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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.

11

12

Drug Delivery at the Nanoscale

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.

Drug Delivery in the Context of Nano: Terminology Matters

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
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(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).

Drug Delivery in the Context of Nano: Terminology Matters

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
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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.

23

24

Drug Delivery at the Nanoscale

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

rapid

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

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

US Food and Drug Administration
33

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
Clinical Studies/Trials.
Studies/Trials.
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author, original courtesy of the FDA.
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drug’s effectiveness on a
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Because it's not possible to predict all of a drug's effects during clinical trials, monitoring
safety issues after drugs get on the market is critical. The role of FDA’s post-marketing safety
system is to detect serious unexpected adverse events
and
needed
and
raised

www.fda.gov/medwatch
(800) FDA-1088 (322-1088) phone
(800) FDA-0178 (322-0178) fax

Once FDA approves a drug, the post-marketing monitoring stage
begins. The sponsor (typically the manufacturer) is required to
submit periodic safety updates to FDA. FDA’s MedWatch
voluntary system makes it easier for physicians and consumers to
report adverse events. Usually, when important new risks are
uncovered, the risks are added to the drug's labeling and the
public is informed of the new information through letters, public
health advisories, and other education. In some cases, the use of
the drug must be substantially limited. And in rare cases, the
drug is withdrawn from the market.

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.
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(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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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

57

58

Drug Delivery at the Nanoscale

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
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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.
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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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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

74

Drug Delivery at the Nanoscale

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
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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.
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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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Courtesy of the US Patent and Trademark Office.
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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)
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Modified by the author, original from Pan Stanford Publishing, Singapore.

VC Exit:
ĐƋƵŝƐŝƟŽn,
IPO

Clinical
WĂƟĞŶƚ
Care

Impact

Acceptance by
- Payers
- Providers/
Medical
WƌĂĐƟĐĞ

DiagnosƟĐĂŶĚͬŽƌ
TherapĞƵƟĐhse

FDA Regulatory
Approval

Business, Patents, TraŶƐůĂƟon

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.
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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
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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

113

114

Drug Delivery at the Nanoscale

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.]
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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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