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Nano has permeated virtually every sector of the global economy though few in
the stock market get excited about it anymore. Over the past two decades, nano
has become more sectorized, with nanomedicine and nanoelectronics leading
the way. Optimists tout nano as an enabling technology, a sort of next industrial
revolution that could enhance the wealth and health of nations.
However, many consider nano to be a repackaging of old terms, concepts, and
technologies. There is no standard deﬁnition for anything nano, including nanomedicine. In fact, nanomedicine does appear to be a relabeling of earlier terminology [1]. I deﬁne it as the science and technology of diagnosing, treating, and
preventing disease as well as improving human health via nanoscale tools,
devices, interventions, and procedures. It is driven by collaborative research, patenting, commercialization, business development, and technology transfer within
diverse areas such as biomedical sciences, chemical engineering, biotechnology,
physical sciences, and information technology.
In any case, nanomedicine continues to evolve and play a pivotal role in various industry segments. For instance, nanomedicine’s inﬂuence on the pharmaceutical, device and biotechnology industries is readily apparent. This decade
has witnessed relatively more advances and product development. Areas within
nanomedicine (nanoscale drug delivery systems, theranostics, nanoimaging, etc.)
could eventually turn out to be a healthcare game-changer by offering patients
access to personalized or precision medicine. Another distinctive discipline
within nanomedicine referred to as nanopharmacy is also making a major
impact. Nanopharmacy emphasizes improving drug pharmacokinetics/pharmacodynamics as well as reducing nonspeciﬁc toxicity/immunogenicity in order to
attain maximum efﬁcacy and minimum undesirable side effects. Most experts
agree that R&D is in full swing and novel nanomedical products, especially in
the drug delivery sector (Figure 28.1), are consistently inching their way into the
marketplace. There are hundreds of nanomedical products on the market and
Pharmaceutical Nanotechnology: Innovation and Production, First Edition. Edited by Jean Cornier,
Arno Kwade, Andrew Owen, and Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.

664

28 A Practical Guide to Translating Nanomedical Products

Figure 28.1 Schematic illustrations of nanoscale drug delivery system platforms (nanotherapeutics or nanodrug products). Shown
are nanoparticles (NPs) used in drug delivery
that are approved, in preclinical development,
or in clinical trials. They are generally considered as ﬁrst- or second-generation multifunctional engineered NPs, generally ranging
in diameters from a few nanometers upto a
micrometer. Active biotargeting is frequently
achieved by conjugating ligands (antibodies,
peptides, aptamers, folate, hyaluronic acid,
etc.) tagged to the NP surface via spacers or
linkers such as PEG or by altering the NP surface characteristics. NPs such as carbon nanotubes and quantum dots, although extensively

advertised for drug delivery, are speciﬁcally
excluded from the ﬁgure as this author considers them commercially unfeasible for drug
delivery. Nonengineered antibodies and naturally occurring NPs are also excluded. Antibody–drug conjugates are encompassed by
the cartoon labeled “polymer–polypeptide or
polymer–drug conjugate.” This list of NPs is
not meant to be exhaustive, the illustrations
are not meant to reﬂect the three-dimensional
shape or conﬁguration, and the NPs are not
drawn to scale. NPs: nanoparticles; PEG: polyethylene glycol; GRAS: generally recognized as
safe; C dot: Cornell dot; ADCs: antibody–drug
conjugates. Copyright  2017 Raj Bawa. All
rights reserved.
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the potential appears vast. Still, revolutionary nanomedical breakthroughs are
just promises at this stage.
The positive outlook for nanomedicine continues to be tempered by certain
issues and concerns. For example, startups, academia, and companies often
exaggerate basic research developments or early-stage preclinical nanomedical
discoveries as revolutionary. Potential beneﬁts are frequently overstated or
inferred to be very close to application when clear bottlenecks to commercial
translation exist. Instead, the focus should be on fabrication of safe and effective
nanomedicines that can truly enhance beneﬁt-to-risk ratio [2]. However, what is
seen is an overwhelming increase in empirical approaches that tend to ﬁnd exaggerated in vivo biomedical applications for a broad range of emerging and poorly
characterized multifunctional, hybrid, or nonbiodegradable nanomaterials (e.g.,
carbon nanotubes (CNTs), quantum dots, graphene oxide, and certain metallic
nanoparticles) that present toxicity and safety concerns [2]. The “nano” preﬁx is
thrown around to suit whatever purpose, whether it is for federal research funding, approval of patents, raising venture capital funds, running for ofﬁce, or seeking publication of a journal article. All of this is happening while hundreds of
over-the-counter products containing silver nanoparticles, nanoscale titanium
dioxide, and carbon nanoparticles continue to stream into the marketplace without adequate safety testing, labeling, or regulatory review. For example, nanoscale titanium dioxide, present in powdered Dunkin’ Doughnuts and Hostess
Donettes, has been classiﬁed as a potential carcinogen by the National Institute
for Occupational Safety and Health (NIOSH) while the World Health Organization (WHO) has linked it in powder form to various cancers.
Stakeholders, especially investors and consumer-patients, get nervous about
the “known unknown” novel applications, uncertain health risks, industry
motives, and general lack of governmental transparency. Venture has mostly
shied away in recent years, although industry–university alliances have continued to develop. Wall Street’s early interest in nano has been somewhat limited
over the years, from cautionary involvement to generally shying away. In spite of
anemic nanoproduct development, there is no end in sight to publications, press
releases, and patent ﬁlings. Universities and small businesses have jumped into
the fray with industry with the clear intention of patenting as much nano as they
can grab. Even governments across the globe, impressed by “nanopotential,”
continued to stake their claims by doling out billions for research and development (R&D).
Will nanomedicine stocks and venture backed startups deliver on their investment promise by the next decade? Will nanomedicine evolve into a stand-alone
industry or will technology behind it enhance and improved many different
industries? Whether nanomedicine eventually blossoms into a robust industry,
or it continues to incrementally 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. Dissecting hope from hype is often difﬁcult. However, like
any emerging ﬁeld, the full picture with respect to nanomedicine is yet to
emerge – and we are just getting started!
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This chapter aims to increase awareness of broad issues pertaining to nanomedicine translation per se; it does not focus on subspecialities like nanodrug
delivery or nanopharmacy. The following terms are used interchangeably as they
all pertain to a “drug or therapeutic”: nanomedicines, nanodrugs, nanotherapeutics, and nanopharmaceuticals. Similarly, the following “technology” terms are
used interchangeably: nano, nanotech, and nanotechnology.

28.1
From the Laboratory to the Clinic: Overcoming the Valley of Death

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 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 National Institutes of Health (NIH), and clinical research was mainly
conducted by physician–scientists who also undertook patient care [3]. 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 physician-scientists 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 (Figure 28.2). 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 Food and Drug
Administration (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 [4].
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 (Figure 28.3). It is a graveyard for many “good” scientiﬁc
ideas, technologies, new products, and processes, representing the transition
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Figure 28.2 An overview of the product development pathway. This ﬁgure represents a
highly generalized description of activities
involving FDA-regulated product development
that must be successfully completed at different points. The FDA describes three interdependent subgroups (safety, medical utility,
and industrialization) of the general pathway
to approval with efﬁciencies gained in these
three subgroups affecting the overall expense
and timeline to approval. In summary, development can be conceptualized as a process
leading from basic research through a series
of developmental steps to a commercial product. Many of the activities involving product

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. If
the product being developed is a drug, then
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. (Figure adapted from the FDA.)

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 in the biomedical
ecosystem so that translational activities are more fruitful. Similarly, although
great strides have been made in nanomedicine at the “science” level, especially
with respect to drug delivery and nanoimaging, bottlenecks at the “translational”
level are impeding commercialization (Table 28.1).
The European Society for Translational Medicine deﬁnes translational medicine (TM) as an interdisciplinary branch of the biomedical ﬁeld supported by
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Figure 28.3 The valley of death in commercialization. The valley of death represents the
gap that exists between R&D breakthroughs
made at the cellular and molecular biology
levels on one end and the static levels of new
treatments, diagnostics, and preventative tools
reaching the market on the other. This is the
time when ideas and inventions must undergo
technical feasibility review, manufacturing
optimization, market demand evaluation,
reduction in production costs, and commercialization potential studies. This is when prior

to market entry decisions are made whether
to proceed or terminate product development. The upstream side of the valley of death
(the science side) represents basic research
inherently fraught with uncertainty, while
downstream (the business side) represents the
more regimented process of product development characterized by manufacturing, marketing, deliverables, deadlines, and budgets.
Commercialization is about the translation
crossing these two distinct paradigms.
Copyright  2017 Raj Bawa. All rights reserved.

three main pillars (benchside, bedside, and community) with the goal to combine disciplines, resources, expertise, and techniques within these pillars to promote enhancements in prevention, diagnosis, and therapies [5]. Given this, the
aim of TM [5] 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
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Table 28.1 Select barriers to nanomedicine translation.
Nomenclature and terminology
Imprecise deﬁnition for nano-related terms
Lack of technical speciﬁcations, standards, guidelines, best practices, and measurements
regarding “nano”
Different terms refer to identical nanomaterials and nanoparticles
Discrepancies and inconsistent deﬁnitions in pharma with respect to various terms relevant
to drug R&D spills into nanomedicine; FDA, EMA, WHO, etc. cannot agree on deﬁnitions
central to drug development
Failure of standard-setting organizations (ISO, ASTM, etc.) to produce technical speciﬁcations that clarify the issue
Commercial manufacturing and quality control (“the process is the product”)
Issues pertaining to separation of undesirables and impurities (by-products, catalysts, starting
materials, etc.) during manufacturing; presence of impurities (host cell proteins or protein
aggregates formed during processing) may trigger an immune response in patients while
protein potency may be impaired via degradation in binding regions
Lack of precise control over nanoparticle/nanomaterial manufacturing parameters and control assays
Many currently used compounds/components for synthesis pose problems for large-scale
current Good Manufacturing Practice (cGMP)
Technological challenges experienced during scale-up; scalability complexities regarding
enhancing production rate to increase yield
Complexities and high fabrication costs of various nanomaterials, nanoparticles, and nanomedicines; cost of raw materials; expensive and time-consuming separation processes may be
required
Reproducibility issues such as control of size distribution and mass
Stability of both the starting materials and the product (aggregation, degradation, etc.)
Batch-to-batch variability; contamination; impurities
Toxicity and immunogenicity
Lack of in vivo knowledge regarding the interaction between nanomedical products and complex biosurfaces/tissues
Lack of rational preclinical characterization strategies via multiple techniques
Limited knowledge on biocompatibility and biodistribution of diverse nanomaterials and
nanoparticles
Limited prior experience with toxicity assessment of nanoscale therapeutics; small number of
approved nanomedicine classes offers limited opportunities for study; lack of standard in vitro
screening platforms that provide excellent correlation of potential in vivo bioperformance and
outcome; 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 not suitable for nanomedicines
Mixed messages emanate from various federal agencies and transnational regulatory bodies
regarding safety and toxicity issues on similar/identical nanomaterials and nanoparticles
Immunogenicity of nanotherapeutics, especially protein-based, presents a major challenge to
their development; immune responses often directed to these nanotherapeutics, resulting in
reduced efﬁcacy of the therapeutic, anaphylaxis in patient, and so on; C activation-related
(continued)
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Table 28.1 (Continued)
adverse effects of liposome-based nanotherapeutics, referred to as C activation-related pseudoallergy (CARPA), is now well accepted
Unpredictable toxicity with respect to the diverse population of nanomaterials and
nanoparticles
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
Adsorption, distribution, metabolism, and excretion (ADME) studies regarding nanomedicines either lacking altogether or limited in scope; physiochemical properties of engineered
nanoparticles directly impact ADME and hence are fundamental determinants of toxicity and
efﬁcacy; nanoparticle unpredictability with respect to ADME negatively impacts translational
efforts
Consumer conﬁdence
Public’s general reluctance to embrace innovative or emerging medical technologies without
clearer safety or regulatory guidelines
Perception that many nanoproducts are inherently unsafe
Government and industry suspicion
Media hype and misinformation not effectively countered by academia, government, and
industry
Ethical challenges and societal issues not transparently addressed by stakeholders
Funding challenges
Relative scarcity of venture funds due to the perception that most medical nanoproducts lack
a good return on investment (ROI)
Prolonged timescale is a detriment to funders and investors
Funders and venture capitalists often not experienced or versed in technological aspects and
cannot fully gauge potential for translation
Barriers more steep for nanomedicine with respect to procuring funds to initiate a ﬁrst-inhuman (FIH) clinical trial
Big pharma’s continued reluctance to seriously invest in nanomedicine, specially early-stage
preclinical research lacking “proof-of-concept” in man
Lack of industry support limits potential to reach FIH clinical trials in any research setting
(academic, start-up, small company, etc.)
Due diligence and peer review regarding translational potential of projects or research proposals often lacking during the funding process
Clinical research and trials
Cost, time, and effort required for clinical trials are a deterrent
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
Challenges in patient recruitment is more acute in nanomedicine due to factors such as strict
inclusion/exclusion criterion and delay by ethics committees
Challenges (cost, trial design, selection of participants, data analysis) with respect to international harmonization of bridging studies and the design of global clinical trials
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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
Patents and intellectual property
Patent review delays, spotty examination, and access to relevant “prior art” at patent ofﬁces
Issuance of invalid patents or patents of unduly broad legal scope by patent ofﬁces
Emerging patent thickets due to a “patent prospector” mentality and issuance of overlapping
patent claims
A general lack of understanding of the patent process by stakeholders
Patent expiry (the “patent cliff”) of blockbuster drugs
Limited knowledge regarding the basics of intellectual property law in academic circles
Support for small businesses and startups
General lack of ﬁnancial incentives favoring longer term nanomedicine investments
Limited tax-free bonds for ﬁnancing, tax credits for capital investments, reduced capital gains
tax rates, or investment-speciﬁc loan guarantees
Lack of mentorship and business planning assistance
Little assistance in attracting private and public funds
The Small Business Innovation Research (SBIR) process in the United States is more focused
on research and less on commercialization
Lack of centralized audit system from the federal government is costly and slows down work
at small businesses
More nano tools needed in academia and small businesses
Academia and the university professor
Overhyped press releases from eminent university laboratories
Professors behave more like “celebrity-academics” than researchers
Research often focused on poorly characterized and nonbiodegradable nanomaterial-based
platforms
Fancy animations on laboratory websites exaggerate preclinical data and clinical partnerships
with pharma project false hope of translational potential
Irreproducibility of basic, preclinical research is a major problem at universities
Awards and research activities that generate publications (l’art pour l’art) are more valued
than patents
Focus is often on journal impact factors and attending conferences
Focus is on research and publications rather than commercialization; some academics even
shun commercialization
Inability or lack of willingness to conform to translational activities; few incentives for translational activities compound the problem
Lack of coherent technology transfer policy from universities to start-ups
Lack of communication between clinical researchers and basic scientists
Evidence of clinical validity and clinical utility of the research being conducted is often lacking
Lack of interdisciplinary research; lack of a collaborative spirit between industry and academia, or between clinical and basic science researchers
A deﬁcit in cross-disciplinary or hybrid scientiﬁc training at educational institutions
Regulatory uncertainty: baby steps and the bumpy road ahead
Confusion and future uncertainty due to “baby steps” undertaken by federal regulatory bodies
such as the FDA and EMA
(continued)
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Table 28.1 (Continued)
A lack of clear regulatory or safety guidelines
Governmental regulatory bodies lack technical and scientiﬁc knowledge to support risk-based
regulation, thereby leaving a signiﬁcant regulatory void
Issuance of too many nonbinding “draft” guidance documents by the FDA and “position
papers” by EMA to make substantive policy changes
Product classiﬁcation issues blur the regulatory boundaries between various product classes
given that many are multimodal hybrid structures
Precautionary stance by regulatory agencies reﬂects their lack of expertise and experience
with nanoscale formulations
National differences in regulatory requirements pose challenges for clinical trials involving
international multicenters
Differences between regulatory agencies with regard to the deﬁnition of compound characteristics need to be harmonized to clarify the Biopharmaceutical Classiﬁcation Scheme (BCS)
Bureaucracy and a conservative, insular attitude among government regulators hinders
translation
Rise of diverse nano-speciﬁc regulatory arrangements and systems contribute to a dense
global nanoregulatory landscape, full of gaps and devoid of central coordination; standardization, and harmonization on a global basis is complicated by technical, political, and economic
issues
Technology Transfer Ofﬁces (TTOs)
TTOs at universities and institutes lack in-depth technical and business expertise
Decisions made in a vacuum or on imperfect analysis; limited experts and informed gatekeepers to do valuation or proper audit of “true” licensing royalties
Issues such as insular nature and high employee turnover indirectly impede translation
Other factors
Key technology beneﬁts not identiﬁed early on in product development or research project
Limited infrastructure that becomes outdated quickly due to advances in technology
Relative scarcity of workers trained for nanoproduct development; need for foreign workers
poses problems
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
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
“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” difﬁcult
Misuse of P-values are contributing to the irreproducibility of preclinical biomedical research;
this indirectly impacts nanomedical translation
Quality assurance (QA) guidelines for basic research lacking or not properly implemented
Lack of ability for tracing data, including which equipment the experiment was conducted on
and where the source data are stored
Copyright  2017 Raj Bawa. All rights reserved.
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nanomedicine. The growth of TM, in general, has coincided with an ever-changing pharma landscape.
However, in spite of signiﬁcant investments by the public and private sectors,
major issues that led to the emergence of TM in the ﬁrst place have continued to
dog TM and persist along the research–practice continuum (Table 28.1). In the
United States, the NIH has made TM a central piece of its so-called NIH Roadmap
for Medical Research [6] while the FDA launched a similar “Critical Path Initiative” [7] to address the growing crisis in moving basic discoveries to the market
where they can be available to patients. Although both of these governmental initiatives [6,7] 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 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-to-bedside” paradigm).

28.2
Irreproducible Preclinical Research: A Bottleneck for Translation?

We are in the midst of a widening research crisis. The current pervasive culture
of science focuses on rewarding ﬂashy, eye-catching, 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. There are reports 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 [8,9]. 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 [8c] 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 [10–12], with the area most susceptible being research work that
employs animal models [10]. Research institution administrators, faculty members, and trainees all share blame here. They must do far more for reproducibility
of biomedical research data [13]. 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 [14]. Various proposals and recommendations, including crowdsourced analysis of research [15], are being studied as viable options to stem this

673

674

28 A Practical Guide to Translating Nanomedical Products

tide of irreproducible research activities. Obviously, human clinical trials are less
at risk from irreproducibility because they are already governed by various regulations that stipulate rigorous 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 [13]. 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 [16]. Basically, academic target discovery
research reproducibility has become suspect [17]. Some of the reasons for
this crisis are inherent to the two entities whose mission and focus is distinct
(although overlapping in a few areas). For instance, the two have differing
expertise and incentives with respect to drug discovery targets, lead discovery
programs, hit discovery, lead optimization strategies, interpretation of complex data, and production of high-quality probes.
Another important factor for the imperfect marriage between academia and
industry with respect to drug R&D is the absence of outstanding support structure in academic drug research where researchers are typically not trained to
separate “hits” into compounds good, bad, and ugly [18]. Many contend that, as
a result, naivety about promiscuous, assay-duping molecules is polluting the literature and wasting resources [19].
Shortcuts taken by antibody manufacturers and researchers alike have resulted
in a crisis of reproducibility in antibody performance. Obviously, this greatly
affects identiﬁcation of drug targets, thereby contributing to the reproducibility
crisis in biomedical research [20]. This discontent has spurred action, with
advanced technologies and characterization efforts promising clarity [21]. In the
meantime, it may be best that researchers hold back using commercial antibodies rather than further muddy-up preclinical research data with the subsequent
negative consequences for TM.
Recently, 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 [22]. According to the
ASA, misuse of P-values is also contributing to this irreproducibility crisis [23].

28.2 Irreproducible Preclinical Research: A Bottleneck for Translation?

Figure 28.4 Economic costs of irreproducibility. This ﬁgure represents the estimated US
preclinical research spending and categories
of errors that contribute to irreproducibility.
Errors in study design and biological reagents
and materials contribute to a majority of the
approximately US$28 billion annually spent on

irreproducible preclinical research in the
United States. Note that the percentage value
of error for each category is the midpoint of
the high and low prevalence estimates for
that category divided (weighted) by the sum
of all midpoint error rates. Figure reprinted
from Ref. [9].

All of this irreproducibility of biomedical research is costly. According to a
recent report, about US$28 billion are annually spent on irreproducible preclinical research in the United States (Figure 28.4) [9]. In this regard, because
errors in study design and biological reagents and materials contribute to a
majority spent, implementing steps to improve preclinical reproducibility should
be a priority in these two areas (Table 28.2) [9].
Unfortunately, this reproducibility crisis has coincided with major changes in
pharma’s productivity as numerous market forces and drivers have continued to
dictate a change in its quest for discovering, developing, and delivering novel
therapeutics. These include downsizing, mergers and acquisitions (M&As), revenue losses due to patent expirations on blockbusters, enhanced regulatory oversight, high cost of clinical trials, Abbreviated New Drug Application (ANDA)
challenges from generic manufacturers, and relative scarcity of new molecular
entities (NMEs) due to innovation crisis. In the process, these forces are altering
the drug R&D landscape and affecting healthcare delivery. All of this is cause
for concern. Clearly, new ground rules, ﬂexible business models, strategic
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Table 28.2 Investing in practical solutions to improve preclinical reproducibility rates.
Study design




Improve training programs at academic institutions to ensure that best practices are
reinforced in the areas of core skills, methods, technology, and tools.
Establish targeted training, coaching, and certiﬁcation of established principal investigators
(PIs) to reinforce application of best practices throughout the research process.
Establish research funder policies, including funders such as NIH and leading disease
foundations, requiring successful completion of training courses at all levels.

Biological reagents and reference materials








Promote broad adoption by vendors to offer only validated reagents (e.g., antibodies and cell
lines) and broad utilization of these reagents by PIs as a documented best practice in the
research process.
Ensure that research funder policies require documented use of validated and
monocontaminated reagents, annual reagent authentication throughout the research study,
and adequate funding to cover these additional costs.
Ensure that procedures to document reagent validation and lack of contamination are
required by publishers.
Incentivize the continued development of tools for reagent validation using improved
genomics data.
Deﬁne standard operating procedures for biological materials handling throughout the
material’s life cycle.

Source: Reprinted from Ref. [9].

collaborative partnerships, and competitive business strategies are in order in
this post-blockbuster era. In fact, pharma is frequently turning to high-throughput screening and miniaturization technologies such as nanotechnology to
enhance or supplement aspects of drug target discovery and drug development.
In spite of pharma’s strategy of M&A, in-licensing, and an enormous capital
investment in R&D, it has been unsuccessful in replacing drugs coming off patent with sufﬁcient NMEs. The number of NMEs reaching the market has not
increased in any major way in the past decade (Figure 28.5).
There is a difference between a New Molecular Entity (NME) and New Chemical Entity (NCE) under the US Federal Food, Drug, and Cosmetic Act (“FD&C
Act” or “the Act”). They are sometimes used interchangeably; however, they are
distinct. In other words, the FDA Center for Drug Evaluation and Research’s
(CDER’s) classiﬁcation of a drug product as an NME for review purposes is distinct from its determination of whether a drug product is an NCE within the
meaning of the Act. An NCE is deﬁned in 21 CFR 314.108(a) as “a drug that
contains no active moiety that has been approved by the FDA in any other application submitted under 505(b) of the Act.” An active moiety is deﬁned by the
FDA as a molecule or ion responsible for the physiological or pharmacological
action of the drug substance, excluding those appended portions of the molecule
that cause the drug to be an ester, salt (including a salt with hydrogen or
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Figure 28.5 Ten-year historic comparison of
drug approvals by FDA’s Center for Drug Evaluation and Research (CDER). This ﬁgure represents New Molecular Entity (NME) and New
Biologic License Application (BLA) ﬁlings and
approvals in each calendar year starting from
2006 until 2015. New drugs approved by the
FDA have risen sharply in recent years with
the 2015 bounty being the most productive
since 1996. However, in 2015, big innovations
were in short supply, rejection letters issued
by the FDA were surprisingly down, and few
drugs stood out as breakthroughs. In fact,
many products were more known for their
breathtaking price tags and rapidity of FDA
approval. The vertical bars indicate the

number of New Drug Applications (NDAs) for
NMEs approved by CDER from 2006 to 2015.
The circled numbers indicate the number of
NDAs for NMEs plus BLAs for new therapeutic
biologics received by CDER for approval from
2006 until 2015. From 2006 through 2014,
CDER has averaged about 28 novel drug
approvals per year. CDER approved 45 novel
drugs in 2015 (NMEs and new BLAs combined), up from the previous recent record of
41 drugs approved in 2014. Of these, 16 (36%)
represented ﬁrst-in-class designated drugs, 14
(31%) were cancer drugs, about 30% were biologics, 21 (47%) were orphan-designated
drugs for rare diseases, and 16 were drugs
with a novel mechanism of action.

Notes:
∗

The 2015 ﬁled numbers include those
ﬁled in calendar year 2015 plus those
currently pending ﬁling (i.e., within their
60-day ﬁling period) in calendar year
2015.
2) NMEs have chemical structures that have
never been approved by CDER before.
However, in some cases a NME may
have actions similar to earlier drugs and
may not necessarily offer unique clinical
advantages over existing therapies.
3) In rare instances, it may be necessary
for FDA to change a drug’s NME designation or the status of its application as
1)

a novel BLA if new information becomes
available.
4) Approvals by the Center for Biologics Evaluation and Research (CBER) are excluded
in this drug count.
5) The data in this ﬁgure are current as of
February 2016.
6) Details on approval requirements for New
Drug Applications (NDAs) are found in
Section 505(b) of the Food, Drug & Cosmetics Act (FD&C Act) (21 U.S.C. 355(b)).
Copyright  2017 Raj Bawa. All rights
reserved. Figure courtesy of the FDA. Data
provided in this legend is courtesy of
Drugs@FDA and various drug companies.
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coordination bonds), or other noncovalent derivative (such as a complex, chelate, or clathrate) of the molecule. An NME is a drug that contains an active
moiety that has never been approved by the FDA or marketed in the United
States. Certain drugs are classiﬁed by CDER as NMEs for purposes of regulatory
review. Some drugs are characterized as NMEs for administrative purposes, but
nonetheless contain active moieties that are closely related to active moieties in
products that have been previously been approved by CDER. For example,
CDER classiﬁes biological products submitted in an application under Section
351(a) of the Public Health Service Act as NMEs for purposes of regulatory
review, regardless of whether it has previously approved a related active moiety
in a different product. It is important to note that it is the NCE status, and not
NME status, that governs the granting of the 5 years of market exclusivity after
approval in the United States, regardless of the patent situation (also known as
Hatch–Waxman exclusivity).

28.3
Protecting Inventions via Patents: The Cornerstone of Translation

The protection of intellectual property (IP), within which patents fall, is increasingly important. So far, the process of converting basic research in nanomedicine
into commercially viable products has been difﬁcult. IP, obviously, is the lifeblood of any nanoenterprise, 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.
In the context of IP, patents in the nanomedical space are critical. 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.
Freedom-to-operate or FTO (also called “product clearance” or “right to use”
opinions) is another important patent concept that researchers should become
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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, a FTO analysis should
relate to particular 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, a
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.
Details on nanopatents, including the legal criteria necessary to obtain a US
patent and the prosecution process for obtaining a US patent, can be found
elsewhere [24–26].
In spite of 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 [24–27]. As a result, patent thickets in certain
sectors of nanotechnology have arisen that could have a chilling impact on
commercialization activities. A patent thicket is a dense web of overlapping
patent claims that can potentially impede a company to commercialize new
technology. They may also require innovators to reach licensing deals with
multiple partners for multiple patents. For example, the US carbon nanotube
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 nanonomenclature 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 [28]. The expected negative impact on commercialization and patent
litigation has not arrived as of now because CNTs have failed to deliver on
the hype. Fabrication of affordable and high-quality CNTs has not materialized and scientists are now pursuing other exciting materials such as graphene
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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 [29].
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. The nomenclature issue (next
section) is also affecting patent drafting and prosecution at patent ofﬁces.

28.4
Terminology and Nomenclature: Lost in Translation

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 such as the International Organization for Standardization (ISO) and American Society for Testing and Materials
(ASTM) International produce technical speciﬁcations. This evolution is typical
and essential, as the development of terminology is a prerequisite for creating a
common, valid language needed for effective communication in any ﬁeld.
Clearly, a similar need for an internationally-agreed deﬁnition for key nano
terms has gained urgency. Nomenclature, technical speciﬁcations, standards,
guidelines, and best practices are critically needed to advance nano in a safe and
responsible manner. Contrary to some commentators, terminology does matter
because it prevents misinterpretation and confusion. It is also necessary for
research activities, harmonized regulatory governance, accurate patent searching
and application drafting, standardization of procedures, manufacturing and quality controls, assay protocols, the grant review process, decisions by policymakers,
ethical analysis, public discourse, safety assessment, and more. Also, nomenclature is crucial to any translational and commercialization effort.
Although various “nano” terms, including “nanotechnology,” “nanoscience,”
“nanopharmaceutical,” “nanodrug,” “nanotherapeutic,” “nanomaterial,” “nanopharmacy,” and “nanomedicine” are widely used, there is confusion, disagreement,
and ambiguity regarding their deﬁnitions. In fact, there is no precise deﬁnition of
nanotechnology as applied to pharmaceuticals or in reference to drug delivery.
This haunts regulators, patent ofﬁces, policymakers, drug formulation scientists,
pharma executives, and legal professionals. Clearly, the current deﬁnitions for various nano terms are inadequate. All deﬁnitions of nanotechnology based on size
or dimensions should be dismissed, especially in the context of nanomedicine and
nanodrugs, for reasons well articulated elsewhere [30]. There is simply no scientiﬁc basis or logic to limiting all nanotechnology to a sub-100 nm limitation [30].
Moreover, nano is not solely a metric of length, and nanoscale researchers do not
accept such rigid limitations on dimensionality.
In the absence of any formal deﬁnition for a nanotherapeutic formulation
(sometimes referred to as Nanoscale Drug Delivery System or NDDS or
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nanodrug product), I deﬁne it as (i) a formulation, often colloidal, containing
therapeutic particles (nanoparticles) ranging in size from 1 to 1000 nm; and (ii)
either (a) the carrier(s) is/are the therapeutic (i.e., a conventional therapeutic
agent is absent) or (b) the therapeutic is coupled (functionalized, solubilized,
entrapped, coated, etc.) to a carrier.
Nanoscale therapeutics may have unique properties (nanocharacter) that can
be beneﬁcial for drug delivery and other applications but there is no speciﬁc size
range or dimensional limit where superior properties are found [30–32]. A
change in properties of particulate materials in relation to particle size is basically a continuum and there is no clear size cutoff for novel properties as they
can happen above 100 nm [30]. Hence, the size limitation below 100 nm cannot
be touted as the basis of novel properties of nanotherapeutics. Often, nanotherapeutics (Figure 28.1) are colloidal drug delivery systems having a particle size of
1–1000 nm. Furthermore, there are numerous FDA-approved and/or marketed
nanodrug products where the particle size does not ﬁt the sub-100 nanometer
proﬁle proposed by the US National Nanotechnology Initiative (NNI) in the
early 1990s: Abraxane (∼130 nm), Myocet (∼190 nm), Amphotec (∼130 nm),
Epaxal (∼150 nm), Inﬂexal (∼150 nm), Lipo-Dox (180 nm), Oncaspar
(50–200 nm), Copaxone (1.5–550 nm), and so on. Therefore, the arbitrary subnano cutoff proposed by the NNI is irrelevant in the context of nanomedicine.
The NNI deﬁnition has been correctly criticized over the years [30–32]. It was
poorly thought-out and the NNI needs to set the record straight by rescinding
it. The FDA, which was involved in the formulation of this inaccurate sub100 nm NNI deﬁnition, has not adopted any “ofﬁcial” regulatory deﬁnition for
nanotechnology, nanotherapeutic, or nanoscale. However, since 2011, following
the publication of a “draft” guidance document, it uses an awkward, loose, and
“unofﬁcial” size-based deﬁnition. According to the FDA, engineered nanoproducts or products that employ nanotechnology either (i) have at least one dimension in the 1–100 nm range or (ii) are of a size range of up to 1000 nm (i.e.,
1 μm), provided the novel/unique properties or phenomenon (including physical/chemical properties or biological effects) exhibited are attributable to these
dimensions greater than 100 nm.
Viable sui generis deﬁnition of nano having a bright-line size range (especially
as applied to nanodrugs) blurs with respect to what is truly nanoscale; it is
unnecessary, misleading, and in fact, may never be feasible. Given this backdrop,
I proposed the following deﬁnition of nanotechnology about a decade ago, one
that is unconstrained by an arbitrary size limitation or dimension [26]: 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. My deﬁnition has four interrelated key features:
 First, it recognizes that the properties and performance of the synthetic,

engineered structures, devices, and systems are inherently rooted in their
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nanoscale dimensions. The deﬁnition focuses on the unique physiological
behavior of these structures, devices, and systems that is occurring at the
nanometer scale; it does not focus on any shape, aspect ratio, speciﬁc size,
or dimensionality.
 Second, the focus of this ﬂexible deﬁnition is on “technology” that has commercial potential from a consumer perspective, not “nanoscience” or basic research
conducted in a laboratory setting that may lack commercial implication.
 Third, the structures, devices, and systems that result must be novel/superior
compared to their bulk, conventional counterparts.
 Fourth, the concept of controlled manipulation compared to “self-assembly” is
critical to the deﬁnition.
Apart from creating confusion in the nanomedicine community and among
relevant stakeholders, there are concerns that this deﬁnitional issue could continue to pose a major bottleneck to translational efforts. It is apparent that it has
contributed to the evolving patent thicket in certain sectors along with a lack of
speciﬁc protocols for preclinical development, slower nanomaterial characterization, and pollution in the scientiﬁc literature. If translational nanomedicine is to
become robust, it is important that some order, central coordination, and uniformity be introduced at the transnational level to address the rise of diverse
nano terms seen in patents, journals, and the press. This is also critical to prevent a signiﬁcant scientiﬁc, legal, and regulatory void from developing, all of
which will negatively affect translational efforts.

28.5
Gaps in Regulatory Guidance

Transparent and effective governmental regulatory guidance is critical for nanomedical translation. However, emerging technologies such as nanomedicine are
particularly problematic for governmental regulatory agencies to handle, given
their independent nature, slow response rate, signiﬁcant inertia, and a general
mistrust of industry. Major global regulatory systems, bodies, and regimes
regarding nanomedicines are not fully mature, hampered in part by a lack of
speciﬁc protocols for preclinical development and characterization. Additionally,
in spite of numerous harmonization talks and meetings, there is lack of consensus on procedures, assays, and protocols to be employed during preclinical
development and characterization of nanomedicines. On the other hand, there is
a rise of diverse nanospeciﬁc regulatory arrangements and systems, contributing
to a dense global nanotechnology regulatory landscape, full of gaps and devoid of
central coordination [33–37]. It is often observed that governmental regulatory
bodies lack technical and scientiﬁc knowledge to support risk-based regulation,
thereby leaving a signiﬁcant regulatory void. In fact, the “baby steps” the FDA
has undertaken over the past decade have led to regulatory uncertainty. The
bumpy ride is expected to continue [33].

28.6 Conclusions and Outlook
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Efforts are underway to bridge the translational gap between benchtop preclinical research and bedside medial applications with nanoproducts, nanomaterials, nanotherapeutics, and so on. Practical considerations should be at the
forefront to streamline and improve translational nanomedicine (Table 28.3).
This, in turn, will enable delivering more therapies rapidly, safely, and effectively
to patients globally. It is important to optimally integrate healthcare, academia,
and industry to achieve changes at various levels along the translational path
(Table 28.3). These are critical to transforming nanomedicine and 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 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, sciencebased governance that promotes translation on one hand and balances consumer
health on the other is crucial.
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 United States, 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” [38]. Similarly, there are other entities dedicated to serving as “adapters” and “deriskers”
between basic research entities and commercial organizations (Table 28.4).
These key players must come together on a global platform to address issues
affecting translational efforts. Despite geographic diversity and organizationspeciﬁc 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 the public’s desire for novel nanomedical products, venture
community’s modest investment, federal infusion of funds, and big pharma’s lingering interest in nanomedicine continue. In the end, the long-term prognosis
and development of nanomedicine will hinge on effective regulatory policies,
issuance of valid patents, clearer safety guidelines, transparency, and full commitment of all stakeholders involved – big pharma, academia, governmental regulatory agencies, policymakers, the venture community, disease advocacy groups,
and the consumer-patient. We need everyone on board so that translation
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Table 28.3 From the lab to the clinic: improving translational nanomedicine.














Research scientists in academia should understand the entire supply chain from research to
development, including basic concepts relevant to commercialization.
Granting agencies and peer reviewers that review grants should have expertise in
translational medicine, industrial portfolio management, and commercialization of research
to properly access feasibility of proposals that have a greater potential for patient
application. 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.
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.
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 nonreproducibility of preclinical
research that primarily emanates from academic research laboratories. Universities may
consider establishing a “gap fund” to support translation studies in light of diminished grant
funding.
Regional harmonization efforts (rather than global) should be undertaken with respect to
bridging studies and the design of clinical trials for nanomedicines.
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 continued 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 nanoscale drug delivery systems (NDDS). Top-down nanocolloid
fabrication techniques such as photolithography, microﬂuidic synthesis, and molding
technology such as particle replication in nonwetting templates are of particular interest to
overcome the limitations of conventional bottom-up fabrication methods. Flexible and
adaptive manufacturing (“on demand”) are important in this context to add to market
availability.
On a case-by-case basis and in conjunction with industry, the FDA (and analogous
regulatory agencies) should identify unique safety issues associated with nanoparticles and
nanomedical products. 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
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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 engineered nanomaterials (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, and so on.
Science policymakers should subsidize more risky research strategies, incentivize strategy
diversity, and encourage publication of failed experiments/negative data – all of 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.
University Technology Transfer Ofﬁces (TTOs) should be revamped and required to
disclose the return-on-investment (ROI) in terms of funds expended on patent prosecution
versus licensing royalties generated.
Quality assurance (QA) guidelines for basic research published by the WHO or RQA
should be implemented by 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.
Recognizing genuine requests for scrutiny from harassment in a climate of research
transparency is essential to safeguarding the research community and driving translational
efforts.
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 nanomaterial
and API 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.”
(continued)
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Table 28.3 From the lab to the clinic: improving translational nanomedicine.















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. Guidance should elaborate
speciﬁcs as to what kind of data are required at each step of the nanomedical translational
process.
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 translation.
Since there are few protocols to characterize nanomedicines at the physicochemical,
biological, and physiological levels, it is essential to develop a research strategy that involves
adsorption, distribution, metabolism, and excretion (ADME) studies. 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 holistic approach to understanding ADME
can be realized through the integration of mechanistic ADME data through the
mathematical algorithms that underpin physiologically based pharmacokinetic (PBPK)
modeling, routinely utilized to support regulatory submissions for conventional medicines
in the United States by the FDA and in Europe by the EMA. Although advances in PBPK
reﬂect signiﬁcant advances in the predictability of critical pharmacokinetics (PK) parameters
from physical chemistry, in vitro data and software platforms/databases, challenges persist
with respect to making critical decisions in early and clinical drug development and in the
selection of individualized dosing regimens.
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.
Integrating and leveraging cumulative knowledge regarding translational barriers (Table 28.1)
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 (Table 28.4) must leverage expertise and pool
their experiences despite geographical diversity or organization-speciﬁc mandates.
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.
Enhance and streamline institutional review board (IRB) approval process to minimize
unnecessary delays and redundancy.
International harmonization efforts regarding biosimilar versions of biologics need to be
undertaken as a large number of 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.

Copyright  2017 Raj Bawa. All rights reserved.
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Table 28.4 Major global translational science organizations.
Organization

Mission and objectives

Year
Founded

Location

The Center for Drug Research and
Development (CDRD) www.cdrd.ca

Headquartered in Vancouver, CDRD is Canada’s fully integrated national drug
development and commercialization center. Its basic mandate is to successfully bridge
the commercialization gap between academia and industry, and translate preclinical
research discoveries into new therapies for patients. It works in partnership with
academia, industry, government, and foundations to provide expertise and
infrastructure to enable researchers from leading health research institutions to
advance promising early-stage drug candidates, and transform them into commercially
viable investment opportunities for the private sector – and ultimately into innovative
new therapies for patients. In doing so, CDRD is actively growing Canada’s health
sciences industry into a wholly optimized generator of economic prosperity for the
country. According to CDRD, it works with excellent organizations to develop funding
partnerships aimed at advancing and commercializing selected promising discoveries.
Since becoming operational in 2008, it has established four such innovation funds to
support projects. CDRD utilizes the expertise of around 100 scientiﬁc, commercial,
and project management experts located in its facilities covering over 40 000 ft2 of
translational research space with additional sites of specialized expertise in the form of
select partnerships across the country. Six related scientiﬁc divisions have been created
to assist investigators with capabilities and infrastructure supporting the drug
development process that mirrors the drug development processes – target validation,
screening, medicinal chemistry, drug delivery, pharmacology/toxicology, and biologics.
CDRD experts have interacted with about 1700 academic investigators to date,
providing commercial education, advice, and input into their technologies. From these
discussions, CDRD has taken on approximately 210 drug development (translational)
projects, and has collaborated to derisk and advance the technologies toward
commercialization. CDRD has already achieved a number of key milestones and
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Canada
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2013

Europe

outcomes, making a signiﬁcant impact on Canada’s drug development environment:
1052 drug development projects evaluated; 828 potential projects/technologies
reviewed; 209 projects undertaken (on 134 distinct technologies); 56 projects advanced
toward commercialization and/or commercialized (51 ongoing); 12 technologies outlicensed to the private sector or under current development/management; 5 spin-off
companies launched; 95 afﬁliated institutions; 33 new patent families supported with
CDRD data; 23 collaborations on scientiﬁc publications; $90.7 million in grant funding
facilitated for PIs and their CDRD-related projects; over $40 million in international
pharmaceutical sector investment attracted; $220 million in incremental commercially
focused health research being conducted as a result of CDRD; 157 postdoctoral
fellows, co-op students and interns through the CDRD Training Program; and over 98
drug development and commercialization workshops and seminars offered.
The European Infrastructure for Translational
Medicine (EATRIS ERIC) www.eatris.eu

EATRIS provides access to innovative translational research infrastructure and
expertise for companies and researchers in need of support for advancing biomedical
innovations. It is comprised of over 70 leading academic groups and institutions in 10
European countries. According to EATRIS, this infrastructure provides a single pointof-access to the right expertise and facilities, expedites the development process, and
provides access to large and diverse clinical patient cohorts. This is possible since
EATRIS is able to leverage its state-of-the-art facilities and knowledge across Europe
that reduces translational research risks and bottlenecks. EATRIS institutes offer a
pipeline in the areas of advanced therapy medicinal products (ATMP) and biologics;
biomarkers; imaging and tracing; small molecules, and vaccines. Since Europe’s leading
academic hospitals are part of the EATRIS infrastructure, a broad range of patient
cohorts, including patients with the burden of rare diseases, are registered in the
EATRIS databases. Funders encourage projects that have a high translational potential
and that have been shortlisted for funding.
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The core process involves a four-steps comprising:


Translational Assessment: Conﬁrmation of the unmet medical need, clear end
product envisaged, innovative character and IP clarity
 Matchmaking: Identiﬁcation from the EATRIS database of the innovative
infrastructure, facilities and expertise required to support the project, including
patient cohorts.
 Exploration: The client reviews the project content and the EATRIS institutions
selected. Deﬁnition of the project plan, or optionally the creation of a complete
Project Development Plan, including optimal regulatory strategy is undertaken.
 Initiation: At this ﬁnal stage, bilateral contracts are executed between the client
and EATRIS institution. One or more EATRIS institutions execute the project.
Identiﬁcation of relevant translational tools and facilities for optimal data
generation
Projects can fall into different categories as follows:







MRC Technology (MRCT)
www.mrctechnology.org

EATRIS helps on addressing scientiﬁc and technical challenges to reduce, remove
bottlenecks in translational research.
EATRIS works with funders to improve the success chances of their translational
projects, through the utilization of innovative academic infrastructure and
expertise.
EATRIS aims to create a seamless innovation pipeline for biomedical innovation,
and partners with key stakeholders in the science, regulatory, and funding domains
to reach these ends.
EATRIS also provides troubleshooting support for certain ongoing projects.

MRCT is an independent life science medical research charity that helps bridge the
gap between basic research and commercial application. Its goal is to ensure that
promising life science research reaches its full potential in patient treatments and
diagnostics, thereby bridging the “valley of death.” It is self-funded and works with
academic, pharmaceutical, biotechnology, and charity organizations from around the
world. It has helped launch 12 drugs and form 18 start-ups, negotiated over 400
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Organization

Mission and objectives

commercial licenses, and generated over £600+ million in royalty revenues for its
academic and charity partners, with global pharma revenues from this research being
over £40+ billion.
MRCT experts can accelerate research to generate novel small-molecule or biologic
drugs. MRCT’s Centre for Therapeutics Discovery and Centre for Diagnostics
Development can develop new standard assays, adapt older ones, carry out highthroughput screening using in-house compound libraries, or develop structure–activity
relationships (SAR) to improve potency, solubility, and physicochemical properties of
hit series to turn them into drug-like molecules. MRCT scientists can synthesize
antibodies to obtain optimal binding afﬁnity, functional efﬁcacy, and robust biophysical
properties to generate a lead candidate. Discoveries are always protected to ensure
return on investment if commercialized. intellectual property (IP) and
commercialization expertise ensures novel IP and robust supporting data packages
suitable for collaborating. According to MRCT, some partners outsource their entire
tech transfer operation, from IP management through to commercialization, while
others need help run speciﬁc projects for their Tech-Transfer Ofﬁces (TTOs).
According to MRCT, its approach involves the following:






Identifying and evaluating research: Expert MRCT teams examine existing research
portfolios and look for projects with potential for further development. The teams
also offer services to ensure that future research funding is geared toward success.
Protecting assets with potential: Specialized IP management expertise on the
partner’s promising healthcare research is offered. Expert advice on further
potential development routes and access to funding is also available.
Investing in promising projects: MRCT’s specialist drug discovery, diagnostics, and
medical device centers are available to both research and industry partners. MRCT

Year
Founded

Location

28.6 Conclusions and Outlook

691

also invests their own resources in projects with real potential and have built an
excellent record of accomplishment in developing drug targets.
Partnering with industry: MRCT develops projects to a stage where they have
strong commercial potential, and then work with its industry partners to continue
their development to market. Revenue streams are ultimately used to fund further
research
MRCT has joined the Alliance of Leading Drug Discovery and Development Centres,
which aims to improve the rate at which academic research is translated into new
medicines. In an effort to identify and develop new treatments for dementia, it has
launched a Dementia Consortium with the charity Alzheimer’s Research UK, Lilly and
Eisai.


The National Center for Advancing Translational Sciences (NCATS) www.ncats.nih.gov

NCATS at the National Institutes of Health (NIH) was established to transform the
translational science process so that new treatments and cures for disease can be
delivered to patients faster and more efﬁciently by identifying system-wide scientiﬁc
and operational impediments in the translational research. Emphasizing innovation
and relying on data and novel technologies, NCATS develops, demonstrates, and
disseminates improvements in translational science: the focus is to bring to patients
new drugs, diagnostics, and medical devices much faster.
NCATS works through an array of funding programs, collaborative research projects,
and preclinical and clinical tools designed to catalyze translational medicine. NCATS
offers a variety of training and educational opportunities in translational medicine
ranging from the Assay Guidance Manual eBook and workshop to research training
experiences for scientists, to the Translational Science Training Program for NIH
graduate students and postdoctoral researchers. Through its Clinical and Translational
Science Awards (CTSA) Program, NCATS supports an innovative national network of
more than 50 medical research centers that work together to improve the translational
research process via collaboration and innovation in training, research tools, and
processes. The NCATS Division of Pre-Clinical Innovation contains multiple programs
and research groups that collaborate with academic, nonproﬁt, and industry
researchers to develop promising therapeutic candidates.
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US
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According to the NCATS, the following are some of the current initiatives and
programs:










Funding Opportunity Announcements ( FOAs): The majority of NCATS awards are
for applications sent in response to FOAs. NCATS develops FOAs with an aim to
stimulate translational research in areas of greatest need and for identiﬁed gaps in
diagnostics and therapy development.
Small Business Grants and Contracts: NCATS’ small business programs, including
Small Business Innovation Research (SBIR) and Small Business Technology
Transfer (STTR), help entrepreneurs develop and commercialize new translational
technologies through grant and contract awards. It supports further development
of preclinical and clinical tools, instruments, devices, and related methodologies
that may have broad application to translational research.
Collaboration Opportunities: NCATS encourages partnerships across all scientiﬁc
disciplines and research sectors, including with NIH investigators, universities, and
medical centers, US federal agencies, small businesses, industry, patient groups,
and advocacy organizations
Expertise and Resources: NCATS staff offers experts in many different ﬁelds
relevant to translational research and science policy, from small molecules to
human subject protections. It offers a variety of preclinical and clinical tools plus
resources for patient/community engagement and health information.
Scientiﬁc Conference Support: NCATS offers to domestic institutions and
organizations, including established scientiﬁc or professional societies, scientiﬁc
conference grants to support high quality, national and internal meetings that are
relevant to public health, and the NCATS mission.

Year
Founded

Location

28.6 Conclusions and Outlook

Therapeutic Innovation Australia (TIA)
www.therapeuticinnovation.com.au

TIA, a not-for-proﬁt organization funded through Australian Government Department
of Education, supports Australian researchers in taking promising medical research
from the laboratory and translating it into clinical application. Its mission is to improve
the efﬁciency and effectiveness of translational health research through leveraging
investments in research infrastructure. This is accomplished via a national institutional
network of 45+ sites located at 11 universities, 12 medical research organizations, 15
hospitals, and clinical networks that enable development of small molecules, biotherapeutics, cell therapies, and biomarkers. TIA forms a central partnering function
between researchers, capability managers, and experts in product development from
academic and industry sectors. According to TIA, in 2013–2014, TIA supported 67
proof-of-concept products and 80 clinical trials. Its strategy employs the following:


Funding critical research for successful translational outcomes.
Supporting linkage between translational health researchers and closure of
infrastructural gaps.
 International engagement to maximize translational efﬁciency.
 Provide facilitated pathways for translational researchers in critical areas such as
biomarkers, drug development, and cell therapies.
TIA is supported through enabling infrastructure that includes a national registry of
medical research projects (ATRAX) and an online document repository of 560 openaccess generic documents (templates) that can be adapted for use in establishing or
extending quality systems (www.iqdocs.org). Seminars that focus on translational science are held to foster collaboration and build understanding between academia and
industry.


Copyright  2017 Raj Bawa. All rights reserved.

2011

693

Australia

694

28 A Practical Guide to Translating Nanomedical Products

becomes more widespread and we can advance innovative nanomedical products
to patients, especially in high unmet disease areas. We must endure and traverse
the valley of death for the overall beneﬁt of society. Together, we can help drive
progress and make the future happen faster. For the times they are a-changin.
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