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Editorial 1
Clinical Nanomedicine, a New Nano Domain
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Clinical Nanomedicine is a newcomer in the rapidly growing family of nano science & technology domains. A newcomer, be it a scientist or a research field, is not prejudice-laden, he has little past but a promising future. That is the big
chance of Nanomedicine. Progress in Science and Technology is more hampered by biased minds and narrow thinking
than by lack of ideas, funds, support, and research personnel. Likewise, science does not suffer of a shortage of utmost
intelligent brains, but much more of brave spirits and great hearts ready to venture into and to master the unknown. Novelty comes about by having ideas and realizing them – ideas alone are not sufficient -, by questioning general believes, by
thinking the hitherto unthinkable, by doing what was believed to be impossible, by solving what was considered unsolvable and by reflecting on what others considered uninteresting, in short by going beyond generally accepted knowledge,
thinking, skills, and limits. Everything is possible except it is proven to be impossible (R. Feynman); and, from my own
experience, the proofs are mostly wrong. The sky for new ideas in Nanomedicine is wide open. With visions and ideas
you can make tomorrow to today.
The immediate beneficiary of Nanomedicine is each individual of society. Nanomedicine is, therefore, of direct personal social interest and the expectations, demands, and pressures are correspondingly very high. Equally high are also
the challenges and hurdles. The most crucial one I consider interdisciplinarity which lies at the heart of Nanomedicine,
actually of everything carrying the name Nano. Awareness of the urgency, importance, and significance of “Inter” became omnipresent, be it in science in general, be it in economy, politics, or society. This awareness, however, rarely ends
up in specific and successful actions and we do badly everywhere, from international politics to human interactions to
interdisciplinarity in science. This is most deplorable since “Inter” is in many ways the key and salient ingredient for
progress. “Inter”-disciplinarity emerges from the necessity to solve modern, very demanding problems of holistic nature.
Interdisciplinarity is “in addition to”, not “instead of ”. It requires learning, insight, knowledge, skills and talents in addition to that of a solid and excellent disciplinary basis. Unfortunately, this extra effort and talent receives so far little appreciation in the scientific community. Science is still stuck to a great extent in the disciplinary age where scientists think
and appreciate science predominately along disciplinary excellence which leaves then little room for recognition, esteem,
fund allocation, and so on, different from a top-notch disciplinary performance. It is, however, the scientific standard of
the problem to be solved which is the measure of the scientific quality and impact and setting this standard and living up
to them requires again both intelligent brains and brave spirits.
Nanomedicine is no doubt a tough and hot place; Nano means ultimately measuring, modifying, material removal and
deposition, growing nanostructures, and initiating and controlling processes – in short performing all kinds of experiments - at a given nano-location with a given nano-precision. Indeed tough and hot, but it is the most capable scientists
which reach for the cherries hanging very high. Nanomedicine has all the chances to become a prime player in the health
sector and I expect that many of its new tools, methods, and techniques will also become a crucial element in personalized medicine and systems biology. And last but not least it should serve as a shiny example for the embracing power of
interdisciplinarity.
Wollerau, May 1, 2010
Heinrich Rohrer
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SUMMARY
There is enormous excitement and expectation surrounding the
multidisciplinary field of nanotechnology. This carries over to nanomedicine – the application of nanotechnology to healthcare – which
is already influencing the pharmaceutical industry, especially in the
design, formulation and delivery of therapeutics. Nanopharmaceuticals are a relatively new class of therapeutic-containing nanomaterials that often have unique “nanoproperties” (physiochemical
properties) due to their small size (compared with their bulk-phase
counterparts) a high surface-to-volume ratio and the possibility of
modulating their properties. Basically they are nanoparticles intended for a broad spectrum of clinical therapeutic applications with the
potential to target a particular organ or tissue site, either passively
or actively. Nanopharmaceuticals present novel reformulation opportunities for active agents (e.g., single molecule drugs, proteins,
nucleic acids, etc.) that were previously insoluble or could not be
targeted to a specific site of the body where they were needed. In
other words, those therapeutic agents that were previously unsuitable
for traditional oral or injectable drug formulations could now be “nanoformulated” for delivery to specific biological targets due to superior pharmacokinetics/pharmacodynamics and/or active intracellular
delivery. As a result, this approach has the ability to reduce toxicity
and enhance bioavailability, thereby improving efficacy and patient
compliance. Nanopharmaceuticals can also increase drug half-life by
reducing immunogenicity and diminishing drug metabolism. With
these advantages, nanopharmaceuticals have the ability to extend
the economic life of proprietary drugs, thereby creating additional
revenue streams. As a result, they have the potential to impact drug
commercialization and the healthcare landscape. Inevitably they will
become an integral part of mainstream medicine. A large number
of the US Food and Drug Administration (FDA)-approved nanopharmaceuticals have already been launched while many more are in
various phases of clinical trials.
DEFINING NANOTECHNOLOGY AND NANOMEDICINE
The high risk, high payoff global nanotechnology phenomenon
is in full swing. Innovations at the intersection of engineering, biotechnology, medicine, physical sciences and information technology
are spurring new directions in research, patenting, commercialization, business development and technology transfer [1-5]. In fact, the
future of nanotechnology is likely to continue along this interdisciplinary path with significant technologic advances cutting across a
wide landscape of scientific disciplines. Estimates place the worldwide market potential for nanotechnology goods to be $2.6 trillion in
2014, up from $50 billion in 2006 [6]. A report from the US National
Science Foundation (NSF) has proposed a more conservative figure:
the worldwide market size for nanoproducts could reach $1 trillion
between 2010 and 2015 [7].
The term nanotechnology is very much in vogue. But what does it
EUROPEAN JOURNAL OF NANOMEDICINE

mean? A nanometer (Greek, nanos, dwarf) is one billionth of a meter,
or 1/75,000th the size of a human hair. An atom is about one third of
a nanometer in width. Nanotechnology is an umbrella term used to
define the products, processes and properties at the nano/micro scale
that have resulted from the convergence of the physical, chemical
and life sciences.
Miniaturization of materials often imparts novel mechanical,
electrical and/or optical properties. Specifically, as a particle’s size
decreases, a greater proportion of its atoms are located on the surface
relative to its core, often rendering the particle more reactive (over its
conventional “bulk” counterparts). In addition, as the particle size decreases, its total surface area increases exponentially. This reduction
in particle size increases its dissolution rate and saturation solubility
and, if the particle is a drug, it frequently correlates to improved in
vivo drug performance.
However, one of the major problems regulators and lawyers face
regarding nanotechnology is the confusion and disagreement about
its definition [8,9]. One often used – yet clearly wrong – definition of
nanotechnology was proposed by the US National Nanotechnology
Initiative (NNI). It simply limits nanotechnology to “dimensions of
roughly 1 to 100 nanometers” [10]. Various government agencies,
including the US FDA and the US Patent and Trademark Office
(PTO) continue to use this vague definition based on a sub-100nm
size. Clearly, a definition based on physical limits is an unorthodox
way of defining a technology field. Other technologies are defined by
a key technology or breakthrough. For instance, genetic engineering
technology is based upon recombinant DNA, while the Internet is a
collection of “bulletin boards” networked in a World Wide Web.
The NNI nanotechnology definition presents numerous difficulties. For example, although the sub-100nm size range may be important to a nanophotonic company (e.g., a quantum dot’s size dictates the colour of light emitted therefrom), this size limitation is not
critical to a drug company from a formulation, delivery or efficacy
perspective because the desired property (e.g., improved bioavailability, reduced toxicity, lower dose, enhanced solubility, etc.) may
be achieved in a size range greater than 100nm. Moreover, this NNI
definition excludes numerous devices and materials of micrometer
dimensions (or of dimensions less than 1 nanometer), a scale that
is included within the definition of nanotechnology by many nanoscientists. Therefore, experts have cautioned against an overly rigid
definition based on a sub-100nm size, emphasizing instead the continuum of scale from the “nano” to “micro.”
Add to this confusion the fact that nanotechnology is nothing new.
For example, nanoscale carbon particles (“high-tech soot nanoparticles”) have been used as a reinforcing additive in tires for over a century. Another example is that of protein vaccines – they squarely fall
within the definition of nanotechnology. In fact, many biomolecules
are in the nanoscale. Peptides are similar in size to quantum dots and
some viruses are in the size range of nanoparticles. Hence, most of
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molecular medicine and biotechnology can be classified as nanotechnology. Technically speaking, biologists have been studying all these
nanoscale biomolecules long before the term “nanotechnology” became fashionable. Even though the US National Institutes of Health
(NIH) concurs that while much of biology is grounded in nanoscale
phenomena, it has not reclassified most of its basic research portfolio
as nanotechnology. In this regard, NIH identifies three broad areas
that it considers nanotechnology:
(i) studies that use nanotechnology tools and concepts to study biology;
(ii) the engineering of biological molecules toward functions very
different from those they have in nature; or
(iii) manipulation of biological systems by methods more precise
than can be done by standard molecular biological, synthetic
chemical or biochemical approaches.
In light of this confusion, the following definition of nanotechnology, unconstrained by an arbitrary size limitation, has been developed [8,9]:
“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.”
Naturally, disagreements over the definition of nanotechnology
carry over to the definition of nanomedicine. At present, there is no
uniform, internationally accepted definition for nanomedicine either.
One definition, not constrained by size, yet correctly emphasizing
that controlled manipulation at the nanoscale results in medical improvements and/or significant medical changes, comes from the
European Science Foundation [11]:
“…the science and technology of diagnosing, treating and preventing disease and traumatic injury, of relieving pain, and of preserving and improving human health, using molecular tools and molecular knowledge of the human body.”

of drug discovery, design and development. It should enhance the
drug discovery process itself through miniaturization, automation,
speed, massive parallelism and reliability of assays. The resulting
improved R&D success rate should enable faster introduction of new,
cost-effective products to the marketplace. For example, nanotechnology can be applied to current microarray technologies, exponentially increasing the hit rate for promising candidates/targets that can
be screened. Inexpensive and higher throughput DNA sequencers
based on nanotechnology can reduce the time for both drug discovery and diagnostics.
NANOPHARMACEUTICALS IN DRUG DELIVERY
A long-standing issue in the drug industry is the difficulty to deliver the correct dose of a particular active agent to a specific disease
site. Since this is generally unachievable, active agents have to be
administered in excessively high doses, thereby increasing the odds
of toxic side effects. The concept of site-specific delivery of a therapeutic arises from this classic drawback of traditional therapeutics.
Nanopharmaceuticals have enormous potential in addressing this
failure of traditional therapeutics – they offer site-specific targeting
of active agents [13]. Such precision targeting via nanopharmaceuticals will reduce toxic systemic side effects, resulting in better patient
compliance. As a result, nanopharmaceuticals present novel opportunities for reformulation of active agents whose previous versions
were unsuitable for traditional oral or injectable delivery.
In this paper, nanopharmaceuticals will be defined as colloidal
nanoparticles (or nanometer scale complex systems) of 10 to 1,000
nanometers (1 micron). Furthermore, in the absence of a universal
convention or nomenclature for nanopharmaceuticals, various nanoscale structures of different sizes, shapes and chemical composition have been included by this author within this broad definition
(Figure 1). Some of the common shapes include spheres (hollow
or solid), tubules, particles (solid or porous) and tree-like branched
macromolecules.

Hence, the size limitation imposed in NNI’s definition must be
abandoned, especially when discussing nanopharmaceuticals or nanomedicine. The phrase “small technology” may be more appropriate to accurately encompass both nanotechnologies and microtechnologies.
An internationally acceptable definition and nomenclature of nanotechnology should be promptly developed.
DRUG COMPANIES FOCUS ON NANOTECHNOLOGY
Pharmaceutical companies face enormous challenges ranging
from revenue losses due to patent expirations on blockbusters, to
greater regulatory oversight, to an ever-increasing challenge from
generic manufacturers.
Drug revenues worth $70–$80 billion will potentially be lost by
2011 as various drugs go off-patent [12]. The cost (often $800+ million) and time (frequently spanning 10–15 years) of developing and
launching a new drug to market are daunting. Annual research and
development (R&D) investment by drug companies has risen from
$1 billion in 1975 to $40 billion today, while annual new drug approvals in the past few years have remained flat at between 20–30
drugs [12].
Some argue that pharmaceutical companies are more focused on
shareholder profits and defending their patents via costly litigation
than innovative therapies. Others point to the fact that big pharma
often spends more on marketing compaigns and promotional advertising than on R&D. All agree that in today’s global economy, big
pharma faces enormous pressure to deliver high-quality products to
patients while maintaining profitability. Therefore, it is not surprising that pharmaceutical companies are turning to miniaturization and
nanotechnology to enhance or supplement drug target discovery and
drug formulation. In theory, nanotechnology should reduce the cost
EUROPEAN JOURNAL OF NANOMEDICINE

Nanopharmaceuticals often offer an advantage as compared to
their “bulk” counterparts primarily because of their reduced size (i.e.,
an enormously increased surface area relative to volume). As mentioned earlier (See section titled “What is Nanotechnology?”), as a
particle’s size decreases, a greater proportion of its atoms are located
on the surface relative to its core, often rendering the particle more
reactive and more water soluble. Nanopharmaceuticals are selected
for characteristics such as biodegradability, biocompatibility, conjugation, complexation or encapsulation and their ability to be functionalized. For simplicity, they can be divided into two groups [13]:
(1) those where the active agent possesses intrinsic therapeutic properties and acts as its own polymeric carrier (examples include
multivalent dendrimers, cerium oxide and platinum nanoparticles); and
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(2) those where the active agent is directly coupled (functionalized,
entrapped or coated) to a distinct polymeric carrier. In the ideal futuristic situation, these polymeric (or lipid) carriers will be able to
transport the active agent to a specific desired target site (ligand,
receptor, active site, etc.) to impart maximum therapeutic activity
with maximum safety (i.e., protecting body tissues from adverse
reactions while preventing the degradation/denaturation/inactivation of the active agent during delivery/transit).
Nanopharmaceuticals are synthesized by various methods (selfassembly, vapour or electrostatic deposition, aggregation, nanomanipulation, imprinting, etc.) where the protocol is dictated by factors
such as the specific therapeutic used and the desired delivery route.
The functional complexity and application potential of nanopharmaceuticals is the result of:
(a) enormous compositional range due to the large variety of polymeric nanomaterials they are composed of (e.g., liposomes, carbon nanotubes, dendrimers, colloidal gold, nanocrystals, fullerenes, etc.);
(b) variety of therapeutics that are incorporated with these nanomaterials (e.g., small molecule drugs, proteins, nucleic acids, etc.);
(c) biodistribution and targeting capabilities due to specific targeting
moieties that can be surface-functionalized thereto (e.g., antibodies, ligands, etc.);
(d) various available routes of delivery (oral, topical, IV, etc.);
(e) their shape/geometry;
(f) their nanoscale dimensions (large surface area to volume ratio);
(g) their surface charge and
(h) their tunable or controlled release properties.
Nanopharmaceuticals typically accumulate non-uniformly within
the body and their ultimate location is determined by their size distribution, surface charge and surface properties (discussed ahead). In
fact, these properties can be tuned to provide long or short circulation
times. Furthermore, their release kinetics can be adjusted to match
the mechanism of action of the active agent making up the nanopharmaceuticals. For example, if a prolonged exposure to the active agent
is desired, then a slow release is preferred [14]. Targeting to specific
tissue sites (e.g., hepatocytes versus Kupffer cells in the liver [15])
can be achieved via
(a) linking specific ligands or molecules (e.g., antibodies, glycoproteins, etc.) to the polymeric carrier, or
(b) by altering the surface characteristics of the polymeric carrier so
that it evades the mononuclear phagocytic system as present in the
liver and spleen, i.e., the reticuloendothelial (RES) system.
Although there many FDA-approved marketed nanopharmaceuticals, numerous others are under development or nearing commercialization (Table 1). Obviously the elongated time-line is a consequence
of the extremely complex and demanding requirements of clinical
trials by the FDA. In future, nanopharmaceuticals will greatly influence medical practice and healthcare because of their ability, in
many cases, to shorten the time-to-market for active agents, extend
the economic life of proprietary drugs and create additional revenue
streams. However, if this is to happen effectively, there are a few
key biological requirements for nanopharmaceuticals to fulfill or to
improve upon the current generation of nanopharmaceuticals. These
include:
(i) they must exhibit “stealth” qualities to evade macrophage attack
and the immune response;
(ii) be nontoxic and traceable within the body;
(iii) display effective pharmacokinetic properties;
(iv) be long-lived yet biodegradable following systemic administration through any route (but the polymer must protect the embedded active agent);
(v) they must selectively and effectively target specific tissue sites,
i.e., an enhanced delivery to, or uptake by, target tissue sites; and
(vi) reduced toxicity to non-target tissue sites.

EUROPEAN JOURNAL OF NANOMEDICINE

SIZE DOES MATTER IN DRUG DELIVERY
As explained in the previous section, the size and surface properties of nanopharmaceuticals (including the presence of targeting
moieties) largely dictate their in vivo behaviour. Specifically, these
properties permit systemic circulation and determine their biodistribution within the human body. Therefore, an understanding of these
properties can aid in designing nanopharmaceuticals that can be localized to specific tissue/body sites.
The small size of nanopharmaceuticals imparts them with unique
properties in contrast to larger particles – it is this small size that
allows them access to places in the human body where larger particles cannot reach. It is generally accepted that for systemic applications, the diameter of nanopharmaceuticals should be in the range
of 10-100 nanometers, with minimum surface charge [16]. Nanopharmaceuticals have a high surface-to-volume ratio when compared
to their larger counterparts. Therefore, their surface properties are
critical to their in vivo performance. In fact, their interaction with
the local environment (which, again, is the end-result of a combination of size and surface properties) determines if they will be lost to
undesired locations within the body. A large number of approaches
focus on minimizing nonspecific binding of nanopharmaceuticals to
undesired tissue surfaces as well as reducing interactions with each
other. The endothelial surfaces, as well as cell membranes, are typically negatively charged – which repel negatively charged nanopharmaceuticals. Also, as the surface charge on the nanopharmaceuticals
becomes larger (either positive or negative), a greater clearance by
the macrophage-mediated RES is generally observed. In this context, synthesis of sterically stabilized nanopharmaceuticals is the
subject of active R&D. For example, incorporation of polyethylene
glycol (PEG) polymers on the surface of nanopharmaceuticals (i.e.,
PEGylation) provides a means to increase solubility, reduce immunogenicity, prolong half-life and prevent a rapid renal clearance via the
RES (due to larger particle size resulting from
PEGylation) [17]. In addition to this, it may also be necessary to
design nanopharmaceuticals that can undergo efficient intracellular
uptake and arrival at specific organelles [18].
Numerous active agents can be delivered in the form of nanopharmaceuticals via a variety of routes (Table 1). Nanopharmaceuticals
are better suited than their microparticle counterparts for intravenous
(IV) delivery because the tiniest capillaries are in the 5 to 6 micron
range, a size that impedes most microparticles (or aggregations thereof) from distributing into the bloodstream.
The blood-brain barrier (BBB) and the blood-retinal barrier (BRB)
protect the brain and eyes respectively due to their unique anatomical
features, including the presence of tight junctions that seal adjacent
cells. The BBB has strict size and surface property limitations for
entrance. For gene delivery, both viral vectors as well as nonviral
vectors have been generally unsuccessful – the former are unable
to penetrate the BBB or the BRB while the latter lack sufficient efficiency. On the other hand, nanopharmaceuticals have been shown
to cross biological barriers and may be able to cross both the intact
BBB [19] as well as the BRB [20]. Often, nanopharmaceuticals can
be delivered directly to the nervous system (NS) without prior need
for drug modification or functionalization (which can affect function). Moreover, both hydrophilic and hydrophobic therapeutics can
be delivered without first opening the BBB. However, in this context
systemic delivery for non-NS diseases is of general concern because
these agents may cross the BBB and cause brain damage or psychoactive effects. Nanopharmaceuticals can also permeate the tight epithelial junctions of the skin that normally impede delivery of active
agents to the desired target [21]. Topical emulsion systems incorporating nanoparticles are being developed which rapidly permeate tissue to delivery actives or remove lethal toxins from the bloodstream.
Nanopharmaceuticals of specific size (generally greater than
10nm) can be designed that are able to penetrate tumours due to the
“leaky” nature of their microvasculature. This classic effect, referred
to as the “enhanced permeability and retention (EPR) effect,” results
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in prolonged circulation and accumulation within the tumour [22]. It
is generally accepted that nanoparticles in the 10–100nm size range
and with a slightly positive or slightly negative surface charge should
be able to disseminate within tumours when delivered to the circulatory system.
By controlling the particle size and architecture of nanopharmaceuticals, a particular pharmacokinetic release profile of the drug
may be generated. Often, a near zero-order kinetic drug release profile is desired since it maintains a steadier therapeutic concentration
at the site of delivery. Such a profile is more likely to be achieved by
nanopharmaceuticals where a drug has been functionalized onto or
encapsulated within a polymeric carrier matrix. For oral applications,
research has focused on lymphatic uptake of nanopharmaceuticals by
the Peyer’s patches of the gut associated lymphoid tissue (GALT). It
has been shown that during oral delivery nanopharmaceuticals are
disseminated systemically while their microparticle counterparts remain in the Peyer’s patches [23].
Particle size has an impact in another way also. The efficiency of
drug distribution within various body cavities is influenced, in part,
by the size of the drug particles. As the particle size of a drug decreases, its total surface area increases exponentially. This reduction
in particle size increases its dissolution rate and saturation solubility,
which frequently correlates to improved in vivo drug performance
[24, 25]. In some cases, the pharmacokinetic behaviour of nanopharmaceuticals may help minimize peak plasma levels (which may be
toxic) as well as prevent a drop below the targeted therapeutic range
(which may lower efficacy).
It is known that drugs with poor bioavailability often result in
higher cost to the consumer, not to mention the inefficient treatment
and increased risk of toxicity. Ironically, due to the high-throughput
technologies available today, there has also been an increase in the
number of potential new chemical entities (NCEs) that are poorly
water soluble [26, 27]. In recent years, various nanoparticle technologies have been successfully employed to tackle drugs with this low
water (or lipid) solubility [27-29]. In fact, numerous pharmaceutical companies are revisiting shelved drugs that are “difficult” from
a formulation point of view and relying more on nanotechnology to
address these formulation challenges.
Because consumers prefer oral drugs over implantables or injectables, nano-engineering traditional or shelved compounds could
greatly enhance oral bioavailability in some cases. A classic example
of improving the bioavailability of poorly soluble drugs is Irelandbased Elan Corporation’s NanoCrystal® technology [30]. This technology is:
(a) an enabling technology for evaluating NCEs that exhibit poor
water solubility and/or
(b) a valuable tool for optimizing the performance of current drugs.
NanoCrystal® technology can be incorporated into both parenteral
and oral dosage forms. In this case, drug particles are produced by
proprietary attrition-based wet-milling techniques that reduce their
size to less than one micron [29, 31]. This reduction in size substantially increases the surface area, and hence, increases the solubility.
The nanosized drug particles are then stabilized against agglomeration by surface adsorption of selected GRAS (Generally Regarded
As Safe) stabilizers [30]. This results in a final product that behaves
like a solution (a colloidal dispersion). Studies have shown that reformulating old drugs by this technology can enhance bioavailability
compared to commercial products [32], reduce the time to achieve
maximum concentration, as well as increase in the area under the
curve during the first hour [32, 33]. This technology may enable an
increase in drug loading, thereby enhancing the maximum tolerated
dose compared to commercial products [34]. The solid dosage tablet
formulation of the immunosuppressant Rapamune® (sirolimus) is the
first marketed drug developed with NanoCrystal® Technology and
the first commercial launch of a nanopharmaceuticals (Table 1). Other examples of reformulated, FDA-approved drugs (Table 1) that employ this technology are Tricor® (fenofibrate), Emend® (aprepitant)
EUROPEAN JOURNAL OF NANOMEDICINE

and Megase® ES (megestrol acetate). It is interesting to note that the
variability observed in the fasted and fed patients upon administration of micronized Tricor® was not observed upon administration of
the reformulated nanopharmaceutical.
Reformulation is a classic lifecycle management option practiced
by drug companies. The goal of reformulation is to alter the original
NCE to enhance its bioavailability, solubility, delivery, stability, convenience, safety, etc. thereby allowing the drug company to gain additional marketing exclusivity following patent expiry of the original
NCE. This critical strategy enables drug companies to realize the full
value of their original NCE while providing protection from generics. Note that reformulation of an existing drug into a “nanoversion”
often results in a novel NCE because it generally displays an altered
pharmacokinetic profile (altered AUC and Cmax) as compared to its
parent (larger) counterpart [9, 12]. In other words, nanopharmaceuticals are usually not bioequivalent to their parent (larger) counterparts,
and hence, cannot apply for FDA approval via an Abbreviated New
Drug Application (ANDA) route. Clearly, if the nanopharmaceutical
is bioequivalent to its parent (larger) version, an ANDA can be filed
to seek regulatory approval. However, the FDA approval process for
NCEs generates two benefits for the innovator:
(i) the new drug (novel NCE) enjoys up to five years of non-patent
exclusivity period that prevents/delays generics from entering
the marketplace; and
(ii) under the Hatch Waxman Act, the owner can recover some of
the patent term lost due to delay caused by the FDA regulatory
review process.
COMMERCIAL POTENTIAL OF NANOPHARMACEUTICALS
Commercial nanotechnology, although at a nascent stage of development, is already a reality. Most agree that its full potential is
years or decades away. Obviously, development is progressing more
rapidly in certain sectors. The most active areas of product development are drug delivery and in vivo imaging. Although many soughtafter innovations are decades away, there are hundreds, possibly
thousands, of nanotech-based consumer products in the marketplace
today. However, it is impossible to gauge an accurate picture of the
exact potential for nanotechnology within the medical space. This is
partly due to the extremely rapid development of healthcare products, fragmented marketplace, rapid rate of patent growth and unpredictable nature of the R&D process itself. However, according to
most experts the market potential for medically oriented new nanotechnologies will become increasingly significant in the future.
Several variables will determine whether advances in nanopharmaceuticals research in the laboratory will translate into a wide range
of opportunities for the consumer. Although early forecasts for commercialization are encouraging, currently there are several challenges and risks that beset the commercialization of nanopharmaceuticals
(Table 2). Some formidable challenges include legal, environmental,
safety, ethical and regulatory questions as well as emerging thickets
of overlapping patent claims [35, 36]. The emerging thicket of nanopharmaceutical patent claims has primarily resulted from patent
proliferation but also because of continued issuance of surprisingly
broad [37] and/or overlapping [38] patents by the PTO. In fact, patent
systems in general are under greater scrutiny and strain, with patent
offices around the world continuing to struggle with evaluating the
swarm of nanotechnology-related patent applications [8, 9]. Add to
this confusion the fact that the NNI’s widely cited definition of nanotechnology is inaccurate and irrelevant in relation to nanopharmaceuticals (see previous section titled “Defining Nanotechnology and
Nanomedicine”).
Given this backdrop, it is hard to predict the exact course nanomedicine and nanopharmaceuticals will take in the future. Will
these relatively nascent areas make small yet valuable contributions
to medicine, or will they become driving forces that catalyze a vast
technological and healthcare revolution? The answer to this question may lie in the complex set of factors (Table 2) currently facing
these two areas. This author believes that “nano” is here to stay, and
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in the future it will generate both evolutionary as well as revolutionary drug and medical products. As evidence, one can look beyond
these current challenges and point to governments around the world
that continue to be impressed by nanotechnology’s potential by staking their claims and doling out billions of dollars, euros and yen for
“nano” R&D.
CONCLUSION – CHALLENGES AND FUTURE PROSPECTS
Industry and commercial interest in the design, formulation and
delivery of nanopharmaceuticals have been building steadily. Drug
candidates that failed previously because of unacceptable toxicity
profiles, poor bioavailability, solubility issues or the inability to be
delivered via conventional forms/routes may be reformulated as nanopharmaceuticals.
Additionally, nanopharmaceuticals containing targeting ligands
enhance cellular uptake into tissues of interest. In essence, they offer
the ability to control biodistribution of active agents, whether they
are small molecule drugs, proteins or nucleic acids. From a business point-of view, nanopharmaceuticals offer the ability to extend
the economic life of proprietary drugs and create additional revenue
streams, thereby significantly affecting the drug commercialization
landscape.
Nanopharmaceuticals often go hand-in-hand with novel drug
delivery methods and technologies. This in turn may result in more
efficacious treatments that generate new niche markets to provide
greater patent protection to already existing drug formulations [39].
As discussed earlier, nanopharmaceuticals will provide faster drug
absorption, controlled dosage releases, and effective shielding from
the body’s immune system – enhancing the effectiveness of preexisting drugs.
As nanopharmaceuticals move out of the laboratory and into the
clinic, federal agencies like the FDA and the PTO will continue to
struggle to encourage their development while imposing some sort
of order. At present, both these critical agencies are in flux, and their
credibility has sunk to an all-time low. It is hoped that desperately
needed reforms to overhaul the PTO and the decades old US patent
system [40-42] along with clearer regulatory/safety guidelines from
the FDA regarding nanopharmaceuticals [12] will be forthcoming.
Given this backdrop, investors have been cautious as to what
route, if any, the FDA will take in regulating nanopharmaceuticals in
the future. Undoubtedly, regulating nanopharmaceuticals will require
greater cooperation between drug companies, policymakers and drug
regulators at the FDA. Although the FDA has previously downplayed
safety issues of nanoscale products [43], it is starting to recognize
that there are knowledge gaps in this area. In light of these challenges, a multidisciplinary team of experienced drug regulators from the
drug, biologic and device areas of the FDA (working with a scientific
panel of experts), should:
(a) identify unique safety issues associated with nanopharmaceuticals;
(b) adapt existing methodologies as well as develop new paradigms
for evaluating data pertaining to their safety and efficacy; and
(c) assist in developing unique tools and techniques to characterize
nanoscale materials (with an eye on quality, safety and effectiveness).
As nanotechnology begins to appear in a wide variety of products,
safety and effectiveness of these nanoscale products will warrant a
careful review because size changes within the nanoscale are likely
to add additional complexity to the FDA product review process.
Nanopharmaceuticals may be viewed by the FDA as technologically overlapping from a review perspective, and therefore, considered as “combination products,” for which established examination
guidelines are already in place.
In the future, novel “multifunctional” nanopharmaceuticals will
be designed and delivered to the human body via a variety of routes.
It will be imperative that each of these be evaluated and characterized
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on a case-by-case basis in an effort to correlate nanopharmaceuticals
physiochemical property with in vivo biological behaviour and therapeutic outcome. In this regard, any research strategy must involve
adsorption, distribution, metabolism and excretion (ADME) testing,
toxicology tests and physiochemical characterization. Eventually,
all these undertakings will certainly expand the burgeoning field of
nanopharmaceuticals. Big pharma and biotech will further embrace
nanopharmaceuticals and this pace of adoption will enhance as they
offer novel properties that address unmet medical needs with low
development costs and risks.
REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.

15.

16.
17.
18.
19.
20.

Reisner DE. (editor). Bionanotechnology: Global Prospects.
CRC Press, 2009; Boca Raton, FL.
Hornyak GL, Dutta J, Tibbals HF, Rao AK. (editors). Introduction to Nanoscience. CRC Press, 2008; Boca Raton, FL.
Van Lente, MA. Building the new world of nanotechnology.
Case W. Res. J. Int. Law 2006; 38(1): 173–215.
Edwards SA. 2006. The Nanotech Pioneers – Where Are They
Taking US? Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
Vo-Dinh T, (editor). Nanotechnology in Biology and Medicine:
Methods, Devices, and Applications CRC Press, 2007; Boca Raton, FL
Report: NANOtechnology: Untold promise, unknown risk.
Consum. Reports 2007; 72(7): 40–45.
National Science Foundation: Societal Implications of Nanoscience and Nanotechnology. Arlington, VA: National Science
Foundation; 2001, 272.
Bawa R. Special Report – Patents and nanomedicine. Nanomedicine 2007; 2(3): 351–374.
Bawa R. Patenting inventions in bionanotechnology: A primer
for scientists and lawyers. In: D. E. Reisner (editor). Bionanotechnology: Global Prospects. CRC Press, 2009; Boca Raton, FL
309-337.
The National Nanotechnology Initiative. http://www.nano.gov/
html/facts/whatIsNano.html. [Last visited November 20, 2009]
European Science Foundation. Nanomedicine – An ESF-European Medical Research Councils (EMRC) forward look report.
2004; Strasbourg cedex, France.
Bawa R, et al. Nanopharmaceuticals – patenting issues and FDA
regulatory challenges. American Bar Association SciTech Lawyer 2008; 5(2): 10–15.
Bawa R. Nanoparticle-based therapeutics in humans: a survey.
Nanotechnology Law & Business 2008; 5(2): 135–155.
Pommier Y. Camptothecins and topoisomerase I: a foot in the
door. Targeting the genome beyond topoisomerase I with camptothecins and novel anticancer drugs: importance of DNA replication, repair and cell cycle check points. Curr Med Chem Anticancer Agents 2004; 4: 429–434.
Popielarski SR, Hu-Lieskovan S, French SW, Triche TJ, Davis
MEA. Nanoparticle-based model delivery system to guide the
rational design of gene delivery to the liver. 2. In vitro and in
vivo uptake results. Bioconjug Chem 2005; 16: 1071–1080.
Davis ME. Nanoparticles for systemic medicines and imaging
agents. Nanotechnology Law & Business 2006; 3(3): 255–261.
Harris JM, Chess RB. Effect of peglyation on pharmaceuticals.
Nat Rev Drug Discovery 2003; 2: 214–221.
Breunig M et al. Polymers and nanoparticles: intelligent tools
for intracellular targeting? Eur J Pharm Biopharm 2008; 68:
112–128.
Tosi G et al. Polymeric Nanoparticles for the Drug Delivery to
the Central Nervous System. Expert Opinion on Drug Delivery
2008; 5: 155.
Zhang Y et al. Organ-specific gene expression in the rhesus
monkey eye following intravenous non-viral gene transfer. Mol
Vis 2003; 9: 465–472.

2010 ¦ Volume 3 ¦ Issue 1

38

Nanopharmaceuticals
21. Emerich DF, Thanos CG. The pinpoint promise of nanoparticlebased drug delivery and molecular diagnosis. Biomolecular Engineering 2006; 23: 171–184.
22. Matsumura Y, Maeda H. A new concept of macromolecular therapies in cancer chemotherapy: mechanism of tumortropic accumulation of proteins and the antitumor agent SMANCS. Cancer
Research 1986; 6: 6387–6392.
23. Blanco MD, Alonso MJ. Development and characterization
of protein-loaded poly-lactide-coglycolide nanosphers. Eur J
Pharm Biophar 1997; 43: 287–294.
24. Rabinow BE. Nanosuspensions in drug delivery. Nat Rev Drug
Discovery 2004; 3(9): 785–796.
25. Patravale VB, Date AA, Kulkarni RM. Nanosuspensions: a
promising drug delivery strategy. J Pharm Pharmaco 2004;
56(7): 827–840.
26. Lipinski C. Poor aqueous solubility: an industry wide problem
in drug discovery. Am Pharm Rev 2002; 5: 82–85.
27. Radtke M. Pure drug nanoparticles for the formulation of poorly
soluble drugs. New Drugs 2001; 3: 62–68.
28. Muller RH, Jacobs C, Kayser O. Nanosuspensions as particulate drug formulations in therapy: rationale for development and
what we can expect for the future. Adv Drug Deliv Rev 2001;
47(1): 3–19.
29. Liversidge EM, Liversidge GG, Cooper ER. Nanosizing: a formulation approach for poorly water-soluble compounds. Eur J
Pharm Sci 2003; 18(2): 113–120.
30. Junghanns J-U, Muller RH. Nanocrystal technology, drug delivery and clinical applications. Int J Nanomed 2008; 3(3): 295–
309.
31. Liversidge GG et al. Surface Modified Drug Nanoparticles.
1992; US Patent No. 5,145,684.
32. Liversidge GG, Cundy CC. Particle size reduction for improvement of oral bioavailability of hydrophobic drugs: I. absolute
oral bioavailability of nanocrystalline Danazol in beagle dogs.
Int J Pharm 1995; 125(1):91–97.
33. Liversidge GG, Conzentino P. Drug particle size reduction for
decreasing gastric irritancy and enhancing absorption of naproxen in rats. Int J Pharm 1995; 125(2): 309–313.
34. Liversidge EM et al. Formulation and antitumor activity evaluation of nanocrystalline suspensions of poorly soluble anticancer
drugs. Pharm Res 1996; 13(2): 272–278.
35. Bawa R. Patenting inventions in nanomedicine: a catalyst for
commercialization? Small Times 2005; 5(8): 16.
36. Bawa R. Will the nanomedicine “patent land grab” thwart commercialization? Nanomedicine: NBM 2005; 1: 346–350.
37. O’Neill S, Hermann K, Klein M, Bawa, R. et al. Broad claiming
in nanotechnology patents: is litigation inevitable? Nanotechnology Law and Business 2007; 4(1): 595–606.
38. Harris D, Bawa R. The carbon nanotube patent landscape in nanomedicine: an expert opinion. Expert Opinion on Therapeutic
Patents 2007; 17(9): 1165–1174.
39. McKinnie J. Nanobiotechnology offers a promising solution
overcoming common drug delivery failures. Drug Delivery
Technology 2006; 5: 11–15.
40. Hess G. Congress divided on patent reform. Chemical & Engineering News 2009; 87(20): 34–35.
41. Jaffe AB, Lerner J. Patent prescription: a radical cure for the ailing US patent system. IEEE Spectrum 2005; 42: 38–43.
42. Shapiro C. Patent system reform: economic analysis and critique. Berkeley Technology Law Journal 2004; 19: 1017–1019.
43. Fender J. The FDA and Nano: Big Problems with Tiny Technology. Chi-Kent L Rev 2008; 83: 1063.

EUROPEAN JOURNAL OF NANOMEDICINE

Table 2: Bottlenecks to Commercialization of
Nanopharmaceuticals
♦♦ imprecise definition for nanopharmaceuticals
♦♦ lack of precise control over nanoparticle manufacturing and
controls assays
♦♦ currently used compounds/components for synthesis pose
problems for large scale good manufacturing (cGMP) production
♦♦ lack of quality control – separation from undesired nanostructures like byproducts, catalysts, starting materials
♦♦ scalability problems – enhancing the production rate to increase yield
♦♦ reproducibility with respect to particle size distribution and
mass
♦♦ high fabrication costs
♦♦ lack of a rationale pre-clinical characterization strategy via
multiple techniques
♦♦ knowledge gaps regarding the interaction between nanoparticles and living cells – the issue of biocompatibility, biodistribution and toxicity
♦♦ the public’s general reluctance to embrace innovative medical
technologies without real safety guidelines
♦♦ relative scarcity of venture funds, especially in a globally depressed economy
♦♦ relatively few near-term commercialized products on the market
♦♦ ethical issues are casting a negative shadow
♦♦ big pharma’s reluctance to accept and seriously invest in nanopharmaceuticals
♦♦ delay and confusion at the US Patent and Trademark Office
with respect to the burgeoning number of nano-related patent
applications filed
♦♦ regulatory issues at the US Food and Drug Administration
with respect to a lack of clear regulatory/safety guidelines of
nanopharmaceuticals
♦♦ media’s continuing focus on the negative aspects of nanopharmaceuticals, generally without proper scientific evidence
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Table 1: Selected FDA-Approved Nanopharmaceuticals **
Drug Product/
Brand Name
Doxil Caelyx
(outside the US)

AmBisome

Nanoparticle Drug Component/
Active Ingredient(s)
pegylated doxorubicin (Adriamycin)HCl
liposomes (80-90 nm)
paclitaxel (taxol) bound albumin
nanoparticles (~120 nm)
amphotericin B liposomes (~45-80 nm)

Rapamune

nanocrystalline sirolimus

TriCor

nanocrystal fenofibrate

Emend

nanocrystal aprepitant

Diprivan

propofol liposomes

Renagel

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

Triglide

nanocrystalline fenofibrate

Myocet

liposome-encapsulated doxorubicincitrate complex

IV

DepoCyt

sustained release cytarabine liposomes

IV

Zeneus Pharma
Sopherion
Therapeutics
SkyePharma
Enzon

DaunoXome

encapsulated-daunorubicin citrate
liposomes

IV

Gilead Sciences

Estrasorb

estradiol hemihydrate micellar
nanoparticles (emulsion)

Macugen

pegylated anti-VEGF aptamer

Abelcet

amphotericin B phospholipid complex

IV

Enzon

Adagen

pegylated adenosine deaminase

IV

Enzon

Pegasys

peginterferon alfa-2a

Somavert

pegvisomant (PEG-hGH)

Abraxane

Neulasta

Copaxone

PEG-G-CSF or pegfilgrastim (covalent
conjugate of recombinant methionyl
human G-CSF (Filgrastim) and
monomethoxypolyethylene glycol)
glatiramer acetate (copolymer of
L-glutamic acid, L-alanine, L-tyrosine,
and L-lysine)

Delivery
Route
IV
IV

Manufacturer/
Alliance
OrthoBiotech
Schering-Plough
Abraxis BioScience
AstraZeneca
Gilead Sciences

IV
oral solution
Wyeth, Elan
oral tablet
oral tablet

Abbot

oral capsule
Merck, Elan
IV
Zeneca
IV
Pharmaceuticals
oral tablet
(capsule
Genzyme
discontinued)
oral tablets

SkyePharma
First Horizon

transdermal Novavax
OSI Pharmaceuticals
intravitreal Pfizer

Nektar
Hoffmann-La Roche
Nektar
subcutaneous
Pfizer
subcutaneous

FDA Approval
Date
metastatic ovarian cancer and AIDS- November
related Kaposi’s sarcoma
1995

Indication(s)

various cancers

January 2005

fungal infections
immunosuppressant for kidney
transplants
primary hypercholesteremia, mixed
lipidemia, hypertriglyceridemia

August 1997
September
1999
November
2004

nausea in chemotherapy patients

March 2003

anesthetic

October 1989

control of serum phosphorus in
patients with chronic kidney disease
on dialysis
lipid disorders; markedly reduces
elevated plasma concentrations
of triglycerides, LDL and total
cholesterol and raises abnormally low
levels of HDL
cardio-protective formulation of
doxorubicin used in late stage
metastatic breast cancer
lymphomatous meningitis

October 1998

May 2005
Approved in
Europe and
Canada
April 1999

advanced HIV-related Kaposi's
April 1996
sarcoma
reduction of vasomotor symptoms,
such as hot flushes and night sweats, October 2003
in menopausal women
neovascular age-related macular
degeneration

December
2004

invasive fungal infections in patients
November
who are refractory to or intolerant of
1995
conventional amphotericin B therapy
enzyme replacement therapy for
patients with severe combined
March 1990
immunodeficiency disease
chronic hepatitis C virus infection

October 2002

acromegaly

March 2003

subcutaneous Amgen

febrile neutropenia

January 2002

subcutaneous TEVA

relapsing-remitting multiple sclerosis

December
1996

Amphotec

colloidal suspension of lipid-based
amphotericin B (~115 nm)

subcutaneous Sequus

PEGIntron

peginterferon alfa-2b

subcutaneous

Oncaspar

pegasparginase

subcutaneous Enzon

Epaxal

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

Intramuscular
(in the deltoid Berna Biotech
muscle)

Elestrin

estradiol gel (0.06%) incorporating
calcium phosphate nanoparticles

transdermal BioSanté

Enzon
Schering-Plough

invasive aspergillosis patients who
are refractory to or intolerant of
conventional amphotericin B
chronic hepatitis C virus infection
in patients with compensated liver
disease
leukemia
active immunization against hepatitis
A for adult and children >12 months
(age may vary and depend upon the
country)
treatment of moderate to severe hot
flashes in menopausal women

November
1996
January 2001
February 1994
available in
Canada
and elsewhere
December
2006

**Note that therapeutic approval by FDA does not necessarily indicate that the therapeutic is available to consumers. Myocet and Epaxal have
not been approved by the FDA.
Abbreviations Used in Table: IV, intravenous; PEG-hGH, pegylated human growth hormone; PEG-G-CSF, pegylated granulocyte colony-stimulating factor; PEG, polyethylene glycol; VEGF, vascular endothelial growth factor; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
AIDS, acquired immunodeficiency syndrome.
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