer Institute (NCI), in particular, defines
biomarker as “a biological molecule found in blood, other body
fluids, or tissues that is a sign of a normal or abnormal process, or
of a condition or disease”. A biomarker can be used to assess the
therapeutic response to chemotherapy in cancer patients.
The technologies of “-omics” have been widely used to identify
the biomarkers of various cancers. Usually the identification of
the biomarkers is initiated by collecting the biologically relevant
samples which can be the biopsy tissues, patients’ blood and/or
urine samples. The biomarker candidates can then be screened
using proteomic techniques to identify the potential makers using
appropriate protein array or mass spectrometry technologies.
This can be incorporated with appropriate filtering criteria
followed by validation of the candidate biomarkers using a large
independent set of samples with targeted approaches such as
SRM and ELISA. Pre-clinical assay development is followed by
clinical validation. Final approval of the assay is obtained provided
that the assay exceeds the current gold standard, is cost-effective,
can easily be integrated into current clinical workflows, and
improves patient management [22].
A good example is the quantitative proteomics approach for
identifying mitochondrial proteins such as ACAT1 and MnSOD for
clear cell renal cell carcinoma (ccRCC) [23]. Another example is
the identification of eight new potential markers from formalin
fixed paraffin embedded biopsy tissues by Metamark Genetics
(Cambridge, MA, USA). Their proteomic profile/signature has been
found to predict “favorable” versus “non-favorable” pathology
of prostate cancer patients independently and may be used as
alternatives for clinical decision [22, 24, 25]. Also, the combination
of prostate specific antigen (PSA) concentration with βmicroseminoprotein (β-MSMB) level which was identified by using
MALDI-MS profiling has increased the diagnostic sensitivity [26].
There are many other reports on identification and application
of biomarkers using “-omics” technology. The detailed review of the
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biomarker is beyond the scope of this chapter. To apply to herbal
medicines, the relationship in these biomarkers associated with
herbal medicine needs to be established, then the biomarkers can
be utilized as a useful monitoring tool for herbal medicine therapy.

29.3.2

Culture of Patient Cancer Cells and
Determination of Drug Sensitivity

Another pretherapeutic diagnostic test is the cancer cell culture
for determination of drug sensitivity. Over the past 50 years, the
worldwide cancer research community has generated between
1000 and 1500 publically available cancer cell lines [27, 28] and
the use of such cell lines to determine drug sensitivity has been
an accepted technique since the early 1980s [29, 30]. While these
conventional cancer cell lines have played an important role in
understanding of tumor biology and high-throughput screening
for drug development, those generated with traditional methods
usually fail to reflect the complex genotypes and phenotypes of the
corresponding primary tumors due to in vitro selection and the
accumulation of genetic and epigenetic alterations during passaging.
Further, there is a lack of tumor derived extracellular matrix
associated with these cell lines [31].
Thus, more relevant and better techniques of culturing patient
cancer cells for drug sensitivity testing can facilitate personalized
medicine not only for conventional drugs but also for herbal
products. While the present technology of culture and sensitivity is
not matured enough for recommendation of its use as a diagnostic
assay in clinical practice [32, 33], a number of emerging techniques
have provided significant progresses in the understanding of
different aspects of cancer initiation, progression, metastasis and
tumor microenvironment and can be useful for research and drug
development, as described below.

29.3.2.1 Collagen gel droplet embedded culture drug test
(CD-DST)

This is a two-dimensional (2D) culture technique of patient cancer
cells from tissue samples and it can be utilized for determination
of drug sensitivity (e.g., using similar drug concentration exposure
as that occurred in patients receiving the same drug). When
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comparing retrospectively the drug sensitivity from such in vitro
determination has been found to correspond well to the therapeutic
response in patients (sensitivity and specificity of 88.2% and
80.6% respectively with a predictive accuracy of about 84.1%) for
a wide variety of cancer cells tested including lung, breast, gastric,
esophagus [34]. Furthermore, the CD-DST drug sensitive results
have been found to provide a better prediction to clinical response
of gastric cancer, non-small cell lung cancer, or ovarian/uterine
cancer when compared to those with drug resistant test results
[35–37]. One important limitation of this method is the need
to obtain >104 cells from biopsy samples for cell culture.

29.3.2.2 Conditional reprogramming (CR)

Liu et al. [38] developed a method which allows a rapid expansion
of primary normal and tumor cells using combination of feeder
cells and a Rho kinase inhibitor, Y-27632, termed conditional
reprogramming (CR). CR seems to convert adult epithelial cells into
a basal or stem-like state [39]. The induction of these conditionally
reprogrammed cells (CRC) is reversible, and the removal of feeders
and ROCK inhibitor, coupled with their placement in environments
that mimic their native environment (Matrigel, air-liquid
interface, and the renal capsule of immunodeficient mice) allows
cells to differentiate normally. Importantly, the CR technology
can generate 2 × 106 cells in a week from small biopsies and can
generate cultures from cryopreserved tissue and from fewer than
four viable cells. In one case report, a patient with lung tumor
induced by a mutant HPV11 was treated with vorinostat based
on the ex vivo response of their CR-derived tumor sample to this
drug, and the patient showed a durable response to treatment [40].
A recent independent study utilized the CR method to initiate
cultures from CT-guided lung biopsies from patients with nonsmall-cell lung cancer (NSCLC) which showed clinical resistance to
targeted therapies. These cultures contain the same original driver
mutations and maintain resistance to the single agent for which
resistance was originally shown in patients. In addition, the use
of CR technology has been shown to identify a novel combination
of targeted therapies against MEK and ALK to combat resistance
to single-agent ALK inhibition in ALK-mutant NSCLC. Such
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approach may well prove to be a suitable diagnostic test to identify
therapeutic strategies for individual patients [41].

29.3.2.3 Organoids and organotypic ex vivo technique

Another new technique is the organoids or 3D culture [42].
Organoids allow dissociated patient-derived cells to be expanded
in a semi-solid extracellular matrix with growth-factor-enriched
medium. Such an in vitro model has shown histologic, genomic,
and phenotypic characteristics resembling that of the original
tumor [43]. Organoids from patients with pancreatic, prostate
and colon cancers have been developed and reported [42]. This
technique however can require weeks to generate sufficient cells
for drug testing, and the success rates of establishment are specific
to the tissue of origin.
A recent improvement on the above is the organotypic ex vivo
technique which incorporates both the tumor matrix proteins and
autologous serum in the culturing of the patient’s cancer cells.
Using this technique as well as an algorithm of responses from
drug testing, an impressive predicted drug response rate (87%)
has been obtained in 55 patients with head and neck squamous
cell carcinoma with the testing being completed in about a
week [44].

29.3.2.4 Circulating tumor cells (CTC)

CTC or liquid biopsy is an attractive option for cancer cell culture
and subsequent sensitivity testing. These cells are thought to
be involved in metastasis and they usually die in the circulation
due to circulatory shear stress or the loss of matrix related survival
signals. The isolation and cultures of viable CTC are technically
challenging, although there are a few reports with low success
rates on certain types of metastatic tumor [45]. Its clinical utility
is still being investigated at the present time [46].

29.3.2.5 Patient-Derived Xenograft (PDX) Model

The in vivo mouse cancer model, especially patient derived cancer
xenograft (PDX), has been well accepted for investigation of
mechanistic and new therapeutic strategies [47]. The PDX model
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involves direct implantation of fresh cancer tissue specimens
into immunodeficient mice such as nude, SCID (severe combined
immunodeficiency), and NSG (NOD scid gamma) mice. It is a more
realistic preclinical model which can maintain the heterogeneous
architecture and molecular characteristics of the original individual
tumor as well as the microenvironment. The fresh tumor specimens
can be grafted subcutaneously, orthotopically, and in subrenal
capsule. It has been proven that the successful rate is highly
dependent on the injection site. Subcutaneous injection is easy to
implant. However, this site lacks vascularization and may result
in loss of cancer subpopulations. The orthotopic model can best
mimic the microenvironment similar to that of the original cancer.
However, a complex surgical procedure is required for successful
implantation. In addition, the orthotopic site has a limited capacity.
Recently, subrenal capsule was found to be a more feasible site for
prostate cancer model [48].
The PDX model has been used for prostate cancer and
ovarian cancer research [49, 50]. While it has a lot of advantages
over the traditional xenograft model, its duration is very long
(ranges from few months to years) and is not suitable for routine
laboratory evaluation associated with clinical practice. It is
more suitable for understanding mechanisms and therapeutic
strategies and thus can be very helpful in the initial proof of
concept for developing a new product or treatment strategy.

29.3.2.6 Appraisal of cell culture and sensitivity techniques
for herbal product evaluation

Among the currently available techniques as described above, the
organotypic ex vivo test reported by Majumder et al. [44] appears
to be the most useful. However, its technique is complicated
compared to other in vitro tests. The CRC technique appears to be
the simplest and fastest test available for determining cytotoxicity
of various drugs including herbal compounds. The cells can
be cultured in regular cell culture flask or plate. Afterwards,
cytotoxicity of the compounds can be tested. The cell viability can
also be tested by fluorescent and colorimetric cell viability assays
(including tetrazolium-based assay (MTT), MTS cell proliferation
assay, and sulforhodamine B assay) [51]. More recently, a technique
for real time monitoring cell viability has been developed by
detection of luminescent signal generate from the specific luciferase.
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If positive results are observed with a given compound, the biomarkers can be further evaluated using real time PCR, western
blot or other immunological methods. Such biomarkers can further
refine the clinical application when implementing the personalized
cancer chemotherapy in the clinical practice [40].
A potential issue about activity of herbal medicines is the
possibility of the presence of pan-assay interference compounds
(PAINS) which can “function as reactive chemicals rather than
discriminating drugs” for a specific target. [52, 53]. However,
in resistant cancer, there are likely multiple targets. Will PAINS
be actually beneficial for multiple targets? Further research is
needed to investigate the relevance of PAINS and herbal therapy.
Regardless, the empiric cytotoxic effect of the herbal product (with
or without combination with the conventional anticancer agent)
in resistant cancer and the safety of the herb are two important
issues.

29.3.3

Pharmacokinetic Approach for Optimal Dosing to
Achieve Efficacy and Safety

Following the cancer cell culture and determination of drug
sensitivity, dose optimization for achieving an effective and
safe drug concentration in the patient is also an important step
for personalized cancer chemotherapy. Pharmacokinetics (PK)
describes the relationship of dosage to drug concentration in body
fluids (e.g., plasma), while pharmacodynamics (PD) describes
the relationship of drug concentration to the effect. Since the
desirable dosage of an anticancer agent should ideally possess high
cytotoxicity to the cancer cell but low cytotoxicity to the normal
cell, a relevant PK/PD-model can be extremely useful to achieve
this goal.
The simplest PK/PD model to use is the linear or log-linear
model. An example of its application is for mitotane, an antineoplastic
drug used in the treatment of adrenocortical carcinoma.
Its minimum effective plasma concentration has been found to
be about 14 µg/mL. Because it has a long elimination half-life
(18–159 days), the accumulation of plasma concentration is relative
slow and thus the onset of therapeutic effect is quite delayed
(weeks or even months). A pharmacokinetic model has been
established which enabled clinicians to adjust dosing based on a
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target drug exposure and facilitate personalized therapy with a
coefficient of variation of 14%. With the aid of such model, the
dose regimen can be adapted based on individual plasma level
measurements in prospective setting, which makes it possible to
improve the clinical management of mitotane treatment [54].
For predicting or simulating the drug response in cancer
chemotherapy, we should also consider the heterogeneous nature
of tumor tissues. To address cell heterogeneity, a multi-scale
modeling approach has been proposed. A physiologic PK modeling
to integrate the data obtained from in vitro U87 glioma cells,
in vivo mice study and cancer patients for the brain disposition of a
compound called temozolomide has been described with the DNA
adducts serving as the marker for the PD model. This multiscale
protocol may be further used for temozolomide PK-PD modeling
in various cell populations, thus providing a critical tool to
personalize temozolomide based chemotherapy on a cell-typespecific approach [55].
Since cancer chemotherapy often involves drug combination,
a unified approach to optimize multidrug chemotherapy using a
pharmacokinetic enhanced pharmacodynamic model has been
developed. This model is based on the vascular endothelial
growth factor receptor (VEGFR) signaling system characterized by
ligand-receptor interactions, enzyme recruitment (Grb2-Sos,
phospholipase Cγ (PLCγ), and phosphoinositide-3 kinase (PI3K)),
and downstream mitogen-activated protein kinase and Akt cascade
activation. Drugs targeting these mechanisms (a VEGF inhibitor, a
PI3K inhibitor, a PLCγ inhibitor, and a mitogen-activated protein
kinase inhibitor) and sunitinib can provide input to optimizationbased control analyses. This method can capture the complexities
of drug action, tailor cancer chemotherapy, and empower
personalized medicine [56].
With more discoveries of genomic/proteomic/metabolomic
markers which are being validated for cancer treatment, these
markers can serve as the target in PKPD model. For example, the
physiologically based PK modeling can simulate the drug disposition
in tumor tissues in addition to the normal organs. By linking the
drug exposure at the action site (tumor) to response (biomarkers),
it is possible to evaluate the dynamic changes in the tumor cells.
Of the various PKPD models, a simple model such as the linear
or log-linear model is more practical to empirically generate a
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desirable dosage to achieve a targeted therapeutic effect. Since
the population pharmacokinetics is often already known for a
given compound, a simple model is likely to be suitable for rapid
simulation of dose concentration relationship of the active drug
or active herbal component.
In individualized dosing, individual pharmacokinetics of the
active drug can be first determined, then an individualized effective
dose generated to achieve a targeted plasma concentration, similar
to individualized dosing of aminoglycosides that has been
established in the past, by using appropriate pharmacokinetic
models [57–59]. However, the application of pharmacokinetics to
individualization of herbal extracts (with multiple components)
is difficult if not impossible. The identification of a major
active component can be helpful to partially describe the doseconcentration-effect relationship. The conventional approaches to
determine the effective and safe dose of the herbal extract including
maximum tolerated dose of the herbal product in animals, existing
human use experience, and dose ranging studies in human subjects
can all offer useful consideration in deciding a suitable dose
for the herbal product. In addition, information on the biomarker
effect in relation to herbal product dosage will be especially useful.

29.4

Special Features of Herbal Medicine for
Personalized Cancer Chemotherapy—
Implications for Future Therapeutic
Advancement

Precision medicine is often linked to the concept of targeting one
mechanism with one specific compound. While this approach can
be effective in certain single gene inherited diseases, there is no
single target involvement in many other diseases, especially with
resistant cancer. Consequently, in the latter situation, targeting
more than one mechanism would be more “precise”, since the
single target approach has not been effective for long term efficacy.
This is where the role of herbal medicines can be of benefit. The
herbs contain multiple active components which are likely to
target multiple mechanisms [60]. Recently at least two unique
cytotoxic effects have been observed from certain herbs at low
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concentrations. These are the chemosensitizing effect (CE) and
collateral sensitivity (CS). They may offer special utility in resistant
cancer and are described below.

29.4.1

Chemosensitizing Effect (CE)

Based on observations in in vitro resistant cell lines and patient
derived resistant cancer cells as well as animal studies, certain
herbal extracts such as Tripterygium wilfordii, Coptis rhizome,
and Rhei Rhizoma, or their active single chemical components are
capable of inducing a potent CE [3]. CE is the ability of a low
concentration of herbal extract or its active component (e.g., using
a half or one-quarter of IC50 concentration) capable of reversing
anticancer drug resistance when combined with a particular
anticancer drug which the cancer cell has already developed
resistance. Some resistant cancer cells (such as PC3-TxR, a prostate
cancer cells resistant to docetaxel) are known to be capable of
over-expressing P-glycoprotein (P-gp), an efflux pump capable of
pumping the active drug from intracellular site to extracellular site
and thus decrease drug intracellular concentration. A well-known
mechanism of CE from the herb Tripterygium wilfordii is believed
to be the suppression of P-gp transporter in addition to several
other mechanisms.

29.4.2

Collateral Sensitivity (CS) of Herbs

CS is the ability of the herbal extract or compound to selectively
inhibit the growth or kill the resistant cells more than the nonresistant parent cells. The mechanism is believed to be related
to inhibition of anti-oxidant effect [61, 62]. Certain flavonoids,
verapamil, tiopronin and related compounds as well as extracts
of Tripterygium wilfordii have been reported to significantly exert
such effect in different resistant prostate cancer cell lines, as well
as conditional reprogrammed cells from patients with breast,
prostate and renal cell carcinoma [61, 62]. In our preliminary test
of collateral sensitivity of herbal products, the extracts of several
commercially available Tripterygium wilfordii tablets (obtained
from a Chinese medicine store in Shenzhen, China) were found
more toxic in the prostate cancer cells resistant to TRAIL (PC3-TR)
than its parent cell line (PC3) (see Fig. 29.1 for one such product).
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Figure 29.1 Cell viability (measured from triplicate samples) of a prostate
cancer cell line (PC3) and its TRAIL resistant cell line (PC3-TR) treated
with the extract of Tripterygium wilfordii (TW) tablet. (A) The cytotoxicity
of TW tablets on PC3-TR was much more potent than PC3 (IC50 of 2.3 vs.
12.6 μg/mL for PC3-TR and PC3 respectively); (B) PC3-TR showed resistance
to TRAIL (IC50 of 512 vs. 18 ng/mL for PC3-TR and PC3, respectively.
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In addition, a Tripterygium wilfordii extract also showed significant
collateral sensitivity in prostate cancer cells resistant to docetaxel
(PC3-TxR) than its parent cell line (PC3) (see Fig. 29.2). This could
be an exciting area of herbal research. The combined CE and
CS effects by herbal medicines could be an exciting potential to
retard the development of chemoresistance, as based on clinical
experience in antimicrobial chemotherapy and treatment of HIV
infections [63, 64]. Such activities may pave the way for further
investigations to achieve enhanced benefit of herbal medicine
in resistant cancer, which is a major problem at present.

29.5

Perspective and Future Direction of Herbal
Medicine—Is There a Role for Personalized
Medicine in Cancer Chemotherapy

While precision or personalized medicine involves the use of
unique characteristics of a patient’s disease status (based on certain
biomarkers or genomic/proteomic/metabolomic changes), this
basic principle appears to share the same concept as the herbal
medicine practice or traditional Chinese medicine (TCM) practice
in China. In TCM practice, it has been well recognized that the
practice is to provide an individualized therapeutic prescription
based on an individual patient’s health condition. A typical TCM
prescription for a given patient usually consists of a handful of
ingredients mixed in a given ratio. Some of these ingredients are
referred to as efficacy-enhancing ingredients which are empirically
determined.
In this new era of precision medicine, genomic/proteomic/
metabolomic markers may help to understand the mechanisms
of enhancing effects of various ingredients of TCM prescriptions,
e.g., by using profile (finger printing) of the herbs at “-omics” levels.
For example, tanshinone IIA has been shown to target P53 and
AKT [65]. Aloe-emodin has been shown to inhibit H460 (non-small
lung cancer cell line) by increasing the level of HSP70, 150-kD
oxygen-regulated protein and protein disulfide isomerase using
proteomics [66]. Ginsenoside Rg3 has been shown to target the
apoptosis associated proteins such as Rho GDP dissociation
inhibitor, tropomyosin 1 and annexin V and glutathione s-transferase
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Figure 29.2 Cell viability (measured from triplicate samples) of a prostate
cancer cell line (PC3) and its Dtx resistant cell line (PC3-TxR) treated with
the extract of Tripterygium wilfordii (TW) extract. (A) The cytotoxicity of
TW tablets on PC3-TxR was much more potent than PC3 (IC50 of 1.9 vs. 6.3
µg/mL for PC3-TxR and PC3 respectively); (B) PC3-TxR showed resistance
to TRAIL (IC50 of 28.2 vs. 3.4 ng/mL for PC3-TxR and PC3, respectively).

947

948

Precision or Personalized Medicine for Cancer Chemotherapy

pi-1 [67]. Kampo-derived natural products have been shown to
target a panel of genes related to transcriptional processes and
nucleic acid interactions [68]). The biomarkers from these “-omics”
technologies can help TCM to build a stronger evidence-based
practice for personalized medicine and may eventually not only
improve cancer chemotherapy but also global health [69].
At present, herbal medicine has already been shown to prevent
tumorigenesis, attenuating toxicity and enhancing efficacy as well
as reducing tumor recurrence and metastasis [60]. These empiric
results are encouraging and may be related to CE and CS effects
from the herbs. However further research is needed to demonstrate
the benefit from these 2 cytotoxic effects in resistant cancer cells.
The fact that 49% of all existing anticancer drugs are either natural
products (primarily herbal products) or their derivatives [70], the
potential of applying these new cytotoxic actions from the herbal
products to overcome resistance is highly attractive and may
offer new hope to improve the low success rate (5%) for oncology
drug development in the past [71]. While developing herbal
product to achieve approval by FDA for resistant cancer with
biomarker identification is likely a long process, its application
using the personalized medicine approach can be tested as N = 1
trials to investigate the benefit of certain specific herbal product
in resistant cancer. This can be initiated by empirically culturing
resistant cancer cells from individual patient and determining
sensitivity of herbal product followed by individualized dosing
of the active herb (by utilizing the pharmacokinetics of its major
active components). As many of these herbs have already been
exposed to human subjects, such an approach should be feasible
(after proper patient informed consent) and may offer a more
timely therapeutic benefit to many individual patients who are
suffering from chemotherapy resistant to conventional drugs.
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There is much discussion today about “precision medicine” and
“personalized medicine.” Although these terms were not in common
use a century ago, physicians in 1919 might well have described
their practice using these terms. Physicians generally knew their
patients well as people. Physicians and patients often shared the
same local community, schools, stores, house of worship, current
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events, and gossip. Although medicine may not have been wellgrounded in science, medical care was personally tailored to the
individual.
Although physicians a century ago may have practiced a
type of personalized medicine, it would be difficult to say that
personalized medicine is the norm today, however defined. The last
several decades in medicine have been marked by the generation
of masses of data from randomized controlled trials (RCTs) that
have led to the development of a new field of evidence-based
medicine (EBM). EBM has, in turn, led to the generation of clinical
practice guidelines for many, if not most, common conditions, not
only based on RCTs, but on meta-analyses of those trials. In fact,
in many countries, incentives are provided to physicians whose
practice is consistent with these guidelines, with penalties to
those whose practice is not. When medicine is informed strictly
by clinical practice guidelines, the patient is not treated as an
individual, but rather a member of a group. Individual variation is
certainly not the driver of medical practice; instead, care is based
on groups of individuals with similar characteristics who have a
similar health condition at a similar stage of progression. In
this paradigm, treatment recommendations are often guided by
predictions about prognosis and by assessments of risks and
benefits that are based on groups of patients felt to be similar to
the patient being treated. Indeed, the process of prognostication
is—like the creation of an actuarial life table—by definition, treating
each individual as if he or she is not unique. It is based on the
notion that predictions about an individual can be made based
on the prior experience of a group of people felt to have similar
characteristics in what is felt to be a similar situation.
As we consider the practice of medicine today and the ideal
practice of medicine in the future, we should begin by defining
the terms precision medicine and personalized medicine. This
commentary proposes an operational definition of these terms
and the use of a recently coined term—personomics [1]—to
help differentiate the two terms. Herein, precision medicine is
defined as the application of recent advances in medical science
to characterize individuals based on the unique biological
characteristics of the individual or of specimens obtained from
that individual. Precision medicine uses information derived
from genomics, proteomics, metabolomics, epigenomics,
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pharmacogenomics, and other “-omics” to derive more precisely
tailored diagnostics and therapeutics and thereby improve human
health [2]. For the data from precision medicine to be used
optimally to improve human health, systems biology will need
to collect and integrate data “…from the molecular level, through
cells, tissues and organisms, to the population level” [3]. Systems
biology will need to be applied to human disease in what has been
termed systems medicine, [4] using high throughput technologies
to produce and integrate enormous data sets that lead to an
improved understanding of human biology. It has been suggested
that as digital technology allows these data to be communicated
more readily to activated patients and consumers, the possibility
of a new healthcare system may be realized that is predictive,
preventive, personalized, and participatory (P4) [3].
Personalized medicine adds to that information derived from
knowing the patient’s unique psychosocial situation, taking into
consideration the individual’s personal preferences and health
beliefs, as well as the individual’s values and goals. As
much as genomics, proteomics, metabolomics, epigenomics,
pharmacogenomics, and other “-omics” are the tools of precision
medicine, personomics [1] can be used to describe the tools of
personalized medicine. Personomics recognizes that individuals
are not only distinguished by their biological variability, but also
by their personalities, health beliefs, social support networks,
financial resources, and other unique life circumstances that
have important effects on how and when a given health condition
will manifest in that individual and how it will respond to
treatment [1]. The concept of personomics emphasizes that these
components of individuality are as critical to patient care as any
of the more traditional “-omics” noted previously. Just as these
other “-omics” allow for an improved understanding of the
pathogenesis and treatment of disease in precision medicine,
personomics facilitates the delivery of personalized medicine
by enabling physicians to develop a better understanding and
appreciation of the patient’s environment and life circumstances.
Personalized medicine calls for a deeper understanding of each
individual’s health behaviors, since behavioral habits such as
cigarette smoking, unhealthy diet, and lack of exercise are
responsible for many important health conditions that result
in premature death [5]. Personalized medicine also means that
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physicians must understand each patient’s financial circumstances,
since what diagnostic tests and treatments are appropriate
for a patient is based not only on the individual’s genomics,
proteomics, and metabolomics, but also on what tests and
treatments that person can afford. Precision medicine may be
considered a necessary step in the evolution of medical care to
personalized medicine, with personomics as the missing link.
The evolution from precision medicine to personalized medicine
is the evolution from “health care” to “health caring.” As Chochinov
noted, “Where health care asks about a problem, health caring
asks, ‘What do I need to know about you as a person to give you
the best care possible?” [6].
To understand this evolution—over the last 25 years—of
medical care informed by clinical practice guidelines to a precision
medicine approach, and then to think about how personalized
medicine might be practiced, it may be useful to consider the
treatment of a 72-year-old woman with node-positive, estrogen
receptor (ER)-positive breast cancer diagnosed on a routine
mammogram. In 1992, this patient’s care would have been
informed by an important publication from the Early Breast Cancer
Trialists’ Collaborative Group on the systemic treatment of early
breast cancer by hormonal, cytotoxic, or immune therapy [7].
In that report of 133 RCTs involving 75,000 women, systemic
chemotherapy was shown to significantly reduce the risk of
recurrence among women with early stage breast cancer. However,
very little information was presented from women 70 years of age
and older, since most RCTs at the time excluded this age group.
The effect of systemic chemotherapy in this age group was
therefore statistically uncertain. Indeed, the report itself notes
that the reviewed trials “…provide virtually no information about
women aged over 70” [7]. A physician treating this 72-year-old
woman with node-positive, ER-positive breast cancer in 1992 might
well have recommended forgoing systemic chemotherapy based
on the paucity of data in this age group, even if the patient in
question were otherwise healthy.
The situation for this woman would be different today,
since precision medicine allows us to base her treatment
recommendations on the classification of her tumor into specific
molecular subtypes identified from the analysis of genomic
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alterations in tumor tissue [8]. Predicted survival of women with
breast cancer is no longer based solely on the results of RCTs
stratified by age and menopausal status, but also based on breast
cancer genomic variability and on the status of certain breast
cancer receptors, namely the ER, the progesterone receptor
(PR), and the human epidermal growth factor receptor 2 (HER2).
ER/PR/HER2 status is known to affect patient survival (with socalled triple negative patients having the worst survival) and
helps physicians select appropriate treatment regimens [9]. A
host of targeted therapeutic options would now be available to be
used based on the genomic profiling of this woman’s tumor [10].
The physician’s recommendation about systemic chemotherapy
would be informed by the 21-gene recurrence score assay that
may be used to stratify the risk of recurrence of this woman’s type
of early-stage, ER-positive breast cancer [11]. This is the essence
of precision medicine.
Precision medicine would also recognize if this woman’s
tumor was among the 15–20% of breast cancers that overexpress
HER2, a finding that is associated with aggressive tumor
behavior and reduced survival [12,13]. If this woman’s tumor
overexpressed HER2, today’s oncologist would be able to employ
a treatment such as trastuzumab, a humanized monoclonal
antibody that blocks HER2 activity [14], in addition to systemic
chemotherapy. It has been shown that women with HER2-positive
breast cancer who received trastuzumab have a 44% lower risk
of death compared even to women with HER2-negative breast
cancer [15]. In another study, the addition of trastuzumab to
chemotherapy in the treatment of women with HER2-positive
metastatic breast cancer decreased the risk of death at 1 year from
33% to 22% ( p = 0.008) and increased median survival from 20.3
to 25.1 months ( p = 0.01) [14]. Today’s oncologist would also be
able to treat this woman with lapatinib, a small molecule that
reversibly inhibits HER1 and HER2, and has been used in women
with HER2-positive advanced breast cancer that has progressed
after treatment with conventional chemotherapy and trastuzumab
[16]. A recent meta-analysis of randomized controlled trials
compared the effects of trastuzumab, lapatinib, alone and in
combination, in HER2-positive breast cancer. The meta-analysis
included 2350 patients, 837 who received lapatinib, 913 who
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received trastuzumab, and 555 who received the combination.
It showed that while trastuzumab is first-line therapy in
women with HER2-positive breast cancer, combination therapy
increases the pathological complete response rate compared
to trastuzumab alone [17].
Despite these advances, there are limitations to precision
medicine, even in the field of oncology. Tannock and Hickman
recently reviewed trials of cancer therapy guided by genetic
sequencing and noted that “the outcomes of these investigations
are discouraging” [18]. While it is possible that these limitations
will improve as the science of molecular targeted treatments
matures, these authors suggested that benefits will be less than
expected because of inherent limitations of targeted therapies and
because of intratumor heterogeneity. They noted that targeted
therapies only partially inhibit critical signaling pathways and that
related signaling pathways are also present in normal cells [18].
Given this, currently existing treatments often exhibit significant
dose-limiting side effects. Since cancer cells typically develop
resistance to agents that target a single signaling pathway,
combinations of targeted therapies that inhibit different pathways
are often needed. However, side effects often limit a patient’s
ability to tolerate effective doses of these combination targeted
treatments.
How would this woman be treated using a personalized
medicine approach? Using the tools of personomics, the physician
would get to know this patient as an individual. The physician
would certainly consider the patient’s age and general health
status, and the physician would most definitely inform treatment
decisions based on the molecular subtype of this woman’s tumor.
In addition, though, the physician would ask and learn about
this woman’s values and goals. The physician would ask and
learn about the support this woman would likely receive (or not)
from family and friends. This support would be needed
regardless of the type of treatment used, and it may be more likely
to be needed in the short term if cytotoxic chemotherapy is
recommended or if molecular targeted treatments are used that
may result in dose-limiting side effects. The physician would ask
and learn about this woman’s health beliefs, and in particular
whether she favors doing whatever possible to prolong life or
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whether quality of life is more important to her. The physician
would ask and learn who is most important in the patient’s life
and the extent to which she depends on these individuals to make
critical health care and life decisions. The physician would ask
about this woman’s financial circumstances and health insurance
coverage and consider her ability to afford the type of medications
that might be needed to treat this tumor type, since some of
these medications—in particular many of the newer targeted
therapies—may be very expensive and might not be covered by
some forms of health insurance. The physician who practices
personalized medicine would base a recommendation about
systemic chemotherapy and other targeted therapies on this
woman’s age, general health, recurrence score testing, and all
the information gleaned from putting personomics into practice.
In summary, the evolution from medical care based on clinical
practice guidelines to precision medicine to personalized
medicine is, in many ways, an evolution from lumpers to splitters.
Clinical practice guidelines lump patients together based on
certain shared characteristics. As Sacristan and Dilla note,
“…guidelines are based on the results of large RCTs and metaanalyses containing information that, in theory, is applicable
to ‘average patients’. However, doctors do not treat average
patients; thus, this ‘generalizable knowledge’ that may be useful
to standardize medical practice is not the most appropriate to
treat individual patients” [19]. Precision medicine, by contrast,
splits patients into groups defined by biological characteristics and
allows for the delivery of more individualized medical care.
In the case of cancer treatment, the biological characteristics are
based largely on analysis of tumor tissue. As NIH Director Francis
Collins noted, “If I had cancer diagnosed today, I would want
that cancer to be completely analyzed. I would want to know
‘what are the drivers in my tumor that are making it do those
bad things,’ and then I’d want to compare that to a menu of
targeted drugs…” [20]. Personalized medicine splits patients
further, recognizing that knowledge of the patient as a person—
personomics—is necessary to deliver truly individualized
care to every patient based on the unique circumstances of the
individual.
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31.1

Background Introduction

Political and ethical controversy surrounds the use of embryonic
stem (ES) cells, and significant biological and regulatory concerns
limit their clinical use (the latter concern also applies to induced
pluripotent stem cells (iPSC)). Aside from the moral and political
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controversies, ES cells are by their derivation allogeneic in nature
and subject to immune rejection if used in vivo. Although ES cells
may of themselves lack human leukocyte antigen (HLA) expression,
the mature tissues that arise from these cells do express HLA
antigens and are subject to immune surveillance. Furthermore,
ES cells are prone to give rise to teratoma formation when placed
in vivo, making their clinical use problematic if not impossible.
Although iPS cell generation avoids the allogenicity issue, the
teratoma formation problem is still present. Investigators have
tried to avoid this issue by deriving mature tissues from iPS cells
for clinical use. However, this process is time consuming (4–6
months) and expensive (estimated to be $50,000 or more to
derive a single cell line). It should be noted that having tissues
that escape immune surveillance is not desirable, as viral
infections could go unchecked leading to viremia and serious
consequences. Therefore, in most instances regenerative medicine,
tissue engineering, gene therapy and most forms of personalized
medicine are best served by using autologous sources of stem and
progenitor cells. However, the preferred sources must be easily
accessible, contain large numbers of stem cells, and economical
to utilize. It is our belief that there are only four such sources
available: cord blood (CB; generally, 30–120 cc can be collected)
and tissue (CT; generally, 4–10 inches are available), bone marrow
(BM; generally, 1000–1500 cc is available by surgical harvest) and
adipose tissue (AT; generally, 100–3000 cc available using either
local or general anesthesia). CB and CT contain hematopoietic
stem cells (HSC) (CB only) and mesenchymal stem cells (MSC) (CT
primarily) that are available only at the time of birth. BM contains
both HSC and MSC although not at high concentrations and these
cells may be subject to the detrimental effects of age and health
status. AT contains the highest concentration of MSC in the body
and is easily accessible (without surgery) in small or large
volumes. Of all cellular sources available for use, those containing
MSC may be the most useful for clinical applications.
MSCs offer a multitude of potential applications in regenerative
medicine, being able to proliferate and differentiate in vitro
into multiple lineages [1–3]. Low immunoreactivity and high
immunosuppressive properties make MSCs a suitable stem cell
source for therapy [4, 5]. It has been shown in numerous model

Practical Stem Cell Sources

systems that MSCs can be used to successfully treat cardiovascular
[6, 7], neurological [8] and musculoskeletal disorders [9] either by
differentiation into competent cardiomyocytes, neuron-like cells
and chondrocytes, respectively; or through a paracrine effect via
the secretion of growth, anti-apoptotic and anti-inflammatory
factors. In addition, various clinical trials are now underway to
assess the effects of these stem cells in patients (see: http://www.
clinicaltrials.gov). To date, bone marrow is the best characterized
source of MSCs and most clinical data has been based on bone
marrow studies. However, there are limitations to the use of
bone marrow-derived MSCs (BM-MSCs); e.g., a painful acquisition
process, use of extensive anesthesia during the harvest, and low
cell yield per cc of tissue. Further, BM-MSCs have been shown
to exhibit a decline in MSC numbers, proliferation, angiogenic
and wound healing properties, and differentiation, along with
enhanced apoptotic and senescent traits with advancing donor
age [7, 10, 11]. Recently, other MSC sources have gained clinical
interest for use in regenerative medicine; and adipose tissue (AT)
represents one of these sources. AT-MSCs possess morphological,
phenotypic and functional characteristics similar to BM-MSC [12],
are stable over long term culture, expand efficiently in vitro and
possess multi-lineage differentiation potential [3, 13]. Human
adipose tissue may represent a more practical autologous source
of MSCs for various tissue engineering strategies. However, the
effectiveness of these cells when obtained from any of these
sources, and utilized in elderly patients, must be considered
when contemplating cell-based therapies (see Section 31.5.5.1
below).

31.2

Practical Stem Cell Sources

Stem cells can be found throughout the body, being present in
many tissues and organs (e.g., heart, brain and muscle). In addition,
stem cells can be isolated from the heretofore waste products
of birth (CB and CT) as well as being created in the laboratory (i.e.,
ES and iPS cells). When considering the use of stem cells for
regenerative medicine and tissue engineering, one must consider
the practical aspects of the endeavor (Fig. 31.1). That is, initially
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and for some time to come, such therapy will not be reimbursed
by insurance and must be funded by either the investigator,
industry and/or the patients themselves. In addition, in order
to be considered for reimbursement any new stem cell based
therapy must be as efficacious as standard therapy and cannot be
any more expensive. Thus, when considering a source of stem
cells for use in these therapies one must identify a source of
autologous tissue (to avoid immune rejection issues) that can
be readily and inexpensively accessed, which contains large
numbers of stem cells (not requiring expansion before clinical use).
It is our belief that these constraints limit our choices of stem
cell sources to bone marrow, cord blood and tissue, or adipose
tissue. Bone marrow, albeit a source of MSC that has been used
extensively, is expensive to harvest (with some risk to the donor)
and does not contain large numbers of stem cells per cc of tissue.
Therefore, this review will focus on banking stem cells collected
from cord blood and tissue, or adipose tissue.

9
8
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Therapeutic Potential
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Cord Blood

Cord Tissue

Adipose Tissue

Bone Marrow

Figure 31.1 Schematic of factors impacting stem cell banking. The most
commonly available and practical sources of stem cells are compared
versus one another for age at acquisition, ease of harvest (accessibility)
and therapeutic potential. Donor age refers to total decades of life when
one could acquire the stem cell sample; accessibility refers to how
easy (10) or difficult (1) the stem cell sample is to collect; while
therapeutic potential is used to indicate potential number of uses with
(10) representing the greatest potential uses.

Practical Stem Cell Sources

The blood in the umbilical cord and placenta after the birth
of a child is comparable to bone marrow for use in hematopoietic
stem cell transplantation and offers a number of advantages.
In the past 20 years, more than 30,000 cord blood transplants
have been performed worldwide [14]. Stem cell transplantation
for hematological malignancies and genetic disorders however,
is an uncommon occurrence. Research performed by several
independent laboratories [15–20] has demonstrated that cord
blood also contains a mixture of pluripotent stem cells capable of
giving rise to cells derived from the endodermal, mesodermal, and
ectodermal lineages. In addition, mesenchymal stem cells (MSC),
although rare in cord blood, can be easily isolated from the cord
tissue (CT) and preserved for later use [3], prompting the
development of methods for the collection and cryopreservation
of cord tissue [3]. Thus, CB and CT are a readily available stem cell
source for use in tissue engineering and regenerative medicine
applications, which are hypothesized to be more frequent
events than the need for hematopoietic stem cell transplant.
It is estimated that almost 1 in 3 individuals in the United States,
or 128 million people, could benefit over their lifetime from
regenerative medicine, including therapies for cardiovascular,
neurological, and orthopedic diseases [21]. However, the absolute
numbers of these hematopoietic stem cells (HSC) are limited
and to date it has not been possible to successfully replicate HSC.
However, MSC can be easily expanded ex vivo and CT represents a
viable source of such cells. Absolute numbers of CT-MSC again are
limited (estimated at 250,000 to 10 million total cells) requiring
extended in vitro expansion prior to use, which invites additional
regulatory oversight, costs and possible culture-induced
senescence issues. Fortunately, recent work from our laboratory
has demonstrated that CT-MSC and AT-MSC are equivalent
in regenerative medicine potential [3]. Although CT-MSC
proliferate to a greater extent in vitro, the ability to easily acquire
100–1000× more MSC numbers with AT (at almost any time in
a patient’s life) makes adipose tissue the preferred source for
clinical banking of MSC. Additionally, detailed fluorescence
activated cell sorter (FACS) analyses showed no differences
in phenotypic expression of CD3, CD14, CD19, CD34, CD44,
CD45, CD73, CD90 and CD105 molecules between CT-MSCs and
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AT-MSCs. Cells from both sources efficiently differentiated into
adipose, bone, cartilage and neuronal structures as determined
with histochemistry, immunofluorescence and real-time reverse
transcriptase polymerase chain reaction. To date, the vast majority
of studies have concluded that both tissues are suitable sources
of stem cells for potential use in regenerative medicine.
Generally, mesenchymal stem cells (MSCs) are thought of as
being non-hematopoietic cells with multi-lineage potential that
hold great promise for regenerative medicine. In the past decade,
much research has been devoted to bone marrow-derived MSCs.
Many clinical and pre-clinical studies have shown that these
BM cells can be successfully used for the treatment of various
diseases and disorders [22, 23]. Studies have shown differentiation
into mesenchymal and non-mesenchymal cell types, including
adipocytes, osteoblasts, chondrocytes, muscles and neurons [24–26].
However, bone marrow-derived MSCs are not ideal because
of the painful isolation process, the low cell yield and the often
older adult age of the cell donor. Lower cell numbers and a reduced
proliferative and differentiation capability owing to in vitro and
in vivo aging [10, 27] make bone marrow a less ideal source
of MSCs. Use of alternative MSC sources is an important aspect
to consider for regenerative medicine applications.
Human adipose tissue may provide the best alternative
source of MSCs for tissue engineering and regeneration. Adipose
tissue is a convenient, abundant and readily available source
of stem cells; the harvest procedure is less invasive than bone
marrow aspiration and is associated with little discomfort for
the patient. Adipose tissue has 500-fold more stem cells than
bone marrow per gram of tissue [28, 29].
Thus, hundreds of millions of MSCs can be easily obtained
from a single individual because large adipose samples can
be obtained from multiple harvest sites. In addition, the cells
proliferate rapidly in vitro and demonstrate low levels of senescence
after months of in vitro culture [29, 30]. Cell-based therapies need
viable and ample numbers of cells for regenerative medicine.
For autologous therapies, the cells should be available soon
after injury, as would be the case for adipose tissue and previously
banked cord tissue.

Stem Cell Banking Approaches

31.3
31.3.1

Stem Cell Banking Approaches
Cord Blood

Most CB banks have adopted the use of small (i.e., pediatric)
blood bags (approximately 250 cc in size); although collections
can also be made with 60 cc syringes. Bag collections are preferred
as collection of the blood (and subsequent processing) occurs
in a closed system (preferable for most regulatory stipulations).
However, bag collections must not be left unattended in order
to prevent unintended contamination or loss of blood flow from
occurring. Routinely, collections are completed within 5 min
(prior to placental expulsion after clamping and sectioning of the
cord) by accessing the umbilical vein. Alternatively, one can wait
for delivery of the placenta and collect the blood directly from
the expelled placenta.
The vast majority of the cellular constituent in the cord
blood collection is red blood cells (RBC), followed by neutrophils
(making up 70%–80% of the leukocyte population). In reality
only the mononuclear (MNC) fraction (20% of the leukocyte
population), which contains the stem cell population, is needed
for banking. The stem cells make up approximately 1% of the
MNC fraction. CB has a very high hematocrit and RBC can make
up more than half of the collection by volume. Thus, to facilitate
the banking procedure, the vast majority of CB collections are
RBC-depleted or reduced prior to cryopreservation. Several
methods are in use to accomplish this goal including Hespan
sedimentation to obtain a modified buffy coat [31], density
gradient centrifugation (Ficoll method) to obtain enriched MNCs
[32], and two automated processes (Sepax® from Biosafe SA,
Eysins, Switzerland and the AutoXpress Platform® (AXP) from
Thermogenesis, Rancho Cordova, CA; [33, 34]) that result in a buffy
coat product. The Hespan, Sepax, and AXP processing methods
result in cord blood products containing all nucleated cell
populations found in the original collection (MNC, neutrophils,
some normal as well as nucleated RBC), while the Ficoll method
enriches for the stem cell-containing MNC subpopulation
(generally greater than 85% of the final cell composition are
MNC with a few neutrophils and nucleated RBC). Total cell counts
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obtained in the final Ficoll product are generally 50% or less
of the cell counts found in the other processes for this reason,
although absolute stem cell recovery is similar. The AXP and other
automated methods allow for greater sample throughput with
fixed personnel numbers (increasing the economy of operations)
than manual methods. The AXP device is also an FDA-cleared and
functionally closed system (which is recommended under the
current regulatory guidelines [35]). In addition, there are a few
CB banks that perform plasma reduction as a means of volume
reduction prior to banking. It is thought that there may be
important components in the non-leukocyte fraction that would
be important for clinical use. In addition, the RBC may always be
removed later after thawing [36].
An average cord blood collection is generally 70–80 mL of
blood from a typical full-term (40 weeks), live birth, containing
an average of slightly more (or less) than (850–1100) × 106 total
nucleated cells (personal experience). The majority of CB banks
currently store CB units in multiple aliquots. Generally, this task
is accomplished by the use of a freezing bag divided into multiple
compartments. Multiple aliquots allow for future use of the stem
cells in cell expansion, gene therapy, or for regenerative medicine
uses, which may only require a fraction of the frozen unit. Thus, it
would not be necessary to thaw the entire unit unless absolutely
needed, avoiding the damaging effects of repeated episodes of
freezing/thawing. Multiple aliquots also allow for potency testing
and confirmation of identify of the unit. Commercially available
freezing bags now routinely provide for at least two unit aliquots
comprising a 20% and an 80% fraction of the processed unit
in separate compartments. Alternatively, one may store small
numbers of cells (and plasma if desired) in small 2.5 cc cryovials.

31.3.2

Cord Tissue

An additional source of stem cells that can be simultaneously
obtained at birth is the cord tissue (CT) itself, which is a ready
source of MSCs. CT can be collected and banked as a future source
of stem cells for regenerative medicine and tissue engineering.
In addition to MSCs, CT also contains endothelial and epithelial
precursor cells that may be useful for these applications [37, 38].

Stem Cell Banking Approaches

Theoretically, MSCs could be isolated either from cord blood or
from cord tissue [37, 38]. However, multiple investigators have
reported significant difficulty in isolating sufficient numbers of
MSC directly from cord blood (as well as from peripheral venous
blood) for clinical use. An example of the difficulty in reproducibly
isolating large numbers of MSCs from cord blood was reported
recently by Zhang et al. [39]. Their work revealed the specific
optimal parameters needed to be met in order to obtain significant
numbers of blood-derived MSCs; including CB collections larger
than 90 cc and processing of such samples within 2 h of birth.
Even when these restrictions were met the absolute numbers of
MSCs isolated from CB were too low for immediate use (in the
hundreds to thousands of cells), although the MSCs could be
rapidly expanded in vitro to 1 × 109 MSC in several weeks to
several months. Thus, in reality, CT is really the only clinically
feasible source of MSCs at the time of birth [40–43].
CT is derived from the human umbilical cord that develops
during gestation to support the development of the fetus.
The average length of the cord itself is between 30 and 50 cm
depending on a variety of factors including maternal age, heath
and ethnicity [44]. Stem cells have been identified in various
anatomical locations throughout the cord tissue including the
amniotic compartment, the Wharton’s jelly and the perivascular
space surrounding the blood vessels [45]. Numerous papers have
described various methods to isolate the stem cells contained
within the CT, few of which are relatively facile; including “scraping
out” the Wharton’s jelly from cut up cord pieces, isolation and
digestion of the Wharton’s jelly directly, culture of cord tissue
explants, culture of amnion explants, digestion of isolated blood
vessels from CT, and isolation/culture of venous epithelial stem
cell tissues [46–62]. Regardless of the isolation methodology
used, one generally finds that the predominant stem cell population
obtained is the MSC [45]. However, there are also present
endothelial, epithelial and hematopoietic stem cells depending
on which isolation protocol is utilized. The total number of MSC
that can be obtained varies widely in the literature and may be
dependent again on the method used; ranging from as low as
25,000 MSC/cm of CT to as high as 5 × 106 MSC/cm of CT [45, 47,
49, 62–64]. If it is assumed that the average length of CT that could
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be readily obtained at birth was 30 cm [64] then the number
of freshly isolated MSC would range from 750,000 to 150 × 106
cells assuming every cell isolated was actually an MSC [65]. Thus,
the limited number of MSC that can be obtained immediately
upon isolation without need for in vitro culture expansion is a
major disadvantage for clinical use of CT-MSC.
Regardless of whether it is actually possible to reproducibly
obtain the numbers of MSC claimed at the high end of the CT
range noted above, generally insufficient numbers of MSC would
be obtained from a typical segment of CT to allow for immediate
use in clinical applications (e.g., tissue engineering or regenerative
medicine) without prior expansion in vitro. Clinical grade MSC
expansion would require a minimum of Good Tissue Practice (GTP),
if not Good Manufacturing Practice (GMP)-qualified facilities, an
investigational approval from the FDA (in terms of an Investigational
New Drug (IND) protocol or Biologic License Agreement (BLA))
and additional resources (time and monies) in order to be
accomplished successfully. If one could reproducibly obtain
150 × 106 MSC from a 30 cm CT one would have sufficient MSC
for some but not many applications (as many applications
require (10–30) × 106 cells/kg body weight based on our 20 year
experience as well as common cell thresholds used for most
cord blood transplants). Although the desired regenerative medicine
end-use will ultimately determine what cell dose is needed,
many applications generally will require some period of in vitro
MSC expansion. Thus, currently there is no ready-to-use, out of
the box, clinical trial-ready CT-MSC methodology available (in
contrast to other adult sources of MSC).
Different methods may be used for successful isolation of
MSCs from cord tissue including enzymatic [56, 66] and nonenzymatic digestion [58, 59, 67]. However, there have been
some conflicting reports regarding the type of MSC and the
“multi-lineage differentiation potential” of CT-MSCs [59, 66, 68–
70]. Regardless, CT must and can be collected at the time of birth
and banked frozen for extended periods of time prior to expected
use. To date no study has examined the effects of cryopreservation
on the utility of CT-MSCs isolated from thawed cord tissue for
use in regenerative medicine and tissue engineering. Cord tissue
(CT) is generally obtained from full term deliveries. All samples
should be obtained with written consent from the donors. Most
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collections are 5–10 inch tissue pieces cut from the umbilical cord
with sterilized scissors and processed within 24 h. Specifically,
the CT is cleaned and sterilized with alcohol and betadine.
It is then cut with sterile scissors and a 4–8 inch segment is
placed into a sterile container with transport buffer. The transport
buffer contains isotonic saline with 10 U/mL heparin, 1% human
serum albumin (HAS), Penicillin-Streptomycin, Gentamycin, and
Amphotericin. The sample may be held and transported at room
temperatures for up to 48 h. Upon receipt the CT sample is placed
in isotonic saline followed by a 70% ethanol wash, and a final
sterile saline wash. The CT is then cut into small 5 mm ringlets
or minced into small pieces using a sterile scalpel. The CT pieces
are then placed in isotonic saline containing 0.1 mol/L sucrose,
20% autologous plasma and 1.5 mol/L dimethyl sulfoxide (DMSO)
for 30 min at 4°C on a rocking platform. Samples are frozen
in 4.5 cc cryovials (~1.0–1.5 grams total/cryovial) using a controlled
rate freezer to −180°C. Samples are stored in liquid nitrogen
dewars.
When required, CT can be thawed at room temperature for
30 s, followed by a complete thaw in a 37°C water bath (approx.
2 min). Either the tissue strips may then be washed extensively
at 4°C to remove DMSO, or a step-down procedure may be used
to remove the cryoprotectant. This latter procedure involves
the washing of the tissue by agitation for 5 min in each of the
following buffers at 4°C:
• 1.5 mol/L DMSO in PBS with 20% autologous plasma
0.1 mol/L sucrose,
• mol/L DMSO in PBS with 20% autologous plasma
0.1 mol/L sucrose,
• 0.5 mol/L DMSO in PBS with 20% autologous plasma
0.1 mol/L sucrose, and
• mol/L DMSO in PBS with 20% autologous plasma
0.1 mol/L sucrose.

and

and

and

and

Finally, a last wash in PBS containing 20% autologous
plasma is used, followed by re-suspension in PBS/20% plasma for
analysis, culture or clinical use. MSCs from cord tissue can then
be isolated using a non-enzymatic digestion procedure as
described [68–70]. Briefly, pieces of cord tissue are extensively
washed with PBS containing penicillin and streptomycin in a

977

978

Stem Cell Banking for Regenerative and Personalized Medicine

100 mm Petri-plate. The tissue is minced into fine pieces that
are placed into a 25 cm2 culture flask. After 4–6 days the pieces
are removed and cultured in a new flask. In 10–14 days cell colonies
can be observed. The cells from both flasks are then harvested
using trypsin-EDTA and pooled. A total of 25,000 cells are then
cultured in each subsequent 25 cm2 culture flask in alpha-MEM
expansion medium.

31.3.3

Adipose Tissue

All adipose samples should be obtained with written consent
from the donors and according to any other requirements of the
local Institution Review Board (IRB). Adipose tissue samples
are generally obtained from scheduled liposuction procedures,
or by syringe harvest performed under local anesthesia.
The lipoaspirates should be processed and cryopreserved within
24–36 h of collection. For cryopreservation, the tissue is washed
extensively with isotonic saline, and the washed tissue slurry
is directly placed in a cryo-container (generally a cryobag) and
an equal volume of pre-cooled DMSO solution (70% Lactated
Ringer’s buffer, 20% serum or HSA, 20% DMSO) is added slowly
over several minutes at 4°C. The cryo-container is generally mixed
at 4°C for 20–30 min to allow for cryoprotectant equilibration.
Cryopreservation is performed using a controlled rate freezer
to −180°C before final submersion in liquid nitrogen for long
term storage [71]. In our experience we have not seen significant
differences in AT-MSC harvest by tumescent liposuction,
VASER liposuction, power-assisted liposuction or various forms
of laser liposuction (although we have not analyzed all possible
permutations that are commercially available). In addition,
we have not observed any deleterious effects of anesthetic choice
on the clinical utility of the harvested AT-MSC (i.e., Lidocaine and
Marcaine were equivalent).
When needed, frozen tissues should be thawed rapidly in a
37°C water bath. Immediately after thawing the cryopreservation
solution must be diluted with expansion medium (alpha-minimal
essential media [α-MEM]) supplemented with FBS, HSA or other
source of protein to avoid deleterious effects of the cryoprotectant
at elevated temperatures [72]. Adipose tissue may then be utilized
as is or further digested as described above. Adipose derived

Common Stem Cell Uses

MSCs (AT-MSC) may be isolated by enzymatic digestion as
described [12, 13] if desired. The tissue slurry can be digested
with 0.2% type IV collagenase by incubation at 37°C for 15 min.
MSC may be expanded by culture in medium consisting of a-MEM
media supplemented with 10% FBS (or HSA) and 1% each of
non-essential amino acids, sodium pyruvate, L-glutamine and
streptomycin/penicillin solution. Expansion medium is also added
to the digested tissue to neutralize collagenase. The infranatant
is centrifuged at 150 g for 10 min to obtain cells of the stromal
vascular fraction (SVF). AT-MSC are then plated in 25 cm2
culture flasks and maintained in a humidified atmosphere at
37°C with 5% CO2. After two days of culture, non-adherent cells
are removed by changing the medium to leave a homogenous
MSC population. Medium is changed twice weekly thereafter.

31.4

Common Stem Cell Uses

Cord blood stem cells have been used in the clinic to treat
malignant and genetic blood disorders for more than 20 years
now. Over the past decade CB has made its way into multiple
clinical trials for use in regenerative medicine applications
(http://www.clinicaltrials.gov and see below). It is only recently
that CT stem cells have made their way into the clinic; and it is
only now that clinical comparisons to bone marrow MSCs can
be made. A recent report from Xue et al. examined the use of
CT-MSCs in patients with non-healing bone fractures [71].
This study reported significant clinical benefit from intravenously
infused MSC. CT-MSCs are also showing positive results in
treating GVHD following hematopoietic stem cell transplantation.
Two pediatric patients with severe steroid-resistant GVHD were
infused with CT-MSCs. The GVHD improved dramatically in both
patients following infusion of CT-MSCs, although one patient
received multiple infusions of MSCs until the course of treatment
was complete [73]. CT-MSCs have also been evaluated for
potential therapeutic benefits in autoimmune diseases. Liang
et al. reported that CT-MSCs stabilized the disease course of a
patient with progressive multiple sclerosis that was not responsive
to conventional treatment [74]. A subsequent study from the
same group reported dramatic improvements in a patient with
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systemic lupus erythematosus following intravenous infusion
of CT-MSCs [75]. Importantly none of the case reports indicated
adverse effects associated with infusion of CT MSCs. Based
on promising in vitro and in vivo results for a wide range of
conditions, MSCs, primarily from bone marrow, are currently
being investigated in more than 350 planned, ongoing, or recentlycompleted clinical trials for conditions including ischemic
injury (heart attack, stroke, critical limb ischemia), autoimmune
diseases (type I diabetes, multiple sclerosis [MS], systemic lupus
erythematosus [SLE]), inflammatory conditions (congestiveobstructive pulmonary disease [COPD], Crohn’s disease), orthopedic
applications (bone fractures, cartilage injuries, osteoarthritis,
osteogenesis imperfecta), and transplantation (both stem cells
and organs). Specifically, AT-MSC are currently being used in more
than 100 ongoing clinical trials for many of the same disease
settings.
As might be expected, when it is possible to harvest and
bank MSCs from various tissues at different times throughout the
lifespan of the donor, the question will always be raised as to
why should someone use younger as opposed to older MSC?
This topic will be discussed in more detail below. However,
numerous studies have indicated that MSC isolated from older
donors, as well as from patients with longstanding (chronic)
disease conditions are neither as prevalent [76–78] nor as
potent [10, 79–82] as those isolated from younger and healthier
donors. MSCs collected from older donors and/or donors with
chronic diseases (e.g., coronary disease, COPD, etc.) seem to be less
able to differentiate into the different cell types needed for tissue
engineering [10, 76, 79–82], less able to proliferate and expand
to achieve cell concentrations that would allow for multiple
treatments [10, 79–82], and are more prone to die off during
culture and use [80]. Thus, younger stem cells are likely to be more
useful for regenerative medicine applications than older MSCs.
Finally, there is anecdotal evidence that increased MSC donor
age and disease status negatively impacts clinical utility and
successful clinical outcomes. Data on the success rates of
treatment of patients with myocardial infarction and chronic
heart disease is mixed but seems to be negatively correlated
with patient age and chronic disease [83].
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31.4.1

Hematologic Settings: CB and CT

Cord blood is unique in that it contains hematologic stem cells and
thus may be used to reconstitute the blood and immune system
after chemotherapy, radiation and stem cell transplant. Although
bone marrow is similar in this regard, neither cord tissue nor
adipose tissue has this capability. Cord blood may be used to
treat more than 80 malignant and non-malignant hematologic
conditions requiring transplant. In addition, CB may also be used
for regenerative medicine and tissue engineering applications, as
can cord tissue and adipose tissue MSC [14, 21]. In the transplant
setting CT-MSCs have shown positive results in the treatment
of GVHD following hematopoietic stem cell transplantation.
Wu et al. [73] found that CT-MSC had superior proliferative
potential and increased immunosuppressive effects as compared
to bone marrow MSC. Two pediatric patients with severe steroidresistant GVHD were infused with ex vivo expanded CT MSCs.
The GVHD improved dramatically in both patients following
infusion of CT-MSCs, although one patient needed to receive
multiple infusions of MSCs over the course of treatment [73].
CT-MSCs have also been evaluated for potential therapeutic
benefits in autoimmune diseases. Liang et al. [74] reported that
CT-MSCs stabilized the disease course of a patient with progressive
multiple sclerosis that was not responsive to conventional
treatment [74]. A subsequent study from the same group
reported dramatic improvements in a patient with systemic lupus
erythematosus following intravenous infusion of CT-MSCs [75].
Importantly none of the case reports indicated adverse effects
associated with infusion of CT-MSCs.
When contemplating which applications will most likely be
first to the clinic as well as ones applicable for most people, we
believe that there are three primary stem cell indications: orthopedic
(e.g., cartilage repair in the articular joints), cardiovascular (e.g.,
heart attack), and neurological (e.g., stroke). Most individuals are
likely to experience one or more of these categories of problems
during their lifetimes and thus be candidates for regenerative
medicine therapy. In the following discussion we will focus
first on applications in which CB and CT have been used, with a
separate section for AT afterwards.
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31.4.2

Neurological Settings

31.4.2.1 CB
Cerebrovascular diseases are the third leading cause of death
in the United States, not including the multitudes of individuals
who survive only to suffer debilitating lifelong issues. Cerebral
ischemia (CI) is by far the most prevalent cause of stroke (87%,
http://www.americanheart.org [83]). Approximately 700,000
people in the United States are affected by stroke annually; and
1 in 16 Americans who suffer a stroke will die from it [84].
The brain is extremely sensitive to hypoxia and some degree
of tissue death is likely from stroke. At a relatively young age the
brain loses most of its plasticity, so any significant tissue death
can be profoundly devastating. Interestingly, in young children
the brain is very plastic and very large portions of the brain can
be removed (such as removal of tumors or hemispherectomy
for severe seizures) with relatively little long term neurological
damage. These facts suggest that younger neural cells might
have a greater capacity to regenerate the injured brain.
Nowhere has the potential significance of CB stem cell therapy
for the treatment of neurological disease been greater than in
this area of stroke therapy. As early as 2001, it was demonstrated
that the infusion of CB stem cells into rats in the commonly used
MCAO (middle carotid artery occlusion) model of stroke could
reverse many of the physical and behavioral deficits associated
with this disease [85]. Studies demonstrated that direct injection
of the stem cells into the brain was not required [86], and in fact,
beneficial effects could be observed even if the stem cells did not
actually home into the target organ (probably via the release
of growth and repair factors triggered by the anoxia) [87, 88].
The beneficial effects seemed to be dose-dependent and could
reduce the size of the infarcted tissue [89]. It appeared that
multiple progenitor populations in CB were capable of mediating
these effects [90]. Significantly, unlike current pharmacological
interventions that require treatment within the first few hours
after stroke, CB stem cell therapies were effective up to 48 h after
the thrombotic event [91]. In fact, administration of CB stem
cells immediately after the ischemic event may be detrimental in
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that the inflammatory milieu may be toxic to the administered
stem cells.
The majority of reported studies [90–97] have shown that
CB administration in stroke models resulted in some degree of
therapeutic benefit with no adverse effects. Neuroprotective
effects [90–92, 95, 96, 98] as well as functional/behavioral
improvements [91, 96, 97] from CB therapies have been widely
reported. Neurological improvement was accompanied by
decreased inflammatory cytokines [89], by neuron rescue/reduced
ischemic volume [90–92], as well as by lowered parenchymal levels
of granulocytic/monocytic infiltration and astrocytic/microglial
activation [91]. Thus, the mechanisms behind the observed
beneficial effects afforded by CB therapies included reduced
inflammation [92], protection of nervous tissue from apoptosis
[90] and nerve fiber reorganization [90]. These observations
are particularly encouraging as it implies that CB therapy can
mediate both direct restorative effects to the brain as well as tropic
neuroprotection. Many of the published studies lend support to
this trophic role, in that several investigators reported [89,
90, 97] neural protection with little to no detection of CB cells
engrafted in the brain. The level of engraftment in the brain
appeared to be a function of the route of CB administration. When
CB was administered intravenously [89, 97–99], little or no CB
migration to the brain was found. However, when CB was given
intraperitoneally [99] there was evidence of neural restorative
effects. Early studies have also shown benefit in animal models of
hemorrhagic (as opposed to embolic) stroke [96]. For additional
information one is referred to the recent review on cell therapies
for stroke found in reference [100].
In addition to stroke, CB stem cells have been used in other
nervous system injury models, two of which have now instigated
clinical trials. Lu et al. [101] demonstrated that intravenous
administration of CB mononuclear cells could be used to treat
traumatic brain injury in a rat model. In this model the CB cells
were observed to enter the brain, selectively migrate to the
damaged region of the brain, express neural markers, and reduce
neurological damage. Similarly, CB stem cell transplant could also
alleviate symptoms of newborn cerebral palsy in a rat model,
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with improved neurological effects [93]. These observations have
now been turned into clinical therapies (see below). Early, albeit
anecdotal, reports have indicated beneficial effects from the CB
mononuclear cell infusions [102]. Several investigators have begun
planning clinical trials to treat children with hypoxic/ischemic
and traumatic brain injury utilizing autologous cord blood stem
cell infusions
The observation that CB stem cells can become different types
of nervous cells extends its utility to other areas of neurological
damage, including spinal cord injury. Spinal cord injured rats
infused with CB stem cells showed significant improvements
five days post-treatment compared to untreated animals. The CB
stem cells were observed at the site of injury but not at uninjured
regions of the spinal cord [85]. This finding is supported by
another study demonstrating that CB stem cells transplanted
into spinal cord injured animals differentiated into various neural
cells, improved axonal regeneration and motor function [103].
Significantly, in a recently reported clinical use of CB stem cells
to treat a patient with a spinal cord injury [104] it was stated
that transplantation of CB cells improved her sensory perception
and mobility in the hip and thigh regions. Both CT and MRI
studies revealed regeneration of the spinal cord at the injury site.
Since the CB stem cells were allogeneic in origin it will be significant
to determine if immune rejection or other immune-mediated
problems occur that might jeopardize the early improvement.
Neither additional patients nor additional studies in this area have
been reported. However, the use of CB stem cells for spinal cord
injury seems to be the next logical clinical trial. Large numbers
of children are unfortunate enough to suffer a spinal cord injury
at an early age (e.g., diving into a pool, car accidents, falls, etc.)
and it would be expected that a significant number would have
autologous cord blood banked and available for treatment.

31.4.2.2 CT and AT

CT-MSC can be differentiated into neuron-like cells in vitro [3]
which may indicate that there could be applications for
neurological conditions like stroke, Parkinson’s disease and
Alzheimer’s disease. Animal work in ischemic stroke has also shown
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promising results [105–108]. In addition, CT-MSCs have shown
promising results in intracerebral hemorrhage models [109] and
in the treatment of spinal cord injuries [110–113]. Finally, the
anti-apoptotic effects of MSC have provided beneficial effects in
animal models of Parkinson’s disease [47, 114].
AT-MSC can also be differentiated into neural tissue [3] which
has led to its introduction into several human clinical trials.
Due to a longer history of clinical work with BM-MSC and its
similarity, AT-MSC are currently being investigated as a therapeutic
approach to spinal cord injury [111], stroke [109, 115, 116],
and Parkinson’s disease [47].

31.4.3

Cardiovascular Settings

31.4.3.1 CB
Cardiovascular disease is the leading cause of morbidity and
mortality for both men and women in the United States.
Approximately one million people die of cardiovascular disease
annually despite medical intervention. Coronary artery disease
comprises approximately half of these deaths. As heart cells have
a limited capacity to regenerate after myocardial infarction (MI),
application of exogenous stem cells seems a logical alternative
for therapy. Recently, numerous pre-clinical and clinical studies
examined the use of adult hematopoietic stem cell sources (see
ref. [84] for details and additional references). To date, only nonembryonic stem cells have been examined in clinical trials due to
political, ethical and biological constraints. There have been no
clinical trials using CB stem cells for cardiovascular disease. The
lack of clinical trials has been due to the relative youth of the CB
banking industry. However, although no clinical trials utilizing CB
stem cells for heart failure have been conducted to date, a number
of pre-clinical animal studies have been performed [116–122].
Several common observations were noted in these studies
regardless of the protocols utilized including selective migration of
the CB stem cells to the injured cardiac tissue, increased capillary
density at the site of injury, decreased infarct size, improved heart
function and a general lack of myogenesis. These observations
are thought to be due to the production of angiogenic factors and
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induction of angiogenesis/vasculogenesis [6, 116, 123]. In fact,
work done by Gaballa et al. [84, 116] in myocardial infracted rats
showed that CD34+ CB stem cells induced blood vessel formation,
reduced infarct size and restored heart function. The effects
were thought to be due to the release of angiogenic and growth
factors (e.g., vascular endothelial growth factor [VEGF], epithelial
growth factor [EGF], and Angiopoietin-1, 2) induced by hypoxia
as shown by gene array analyses. This work demonstrated that
cord blood stem cells could be induced to become/differentiate
into endothelial-like cells. Interestingly, as a prelude to human
clinical trials for MI, it has been shown that it is possible to isolate
therapeutic cells from CB using a clinical grade apparatus making
the transition from bench to bedside a bit more facile. Finally,
work from numerous groups seems to indicate that more than
one population of pluripotent cells contained in CB is capable of
mediating this effect as shown by the ability of CD34+, CD133+,
and CD45− cells to induce cardiac repair after MI [116, 117, 121,
122, 124]. Even more important, the numbers and potency of
these cells found in CB seem sufficient for adult human applications
as shown by work performed in a porcine model [121].
Aside from its application to MI, CB stem cells via the exertion
of its angiogenic capability also appear to be useful for the
treatment of various ischemic diseases. Many investigators have
demonstrated that not only does CB contain cells displaying the
phenotypic characteristics of endothelial precursors that are
responsible for blood vessel formation, but that these cells are
capable of differentiating into endothelial cells and becoming blood
vessels [125–132]. These bioengineered blood vessels appeared
similar to native blood vessels in terms of their (three layered)
tissue organization as well as expression of matrix components
[125, 127, 128, 130]. Furthermore, when placed in animal
models CB stem cells were able to significantly reverse the
effects of ischemia in several model systems [126, 129, 132]. In
models of hind limb ischemia, transplantation of CB stem cells or
endothelial cells derived from CB stem cells appeared able to
reverse surgery-induced ischemia resulting in limb salvage
[133–136].
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31.4.3.2 AT
The use of MSC in cardiovascular disease therapy has a long
history via the use of BM-MSC [84], with mixed results. Due to
the phenotypic and functional similarity of BM-MSC and AT-MSC
[3], a number of clinical trials using AT-MSC in this arena have
been initiated (http://www.clinicaltrials.gov), including Myocardial
infarction, Congestive heart failure, Stroke, Critical limb ischemia/
peripheral artery disease, and Coronary ischemia. It is still too early
to determine how effective this approach will be, and for which
indication it will be most efficacious.

31.4.4

Orthopedic Applications

31.4.4.1 CB
The potential of CB stem cells to generate bone and cartilage
has been recently examined. It is estimated that more than one
million individuals in the USA annually suffer from articular joint
injuries involving cartilage, ligaments and/or tendons, as well as
difficult to heal bone fractures (see http://www.arthritis.org).
CB contains both ES-like and mesenchymal stem cells (MSC)
capable of differentiating into both bone and cartilage [137].
In fact, when CB stem cells were placed into animals with
fractured femurs there was significant bone healing. Work from
the laboratories of Szivek et al. [138] and Harris (unpublished
observations) have also examined the ability of cord blood
stem cells to become cartilage in comparison to tissues derived
from bone marrow MSC and adipose stem cells, with early
encouraging results.

31.4.4.2 CT

CT-MSC have made their way into the clinic to treat nonhematological conditions. The potential of CT stem cells to generate
bone and cartilage has been recently examined. It is estimated
that more than one million individuals in the USA annually
suffer from articular joint injuries involving cartilage, ligaments
and/or tendons, as well as difficult to heal bone fractures [139].
CT contains mesenchymal stem cells (MSC) capable of
differentiating into both bone and cartilage [140]. In fact, when CB
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stem cells were placed into animals with fractured femurs there
was significant bone healing. A recent report from Xue et al.
examined the use of CT MSCs in patients with non-healing bone
fractures [71]. This study reported significant clinical benefit
from intravenously infused MSC.

31.4.4.3 AT

AT-MSC have advanced the most in terms of clinical trials over
the past several years. Currently there are human clinical trials
using AT-MSC for cartilage replacement, osteonecrosis, osteogenesis
imperfect, periodontitis, non-healing bone fractures, to treat
benign bone neoplasms, and repair of degenerative spinal discs.
Although very promising results have been obtained it is still
too early to form definitive conclusions.

31.4.5

Factors Impacting Stem Cell Banking and Use

31.4.5.1 Stem Cell Origin and Age
Multiple factors may impact stem cell use in the clinic including
origin and age of the donor stem cells, donor disease status,
time from injury to treatment (the “treatment window”), and
regulatory guidelines and restrictions. The first factor to consider
is the stem cell source. That is, will stem cells be of autologous or
allogeneic origin? Stem cells of autologous origin are much easier
to implement from a regulatory standpoint (see below) and lessen
the concern of disease transmission. In addition, autologous stem
cells remove the concern of immune rejection which may be
particularly important in instances where multiple stem cell
injections are required [141–144]. However, a number of clinical
trials have been attempted using allogeneic stem cells. Even in
those trials that have been successful one can only treat patients
a limited number of times before they become immunized and
rejection occurs. The cost of this “off-the-shelf” approach to
regenerative medicine is expensive, and generally limited to academic
centers where frozen (i.e., banked) allogeneic stem cells can be
stored until ready for use. Finally, in instances where the injected
stem cells differentiate into long-lasting tissues (e.g., neurons)
the use of autologous stem cells is a must. Otherwise, rejection
of the newly acquired tissue will eventually occur.
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The average human life expectancy has significantly increased
due to advances in medical research and improvements in general
life style. Unfortunately, however, human aging is associated with
many clinical disorders and an inability of the body to maintain
tissue turnover and homeostasis. As a result, the number of elderly
medical patients have also significantly increased, making them
a major target population that could potentially benefit from
cell based therapies. As autologous cell sources are preferred
for economical and logistical reasons, the effect of donor age on
regenerative potential should be determined before clinical use.
In recent years, many studies have demonstrated the clinical
potential of mesenchymal stem cells (MSCs), both in vivo and
in vitro [7, 145]. However, using MSC collected from the elderly
who are most likely to benefit from this technology raises some
concerns.
However, before widespread clinical use it is important to
determine the potential effect of donor age on the expansion
and differentiation capabilities of these cells. There is a logical
assumption that organismal aging is linked to diminished organ
repair due to reduced functional capacity of tissue resident
stem cells. It is believed that such cells residing in the elderly
are subjected to age-related changes and thus contribute less to
tissue rejuvenation. Similarly, age-related diseases such as
diabetes and heart failure also negatively impact the function of
endogenous progenitor cells [146]. As stem cells are the basis
of tissue regeneration therapies, a diminished functionality of
these cells in the elderly may result in reduced efficacy of
autologous cell therapies. With an increase in the aging population,
cellular therapies are becoming more relevant for aged patients
who are the main target population for such therapies.
Analyses have indicated that the overall yield of total nucleated
and stem cells were significantly and negatively affected by
donor age. Similar observations have been reported in literature
by assessing the yield of bone marrow-derived MSCs and
circulating endothelial progenitor cells [77, 147]. These results
indicated that age-related changes in MSC number should be
taken into account whenever these cells are considered for clinical
applications in the elderly. Although AT-MSCs from all age groups
had the ability to form colonies (an indication of cell function),
AT-MSC from younger donors produced more colonies containing
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larger numbers of cells. Other investigators have reported that
the number of cells forming colonies decreased significantly
with increasing donor age and is in accordance with the results of
our current study [148].
However, recent studies have raised questions about the
usefulness of AT-MSCs collected from aged donors [148, 149].
Khan et al. [150] found age-related differences in osteogenic
potential of AT-MSCs. These inconsistent results may be due to the
different age ranges and the health status of the donors that were
studied. Overall, the majority of reports found results similar to
our current study; describing an overall decline in osteogenic
potential with donor age (regardless of species). Murphy et al. [81]
has also reported an age-related decline in chondrogenic potential
of MSC similar to the results of our study. In combination, these
findings and our osteogenic results indicate that donor age may
negatively impact the use of AT-MSC for orthopedic applications
which are not uncommon as one grows older.
Numerous studies have indicated that MSC isolated from older
donors, as well as from patients with long-standing (chronic)
disease conditions are neither as prevalent [76–79] nor as potent
[10, 79–82] as those isolated from younger and healthier donors.
MSCs collected from older donors and/or donors with chronic
diseases (e.g., coronary disease, COPD, etc.) seem to be less able
to differentiate into the different cell types needed for tissue
engineering [10, 76, 79, 82], less able to proliferate and expand
to achieve cell concentrations that would allow for multiple
treatments [10, 79–82], and are more prone to die during
culture and use [80]. Thus, younger MSC are likely to be more
useful for regenerative medicine applications than older MSCs.
This hypothesis remains to be proven, however. Finally, there is
anecdotal evidence that increased MSC donor age and disease
status negatively impact clinical utility and successful clinical
outcomes. Data on the success rates of treatment of patients with
myocardial infarction and chronic heart disease is mixed but
seems to be negatively correlated with patient age and chronic
disease [85]. Ultimately, disease status of the MSC donor may
prove to be more important than absolute age of the MSC donor.
Finally, there is also some preliminary evidence that age of
the stem cell recipient may also impact clinical efficacy [151]. That
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is, older recipients may require earlier intervention or additional
therapies to achieve the same level of clinical success observed
with younger recipients, regardless of stem cell donor age.
Importantly, limited clinical benefit has been observed when
using older stem cells in older recipients, implying that access
to banked, younger stem cells may be critical to serving those
most in need of regenerative therapies, the elderly.

31.5

Optimal Treatment Windows

Another significant variable impacting clinical outcome is time
to therapy. It seems unrealistic to expect to treat almost any
condition at almost any time just because one is using stem cells.
In many instances, injury will be followed by inflammation and
later by fibrosis, scarring and cell death. Inflammation at the
beginning of the injury is toxic to cells and could kill the stem cells
if administered too early after injury. Once fibrosis and scarring
have been established the injured site is essentially “walled off”
from therapy as infused stem cells will no longer have access
to the damaged tissues. Thus, when is the optimal time to
implement stem cell therapy? Most likely it will depend upon
the type of injury and the age of the patient. Young patients will
be better recipients especially for neurological injuries (as the
pediatric brain is still growing until about age 7 years) as their
systems are more resilient and less likely to have been damaged
by long term inflammatory processes. In fact, the older the
patient the more restricted the options will likely be and the
more likely the patient will need to be treated sooner than later.
Based on published reports as well as our own experience we
would estimate that the window of opportunity for treatment
of most conditions will be days to months, and most likely will
require a waiting period of 48–72 h before infusion to avoid the
effects of inflammation. Treatment during the optimal window
of time takes advantage of endogenous repair mechanisms that
employ resident stem and progenitor cells, rather than needing
to construct new tissues ex vivo or depend on in vivo stem cell
differentiation. Thus, prior to tissue death or necrosis but after
inflammation has subsided, would seem to be the optimal
treatment window. This relatively long treatment window allows
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an individual that has previously banked young and healthy
stem cells to easily retrieve them for use in that time frame from
almost any place in the world (and to be sent to almost any place
in the world).

31.6

Regulatory Oversight

Despite constant complaints regarding federal regulatory oversight
of stem cell banking and clinical use, regulation is necessary
to insure standardization and protection from charlatans. Cord
blood banking began at the beginning of the stem cell regulatory
movement and has been overseen by scientific, state and federal
authorities. CB is unique in that the end-user of the stem cells
(transplant physicians) is already regulated by insurers, CMS and
state medical boards. Thus, regulation of the stem cell providers
(i.e., the banks) was easy and straightforward. Regenerative
medicine and tissue engineering however, are problematic in that
many physician specialties may be involved in therapy. In some
instances, these doctors will be at university and other academic
institutions where studies will be conducted under the auspices
of the local IRB (possibly along with filing a federal IND). However,
in many if not most instances the treatments will be conducted
at clinics and doctor offices where the basic rules of good tissue
practice (GTP) are neither followed nor understood (e.g., disease
transmission prevention, sample sterility, stem cell potency, and
donor/recipient identity). Many of these therapies will escape
federal detection until such time that patient advertising makes
them aware, until someone complains, or until a patient is
injured or dies. Thus, the FDA is faced with a dilemma. Patients
are clamoring for therapies, untrained doctors are often ready to
offer such treatments, and many stem cell providers are out for
a quick profit. The FDA should (in conjunction with the AATB)
regulate the collection, processing and banking of adipose tissue
(AT)-derived and cord tissue (CT)-derived stem cells much as
it does CB. In addition, a plan must be put in place to oversee the
rise of stem cell clinics to protect both patients and the stem
cell industry, as well as to capture any useful data that may
be derived from such “one-off” therapies. The regulatory plan
should not be too onerous or expensive and may consist of
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nothing more than registration and reporting requirements, with
occasional unannounced inspections.
One complicating factor in this area is the general misconception
held by many doctors concerning IRB approvals versus the need
for an IND application. Having served on my institutional IRB
and having been involved in IND trials, I can emphatically state
that although the IRB and IND complement one another they are
definitely not the same thing and one cannot substitute one for
the other. IRB approvals (whether institutional or private ones)
require descriptions of the proposed clinical study so determinations
can be made that patients are well informed, not taken advantage
of, and not unnecessarily exposed to risk (i.e., an ethical study
will be performed), and can be considered the local approval
for a protocol. An IND is a federal approval (based on the HCT/P
federal law that gives the FDA the right to regulate stem and
progenitor cells as well as tissues) for use of a drug or medical
device in a particular application that stipulates how a study will
be performed, what disease states can and cannot be treated, what
data must be collected and reported, how much one can charge
for the procedure, if placebos and blinding of therapy are required,
and ultimately will determine if standard of care can be issued
so that CMS and insurer reimbursement can occur. If the FDA
states that an IND is needed for a particular therapy or use of a
particular stem cell source, then IRB approval is no substitute.
Unfortunately, many doctors and their medical clinics confuse
one for the other and are jeopardizing the entire stem cell field
through their earnest but misguided efforts.
When the FDA was given oversight of the stem cell industry
they established regulations that determine whether or not an
IND application is required, based on patient risk. First, if a stem
cell sample is more than minimally manipulated then it needs an
IND approval (i.e., in order to qualify for “351 vs. 361” regulation
standards). Minimal manipulation was defined as processes
that did not alter the composition or structure of the tissue
containing the stem cells. Thus, with regard to CB, if one isolates
the CD34 cells it is considered a manipulated tissue. In terms of
adipose tissue-derived stem cells, if one enzymatically isolates
the stromal vascular fraction (SVF) it is considered a manipulated
tissue. Unfortunately, no definition is yet forthcoming concerning
CT although many banks are enzymatically digesting the
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tissue before banking, which would seem to fit the definition of a
manipulated tissue. Without a working definition for CT many
stem cell banks are at risk of potentially running afoul of FDA
regulations. Second, according to the FDA regulations the proposed
use of the tissue needs to be in an autologous setting or for
1st/2nd degree relatives in order to not require an IND. That is,
the sample needs to be used in a familial setting where disease
transmission is minimized. And finally, and perhaps most
confusing for many, the proposed use of the stem cells needs to
be homologous in nature. That is, the stem cells need to function
in the therapy as they would normally be expected to function
in the body. That is, CB stem cells could be used to perform stem
cell transplants for cancer without an IND (as these stem cells
normally make blood and immune cells), but not to treat brain
trauma or stroke. In terms of CT-MSC this definition would seem
to preclude ever using these stem cells without an IND as the
entire purpose of the stem cells is lost upon birth of the child.
For AT-MSC use of the cells in cosmetic and some reconstructive
applications would be permitted but use in treating a disease
such as multiple sclerosis (MS) would not. AT-MSC regulations
here are a bit confusing in that AT-MSC are widespread throughout
the body, opening up the definition of homologous function to
various interpretations.
This last issue is the most problematic as it could possibly
completely shut down the growing field of regenerative medicine.
If an IND is required for almost every use, regardless of whether
it is an autologous use with an un-manipulated sample, then
the field will either die quickly or progress so slowly as not to be
terribly useful due to the higher costs involved and the inability
to treat large numbers of patients quickly. It would seem more
reasonable that as long as patient health was protected, and risk
was minimized through meeting the other two requirements,
then adequate informed consent should protect the patient
from being misled. Perhaps submission of all informed consents
to the FDA would satisfy this aspect and allow the field to
progress. Obviously something needs to be done and done quickly.
I am personally aware of dozens of trials treating hundreds
(if not thousands) of patients that have escaped any scrutiny at
all, where I am convinced the physicians know little or nothing
concerning sterile technique, good manufacturing processes, etc.

Conclusions

It is very surprising that no one has been seriously injured or died
as of yet, but without some standardization and oversight, I expect
this to occur at any time.

31.7

Conclusions

The ability to bank autologous stem cells for later use has the
potential to be a significant linchpin in the development and
implementation of regenerative and personalized medicine
strategies. CB, CT-MSC and AT-MSC offer the most economical sources
of stem cells for almost everyone. Cord blood banking has been
available for more than 20 years, is well established and regulated,
and has been involved in more than 30,000 stem cell transplants
and thousands of regenerative therapies. Cord tissue banking has
become available over the past 5–7 years as an adjunct to cord
blood banking. Although it appears to be regulated through its
association with cord blood entities, in reality it is not. Regardless,
its applicability to the clinic seems to be more limited and may
eventually be replaced by other MSC sources. Recently, adipose
tissue banking has become available and offers one the opportunity
to store almost unlimited numbers of stem cells for future use
readily and inexpensively. AT-MSCs have been involved in clinical
trials for more than 10 years in more than 100 FDA-approved
clinical applications. This particular stem cell source may soon
replace BM-MSC as the preferred stem cell source for most
regenerative and personalized medicine applications.
Clinical trials using cord blood stem cells to treat malignant
and non-malignant blood disorders, cerebral palsy and peripheral
vascular disease among others have been ongoing for many
years now [85, 152]. It is only recently that efforts have focused on
the isolation, characterization and utilization of MSC found in CT.
In fact, CT stem cells are just now making their way into clinical
trials [73–75, 85, 141], albeit to a more limited extent than
AT-MSC and after extensive in vitro cell expansion. The requirement
for cell expansion highlights one of the major disadvantages
of CT-MSC; low cell yield upon isolation which requires extensive
(and expensive) ex vivo expansion before clinical use is possible.
AT-MSC however, is well-established and has been involved
in more than 100 clinical trials over the past 10 years. AT-MSCs
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are available from almost any patient and stem cell numbers in the
hundreds of millions of cells are easily harvested for immediate
clinical use. MSC (from whatever source) are probably the most
useful stem cells for regenerative medicine applications, but
CB can also be used for stem cell transplants to treat blood
(malignant and genetic) and immune disorders, which MSC in
general cannot. Regenerative medicine applications will most
probably be performed for orthopedic, cardiovascular and
neurological applications; meaning that MSC banking will be
more important over one’s lifetime than other types of stem cell
banking. However, stem cells in general need to be banked while
young and healthy as older stem cells and those harvested from
individuals with longstanding chronic and inflammatory diseases
appear to function poorly in these situations. Finally, a lack of
logical and clear regulatory oversight for the entire stem cell
banking (and use) field is putting patients and the entire field
of regenerative medicine at risk. Something needs to be done
quickly in order to allow this clinical endeavor to reach its fullest
potential and serve those with the greatest and most immediate
need.
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32.1

Introductory Overview

The air is thick with news of nanotechnology breakthroughs,
and 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. Pessimists, on the other hand, take a
cautionary position, preaching a go-slow approach and pointing
to gaps in scientific information on health risks, general failure
on the part of regulatory agencies to formulate clear guidelines,
and issuance of numerous patents of dubious scope. They
highlight that nano is burdened with inflated expectations and
hype. Whatever your stance, nano has already permeated
virtually every sector of the global economy, with potential
applications consistently inching their way into the marketplace.
Medical practice is entering a new era also focused on the
nanoscale, more specifically on the practice of “nanomedicine.”
In fact, in the next decade, many areas within nanomedicine
(nanoscale drug delivery systems, nanoimaging, theranostics, etc.)
are believed to be a healthcare game-changer by offering patients
access to precision medicine. The creation of nanodevices—
such as nanobots capable of performing real-time therapeutic
plus diagnostic functions in vivo—is the major long-term goal
Nanotechnology

is “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.” See: Bawa, R. (2007). Patents and nanomedicine.
Nanomedicine (London), 2(3), 351–374.
Nanopatent filings and patent grants have continued unabated since the
early 1980s. Universities and industry have jumped into the fray with a clear
indication of patenting as much nano as they can grab. Often in this rush to
patent anything and everything nano by “patent prospectors,” nanopatents
of dubious scope and validity are issued by patent offices around the world,
thereby generating potential “patent thickets.” Since the early 1990s, in light of
inadequate search tools/commercial databases available to patent examiners at
the US Patent & Trademark Office (PTO) along with an explosion of “prior art” in
nanotech, patents of questionable validity and/or scope have dribbled out.
Nanomedicine may be defined as the monitoring, repair, construction, and
control of human biological systems at the molecular level, using engineered
nanodevices and nanostructures. Nanomedicine is, in a broad sense, the application
of nanoscale technologies to the practice of medicine, namely, for diagnosis,
prevention, and treatment of disease.
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of nanodrug delivery and the Holy Grail of medicine. Advances in
nanotherapeutics, miniaturization of analytical tools, improved
computational and memory capabilities, advances in genome
manipulation, advent of artificial intelligence, higher resolution
microscopic and imaging technologies, and developments in
remote communications will eventually cross new frontiers in
the understanding and practice of medicine.
Nanomedicine is gradually blossoming into a robust industry.
Clearly, rapid advances and product development are already
in full swing as it continues to influence the pharmaceutical,
device, and biotechnology industries [1–8]. The potential impact
of nanomedicine on society could be huge [1–8]. Nanomedicine
could drastically improve a patient’s quality of life, reduce
societal and economic costs associated with health care, offer
early detection of pathologic conditions, reduce the severity of
therapy, and result in improved clinical outcomes for the patient.
Numerous companies are actively involved in nanomedicine
research and development (R&D), with many nanomedicinerelated products (mostly nanodrugs or nanomedicines) already
on the market or under development. The global nanomedicine
market was reported to be worth $72.8 billion in 2011,
$138 billion in 2016 and is predicted to be worth $350 billion by
2025 [9]. Yet, despite all of this R&D in nanomedicine, federal
funding related to the research and educational programs on
ethical issues has clearly lagged behind. It is critical that ethical,
social, and regulatory aspects of nanomedicine be proactively
addressed to minimize public backlash similar to that seen with
other promising technologies, most notably, genetically modified
foods and stem cell research. The public should be properly
educated regarding the benefits and risks of nanomedicine.
Transparency is essential for greater acceptance and support,
and is critical for commercialization.
A

nanodrug is defined as “a formulation, often colloidal, containing (1) therapeutic
particles (nanoparticles) ranging in size from 1–1,000 nm; and (2) carrier(s) that
is/are themselves the therapeutic (i.e., a conventional therapeutic agent is absent),
or the therapeutic is directly coupled (functionalized, solubilized, entrapped, coated,
etc.) to the carrier(s).” See: Bawa, R. (2018). Current immune aspects of biologics
and nanodrugs: An overview. In: Bawa, R., Szebeni, J., Webster, T. J., Audette, G. F.,
eds. Immune Aspects of Biopharmaceuticals and Nanomedicines, Pan Stanford
Publishing, Singapore, chapter 1, pp. 1–82.

Introductory Overview

Given this backdrop, nanomedicine could be poised to add
a profound and complex set of ethical questions for health care
professionals. Once nano-based interventions are tested in clinical
trials and given US Food and Drug Administration (FDA) approval,
it becomes the domain of health care practitioners to use it for
the improvement of human health and populations. However,
for most physicians and patients, nanomedicine is still an entirely
new arena for preventive and diagnostic interventions and
curative therapies that will require continuing education, and
a heightened awareness of the risks and benefits. We will focus
primarily on issues that are likely to emerge once nanomedicine
moves out of the preclinical and clinical stages of research
and development. In other words, our discussions here will be
limited to nanomedicine products as they enter the market and
find medical applications in diagnosis, prevention, and treatment.
Nanomedicine raises fundamental questions, such as what is
it to be human, how human disease is defined, and how treating
disease is approached. Just as with the era of genetics and
molecular biology, physicians will have to reconceptualize how
they think about the diseases they treat, the means they have to
treat them, and the meaning of the phrase “do no harm.”
Yet, nanomedicine is not a medical specialty or a single class
of medical interventions that can easily be analyzed from an
ethical perspective. As discussed earlier, it includes a wide range
of technologies that can be applied to medical devices, materials,
procedures, and treatment modalities. The simplest way to
distinguish categories of nanomedical interventions is to differentiate
“diagnostic nanomedicine” from “therapeutic nanomedicine.”
Diagnostic nanomedicine can include a wide range of interventions,
from monitoring changes in blood chemistry, alterations in DNA,
or tissue aberrations. It has been postulated that in the near
future, clinicians and health care workers at the bedside or in
the clinic will be capable of scanning a patient’s entire genome in a
few minutes and draw remarkably accurate conclusions pertaining
to disease potential and corresponding therapies. Therapeutic
nanomedicine includes a wide range of interventions—from
nanopharmacology to nanobased medical devices, such as nanobots
Certain

therapeutics submitted to the FDA for regulatory approval are combination
products, which consist of two or more regulated components (drug, biologic or
device) that are physically, chemically or otherwise combined/mixed to produce a
single entity. In such cases, the FDA determines the “primary mode of action (PMOA)”
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or nanodrugs to nanomaterials used for bone grafts or other body
implants.
Just as different ethical issues exist for preventive medicine
versus curative or therapeutic medicine, there exist very different
kinds of ethical issues that arise out of diagnostic nanomedicine
versus therapeutic nanomedicine. Interventions based on
nanotechnologies likely will resurrect old questions about human
enhancement, human dignity, and justice that have been asked
many times before in the context of pharmaceutic research, stem
cell research, artificial life, and gene therapy.
Much of what was discussed or “hyped” in the past two
decades as the future of nanomedicine, however, has yet to occur.
Therefore, it is difficult for ethicists to predict in advance of the
arrival of actual technologies what kinds of issues might arise
out of nanomedicine. Yet, on the basis of other kinds of biomedical
technologies that have affected health care, it is possible to
conjecture what some of the perennial ethical issues and novel
ethical problems will be. Therefore, this chapter outlines a
range of potential ethical issues for preventive and therapeutic
nanomedicine that may occur as these nanotechnologies move
from the laboratory to the clinic. Specific focus is on the ethical
question of enhancement versus therapy, the risk for and benefits
of the product, which is defined as “the single mode of action of a combination
product that provides the most important therapeutic action.” This process is
frequently imprecise because it is not always possible to elucidate a combination
product’s PMOA. In future, novel “multifunctional/multicomponent” nanobots
will be engineered that incorporate both a drug and diagnostic (so called
“theranostic”). As these combination products seek regulatory approval, they are
sure to present additional challenges for the FDA because the agency’s current
PMOA regulatory paradigm may prove ineffective.
Nanomedicine’s potential benefits are often overstated or inferred to be very
close to application when clear bottlenecks to commercial translation exist.
Academia, startups and companies are all guilty as they continue to offer inflated
promises or exaggerate potential downstream applications based on early-stage
preclinical discoveries. Such “spin” or “fake medical news” does great disservice
to all stakeholders; it not only pollutes the medical literature but quashes public
support for nanomedicine translational activities. This issue is quite serious and
often emanates from eminent academic labs perched at distinguished universities
or from established industry players. Another common phenomenon observed
by us is that many have desperately tagged or thrown around the “nano” prefix
to suit their own motives, whether it is for research funding, patent approval,
raising venture capital, or running for office.

Understanding Human Disease

of nanotechnologies in health care, changing understanding of
human disease, and privacy and confidentiality.

32.2

Understanding Human Disease

Diagnostic nanotechnologies eventually will be able to detect
and characterize individual cells, subtle molecular changes in
DNA, and even minor changes in blood chemistry—scenarios
that will likely cause pause and reconsideration of what it means
to be a “healthy person” versus a “person who has a disease.”
In a “nanoworld,” we might have to reconsider how to diagnose
someone who has, say, cancer. Is the presence of a genetic mutation
known to have a predisposition for causing cancer in a single cell
a diagnosis? Or is it simply a risk factor? How many cells from
the body must be of a cancerous nature for it to be defined as
cancer? 1? 50? 1000? The answers to these questions are difficult
because no one currently knows exactly how to define, diagnose,
or detect disease with this level of sensitivity. Eventually, disease
may be able to be detected in this way, but it is important to
remember that the development of such diagnostic technologies
will require reconceptualizing understanding of disease. Obviously,
this will have a significant impact on health care professionals
and patients.
The key is that if the slightest abnormality can be discovered,
one must ask whether such information will have clinical relevance
from a diagnostic, therapeutic, or prognostic point of view. If such
knowledge does have clinical relevance, then it seems reasonable
to develop technologies, assays, or mechanisms that could detect
diseases at their earliest stages with the hope that this early
detection would result in fewer side effects, less aggressive
treatments, superior patient compliance, and better survival rates.
There may be some cases, however, where more information
is simply too much information [10]. Such heightened awareness
simply could result in anxious patients and worried family
members. One must, therefore, think carefully about which
diseases and conditions it would be appropriate to apply such
nanotechnologies to so that those interventions are helpful, rather
than creating a burden, unnecessary concern, or risk for patients
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and others. Therefore, the balance of information processed and
disseminated versus benefit to society and individual health
is a significant consideration for the ethics of nanotech-based
diagnostic technologies [10].

32.3

Enhancement versus Therapy

A related distinction for judging the morality of a medical procedure
or treatment is whether or not it is regarded as therapeutic or
enhancing—a subjective determination that is coupled with the
determination of whether or not such action results in a normal
or abnormal individual. A little analysis, however, reveals these
distinctions to be unavailing because both enhancement and
therapy are based on the relative concept of “normal” [11]. Most
novel medical technologies that are employed for diagnosis,
prevention, or treatment of diseases can also be used to enhance
the function of the human body or mind. The traditional distinction
between therapy and enhancement lies in the fact that therapy is
concerned with maintaining, repairing, or restoring bodily parts
or functions that a patient previously had or used. Enhancement,
however, is concerned with the creation or improvement of
bodily parts or functions that were absent, undamaged, or
previously malfunctioning. Using this subjective distinction, the
implantation of a nanoscale device that emulates the function of
a congenitally absent organ paradoxically would be enhancing
rather than therapeutic.
As to this question, a frank prohibition pragmatically is
unworkable. There are simply too many potential benefits that
nanoscale medical devices offer and policing their use will only be
effective when society has reliable methods to detect violations.
Rather, the practice of nanomedicine must be governed by a
nanomedical ethic that maps the classical principles onto a
transhuman and posthuman reality. Of these, the principle of
“justice” in access to nanomedical procedures and entitlement
to nanomedical treatment likely will be the most contentious. In
this context, issues relating to unfair competition, socioeconomic
inequality, discrimination, and bias will arise and need to be
addressed. At the level of civilization, a morality must be crafted

Privacy and Confidentiality

that honors an unprecedented expansion in the meaning of
human being and militates against any eugenics agenda.

32.4

Risk versus Benefit

Another important concern for nanomedicine is the need to
balance the potentially significant benefits of nanomedical
interventions with their potential risks. In the area of therapeutic
nanomedicine, for example, it is clear that nanotechnologies will
continue to allow chemical compounds, therapeutics, or drugs to
be more bioavailable, less toxic, and targeted to specific tissues
and even sub-cellular structures. Therefore, these compounds will
be needed at lower doses and have fewer side effects in the
patient. One likely risk of nanomedicine, however, is that these
drugs will receive FDA approval and be on the market long
before the long-term risks are conclusive. Nanomedicines
have the potential to cross the blood–brain barrier or enter
cells easily; therefore, it is a concern that the retention of these
molecules in the body may cause long-term or unintentional harm
to healthy tissues. Because long-term follow-up data exist for only
a handful of nanomedicines, it is important that patients be
informed that these drugs may present long-term consequences.
Although this is not altogether different from the long-term risks
associated with exposure to chemotherapeutic or radiologic
agents, it is an important risk factor that must be disclosed to
patients taking nanomedicines or any kind of intervention involving
nanoparticles or nanomaterials. A similar argument could be
extended to nano-nutraceuticals or nano-cosmetics, categories
whose definitions may overlap with nanomedicines. In fact, both
nano-nutraceuticals or nano-cosmetics may present greater
risk in some cases given that neither are subjected to any FDA
premarket regulatory approval prior to commercialization.

32.5

Privacy and Confidentiality

Another important ethical issue relates to the protection and
maintenance of health information in the era of nanomedicine.
Nanotechnologies will make possible the collection of an enormous
amount of individual cellular/subcellular level surveillance data
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of the human body. Nanomedical technology is expected to
miniaturize implantable devices so that they function at the
subcellular or synaptic level with the ability to monitor or
collect data regarding cellular activities and biochemical events
within organs, tissues, or individual cells. One application of
this technology would be to include a means by which that
information could be transmitted remotely.
If and when such technologies are made possible via
nanotechnology, a key ethical question arises: Can the health
information infrastructure handle, collect, process, and analyze
real-time ongoing electronic health data in a secure manner?
With healthcare institutions slow to adopt electronic medical
record systems and accommodate increasingly large medical
files across institutions and time periods, it is of concern that
massive amounts of health information is being generated
without efficient systems in place to effectively utilize it or
that adequate security measures are in place. Clearly, ensuring
privacy and confidentiality in such systems would be of utmost
importance. Systems without adequate safeguards present
serious ethical problems.

32.6 Future Perspectives

Given that nanomedicine is an emerging and evolving arena,
it is difficult to precisely predict how ethical issues related to
nanomedicine will evolve in the next decade. Nevertheless, ethical
considerations will continue to play a significant role in the
development and use of nanotechnologic interventions in medicine
and healthcare. Initially, some of the important ethical concerns
have focused on risk assessment and environmental management.
However, in the future, novel ethical issues and unforeseen
dilemmas are likely to arise as the field advances further and
intercepts other areas of biomedical research, including artificial
intelligence, genomics, precision medicine, bioinformatics, and
brain science. As with other biomedical and life science advances
before it, nanomedicine will face significant challenges as it
moves from the lab to the clinic. Along the way, ethical questions
regarding social justice, privacy, confidentiality, long-term risks

Disclosure and Conflicts of Interest

and benefits, and human enhancement are certain to arise.
Health care providers must be ready to answer such ethical
questions for themselves and be able to address those questions
for their patients. Ultimately, it seems likely that nanomedicine
will usher in a new area in health care where pharmaceuticals
will be more effective, specific, targeted, and less toxic, where
disease monitoring will be done on a highly sensitive and specific
level, where injections, surgical procedures and a host of other
interventions will be made less painful, less toxic, and with fewer
side effects than their current versions. It is important to ensure,
however, that these advances in medical care do not come at the
expense of fairness, safety, transparency, or basic understanding
of what it means to be a healthy human being. Ultimately, public
and political interest for regulations needs to be carefully balanced
with the interests of scientists and businesses for uninhibited
science and technological progress. Hype or excitement about
nanomedicine should not obscure its important ethical and societal
implications. Nanomedicine’s future appears brightest if it can be
ensured that it also will be a future where such ethical issues are
timely, accurately, and transparently addressed via involvement
and cooperation of all stakeholders. This will also ensure that the
public’s desire for novel nanomedical products, investment from
venture communities, and big pharma’s interest in nanomedicine
are not quenched.

Disclosure and Conflicts of Interest

The views in this chapter are those of the authors and do
not necessarily those of the organizations they are affiliated
with. There is no conflict of interest reported by the authors.
This work was supported by Bawa Biotech LLC, Ashburn, VA,
USA. Dr. Bawa is a scientific advisor to Teva Pharmaceutical
Industries, Ltd., Israel. No writing assistance was utilized in the
production of this chapter and no payment was received for its
preparation. This chapter is based on the authors’ publication
titled “The ethical dimensions of nanomedicine” that was
published in 2007 in The Medical Clinics of North America 91(5),
881–887. It appears here with kind permission of Elsevier,
Netherlands.

1023

1024

Overview of Ethical Issues in Nanomedicine

Corresponding Author
Dr. Raj Bawa
Bawa Biotech LLC
21005 Starflower Way
Ashburn, VA 20147, USA
Email: bawa@bawabiotech.com

References

	1. Bawa, R., Audette, G. F. Rubinstein, I., eds. (2016). Handbook of
Clinical Nanomedicine: Nanoparticles, Imaging, Therapy, and Clinical
Applications. Pan Stanford Publishing, Singapore.

	2. Bawa, R., ed.; Audette, G. F., Reese, B. E., asst. eds. (2016). Handbook
of Clinical Nanomedicine: Law, Business, Regulation, Safety and Risk.
Pan Stanford Publishing, Singapore.
3. Bawa, R., Szebeni, J., Webster, T., Audette, G. F. eds. (2018). Immune
Aspects of Biopharmaceuticals and Nanomedicines. Pan Stanford
Publishing, Singapore.
4. Mousa, S. A., Bawa, R., Audette, G. F., eds. (2020). The Road from
Nanomedicine to Precision Medicine. Pan Stanford Publishing,
Singapore.

5. Bawa, R. (2017). A practical guide to translating nanomedical
products. In: Cornier, J., et al., eds. Pharmaceutical Nanotechnology:
Innovation and Production, 1st ed., Wiley-VCH Verlag, chapter 28,
pp. 663–695.

6. Bawa, R. (2016). Small is beautiful. In: Bawa, R., Audette, G.,
Rubinstein, I., eds. Handbook of Clinical Nanomedicine: Nanoparticles,
Imaging, Therapy, and Clinical Applications, Pan Stanford
Publishing, Singapore, pp. xxxvii–xliv.
7. Bawa, R., Bawa, S. R., Mehra, R. (2016). The translational challenge
in medicine at the nanoscale. In: Bawa, R., ed.; Audette, G. F., Reese,
B. E., asst. eds. Handbook of Clinical Nanomedicine: Law, Business,
Regulation, Safety and Risk, Pan Stanford Publishing, Singapore,
chapter 58, pp. 1291–1346.
8. Tinkle, S., McNeil, S. E., Mühlebach, S., Bawa, R., Borchard, G.,
Barenholz, Y., Tamarkin, L., Desai, N. (2014). Nanomedicines:
Addressing the scientific and regulatory gap. Ann. N. Y. Acad. Sci.,
1313, 35–56.

References

9. Nanomedicine market size worth $350.8 billion by 2025. Grand
View Research, Inc. Available at: https://www.grandviewresearch.
com/press-release/global-nanomedicine-market (accessed on August
20, 2019).

10. Bawa, R., Johnson, S. (2008). Emerging issues in nanomedicine and
ethics. In: Allhoff, F., Lin, P. eds., Nanotechnology & Society: Current
and Emerging Ethical Issues, Springer, Dordrecht, pp. 207–223.

	11. Best, R., Khushf, G. (2006). The social conditions for nanomedicine:
Disruption, systems, and lock-in. J. Law Med. Ethics, 34(4), 733–740.

1025

Chapter 33

Amphiphilic Nanocarrier
Systems for Curcumin Delivery in
Neurodegenerative Disorders
Miora Rakotoarisoa, MS, and Angelina Angelova, PhD
Institut Galien Paris-Sud CNRS UMR 8612,
LabEx LERMIT, Université Paris-Sud, Université Paris-Saclay, France

Keywords: curcumin, amphiphilic nanoparticles, self-assembled
nanoparticles, solid lipid nanoparticles, liposomes, liquid crystalline
carriers, nanomedicine, drug delivery, neurodegenerative diseases,
Alzheimer’s disease, Parkinson’s disease, Huntington disease, amyotrophic
lateral sclerosis, oxidative stress, neuroprotection, blood–brain barrier,
SHSY-5Y cells

33.1

Introduction

Neurodegenerative diseases (Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington disease (HD), and amyotrophic lateral
sclerosis (ALS)) are disabling chronic disorders characterized by
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the progressive loss of neurons in different areas of the central
nervous system. Neuronal cell death leads to cognitive, behavioral,
sensory, and motor dysfunctions [1–13]. Currently, age-related
neuronal diseases have higher incidences because of increasing
life expectancies. Neurodegenerative disorders are caused by
multiple factors, such as the accumulation of misfolded proteins,
the depletion of endogenous antioxidant enzyme activity,
mitochondrial dysfunction, and the deficiency of neurotrophin
brain-derived neurotrophic factor (BDNF), neuro-inflammation,
as well as various genetic mutations [14–30].
In recent years, several studies have shown that curcumin
is a safe natural compound which may prevent the deleterious
effects of risk factors causing brain damage as well as slowing
down the progressive neuronal loss via different pathways [26–50].
However, clinical studies performed with AD patients with
various degrees of progression have reported poor results
on the AD symptoms following curcumin treatment [51–54].
This did not allow firm conclusions about the therapeutic or
neuroprotective potential of curcumin to be drawn. The obstacles
for curcumin utilization as a drug originate from its limited water
solubility, poor physicochemical stability, high-grade metabolism,
and low plasma concentrations [36, 53–55]. The development
of nanoparticulate delivery systems for curcumin has attracted
scientific interest in order to improve its bioavailability and
stability as a drug compound [56–65]. Curcumin administration
to neurodegenerative disease models by nanoparticles has been
realized using liposomes, solid lipid nanoparticles, and polymeric
particles. Delivery by other carriers such as amphiphilic proteins,
e.g., casein, is also possible, but has not been examined as a
means of transporting curcumin across the BBB towards neuroregeneration.
In this review, we briefly summarize the in vitro and the in vivo
evaluations of curcumin, which are linked to multiple risk factors
and the multi-target mechanisms of neurodegenerative diseases,
and discuss the reported clinical investigations of varying efficacy
in humans. Then, we highlight the variety of amphiphilic curcuminloaded nanocarriers including liposomes, liquid crystalline
nanoparticles (cubosomes, hexosomes, and spongosomes), solid

Risk Factors for Neurodegenerative Disorders

lipid nanoparticles, micelles, and polymeric nanoparticles as
potential nanomedicine formulations in regeneration therapies
of the major neurological disorders.

33.2

Risk Factors for Neurodegenerative
Disorders

Alzheimer’s disease (AD) is the most common cause of dementia.
It currently affects about 10% of the world’s population over
60–65 years of age, and about 50% over 85 years of age. More
than 30 million people may expect to be affected by AD during
the next 20 years due to the increasing lifespan of the world
population [1, 2]. Major pathological features of AD include the
accumulation of extracellular amyloid plaques and fibrils,
intracellular neurofibrillary tangles, and disruption of the
cholinergic transmission, including reduced acetylcholine levels
in the basal forebrain (Table 33.1). The most common symptom is
the short-term memory loss, i.e., difficulty in remembering recent
events [2–5]. Other symptoms include disorientation, mood,
language, and behavioral issues, and loss of motivation, depending
on the progression of the disease. The treatments of AD have
employed acetylcholinesterase inhibitors (tacrine, rivastigmine,
galantamine, and donepezil) to overcome the decrease of the
ACh levels as a result of the death of cholinergic neurons. The
NMDA receptor antagonist (memantine) acts by inhibiting the
overstimulation by glutamate, which can cause cell death. Atypical
antipsychotics have modest efficacy in reducing the aggression
and psychosis of AD patients. These medications provide little
benefit, and provoke various adverse effects [6, 7].
The second most common disorder, Parkinson’s disease (PD),
affects more than 1% of the population over 60 years of age and
5% over 85. PD is characterized by progressive impairments
in locomotive ability such as tremor, rigidity, and bradykinesia.
These symptoms are attributed to the loss of dopaminergic neurons
in the substantia nigra and the formation of Lewy bodies in the
brain [8, 9]. Treatments are symptomatic and aim at boosting the
depleted levels of dopamine (Table 33.1). The most used drug is
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levodopa. Dopamine agonists are used when the treatment by
levodopa becomes less efficient. The inhibitors of MAO-B and
COMT (safinamide, selegiline, rasagiline, and tolcapone) are used
to inhibit the activity of the enzymes which degrade dopamine.
These medications become less effective as the neurons are
continuously lost during disease progression. At the same time,
they produce complications marked by the involuntary movements
of the patients [8, 9].
Huntington disease (HD) is a rare disease which affects
about 1/10,000 people (usually between 30 to 50 years of age)
in the United States and 1/18,000 people in Europe. It is a polyglutamine (PolyQ) autosomal genetic disorder characterized by
impairments of cognitive, psychiatric, and motor functions [10].
The hallmark of the HD pathology is the abnormal accumulation
of misfolded mutated huntingtin protein (mHTT) as intracellular
aggregates. They cause selective neuronal loss, primarily in
the cortex and in the medium spiny neurons of striatum.
Symptoms develop from a general lack of coordination to apparent
uncoordinated, jerky body movements [11]. The physical abilities
of the patients gradually worsen until coordinated movement
becomes difficult. There is no effective cure available to HD
(Table 33.1). The only approved medication, tetrabenazine, and
other tested drugs (neuroleptics and antipsychotics) help to reduce
chorea and psychiatric symptoms.
Amyotrophic lateral sclerosis (ALS) is a severe debilitating
disease caused by motors neurons degeneration in the brain
and the spinal cord. It is generally characterized by progressive
paralysis starting at the limbs and ultimately leading to death
caused by respiratory failure within 3 to 5 years after the onset of
the symptoms. There is no cure for ALS (Table 33.1). The approved
medication, riluzole, may extend life by just a few months [12, 13].
The pathological characteristics, genetic factors, clinical
symptoms, and actual medications of these diseases are
summarized in Table 33.1. It should be emphasized that the
existing therapeutic approaches do not exert disease-modifying
effects on the neurodegeneration. The associated economic and
societal challenges lead to a growing public health burden.

Accumulation of mutant Huntingtin
protein in the brain

HD

ALS

Progressive degeneration of motor
neurons

α-Synucleinopathy, Presence of Lewy
bodies, Degeneration of dopaminergic
neurons in the substance nigra of the
brain, Dopamine deficiency

Senile plaques from extracellular
amyloid-Aβ accumulation, Intracellular
neurofibrillary tangles, Tau protein
aggregation, Irreversible neuronal loss,
Brain atrophy

AD

PD

Characteristics

Diseases

Hypokinesia,
Bradykinesia, Rigidity,
Postural instability,
Neuropsychiatric
disturbances

Sporadic form: 90% of patients;
Inherited form: 10% Mutations
of SOD1, TARDBP, FUS, UBQLN2,
OPTN, and C9ORF72 genes

Tetrabenazine,
Neuroleptics,
Antipsychotics

Levodopa, Dopamine
agonists,
MAO-B inhibitors,
COMT inhibitors,
Anticholinergics

Anticholinergics
(tacrine, rivastigmine,
galantamine and
donepezil), Memantine,
Antipsychotics, NSAIDs

Actual treatments

Spasms, Muscle atrophy, Riluzole
Squelettal muscle
paralysis, Cognitive or
behavioral dysfunction

Expansion of CAG trinucleotide in Chorea, Cognitive
Huntingtin gene (HTT)
and neuropsychiatric
disorders

Gene mutations: α-synuclein
SNCA, Parkin PRKN, PARK7,
PINK1, LRRK2, GBA, DJ-1, VPS35,
EIF4G1, DNAJC13 and CHCHD2

Symptoms

Inherited form (70% of patients): Progressive memory
mutations of APP, PSEN1 or
loss, Decision judgment
PSEN2;
loss, Autonomy loss
Sporadic form (30%): presence of
ApoE4 allele in the ApoE gene

Genetics factors

Table 33.1 Pathological characteristics, genetic factors and clinical symptoms of Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) [1–30]
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Although the etiology and the pathological mechanism of
the neurodegenerative diseases are not completely understood,
it has been established that the progressive loss of neurons
results from the combination of multiple factors (Fig. 33.1). First,
genetic factors are involved in the appearance of misfolded
amyloid-Aβ protein and other misfolded mutant forms like
hyperphosphorylated Tau (p-Tau) and Huntingtin proteins [3–5, 10,
14]. All these mutated proteins aggregate and form deposits. The
resulting aggregates can be toxic and can affect the intracellular
organelles such as mitochondria [14, 21, 25, 27]. The disruption of
the mitochondrial membrane causes neuronal cell death [25, 27].
Second, neurotrophic factors deficiency has been reported in
the severe neurodegenerative disorders 33]. Neurotrophins
regulate the neuronal survival, differentiation, growth, and
regeneration, as well as the synaptic plasticity. Studies have
shown that the levels of brain derived neurotrophic factor (BDNF)
and its tropomyosin kinase B (TrkB) receptor are decreased in
the hippocampus and the cerebral cortex at the beginning of the
Alzheimer’s disease [11]. In addition, the administration of BDNF
mimetics into transgenic mouse models of AD has enhanced
learning and memory capacities [31].
Third, oxidative stress is the most common feature of
neurodegenerative diseases [15–20]. Reactive Oxygen Species
(ROS) such as superoxide anions, hydroxyl radicals, and hydrogen
peroxide (H2O2) are produced by the mitochondrial transport
chain, the endoplasmic reticulum, the Krebs cycle, and the plasma
membrane involving the superoxide-generating NADPH oxidase
(NOX) macromolecular complex [17]. Oxidative stress occurs
under environmental factors and when the generation of ROS
exceeds the natural antioxidant defenses of the cell (promoted
by superoxide dismutase, catalase, glutathione peroxidase,
carotenoids, and vitamins E or C) [15–20]. ROS accumulation
attacks proteins, nucleic acids, and membrane lipids, and thus,
causes impairments of the neuronal cell functions and integrity
[18–20]. Mitochondrial lesions are also mediated by ROS. This
leads to the alteration of the neuronal cell bioenergetics, the
disruption of the calcium (Ca2+) homeostasis, or the activation of
the mitochondrial permeability transition pore (mPTP). Thus, a
vicious cycle is formed (Fig. 33.1), which amplifies the cellular
dysfunction and triggers neurodegeneration [17–26].

Ca2+
homeostasis
alƚĞƌĂƟon

ROS

Apoptosis

InfeĐƟon

NeurodegeneraƟŽŶ

PTP

Cyt C

Stress

ImmunodeĮĐŝĞŶcy

ROS

Trauma

Unbalanced
lifestyle

Tobacco

Figure 33.1 Neurodegeneration is triggered and boosted by a vicious circle involving neurotoxic protein accumulation, oxidative stress,
mitochondrial damage, DNA damage, and impairment of the calcium (Ca2+) homeostasis, neurotrophin deficiency, neuroinflammation,
genetic, and environmental factors.

mDNA
damage

Cyt C

PolluƟon

UV

Respiratory
chain

Aging

OxidaƟǀĞ stress

Mitochondrial dysĨƵŶĐƟon

Curcumin Potential for Neuroprotection against Neurodegenerative Diseases
1033

1034

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

Fourth, neuro-inflammation is a crucial factor that favors
neurodegenerative disease development. Several inflammatory
markers (such as chemokines, cytokines, or proteins in the acute
phase) are upregulated and cause inflammation. In fact, elevated
levels of the inflammatory markers have been found during the
progression of the neurodegenerative diseases [27, 28].

33.3

Curcumin Potential for Neuroprotection
against Neurodegenerative Diseases

Curcumin is a hydrophobic polyphenolic substance (Fig. 33.2)
produced in the root of the plant Curcuma Longa L. This
antioxidant compound is extensively marketed worldwide as a
nutraceutical in various preparations, because it has a very safe
nutraceutical profile with low side effects. Curcumin has been
reported to be well tolerated at doses up to 8 g per day over
short periods in humans [32]. Research on the pharmacological
activities of curcumin has attracted strong attention in relation
to its multiple actions of therapeutic interest, e.g., the antiinflammatory, antioxidant, antiviral, antibacterial, antifungal,
and antitumor activities [36]. These activities appear to be dosedependent [33].

33.3.1 In vitro and in vivo Studies of Curcumin
Properties in Neurodegenerative Disease Models

The neuroprotective potential of curcumin (Fig. 33.2) and its
antioxidant, anti-inflammatory, and amyloid Aβ binding properties
have been highlighted in in vitro and in vivo investigations of
different neurodegenerative disease models [33–42]. Curcumin
has been found to increase the levels of glutathione (GSH) and
malondialdehyde (MDA), as well as the antioxidant enzyme
[superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione reductase (GR), and catalase (CAT)] activities in the
rat brain, thus preventing the stress-induced oxidative damage of
brain [37, 39]. The anti-inflammatory properties of curcumin
have been characterized by the inhibition of the inflammatory
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Figure 33.2 Summary of the curcumin activities and suggested mechanisms of action, which can be exploited for treatment of
neurodegenerative diseases.
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chemokines, by increased levels of the anti-inflammatory cytokines,
and by enhanced expression levels of induced nitric oxide
synthase (iNOS) and the transcription factor NF-κB [39]. Curcumin
has been shown to prevent the fibrillation of α-synuclein at
the earliest stage of the aggregation process, as well as the
fibrillation of the globular protein hen egg-white lysozyme
(HEWL) [40]. Both proteins are known to form amyloid-like
fibrils. These results have suggested that curcumin might be a
potential therapeutic agent for preventing protein aggregation
in Alzheimer’s, and Parkinson’s diseases [40]. Recent in vitro and
in vivo investigations of curcumin’s activities in neurodegenerative
disease models [41–50] are summarized in Table 33.2.

33.3.2

Clinical Trials and Curcumin Limits

A serious obstacle to the pharmaceutical application of curcumin
has arisen from its limited water-solubility and low bioavailability.
In addition, this compound is chemically instable, which may
cause a loss of biological activities. The failure of free curcumin
in clinical trials is likely due to its limited bioavailability. For
instance, curcumin has been delivered in doses between 1 and
4 g/per day as capsules or as powder mixed with food in trials
for treatment of Alzheimer’s disease patients. The performed
6-month treatment study found no differences in the Aβ-amyloid
levels between the treatment groups or in the Mini Mental State
Examination (MMSE) scores [51]. Similarly, oral curcumin in a
24-week, randomized, double blind, and placebo-controlled study
for AD treatment has shown no detectable differences in the
measured biomarkers from the different treatment groups [52].
A clinical study with three single cases of patients receiving
curcumin (100 mg/day) reported that only one patient increased
his MMSE score from 12/30 to 17/30 after 12 weeks of treatment
(improved calculation, concentration, transcription of the
figure, and spontaneous writing). Two of the patients were on
donepezil treatment before starting the curcumin trial [53].
Based on all performed trials with AD patients, it was, however,
difficult to conclude if curcumin has positive effects on the
AD symptoms [54].

In vivo: male Sprague-Dawley
rats injured by 6-OHDA8 in the
left striatum

In vivo: Drosophila model of PD
with dUCH7 knockdown

PD

PD

In vitro: mouse hippocampal
clone neuronal cell line HT-22
cells treated with Aβ 1-42, In vivo:
mice with APP/PS1 transgenes

AD

In vivo: rat, oral supplementation

In vitro: human neuroblastoma
SH-SY5Y and IMR-32 cells

AD

AD

Model/administration route

Disease

Outcomes

Decrease of ROS levels, Improved
locomotive abilities, Reduction of
dopaminergic neurons
degeneration [44]

Activation of the Wnt/β-catenin signaling pathway,
Higher Wnt3a and β-catenin mRNA and protein
expressions, c-myc and cyclin D1 mRNA expression,
enhanced SOD9 and GPx3 contents, decreased
MDA10 content and elevated mitochondrial
membrane potential

(Continued)

Protective effect of CU against
oxidative stress-induced injury,
Enhanced viability, survival, and
adhesion, attenuated apoptosis of
deutocerebrum primary cells [45]

Improving memory and cognitive
abilities [43]

Effects on dUCH7 knockdown, a homolog of
human UCH-L1

Increase of GPx,3 CAT,4 GSH5 activities, and
Ach6 levels

Neuronal cell growth, Protective
role of CU on memory and
cognition impairments [42]

Decrease of the autophagosomes number, Increase
of the lysosomal Ca2+ regulation of PI(3,5)P2
and Transient Receptor Potential Mucolipin-1
Expression (TRPME)

Enhancement of the expression of DNA repair
Revitalization of the neuronal
enzymes (APE1, pol β, and PARP11) to halt the
cells from Aβ2-induced oxidative
oxidative DNA base damage via base excision
stress [41]
repair (BER) pathway; Activation of the antioxidant
response element (ARE) via Nrf2 upregulation

Mechanism

Table 33.2 Recently reported curcumin (CU) activities in in vitro and in vivo models of neurodegenerative diseases [41–50]
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Activation of the CREB-BDNF signaling pathway

Decrease of the reduced form of GSH,5 SOD,9
GPx,3 GR,13 change in the Bcl-2 levels, Activation
of the CREB-BDNF signaling pathway

Downregulation of the extracellular signalregulated kinase (ERK 1/2)/nuclear
transcription factor-(NF-) κB/pNF-κB pathway
in the hippocampus and the iNOS12 expression
in the hippocampus and frontal cortex

Decreased huntingtin aggregates, increased
striatal DARPP-32 and D1 receptor mRNAs

Increase of dopamine concentration in brain,
which improves muscular coordination and
gross behavioral activities of the test animal,
Significant reduction of the MPTP11-mediated
dopamine depletion

Mechanism

Neuroprotection against nicotineinduced inflammation, apoptosis
and oxidative stress, Reduction of
the motor activity disturbances [50]

Neuroprotection against alcoholinduced oxidative stress, apoptosis
and inflammation [49]

Improvement of the cognitive
performance, Decrease of blood
and brain oxidative stress
levels [48]

Partial improvement of
transcriptional deficits, partial
behavioral improvement [47]

Improvement in motor performance,
Symptomatic neuroprotection
against MPTP-induced
neurodegeneration in the striatum
[46]

Outcomes

[ADP-ribose] polymerase 1; 2Aβ-amyloid; 3Glutathione Peroxidase; 4Catalase; 5Glutathione; 6Acetylcholine; 7Ubiquitin carboxy-terminal
hydrolase; 86-Hydroxydopamine; 9Superoxide dismutase; 10Malondialdehyde; 111-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 12Induced nitric
oxide synthase; 13Glutathione reductase.

1Poly

Nicotine-induced In vivo: rat, oral supplementation
neurodegeneration

Alcohol-induced
In vivo: rat, oral supplementation
neurodegeneration

In vivo: diazepam-treated rats,
oral supplementation

In vivo: CAG140 mice, a knock-in
(KI) mouse model of HD

HD

Diazepaminduced cognitive
impairment

In vivo:
mice, intranasal
mode of administration of CU
(mucoadhesive system)

MPTP11

Model/administration route

PD

Disease

Table 33.2 (Continued)
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Nanocarrier-Mediated Curcumin Delivery

In fact, the major fraction (35–89%) of orally administered
curcumin can be lost due to its low bioavailability. The intestinal
mucosa and mucus form a physical barrier to curcumin
adsorption. The drug cannot reach the circulation in a bioactive
form as it undergoes reduction and metabolism/conjugation in
the liver. Reductases enzymatically reduce curcumin to
dihydrocurcumin, tetrahydrocurcumin, and hexahydrocurcumin.
Furthermore, curcumin may be conjugated to sulfates and
glucuronides [55–57]. Thus, most of the circulating curcumin is in
a conjugated form.
The necessity of the development of a delivery system for
the protection of curcumin from rapid metabolism and for the
improvement of its bioavailability has become evident [58].
A randomized, double-blind, placebo-controlled clinical trial
examined the acute administration (effects 1 h and 3 h after a
single dose application), chronic (4 weeks) administration, and
acute-on-chronic (1 h or 3 h after a single dose followed by a
chronic treatment) effects of solid-lipid-nanoparticle (SLNP)
loaded by curcumin. The results of the SLNP formulation of
curcumin (400 mg in capsules Longvida®) on cognitive function,
mood, and blood biomarkers were obtained with 60 healthy
adults (aged 60–85). SLNP-loaded curcumin significantly improved
the performance in sustained attention and working memory
tasks one hour after its administration (as compared to placebo).
Working memory and mood (general fatigue and change in the
calmness state, contentedness, and fatigue induced by psychological
stress) were essentially improved following chronic treatment.
A significant acute-on-chronic treatment effect on alertness and
contentedness was also observed [59].

33.4

Nanocarrier-Mediated Curcumin Delivery

Nanotechnology for nanomedicine development employs functional
materials with appropriate nanoscale organization that can interact
with biological systems and induce desired physiological responses
while minimizing undesirable side effects [60]. Nanotechnologybased delivery systems can influence drug capacity to cross the
biological barriers (e.g., the BBB) and reach the targeted brain
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regions [58–61]. Therefore, nanocarriers are promising for the
development of personalized medicines for the treatment of
neurological disorders [62–67].
Lipid-based nanoparticles, including solid lipid nanoparticles
(SLNPs), nanostructured lipid carriers (NLC), liposomes and
liquid crystalline nanocarriers (LCN), as well as polymer-based
nanoparticles (Fig. 33.3), have been developed to overcome the
poor solubility, stability, and bioavailability of curcumin, and to
promote its utilization as a drug in disease treatments [68–124].
Lipid-based nanoparticles have the advantage of being the
least toxic carriers for in vivo applications. The lipids used to
prepare biocompatible and biodegradable nanoparticles are
usually naturally occurring molecules with low acute and chronic
toxicity. In the case of polymeric nanoparticles, the in vivo
degradation of the polymer matrices might cause toxic effects [94].
The biocompatibility and the physicochemical diversity of lipids
and their capacity to enhance the oral bioavailability of drugs have
made this kind of nanocarriers very attractive systems for drug
delivery. As a matter of fact, lipid-based formulations may positively
influence drug absorption in several ways, e.g., by influencing
the solubilization properties, preventing the drug precipitation
upon intestinal dilution, increasing the membrane permeability,
inhibiting the efflux transporters, reducing the CYP enzymes, or
enhancing the lymphatic transport [94, 122].
Among the lipid-based nanoparticles, SLNPs have been
intensively developed because they combine the advantages of
different carrier systems like liposomes and polymeric particles.
Similar to liposomes, SLNPs are composed of physiologically
biocompatible excipients (lipids and fatty acids). In the same way
to polymeric NPs, their solid matrix core can efficiently protect
the loaded active pharmaceutical ingredient against chemical
degradation under the harsh conditions of biological milieux.
Therefore, SLNPs provide controlled release profiles of the
encapsulated drugs [95].
In addition to the above advantages, liposomes can encapsulate
and transport both lipophilic and hydrophilic drugs. They have
a high degree of similarity to cell membranes in terms of lipid
composition and organization, which facilitates the bioavailability
of the pharmaceutical compounds [102]. Liquid crystalline

,ĞǆŽƐŽŵĞ
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;ĚŝĂŵŽŶĚ WŶϯŵͿ
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Figure 33.3 Schematic presentation of amphiphilic nanocarriers enabling the encapsulation and protection of hydrophobic
and hydrophilic molecules of therapeutic significance.
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nanocarriers (LCN) such as cubosomes and hexosomes (Fig. 33.3)
involve multiple compartments for encapsulation of either lipophilic
or hydrophilic drugs. They display structural advantages which
enable high encapsulation efficacy for molecules of various sizes
and hydrophilicity [113, 116]. LCNs are formed by self-assembly of
lyotropic lipids such as unsaturated monoglycerides, phospholipids,
glycolipids, and other amphiphilic molecules. For example,
monoolein, which is a nontoxic, biodegradable, and biocompatible
lipid, is classified as a GRAS (Generally Recognized As Safe), and
w-3 polyunsaturated fatty acids (n-3 PUFA) have been shown to be
highly beneficial in various disease models of neurodegeneration
[123, 124].
In the following section, we summarize recently reported
works on curcumin delivery to in vitro and in vivo models of
neurodegenerative diseases.

33.4.1

Curcumin Delivery by Polymeric Nanoparticles

Polymeric nanoparticles of a biocompatible and biodegradable
nature are of essential interest as drug delivery nanocarriers. The
release of the encapsulated drug can be modulated by altering the
polymer composition and amphiphilicity. Poly(lactic-co-glycolic
acid) (PLGA) is one of the most commonly used biodegradable
synthetic polymers. It is a FDA-(US) and EMA-approved platform
for the delivery of drugs to humans. PLGA-derived nanoparticles
have been successfully used for the encapsulation of different
hydrophobic compounds (such as curcumin) by nanoprecipitation
or by single emulsion techniques [71]. Hydrophilic molecules
can be encapsulated by means of double emulsions or by twostep nanoprecipitation methods. On the other site, polymeric
micelles have been studied towards site-specific drug delivery
[68–70].
Micelles are formed by amphiphilic macromolecules, which
self-assemble into nano-sized (10–100 nm in diameter) core/shell
structures in excess aqueous media (Fig. 33.3, top). The core–
shell organization facilitates the incorporation of curcumin inside
the hydrophobic core, while the water solubility of the nanocarriers
is ensured by their hydrophilic corona [68]. Amphiphilic copolymers self-assemble into micelles in aqueous solutions due
to the hydrophobic interactions among their water-insoluble
segments. Curcumin-loaded polymeric micelles have received

Nanocarrier-Mediated Curcumin Delivery

attention due to various features (Table 33.3), like (i) the enhanced
solubility of the drug; (ii) the sustained CU release profile; and
(iii) the small size of the PEG-decorated carriers (<200 nm), which
stabilizes them in biological fluids [64–66]. Micelles formed by
the PLGA-PEG-PLGA synthetic copolymer have shown potential
in modifying the pharmacokinetics and tissue distribution of
curcumin. Evaluation of pharmacokinetics and biodistribution
has demonstrated a prolonged half-life of the CU-micelles and a
more efficient drug delivery to brain areas as compared to the
carrier-free CU administration [71].

33.4.2

Curcumin Delivery by Lipid Nanoparticles

33.4.2.1 Solid lipid nanoparticles and nanostructured lipid
carriers
Solid lipid nanoparticles (SLNPs) are submicron colloidal lipid
carriers (from 50 nm to 1000 nm in diameter) which maintain a
solid, spherical shape at room temperature. They possess a solid
lipid core matrix stabilized by emulsifiers that can solubilize
lipophilic molecules. The CU-SLNPs are usually small, ranging
from 100 to 300 nm in diameter. The total drug content can reach
up to 92% when the SLNPs are manufactured using the microemulsification technique [87]. In an experimental rat model of
cerebral ischemic reperfusion injury, animals fed with CU-loaded
SLNPs have had a 90% improvement in their cognitive function
along with a 52% inhibition of the acetyl cholinesterase activity
[88]. The investigated formula has been shown to increase the
levels of superoxide dismutase (SOD), catalase (CAT), glutathione
(GSH), and the activities of mitochondrial enzymes, while decreasing
the lipid peroxidation and the peroxynitrite levels. Furthermore,
this formulation showed a 16.4 to 30-fold improvement in the
bioavailability of CU in the brain upon oral and intravenous (IV)
administrations, respectively [88]. The product Longvida® (Verdure
Sciences Inc.) is a SLNP-formulation of curcumin which can yield
from 0.1 to 0.2 µM plasma levels of CU with associated 1–2 µM
brain levels of free CU in animals [89–91]. This formula was later
optimized as “lipidated Cur,” which can yield more than 5 µM CU in
mouse brain [93]. Other formulations of CU-loaded SLNPs, tested in
Alzheimer’s disease models, are outlined in Table 33.4.
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PLGA nanoparticles conjugated with In vitro
Tet-1 peptide

PLGA nanoparticles

AD

AD

AD

AD

AD

AD

Pegylated poly(alkyl cyanoacrylate)
nanoparticles with anti-Aβ 1–42
antibody at the surface

Apolipoprotein E3-mediated
poly(butyl)cyano acrylate
nanoparticles

PLGA nanoparticles

PLGA nanoparticles functionalized
with glutathione

PLGA nanoparticles

In vitro

In vitro: SH-SY5Y cells

In vivo: Rat

In vivo: Rat, IV, oral

In vitro: in SK-N-SH cells

Inhibition of Aβ aggregation [80]

Protection against Aβ-induced cytotoxicity [79]

Prolonged CU retention time in cerebral cortex and
hippocampus [78]

Increased CU bioavailability and plasma concentration
[77]

Neuronal uptake, Enhanced curcumin action [75, 76]

Anti-amyloid activity unchanged, decrease of aggregates
size [74], Diminution of anti-oxidant activity

Protection against H2O2-induced oxidative damage [70]

Outcomes

In vitro: Neural stem cells,
Expression of genes involved in neuronal proliferation
In vivo: Aβ2-amyloid induced
and differentiation, Reverse learning and memory
rat model of AD-like phenotypes impairments [73]

AD

AD

In vitro: SK-N-SH human
neuroblastoma cells

PLGA1

nanoparticles

Model/administration route

Nanoformulation type

Disease

Table 33.3 Curcumin-loaded polymeric nanoparticles studied in in vitro and in vivo models of neurodegenerative diseases
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Polymeric nanoparticles
(NanoCurcTM)

Nanocurcumin CU within
polyethylene glycol-polylactide
diblock polymer micelles

Micelles

Alginate nanocomposites

AD

AD

Mitochondrial
dysfunction in
brain aging

PD

1Poly(lactic-co-glycolic

In vivo: Drosophila, oral

In vivo: NMRI mice, Ex
vivo: isolated mouse brain
mitochondria

In vitro: PC12 cells

In vitro: SK-N-SH cell line, Sheep
nasal mucosa

In vivo: AD model Tg2576 mice

In vitro: SK-N-SH differentiated
cells, In vivo: Mice, parenteral
injection

In vitro: Raw 264.7 cells, In vitro
production of Aβ fibers

Model/administration route

Reduction of oxidative stress and apoptosis in the brain
[86]

Improved bioavailability of native curcumin around
10- to 40-fold in plasma and brain of mice, Prevention
of mitochondrial swelling in isolated mouse brain
mitochondria, Protection of PC12 cells from nitrosative
stress as compared to free CU [85]

Safe for intranasal delivery for brain targeting, Higher
flux and permeation across sheep nasal mucosa [84]

Higher curcumin concentration in plasma, 6 times higher
area under the curve and mean residence time in brain
than ordinary CU, Improved memory function [83]

Protection against H2O2-induced oxidative stress,
Downregulation of caspase 3 and 7 activities, mediators
of the apoptotic pathway, Increased glutathione levels
[82]

Decrease of the pro-inflammatory cytokines in
macrophages stimulated via Aβ fibers [81]

Outcomes

acid); 2Aβ-amyloid; 3Distearoyl phosphatidylethanolamine-polyethylene glycol.

Nanoemulsion

Spherical (SPNs) or Discoidal
(DPNs) polymeric nanocontructs
PLGA, DSPE-PEG3

AD

AD

Nanoformulation type

Disease
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Solid lipid particles with CU (SLCP)

Solid lipid nanoparticles

AD

AD

Lipoprotein (LDL)-mimic
nanostructured lipid carrier (NLC)
modified with lactoferrin (Lf) and
loaded with CU

Solid lipid nanoparticles (CU-SLNs)
and nanostructured lipid carriers
(CU-NLCs)

CNS
disorders

AD

Solid lipid nanoparticles (CU-SLNs)

HD

In vivo: Rat, oral

In vivo: male Sprague–Dawley rats
6–8 weeks old, oral

In vivo: (3-NP)-induced HD in rats

In vivo: Rat, oral

In vivo: one-year-old 5xFAD-and
age-matched wild-type mice,
intraperitoneal injections of CU/SLCP

In vitro: Mouse neuroblastoma
cells after Aβ1 exposure

Model/administration route

Solid lipid curcumin particle (SLCP), In vitro: lipopolysaccharide (LPS)Longvida®
stimulated RAW 264.7 cultured
murine macrophages

Solid lipid nanoparticles

AD

AD

Nanoformulation type

Disease

Cellular uptake mediated by the Lf receptor,
Permeability through the BBB and preferentially
accumulation in the brain, Efficacy in controlling
the damage associated with AD [96]

Enhanced curcumin brain uptake, Cur-NLCs enhance
the absorption of brain curcumin more than 4-folds
in comparison with Cur-SLNs [95]

Restored glutathione levels and superoxide dismutase
activity, Activation of nuclear factor-erythroid 2
antioxidant pathway, Reduction in mitochondrial
swelling, lipid peroxidation, protein carbonyls and
reactive oxygen species [89]

Effective delivery across the BBB2 [88]

Decrease in Aβ plaque loads in dentate gyrus of
hippocampus, More anti-amyloid, anti-inflammatory,
and neuroprotective [91]

Improved solubility over unformulated curcumin,
Decreased LPS induced pro-inflammatory mediators
NO, PGE2, and IL-6 by inhibiting the activation of
NF-kB [92]

Decreased ROS production, Prevented apoptotic
death, Inhibition of Tau formation [89, 90]

Outcomes

Table 33.4 Curcumin-loaded lipid nanoparticles studied in in vitro and in vivo models of neurodegenerative diseases
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In vitro: Human astrocytes and to
protect SK-N-MC cells Apoptosis
induced by β-amyloid 1–42
(A β 1–42) fibrils

WGA3-conjugated and cardiolipinincorporated liposomes carrying
NGF4 and CU

Liposomes decorated with antitransferrin receptor mAb

AD

AD

In vitro: Neuro-2a cells, PC-12
differentiated cells

In vitro: SH-SY5Y cells

Human biological fluids from
sporadic AD patients and down
syndrome subjects

In vivo injection, hippocampus and
neocortex

barrier; 3wheat germ agglutinins; 4nerve growth factor.

Lipopeptide: a short microtubulestabilizing peptide conjugated to a
hydrophobic palmitic acid chain

1Aβ-amyloid; 2blood–brain

AD

Liquid-crystalline lipid
nanoparticles carrying curcumin
and DHA

Liposomes functionalized with a
curcumin-alkyne derivative TREG

AD

Neuronal
loss

Liposomes

AD

In vivo: Mice, stereotaxic injection in
the right hippocampus and neocortex

In vitro: SK-N-MC cells

Liposomes containing cardiolipin

AD

Liposomes functionalized with TAT- In vitro
peptide

AD

Neurite outgrowth in absence of external growth
factors, Neural cells morphology and health
amelioration [120, 121]

Neuronal viability and neurite outgrowth by
activation of the TrkB receptor signaling, and
promotion of phosphorylated CREB protein
expression [118]

Sequestration of Aβ 1–42 [100, 101]

Decrease in Aβ 1–42 aggregation, Internalization
in the BBB model [99]

Decrease in Aβ secretion and toxicity [97]

Increased entrapment efficiency of NGF and CU, of
NGF release and cell viability, Decreased release
of CU, Permeability of NGF and CU across the
blood–brain barrier [102]

Inhibition of the phosphorylation of p38, JNK, and
tau protein, Protection against serious degeneration
of Aβ insulted neurons [101]

Permeability across the BBB enhanced [98]
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Nanostructured lipid carriers (NLC) are referred to as the
“second generation” of SLNPs. NLCs are composed of mixtures
of sterically different amphiphilic molecules. Often, mixtures of
liquid-phase lipids and solid-phase lipids yield matrices with
imperfections, which may incorporate increased quantities of drug
molecules as compared to the SLNPs. Despite of the presence of the
liquid-phase lipid, the NLC matrix appears to be in a solid state at
room and body temperatures. The solid state is controlled by
the fraction of the included liquid-phase lipid [94]. SadeghMalvajerd et al. have reported an enhanced entrapment efficiency of
curcumin in NLCs (94% ± 0.74) as compared to SLNPs (82% ± 0.49).
The pharmacokinetic studies, performed after intravenous
(IV) administration of 4 mg/kg dose of curcumin in rats, have
indicated that the amount of curcumin available in the brain was
significantly higher for curcumin-loaded NLCs (AUC0–t = 505.76
ng/g h) as compared to free curcumin (AUC0–t = 0.00 ng/g h) and
curcumin-loaded SLNs (AUC0–t = 116.31 ng/g h) (P < 0.005) [95].
The outcomes of other recent investigations of CU-loaded NLCs
in models of neurodegenerative diseases are summarized in
Table 33.4.

33.4.2.2 Liposomes

Liposomes are lipid bilayer-based, self-assembled, closed colloidal
structures, typically 25 nm to 5 µm in diameter [97]. They usually
have a spherical shape comprising an aqueous core surrounded
by a hydrophobic lipid membrane (Fig. 33.3). The lipid bilayer can
be loaded with hydrophobic or amphiphilic molecules, whereas
the hydrophilic molecules can be encapsulated in the aqueous
reservoir of the liposomes. Often, liposomes are composed
of phospholipids (e.g., phosphatidylcholines) or mixtures of
phospholipids with co-lipids. Various liposome architectures
can form depending on the preparation methods; for instance,
multilamellar vesicles (MLV, involving a stack of several lipid
bilayers), small unilamellar vesicles (SUV, constituted by a single
lipid bilayer), large unilamellar vesicles (LUV), tubular vesicles,
and cochleate vesicles.
Curcumin encapsulated in liposomes has been proven to
be a safe formulation, which enhances the CU solubility and its
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cellular uptake [97–101]. Liposomes deliver CU into the cells via
membrane fusion or endocytosis process. Liposomal formulations
with a PEG surface coating provide a longer circulation time for
the encapsulated drug. Biomolecular ligands can be anchored to
the liposome surface in order to enhance the receptor targeting
capacity, and hence, the permeability across the blood–brain barrier
(BBB) [102, 103]. The outcomes of the investigated CU-loaded
liposomes in models of neurodegenerative diseases are summarized
in Table 33.4.

33.4.2.3 Liquid crystalline nanoparticles with internal
structure

Liquid crystalline nanoparticles (LCNPs) are self-assembled
architectures of lyotropic lipids, co-lipids (surfactants or oils),
and water. They are typically formed upon dispersion and
fragmentation of bulk lyotropic liquid crystalline phases (e.g.,
bicontinuous cubic, sponge, or inverted hexagonal phases)
[104–106]. The amphiphilic molecules spontaneously organize
into compartments with hydrophobic and hydrophilic domains
(Fig. 33.3), which can encapsulate lipophilic or hydrosoluble guest
compounds. The structures formed by this self-assembly process
are thermodynamically stable. The initial liquid crystalline
phases are usually viscous and have a short-range order in
comparison to solids, but long-range order in comparison to
liquids. A typical example of a lyotropic liquid crystalline phase
is the inverted bicontinuous cubic phase formed upon mixing of
unsaturated monoglyceride lipids with water [105]. Cubosomes
are produced upon dispersion of the bicontinuous cubic liquid
crystalline phases in excess aqueous medium. Their periodic
structures comprise folded bicontinuous lipid bilayer membranes
and periodic networks of aqueous channels (Fig. 33.3). The
latter enable high encapsulation capacity for hydrophilic guest
macromolecules [106–111]. Lipid nanocarriers of liquid crystalline
internal structures have received considerable attention as
delivery vehicles through the BBB [111, 112].
Curcumin has been successfully entrapped into monoleinbased LCNPs with almost 100% encapsulation efficiency [113].
LCNPs dispersion was very stable in terms of nanocarrier sizes
and surface charge upon storage. LCNPs were efficiently taken
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up by cultures cells following the sustained release of curcumin.
In addition, they provided inhibition of the cell proliferation
and apoptosis induction in an anticancer study [113]. A recent
investigation of an inverse hexagonal (HII) liquid crystalline phase
encapsulating curcumin has demonstrated that the release of
curcumin was a concentration-diffusion controlled process in the
early stages, whereas multiple diffusion mechanisms coexisted
in the later stages of drug release. Radical scavenging experiments
have shown that curcumin-loaded LCNPs exert the desired
antioxidant activity [114]. Thus, curcumin-loaded LCNPs may
be promising for neurodegenerative disease treatments using
sustained-release nanoformulations for combination therapies
[115, 116]. Further results obtained with lipid-based LCNPs in
models of neurodegenerative disease are presented in Table 33.4.

33.5

Conclusions

The naturally occurring compound curcumin is increasingly studied
in neurodegenerative disease models due to its neurogenesisstimulating properties and its anti-amyloid and anti-tau potential.
Nanotechnology-based delivery systems of curcumin have
been developed with the purpose of improving its solubility,
stability, and bioavailability in potential treatment strategies of
neurodegenerative disorders. We summarized recent advances
in research on safe liquid crystalline lipid-based nanocarriers
(cubosome, spongosome, hexosome, and liposome particles) and
solid lipid nanoparticles, as well as on selected biodegradable
polymer-based nanocarriers. The emphasis is given on the
observed biological outcomes of the curcumin nanoformulations
in in vitro and in vivo models of the multifactor neurodegenerative
diseases (AD, PD, HD and ALS). Despite the difficulty of overcoming
biological barriers, promising results on the enhancement of the
permeability of the BBB and receptor-mediated delivery across
the BBB have been reported with liposome and cubosome
nanocarriers. Further investigations will be required in order
to understand the involved mechanisms of action of curcumin
nanoformulations in the proposed neurodegenerative disease
models, and to optimize the delivery systems and strategies
towards translation into clinics.

Abbreviations

Abbreviations
Aβ:
ACh:
AD:
ALS:
ApoE:
APP:
ARE:
BBB:
BDNF:
Ca2+:
CAT:

CHCHD2:

amyloid beta
acetylcholine
Alzheimer’s disease
amyotrophic lateral sclerosis
apolipoprotein E
amyloid beta precursor protein
antioxidant response element
blood–brain barrier
brain derived neurotrophic factor
calcium ion
catalase

coiled-coil-helix-coiled-coil-helix domain 2

C9ORF72: chromosome 9 open reading frame 72
COMT:
catechol-O-methyltransferase
CREB:
cAMP (Cyclic adenosine monophosphate response)
element-binding protein
CU:
curcumin
CYP:
cytochrome P450
DARPP:
dopamine and adenosine 3t,5t -monophosphateregulated phosphoprotein
DHA:
docosahexaenoic acid
DNA:
deoxyribonucleic acid
DNAJC13: DNA J heat shock protein family (Hsp40) member C13
DSPE:
distearoyl phosphatidylethanolamine
EIF4G1:
eukaryotic translation initiation factor 4 gamma 1
EMA:
European Medicines Agency
ERK:
Extracellular signal regulated kinase
FDA:
Food and Drug Administration
FUS:
RNA binding protein Fused in Sarcoma
GBA:
glucocerebrosidase
GRAS:
generally recognized as safe
GPx:
glutathione peroxidase
GR:
glutathione reductase

1051

1052

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

GSH:
HEWL:
HD:
H2O2:
HTT:
IL-6:
iNOS:
IV:
JNK:
LCNs:
LDL:
Lf:
LPS:
LRRK1:
LUV:
MAO-B:
MDA:
MLV:
MPTP:
MMSE:
mRNA:
NF-κB:
NGF:
NLC:
NO:
NPs:
Nrf 2:
NSAIDs:
6-OHDA:
OPTN:
PD:
PEG:
PINK1:
PLGA:
PRKN:

glutathione
hen egg white lysozyme
Huntington disease
hydrogen peroxide
Huntingtin gene
interleukin 6
induced nitric oxide synthase
intravenous
Jun N-terminal kinase
liquid crystalline nanocarriers
low density lipoprotein
lactoferrin
lipopolysaccharide
leucine-rich repeat kinase 1
large unilamellar vesicles
monoamine oxidase type B
malondialdehyde
multilamellar vesicles
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mini mental state examination
messenger ribonucleic acid
nuclear factor kappa beta
nerve growth factor
nanostructured lipid carriers
nitric oxide
nanoparticles
nuclear factor erythroid 2–related factor 2
non-steroidal anti-inflammatory drugs
6 hydroxydopamine
optineurin
Parkinson disease
polyethylene glycol
PTEN-induced putative kinase 1
poly (lactic-co-glycolic acid)
parkin

References

PSEN:
PUFA:
ROS:
SLCP:
SLN:
SOD1:
SNCA:
SUV:
TARDBP:
TREG:
TRPME:
TrkB:
UBQLN2:
UCH:
VPS35:
WGA:

presenilin
polyunsaturated fatty acids
reactive oxygen species
solid lipid curcumin nanoparticles
solid lipid nanoparticles
superoxide dismutase 1
synuclein alpha
small unilamellar vesicles
TAR DNA binding protein (TDP-43)
T regulatory cell
transient receptor potential mucolipin-1 expression
tropomyosin receptor kinase B
ubiquitin 2
ubiquitin carboxy-terminal hydrolase
vascular protein sorting
wheat-germ agglutinin

Disclosures and Conflict of Interest

This chapter was originally published as: Rakotoarisoa, M., Angelova,
A. (2018). Amphiphilic nanocarrier systems for curcumin delivery
in neurodegenerative disorders, Medicines 5, 126, doi:10.3390/
medicines5040126, under the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/). It appears
here, with edits and updates, by kind permission of the author
and the publisher, MDPI (Basel).
This work is supported by the “IDI 2017” project funded by
the IDEX Paris-Saclay, ANR-11-IDEX-0003-02. The authors declare
no conflict of interest.

Corresponding Author

Dr. Angelina Angelova
Institut Galien Paris-Sud, CNRS UMR 8612
Univ Paris-Sud, Univ Paris-Saclay
5 rue Jean-Baptiste Clément
F-92296 Châtenay-Malabry, France
Email: angelina.angelova@u-psud.fr

1053

1054

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

References
1. Brookmeyer, R., Abdalla, N., Kawas, C. H., Corrada, M. M. (2018).
Forecasting the prevalence of preclinical and clinical Alzheimer’s
disease in the United States. Alzheimers Dement., 14, 121–129.

2. Jack, C. R., Albert, M. S., Knopman, D. S., McKhann, G. M., Sperling,
R. A., Carrillo, M. C., Thies, B., Phelps, C. H. (2011). Introduction
to the recommendations from the National Institute on AgingAlzheimer’s Association workgroups on diagnostic guidelines for
Alzheimer’s disease. Alzheimers Dement., 7, 257–262.
3. Haass, C., Selkoe, D. J. (2007). Soluble protein oligomers in
neurodegeneration: Lessons from the Alzheimer’s amyloid betapeptide. Nat. Rev. Mol. Cell Biol., 8, 101–112.

4. Wakasaya, Y., Kawarabayashi, T., Watanabe, M., YamamotoWatanabe, Y., Takamura, A., Kurata, T., Murakami, T., Abe, K., Yamada,
K., Wakabayashi, K. (2011). Factors responsible for neurofibrillary
tangles and neuronal cell losses in tauopathy. J. Neurosci. Res., 89,
576–584.

5. Stoothoff, W. H., Johnson, G. V. (2005). Tau phosphorylation:
Physiological and pathological consequences. Biochim. Biophys.
Acta, 1739, 280–297.

6. Wang, J., Wang, Z. M., Li, X. M., Li, F., Wu, J. J., Kong, L. Y., Wang, X. B.
(2016). Synthesis and evaluation of multi-target-directed ligands
for the treatment of Alzheimer’s disease based on the fusion of
donepezil and melatonin. Bioorgan. Med. Chem., 24, 4324–4338.

7. Cole, G. M., Morihara, T., Lim, G. P., Yang, F., Begum, A., Frautschy,
S. A. (2004). NSAID and antioxidant prevention of Alzheimer’s
disease: Lessons from in vitro and animal models. Ann. N. Y. Acad.
Sci., 1035, 68–84.

8. Alexander, G. E. (2004). Biology of Parkinson’s disease: Pathogenesis
and pathophysiology of a multisystem neurodegenerative disorder.
Dialogues Clin. Neurosci., 6, 259–280.
9. Dauer, W., Przedborski, S. (2003). Parkinson’s disease: Mechanisms
and models. Neuron, 39, 889–909.

10. Landles, C., Bates, G. P. (2004). Huntingtin and the molecular
pathogenesis of Huntington’s disease: Fourth in molecular medicine
review series. EMBO Rep., 5, 958–963.

11. Zuccato, C., Marullo, M., Vitali, B., Tarditi, A., Mariotti, C., Valenza, M.,
Lahiri, N., Wild, E. J., Sassone, J., Ciammola, A. (2011). Brain-derived

References

neurotrophic factor in patients with Huntington’s disease. PLoS One,
6, e22966.

12. Zhou, S., Zhou, Y., Qian, S., Chang, W., Wang, L., Fan, D. (2018).
Amyotrophic lateral sclerosis in Beijing: Epidemiologic features
and prognosis from 2010 to 2015. Brain Behav., 19, e01131.

13. Glajch, E., Ferraiuolo, L., Mueller, K. A., Stopford, M. J., Prabhkar, V.,
Gravanis, A., Shaw, P. J., Sadri-Vakili, G. S. (2016). Microneurotrophins
improve survival in motor neuron-astrocyte co-cultures but co cot
improve disease phenotypes in a mutant SOD1 mouse model of
amyotrophic lateral sclerosis. PLoS One, 10, e0164103.
14. Varinderpal, S. D., Michael, F. (2014). Mutations that affect mitochondrial functions and their association with neurodegenerative
diseases. Mutat Res. Rev. Mutat. Res., 759, 1–13.

15. Barnham, K. J., Masters, C. L., Bush, A. I. (2004). Neurodegenerative
diseases and oxidative stress. Nat. Rev. Drug Discov., 3, 205–214.

16. Jiang, T., Suna, Q., Chena, S. B. (2016). Oxidative stress: A major
pathogenesis and potential therapeutic target of antioxidative
agents in Parkinson’s disease and Alzheimer’s disease. Progr.
Neurobiol., 147, 1–19.

17. Gilgun-Sherki, Y., Melamed, E., Offen, D. (2001). Oxidative stress
induced-neurodegenerative diseases: The need for antioxidants
that penetrate the blood brain barrier. Neuropharmacology, 40,
959–975.
18. Uttara, B., Singh, A. V., Zamboni, P., Mahajan, R. T. (2009). Oxidative
stress and neurodegenerative diseases: A review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol.,
7, 65–74.

19. Dumont, M., Beal, M. F. (2011). Neuroprotective strategies involving
ROS in Alzheimer disease. Free Radic. Biol. Med., 51, 1014–1026.

20. Zhong, L., Zhou, J., Chen, X., Lou, Y., Liu, D., Zou, X., Yang, B., Yin, Y.,
Pan, Y. (2016). Quantitative proteomics study of the neuroprotective
effects of B12 on hydrogen peroxide-induced apoptosis in SH-SY5Y
cells. Sci. Rep., 6, 22635.

21. Onyango, I. G., Khan, S. M., Bennett, J. P. (2017). Mitochondria in
the pathophysiology of Alzheimer’s and Parkinson’s diseases.
Front. Biosci., 22, 854–872.

22. Ankarcronaa, M., Mangialascheb, F., Winblada, B. (2010). Thinking
Alzheimer’s disease therapy: Are mitochondria the key? J. Alzheimers
Dis., 20(Suppl 2), S579–S590.

1055

1056

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

23. Federico, A., Cardaioli, E., Da Pozzo, P., Formichi, P., Gallus, G. N. (2012).
Mitochondria, oxidative stress and neurodegeneration. J. Neurol.
Sci., 322, 254–262.

24. Stahon, K. E., Bastian, C., Griffith, S., Kidd, G. J., Brunet, S., Baltan,
S. (2016). Age-related changes in axonal and mitochondrial
ultrastructure and function in white matter. J. Neurosci., 36, 9990–
10001.

25. Cho, D. H., Nakamura, T., Lipton, S. A. (2010). Mitochondrial dynamics in
cell death and neurodegeneration. Cell Mol. Life Sci., 67, 3435–3447.

26. Lu, M., Su, C., Qiao, C., Bian, Y., Ding, J., Hu, G. (2016). Metformin prevents
dopaminergic neuron death in MPTP/P-induced mouse model of
Parkinson’s disease via autophagy and mitochondrial ROS clearance.
Int. J. Neuropsychopharmacol., 19, 1–11.

27. Zádori, D., Klivényi, P., Szalárdy, L., Fülöp, F., Toldi, J., Vécsei, L. (2012).
Mitochondrial disturbances, excitotoxicity, neuroinflammation and
kynurenines: Novel therapeutic strategies for neurodegenerative
disorders. J. Neurol. Sci., 322, 187–191.
28. Rahimifard, M., Maqbool, F., Moeini-Nodeh, S., Niaz, K., Abdollahi,
M., Braidy, N., Nabavi, S. M., Nabavi, S. F. (2017). Targeting the TLR4
signaling pathway by polyphenols: A novel therapeutic strategy
for neuroinflammation. Ageing Res. Rev., 36, 11–19.

29. Géral, C., Angelova, A., Lesieur, S. (2013). From molecular to
nanotechnology strategies for delivery of neurotrophins: Emphasis
on brain-derived neurotrophic factor (BDNF). Pharmaceutics, 5,
127–167.

30. Angelova, A., Angelov, B., Drechsler, M., Lesieur, S. (2013). Neurotrophin
delivery using nanotechnology. Drug Discov. Today, 18, 1263–1271.

31. Devi, L., Ohno, M. (2012). 7,8-Dihydroxyflavone, a small-molecule
TrkB agonist, reverses memory deficits and BACE1 elevation in a
mouse model of Alzheimer’s disease. Neuropsychopharmacology,
37, 434–444.

32. Soleimani, V., Sahebkar, A., Hosseinzadeh, H. (2018). Turmeric
(Curcuma longa) and its major constituent (curcumin) as nontoxic
and safe substances. Rev. Phytother. Res., 32, 985–995.

33. Mahdavi, H., Hadadi, Z., Ahmadi, M. A. (2017). Review of the antioxidation, anti-inflammatory and anti-tumor properties of curcumin.
Tradit. Integr. Med., 2, 188–195.

34. Gupta, S. C., Patchva, S., Aggarwal, B. B. (2013). Therapeutic roles of
curcumin: Lessons learned from clinical trials. AAPS J., 15, 195–218.

References

35. Brondino, N., Re, S., Boldrini, A., Cuccomarino, A., Lanati, N., Barale, F.,
Politi, P. (2014). Curcumin as a therapeutic agent in dementia:
A mini systematic review of human studies. Sci. World J., 2014, 1–6.

36. Serafini, M. M., Catanzaro, M., Rosini, M., Racchi, M., Lanni, C. (2017).
Curcumin in Alzheimer’s disease: Can we think to new strategies
and perspectives for this molecule? Pharmacol. Res., 124, 146–155.

37. Maiti, P., Dunbar, G. (2018). Use of curcumin, a natural polyphenol
for targeting molecular pathways in treating age-related
neurodegenerative diseases. Int. J. Mol. Sci., 31, 19.

38. Haan, J. D., Morrema, T. H. J., Rozemuller, A. J., Bouwman, F. H.,
Hoozemans, J. J. M. (2018). Different curcumin forms selectively
bind fibrillar amyloid beta in post mortem Alzheimer’s disease
brains: Implications for in-vivo diagnostics. Acta Neuropathol.
Commun., 6, 75.
39. Samarghandian, S., Azimi-Nezhad, M., Farkhondeh, T., Samini, F.
(2017). Anti-oxidative effects of curcumin on immobilizationinduced oxidative stress in rat brain, liver and kidney. Biomed.
Pharmacother., 87, 223–229.

40. Ahmad, B., Borana, M. S., Chaudhary, A. P. (2017). Understanding
curcumin-induced modulation of protein aggregation. Int. J. Biol.
Macromol., 100, 89–96.

41. Sarkar, B., Dhiman, M., Mittal, S., Mantha, A. K. (2017). Curcumin
revitalizes Amyloid beta (25-35)-induced and organophosphate
pesticides pestered neurotoxicity in SH-SY5Y and IMR-32 cells via
activation of APE1 and Nrf2. Metab. Brain Dis., 32, 2045–2061.

42. Zhang, L., Fang, Y., Cheng, X., Lian, Y. J., Xu, H. L., Zeng, Z. S., Zhu, H. C.
(2017). Curcumin exerts effects on the pathophysiology of Alzheimer’s
disease by regulating PI(3,5)P2 and transient receptor potential
mucolipin-1 expression. Front. Neurol., 8, 531.

43. Liaquat, L., Batool, Z., Sadir, S., Rafiq, S., Shahzad, S., Perveen, T.,
Haider, S. (2018). Naringenin-induced enhanced antioxidant defense
system meliorates cholinergic neurotransmission and consolidates
memory in male rats. Life Sci., 194, 213–223.
44. Nguyen, T. T., Vuu, M. D., Huynh, M. A., Yamaguchi, M., Tran, L. T.,
Dang, T. P. T. (2018). Curcumin effectively rescued Parkinson’s diseaselike phenotypes in a novel drosophila melanogaster model with
dUCH knockdown. Oxid. Med. Cell. Longev., 2018, 1–12.

45. Wang, Y. L., Ju, B., Zhang, Y. Z., Yin, H. L., Liu, Y. J., Wang, S. S., Zeng,
Z. L., Yang, X. P., Wang, H. T., Li, J. F. (2017). Protective effect of

1057

1058

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

curcumin against oxidative stress-induced injury in rats with
Parkinson’s disease through the Wnt/β-catenin signaling pathway.
Cell. Physiol. Biochem., 43, 2226–2241.

46. Snigdha, D. M., Surjyanarayan, M., Jayvadan, P. (2017). Intranasal
mucoadhesive microemulsion for neuroprotective effect of
curcumin in mPTP induced Parkinson model. Braz. J. Pharm. Sci., 53.

47. Hickey, M. A., Zhu, C., Medvedeva, V., Lerner, R. P., Patassini, S.,
Franich, N. R., Maiti, P., Frautschy, S. A., Zeitlin, S., Levine, M. S., et al.
(2012). Improvement of neuropathology and transcriptional deficits
in CAG 140 knock-in mice supports a beneficial effect of dietary
curcumin in Huntington’s disease. Mol. Neurodegener., 7, 12.

48. Sevastre-Berghian, A. C., Făgărăsan, V., Toma, V. A., Bâldea, I.,
Olteanu, D., Moldovan, R., Decea, N., Filip, G. A., Clichici, S. V. (2017).
Curcumin reverses the diazepam-induced cognitive impairment by
modulation of oxidative stress and ERK 1/2/NF-κB pathway in brain.
Oxid. Med. Cell. Longev., 2017, 1–16.
49. Motaghinejad, M., Motevalian, M., Fatima, S., Hashemi, H., Gholami, M.
(2017). Curcumin confers neuroprotection against alcohol-induced
hippocampal neurodegeneration via CREB-BDNF pathway in rats.
Biomed. Pharmacother., 87, 721–740.

50. Motaghinejad, M., Motevalian, M., Fatima, S., Faraji, F., Mozaffari, S.
(2017). The neuroprotective effect of curcumin against nicotineinduced neurotoxicity is mediated by CREB-BDNF signaling pathway.
Neurochem. Res., 42, 2921–2932.

51. Baum, L., Lam, C. W., Cheung, S. K., Kwok, T., Lui, V., Tsoh, J., Lam, L.,
Leung, V., Hui, E., Ng, C. (2008). Six-month randomized, placebocontrolled, double-blind, pilot clinical trial of curcumin in patients
with Alzheimer disease. J. Clin. Psychopharmacol., 28, 110–113.
52. Ringman, J. M., Frautschy, S. A., Teng, E., Begum, A. N., Bardens, J., Beigi,
M., Gylys, K. H., Badmaev, V., Heath, D. D., Apostolova, L. G. (2012).
Oral curcumin for Alzheimer’s disease: Tolerability and efficacy in a
24-week randomized, double blind, placebo-controlled study.
Alzheimers Res. Ther., 4, 43.

53. Hishikawa, N., Takahashi, Y., Amakusa, Y., Tanno, Y., Tuji, Y., Niwa, H.,
Murakami, N., Krishna, U. K. (2012). Effects of turmeric on Alzheimer’s
disease with behavioral and psychological symptoms of dementia.
AYU, 33, 499–504.
54. Mazzanti, G., Di Giacomo, S. (2016). Curcumin and resveratrol in the
management of cognitive disorders: What is the clinical evidence?
Molecules, 21, 1243.

References

55. Ireson, C. R., Jones, D. J., Orr, S., Coughtrie, M. W., Boocock, D. J., Williams,
M. L., Farmer, P. B., Steward, W. P., Gescher, A. J. (2002). Metabolism
of the cancer chemopreventive agent curcumin in human and rat
intestine. Cancer Epidemiol. Biomark. Prev., 11, 105–111.

56. Marczylo, T. H., Steward, W. P., Gescher, A. J. (2009). Rapid analysis
of curcumin and curcumin metabolites in rat biomatrices using a
novel ultraperformance liquid chromatography (UPLC) method. J.
Agric. Food. Chem., 57, 797–803.

57. Marczylo, T. H., Verschoyle, R. D., Cooke, D. N., Morazzoni, P., Steward,
W. P., Gescher, A. J. (2007). Comparison of systemic availability of
curcumin with that of curcumin formulated with phosphatidylcholine.
Cancer Chemother. Pharmacol., 60, 171–177.

58. Ghalandarlaki, N., Alizadeh, A. M., Ashkani-Esfahani, S. (2014).
Nanotechnology-applied curcumin for different diseases therapy.
Biomed. Res. Int., 2014, 1–23.
59. Cox, K. H., Pipingas, A., Scholey, A. B. (2015). Investigation of the
effects of solid lipid curcumin on cognition and mood in a healthy
older population. J. Psychopharmacol., 29, 642–651.

60. Modi, G., Pillay, V., Choonara, Y. E. (2010). Advances in the treatment
of neurodegenerative disorders employing nanotechnology. Ann.
N. Y. Acad. Sci., 1184, 154–172.

61. Sahni, J. K., Doggui, S., Ali, J., Baboota, S., Dao, L., Ramassamy,
C. (2011). Neurotherapeutic applications of nanoparticles in
Alzheimer’s disease. J. Control. Release, 152, 208–231.

62. Craparo, E. F., Bondì, M. L., Pitarresi, G., Cavallaro, G. (2011).
Nanoparticulate systems for drug delivery and targeting to the
central nervous system. CNS Neurosci. Ther., 17, 670–677.

63. Fonseca-Santos, B., Gremiao, D., Palmira, M., Chorilli, M. (2015).
Nanotechnology-based drug delivery systems for the treatment
of Alzheimer’s disease. Int. J. Nanomed., 10, 4981–5003.

64. Kanwar, J. R., Sun, X., Punj, V., Sriramoju, B., Mohan, R. R., Zhou, S. F.,
Chauhan, A., Kanwar, R. K. (2012). Nanoparticles in the treatment
and diagnosis of neurological disorders: Untamed dragon with
fire power to heal. Nanomedicine, 8, 399–414.

65. Gao, H. (2016). Progress and perspectives on targeting nanoparticles
for brain drug delivery. Acta Pharm. Sin. B, 6, 268–286.

66. Roney, C., Kulkarni, P., Arora, V., Antich, P., Bonte, F., Wu, A., Mallikarjuana,
N. N., Manohar, S., Liang, H. F., Kulkarni, A. R., et al. (2005). Targeted
nanoparticles for drug delivery through the blood–brain barrier
for Alzheimer’s disease. J. Control. Release, 108, 193–214.

1059

1060

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

67. Modi, G., Pillay, V., Choonara, Y. E., Ndesendo, V. M. K., Du Toit, L. C.,
Naidoo, D. (2009). Nanotechnological applications for the treatment
of neurodegenerative disorders. Progr. Neurobiol., 4, 272–285.

68. Ma, Z., Haddadi, A., Molavi, O., Lavasanifar, A., Lai, R., Samuel, J. (2008).
Micelles of poly(ethyleneoxide)-b-poly(epsilon-caprolactone) as
vehicles for the solubilization, stabilization, and controlled delivery
of curcumin. J. Biomed. Mater. Res. A, 86, 300–310.

69. Yu, H., Li, J., Shi, K., Huang, Q. (2011). Structure of modified epsilonpolylysine micelles and their application in improving cellular
antioxidant activity of curcuminoids. Food Funct., 2, 373–380.
70. Podaralla, S., Averineni, R., Alqahtani, M., Perumal, O. (2012). Synthesis
of novel biodegradable methoxypoly (ethylene glycol)-zein micelles
for effective delivery of curcumin. Mol. Pharm., 9, 2778–2786.

71. Song, Z., Feng, R., Sun, M., Guo, C., Gao, Y., Li, L., Zhai, G. (2011). Curcuminloaded PLGA-PEG-PLGA triblock copolymeric micelles: Preparation,
pharmacokinetics and distribution in vivo. J. Colloid Interface Sci.,
354, 116–123.

72. Doggui, S., Sahni, J. K., Arseneault, M., Dao, L., Ramassamy, C. (2012).
Neuronal uptake and neuroprotective effect of curcumin-loaded
PLGA nanoparticles on the human SK-N-SH cell line. J. Alzheimers
Dis., 30, 377–392.

73. Tiwari, S. K., Agarwal, S., Seth, B., Yadav, A., Nair, S., Bhatnagar, P.,
Karmakar, M., Kumari, M., Chauhan, L. K., Patel, D. K., et al. (2014).
Curcumin-loaded nanoparticles potently induce adult neurogenesis
and reverse cognitive deficits in Alzheimer’s disease model via
canonical Wnt/β-catenin pathway. ACS Nano, 8, 76–103.

74. Mathew, A., Fukuda, T., Nagaoka, Y., Hasumura, T., Morimoto, H.,
Yoshida, Y., Maekawa, T., Venugopal, K., Kumar, D. S. (2012). Curcumin
loaded-PLGA nanoparticles conjugated with Tet-1 peptide for
potential use in Alzheimer’s disease. PLoS One, 7, e32616.
75. Paka, G. D., Doggui, S., Zaghmi, A., Safar, R., Dao, L., Reisch, A., Klymchenko,
A., Roullin, V. G., Joubert, O., Ramassamy, C. (2016). Neuronal uptake
and neuroprotective properties of curcumin-loaded nanoparticles
on SK-N-SH cell line: Role of poly(lactide-coglycolide) polymeric
matrix composition. Mol. Pharm., 13, 391–403.

76. Paka, G. D., Ramassamy, C. (2017). Optimization of curcumin-loaded
PEG-PLGA nanoparticles by GSH functionalization: Investigation
of the internalization pathway in neuronal cells. Mol. Pharm., 14,
93–106.

References

77. Tsai, Y. M., Jan, W. C., Chien, C. F., Lee, W. C., Lin, L. C., Tsai, T. H. (2011).
Optimised nano-formulation on the bioavailability of hydrophobic
polyphenol, curcumin, in freely-moving rats. Food Chem., 127,
918–925.
78. Tsai, Y. M., Chien, C. F., Lin, L. C., Tsai, T. H. (2011). Curcumin and
its nano-formulation: The kinetics of tissue distribution and
blood–brain barrier penetration. Int. J. Pharm., 416, 331–338.

79. Mulik, R. S., Mönkkönen, J., Juvonen, R. O., Mahadik, K. R., Paradkar, A. R.
(2010). ApoE3mediated poly (butyl) cyanoacrylate nanoparticles
containing curcumin: Study of enhanced activity of curcumin against
beta amyloid induced cytotoxicity using in vitro cell culture model.
Mol. Pharm., 7, 815–825.

80. Le Droumaguet, B., Nicolas, J., Brambilla, D., Mura, S., Maksimenko, A.,
DeKimpe, L., Salvati, E., Zona, C., Airoldi, C., Canovi, M., et al. (2012).
Versatile and efficient targeting using a single nanoparticulate
platform: Application to cancer and Alzheimer’s disease. ACS Nano, 6,
5866–5879.
81. Ameruoso, A., Palomba, R., Palange, A., Cervadoro, A., Lee, A., Di
Mascolo, D., Decuzzi, P. (2017). Ameliorating amyloid-β fibrils
triggered inflammation via curcumin-loaded polymeric nanoconstructs. Front. Immunol., 8, 1411.

82. Ray, B., Bisht, S., Maitra, A., Maitra, A., Lahiri, D. K. (2011). Neuroprotective and neurorescue effects of a novel polymeric nanoparticle
formulation of curcumin (NanoCurcTM) in the neuronal cell culture
and animal model: Implications for Alzheimer’s disease. J. Alzheimers
Dis., 23, 61–77.

83. Cheng, K. K., Yeung, C. F., Ho, S. W., Chow, S. F., Chow, A. H., Baum,
L. (2013). Highly stabilized curcumin nanoparticles tested in an
in vitro blood–brain barrier model and in Alzheimer’s disease Tg2576
mice. AAPS J., 15, 324–336.
84. Sood, S., Jain, K., Gowthamarajan, K. (2014). Optimization of curcumin
nanoemulsion for intranasal delivery using design of experiment
and its toxicity assessment. Colloids Surf. B Biointerfaces, 113,
330–337.

85. Hagl, S., Kocher, A., Schiborr, C., Kolesova, N., Frank, J., Eckert, G.
P. (2015). Curcumin micelles improve mitochondrial function in
neuronal PC12 cells and brains of NMRI mice—Impact on bioavailability. Neurochem. Int., 89, 234–242.

1061

1062

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

86. Siddique, Y. H., Wasi Khan, S. B. R., Naqvi, A. H. (2013). Synthesis
of alginate-curcumin nanocomposite and its protective role in
transgenic drosophila model of Parkinson’s disease. ISRN Pharmacol.,
2013, 1–8.
87. Kakkar, V., Muppu, S. K., Chopra, K., Kaur, I. P. (2013). Curcumin loaded
solid lipid nanoparticles: An efficient formulation approach for
cerebral ischemic reperfusion injury in rats. Eur. J. Pharm. Biopharm.,
85, 339–345.

88. Kakkara, V., Mishrab, A. K., Chuttanib, K., Kaura, I. P. (2013). Proof
of concept studies to confirm the delivery of curcumin loaded
solid lipid nanoparticles (C-SLNs) to brain. Int. J. Pharm., 448,
354–359.

89. Maiti, P., Dunbar, G. L. (2017). Comparative neuroprotective effects
of dietary curcumin and solid lipid curcumin particles in cultured
mouse neuroblastoma cells after exposure to Abeta42. Int. J.
Alzheimers Dis., 2017, 1–13.

90. Maiti, P., Hall, T. C., Paladugu, L., Kolli, N., Learman, C., Rossignol,
J., Dunbar, G. L. (2016). A comparative study of dietary curcumin,
nanocurcumin, and other classical amyloid-binding dyes for labeling
and imaging of amyloid plaques in brain tissue of 5x-familial
Alzheimer’s disease mice. Histochem. Cell Biol., 146, 609–625.

91. Maiti, P., Paladugu, L., Dunbar, G. L. (2018). Solid lipid curcumin
particles provide greater anti-amyloid, anti-inflammatory and
neuroprotective effects than curcumin in the 5xFAD mouse model
of Alzheimer’s disease. BMC Neurosci., 19, 7.

92. Pragati, P., Nahar, A., Slitt, L., Navindra, P. (2015). Anti-inflammatory
effects of novel standardized solid lipid curcumin formulations. J.
Med. Food, 18, 786–792.

93. Dadhaniya, P., Patel, C., Muchhara, J., Bhadja, N., Mathuria, N., Vachhani,
K., Soni, M. G. (2011). Safety assessment of a solid lipid curcumin
particle preparation: Acute and subchronic toxicity studies. Food
Chem. Toxicol., 49, 1834–1842.

94. Ganesan, P., Narayanasamy, D. (2017). Lipid nanoparticles: Different
preparation techniques, characterization, hurdles, and strategies
for the production of solid lipid nanoparticles and nanostructured
lipid carriers for oral drug delivery. Sustain. Chem. Pharm., 6, 37–56.
95. Sadegh-Malvajerd, S., Azadi, A., Izadi, Z., Kurd, M., Dara, T., Dibaei, M.,
Sharif-Zadeh, M., Akbari-Javar, H., Hamidi, M. (2019). Brain delivery
of curcumin using solid lipid nanoparticles and nanostructured

References

lipid carriers: Preparation, optimization, and pharmacokinetic
evaluation. ACS Chem. Neurosci., 10(1), 728–739.

96. Meng, F., Asghar, S., Gao, S., Su, Z., Song, J., Huo, M., Meng, W., Ping,
Q., Xiao, Y. (2015). A novel LDL-mimic nanocarrier for the targeted
delivery of curcumin into the brain to treat Alzheimer’s disease.
Colloids Surf. B Biointerfaces, 134, 88–97.
97. Lazar, A. N., Mourtas, S., Youssef, I., Parizot, C., Dauphin, A., Delatour,
B., Antimisiaris, S. G., Duyckaerts, C. (2013). Curcumin-conjugated
nanoliposomes with high affinity for Aβ deposits: Possible applications
to Alzheimer disease. Nanomed. Nanotechnol. Biol. Med., 9, 712–721.

98. Sancini, G., Gregori, M., Salvati, E., Cambianica, L., Re, F., Ornaghi,
F., Canovi, M., Fracasso, C., Cagnotto, A., Colombo, M., et al. (2013).
Functionalization with TAT-peptide enhances blood–brain barrier
crossing in vitro of nanoliposomes carrying a curcumin-derivative
to bind amyloid-β peptide. J. Nanomed. Nanotechnol., 4, 1–8.

99. Mourtas, S., Canovi, M., Zona, C., Aurilia, D., Niarakis, A., La Ferla, B.,
Salmona, M., Nicotra, F., Gobbi, M., Antimisiaris, S. G. (2011). Curcumindecorated nanoliposomes with very high affinity for amyloid
beta1–42 peptide. Biomaterials, 32, 1635–1645.

100. Airoldi, C., Zona, C., Sironi, E., Colombo, L., Messa, M., Aurilia, D., Gregori,
M., Masserini, M., Salmona, M., Nicotra, F., et al. (2011). Curcumin
derivatives as new ligands of apeptides. J. Biotechnol., 156, 317–324.

101. Conti, E., Gregori, M., Radice, I., Da Re, F., Grana, D., Re, F., Salvati, E.,
Masserini, M., Ferrarese, C., Zoia, C. P., et al. (2017). Multifunctional
liposomes interact with Abeta in human biological fluids:
Therapeutic implications for Alzheimer’s disease. Neurochem. Int.,
108, 60–65.
102. Kuo, Y. C., Lin, C. Y., Li, J. S., Lou, Y. I. (2017). Wheat germ agglutininconjugated liposomes incorporated with cardiolipin to improve
neuronal survival in Alzheimer’s disease treatment. Int. J. Nanomed.,
12, 1757–1774.

103. Kuo, Y. C., Lin, C. C. (2015). Rescuing apoptotic neurons in
Alzheimer’s disease using wheat germ agglutinin-conjugated and
cardiolipin-conjugated liposomes with encapsulated nerve growth
factor and curcumin. Int. J. Nanomed., 10, 2653–2672.

104. Valldeperas, M., Wis´niewska, M., Ram-On, M., Kesselman, E., Danino,
D., Nylander, T., Barauskas, J. (2016). Sponge phases and nanoparticle
dispersions in aqueous mixtures of mono- and diglycerides. Langmuir,
32, 8650–8659.

1063

1064

Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders

105. Milak, S., Zimmer, A. (2015). Glycerol monooleate liquid crystalline
phases used in drug delivery systems. Int. J. Pharm., 478, 569–587.

106. Angelova, A., Angelov, B., Mutafchieva, R., Lesieur, S., Couvreur, P. (2011).
Self-assembled multicompartment liquid crystalline lipid carriers
for protein, peptide, and nucleic acid drug delivery. Acc. Chem. Res.,
44, 147–156.

107. Angelov, B., Angelova, A., Filippov, S. K., Drechsler, M., Štěpánek,
P., Lesieur, S. (2014). Multicompartment lipid cubic nanoparticles
with high protein upload: Millisecond dynamics of formation. ACS
Nano, 8, 5216–5226.

108. Zerkoune, L., Lesieur, S., Putaux, J. L., Choisnard, L., Gèze, A.,
Wouessidjewe, D., Angelov, B., Vebert-Nardin, C., Doutch, J., Angelova,
A. (2016). Mesoporous self-assembled nanoparticles of biotransesterified cyclodextrins and nonlamellar lipids as carriers of
water-insoluble substances. Soft Matter, 12, 7539–7550.

109. Han, S., Shen, J. Q., Gan, Y., Geng, H. M., Zhang, X. X., Zhu, C. L., Gan, L.
(2010). Novel vehicle based on cubosomes for ophthalmic delivery
of flurbiprofen with low irritancy and high bioavailability. Acta
Pharmacol. Sin., 31, 990–998.

110. Zou, A., Li, Y., Chen, Y., Angelova, A., Garamus, V. M., Li, N., Drechsler,
M., Angelov, B., Gong, Y. (2017). Self-assembled stable sponge type
nanocarriers for Brucea javanica oil delivery. Colloids Surf. B, 153,
310–319.
111. Azhari, H., Strauss, M., Hook, S., Boyd, B. J., Rizwan, S. B. (2016).
Stabilising cubosomes with tween 80 as a step towards targeting
lipid nanocarriers to the blood–brain barrier. Eur. J. Pharm. Biopharm.,
104, 148–155.

112. Wu, H., Li, J., Zhang, Q., Yan, X., Guo, L., Gao, X., Qiu, M., Jiang, X., Lai,
R., Chen, H. (2012). A novel small odorranalectin-bearing cubosomes:
Preparation, brain delivery and pharmacodynamic study on
amyloid-b25–35-treated rats following intranasal administration.
Eur. J. Pharm. Biopharm., 80, 368–378.
113. Baskaran, R., Madheswaran, T., Sundaramoorthy, P., Kim, H. M., Yoo,
B. K. (2014). Entrapment of curcumin into monoolein-based liquid
crystalline nanoparticle dispersion for enhancement of stability and
anticancer activity. Int. J. Nanomed., 9, 3119–3130.

114. Wei, L., Li, X., Guo, F., Liu, X., Wang, Z. (2018). Structural properties,
in vitro release and radical scavenging activity of lecithin based
curcumin-encapsulated inverse hexagonal (HII) liquid crystals.
Colloids Surf. A, 539, 124–131.

References

115. Angelova, A., Angelov, B. (2017). Dual and multi-drug delivery
nanoparticles towards neuronal survival and synaptic repair. Neural.
Regen. Res., 12, 886–889.
116. Angelova, A., Drechsler, M., Garamus, V. M., Angelov, B. (2018).
Liquid crystalline nanostructures as pegylated reservoirs of
omega-3 polyunsaturated fatty acids: Structural insights toward
delivery formulations against neurodegenerative disorders. ACS
Omega, 3, 3235–3247.
117. Sandhir, R., Yadav, A., Mehrotra, A., Sunkaria, A., Singh, A., Sharma,
S. (2014). Curcumin nanoparticles attenuate neurochemical and
neurobehavioral deficits in experimental model of Huntington’s
disease. Neuromol. Med., 16, 106–118.

118. Guerzoni, L. P., Nicolas, V., Angelova, A. (2017). In vitro modulation
of TrkB receptor signaling upon sequential delivery of curcuminDHA loaded carriers towards promoting neuronal survival. Pharm.
Res., 34, 492–505.

119. Chen, Y., Angelova, A., Angelov, B., Drechsler, M., Garamus, V.
M., Willumeit-Römere, R., Zou, A. (2015). Sterically stabilized
spongosomes for multi-drug delivery of anticancer nanomedicines.
J. Mater. Chem. B, 3, 7734–7744.

120. Biswas, A., Kurkute, P., Jana, B., Laskar, A., Ghosh, S. (2014). An amyloid
inhibitor octapeptide forms amyloid type fibrous aggregates and
affects microtubule motility. Chem. Commun., 50, 2604–2607.

121. Adak, A., Das, G., Barman, S., Mohapatra, S., Bhunia, D., Jana, B.,
Ghosh, S. (2017). Biodegradable neuro-compatible peptide hydrogel
promotes neurite outgrowth, shows significant neuroprotection,
and delivers anti-Alzheimer drug. ACS Appl. Mater. Interfaces, 9,
5067–5076.
122. Shrestha, H., Bala, R., Arora, S. (2014). Lipid-based drug delivery
systems. J. Pharm., 2014, 1–10.

123. Ganem-Quintanar, A., Quintanar-Guerrero, D., Buri, P. (2000).
Monoolein: A review of the pharmaceutical applications. Drug Dev.
Ind. Pharm., 26, 809–820.

124. Bousquet, M., Saint-Pierre, M., Julien, C., Salem, N., Cicchetti, F., Calon,
F. (2008). Beneficial effects of dietary omega-3 polyunsaturated
fatty acid on toxin-induced neuronal degeneration in an animal
model of Parkinson’s disease. FASEB J., 22, 1213–1225.

1065

Chapter 34

Peptide-Based Drug Delivery Systems:
Future Challenges, Perspectives, and
Opportunities in Nanomedicine
Diego Tesauro, PhD,a Antonella Accardo, PhD,a Carlo Diaferia, PhD,a
Vittoria Milano, PhD,a,b Jean Guillon, PhD,b Luisa Ronga, PhD,c and
Filomena Rossi, PhDa
aDepartment

of Pharmacy and CIRPeB, Università Federico II, Naples, Italy
INSERM U1212/UMR CNRS 5320, UFR des Sciences Pharmaceutiques,
Université de Bordeaux, Bordeaux, France
cInstitute of Analytical Sciences, IPREM, UMR 5254, CNRS-University of Pau, Pau,
France
bARNA,

Keywords: peptide, peptide backbone structures, drug delivery, peptide selfassembling carriers, active targeting receptors, diphenylalanine, binding
peptides, hydrogels, contrast agents, nanomedicine, supramolecular
chemistry, bioimaging, micelles, liposomes, integrin receptors,
nanoaggregates, octreotide, bombesin receptors, aromatic interactions,
amphiphilic peptides, β-sheet peptides

34.1

Introduction

Peptides of natural and synthetic origin are compounds involved
in a wide variety of biological roles. They act as hormones, enzyme
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substrates and inhibitors, antibiotics, biological regulators, and so
on. Therefore, peptides play an essential role in biotechnological
applications as therapeutic and diagnostic agents. Their advantages
depend on the strategy applied to produce them and include
biocompatibility, low cost, tunable bioactivity, chemical variety,
and speci ic targeting. Moreover, they are easily synthesized,
for example, by using solid-phase peptide methodologies where
the amino acid sequence can be exactly selected at the molecular
level by tuning the basic units [1]. Although the drawbacks related
to their use are referred to as metabolic instability via protease
degradation, an improved metabolic stability can be pursued
through several chemical approaches aimed to modify the original
peptide sequences. Some examples are the introduction of speci ic
coded or un-coded amino acids, D-counterparts, cyclization,
and DNA recombinant technology. Recently, peptides achieved
resounding success in drug delivery and in nanomedicine smart
applications, thanks to these innovative approaches. These
applications are among the most signi icant challenges of recent
decades in transporting drugs only to pathological tissues whilst
other districts in the body are preserved from side eﬀects. This
speci ic feature allows the reduction of unwanted drug eﬀects and
increases the drug ef icacy [2].
In peptide-containing aggregates, peptide sequence can ful ill
a structural or a bioactive role. In detail, peptides play a structural
role when the primary amino acid sequence drives or aﬀects
the molecular self-assembly by adding remarkable weak noncovalent bonds, electrostatic interactions, hydrogen bonds,
hydrophobic and Van der Waals interactions, and π−π stacking
between the side chains. Furthermore, peptides play a bioactive
role when the full sequence, or a part of it, is deputed to recognize
speci ic receptors, such as those overexpressed by pathological cells.
In this review, we will focus on the peptide ability to self-assemble
and on potential applications of peptide based nanosystems for
nanomedicine. In addition, we report recent examples of peptides
employed as delivery systems of anticancer drugs and/or contrast
agents for the imaging of tumor pathologies. Finally, we will
describe peptide nanosystems able to actively address the active
pharmaceutical ingredients (APIs) toward speci ic biological
targets.

Peptide Self-Assembled Nanostructures

34.2 Peptide Self-Assembled Nanostructures
Peptides are able to gather into assorted nanostructures, including
nanotubes, nano ibers, nanospheres, and nanovesicles, supported
by their device and self-assembly conditions [3]. Diﬀerent types
and structures of peptides, including cyclic and linear peptides,
amphiphilic peptides, and α-helical and β-sheet peptides, can
self-assemble into nanostructures (see Fig. 34.1).

Figure 34.1 Diﬀerent classes of peptides can be arranged in supramolecular structures handling the self-assembling phenomena. Various
morphologies can be generated according to the rational design of the
primary sequence.
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34.2.1 α-Helical and β-Sheet Pep des
The primary feature in the design and synthesis of peptide-based
biomolecules regards the peptide backbone arrangement in
α-helical and β-sheet secondary structures. This is a consequence
of the hydrogen bonding pattern interactions through the amide
and carbonyls groups in the peptide backbone. After that, the
β-strands turn into a β-sheet self-assembled structure that
could be rearranged in parallel or antiparallel arrays, according
to the direction of the peptide sequences. The peptide is
typically designed to contain repeating amino acid residues and
distinct hydrophobic and hydrophilic regions. Consequently, the
hydrophobic moiety could be hidden within the self-assembled
nanostructure while the hydrophilic area could be better
exposed to the solvent (water) environment [4]. Unlike β-sheets,
α-helices are formed by single peptide chains, where backbone
amide components are intramolecularly hydrogen bonded. This
arrangement leads to the exposition of side chains of amino acids on
the surface of each helix. Thus, their positioning further facilitates
the accessibility of the peptide in the solvent.
The regular α-helical peptides with 2,5 helices are shown
to aggregate around each other and their structure evolves in
nano ibers [5, 6]. These α-helical peptides can also self-assemble
into nano ibers if they have at least 30 amino acid residues,
through helical coiled-coil structures [7]. The hydrophobic residues
could promote the helix oligomerization through hydrophobic
collapse.
The β-sheet secondary structures are the naturally occurring
motifs most similar to those which carry on into pay peptide
self-assembly [8, 9]. The β-sheet determines regular alternating
hydrophilic and hydrophobic regions in the peptide sequence.
The same structure provides the amphiphilic property to the
peptide that drives the self-assembly of β-sheets. For instance,
β-sheet peptides (namely the QQR holding sequences) can selfassemble into a pH-responsive hydrogel by means of the side
chain’s ion af inity for acidic residues of Glu and Arg. These
peptides are soluble in neutral pH conditions and they switch into
a hydrogel material, in acidic pH surroundings. This behavior can
be rationalized in terms of the rearrangement of antiparallel
β-sheet tapes. Those β-sheet tapes are obtained at lower pH

Peptide Self-Assembled Nanostructures

values and, afterward, stacked together to form nano ibrils in
hydrogels [10]. The intramolecular folding β-hairpin peptides
are well represented in the self-assembled sequences in various
nanostructures, both in water and in space boundaries. Indeed,
the self-assembly of β-hairpins in proteins is carried on by the
arrangement of two β-sheets in antiparallel plans. The modulation
of pH values reproduces the status in which these materials could
be gained and tailored. It is well described that the fundamental
mechanism in hydrogels engendered by self-assembly of the
β-sheet hairpin structure strongly depends on the increase of the
pH values [11].
The peptide self-assembly processes are also kept up by
non-covalent interactions that sometime show the key role in
the overall con iguration. The non-covalent interactions should
be taken into high consideration for these grounds, especially
when designing peptide self-assembled nanostructures for drug
delivery. Indeed, non-covalent interactions shall be rationally
applied in the strategies. These non-covalent interactions are
eﬀortlessly unfair by external environments, for instance, pH
values, temperature array, and the solvent polarity. Indeed, pH
values are critical in peptide sequences richer in charged amino
acids, such as Glu, Asp, Lys, His, and Arg, as stated above. As a
consequence of the rank, these peptides can exhibit negative
or positive shell charges. Then, those peptides can self-assemble
into diﬀerent nanostructures, according to the pH values.

34.2.2

Linear Peptides

Recently, data in the literature have reported that short (below six
residues) and ultra-short (referred to dipeptides and tripeptides)
linear peptides have the ability to self-assemble into many diﬀerent
nanostructures. This aspect, particularly interesting, allows to
minimize the synthesis and puri ication steps and to reduce the
cost of the production process [12].
One of the most studied prototypes of self-assembling
linear peptides is the ultra-short homodipeptide Phe-Phe (FF)
(Fig. 34.2) identi ied by Gazit and co-workers in 2003 as the
smallest region of the Aβ-amyloid peptides (Aβ1-40 and Aβ1-42)
prone to the aggregation [13]. The characterization of FF assemblies
via single-crystal X-ray diﬀraction studies showed that this
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dipeptide is able to generate ring-like networks with a hexagonal
symmetry, promoted by head-to-tail interactions established by
its charged N- and C-terminus. This association trend is further
stabilized by “T-shaped” contacts between the phenyl aromatic
side chains [14]. Molecular dynamic simulations (MD) corroborated
these observations, suggesting the ability of this system to
form open ring-like peptide networks in aqueous solution [15].
Additional studies highlighted the structural versatility of this
motif by showing that, despite its molecular simplicity, FF
homodipeptide is able to form more complex supramolecular
architectures [16]. Interestingly, simple modi ications of the
charged state at the C- or N-terminus of FF, strongly aﬀected its
self-assembling pathway. Indeed, the introduction of a thiol group
or of a Fmoc- luorenylmethyloxycarbonyl group can alter the
self-assembling phenomena, for example [16].
Nanotubes, nanowires, nano ibrils, spherical vesicles, and
organogels are just a few examples of the new peptide materials,
based on FF self-assembly. These materials exhibit mechanical
properties [17], electrical properties [18], electrochemical properties
[19], or optical properties (photoluminescence [20, 21] and
optical waveguide [22]) properties. In this contest, it is signi icant
to highlight the main property of FF self-assembled nanotubes
referring their thermal stability, which is the distinctive skill in
bioinspired materials [23]. All these physicochemical characteristics
make them suitable for several applications in nanomedicine
(tissue engineering, drug delivery, and bioimaging) [18, 24, 25] and
in nanofabrication ields (biosensors, nanodevices, and conducting
nanomaterials) (Fig. 34.2) [26, 27].
In 2013, Alves et al. suggested for the irst time FF-based
microtubes (FF-MTs) as potential drug delivery vehicles. In their
studies, the authors used Rhodamine B (RhB), a common dye,
as a model drug. Data suggested the low in vitro toxicity of the
FF-MTs and the potential of these carriers to deliver drugs at
constant rates [28]. Beyond the low in vitro toxicity, FF-MTs units
showed very high thermal stability (up to 120°C) and stability
towards to the protease degradation. Self-assembled nanotubes
obtained for aggregation of unnatural luorinated-peptides
containing two aryl units were found able to penetrate the
cultured primary human smooth muscle cells and to locate in
their cytoplasmic/perinuclear region [29]. Successively, FF-micro
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and nanotubes, covalently conjugated to folic acid/magnetic
nanoparticles (FA/MNPs), were also evaluated as a potential
delivery systems of the anti-cancer therapeutic 5- luorouracil
(5-FU), and of the anti-in lammatory cargo lufenamic acid (FFA)
[30].

Figure 34.2 Diphenylalanine based aggregates can be applied with diﬀerent
biotechnological scopes, producing drug delivery systems, hydrogels
matrices, supramolecular contrast agents, and luorescent aggregates.
Chemical and functional decorations (like sequences modi ication,
incorporation of luorescent dyes and conjugation with chelating agents
and polymers) at N- and C-terminus of the primary sequence produce
innovative nanostructurated tools.

Analogously to micro- and nanotubes, FF peptide-based
nano ibers have also been recently proposed as vehicles of
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hydrophobic drugs, like hydroxycamphothecin (HCPT), for cancer
therapy. In this study, the replacement of some L-amino acids
with D-counterparts permitted to further improve the in vitro and
in vivo biostability of these peptides against the hydrolysis catalyzed
by endogenous peptidases. The protease stability allows for
prolonged therapeutic eﬀect with reduction of a tumor mass in a rat
model [31]. At the same time, nano ibers of D-peptides generated
via enzymatic dephosphorylation were also investigated for the
controlled release of the anticancer drug taxol, and of a luorophore
(e.g., 4-nitro-2,1,3-benzoxadiazole) used as imaging agents in
vivo [32]. Moreover, the combination of FF with others organic/
inorganic molecules brought to the formation of novel hybrid
smart materials responsive to the external stimuli, such as pH,
enzyme, and oxidative stress. For example, aldehyde molecules
can induce cationic diphenylalanine to assemble into biocompatible
and biodegradable enzyme-responsive nanocarriers. These
nanocarriers loaded with doxorubicin have been proposed as
intelligent antitumor agents [33]. Another example of hybrid
stimuli-responsive biomaterials is represented by magnetic
hydrogel generated for co-assembly under mild conditions of FF
with polydopamine spheres coated with Fe3O4 magnetic
nanoparticles [34]. Successively, in 2016 Alves et al. reported
the formulation of hybrid materials obtained by conjugation of
electrospun polycaprolactone (PCL) ibers and micro/nanotubes
of L,L-diphenylylalanine (FF-MNTs). This biodegradable matrix
allows the achievement of a stable release of lipophilic anesthetic
benzocaine over periods of up to ≈13 h, much higher than
commercially available scaﬀolds [35].
Concurrently, Wu et al. reported FF-based hybrid nanospheres
responsive to pH- and GSH-stimuli. In these spheres, natural alginate
dialdehyde (ADA)was employed as cross-linker to induce selfassembly of FF and in situ reducer of Au3+ ions into Au nanoparticles
(Au NPs). These biocompatible spheres were proposed as drug
loading and delivery systems. Indeed, they were found able to
encapsulate more than 95% of hydrophobic chemotherapeutic drug
(camptothecin, CPT). CPT-loaded spheres exhibited satisfactory
stability under normal physiological conditions and excellent pHand GSH-responsive release at pH 5.0 with 10 mM GSH, which
is similar to the tumor microenvironment. Moreover, these
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nanocarriers can be taken up by cancer cells and have greater
cytotoxicity than free drugs [36].
In 2006, Ulijn and co-workers identi ied Fmoc-FF as one of
the irst dipeptides able to form a homogeneous, transparent,
self-supporting hydrogel with ibrous nanostructure under
physiological conditions [37]. The supramolecular nature of
Fmoc-FF aggregates suggested its potential use in biological
applications, such as controlled drug release, tissue engineering
and cell culture. Many examples of multicomponent hydrogels as
biocompatible drug delivery systems have been reported until
now. FF based hydrogels have been also proposed as vehicle
for the delivery of two complementary anticancer drugs,
dexamethasone, and either taxol or dehydro-CPT. These
peptide hydrogels showed a high in vitro biocompatibility for
concentrations up to 100 μM over 48 h. Moreover, their principal
advantages are the improved stability of the drugs over time at
37°C (i.e., 48 h for the taxol-derivative, and over two weeks for the
others) and the slow drug release [38]. Beyond the encapsulation
of anticancer drugs, peptide hydrogels can encapsulate nonsteroidal anti-in lammatory drugs (NSAIDs) for local use [39]
or SPECT tracers [40]. Recently, Fmoc-FF has been utilized in
combination with plasmonic gold nanorods (AuNRs) for the
development of near-infrared laser-activatable microspheres.
These AuNR-embedded dipeptide microspheres, loaded with
the anticancer agent, doxorubicin (DOX), were proposed as a
smart drug-delivery platform for native, continuous and pulsatile
drug release. Results of the study demonstrated the capability to
achieve a sustained and on-demand DOX release from the
microspheres by manipulating the laser exposure time [41].
Hybrid hydrogel encapsulating docetaxel were also prepared
via the calcium-ion-triggered co-assembly of Fmoc-FF peptide and
alginate. Due to the synergic eﬀect of these two components, the
inal material presented much better stability than the single
components in both water and a phosphate-buﬀered solution.
Controlled drug release was obtained by varying the concentration
ratio between the peptide and the polysaccharide [42]. FmocFF dipeptide has been also utilized to confer mechanical rigidity
and stability to natural polymers like hyaluronic acid (HA),
a major component of the extracellular matrix. Fmoc-FF/HA
composite hydrogels showed a sustained release of curcumin, a
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hydrophobic polyphenol showing antioxidant, anti-in lammatory,
and antitumor activities. Additionally, in this study, it was observed
a direct relationship between the rate of curcumin released and
the concentration of the Fmoc-FF peptide within the hydrogel
matrix [43]. Fmoc-FF/poly-L-lysine (PLL) injectable multicomponent
hydrogels, encapsulating the photosensitive drug Chlorin e6
(Ce6), were also proposed as promising delivery platform in the
photodynamic antitumor therapy. In vivo studies indicated an
ef icient inhibition of the tumor growth with no detectable toxicity
or damages to normal organs during the treatment [44]. Inspired
by Fmoc-FF, recently Adler-Abramovic et al. reported the synthesis
of the peptide 6-nitroveratryloxycarbonyl-diphenylylalanine (NvocFF) containing an ultraviolet (UV)-sensitive phototrigger [45].
The UV irradiation of the self-supporting hard hydrogel obtained
by the self-assembling of this ultra-short peptide prompts
the controlled release of the encapsulated insulin- luorescein
isothiocyanate (insulin-FITC), used as a drug model.
Over the years, multidisciplinary studies have revealed that
the self-assembly of short linear peptides and still of single amino
acids can make a broad range of diversi ied materials. It was
observed that the conjugation of the polyethylene glycol (PEG)
to short homopeptides, containing aromatic amino acids permits
a substantial increase of their water solubility. The aromatic
residues that can be such are, for example: phenylalanine (Phe, F),
tyrosine (Tyr, Y) [46], tryptophan (Trp, W) [47], and naphthylalanine
(Nal). Recently, Diaferia et al. proposed a polymer-peptide
(PEGylated-F4) functionalized with Gd-DTPA and Gd-DOTA as
contrast agent for potential diagnostic applications in magnetic
resonance imaging (MRI) [48]. Single peptides in the aggregates
are in a β-sheet conformation with an antiparallel alignment along
the iber axis. Each Gd-complex in the nanostructure exhibits a
relaxivity value around 15 mM−1s−1 at 20 MHz, approximately
three-fold higher than the classical contrast agents at low
molecular weight (4.7 mM−1s−1). These relaxometric parameters
are in line with other examples of Gd(III) based supramolecular
(micelles or liposomes) contrast agents [49]. Due to the signi icant
internalization ef iciency and due to the high relaxivity values,
these nanostructures are able to enhance the MRI cellular
response on J774A.1 mouse macrophages cell line. In detail,
within those cells the cytotoxicity of the ibril nanoaggregates was
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negligible with an incubation time of 3 h in the 0.5–5.0 mg/mL
concentration range.
The same authors also evaluated the eﬀect of the Gd-complex
position in the aromatic framework and of the replacement of
the phenylalanine with the non-coded amino acid 2-Nal [50, 51].
They observed that the diﬀerent positioning of the chelating
agent into the aromatic framework (at the center or at the
N-terminus of the F4-motif) causes a drastic loss of the tendency
to self-assemble and of the relaxivity value (11 mM–1 . s–1).
The decrease of the latter is related to the major lexibility of
the Gd-complex on the supramolecular aggregate. On the other
hand, the replacement of Phe in the homodimer with non-coded
2-Nal amino acid permits to restore in dipeptide π– π interactions
and to prompt self-assembly of Gd-conjugates. This happened
thanks to an extended aromatic ring in its side chain. Above 20
mg/mL, Gd-2Nal2 peptide derivative gels and it was found able
to encapsulate anticancer drugs like DOX, thus suggesting a
potential use as theranostic systems.
Recently, Rosenman et al. [21, 52] reported the capability of
FF and FFF NSs to emit photoluminescence (PL) in the blue and
in the green spectral regions, upon thermally induced reconstructive
phase transition. Kaminski et al. [53] also observed the same
phenomenon in proteins and in amyloid-like ibrils rich in β-sheet
structures. According to the literature, in 2016 Diaferia et al.,
synthesized series of PEGylated oligo-phenylalanines (PEG 8-F6,
PEG12-F6, PEG18-F6, PEG24-F6) able to generate supramolecular
systems rich in β-organization [54, 55]. Due to the presence of
their β-sheet structures, these polymer-peptides have been
proposed as promising bioimaging agents. These peptide
nanostructures keep their optoelectronic properties both in
solution and at the solid state, upon excitation at 370, 410, and
460 nm, respectively. From a comparison along PEG-series arises
that the PEG length and its composition could alter both the
structural and the optoelectronic properties of the inal material.
The diﬀerences in the optoelectronic properties were attributed
to the extension of the electron delocalization via hydrogen
bonds along the cross β-structure of the peptide spine. This eﬀect
is due to the number of amide bonds along the PEG chain. With
the aim to develop novel biocompatible peptide nanostructures
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as bioimaging tools, the same authors tried to improve the
performance in terms of PL intensity and of wavelength range
compatible with in vivo applications. They demonstrated that
the intrinsic PL of these peptides nanostructures can be
transferred to an acceptor dye like 4-chloro-7-nitrobenzofurazan
(NBD) con ined in proximity of the nano iber. Then, the
entrapment of NBD in these NSs caused a red-shift from 460 to
530 nm. This evidence was the proof of concept that PL can be
red-shifted towards the infrared region of the visible spectrum [56].

34.2.3

Cyclic Peptides

In 1974, theoretical analysis suggested the possible arrangement
of a cyclic peptide in a hollow tubular structure [57]. Twenty
years later, Ghadiri and coauthors solved the irst crystalline
structure of nanotube structure, by ring stacking of cyclic peptides
incorporating alternating D and L amino acids: cyclo-(L-Gln-DAla-L-Glu-D-Ala)2 [58]. The peptide side chains were devised on
the external area. It is observed that they were organized in the
typical nanotube structures, as a consequence of the alternating
D and L amino acids. The nanotubes are self-assembled and
stabilized by hydrogen bonds between amide groups of the cyclic
backbone.
In addition to alternating D- and L-type α-amino acids, several
cyclic peptide sequences can make the self-assembly by alternating
α- and β-amino acids, β-amino acids, and δ-amino acids by
molecular stacking and H-bonds between backbones [59–62].
The size of the cavity depends on the length of the cyclic peptide,
from 2 to 13 Å, increasing from a tetramer to a dodecamer. This
parameter with charges on the side chain is essential for the use in
biotechnological applications. By tailoring the chemical structure
of the cyclic peptide, supramolecular self-assembled architectures
can be accustomed to meet the requirements of applications,
including stimuli-responsive nanomaterials antibacterial agents,
for ion channeling and ion sensing and gene delivery.
Despite a large number of cyclic peptide nanotubes (cPNT)
designed, their use as carriers of anti-cancer drugs is very poor.
Zhang and co-workers [63] designed an eight-residue cyclic
peptide containing Glu and Cys amino acids able to self-organize
in a micro-scaled aggregate. PEGylated aggregates loaded with
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DOX showed a high drug encapsulation ratio. Compared to free
DOX, the PEG-modi ied DOX-loaded CPNT bundles demonstrated
higher cytotoxicity, increased DOX uptake and altered intracellular
distribution of DOX in human breast cancer MCF-7/ADR cells
in vitro.

34.2.4 Amphiphilic Peptides (PAs)
Nature has elected amphiphilic molecules to generate life, by
using them to circumscribe portions of the environment. Instead,
membranes are able to con ine biomolecules and to promote the
transport of molecules and ions. Imitating the Nature, amphiphilic
peptides self-assemble into diﬀerent nanostructures, including
vesicles, micelles, nano ibers, and nanotubes, thus playing a pivotal
role in the production of nanomaterials for biotechnological
applications [64, 65]. These molecules contain distinct hydrophobic
and hydrophilic segments. The most simple peptides able to
self-aggregate are constituted by short or long homo-chains of
hydrophobic amino acids, like Val, Ala, Gly, and Phe, followed by
one or more electrostatic charged residues (such as Asp, Glu, or
His). The driving forces of the aggregation are electrostatic (for
Asp, Glu, and His residues) and hydrophobic interactions (for
Val, Ala, Gly, and Phe residues) that address into a wide variety
of nanostructures, depending on their physical and chemical
properties.
In 2002, Zhang and co-workers investigated peptide sequences
containing an hydrophobic moiety (valine [66], glycine [67]
and alanine residues [68]) and an hydrophilic head (one or two
Asp residues or one of Lys). These molecules self-assemble into
various nanotubes or nanovesicles. In particular, the Lys cationic
residues on the head of these peptides could favor their own
conjugation with negatively charged DNA and RNA opening the
possibility of application in gene drug delivery. Later, Hamley’s
group has investigated a cationic peptide in which the hydrophobic
tail consists in six Ala residues with an Arg head group. At low
concentration, this peptide self-assembles in ultrathin sheets,
whereas at higher concentrations the sheets wrap around
themselves to form nanotubes and helical ribbons. This structure
shows antimicrobial properties [69]. It is noteworthy that another
sequence able to aggregate is obtained by alternating hydrophobic
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amino acids with residues bearing on the side chain positive and
negative charges. In this case the EAK16 model peptide aggregates
into nano ibers [70]. The methyl groups of alanines form a sheet
structure inside, whilst the charge residues are exposed on the
external wall. This structure is able to delivery ellipticine, an
anticancer drug. The UV analysis and the luorescence demonstrated
electrostatic interactions and the conjugation method between the
drug and the nano ibers [71].
Aliphatic peptides and lipopeptides were also proposed as
building blocks for self-assembling. The feature of lipopeptides is
the presence of diﬀerent short or long alkylic chains as hydrophobic
moiety, in the monomer structure. In this case, the aggregation
is supported by van der Waals forces. The simplest lipopeptides
are also able to form nanostructures. L-dodecanoylserine monomer
forms: nanotubes, partially wrapped nanotubes and helical
ribbon structures [72]. A peptide amphiphile comprising a single
Lys residue, an alpha-(L-Lys),omega-(amino)bolaamphiphile, it
was shown to form nanotubes in acidic aqueous solution [73].
Many lipophilic PAs can self-assemble into cylindrical nano ibers,
as a consequence of H-bonds among peptide moieties and
hydrophobic collapse of alkyl tails [74, 75]. The induction of selfassembly in these cylindrical structures could be obtained in
aqueous media, in presence of suitable stimuli such as pH [24, 40].
The tetrapeptide sequence, composed by hydrophobic and
negatively charged residues (Val-Glu-Val-Glu), it grafted to an alkyl
tail at sixteen carbon atoms, self-assembled into monodispersed
nanobelts in an aqueous solution at a concentration of 0.1 wt%
[76]. In this regard, Hartgerink et al. described two diﬀerent
self-assembling modes [74]: acid-induced self-assembly and
Ca2+ induction. For the acid-induced self-assembly, PA including
C16H31O grafted to C4G3S(PO4)RGD, they can aggregate in nano ibers
after dissolution in water and exposition to gaseous HCl. On
the other hand, the treatment of a solution of these conjugates
with Ca2+ instantly caused the gel formation in solution. This
Ca2+-induced self-assembly may be particularly helpful for
medical applications at physiological pH, where formation of a
gel is mandatory.
Drug delivery applications of hydrogelation based on PAs were
studied by the Stupp’s group [75]. In their studies, the chemical
structure of the PA molecule (C16V2A2E2) is composed of three
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segments: an hydrophobic tail (palmytic acid), the well-established
β-sheet amino acid sequence V2A2 and two negatively charged
glutamates able to induce cross-linking in presence of Ca2+ ions
in solution. Properties of this peptide as controlled drug release
tool were investigated linking prodan, a luorescent lipophilic
tag used as a dielectric probe for cell membranes. This probe was
linked to the peptide through a hydrazine bond inserting a Lys
residue at diﬀerent positions along the backbone of the peptide.
This pH-sensitive bond can be broken in acidic conditions of
a cell compartment. Hydrogel formation was induced by adding a
100 mM Ca2+ solution after dissolving PA in NaOH.
Lipopeptides with similar chemical structure can form selfassembled micelles. Stearyl-H3CR5C lipopeptide, that are crosslinked
by disul ide bonds (SHRss), have been used to form DOX-loaded
micelles with an average diameter of 233 nm by nanoprecipitation
and probe-based ultrasonication methods. DOX and microRNA are
then loaded into the micelles through hydrophobic interactions
[77]. The DOX release pro ile strongly depends on the pH value.
Indeed, a larger amount of drug was released at pH 5.5 (82.6%)
(corresponding to the endolysomial pH) than at physiological pH
7.4 (63.3%). Cellular uptake has also been investigated by low
cytometry and confocal laser scanning microscopy (CLSM) on
DU145 (human prostate cancer) cells. Results indicated that the
uptake of micelles were time-dependent with an intracellular
uptake rate higher after 4 h of incubation (89.50±0.99%) than after
1 h of incubation (82.56±1.55%). Cationic micelles can be
obtained by self-assembly of PAs in which the hydrophobic moiety
is represented by cholesterol (Chol) and the hydrophilic head
contains a variable number of positively charged residues, such
as histidine and arginine (Chol-CH5R5, Chol-CH3R3, Chol-CR5,
and Chol-CR3,) [78]. These aggregates are able to adsorb on their
surface diﬀerent amount of DNA depending on the ratios between
the arginine residues and DNA phosphate bases. Formation of
micelles with palmitoyl-p5314-29 has been studied by Missirlis
et al. [79]. This PA self-assembled in 10 mM phosphate buﬀer;
the hydrophobic interactions induced the simultaneous formation
of micelles with a hydrodynamic diameter of 319 nm and the
formation of elongated micelles with a diameter of 10 nm having a
length of a few hundred nanometers.
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34.3 Self-Assembling PAs for Targeting in
Nanostructures
In PA-based nanostructures, the main goal of peptides is to drive
the self-aggregation and to regulate the loading and the release of
the encapsulated drug. In the wide category of PAs, the sequence
of the amino acids is responsible for the targeting and delivery
features. For this purpose, the sequence is selected on the ability
to cross the cell membrane or to bind overexpressed receptors
on the cell membranes.

34.3.1 Cell Penetrating Peptide (CPPs) and Smart
Sequences

Cell penetrating peptides (CPPs) are a large class containing more
than 1700 diﬀerent experimentally validated sequences [80, 81].
Most common CPPs are cationic and they are widely used.
A class of CPPs are derived from the α-helical domain of the Tat
protein, covering residues from 48 to 60. Those residues are mainly
composed of basic amino acids, such as the TAT dodecapeptide:
GRKKRRQRRRPQ [82]. The CPP role as a nanovector has been
described in many reviews [83, 84].
Despite high cellular uptake ef iciency, CPPs lack cancer cell
speci icity. To overcome this drawback stimuli-responsive CPPs
have been developed recently to enhance the cellular uptake of
therapeutic cargo only in the tumor tissue. As previously reported,
these stimuli can respond to pH variation or to enzyme activity or
to oxidative stress. CPPs can be considered as responsive molecules
when containing residues able to vary the net charge depending
on the pH. One residue able to tune the net charge of the peptide
is His. Therefore, Zhang et al. designed an α-helical CPP to obtain
a pH-responsive peptide, by replacing all its lysines with histidines
(THAGYLLGHINLHHLAHL(Aib)HHIL). This peptide (TH) showed
a neutral charge at physiological pH, but the net charge became
positive under acidic conditions, so that its cell penetration
capacity was activated [85]. PEGylated liposomes functionalized
with TH peptide showed a more ef icient internalization into C26
colon cancer cells, when compared to non-targeted liposomes.
Moreover, PTX-loaded liposomes suppressed C26 colon tumors
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in vivo with high apoptosis levels where the tumor inhibition
rate reached 86.3%. Proteases abundant in tumor tissue can
constitute internal stimuli for activating CPPs. Liu et al. developed
a liposome able to carry DOX labeled with the sequence
AAN-Tat [86]. The AAN sequence is a substrate of Legumain
endoprotease. The addition of the AAN moiety to the fourth
lysine in the TAT generates a branched peptide moiety, which
leads to a decrease in the transmembrane transport capacity of
TAT up to 72.65%. The action of the enzyme allows restoring
the penetrating capacity of TAT. In vivo assays carried out on
nude mice showed inhibition of the tumor growth signi icantly
higher in mice administered with AAN-TAT liposomal DOX than
control. Simultaneously, for the group treated with targeted DOC
liposomes, it was also observed a prolonged survival period.
Another stimulus could be derived externally, such as UV or NIR
irradiation. In these cases, the CPP peptide is modi ied by the
action of a residue with a photolabile protecting group. Upon
reaching the tumor site, the peptide-functionalized liposomes
are irradiated by UV or NIR light that cleaves the protective groups
and in this way allows the CPP to play its role. Following this
methodology, a CPP (CKRRMKWKK or CGRRMKWKK) enhances
the ef iciency of the translocation, derived from the penetration.
This CPP is designed to turn into an inactive form by neutralizing
the positive changes of the lysines, which are caged with
photoresponsive groups [87].

34.3.2 Peptide Able to Interact with Overexpressed
Receptors

In certain PAs, the receptor-targeting peptides are able to induce
high levels of internalization within tumor cells due to a receptormediated endocytosis mechanism. The peptide sequence can be
composed in this manner [88]. These strategies could allow the
intracellular delivery of the payload. Some known endogenous
proteins are able to bind the target receptor with high af inity. A
signi icant topic of research is about how to preserve the af inity
for the overexpressed receptors, especially after the conjugation
to the hydrophobic moiety. Furthermore, evidence showed how
all the residues which are involved in the receptor binding are well-
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exposed on the nanostructure surface. Those residues maintained
a conformation suitable to the interaction with the receptor
[89]. Further studies are aimed to preserve the in vivo chemical
stability, due to the high sensitivity of peptides to the protease
degradation. Improved metabolic stability and pharmacokinetics
can be achieved by modifying peptide sequences with either
speci ic coded amino acids or un-coded amino acids, or, as well,
with amino acids in the D con iguration. Alternative strategies
consist of: the cyclization between the N- and C-terminals, the
cyclization between the N- or C-terminal and a side-chain, or
the cyclization between two side-chains.
Peptide sequences can act as cell surface receptor antagonists
if molecules are modeled, allowing selective targeting towards to
receptors. Antagonist peptides show a dual advantage if compared
with their agonist counterparts: On the one hand, they do not act
in the biological pathways following receptor binding; on the
other hand they present higher binding capacities [90, 91].
However, the strategy of rational design of new compounds has
some limits, one of the most signi icant being the limit of the
knowledge requirement related to the structure of ligand/
receptor interaction [92]. A further possibility to identify novel
peptide sequences is the use of the phage display technique,
concerning recognizing tumor-associated proteins [93]. Next to the
identi ication of a peptide sequence, some suitable spacers
(charged or neutral) can be inserted between the hydrophobic
region and the peptide. One of the most used spacers in this
context is uncharged PEG. Indeed, the presence of one or more
ethoxilic units permits an increase in the blood circulation time
of the supramolecular aggregates (enhanced permeability
retention eﬀect). In addition, the lack of charge prevents interactions
with the residues on the bioactive portion which could induce
unnatural and incorrect conformations. Furthermore, the spacer
allows the maintenance of the molecule’s lexibility, mobility,
and increases, in some cases, the solubility. The formulation of
supramolecular aggregates, like micelles and liposomes, externally
functionalized with bioactive peptides, may be obtained by using
diﬀerent approaches, such as pre-functionalization and the postfunctionalization strategies [94–97]. In the pre-funtionalization,
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the peptide sequence is placed on the aggregate during the
nanostructure preparation: Figure 34.3 (left panel) shows an
amphiphilic peptide derivative added during the formulation step.
In the post-functionalization strategy (Fig. 34.3, right panel), the
peptide is chemically conjugated on the aggregate surface after
nanostructure organization. The advantages of the irst method
are a de ined quantity of bioactive molecules in the aggregate
and the avoidance of impurities, but it requires as input a wellpuri ied amphiphilic peptide molecule. However, in the case of
liposomes, the bioactive peptide is located on both the external
surface and in the inner aqueous compartment, after liposomial
formulation. In the post-functionalization approach, peptide
coupling concerns the introduction of suitable functional
groups (already activated) onto the external side of liposomes

Figure 34.3 Schematic representation of two approaches used for the
synthesis of peptide containing liposomes. In route I (pre-liposomal
functionalization) a PA is inserted directly during the liposome formulation.
In route II (post-liposomal functionalization) a peptide is anchored on
the external surfaces after liposome formulation by a selective reaction
between two functional groups displayed on the peptide and on the
liposome, respectively.
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or nanoparticles for covalent or non-covalent peptide binding. In
order to make sure about the proper orientation of the targeting
ligand, biorthogonal, and site-speci ic surface, it is necessary to
choose the appropriate reactions. In this sense, the most used
chemical approaches are: enzymatic ligation, Cu-free chemistry,
the amine in case of the N-Hydroxysuccinimide coupling
method; thiol for maleimide; Michael addition; azide for Cu(I)catalyzed Huisgen cycloaddition (CuAAC); biotin for non-covalent
interaction with avidin; triphosphines for Staudinger ligation;
and hydroxylamine for the oxime bond [98].
In the literature, targeting peptides are tailored toward three
broad types of receptors which are overexpressed or exclusively
expressed in cancer vasculature and/or cancer cells: integrins;
growth factor receptors (GFRs); and G-protein-coupled receptors
(GPCRs). Several examples of supramolecular systems loaded
with therapeutic or diagnostic agents and externally decorated
with homing peptides, able to selective recognize integrin receptors
or membrane receptors belonging to the GPCR superfamily, are
reported in Table 34.1.

34.3.2.1 Peptide Target for Integrin Receptors

Integrins are heterodimers transmembrane receptors related to
the cell-extracellular matrix (ECM) adhesion. Upon ligand binding,
integrins activate cellular signals such as regulation of the cell cycle,
organization of the intracellular cytoskeleton, and movement of
new receptors to the cell membrane. Integrins are one of the most
important receptors that can be used in active targeting strategies
[122]. Among the diﬀerent subfamilies of these heterodimeric
transmembrane proteins, integrins αvβ3 and αvβ5 have prominent
roles in angiogenesis and metastatic disseminations. The integrin
αvβ3 plays a very domineering role in angiogenesis and is
overexpressed in endothelial cells of the tumor. Recently a large
exploration in the ield of αvβ3 integrin-mediated bioactive targeting
for cancer treatment has been reported. All designed peptide
sequences contain the RGD motif.
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Table 34.1 Supramolecular systems decorated with homing peptides able
to selectively recognize integrin receptors or membrane receptors
belonging to the GPCR superfamily
Peptide
Receptor Sequence
Integrin
receptor
Avβ3

Peptide Derivative

Drug

Ref.

c(RGDfK)

c(RGDfK)-NHS-PEG-PLA

CA4

[99]

c(RGDfC)

MBPE-c(RGDfC)
post-insertion

DOX

[101]

c(RGDfK)

c(RGDf[N-Met]K)

c(RGDyK)

cAbaRGD
cAmpRGD

iRGD

c(RGDfK)-SH post
liposome modi ication

c(RGDf[N-Met]K
(Ac-SCH2CO))

CDDP

DOX

[100]

[102]

DSPE-PEG-c(RGDyK)

CDDP

iRGD-HES-SS-C18 NCs

DOX/sorafenib [105]

(C18)2(AdOO)5OCT

CDDP/DOX

DSPE-PEG-cAbaRGD
DSPE-PEG-cAmpRGD

DOX
DOX

[103]

[104]

Octreotide

OCA-DOTA/OCA-DTPAGlu Gd-complex

[106]

Octreotide

OCT-(PTX)-PEG-b-PCL

PTX

[109]

SAMA-TOC post liposome
modi ication

111In-DTPA

[112]

Octreotide

Octreotide
Octreotide
Octreotide
Octreotide

(C18)2(AdOO)5OCT
Oct-Phe-PEG-SA

H40-PLA-PEG-OCT

Gd-complex

DOX

TDP-A

[107]

[108]

[110]

[111]

Octreotide

HSPE-PEG4000-OCT

DOX

[113]

[7–14]BN
wild-type

(C18)2-L5-[7–14]BN
(C18)2-PEG3000[7–14]BN

111In-DOTA

[117]

MonY-BN-AA1

DOX

[118]

(C18)2-L5CCK8

Gd-DOTA/
Gd-DTPA

[121]

G-Protein [Tyr3]-Octreotate
coupled
KE108
receptor

[7–14]BN-AA1
analogue

CCK8

Maleimido-TATE

KE108 post micelle
modi ication via NHS

64Cu-DOTA

TDP-A
AB3

AUL12
DOX

[114]

[115]
[116]

[119]

[120]

Note: The bioactive peptide, the peptide conjugation, the encapsulated API, and the
corresponding references are reported.

1087

1088

Peptide-Based Drug Delivery Systems

In most of the cases, the cyclization is commonly employed
to improve the binding properties, conferring rigidity to the
structure. In linear peptides, the fourth amino acid alters the
binding speci icity and the nature of residues, by lanking the
RGD sequence. The fourth amino acid could in luence receptor
af inity, receptor selectivity, and other biological properties [123].
Therefore, nanoaggregates grafted with cRGD sequence have been
widely evaluated for the treatment of diﬀerent cancers, such as
ovarian cancer, melanoma, and breast carcinoma [124, 125]. The
irst examples of aggregates functionalized with RGD containing
peptides they were formulated only in half of the last decade.
In ifteen years, more than 450 articles were published on RGDlabeled liposomes or micelles delivering hydrophilic drugs like
DOX [126, 127], but also with many others anticancer drugs, such
as cisplatin (CDDP) [128], paclitaxel (PTX) [129, 130], docetaxel
(DTX) [131], combretastatin A4 (CA4) [132], and 5- luorouracil
(5-FU) [133, 134].
Generally, the RGD sequence is inserted in a ive residue cycle
in which one of the amino acids is in the D-con iguration. Therefore,
in the case of a single D-amino acid and four L-amino acids, the
homodetic cyclic pentapeptide prefers a II′/conformation with
the D amino acid in the i + 1 position of the II′-turn [135]. Most
aggregates were grafted with the c(RGDfK) cyclic peptide (Fig. 34.4a).
This sequence, developed by Kessler et al. [136], is able to target
the αvβ3 and αvβ5 integrin receptors [137]. For example, c(RGDfK)
was coupled to poly(L-lactide)-block-poly(ethylene glycol)-succinic
ester (NHS-PEG-PLA) [138] to obtain polymeric micelles able
to deliver hydrophobic drugs like CA4 [99].
The density of cRGD on the micelle surface can aﬀect the
amount of drug delivered into the cells. This issue was studied by
Kataoka’s group varying the quantity the monomer functionalized
by cRGD ligand from 5% up to 40%. cRGDfK-labeled micelles were
prepared by “post conjugating” Cys-containing cRGD peptides
onto maleimide-functionalized DACHPt/micelles obtained from
a mixture of poly(ethylene glycol)-b-poly(L-glutamic acid) (MeOPEG-b-P(Glu)) and maleimide-conjugated poly(ethylene glycol)b-poly-(L-glutamic acid) (Mal-PEG-b-P(Glu)) [100]. The better
results in terms of uptake and cytotoxicity were observed for
cis-platinum-loaded micelles functionalized with an amount of
peptide ranging between 20% and 40%.
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Figure 34.4 Structure of targeting peptide sequences: (a) c(RGDfK); (b)
Otreotide[c(2–7)-FCFWKTCTol]; (c) [7–14]-Bombesin (H-QWAVGHLMNH2), and (d) CCK8(H-DYMGWMDF-NH2).

Others analogue cyclic RGDs were also analyzed for drug delivery
applications. One of those studies was performed by Tao et al.,
who formulated DOX loaded liposomes labeled with c(RGDfC): the
peptide was conjugated to the liposomal surface by a thiolmaleimide coupling reaction with MBPE lipid [MBPE-c(RGDfC)]
and the PEG coating of liposomes was obtained by using the
post-insertion method [101]. Key factors in tumor therapy are
biodistribution and clearance of the aggregates aﬀected by
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peptide hydrophilicity. In view to assess the eﬀect of the peptide
hydrophilicity, PEGylated liposomal DOX has been tested in
vitro on integrin-expressing HUVEC cells, after the insertion of
three cyclic RGD analogues: RGDyC, RGDf[N-Met]K, and RGDfK.
Liposomal systems grafted with the RGDf[N-Met]K sequence were
than compared to the other two analogue sequences (RGDyC
and RGDfK). They showed the lowest undesired (not) speci ic
interactions with other integrin-presenting sites, localization
in tumor, and lower DOX side eﬀects [102]. Moreover, a further
cyclic sequence c(RGDyk) was then put in place as a labeling
cisplatin delivery system for therapeutic applications against bone
metastasis derived from prostate cancer in a mouse model [103].
CDDP-loaded targeted liposomes showed a higher cytotoxicity (IC 50
= 1.83 μM) than free drug (IC50 = 15.4 μM) or untargeted liposomal
drug (IC50 = 10.0 μM). The capability of these targeted liposomes to
be selectively accumulated in metastatic tumor bones was tested
during several in vivo assays. They showed a clear tumor egression.
Moreover, other analogues were obtained introducing in the
peptide cycle of the cyclo azabicycloalkane and aminoproline
residues. Zanardi et al. arranged targeted liposomal doxorubicin
by incorporating a 5% molar ratio of DSPE-PEGcAbaRGD or DSPEPEG-cAmpRGD amphiphiles into cAbaRGD-LP or cAmpRGD-LP,
respectively [104]. They also studied their in vitro behavior on
three diﬀerent cell lines (MCF7, HUVECs, and HepG2). Results
showed how both targeted liposomes (cAbaRGD-LP or cAmpRGDLP) possess higher kinetics of nuclei internalization and a higher
percentage of cell death when compared to the free drug.
In the last decade, a new cyclic peptide (CRGDKGPDC) iRGD
was identi ied for peptides hosting tumor metastases [139].
This peptide was found to bind αβ integrin overexpressed on the
surface of cancer cells and on tumor-vessel cells, but not in normal
vessel cells. In delivery applications, the peptide was anchored
on the surface by a post-insertion method, in turn, to develop
the iRGD properties of several aggregates transporting the
isoliquiritigenin (ISL), a natural anti-breast cancer dietary
compound [140] or the doxorubicin and sorafenib [105]. However,
self-assembling iRGD-based amphiphilic molecules have rarely
been reported. The targeting motif was chemically modi ied
with a hydrophilic arginine-rich sequence and hydrophobic alkyl
chains sequentially able to self-assemble in a nanostructure.
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This adjustment aimed to deliver photosensitizer hypocrellin B
for photodynamic application the iRGD [141]. Moreover, very
recently, a new PA containing iRGD and a hydrocarbon chain,
in addition to hydroxyethyl starch (HES), a semi-synthetic
polysaccharide (iRGD-HES-SS-C18 NCs), was formulated [142].

34.3.2.2 GPR Target Peptide

A wide number of nanostructures were functionalized with
peptides able to recognize GPCRs, in particular to target receptors
for somatostatin (SST), cholecystokinin (CCK), gastrin-releasing
peptides (GRP/Bombesin), lutein, and neurotensin.

34.3.2.2.1 Somatostatin receptors

Nanoaggregates directed toward somatostatin receptors have
been widely exploited for diagnostic and therapeutic applications.
Instead, a side eﬀect is highly frequent in the expression of SSTR
in human tumors of neuroendocrine origin, mostly aﬀecting the
expression in normal tissues. In general, SSTR2 is the most common
SSTR subtype found in human tumors, followed by SSTR1, with
SSTR3, that are four and ive times less common. Due to the very low
in vivo half-life of the wild-type SST tetradecapeptide, researchers
have preferred to label aggregates with more stable somatostatin
analogues. The most renowned selected analogue is the octreotide
(OCT) shown in Fig. 34.4b. The OCT is a cyclic peptide containing
eight amino acids in L and D con iguration, developed in 1992 by
Sandoz (now Novartis) [143]. This cyclic peptide is able to cross
the cell membranes via endocytosis by binding to SSTR2 with high
af inity and inhibitory concentration better than wild-type SST
(IC50 = 2 nM). The OCT is able to bind also SSTR3 (IC50 = 376 nM)
and SSTR5 (IC50 = 299 nM), but with a lower degree if compared
to SSTR2. Moreover, the OCT peptide binding to receptors is not
aﬀected by chemical modi ications on its N-terminus.
Octreotide-labeled aggregates may be obtained following
both previously reported approaches and employing opportune
strategies aimed to avoid possible undesired compounds. Many
studies demonstrated that the β-like turn, formed by Phe-LysDTrp-Thr residues, is involved in receptor binding [144]. Therefore,
it is essential to verify the retention of the amino acid con iguration
and the exposition of the tryptophan residue on the external
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aggregate surface. Hence, after their formulation, peptide properties
on the liposomes have to be fully characterized. In 2009, Morisco
et al. synthetized OCT amphiphlic molecules able to self-assemble
in micelles for the selective delivery of MRI contrast agents
[106]. These PAs contain three diﬀerent regions: a hydrophobic
moiety based on two stearyl chains, a chelating agent (DTPAGlu
or DOTA) able to coordinate Gd3+ ions as a contrast agent, and the
bioactive peptide. Fluorescence studies indicate for all micelles a
complete exposure of OCT on the surface. CD measurements show
the predominant presence of a β-sheet peptide conformation,
characterized by a β-like turn.
The majority of aggregates in the literature are not formulated
only by PA self-assembling, but they are obtained by mixing PAs
with other surfactant molecules. Morelli’s group has studied
mixed aggregates formulated by co-assembling of the OCT
lipopeptide with a second monomer containing in the hydrophilic
head: a metal complex acting as diagnostic or therapeutic agent.
In diagnostic aggregates (Gd-DTPAGlu, Gd-DTPA, and Gd-DOTA
complexes), the metal chelate is covalently bound through a
lysine residue to two eighteen-carbon chains [107]. Structural
characterization of the aggregates indicates a shape and size of the
supramolecular aggregates suitable for in vivo use. Therapeutic
aggregates were formulated by co-assembling, at a 10/90 molar
ratio, of the OCT lipopeptide with a second amphiphilic monomer
containing a cytotoxic platinum complex anchored to the lipophilic
tails, (C18)2PKAG-Pt [108]. The (C18)2-PKAG-Pt/(C18)2(AdOO)5OCT mixed aggregates generate large liposomes with an average
diameter of 168 nm. These liposomes were further loaded in their
inner aqueous compartment with the hydrophilic DOX drug. Indeed,
platinum complexes are frequently used as chemotherapeutics,
in combination with other drugs such as paclitaxel, bleomycin,
vinblastine, and in several trials with DOX. This represents the
proof of concept of combined therapy based on DOX and platinum
complexes.
Targeted OCT aggregates were also largely investigated as
carriers for the delivery of hydrophobic anticancer drugs, such
as paclitaxel (PTX): a mitotic inhibitor used to treat patients with
lung, ovarian, breast, head and neck cancers, and advanced forms
of Kaposi’s sarcoma. Zhang et al. loaded PTX in polyethylene glycolpolycaprolactone (PEG-PCL) polymeric micelles, they obtained the
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OCT-(PTX)-PEG-b-PCL (OCT-M-PTX) and the salinomycin (SAL)loaded PEG-b-PCL (M-SAL). The OCT was coupled to NHS-PEGb-PCL through the activated NHS group [109]. These micelles had
a diameter of approximately 25–30 nm and the encapsulation
ef iciency of the drug was 90%. Moreover, by adding free OCT, the
interaction was inhibited, then it was con irmed that cellular uptake
occurs through a receptor-mediated mechanism.
Zou et al. coupled OCT to hydrophobilized chitosan polymer
[110]. This peptide derivative was able to self-assemble in micelles
having very low cytotoxicity, an excellent biocompatibility, and
biodegradability. In detail, the authors formulated N-octyl-O,Ncarboxymethyl chitosan (OCC) and N-deoxycholic acid-O,Nhydroxyethylation chitosan (DAHC) micelles. Then, they conjugated
the OCT on the N-terminal moiety of free carboxylic groups of
OCC. The coupling had an extremely low (about 3%) yield,
which is largely due to the high molecular weights of OCT
and chitosan derivatives, due to the strong hydrogen bonds in
the chitosan backbone, and due to poor solubility of chitosan
derivatives in organic solvent. This result pushed toward
alternative mixed aggregates, adding to DAHC a ligand-PEG-lipid
conjugate able to guarantee same long circulation time in blood
and ligand targeting. Both micelle types showed good DOX loading
capability, with a drug loading content (DLC) in the 22–30% range.
As an alternative strategy, the same authors anchored N-terminal
peptides in solution to a PEG fragment and this moiety was
conjugated to an aliphatic chain or to the deoxycholic acid obtaining
the OCT(Phe)-PEG-SA (OPS) monomer or the OCT(Phe)PEG-DOCA
(OPD), respectively [110].
More recently, OCT-functionalized unimolecular micelles
were exploited to delivery thailandepsin-A (TDP-A) toward
neuroendocrinal tumor cells. TDP-A is a relatively new naturally
produced histone deacetylase (HDAC) inhibitor. Target selective
micelles were obtained by the self-assembling of individual
hyperbranched polymer molecules, consisting of a hyperbranched
polymer core (Boltorn®H40) and approximately 25 amphiphilic
polylactide-poly(-ethlyene glycol) (PLA-PEG) block copolymer
arms covalently bound through the succinimidyl group (NHS) to
octreotide (H40-PLA-PEG-OCT) b [111].
Helboketal. [112] synthesized an amphiphilic OCT derivative
by cross-linking the S-acetyl-mercaptopropionic acid peptide
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(SAMA-TOC) with the Mal-DSPE-PEG2000 phospholipid. Next
mixed liposomes were obtained by adding to the OCT derivative
adequate
amounts
of
palmitoyloleoyl-phosphatidylcholine
(POPC), lyso-stearyl-phosphatidylglycerol (Lyso-PG), distearyl
phosphatidylcholine–polyethyleneglycol-2000
(DSPE-PEG2000),
and dimyristoylphosphoethanolamine-DTPA (DMPE-DTPA) in a
molar ratio of 0.1:11:7.5:0.9:2, respectively. These aggregates are
usually employed in nuclear medicine applications radiolabeling
with indium-111.
Octreotide-targeted liposomal doxorubicin was constructed
with diﬀerent ligand density by post-inserting HSPE-PEG4000Octreotide into pre-formed liposomes. The octreotide ligand
insertion was con irmed by the activity detection of octreotide
in HSPE-PEG4000-Octreotide with synchronous luorescence.
Results indicated that an octreotide density around 1% could
achieve the best uptake ef iciencyon NCI-H-446 and SMMC-7721
cell lines among the studied liposomes [113].
Similar properties were shown by the somatostatin [Tyr3]octreotate (TATE) analogue. Petersenet al. [114] conjugated this
peptide to maleimide, covalently attached to the distal end of DSPEPEG2000 via a thioether bond. Targeted liposomes (DSPC/Chol/
DSPE-PEG2000/DSPE-PEG2000-TATE in a molar ratio of 50:40:9:1,
respectively), they encapsulated a positron emitter 64Cu, as
diagnostic agent for positron emission tomography (PET) imaging.
Peptide-labeled liposomes displayed signi icantly higher tumorto-muscle (T/M) ratio (12.7±1.0) compared to control-liposomes
without TATE (8.9±0.9) and to the 64CuDOTA-TATE peptide (7.2±0.3).
These results reveal the feasibility of utilizing somatostatin
analogs for speci ic targeting of the above-described aggregates
to tumors overexpressing somatostatin receptors.
Very recently, TDP-A and AB3, new histone deacetylase
inhibitors, they were encapsulated in the hydrophobic core of
self-assembling micelles labeled with a somatostatin analog
KE108 (PAMAM–PVL–PEG–OCH3/Cy5/KE108) [115, 116]. This
nonapeptide analogue contains the Phe–D-Trp–Lys–Thr motif,
crucial for high-af inity somatostatin receptor binding like
octreotide. Being formed by eight residues, the cycle size of this
analog is larger than octreotide. It possesses high af inity to all
ive subtypes of SSTR. KE108 exhibited superior targeting ability
in medullary thyroid cancer (MTC) cells, if compared to octreotide.
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34.3.2.2.2 Bombesin receptors
The four receptor subtypes which are associated with the
Bombesin-like peptides (BLP) family have been identi ied and
found to be overexpressed in prostate, breast, small cell lung, [145]
ovarian, and gastrointestinal stromal tumors [146]. A peptide
able to bind these receptors is the bombesin (BN), which is
constituted by 14 aminoacid residues. Its eight-residue Cterminal peptide sequence ([7–14]BN), reported in Fig. 34.4c, and
many other BN analogs have been modi ied to selectively carry
diagnostic or therapeutic agents to their receptors. They act both
as agonists or antagonists. Many studies demonstrate that the
[7–14]BN fragment and its analogues conjugated on the Nterminus with amino acid linkers, aliphatic or hydrophilic moiety,
they all keep the af inity for receptors [147–149].
Despite the large overexpression of these receptors only
few aggregates were developed. In the irst example, Accardo
et al. prepared mixed liposomes composed by two amphiphilic
derivatives (C18)2-L5-[7–14]BN (or (C18)2-PEG3000-[7–14]BN) and
(C18)2-DOTA(111In), both of them containing the same hydrophobic
portion (two stearyl tails) and alternatively BN peptide or indium
complex. The presence of a metal complex could allow to detect
the in vitro fate of the liposome and its binding capability. Peptide
was anchored to the alkyl chains trough diﬀerent ethoxylic
spacers (L5 or PEG3000). These spacers permit to improve
the hydrophilicity of the inal monomer and to increase the
bioavalability of the peptide sequence on the external surface
of the liposome. It is worth noting how to perform a really active
targeting, as it is relevant to consider the length of the ethoxylic
region. In fact, a long chain hides the bioactive sequence [117].
Successively, the same authors synthetized DSPC-based liposomes
derivatized by the pre-functionalization approach with the
MonY-BNAA1 monomer containing [7–14]BN analogue, DOTA
chelating agent and the alkyl chains in the same molecule. Speci ic
binding capability and cytotoxicity of these targeted liposomes,
loaded with DOX, were carried out in PC-3 xenograft-bearing
mice. An inhibition of the tumor growth in mice treated with
DSPC/MonY-BN/DOX targeted liposomes [118] was observed.
More recently, the same sequence was grafted to cholesterol by
a click chemistry, following a post-insertion method. The liposome
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obtained by mixing this monomer with DPPC was able to load
subphthalocyanines (SubPc), an interesting hydrophobic probe for
optical imaging, with a geometry that prevent aggregation [150].
An amphiphilic derivative of the [7–14]BN peptide was also used
to prepare sterically stabilized mixed micelles (SSMMs) as drug
delivery systems for gold(III) complexes (AUL12). The latter is
already known for its in vitro and in vivo high antitumor activity,
even in the CDDP-resistant cell lines. These micelles were able to
encapsulate the hydrophobic metal complex with high loading
ef iciency while maintaining the gold (III) complex table in the +3
oxidation state over a period of 72 h. The in vitro binding ability
and cytotoxicity of this target selective micelles were assessed
in PC-3 cells overexpressing the GRP/bombesin receptors [119].
Anyway, circulation time in vivo of the [7–14]BN wild-type
(t1/2 = 15.5 h) remains relatively short. This evidence led the
same authors to develop a new peptide analog, BNAA1, in which
Sta13-Leu14 and the Gly11 residue with the N-methyl-glycine
replaced Leu13-Met14 residues. These changes were inalized to
increase the resistance towards the aminopeptidase and carnitine
enzymes. The labeled DSPC/MonY-BN-AA1/DOX liposomes
reduce the tumor volume showing value reductions superior to
20% when compared to DSPC/MonY-BN/DOX liposomes [120].

34.3.2.2.3 CCK receptors

In neuroendocrine origin tumors, such as medullary thyroid
cancers, it was found that both CCK1 and CCK2 receptors were
overexpressed. The same phenomenon was found in small cell
lung cancers and in gastroenteropancreatic (GEP) tumors. The
peptide CCK8 is able to recognize both receptors.
In Fig. 34.4d, one can see the eight residue C-terminus sequence
of the endogenous hormone cholecystokinin. The CCK8 can be
tailored on N-terminus without aﬀecting receptor binding. This
feature is essentially due to the interaction of receptor N-terminal
extra domain with the amino acid side chains. The latter lies on
the C-terminal moiety of the peptide ligand, as demonstrated
by solution NMR [151] and theoretical studies [152]. Based on
these data, in the last 10 years, Accardo et al. developed a wide
class of CCK8-decorated supramolecular aggregates (namely
Naposomes), by anchoring the bioactive moiety through the Nterminus [107]. The exposition of the CCK8 peptide was assessed
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by luorescence measurements [153]. However, the peptide
availability on surface aggregates is not an exclusive requirement
for the receptor binding: the correct peptide conformation is
crucial to assure high af inity and selectivity in ligand/protein
binding processes. In this case, the CCK8 peptide needs to adopt
a pseudo-α-helix conformation to give high binding af inity
towards to the CCK1-R and CCK2-R receptors, according to the
membrane-bound pathway theory [151]. The authors demonstrated
that only peptide amphiphiles having an initial random coil
conformation were able to adopt the pseudo-α-helix conformation
in the presence of the receptor. Unlike them, peptides like (C18)2L5CCK8, in which the peptide displays a β−sheet conformation,
do not show in vitro cellular binding. Closing that chemical
modi ication on the CCK8, the N-terminus seems to play an
important role in stabilizing the peptide active conformation in
self-assembling. The CCK8 amphiphilic monomers were combined
with a second monomer containing the DOTA or DTPA chelating
agent (general formula: (C18)2-L5CCK8 and (C18)2-CA, respectively).
The morphology and the size of the resulting aggregates
(micelles, liposomes or open bilayers) are determined by several
parameters, such as ionic strength, pH, monomer structure
(length of polioxiethylene spacers), composition, and formulation
procedure (dissolution in buﬀered solution or well-assessed
procedures based on sonication and extrusion) [107, 121, 154].
Moreover, these aggregates can play a double role as theranostic
delivering contrast agents and drugs [155].

34.3.2.3 Supramolecular System Based on Disordered Linear
Peptides

The design of supramolecular systems could drive the disordered
peptides to fold into a stable structure. This structural modi ication
could be a promising route to develop a new class of bio-molecules
for processes in which a speci ic conformational rearrangement is
required [156]. These considerations deserve an in-depth study
of the intrinsic disorder of peptide behavior in solution and their
performance on surface of nanostructures [157]. Recently, the
authors have studied the structural preferences of linear synthetic
peptides with CPC-containing sequences (chemokine receptor
CXCR4) characterized by the presence of some unordered amino
acids [158]. In particular, these studies showed the conformational
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lexibility of both peptides, tested on the CXCR4 receptor through
an indirect binding assay. Additionally, the authors tested the
inhibition of CXCL12-induced migration and cAMP reduction. In
addition, they proved how disordered peptides possess a stronger
inhibitory capability on the adenilate cyclase, if compared to the
AMD3100, which is, nowadays, the best characterized CXCR4
inhibitor. Trial evidence highlights that short, lexible peptides
with no regular secondary structure can dynamically explore some
conformational ensembles by targeting the chemokine receptor
CXCR4. The employment of intrinsically disordered peptides
could lie in the skill to control the transition between diﬀerent
structural states, especially as biosensors and in molecular
recognition [159].

34.4 Conclusions

In this review, we have reported the most recent evidence on
peptide-based drug-delivery systems in biotechnological
applications. During the examination of the very rich literature
data, several very remarkable and signi icant aspects have come
into sight. Without a doubt, the extensive use of peptides to
build more complex molecular constructs for biotechnological
applications is well known. This is mostly due to their ease of
achieving, and automation in, the synthesis of ad hoc designed
sequences. In addition, peptides are also suitable for modi ication
and control to gain desired biostructures in diﬀerent aggregates.
Additionally, several of their speci ic features allow operative
research groups to obtain a broad variety of biotechnological
materials. Furthermore, the option to arrange them in both linear
and cyclic peptide sequences is worth mentioning; the likelihood
to draw on side chains of the amino acid residues; the possibility
to load on them charges and functional groups; and, inally, the
intrinsic opportunity to arrange predictable physical and chemical
patterns, suitable for biotechnological modular applications.
In structured and/or disordered peptides, we can also consider the
option of using conformational preferences: we can always put up
micelles, liposomes, and gels based on peptides with preferential
secondary dimensions and structures.
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All these characteristics can also be engaged by means of
bioactive sequences and/or through the recognition of posttranslation moieties between biosystems. Therefore, it seems
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for biotechnological applications.
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35.1 Introduction
Hydrophilic polymeric networks that are capable of imbibing huge
volumes of water and undergoing swelling and shrinkage suitably
to facilitate controlled drug-release are called hydrogels. Their
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porosity and compatibility with aqueous environments make
them highly attractive biocompatible drug delivery vehicles. Their
applications are manifold and for several biomedical needs as they
are moldable into varied physical forms such as nanoparticles,
microparticles, slabs, films and coatings. The United States has
been the largest producer of hydrogels and is expected to remain
so for a few more years [1]. Hydrogels are promising, trendy,
intelligent, and “smart” drug delivery vehicles that cater to the
specific requirements for targeting drugs to the specific sites and
controlling drug release. Enzymatic, hydrolytic or environmental
stimuli often suffice to manipulate the hydrogels for the drug release
at the desirable site [2]. Like the two sides of a coin, there are
also the disadvantages associated with their use. The primary
disadvantage in drug delivery would be the hydrophobicity of
most drugs. The water-loving polymeric core is probably not
very ideal to hold incompatible hydrophobic drugs, which is a
challenge since many of the drugs that are currently used and
effective in disease therapy are hydrophobic. The tensile strength
of these hydrogels is weak, and this sometimes causes early
release of the drug before arrival at the target site. The following
review discusses on how hydrogels are being manipulated
presently for improved targeted drug delivery. The modern trends
in which the hydrogels are exploited for drug delivery are covered.
The attractive physical properties of hydrogels, especially
their porosity, offer tremendous advantages in drug delivery
applications such as sustained release of the loaded drug. A high
local concentration of the active pharmaceutical ingredient is
retained over a long period of time via a suitable release mechanism
controlled by diffusion, swelling, chemical means or some
environmental stimuli.
Diffusion-controlled drug delivery with hydrogels uses
reservoir or matrix devices that allow diffusion-based drug
release through a hydrogel mesh or pores filled with water. In the
reservoir delivery system the hydrogel membrane is coated on a
drug-containing core, producing capsules, spheres or slabs that
have a high drug concentration in the very center of the system to
facilitate a constant drug-release rate. While the reservoir delivery
system produces time-independent and constant drug release,
the matrix system works via the macromolecular pores or mesh.

Introduction

(a)

This type of release is time-dependent drug release wherein the
initial release rate is proportional to the square root of time, rather
than being constant (Fig. 35.1).
Hydrogel
Drug
Reservoir

Hydrogel
Time

Drug
Reservoir

Drug diīƵsion from the
core through the hydrogel
membrane

(b)
Hydrogel and
Dispersed Drug

Time

Hydrogel and
Dispersed Drug

Drug diīƵsion from the
matrix containing the
dispersed drug

Figure 35.1 (a). Drug-containing core is coated with hydrogel membrane
and the drug concentration is higher in the center of the system to allow
constant release rate of the same in reservoir delivery system. (b). Uniform
dissolution or dispersion of the drug throughout the 3D structure of the
hydrogel is achieved using matrix delivery. Adapted with permission
from [3]; the article is open access and the content reusable.

The swelling-controlled drug release from hydrogels uses
drugs dispersed within a glassy polymer which when in contact
with a biofluid begins swelling. The expansion during swelling
occurs beyond its boundary facilitating the drug diffusion along
with the polymer chain relaxation. The process, otherwise referred
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to as Case II transport, supports time-independent, constant drug
release kinetics. Since the gradient between the dispersed drug in
the hydrogel and its surrounding environment allows the active
ingredient diffusion from a region of higher concentration within
the hydrogel to a lower one, the process is also referred to as
anomalous transport as it combines both the processes of diffusion
and swelling for enabling drug release.
Ocular drug delivery carriers have been developed using
hydrogels that are covalently cross-linked. These soft, biodegradable
hydrogels with high swelling capacity remain in situ in the
lacrimal canal offering greater comfort for the patient. Collagen
or silicone that may be used decides if the punctal-plug (tear duct
plug) system could be used temporarily or permanently,
respectively. Poly(ethylene glycol) hydrogels are commonly used
for producing ophthalmic drug delivery systems for blocking tear
drainage and preventing dry eye.
Drug release in response to environmental changes would
be an ideal delivery system as the release becomes very controlled
and non-specific side effects at off-target sites are alleviated.
Thus, sensitive drug delivery devices responsive to changes in pH,
temperature, ionic strength or glucose concentration have been
developed that are advantageous in the therapy of diseases such as
cancer, and diabetes, characterized by local physiological changes
specific to the various disease stages. The polymer composition
of the hydrogel responsive to the environmental stimuli is
manipulated to make it responsive to the environment [3].
Hydrogels considerably enhance the therapeutic outcome of
drug delivery and have found enormous clinical use. The temporal
and spatial delivery of macromolecular drugs, small molecules,
and cells have greatly improved through hydrogel use for drug
delivery [2]. Drug delivery using hydrogels, however, has not
been free from challenges, but constant improvements are being
made to identify the hydrogel design best suited for specific drug
delivery purposes. Therefore, this paper discusses the recent
trends in drug delivery applications using hydrogels, including
their translation to the clinic and their applications to successfully
deliver hydrophobic drugs.

Current Trend in Hydrogel-Based Targeted Drug Delivery

35.2
35.2.1

Current Trend in Hydrogel-Based Targeted
Drug Delivery
Supramolecular Hydrogels

The supramolecular hydrogel system is composed of intermolecular
interactions that are non-covalent and has two or more molecular
entities held together. The non-covalent cross-linking is a very
attractive aspect of these hydrogels as it helps circumvent the
problems of limited drug loading potential and drug incorporation
for use only as implantables, which would be the only possibility
with a covalently cross-linked network. Apart from offering the
right physical stability for the hydrogels, these achieve drug loading
and gelation simultaneously in an aqueous environment without
the need for a covalent cross-linking. Recent progress has been
made with supramolecular hydrogels using self-assembled
inclusion complexes between cyclodextrins (CD) and biodegradable
block copolymers that provide sustained and controlled release
of macromolecular drugs [4].
Natural cyclic oligosaccharides composed of six, seven or eight
D-(+)-glucose units linked by D-(+)-1,4-linkages (termed α-, β-, and
γ-CD, respectively), are called cyclodextrins and are well-suited for
use in supramolecular systems. They offer hydrophobic internal
cavities with a suitable diameter and their ability to generate
supramolecular inclusion complexes with various polymers make
them ideal drug delivery vehicles.
A recent study involved development of a glycoconjugate
prepared by amidation of homopoly-L-guluronic acid block
obtained from D. antarctica sodium alginate with mono-6-aminoβ-CD. The study was aimed at treating Chagas disease caused
by Trypanosoma cruzi. Lipophilic non-hydroxylated coumarins
were loaded into the hydrophobic core of the β-cyclodextrin
to render them with trypanocidal activity. Interaction between the
carboxylate groups of unconjugated α.0-L-glucuronate residues
with calcium ions produced supramolecular hydrogels of
glycoconjugate of homopoly-L-guluronic block fraction (GG) with
6-NH2-β-CD (6-amino-β-cyclodextrin). As the T. cruzi parasites
have only one mitochondrion, it is an ideal target for drugs to
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manipulate its energy process and apoptosis. Mitochondrial
membrane potential studies revealed that the cyclodextrin complex
with the drugs produced significant oxidative stress to destroy the
parasites. The drug in the complex had increased solubility, showed
improved bioavailability, controlled drug release and improved
trypanocidal activity in comparison to the corresponding free
amidocoumarins [5].
Cyclodextrin-functionalized polyhydrazines were used to
prepare hydrogels in situ via hydrazine bond formation with
aldehyde groups on dextran aldehyde. No toxicity was observed
in vitro with these hydrogels and they could accommodate
nicardipine as hydrophobic drug into the cyclodextrin cavities.
Steady release of nicardipine over 6 days was observed with
the hydrogel preparation having higher hydrazine linkages. Thus,
a gel capable of hydrophobic drug release in an in situ formed
device over extended periods was generated [6].
Bleeding control and wound healing by bioadhesive
hydrogels find enormous biomedical applications. In situ forming
hydrogels are used to heal injured tissues based on their ability
to accumulate and produce a fibrin bridge that permit fibroblast
migration and collagen secretion for healing tissue injury. βCyclodextrins are non-toxic adjuvants for pharmaceutical and
mucoadhesive applications. Partly oxidized β-cyclodextrin was
used in a recent study to exploit aldehyde groups on a hydrogel
matrix for favorable reaction with amines in the tissue to result
in an imine bond (Schiff’s base reaction) in order to adhere to the
skin and to provide improved cyclodextrin solubility in order
to improve loading efficiency. Blending gelatin (the common
extracellular component) with the β-cyclodextrin partly oxidized
with oxidation in the presence of H2O2 (Hydrogen Peroxide)/
horseradish peroxidase, resulted in very rapid formation of gelatinβ-cyclodextrin hydrogels (Fig. 35.2). Hydrophobic drugs such as
dexamethasone could be released with 2.7 fold higher efficacy
when delivered in presence of the cyclodextrin relative to the
gelatin-only hydrogels [7].
Curcumin has been shown to have several therapeutic
benefits and found enormous applications in conventional
therapy. The challenging aspect of its delivery is the extremely low
aqueous solubility. However, a glycyrrhetinic acid (GA) moleculemodified curcumin-based hydrogel has been developed to
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address the problem of delivery of the insoluble drug for
hepatocellular carcinoma. The GA molecule-modified curcumin
supplied in the pro-gelator form could produce a supramolecular
hydrogel in vitro due to disulfide reduction by glutathione (GSH)
and increase curcumin bioavailability and solubility as reported
in HepG2 cells. Higher cellular uptake and potent anti-cancer
activity were observed with the hydrogel in vitro relative
to an already known curcumin-targeting compound that was
tested [8].

Figure 35.2 (A) Graphical representation of the methods for cross-linking to
obtain gelatin-β-cyclo-dextrin (GTA–ob-CD) hydrogels to load hydrophobic
drugs. (B). Schematic representation of adhesive GTA–ob-CD hydrogels
in situ formed by combining HRP catalysis and the Schiff base reaction
with therapeutic release. Reprinted from [7] with permission from
The Royal Society of Chemistry. The article is licensed by Creative Commons
and the link to the license is https://creativecommons.org/licenses/
by/3.0/.
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35.2.2

DNA-Hydrogels

Hybrid bionanomaterials could be developed using DNA as the
building block. Predictable two- or three-dimensional structures
are formed from DNA molecules. Highly structured networks are
formed by hybridizing complementary DNA molecules and the
resultant hydrogel structures expand upon encounter with an
aqueous environment that result in swelling. Not only do these
materials append to any other type of nucleic acid molecules
(such as siRNA, miRNA), but they can also load DNA binding drugs.
High solubility, biocompatibility, versatility and responsiveness
are key features of such hydrogels. Apart from these features
they can also be tagged with suitable fluorescent molecules for
tracking biological studies in vitro [9].
An interesting application of hydrogels has been made with
the development of multi-functional quantum dot (QD) DNA
hydrogels. DNA hydrogels are composed of complementary
strands of DNA hybridized to form a cross-linked network that
swells in an aqueous environment. However, in order for biological
studies to be more easily and effectively performed there has
to be a tracer or a fluorescent molecule attached to the hydrogel
which would then be a superlative option offering both targeted
delivery and imaging. With this aspect in mind Zhang et al.
recently developed a QD-based DNA hydrogel that had highly
tunable size, spectral and delivery properties and bound to the
DNA binding drug doxorubicin (Fig. 35.3). The drug targeted
cancer cells and the QD-DNA hydrogel increased the potency of
the drug in vitro. The single-step assembling zinc sulfide QD
doxorubicin DNA hydrogels showed increased tumor accumulation
in vitro, high biocompatibility, was threefold more efficacious
than free DOX and served as an excellent tool for in vivo bioimaging
in monitoring tumor growth over time. Aptamers such as
siRNA were used to target specific cell types to deliver drug
specifically and modulate protein expression in various cell
types [9] (Fig. 35.3).
Drug-loaded cytosine-phosphate-guanine (CpG)-DNA hydrogels
have been used for cancer immunotherapy. These CpG sequences
containing hydrogels elicit immune responses. As an example,
these DNA hydrogels containing CpG nucleotides stimulated innate
immunity through Toll-like receptor 9 and promoted immune
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responses of ovalbumin (OVA) incorporated into the gel by acting
as an adjuvant. Adverse reactions were considerably reduced with
the use of the CpG-DNA hydrogel in comparison to the OVA injected
with alum or complete Freund’s adjuvant [10, 11].

Figure 35.3 (a). Schematic view of the synthesis process of the DNA
functionalized QDs followed by the formation of the QD hydrogel through
hybridization with DNA. (b). Schematic view of the modification process
on the QD hydrogel for specific targeting of the cell using aptamer
for drug delivery. Release of Doxorubicin and siRNA happens after uptake
into the cell via endocytosis. Reprinted (adapted) with permission
from [9]; the article is open access and the content reusable. Creative
Commons International License 4.0 for the article is available from
http://creativecommons.org/licenses/by/4.0/ [9].

There has been significant advancement in hydrogel
modifications for enhancing the shape memory and the reversibility
of the hydrogel shape after any prolonged stress on them (e.g.,
external stimuli such as temperature). This advances the thermal
responsivity behavior of the hydrogels and an example is the
construction of supramolecular hydrogel with tunable mechanical
properties and multi-shape memory effects. These hydrogels make
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use of agar that is physically cross-linked to form the hydrogel
network and a supramolecular network that is cross-linked
by suitable chemical bonds that fix shapes temporarily and
produces a multi-shape memory effect made possible by reversible
interactions (Fig. 35.4). The supramolecular hydrogel possesses
enormous biocompatibility and biodegradability characteristics
and rely on non-covalent interactions to drive the self-assembly
of small molecules in water. The formed structures thus have
supramolecular architectures and encapsulate water [12, 13].

Figure 35.4 Schematic depiction of a novel Fe3+-, pH-, and thermoresponsive hydrogel with tunable mechanical properties easily changed
by adjusting cross-linking densities of polymers. Moreover, several
co-ordination interactions along with supporting stimuli could be
exploited to stabilize temporary shapes in order to realize shape memory
behavior. Programmable multi-shape memory effect can be realized by
combining the three reversible switches. Reprinted with permission
from [12], copyright (2017) American Chemical Society.

A programmed temporary shape can turn into the memorized
original shape when placed in an appropriate environment or
exposed to a trigger. Such shape-memory hybrid hydrogels could
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also be synthesized using DNA cross-linkers. These hydrogels
not only undergo phase transitions in the trigger of the stimulus,
but also possess memory code to recover to the original matrix
shape. Guo et al. developed a pH-controlled shape memory DNA
hydrogel that was formed by co-polymerization of acrylamide
residues with acrydite modified with (1) cytosine-rich sequences
(forming i-motif subunits) and (2) nucleic acids exhibiting selfcomplementarity. Self-assembly of cytosine-rich nucleic acid
strands into an i-motif structure occurred at pH 5.0 and the
disassembly to a random coil form happened at pH 8.0, leading
to a quasi-liquid state for the hydrogel. Re-acidification to pH
5.0 restored the original structure of the gel [14, 15].

35.2.3

Bioinspired Hydrogels

A newer variety of hydrogels used for drug delivery applications
are the bioinspired hydrogels. These 3D materials recapitulate the
biological micro-environment relevant to the disease condition
and support studies on how the targeted drug delivery process
could be optimized, how the therapy behaved in vivo, how the
disease progressed, and so on. These are particularly useful
in cancer therapy as the disease is particularly complex and
normally associated with intricate cellular and physiological
changes that require progressive monitoring. Engineering such
microenvironments would thus be a very useful approach to
promote research and study the disease condition and therapeutic
process better. The stiffness of the 3D model used for studying
liver cancer is a critical attribute in regulating molecular
diffusivity and malignancy. The elastic moduli of the collagen gels
were increased by stiffening interconnected collagen fibers
with varied amounts of poly(ethylene glycol) di(succinic acid Nhydroxysuccinimidyl ester). The softer gels produced malignant
cancer spheroids while the stiffer ones showed suppressed
malignancy. The model provided better understanding and
regulation of the emergent behaviors of cancer cells [16].
Contact lenses that are bioinspired have been developed
recently with improved drug delivery properties suited to perfectly
match the eye condition in the diseased state, especially of
the anterior-eye segment.
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Inner layer of ethyl cellulose and Eudragit S 100 hydrogels
encapsulated with diclofenac sodium salt showed sustained drug
release in simulated tear film. Sustained drug levels in tear fluid
for a prolonged period of time in relation to eye drops were
observed. The drug timolol was released in response to lysozyme
in the medium and not in PBS. Enzyme cleavable polymers in
hydrogels enabled this.
Ergosterol-liposome grafted silicone materials loaded with
nystatin (an anti-fungal agent) resembled a fungal infection and
triggered nystatin release through a competitive mechanism.
In the absence of the ergosterol (important sterol in the cell
membranes of fungi) in the medium, the drug release was very
negligible [17–20].
With recent progress in cancer therapy using immunology,
the research has progressed in the area with the use of cells such
as erythrocytes, macrophages, stem cells, dendritic cells and
bacteria as building blocks to create targeted delivery systems.
Stem cell membrane coated gelatin nanogels that were high tumor
targeting and biocompatible drug delivery systems were developed
recently. Those gelatin nanogels had excellent stability and
tumor-targeting ability in vitro and in vivo. Targeting doxorubicin
(DOX) enhanced anti-tumor therapeutic efficacy significantly
higher than the gelatin-DOX of free DOX nanogels. Evident side
effects were absent in the tissues of heart, liver, spleen, lung
and kidney as was revealed with histopathology staining of treated
mice [21].
A similar biomimetic drug delivery carrier is the endosomal
membrane-coated nanogel extracted from the source cancer cells
for specific delivery of the small molecule drug. Hyaluronic acid
nanogel composed of SiO2/Fe3O4 nanoparticles formed the inner
core of the hydrogel and the endosome membrane outer shell
was used. The hyaluronic acid could target CD44 receptors
overexpressed in a variety of tumor types. Core–shell mesoporous
silica nanoparticles with Fe3O4 nanocrystals were used as the core
to encapsulate photo-initiators and cross-linkers, followed by
hyaluronic acid coating on the surface via electrostatic interaction.
Photo-polymerization upon UV irradiation resulted in the in situ
formed nanogel in endosomes following incubation of resultant
nanoparticles with the source cells. In the presence of the loaded
anti-cancer drug doxorubicin, the endosomal membrane nanogels
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could specifically interact with the target source cells followed by
internalization to release doxorubicin. High targeting specificity,
cytotoxicity and uptake of the prepared endosomal membrane
coated nanogels with DOX over the bare DOX-nanogels was
observed in vitro [22].
Detoxification of pore-forming toxins resulting from animal
bites/stings using a 3D bioinspired hydrogel matrix resembling
the 3D structure of liver is a recent achievement. The 3D
matrix resembling the liver is created by the hydrogel while the
polydiacetylene nanoparticles installed in the hydrogel matrix
serve to attract, capture and sense toxins. The 3D printed
biomimetic detoxification device with installed nanoparticles
would be a breakthrough innovation replacing vaccines, monoclonal
antibodies, antisera to eliminate toxins from blood. Commonly used
conventional antidote molecules target specific epitope structures
on the pore forming toxins warranting specific treatments for the
various toxins. IV nanoparticle administration for binding and
removal of toxins may cause secondary risk by poisoning from
nanoparticle accumulation in liver. While challenges do not limit
nanoparticle use for toxin clearance, the 3D printed in vitro devices
have been clinically approved for toxin removal [23].
Adhesive bioinspired gels comprising of sodium alginate,
gum arabic, and calcium ions have been developed in order to
mimic properties of natural sundew-derived adhesive hydrogels.
Mouse adipose-derived stem cells were used in combination
with the sundew-inspired hydrogel to confer interesting properties
such as improved wound healing, enhanced wound closure, less
noticeable toxicity and inflammation. Sundew plant’s natural
adhesive hydrogels were quite promising, but the researchers
were quite intrigued about collecting the desirable quantity from
the natural source. This inspired development of the above
described hydrogel type with improved properties [24].
Magnetically actuated gel-bot (Mag-bot) is yet another
recent discovery that facilitates remote control of the motion of
magnetically actuated hydrogels. These hydrogels adopt a crawling
motion resembling that of a maggot and move in a confined
space of 3D porous media including, foams, tissues, fibers and
so on, opening up broader options for targeted drug delivery.
Pattern structures and lubrication effects on hydrogel mobility
in the confined 3D space have been experimented in the paper [25].
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It is not just the maggot that has inspired development of a
new generation of hydrogels with applications in targeted drug
delivery but also the drosera. The drosera-inspired model of
hydrogel for targeted drug delivery with a bifunctional attribute
to it has been developed recently. These hydrogels use the “catch
and kill prey” mechanism as a drosera would. They have a bottom
layer functionalized with double stranded DNA that can bind the
anti-cancer drug doxorubicin and there are aptamers on top that
offer targeting advantages to these particles. Though there is
requirement for in vivo studies, the sustained expression of specific
aptamer on surface and the continuous killing of cancer cells by
sustained drug release make these hydrogels an ideal targeted drug
delivery vehicle for killing cancer cells [26].

35.2.4

Multi-Functional and Stimuli-Responsive
Hydrogels

Hydrogels that were multi-functional and carriers of anti-cancer
drugs are a typical example of the versatility of these delivery
vehicles and their amenability to chemical modifications to
enhance their therapeutic effects. Magnetite nanoparticles that
supported increased intracellular uptake by HeLa cells also had
folate ligand on them to enable targeted delivery. Moreover, the
hydrogel polymers were thermally responsive and DOX loaded.
Those modified hydrogels offered advantages such as increased
cellular uptake and apoptotic activity in vitro [27].
Another stimuli-responsive hydrogel developed very recently
made use of biocompatible thermally responsive polymers that
facilitated rupture of cancer cells. The study was conducted
in vitro with an external source of heat and showed successful
cell rupture. Those hydrogel particles had RGD (arginine, glycine,
aspartate) peptides attached to their surface that could bind to
cells (Fig. 35.5). The paper discussed experiments performed to
confirm firmness of the RGD peptides with the cells (ex: MDAMB21)
and their rupture using external heat stimulation.
Since in vivo conditions in tumors normally produce a higher
temperature than the surrounding areas, and also that it has been
proved that the physical force generated from the expansion of
the cells when they were heated was sufficient to kill them, that
type of thermally responsive hydrogels proved to be highly
advantageous options for achieving targeted cell killing [28].
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Figure 35.5 (a) Schematic illustration of the cancer cell attachment on
stimuli-responsive hydrogel surface. External stimulus such as temperature
causes expansion of the hydrogels and rupture of the cancer cells.
(b) Schematic depiction of the surface modification of hydrogel. The
first layer of coating was polydopamine (PDA) and poly-L-lysine (PLL)
followed by a layer of RGD peptides for binding cancer cells. Reprinted
(adapted) from [28]; the article is open access and the content reusable.
Creative Commons International License 4.0 for the article is available
in https://creativecommons.org/licenses/by/4.0/ [28].

Hydrogen peroxide trigger-mediated release of drugs could be
achieved using hydrogels. This has been demonstrated previously
with the use of ABC-type triblock copolymer poly [(propylenesulfide)b-(N,N-dimethylacrylamide)-b-(N-isopropylacrylamide)] [29, 30]
(PPS-b-PDMA-b-PNIPAM). A model hydrophobic drug, the dye red
Nile was encapsulated in the hydrogel in order to demonstrate
this. The gelation to form the cross-linked hydrogel happened
above 37°C and the ambient 25°C temperature was sufficient
to encapsulate the hydrophobic drug through the formation of
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micelles. Thus, the temperature-responsive polymer could crosslink to be a stable hydrogel carrying the hydrophobic drug based
on the temperature modification and also showed a release of
the red colored dye based on the H2O2 release in the environment
(Fig. 35.6).
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Figure 35.6 Drug release dependent on Reactive Oxygen Species
concentration as displayed by PPS60-b-PDMA 150-b-PNIPAAM150 triblock
polymer-based thermos-responsive Nile red-loaded hydrogels. Nile
red-loaded hydrogels (5 wt% triblock copolymer concentration) in PBS
(pH 7.4) have been used to demonstrate Hydrogen Peroxide dependent
drug release kinetics in vitro at 37°C. 1, 100 and 500 mM concentrations
of H2O2 over a 64 h time course were incubated with the hydrogel
samples to study ROS-dependent drug release. Reprinted with permission
from [31], copyright (2014) American Chemical Society.

Apart from the polymer solubility switch mechanism that
helped release based on the presence of the reactive oxygen
species in the environment, cleavable units of polymer that
underwent scission in presence of ROS have also been developed.
These are also biodegradable and help avoid any toxic build up or
unwanted immune response in the system from the presence of
the hydrogels [31, 32].
Diselenide-containing block copolymer and a peptide
amphiphile were used as building blocks for the construction of a
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UV responsive hydrogel. The gel sol transition of the hydrogel
occurred in presence of gamma irradiation. The peptide amphiphile
was composed of naproxen, the drug and a hexapeptide sensitive to
UV irradiation, the radiation trigger was sufficient to cause release
of the drug from hydrogel. The stimuli responsive hydrogel system
was thus capable of providing both chemo- and radiotherapy benefits
on application [13].
Covalently cross-linked hydrogels are typically stable and
elastic while the physically cross-linked hydrogels produced
through ionic interactions are less stable and exhibit reduced
mechanical properties. The dynamic covalent chemistry is an
option to acquire stability, elasticity and also shear-thinning
and self-healing characteristics for the hydrogel. Based on this,
Volkan et al. reported the synthesis of hydrogel networks from
reversible interactions between phenylboronic acid and cis-diols.
The gel strength was dependent on pH and the hydrogel was
evaluated for protein delivery in vitro. The pKa of phenylboronic
acid and the pH of the environment were the determining
factors for establishing the extent of hydrogel cross-linking. Soft,
moldable hydrogels were produced that could be injected using
standard syringe needles and demonstrated shear thinning and
healing properties in addition to their injectable nature. Protein
encapsulation was performed with the hydrogel, and the release
effect monitored. Size-dependent protein release could be
attributed to the mesh size of the hydrogel network. Insulin and
IgG release from the hydrogel network was monitored in presence
of glucose. Glucose-responsiveness of the hydrogel was confirmed,
and the release kinetics could be controlled by the mesh size
of the hydrogel. 3T3 fibroblast cells showed no significant
toxicity as quantified using MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) assay for 24 h. No chronic
inflammation was observed in vivo and the materials were quite
biocompatible [33].
The temperature sensitive hydrogels respond by undergoing
sol-gel transitions with changes in temperature from room ones
to the physiological ones. Recently developed hydrogels were that
were thermo-responsive and accommodated hydrophobic drugs
efficiently were built from amphiphilic triblock co-polymers,
poly(N-isopropylacrylamide)-b-poly(4-acryloylmorpholine)-bpoly(2-((((2-nitrobenzyl)oxy)carbonyl)amino)ethylmethacrylate)
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(PNIPAM-b-PNAM-b-PNBOC). The hydrogel carried the hydrophilic
drug gemcitabine and the hydrophobic drug doxorubicin.
The triblock co-polymers first assembled into micelles that
had the hydrophobic and temperature responsive components
formed below the lower critical solution temperature, while
higher polymer concentration and temperature above the critical
gelation temperature were used to form the hydrogels of physically
cross-linked micellar nanoparticles. The study demonstrated the
synthesis, characterization and the temperature and UV irradiation
triggered synergistic release of both the hydrophobic and
hydrophilic drugs in vitro [34, 35].
Hydrogels formed by covalent cross-linking of polymers to
facilitate targeted drug delivery have been achieved in recent
years. The nanoparticle-hydrogel is a hybrid system that is formed
in three different ways. The first method is to entrap a hydrogel
within a nanoparticle, the second one is to form a 3D hydrogel
network with the nanoparticles by cross-linking of the latter
using hydrophobic interactions or mixing up nanoparticles of
opposite charges and the final one is to covalently couple the
nanoparticle with the hydrogel [36]. A liposome cross-linked
hybrid hydrogel has been developed recently. Glutathione-triggered
release from the stimuli responsive polymer favored drug release.
Arylthioether succinimide cross-links were introduced between
the peg polymers and the liposome nanoparticles to produce the
3D hydrogel network. In presence of glutathione, the matrix was
degraded, and the encapsulated drug molecules were released.
Malemimide-functionalized liposomes cross-linked using peg
polymers were constructed for co-delivery of doxorubicin and
cytochrome-C (apoptotic cascade initiator) and their release
testing in vitro was monitored in presence of glutathione. The
presence of glutathione triggered drug release from the hydrogel
in a reducing microenvironment such as a tumor [37].

35.3

Diverse Physical Attributes of Hydrogels
for Drug Delivery

Structural-modification amenability of the hydrogels renders them
in various shapes and sizes. This feature is particularly interesting

Diverse Physical Attributes of Hydrogels for Drug Delivery

for drug delivery applications in order to design the hydrogels as
per the target sites to which the drugs have to be delivered. The
hydrogel-based dosage forms can have different designs and
shapes depending on the route of drug administration (Table 35.1).
Table 35.1 Different types of hydrogel products administered via different
routes of administration [38–50]
Route of
administration Shape

Typical dimensions

Peroral

Spherical beads

1 µm to 1 mm

Nanoparticles

10–1000 nm

Rectal

Discs

Suppositories

Vaginal

Vaginal tablets

Ocular

Contact lens

Torpedo-shaped
pessaries
Drops

Diameter of 0.8 cm and
thickness of 1 mm

Conventional adult
suppositories dimensions
(length ~32 mm) with a
central cavity of 7 mm and
wall thickness of 1.5 mm

Height of 2.3 cm, width of 1.3
cm and thickness of 0.9 cm
Length of 30 mm and
thickness of 10 mm

Conventional dimensions
(typical diameter ~12 mm)

Hydrogel particles present in
the eye drops must be smaller
than 10 µm

Suspensions/Ointments N/A
Circular inserts
Transdermal
Implants

Dressings
Discs

Cylinders

Diameter of 2 mm and
total weight of 1 mg (round
shaped)
Variable

Diameter of 14 mm and
thickness of 0.8 mm

Diameter of 3 mm and length
of 3.5 cm

Source: Reprinted (adapted) with permission from [3]; the article
is open access and the content reusable. The article is licensed by
Creative Commons and the link to the license is available at https://
creativecommons.org/licenses/by/3.0/.
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35.4
35.4.1

Specific Therapeutic Areas Using Hydrogels
for Drug Delivery at Present
Ophthalmic

Conventional eye drops have problems with sustained drug
delivery and there is huge wastage of drug immediately following
application through eye drainage. Dextenza is a very recently
FDA approved (December 3, 2018) ocular therapeutic hydrogel
formulation for human use. This is used for ocular pain following
ophthalmic surgery and is the first intracanalicular implant
developed for drug delivery by the company Ocular Therapeutix
(Bedford, MA, USA) [51].
Thermo-responsive polymer developed by mixing poly(acrylic acid-graft-N-isopropylacrylamide) (PAAc-graft-PNIPAAm)
with PAAc-co-PNIPAAm geL and incorporating epinephrine was
used in the in vitro evaluation of ophthalmic drug release. The
approach augmented the effect of intraocular pressure reduction
from 8 h with the traditional drops to 36 h. The cross-linking
density of the hydrogel affected the capillary network formation
and offered a convenient controlled drug release method for
ophthalmic drug delivery [52].
Intraocular pressure (IOP) elevates during glaucoma and
alleviating this pressure has been quite challenging. Hydrogels could
be used to resolve this problem by using them in order to prepare
soft contact lenses composed of polymers to form networks. The
highly hydrated polymer networks of hydrogels cause the drug
to elute out very rapidly and this is not favorable for glaucoma
therapy, which mainly uses hydrophilic drugs. However, with
suitable modifications, soft contact lenses have been developed
using polymers of N,N-diethylacrylamide and methacrylic acid,
which delivered the hydrophilic drug timolol for about 24 h,
thereby opening up ways to allow sustained hydrophilic drug
delivery using hydrogels. Storing the contact lenses in a hydrated
state can leach out drug and to wear them all the time are the
limitations though [53].
Inner layer-embedded contact lenses have been investigated
for the sustained release of highly water-soluble drug betaxolol
hydrochloride on the ocular surface. Cellulose acetate and Eudragit
S-100 were selected as the inner layer of the contact lenses which
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showed a promising sustained drug release for over 240 h in tear
fluid of rabbits in vivo to create a controlled-release drug-carrier in
ophthalmic drug delivery [19].
Controlled drug release behavior from hydrogels was also
evaluated using nepafenac as the model drug. 3D cross-linked
thermos and pH sensitive hydrogel was designed that was
composed of carboxymethylchitosan (CMC) and poloxamer with
glutaraldehyde as the cross-linking agent. The hydrogel was found
to undergo reversible sol-gel transition at temperature and/or
pH alteration at a very low concentration. Sustained release of the
drug nepafenac was observed in the in vitro model and maximum
release was observed at 35°C and pH 7.4. Cytocompatibility of
the hydrogel with human corneal epithelial cells was high [54].

35.4.2

Oral, Intestinal

Gastroretentive drug dosage forms (GRDDFs) are particularly
attractive for drugs that are absorbed in the proximal part of
gastrointestinal tract. Enhancing the retention time of the drugs
in the GI tract is very important in order to improve their
bioavailability and enhance their therapeutic effects. These dosage
forms could be exploited for their mucoadhesion to the gastric
mucosa, modified to float or sink in order to prevent leaving the
stomach or increase their swelling behavior and make them as
large to prevent passage through pylorus for prolonged periods.
Based on these ideas, polyionic complex hydrogels of chitosan with
ring-opened PVP (polyvinyl pyrrolidone) have been developed
for Osteoporosis therapy. The formulation was used to release
alendronate in the upper GI tract. Enhanced mucoadhesion, delayed
clearance from swelling, minimal localized irritation, improved
bioavailability and slower release of the active ingredients are
the interesting aspects of the preparation. Also, in vivo
experimentation showed that these hydrogels could provide
optimized PK properties that maintained the drug in the
therapeutic levels for a sustained period of time, minimizing
fluctuations in therapeutic levels, hence also the possible side
effects [55].
Inflammatory diseases such as irritable bowel syndrome
have been recently treated using hydrogels. These provided
safer alternatives to delivery methods that may cause systemic
toxicity. Zhang et al. developed negatively charged hydrogels that
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preferentially accumulated in the positively charged inflamed
colon and acted as carriers of the corticosteroid drug dexamethasone
(Dex). The hydrogel was prepared from ascorbyl palmitate
which had labile bonds responsive to inflammatory conditions
and was Generally Regarded as Safe (GRAS) for administration.
Enema administration to the colon of inflammation targeting (IT)
hydrogel microfibers not only reached the target site but also
stayed there owing to charge interaction. The formulation was
therapeutically very efficacious and revealed lesser systemic
drug exposure than with free Dex in the IBS mice model in vivo
[56].
Complexation hydrogel prepared from poly(methacrylic
acid-g-ethylene glycol) (P(MAA-g-EG)) has been described.
The targeting ligand used was the octarginine cell-penetrating
peptide that caused specific delivery of insulin to the intestine.
This method facilitated ideal targeting, absorption at target and
allowed immediate release of insulin from absorption site. Great
hypoglycemic responses were achievable and increased insulin
absorption was noted from diabetic rat models used for testing.
18% glucose reduction was observed immediately on administration
of the hydrogel containing insulin [57].

35.4.3

Cardiac Illness and Cancer

Myocardial infarction is a leading cause of death and disability in
the world. Intramyocardial administration of biomaterials such
as hydrogels along the perimeter region of myocardial infarction
has proven to be beneficial.
Chen et al. proposed the use of a combination of curcumin
(known for its anti-oxidant, anti-inflammatory and anti-oxidation
properties) and nitric oxide (known as an anti-angiogenesis
agent) in a hydrogel to treat myocardial infarction. The mixed
component hydrogel created with the combination drugs improved
therapeutic efficacy synergistically. Protective effects such as
myocytic apoptotic death alleviation, reduced collagen deposition,
increased vessel density (attributable to NO in the combination)
and upregulated Silent Information Regulator 1 (SIRT-1), a
histone deacetylase that conferred resistance to the heart from
ischemic injury were observed in diseased mice models in vivo.
The hydrogel was prepared using peptide derivatives of curcumin
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and NO in a ratio of 4:1 and showed sustained curcumin release
at a low concentration of 2.5 µg per ml per 24 h. NO was released
in presence of the enzyme β-galactosidase that could break
glucosidic bonds to release NO [58].
Growth factors and cytokines (paracrine factors) secreted
by stem cells have been proven to be effective in repairing
damaged myocardial tissue. The whole cocktail of the paracrine
factors is referred to as a secretome and is isolated in vitro. The
biomolecular composition of the secretome can be manipulated
suitably by varying stem cell culture conditions. An injectable
hydrogel to deliver to peri-infarct myocardium has been recently
developed using secretome from human adipose derived stem
cell secretome. Nanocomposite hydrogel was formed from a
combination of gelatin and laponite carrying the secretome and
tested both in vitro and in vivo for their therapeutic effects via
monitoring angiogenesis, scar formation and heart function.
Significantly reduced scar area and improved cardiac function were
observed in vivo in the secretome loaded hydrogel group in relation
to the control [59].
The very recent development of a paintable hydrogel to
serve as cardiac patch for treating myocardial infarction is worth
mentioning in this context. The hydrogel eliminates the damage to
tissue through suture or light triggered reactions as it is paintable.
It has been constructed by a Fe3+ triggered polymerization reaction
wherein the covalently linked pyrrole and dopamine undergo
simultaneous polymerization with the trigger and the conductive
polypyrrole produced uniquely cross-links the network further.
The functional patch is both adhesive and conductive and forms a
suture-free alternative for reconstruction of cardiac function and
revascularization. Bonding within 4 weeks to the beating heart
boosts the transmission of electrophysiological signals with
conductivity profiles equivalent to that of the normal myocardium
[60].
Biomaterial-based immunotherapy platforms for targeted
drug delivery to cancers are the latest trend observable in cancer
therapy. Based on this idea, novel STINGels have been developed
by Leach et al. that are peptide hydrogels to show controlled
delivery of cyclic dinucleotides (CDN). Dramatic improvement in
survival was observed in murine models of head and neck cancer
in comparison to CDN alone or CDN delivered from a collagen
hydrogel [61].
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Thyroid cancer treatment using local drug delivery system
formed of glycol chitosan (GC) hydrogel and doxorubicin
hydrochloride (DOX·HCl) called GC10/dox has been recently
developed (Fig. 35.7). Visible light regulated the storage and
swelling aspects of the hydrogel and a controlled sustained release
followed the initial burst release within 18 h. Potent antitumor
effects were observed in vivo and in vitro in comparison to free
DOX·HCl and this is a promising research direction for thyroid
cancer therapy [62].

Figure 35.7 To glycol chitosan solution glycidyl methacrylate (GM) was
added in water (adjusted to pH 9) and maintained for 2 days at room
temperature. The white solid conjugate of GM was dissolved in water
and riboflavin added. DOX·HCl was added and the mixture was
irradiated using blue visible light (430–485 nm, 2100 mW/cm2) for
10 min in order to promote hydrogelation. Reprinted with permission
from [62]; the article is open access and the content reusable.
Creative Commons International License 4.0 for the article is available
in https://creativecommons.org/licenses/by/4.0/.

Injectable hydrogels responsive to Reactive Oxygen Species
(ROS) that degrade in the presence of ROS and promote immunogenic
tumor phenotype via local gemcitabine delivery is a recent discovery.
The PVA cross-linked hydrogel with ROS-labile linkers enhance
anti-tumor response with a localized release of immune checkpoint

Translation to the Clinic

blocking antibody (anti-PD-L1 blocking antibody (aPDL-1)) in
in vitro and immunogenic in vivo mice models. Tumor recurrence
prevention after primary resection is the therapeutic advantage
of this chemo-immunotherapy [63].

35.5

Translation to the Clinic

With enormous potential for therapeutic applications, several
hydrogel formulations have crossed the barriers of in vitro/preclinical studies and found their way into the market. Some of
them are still in the clinical study phases. Hydrogels have evolved
over time to be one of the best and the most versatile drug
delivery platforms. Table 35.2 lists the widespread practical
applications of the hydrogel concept that have been translated to
the clinical level.
Table 35.2 Examples of hydrogels translated to clinical use [64–68]
Product

Type of
hydrogel

Therapeutic
application

Sericin

Dextran

Optically trackable
drug delivery system
for malignant
melanoma

Doxirubicin

Intra-canalicular
delivery for
post-operative
ophthalmic care

Dexamethasone

Oral lichen planus

—

Drug delivered

Hyalofemme/ Carbomer
Vaginal dryness,
Hyalo Gyn
propylene glycol, estrogen alternative
Hyaluronic acid
derivative

Hyaluronic acid
derivative

Destenza

Polyethylene
glycol

Regranex

Carboxymethyl
cellulose

Recombinant
human derived
growth factor

muGard
—

Mucoadhesive

2% Poloxamer

Diabetic foot ulcer
Cervical cancer
recurrence

Carboplatin
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35.6

Conclusions

Hydrogels offer a versatile platform for the therapy of several
diseases including cancer and diabetes. The water-loving nature
of hydrogels and the ability to shrink and swell depending on
several environmental cues or the mere presence of water is
attractive for drug delivery applications. They have a high degree
of porosity and the polymers building them could be cross-linked
to varying degrees by adjusting their densities. With a physical
structure highly amenable to modification in several ways, the
hydrogel applications are not just limited to targeted drug delivery.
They also find applications in hygiene products, wound dressings,
contact lenses and tissue engineering.
Recent developments of hydrogels in the field of targeted drug
delivery have been tremendous. They are modified with targeting
ligands and diverse polymer types that confer very interesting
properties on them for drug delivery. Ophthalmic drug delivery
is an area seeing significant impact in therapy from hydrogels.
From comfortable contact lenses to biodegradable drug delivery
the applications in eye care have been enormous. They are 90%
water, provide steady state drug release over days or months,
deliver small molecules or large proteins, are fully absorbed in
delivery and remain visible during monitoring [51].
Noteworthy is the application of pH responsive hydrogels
for cancer therapy and glucose responsive hydrogels for diabetes.
The use of modified stem cell membranes for targeted delivery
is a very recent and attractive strategy for drug delivery. These
membranes coated on hydrogels (nanogels) loaded with drugs
are highly specific to the disease site in cancer and are highly
biocompatible.
Immunotherapy platforms using hydrogels are very significant
in cancer therapy. Hydrogels enabling localized delivery of
antibodies and other immune-regulatory molecules at cancer sites
are promising drug delivery vehicles for cancer therapy. Gastroretentive drug dosage forms are versatile drug delivery platforms
for intestine and they offer the advantages of adjusting the
nanoparticle size to facilitate retention of the active ingredient in
the GI tract for as long as required.
Though the hydrogel-based drug delivery was originally
influenced by the hydrophobicity of the drugs, several improvements

Abbreviations

have been made recently including development of cyclodextrins
modified to accommodate the hydrophobic drug sufficiently.
Adhesive and conductive patches developed using hydrogels are
useful in cardiac repair and vascularization. Remotely controlled
motility of hydrogel (mimicking motion of a maggot) and the QD
DNA hydrogels are novel ideas to facilitate targeted drug delivery.
As discussed in the paper, though there are several hydrogel
formulations in clinical use, there is always scope for improvement
and modification of hydrogels to enhance their applications. With
subtle modifications to the existing ones, the hydrogels could
become superlative drug delivery vehicles surpassing the
disadvantages and current limitations with the use of several
conventional delivery forms and provide promising results for
therapy of several illnesses.
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aPDL-1:

anti-PD-L1 blocking antibody

CMC:

carboxymethylchitosan

CD:

CDN:
CpG:

DOX:

DOX·HCl:
GA:
GC:

GG:

GM:

GRAS:

GRDDFs:
GSH:

GTA–ob-CD:
H2O2:
IOP:
IT:

cyclodextrin

cyclic dinucleotides

cytosine-phosphate-guanine
doxorubicin

doxorubicin hydrochloride
glycyrrhetinic acid
glycol chitosan

glycoconjugate of homopoly-L-guluronic block
fraction
glycidyl methacrylate

Generally Regarded as Safe

gastroretentive drug dosage forms
glutathione

gelatin-β-cyclo-dextrin
hydrogen peroxide

intraocular pressure

inflammation targeting
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MTT:
OVA:

P(MAA-g-EG):
PAAc-graftPNIPAAm:
PDA:
PLL:

PNIPAM-bPNAM-bPNBOC:

3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
ovalbumin

poly(methacrylic acid-g-ethylene glycol)

poly(acrylic acid-graft-N-isopropylacrylamide)
polydopamine
poly-L-lysine

poly(N-isopropylacrylamide)-b-poly(4acryloylmorpholine)-b-poly(2-((((2-nitrobenzyl)
oxy)carbonyl)amino)ethylmethacrylate)

PPS-b-PDMA-b- poly[(propylenesulfide)-b-(N,NPNIPAM:
dimethylacrylamide)-b-(N-isopropylacrylamide)]
PVP:

polyvinyl pyrrolidone

SIRT-1:

Silent Information Regulator 1

QD:

ROS:

quantum dot

reactive oxygen species
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36.1

Introduction

In June 2017, the US Food and Drug Administration (FDA) approved
a new indication for a medical device without requiring the
device manufacturer to conduct any new clinical trials. Instead,
the Agency relied on the manufacturer’s “Real World Evidence”
(RWE) demonstrating safety and efficacy. Using RWE dramatically
accelerated the time to FDA approval: Relying on traditional
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clinical trials the United States had been only the 42nd nation
to approve the original use of the device, a transcatheter aortic
valve replacement (TAVR). In contrast, using RWE in its regulatory
decision-making process allowed the United States to become
the first country to approve a new valve-in-valve procedure for
the device [1, 2].
This device approval demonstrated the emergence of RWE
as a potentially transformative new tool in personalized medical
care and drug development and regulation. RWE can provide the
information which informs precision medicine decisions. As one
commentator has been stated [3]:
As the pharmaceutical industry shifts to value-based, personalized
health care, RWE can help is answer the hard questions in health
care, such as what works, for whom, why does it work, and in
what context. All of these questions are at the heart of value-based
personalized medicine…
RWE is becoming essential to decisions across every aspect of
the pharmaceutical value chain, from the early research and
development stage.

RWE could substantially reduce the time and cost of
commercializing new drugs and medical devices. RWE is already
impacting the life sciences industry: A Deloitte 2018 survey
found that nearly 90% of biopharmaceutical companies surveyed
that they have either already established or plan to invest in
RWE capabilities [4].
RWE is also impacting the FDA. Former FDA Commissioner
Dr. Scott Gottlieb stated in December 2018 that RWE and Real
World Data (RWD, which is used to generate RWE) are “a top
strategic priority for the FDA” [5]. The FDA centers responsible
for drugs, biologics and medical devices have all issued guidance
documents relating to the use of RWE for regulatory purposes.
RWE could supplement or even replace traditional randomized
clinical trials (RCTs) in many situations.
The need for new methods of drug and device regulation is
clear. Director of the FDA’s Center for Drug Evaluation (CDER),
Dr. Janet Woodcock, has repeatedly referred to the FDA’s
traditional system for approving new drugs, using RCTs, as
“broken” and not serving the interests of patients [6]. RCTs

What Is “Real World Evidence”?

represent approximately 60% of the approximately $2.6 billion
to develop a new drug [7, 8]. Yet they are in many ways an
inefficient and incomplete way of measuring drug and device
safety and efficacy. Only about 12% of drug candidates which
enter Phase I clinical studies ultimately receive FDA commercial
marketing approval [9].
The deficiencies of traditional RCTs are well known. While
RCTs are useful in evaluating the baseline effectiveness of a drug
under controlled conditions, they often fail to accurately predict
the effectiveness of a drug in real-life conditions. RCTs generally
have strict inclusion and exclusion criteria, which may not
accurately reflect the likely patient population. For example, RCTs
are often limited to subjects between the ages of 18 to 65 years
old, even though a substantial portion of the target population
may be outside this age range. Similarly, RCTs often exclude
patients with comorbidities (the presence of multiple chronic
diseases), although many prospective patients suffer from multiple
disease conditions. RCTs may not detect uncommon side effects
due to inherent limitations in the number of patients who can
participate in a study. Additionally, 80% of clinical trials fail to
meet their initial subject enrollment projections [10]. RCTs are
also generally unsuitable for studies involving rare diseases, due to
the unavailability of adequate numbers of study subjects.

36.2

What Is “Real World Evidence”?

The FDA differentiates between “Real World Evidence” and
“Real World Data.” It considers RWD to consist of information
relating to patient health status or patient health care treatment,
including electronic health records (EHRs), insurance claims data,
disease, or product registries, or home-use patient monitoring
devices and mobile devices. RWD may also include data on
socio-economic factors or environmental exposures. As is evident
The

authors of these publications [7, 8] estimated an average out-of-pocket cost
per approved new compound was $1395 million in 2013 US dollars. This estimate
linked costs of compounds discontinued prior to commercialization to the costs
of compounds which received marketing approval. The authors calculated a total
estimated cost of $2558 million by capitalizing the out-of-pocket amount at a real
discount rate of 10.5%.
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from this list, many sources of RWD are generated for nonregulatory purposes, such as documenting patient care or for
submission of insurance claims. Not all RWD is therefore suitable
for regulatory purposes such as product approvals.

Precision Medicine Committee, American Bar Association,
Section of Science & Technology Law
The Precision Medicine Committee examines legal issues affecting
the rapidly emerging field of precision medicine (previously
known as “personalized medicine”). Precision medicine utilizes
information on an individual’s genetics and biomarkers, and
environmental and lifestyle factors, to inform decisions on
disease prevention and treatment. The PMC Committee’s focus
includes such diverse topics as drug and device development and
regulation, payment and reimbursement, health IT, data privacy,
ethical issues, intellectual property and business and investment,
as they relate to precision medicine.
Co-Chairs: Neil A. Belson, Rouget F. Henschel
Vice Chairs: Raj Bawa, Roger Klein

In contrast, the FDA defines RWE as “clinical evidence about
the usage and potential benefits or risks of a medical product
derived from analysis of RWD” (emphasis in original text) [11].
The Duke-Margolis Center for Health Policy stated in a 2017 white
paper prepared with FDA funding, that RWE is “evidence derived
from RWD through the application of research methods” (italics
added) [12]. RWE has also been described as “information that
is generated in health care systems outside of a controlled
trial” [13]. RWE is not merely passively collected or anecdotal
data. Rather, RWE results from careful study designs for assessing
treatment effects on patient outcomes [12].

Emergence of Real World Evidence

Studies which generate RWE can be prospective, retrospective,
or both—they can utilize pre-existing data, newly generated data,
or a combination of both. In each case, though, RWE requires a
careful clinical design to measure the effect of the study drug,
device, or treatment on patient health. RWE-based studies must
meet the same “substantial evidence” standards as RCTs for FDA
regulatory purposes.
Used appropriately, RWE could advance medical and
regulatory science in many respects, in both pre-approval and
post-approval contexts. Pre-approval RWE could supplement
RCTs, reducing the time and costs of drug and device development.
RWE could help generate research hypotheses in clinical trials
and help identify more appropriate clinical trial subjects. RWE
could make development of treatments for rare diseases more
feasible, particularly when it is not practical to recruit enough
clinical subjects to support traditional RCTs. Post-approval
RWE analyzing patient uses of a drug or device could help in
identifying and approving new indications and in identifying
factors in safety, effective clinical treatment practices, and
personalized care, which may not be apparent in traditional
clinical trials [14]. While RWE is unlikely to completely replace
RCTs in the near future, RWE can become an important
complementary source of information where RCTs are
appropriate and a valuable alternative where they are not.

36.3

Emergence of Real World Evidence

21st Century Cures Act. The 21st Century Cures Act, enacted in
December 2016 [15], marked a turning point in the emergence
of RWE. Section 3022 of that Act directed the Secretary of Health
and Human Services, through the FDA, to establish a program
to evaluate potential uses of RWE for two purposes:
(i) helping to support approval of new indications for already
approved drugs;
(ii) helping to satisfy post-approval study requirements [16].

In August 2017, the FDA’s Center for Devices and
Radiological Health (CDRH) and Center for Biologics Evaluation
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and Research (CBER) published a final guidance document
describing situations in which they could accept RWE in support
of regulatory decisions involving medical devices. CDER and
CBER have since followed with a series of draft guidances and
other publications relating to RWE. They also published a
framework for evaluating RWE in relation to drugs and biologics
in December 2018 [11].

36.3.1

Use of RWE for Medical Devices

Although the 21st Century Cures Act focused on drugs, the Agency’s
first major final guidance on RWE following the Act addressed
medical devices. On August 31, 2017, CDRH and CBER issued
a guidance document entitled “Use of real-world evidence to
support regulatory decision-making for medical devices” [17].
The FDA noted that there often exists no system for
systematically characterizing aggregating and analyzing data from
all uses of a medical device. The Agency hoped to create incentives
for systematically collecting and organizing information from
routine use of devices in medical care by expressing a willingness
to consider RWE in its regulatory decisions.
The FDA stated [17] that “under the right conditions, data
derived from real world sources can be used to support regulatory
decisions” in both premarket and postmarket regulatory contexts
(Table 36.1). The Agency noted that use of RWD for regulatory
purposes requires a careful study design. Such studies should
analyze elements similar to those that would be included in
a traditional RCT. The FDA recommended using the Agency’s
pre-submission process for prospective RWD studies, just as
when preparing to conduct an RCT [17].
Since RWD is often developed for non-regulatory purposes,
the FDA must determine whether such data is useful for regulatory
purposes. When relying on RWD, it is important to have a
predefined common set of data elements and a common definitional
framework, together with prespecified time intervals for data
element collection and analysis. The FDA may also consider the
ability to supplement RWD with linkages to other data such as
EHRs or claims data.

Emergence of Real World Evidence

Table 36.1 Examples of purposes for which FDA will consider use of
RWD relating to medical devices
• Generating hypotheses to be tested in a prospective clinical study

• A mechanism for collecting data related to a clinical study to support
device approval or clearance where a registry or other means of
systematic data collection exists
• Evidence to identify, demonstrate, or support clinical validity of a
biomarker

• Evidence to support approval or granting of a Humanitarian Device
Exemption, Premarket Approval Application (PMA), or de novo request
• Support for reclassification of a medical device

• Evidence for expanding the labeling of a device to include additional
indications for use or to update the labeling to include new information
on safety and effectiveness
• Public health surveillance efforts, if signals suggest there may be a
safety issue with a medical device

• Conducting post approval studies imposed as a condition of device
approval or to potentially preclude the need for postmarket surveillance
studies

36.3.2

Use of RWE for Drugs and Biologics

In December 2018, the FDA published a “Framework for FDA’s
Real World Evidence Program.” The Framework covers use of
RWE in relation to both drugs and biologics, although it does
not cover medical devices. The purposes of the Framework are to
• evaluate potential use of RWE to help support FDA approval
for new indications for which drugs which are already
commercial;
• support or satisfy drug post-approval study requirements
[11].

The RWE program will include demonstration projects,
stakeholder engagement, and input from senior leadership and
promote shared learning and consistent application, with issuance
of guidance documents to assist drug developers.
Since RWE already has a significant history of use in evaluating
product safety, the FDA will focus on use of RWE to demonstrate
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product effectiveness. The FDA will evaluate the potential of RWE
to support labeling changes, such as adding a new indication,
changing a dosage regimen or route of administration, adding
a new population, or adding safety information (Table 36.2).
Table 36.2 Factors that FDA will consider in evaluating use of RWE to
demonstrate drug product effectiveness [11]
1. Whether the underlying RWD is fit for use

2. Whether the study design used to generate RWE provides adequate
scientific evidence to help answer the regulatory question at issue

3. Whether the study conduct meets FDA requirements (e.g., for study
monitoring and data collection)

Any RWD selected should be suitable for addressing specific
regulatory questions. The strength of any RWE will depend on the
clinical study methodology and the reliability and relevance of
underlying data.
The FDA has considerable experience assessing electronic
health care data (e.g., EHRs, medical claims data, registries) through
experience with the Agency’s Sentinel System, which is a national
electronic system for monitoring the safety of drugs, devices, and
other products on the market, as well as other data systems [11].
In fact, the FDA’s use of the RWD and RWE, derived from the
Sentinel System, has eliminated the need for postmarketing
studies when potential safety issues arose involving five products
[5]. The FDA plans to use this experience in assessing sources
of RWD used to generate RWE for purposes of drug product
effectiveness.
The Agency notes that the specific elements to consider in
evaluating different sources of RWD may vary depending on the
type of RWD used and its intended purpose. For example, the
FDA considers the strengths and limitations of medical claims
data as RWD to be well understood based on experience within
government agencies, health care insurers, and medical researchers.
Conversely, EHR data, which may provide more detailed patient
data than medical claims, is at present not usually standardized
or collected in structured fields which are readily extractable
comparable across systems. Additionally, EHRs and medical claims
data may not consistently capture certain co-variables (such as
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obesity, smoking, or alcohol use) and outcomes (such as mortality
or symptomatic changes).
Patient registries are another potentially significant source
of RWD. A patient registry systemically collects uniform data
from a population with a particular disease or condition, or who
are receiving a particular drug or other medical treatment, in
order to evaluate outcomes. The FDA considers that the fitness of
patient registries for use in generating RWE depends on
whether there are adequate processes for gathering follow-up
information as needed, to minimize missing or incomplete data
and ensure data quality.
Filling gaps in information, which may be difficult to capture
in the context of EHRs and medical claims data, will be part of
the FDA’s RWE evaluation program. Another component of the
FDA’s program will be addressing the lack of interoperability
among different health care systems, and the difficulty of linking
data sources for a single patient across different providers and
health care systems, while maintaining patient privacy [11].

36.4

Case Studies Using RWE

Both the FDA and the private sector had used RWE and RWD
even before enactment of the 21st Century Cures Act, in both
regulatory and non-regulatory contexts. The discussion below
provides case examples, both prior to and after the Act, in which
parties used RWE and RWD in a regulatory context:

(i) Postmarket Monitoring of a Drug: The FDA has long used
RWE for postmarket monitoring and evaluating the safety
of drugs after they have been approved, through the
Agency’s “Sentinel System.” The Agency’s primary sources of
information for such studies include electronic health data
such as medical claims and pharmacy dispensing data. The
Sentinel System had data on over 100 million individuals
as of August 2018 [11].

(ii) Natural History “Controls” in Studies of Treatments for Rare
Diseases: One of the most frequent uses of RWE in a drug
approval context has been in natural history studies as a
“control,” particularly in cases of evaluating drugs to treat
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rare diseases. A “natural history” study follows the
progression of a disease or condition in the absence of a
treatment from just before its onset until its final outcome
(i.e., death, disability, or patient recovery).
		 In evaluating potential treatments for rare diseases, the FDA
has often relied on “single-arm” studies of a drug, using a
natural history study of the target disease as a non-treatment
“control.” Many of these cases have involved rare genetic
disorders, where no FDA-approved treatment exists, and
death or severe disability is imminent in the absence
of treatment. In such instances, ethical considerations
preclude the use of actual patient control subjects.
		 For example, the FDA approved Brineura (Cerliponase
alfa) to treat a form of Batten disease based on single-arm
study compared with a natural history control. No prior
FDA-approved treatment existed for that form of disease,
known as late-infantile neuronal ceroid lipofuscinosis
type 2 (CLN2), a rare genetic disorder which often causes
children to lose walking ability and die in their teens.
The FDA approved Brineura to treat CLN2 following an
efficacy study involving 22 symptomatic pediatric patients,
compared with a natural history cohort “control” or
comparator consisting of 42 untreated patients. The study
showed patients treated with Brineura suffered fewer
declines in walking ability than the untreated patients in
the natural history cohort [18].
		 The FDA plans to expand its use of natural history studies.
Former FDA Commissioner Gottlieb stated that the Agency
has “been working overtime to develop models that can
simulate the behavior of placebo arms in the setting of rare
diseases [19]. In conjunction with his comment, the FDA
announced it would fund natural history studies relating,
respectively, to Friedreich’s ataxia, pregnancy and lactationassociated osteoporosis, sickle-cell anemia, Angelman
syndrome, and myotonic muscular dystrophy type 1 [19].
(iii) Utilization of the FDA’s Expanded Access Program to generate
RWE: Most current discussion on the use of RWE in the
context of regulatory approvals seems to focus new
indications for existing products. Apart from its use in
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natural history studies, there appear to be limited options
for utilizing RWE to obtain an initial product approval—
after all, how can a Sponsor obtain evidence from reallife drug usage regarding a product which is not approved
for commercial use in “real-life?” One such option which
may exist is the FDA’s “Expanded Access Program” (EAP,
also known as the “Compassionate Use” program), which
grants patients access to investigational drugs when they
have exhausted all approved treatments and cannot
participate in clinical trials. The FDA has expressed openness
to Sponsors’ leveraging data from the EAP program to
generate RWE [20].
		 One example where the FDA relied on RWE from an EAP study
to support a drug approval involved Lutathera (lutetium Lu
177 dotatate), a radioactive drug (or “radiopharmaceutical”)
for treatment of somatostatin receptor-positive instances
of a type of cancer known as gastroenteropancreatic
neuroendocrine tumors (GEP-NETs) that affects the pancreas
or gastrointestinal tract. GEP-NETs are a rare group of
cancers for which there are limited treatment options if
initial therapy is unsuccessful.
		 Lutathera’s approval was supported by two studies. One was
an RCT with 229 patients. The second study was based on data
from a single-arm, open-label study of 1,214 patients with
somatostatin receptor-positive tumors, including GEP-NETS,
who received Lutathera at a site in the Netherlands. Complete
or partial tumor shrinkage was reported in 16 percent of a
subset of 360 patients with GEP-NETs who were evaluated for
response by the FDA. Patients initially enrolled in the study
received Lutathera as part of an expanded access program
[21, 22].
(iv) Use of Patient Registries to Obtain Approvals for New
Indications: The manufacturer of the TAVR device described
at the start of this article is an example of a company using
a patient registry to avoid having to conduct RCTs for a new
indication. The manufacturer obtained its initial marketing
approval from the FDA in 2011. Upon obtaining this
approval, the manufacturer then proactively established a
product registry, which generated a database containing
records of over 100,000 TAVR records. Among these records
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were 600 records relating to the then off-label use of a new
valve-in-valve procedure. Based on this registry data from
these 600 records, the FDA approved the use of the new
procedure without requiring any further RCTs [1, 2].
(v) Private sector use of RWE and RWD: Private sector drug
development companies have used RWD as a tool in
traditional RCTs to target their studies more precisely on
patient groups and sub-groups that are most likely to show
a positive response to drug candidates. RWD can be useful
in generating study hypotheses for RCTs, identifying
potential biomarkers, and identifying prognostic indicators
or patient baseline characteristics to support clinical trial
enrichment or stratification of clinical trial subjects. The
FDA generally encourages such efforts and regards such uses
of RWD as well established [11]. Some biopharma companies
systemically collect data from their EAP programs, which
they use as RWD in support of regulatory filings [23].

36.5

Future Challenges for the Use of RWE

RWE as a regulatory tool is in its early stages. Our understanding of
prospective uses of RWE, and the methods for generating it, is still
evolving. The list below identifies some challenges affecting the use
of RWE for regulatory purposes:

• Lack of institutionalized methods of obtaining RWD: Many
sources of RWD, such as those generated in EHRs and
medical claims, are not collected for regulatory or research
purposes. Some data is generated in formats (such as PDFs)
which are not efficient for data analyses. The National
Evaluation System for Health Technology Coordinating
Center (NESTcc), an organization which evaluates use of
RWE in relation of medical devices and which was established
through a 2016 grant from the FDA to the Medical Device
Innovation Consortium, has stated that the “current
fragmented health care ecosystem does not support the
seamless, near real-time, cost-effective use of health data
to generate high-quality evidence for medical devices
needed for regulatory decision-making in both the pre- and
postmarket spaces” [24].

Conclusions

• Lack of Generally Accepted Standards: The FDA and others
are still in the process of evaluating which data is useful or
adequate to support regulatory decisions.
• Data Privacy Concerns: Recurring breaches of data privacy
may discourage individuals from allowing their health data
to be used for research purposes.

36.6

Conclusions

The use of RWE for obtaining drug and device approvals is in its
early stage, and our understanding of its prospective applications
is still evolving. Many potentially useful sources of RWD, such
as EHRs and medical claims, are not currently generated with a
focus facilitating research. Additionally, there is not yet a common
understanding as to what kind of RWE is necessary to adequately
demonstrate product safety and efficacy. These factors, combined
with lack of interoperability across different health care systems,
makes the systemic collection, aggregation, and analysis of
RWE a challenge.
Nonetheless, broad agreement exists regarding the limitations
of traditional RCTs, and the need to develop new approaches for
evaluating drug and device product safety. The biopharma industry
is rapidly expanding its investment in RWE. Appropriately utilized,
RWE could play an important role in reducing the time and cost of
developing new drugs and medical devices and reducing the cost
and improving the quality of health care.
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