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Abstract

Biotargeted nanomedicines have captured the attention of academic and industrial scientists who
have been motivated by the theoretical possibilities of the ‘magic bullet’ that was first
conceptualized by Paul Ehrlich at the beginning of the 20th century. The Biotargeting Working
Group, consisting of more than 50 pharmaceutical scientists, engineers, biologists and clinicians,
has been formed as part of the National Cancer Institute’s Alliance for Nanotechnology in Cancer
to harness collective wisdom in order to tackle conceptual and practical challenges in developing
biotargeted nanomedicines for cancer. In modern science and medicine, it is impossible for any
individual to be an expert in every aspect of biology, chemistry, materials science, pharmaceutics,
toxicology, chemical engineering, imaging, physiology, oncology and regulatory affairs. Drawing
on the expertise of leaders from each of these disciplines, this commentary highlights six tenets of
biotargeted cancer nanomedicines in order to enable the translation of basic science into clinical
practice.
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Nanotechnology has been applied to cancer to enhance the utility of US FDA-approved
chemo-therapeutics. Practical benefits of nanoparticle-based chemotherapeutics include
increased drug solubility, reduced toxicity to healthy organs, increased tumor accumulation,
and protection of the payload from premature metabolism and degradation. Nanoparticles
can further be engineered to target specific tumor cells that express particular cell surface
molecules. The selection of appropriate targets, component materials, formulation strategies
and characterization methods are critical to achieving successful outcomes. Manufacturing
and quality control requirements that are mandated by regulatory bodies are also important
factors to clinical translation. Finally, market acceptance, pricing and reimbursement issues
must be considered. As one embarks on the creation and development of biotargeted
nanomedicines for cancer, six important tenets should guide the process.

Tenet 1: sights on the target

Biotargeted nanomedicines are defined as nanoparticles containing a drug and/or imaging
agent administered to the body and targeted to a specific organ [1], tissue [2], cell [3] or
subcellular [4] compartment in order to treat [5] or diagnose [6,7] disease, or both (Figure 1)
[8,9].

Biotargeting is afforded by the use of targeting ligands on the surface of nanoparticles,
including small molecules [10], peptides [11], antibodies [12], affibodies [13] and aptamers
[14]. These particles, when loaded with drugs, biologics, nucleic acids or imaging agents,
have shown tremendous utility as /n vitro diagnostics and as therapies in animal models of
cancer. Translating such nanoparticles into biotargeted nanomedicines requires that they
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confer improved efficacy or safety in patients. Challenges and possible solutions are
discussed herein.

Biotargeted nanomedicines have the potential to transform the diagnosis and treatment of
many human diseases; however, selection of the appropriate target is critical for successful
outcomes. While some early progress has been achieved, the full realization of the impact of
this approach will depend largely on the determination of suitable clinical applications.
Biotargeted nanomedicines can be developed at the level of the drug (molecular targeted
therapy such as Gleevec®; Novartis Pharmaceuticals Corporation, NJ, USA) or at the level
of the delivery system, which is the primary focus of this article.

Biotargeted nanoparticles have the potential to substantially improve the therapeutic index
of their payloads by increasing drug potency via selective delivery to target cancer cells or
tumor stroma, thereby reducing their systemic toxicity and undesired off-target effects.
Twenty nanomedicines have been approved by the FDA [15] and there are currently four
targeted nanomedicines under clinical investigation, all in the area of cancer: BIND-014
[101], CALAA-01 [102], MBP-426 [103] and SGT-53 [104]. BIND-014 is a prostate-
specific membrane antigen-targeting PLGA nanoparticle containing docetaxel. CALAA-01
is a transferrin receptor-targeting cyclodextrin-based nanoparticle containing sSiRNA
directed against the M2 subunit of ribonucleotide reductase. MBP-426 is a transferrin
receptor-targeting liposome containing oxaliplatin. SGT-53 is a transferrin receptor-
targeting liposome containing plasmid DNA encoding p53.

It is noteworthy that, among the four ongoing trials, there are three different classes of
therapeutics represented: small molecules, siRNA and DNA. It is also noteworthy that three
of the four formulations target the transferrin receptor. This receptor is often targeted
because it is one of the most abundant receptors on the cell membrane, is released from
clathrin-coated pits by endosomal acidification and recycles rapidly back to the cell
membrane; together, these features promote high-efficiency uptake into the cell. Both native
transferrin and antibodies to the transferrin receptor can be conjugated to nanoparticles to
facilitate internalization. Although multiple therapeutic modalities are being advanced
through clinical trials, there clearly remains a shortage of validated receptors to target. The
use of defined criteria represents a novel approach to identifying and validating targetable
biomarkers [16]. Among the criteria considered were extracellular localization of the target,
diffuse upregulation of the target throughout tumor tissue and upregulation of the target in
most patients.

Several features are desirable for targeting, but the identification of receptors that satisfy all
of these criteria remains difficult. First, exclusive presentation (e.g., clusters of
differentiation markers within immune cell subpopulations) or at least marked upregulation
(e.g., EGF receptor, HER2, MUC1 on cancer cells with a tumor:normal cell expression ratio
of at least 10:1) of the receptor enables the nanomedicine to discriminate between the
targeted cell and other cells in the body. Second, receptor function in the diseased state must
be considered when designing a targeting strategy. Examples include sensitivities to known
ligands, crosstalk between downstream signaling pathways, mechanisms of receptor
internalization and/or turnover, and receptor saturation and/or downregulation after repeated
doses [17]. Third, although releasing small molecules in close proximity to the target cell
can be beneficial in the case of small-molecule therapeutics, particle uptake by receptor-
mediated processes is essential for nucleic acid-based therapies. Indeed, it has been shown
that the principal advantage of targeted nanoparticles is related to uptake by cancer cells
rather than overall tumor localization [18,19]. Consequently, optimization of particle
internalization will probably enhance the specificity and efficacy of nanomedicines.
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Tenet 2: leaping biological hurdles

The validation of additional targets is important, but the complexity of tumor biology must
also be recognized [20]. Recent evidence indicates that tumors are composed of highly
interactive and cooperatively functioning cellular communities. These cell subpopulations
modulate one another’s biological characteristics, such as growth rate, metastatic ability and
sensitivity to anticancer therapy [20,21]. In this regard, tumors can be regarded as self-
generated heterogeneous cell populations contained within a permissive tumor
microenvironment that is a complex system of many cell types. Collectively, these diverse
cells make up the complex organ system of solid tumors, which includes vasculature, stroma
and tumor parenchyma, and contribute dynamically to tumor progression, metastasis and
resistance to therapy [22].

One of the fundamental considerations for biotargeting is the determination of which cell
type to target: endothelium, tumor cells, stroma or a combination of cell types. Our currently
limited understanding of the repertoire of clinically relevant, targetable cellular receptors (or
other plasma membrane proteins) and their interactions, cell surface densities, shedding
status, turnover, internalization rates and dynamics hampers translation. Further fundamental
biological studies are needed to understand these processes in both cancer and healthy cells,
since the majority of tumor targets are expressed at some level in healthy cells. Basic
science will inform applied science not only at the level of the cell surface but also at the
level of the tumor—organ system.

Owing to the intrinsic heterogeneity of tumors and the multiple barriers within tumors,
robust biotargeting has proven to be a formidable challenge for the most common forms of
solid cancer. Receptor-targeted or ligand-enabled nanomedicines and imaging agents must
travel from the systemic circulation into the tumor vas-culature, penetrate into the tumor
parenchyma, diffuse deeply into the hypoxic core of the tumor and discriminate their target
cells from healthy neighboring cells (Figure 2).

Several physical barriers limit the efficacy of tumor penetration and delivery by
nanomedicines directed against solid tumors, including heterogeneous circulation caused by
the abnormal and irregular architecture of tumor vasculature, intratumoral vascular
hyperpermeability contributing to increased interstitial pressure in the targeted tumors that
substantially reduces the convective transport of nanoparticles into the mass, and impaired
diffusion in the context of an unusual, highly dense extracellular matrix in the tumor
microenvironment. It has been postulated that these barriers are responsible for the modest
survival benefit that has been observed using FDA-approved nanotherapeutics, as delivery
of insufficient quantities of drug in the tumor core can lead to resistance and/or incomplete
treatment [23]. Accordingly, the development of innovative strategies aimed at abnormal
tumor vasculature and matrix barriers are needed as components of a multipronged
treatment strategy in which nanomedicines play a role. The use of antiangiogenic therapies
and matrix-modifying enzymes can normalize the vascular network and can even be
combined with cytotoxic reagents to improve efficacy [24].

Novel strategies are being pursued to engineer solutions through multistage nanoparticle
delivery [25]. The inclusion of tumor micro-environment-sensitive shells allows for site-
specific activation of the particles. One example of this approach combined the natural
ability of approximately 100-nm particles to accumulate in tumors (owing to enhanced
permeation and retention by the leaky tumor vasculature) with the ability of smaller particles
(~10 nm) to penetrate more deeply into the tumor tissue by including a tumor protease-
responsive peptide [26]. Related approaches have demonstrated the active biotargeting
domains in the presence of such matrix metalloproteinases [27] or in response to decreased
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pH in the hypoxic tumor core [28]. Engineering efforts will surely benefit from and
hopefully synergize with studies that enhance our understanding of tumor biology.

Tenet 3: these are not tablets

Even if the biology were simple, the ability to control the material properties of
nanomedicines remains a major obstacle to the realization of the potential of medical
nanotechnology. Many additional parameters, such as physicochemical properties, are
critical to the translation of nanomedicine candidates for specific clinical applications. Key
properties influencing the biodistribution and pharmacokinetics of nanomedicines include
particle composition, size, shape, modulus, charge and surface characteristics [29]. These
properties also affect clearance routes and particle—target cell interaction, the latter of which
is crucial for internalization.

Surface modification can be used both to alter the particles’ physicochemical properties and
also to incorporate targeting moieties. Due to their high surface-to-volume ratio,
nanoparticles are particularly well suited to displaying targeting ligands on their surfaces in
a dense manner. Unlike current conventional imaging agents that cannot recognize more
than one biomarker, nanoparticles can be functionalized with multiple ligands to detect
several biomarkers simultaneously [30,31] and at much lower concentrations [32,33], thus
allowing for multiplexed anatomic and functional imaging [34].

Important considerations for biotargeted nanoparticles include the type of ligand, the
preferred ligand architecture and optimal stoichiometry/density per particle. Furthermore,
since there are many potential sites of attachment, the inherent heterogeneity of ligand
distribution on the surface of the nanoparticles must be recognized and addressed.
Controlled, reproducible surface modification remains a difficult task. Additionally, the
characterization of ligands, as well as the aforementioned parameters, is crucial. Table 1
highlights some common roadblocks and possible solutions in characterizing clinical and
preclinical nanoparticle formulations. Formulation often relies on self-assembly, and the
resultant particles can exhibit high poly-dispersity. Extrusion can be used to narrow the size
distribution [35], and templated manufacturing [29] and microfluidic-based flow focusing
are emerging strategies [36].

Critical issues to address in the formulation of drugs entrapped in nanoparticles include
entrapment efficiency, particle stability and drug release rate. Release kinetics represents a
particularly salient feature of particle-based formulations, which often demonstrate rapid
release of drug (‘burst release’) or very slow release. Mathematical models are being used to
predict drug release from bulk- and surface-eroding systems [37], and combinatorial library
screening followed by optimization can reveal pharmacokinetic profiles that are desirable
[38]. Novel drug-delivery systems have been designed to require an external stimulus to
trigger release [39,40], adding an extra level of control. Such advanced platforms can
combine spatial targeting with functional targeting.

Nanoparticles should be well characterized prior to application since batch-to-batch
variability continues to plague preclinical studies even in the most conscientious
laboratories. The National Cancer Institute’s (NCI) Nanotechnology Characterization
Laboratory (NCL) has been and continues to be a central player in developing reliable
assays to measure /n vitro characteristics of complex nanoparticles, as well as
pharmacokinetic and toxicological profiles using animal models. The NCL has developed
reliable screens for full nanoparticle characterization, blood contact properties, /n vitro
immunology and toxicity, as well as cell-based assays to assess inflammation, oxidative
stress and apoptosis/necrosis. Detailed protocols can be found on their website [105].
Following /n vitro characterization, nanoparticles should be evaluated for pharmacokinetics,
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safety and efficacy /n vivo. Moving forward, improved understanding of the underlying
mechanisms that dictate nanoparticle interactions with biological systems is critical.

Tenet 4: from one to millions

Large-scale manufacturing remains a costly and challenging aspect in the clinical translation
of biotargeted nanomedicines. Current clinically used nanomedicines have undergone long
development processes through contract research organizations to address potential issues
with scale-up. While making milligram quantities to test whether the technology is feasible
in the academic laboratory setting, scale-up manufacturing en route to obtaining high-quality
clinical-grade material can be intimidating for small firms and large companies alike.

While more challenges exist in the development of hanomedicines as compared with
traditional small-molecule drugs, it is possible to develop a robust approach that
incorporates current good manufacturing practices (GMP) with standardized and validated
synthetic, as well as analytical methods for the Chemistry, Manufacturing and Controls
section of an Investigational New Drug filing with the FDA. A thorough preclinical
investigation for biotargeted nanomedicines must include appropriate analytical,
bioanalytical and biochemical methods that identify and monitor nanomedicine components
that have the potential to trigger significant differences in biological end points, safety and
efficacy. Size distribution (in the dry state and in physiologically relevant solution), shape,
targeting ligand activity, coating uniformity and density, homogeneity of components,
surface charge/C-potential, therapeutic payload incorporation (free vs bound/encapsulated)
and release kinetics under biologically relevant conditions (Table 1) must all be analyzed
using standard operating procedures and validated methods.

Another important parameter for consideration in the manufacturing and scale-up of clinical
materials is preparation of the nanomedicine under sterile conditions and within the
allowable limits of endotoxin contamination. Initial preparation of the material under sterile
and endotoxin-free conditions is generally a better practice than post-manufacturing
purification, as this approach minimizes potential problems relating to nanoparticle
compatibility with sterilization techniques. Nanoparticle analysis pre- and post-sterilization
should include assays that verify consistency, functional integrity and reproducible
bioactivity or biological outcome.

For clinical production and pharmaceutical quality, a uniform product that is standardized
and can be manufactured with insignificant batch-to-batch variation is desired. This is often
difficult with nanoparticles, as an extremely controlled manufacturing environment is
needed, and the scale of production dictates the intricacies of the manufacturing process. A
recent FDA publication offers a chronology for nanotherapeutic development, and
manufacturing characterization is highlighted [41]. However, it is prudent not to wait until
the final GMP phase to consider how such a product can be made in order to meet current
GMP requirements.

Tenet 5: technology meets reality

Drug and imaging products that are developed for use in humans in the USA are subject to
regulatory review and approval by the FDA. The agency has formed a Nanotechnology Task
Force both to address regulatory and scientific issues and to draft guidance for researchers
and manufacturers [106]. Although the FDA has guidelines for what it considers to be a
nanoparticle [107], it has not yet articulated specific review criteria for nanoparticle-based
products. The FDA is evaluating products on a case-by-case basis, using the quality of
science as a key barometer. Issues relating to synthesis, characterization, pharmacology and
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toxicology, as well as the manufacturing facility, are of utmost importance for regulatory
approval to be granted.

Notably, materials previously approved for clinical use may have different properties from
the parent material when formulated at the nanoscale or when incorporated into a nanoscale
delivery platform. A well-characterized component, such as a small-molecule drug, needs to
be re-assessed when incorporated into a nanoparticle, since its known pharmacokinetic
profile no longer applies. Two fundamentally different components exist: the therapeutic
drug, often a small molecule and a well-defined compound from a structural perspective;
and the nanoparticle carrier, often comprising multiple components that may not be
homogeneous. The fate of each component must be tracked and assessed separately.
Moreover, the individual components may interact with one another or affect
characterization [42].

Each cancer type varies in how well animal models mimic the human disease, and different
species can exhibit differing absorption, distribution, metabolism, excretion and
toxicological profiles. Additionally, there are lingering questions as to what effects
extremely stable entities, such as quantum dots, might have on the body over extended time
periods. To date, the FDA has only issued specific guidance for liposomal drug entities
[108]; however, this guidance document is referenced for other nanomedicine products.
With respect to nanoparticle-based products, the guidance pertains to physicochemical
properties, manufacturing process, excipients, drug product specifications, stability,
(bio)analytical methods, pharmacokinetics and bioavailability, and labeling. While such
GMP-related issues are critical, the most important criterion for approval remains
unchanged: the new nanomedicine entity must demonstrate acceptable safety, purity and
efficacy, especially compared with the standard-of-care.

Tenet 6: at what cost?

Drug improvements and innovations in cancer medicines have traditionally been assessed
and analyzed with respect to safety and efficacy. An often overlooked factor is cost, which is
especially important in the face of ever increasing healthcare expenses. There are a number
of FDA-registered nanoparticle-based products on the market that can be compared directly
with their non-nanoparticle-based standard-of-care counterparts. These nanoparticle-based
formulations may not be more efficacious than their counterparts; however, the
nanoparticle-based formulation could reduce dose-limiting toxicities. Cost—effectiveness
analysis (CEA) addresses the cost-to-benefit ratio of a new therapy versus the standard-of-
care therapy and should not be confused with the risk/safety-to-benefit ratio analysis
commonly performed by the FDA.

CEA is currently used as a post-marketing measure for physicians and insurers in therapy
decision-making. CEA should also be used to determine whether to proceed with a
particular nanoparticle technology, including analysis of raw materials, manufacturing, and
therapeutic and safety outcomes. This may allow one to predict the financial implications of
the nanomedicine compared with standard therapies.

At present, there are few cost—benefit studies available for nanomedicine products. As an
example, the cost-effectiveness of Doxil® (Janssen Biotech Inc, PA, USA; PEGylated
liposomal doxorubicin) and Abraxane® (Celgene Corporation, NJ, USA; nano-albumin
bound paclitaxel) is evaluated compared with their conventional standard-of-care generic
alternatives, doxorubicin and paclitaxel, respectively. In 2009, the average cost per dose of
Doxil was US$5594 compared with $62-162 for doxorubicin, and the average cost per dose
for Abraxane was $5054 compared with $90-454 for paclitaxel [109]. It is worth noting that
Doxil and Abraxane have either exclusivity or patent protection, whereas doxorubicin and
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paclitaxel are generics and inherently demand a lower pricing structure. The risk and benefit
factors for both nanoparticle-based products versus their small-molecule counterparts have
been established [43] and are continuing to be elucidated in greater detail as more clinical
trials are conducted. Notable health- and cost-related benefits of Doxil and Abraxane are
lower cardiac toxicity and reduced vehicle toxicity, respectively. Although neither
nanomedicine products have shown an increase in overall patient survival, the reduction in
toxicities and their associated cost have largely justified the higher cost. Increasing pressure
to reduce healthcare costs puts an even greater burden on the nanomedicine innovator to
justify the real cost-to-benefit ratio, and CEA provides a needed tool to do so. Since
targeting approaches are designed to improve efficacy while reducing toxicity, targeted
nanotherapeutics have the potential to reduce overall healthcare cost of an illness despite the
higher cost of the therapeutic.

Many of the companies that are currently developing biotargeted cancer therapies are
smaller start-ups featuring pipelines based on technologies that were originally developed in
academic laboratories, rendering high development costs even more daunting. There is a
movement towards collaborative efforts between large and small pharma, government,
nonprofit agencies and venture capital firms to defray costs of new therapeutic development.
Biotargeted nanomedicines is one area that could significantly benefit from such an
approach to bridge ‘the valley of death’. Funding programs, such as the newly established
Small Business Innovation Research (SBIR) Bridge program, as well as several consortia
that address clinical trials costs, such as the Prostate Cancer Clinical Trials Consortium and
the NIH Biomarkers Consortium, will surely benefit both biomedicine developers and
patients. As an example of sharing the costs of clinical trials, the Biomarkers Consortium is
conducting two studies in which nine industry partners jointly contribute a total of $6.53
million and the NCI contributes an additional $3.75 million [110]. Likewise, in the area of
nanomedicine, the NCI has established a consortium, Translation of Nanotechnology in
Cancer (TONIC), to foster collaborative efforts between government, industry partners and
academic researchers.

An incentive for innovators of nanomedicine products is that approved biotargeted nano-
medicines are less prone to competition from generic companies, as it is very difficult to
demonstrate bioequivalence of a generic version of a nanomedicine owing to the
complexities of the product [44]. Thus, makers of safe, efficacious nanomedicines will
probably experience a steady or increasing demand for these therapeutics for many years,
potentially even after patent expiry.

Conclusion & future perspective

Biotargeted nanomedicines are now actively being investigated in human clinical trials. It is
likely that the first group of FDA-registered biotargeted nanomedicines will be niche
products that address specific applications. As the field continues to advance, however, we
foresee solutions to the complexities described herein through the application of rigorous
characterization techniques and utilization of the collected data to inform subsequent
iterations of nanomedicine design. By combining the principles of engineering, chemistry
and medicine — particularly in the context of an improved understanding of fundamental
biology — the field of nanotechnology will move closer to making the elusive ‘magic bullet’
a reality [45].
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Figure 1.
Sequential barriers and opportunities for targeting a nanomedicine to cancer.
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Figure 2.
Transport of nanoparticles from the vasculature into the tumor parenchyma and hypoxic
core.
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Common roadblocks to the realization of biotargeted nanomedicines
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Characterization parameters

Common roadblock

Possible solutions

Ref.

Biological activity/ potency

Difficulties characterizing a number of
ligands on the surface of the nanoparticles,
including orientation and activity. Changes in
the manufacturing process can readily alter
these parameters

Characterization is key. Multiple orthogonal
methods should be applied to evaluate batch-to-
batch consistency. C-potential and microscopy
methods can be evaluated to probe nanoparticle
surface. Whenever possible, nanomedicines
should be evaluated using functional bioassays

[46,47]

Polydispersity/ heterogeneity

Individual molecules of a nanoparticle can
contain hundreds or even thousands of atoms.
Therefore, many possible permutations in the
arrangement and chemical attachment leads
to an inherent structural heterogeneity, even
in a ‘pure’ nanomedicine

Nanomedicine properties must be defined by an
acceptable range that affords the necessary
safety and efficacy profile for the nanoparticle
formulation rather than by an absolute standard

[48,49]

Biocompatibility

Non-API components of the nanoparticles
cause adverse effects (e.g., surfactants used in
synthesis may be cytotoxic or linkers used to
attach targeting ligands may be immunotoxic)

The inclusion of appropriate controls in
cytotoxicity tests, including those that
distinguish and compare the toxicity of various
components of a nanomedicine (i.e., buffer,
supernatant/ filtrate, platform and linker
molecules), may illuminate toxicity due to non-
API components

[50-52]

In vivo stability

The drug and nanoparticle do not stay
associated /n1 vivo, and/or the rate of drug
release may be rapid

Dual radiolabeling of drug and nanoparticle as

well as /n vitro release assays that predict /n vivo
fate (i.e., release assays in whole blood or 100%

plasma) can be highly informative

[52-54]

Biodistribution

Rapid uptake from the systemic circulation
by cells of the immune system (MPS)

Coating with hydrophilic polymers such as PEG
can reduce interactions with plasma proteins and

uptake by MPS cells

[55,56]

Immune reactions

Nanoparticles may cause platelet aggregation,
hemolysis, coagulation, activation of the
complement system or innate and/or adaptive
responses

Robust /n vitro assays for hematological
interactions and immunological responses

should be used to screen for such effects early in

preclinical development

[57-59]

API: Active pharmaceutical ingredient; MPS: Mononuclear phagocytic system; PEG: Polyethylene glycol.
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