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Abstract

The field of clinical nanomaterials is enlarging steadily, with more than a billion US dollars of
funding allocated to research by US government agencies in the past decade. The first generation
of anti-cancer agents using novel nanomaterials has successfully entered widespread use. Newer
nanomaterials are garnering increasing interest as potential multifunctional therapeutic agents;
these drugs are conferred novel properties, by virtue of their size and shape. The new features of
these agents could potentially allow increased cancer selectivity, changes in pharmacokinetics,
amplification of cytotoxic effects, and simultaneous imaging capabilities. After attachment to
cancer target reactive-ligands, which interact with cell-surface antigens or receptors, these new
constructs can deliver cytolytic and imaging payloads. The molecules also introduce new
challenges for drug development. While nanoscale molecules are of a similar size to proteins, the
paradigms for how cells, tissues and organs of the body react to the non-biological materials are
not well understood, because most cellular and metabolic processes have evolved to deal with
globular, enzyme degradable molecules. We discuss examples of different materials to illustrate
interesting principles for development and future applications of these nanomaterial medicines
with emphasis on the possible pharmacologic and safety hurdles for accomplishing therapeutic
goals.

Introduction

In his 1959 lecture, “There's plenty of room at the bottom,” which is credited with initiating
interest in nano technology, Richard Feynman discussed “the problem of manipulateing and
controlling things on a small scale,” including placing “the mechanical surgeon inside the
blood vessel” to observe, report, and perform the surgery.! In the field of nanomedicine we
are now successfully approaching solutions to this challenge (Figure 1). Many current
systemic therapeutic approaches to cancer lack specificity and most of the actions of these
agents cannot be controlled following injection. Some solutions may be found in the ability
to create truly intelligent drugs.23
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Anti-cancer agents that utilize novel materials to alter pharmacokinetics (PK), such as
emulsified drugs and liposomal constructs, are already in development or approved by the
FDA (Supplementary Tables 1 and 2) and many of these agents have been extensively
reviewed. The first of a generation of complex, nanoscale, multifunctional medicines have
already been designed or are in human use. These include the engineered targetable toxins
that bind to cancer cells, enter their cytoplasm and deliver an enzyme capable of shutting
down ribosomal synthesis,* multistep targeting strategies to enhance and control the rate of
drug delivery to a tumor;> enzymes targeted by ligands to cells, which then act on pro-drug
substrates to convert them on-site to the active agent,® a nano-cell that sequentially delivers
different drugs to the tumor’ or targetable atomic nanogenerators.® Other newer
multifunctional nanomaterial-based agents in development have reached human testing
(Supplementary Table 1).

Here, we restrict the scope of our discussion to a relatively small segment of the novel,
systemically administered nanomaterial-based cancer drugs, including polymers,
dendrimers, carbon nanotubes, and various metallic and non-metallic nano-particles, in order
to illustrate certain interesting features that make nanomaterial-based agents both appealing
and problematic (Boxes 1 and 2). These properties, include size, shape, charge, surface
patterning, polydispersity, multivalency and multicomponent structures, biocompatibility
and biochemical stability.>~12 Due to space considerations, we will not discuss various
nanoparticle or liposomal drug formulations or locally implantable devices or depots or
detection systems4-18 nor engineered cells, viruses, aptamers or nucleotide agents,19-21
fusion proteins, or antibody—drug conjugates,* which do display many of the above
properties and have been extensively reviewed elsewhere.

The appeal of nanomaterial-based drugs in cancer is based on two factors. Firstly, the ability
to control the synthesis of the agents in a manufacturing process to make multifunctional
and multivalent molecules, or to alter PK, allowing changes in potency and safety, with
structures arranged in distinct surface patterns exposed to the environment. In cancer cells,
the diverse signaling and receptor changes that occur provide targets that might be templates
for multivalent and multifunctional targeting ligands and cargo. Secondly, the sizes (up to
several hundred nanometers in one of the dimensions) and shapes (hollow spheres, long
rods, stars, etc.) of the molecules, which are quite distinct from traditional small molecule or
protein-based drugs, yield very large surface to volume ratios or the possibility of
containment for various cargo (Figure 2). For example, a single wall carbon nanotube (in
which every atom is a surface carbon atom) with a volume similar to a typical large protein
(for example, 100-150 kDa), will have more than 15 times the surface area available for
ligand attachment or cell interactions than a large protein. Because of the non-biological
sources of some materials, and the distinct sizes, valencies and shapes, the pharmacology,
such as clearance and biodegradation, toxicology and possible safety of these agents in
patients might be very different from current drugs; in order for some of the agents to be
useful, it is likely that biocompatible coatings and ligands will be a part of their structure.
Unfortunately, gaps in current knowledge about nanomaterial biology, toxico logy and
pharmacology, which have led to fears of possible toxic effects and environmental damage,
have already put societal, ethical and political constraints on their successful
application.22-24 |n this regard, we will attempt to address the current benefits and hurdles
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of these new agents and future directions for these key issues, especially those relevant to
cancer therapy.

Multiple examples of nanoparticles have emerged as candidates for drugs or have reached
FDA approval (Supplementary Tables 1 and 2). These include those with intrinsic medically
useful properties to allow robust external imaging2>-27 or promote tumor thermolysis28-31
(for example, quantum dots, silica nanoparticles, gold nanoparticles, carbon nanotubes), or
which have noncovalent and covalent modifications with encapsulation of therapeutic agents

(for example, liposomes, dendrimers, [co]polymers). More details can be found in recent
articles.11.12,14,15,17,32-36

Interaction with cells and tissues

Size

The size, shape, and patterns of proteins presented to cells are important factors in their
receptor binding and the signaling processes they control. As the physical scale of
nanomaterials is of the same order as viruses, proteins, oligonucleic acids and
macromolecular cellular machinery (Figure 2), one might expect they also will have
distinctive and highly variable interactions with cells and tissues dependent on their size,
shape, surface patterning, and charge.3” These interactions will have a role in both the
beneficial and potentially toxic effects of these drugs. The great appeal of nanomaterials as
cancer drugs is the ability to control these properties, thus improving specificity towards
malignant cells and PK properties.

Early studies and modeling involving microscale and nanoscale materials focused on the
effect of molecular weight and size on the biologic behaviors of micelles, liposomes, and
polymers.17:32 Most organic nanoparticles (such as polymeric particles) have traditionally
been synthesized using emulsion-based synthetic techniques that allow for encapsulation of
various drugs, while in organic nanoparticles (such as metallic particles) are often produced
through controlled nucleation.38 While these techniques allow particle sizes to be controlled,
newer synthetic techniques and improved characterization through dynamic light scattering,
electron microscopy, and atomic force microscopy, have attempted to provide more precise
control over nanoscale sizes, and have allowed delineation of the biological effects of
nanometer scale changes. For the same material, size changes as small as a few nanometers
can lead to significant differences in cellular uptake, toxic effects, and fate within the
cell.3%-43 For example, engineered particles of sizes 40-60 nm were able to maximally bind
and induce receptor-mediated endocytic processes, while smaller particles had an impaired
ability to induce membrane receptor crosslinking.49 Size also plays an important role in
directing the fate of particles in the antigen presenting cells of the immune system.44:45
Overall, initial studies suggest that adjustable sizes could offer a means to direct different
nanomaterials into different cellular pathways, maximize affinity of appended ligands,
modulate uptake into malignant cells, and minimize adverse effects towards normal
cells.#046:47 Sjze also affects PK and renal clearance.*8:49 Consistent with this, renal
filtration and nonspecific uptake by the reticuloendothelial system (RES) has been shown to
be dependent on particle size.50-5°
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Similar to the study of nanomaterial size effects, the study of nanomaterial shapes began
with polymers that demonstrated the significant impact of the molecular architecture of
these materials on pharmacology and function.®8 As with improvement in particle size
control, technology for control of shape has rapidly progressed.13:57-59 The advancement in
synthetic techniques for non-spherical particles has shown that particle shape significantly
impacts the cellular and tissue interactions of nanomaterials. While a variety of shapes
(elliptical, spherical, and discoid) of model polystyrene particles can induce endocytosis,
endocytosis of shapes that are non-spherical are highly dependent on the local shape at the
interface of the cell with the nanomaterial or the tangential angle that the nanomaterial shape
makes with the cell.39:60.61 These studies have predicted that when spherical particles bind
or rod-like particles align perpendicular to the cellular membrane as apposed to aligning
parallel to the surface, there is greater propensity for cellular uptake.52:63 More recently,
‘worm-like’ particles of high aspect ratio (that is, high length to width ratio) were shown to
inhibit phagocytosis, and could only be engulfed when cells interacted specifically at
particle ends.54 By contrast, studies of particles with diameters >100 nm with varying aspect
ratios (up to three) found that higher aspect ratios resulted in increased uptake by phagocytic
cells.*2 Interestingly, carbon nanotubes, which have unusually large aspect ratios (50—
1,000:1) but are of very small diameters (1-2 nm) have highly rapid and efficient cellular
uptake. Several mechanisms have been described for these observations,30.63.65.66
Investigators have found that filamentous micelles had circulation times about 10-fold
longer than their spherical counterparts.6” By contrast, circulation times of carbon nanotubes
of a similar filamentous shape but smaller diameter (<2 nm) were demonstrated to be very
short (1-3 h) with rapid renal clearance.88-70 In one example where novel shapes were used
to mimic biological structures, discoid nanosheets were able to enhance spreading of platelet
thrombi twofold as compared with their spherical counterparts.’

Surface patterning

Charge

Another component of nanoparticle structure is the geometric arrangement, or patterning, of
surface groups. varying patterning provides a valuable tool to investigate the importance of
multivalency and ligand geometry in the targeting and avidity of cancer antigens.”273 Thus,
if targeting ligands were rationally patterned onto nanomaterials of particular shapes, there is
potential for designing nanomedicines with “intelligent’ inter actions with cancerous and
normal tissues and enhancing specificity.

Biomacromolecules have different cellular and tissue interactions depending on the net
charge of the chemical substituents. For example, cell-penetrating-peptides often contain a
high density of cationic residues and are known to readily cross cellular membranes.’”# 7> On
the tissue level, engineering the charge on ligands targeted by drugs, such as antibody
fragments, results in dramatically altered biodistribution profiles.”® Indeed, a common
strategy to avoid RES uptake of nanomaterials is to introduce neutral, hydrophilic
polyethylene glycol chains (pegylation) to reduce opsonization.”” Unsurprisingly, surface
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charge or zeta potential (the electrical potential at the hydro dynamic slipping plane of a
particle) is also an important factor influencing the biologic behavior of nanomaterials.”® It
seems that negative or neutral surfaces could be preferable to avoid nonspecific cellular
uptake.”9:80 Furthermore, for nanomaterials that are filtered by the kidney, charge plays a
major role in tubular reabsorption, with positive charge leading to increased retention in the
renal cortex.81

Cancer targeting

An important goal in nanomedicine is to combine several of the special features of the
materials to improve the agent's therapeutic index. The simplest way to achieve this is by
combining the functions of targeting, often with specific ligands, and killing with a cytotoxic
warhead, with both functions associated with the nanomaterial vehicle (Table 1 and Box 3).
This might be achieved via active targeting with specific ligands (antibodies, peptides, etc.),
passive targeting that takes advantage of physical interactions between the agents and the
tumor microenvironment (blood flow, lymphatic drainage, etc), or more complex
interactions with molecules at the tumor site that might serve to activate or release the
therapeutic moiety (peptidases, pH, etc). Active (or ligand directed) targeting improves
relative tumor localization; if the target is internalized it will also allow efficient cellular
accumulation of the agent at specific sites, which can further increase efficacy.82 Effective
cancer therapies that are selective for the expressed target are now routinely achieved with
monoclonal antibodies specific to antigens overexpressed in cancer cells.83 A large range of
other targeting moieties has now become available ranging from macromolecular biologics
to synthetic small molecules (Table 1).84-87 Most active targeting approaches in
nanomedicine directly append one of these targeting ligands to a nanoparticle scaffold.

Types of tumor-associated targets

To date, hematopoietic cancer targets (Table 1) have yielded the most clinically successful
targeting approaches,83 in part because these malignancies are readily accessible due to their
intravascular dispersion and are often more sensitive to chemotherapy and radiotherapy. By
contrast, the delivery of nanoparticles to solid tumors is more challenging due to the poor
penetration of the relatively large nanoscale particles through the interstitial tumor
microenvironment, despite the fact many solid tumor antigens demonstrate great selectivity
for cancer cells. One solution to this problem is the use of targets within the tumor
vasculature including nascent vessel-associated markers or a variety of integrins.88
Targeting the vessel has the pharmacologic advantage of immediate delivery for
hematopoietic cancers, and also the benefit that the tumor vessels are derived from the host
and are thus genetically stable (and thus unlikely to become drug resistant). Moreover,
tumor vessels display a more uniform antigen profile thus allowing a single agent to target a
large variety of tumor types. In some cases, targeting of the tumor vasculature has resulted
in remodeling of the vessels to make them more-effective transporters of the therapeutic
agent and of oxygen, which might in turn make the tumors more radiosensitive.88:89

The accumulation of nanoparticles in tumors, termed the enhanced permeability and
retention effect (EPR)?9:91 was initially described over two decades ago, and has been
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successfully applied to nanoparticles. Approved agents include re-engineered conventional
therapeutics that take advantage of EPR to improve the therapeutic index’® (Supplementary
Tables 1 and 2). Some of the earliest ‘nano-medicines’, such as Abraxane® or Doxil®, are
novel macromolecular reformulations of paclitaxel and doxorubicin, respectively. EPR
depends upon the leaky, disorganized, and tortuous nature of tumor neo-vasculature, which
allows for selective retention of particles in the range of 60 to 500 nm due to their propensity
to leak out of the vascular space more readily than they can permeate back into the
circulation These effects occur as a result of the deficient lymphatic drainage of the tumor
environment, but the effect may not be fully reproduced in physiologic models such as in
transgenic mouse tumors, orthotopic models, or ultimately in humans, especially in non
vascularized metastases.92-94

Novel multifunctional agents are being developed such that passive targeting delivers the
active agent near the surface of the cancer cell and a second event, such as the release of
cargo for diffusion and entry into the cell, follows. While the EPR effect could improve the
therapeutic index of nanoscale particles by improving relative accumulation in solid tumors,
the most successful nanomedicines for cancer will likely still need to use an active targeting
approach in conjunction with this approach to improve tumor-to-normal tissue ratios.
Further improvements in therapeutic index can then be achieved by combining the platform
with a cytotoxic agent appropriate for the particular cancer being targeted, or an
oligonucleotide selective for a particular activated gene product within the cell. While each
of the forms of targeting are not truly cancer specific, one could propose agents that provide
sequential increases in cancer selectivity, first by EPR or vascular targeting, second by
ligand directed delivery, and finally by cell pathway-selective cargo.

PK, manufacturing and regulatory issues

The unusual properties of the proposed nanomaterials, as well as their multivalency and
multifunctionality pose challenges to understanding their PK because different components
will have different features that affect the distribution, clearance and catabolism of
nanomaterials. Typical PK studies examine the absorption, distribution, metabolism, and
excretion (ADME) of a drug. These four factors and the administered dose determine the
concentration of a drug at its sites of action, and thus, the intensity of its effects as a function
of time. After proto type nanomaterials are modified with different cargoes, their ADME
profile might change, requiring iterative testing to determine the new profiles. Multiple steps
of synthesis and purification and a thorough physico chemical characterization followed by
the determination of the PK and the evaluation of tolerability (toxicity and immunogenicity)
by the host will require developmental steps. For many of the new materials, both a detailed
physicochemical description and PK data in animals or humans are limited and will be
expected to vary significantly among different materials and the composition of the
structures.

Hydrodynamic diameter and positive charge in general are inversely related to glomerular
filtration rate.>* For example, Kobayashi and Brechbiel®® used MRI to demonstrate that
varying the size or hydrophobicity of non-targeting Gd-labeled dendrimer constructs altered
the route of renal and liver excretion, respectively. Similarly, non-targeted, radiolabeled

Nat Rev Clin Oncol. Author manuscript; available in PMC 2015 April 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scheinberg et al.

Page 7

quantum dots that were modified with metal-ion chelates and a 600 Dalton polyethylene
glycol (PEG) moiety were rapidly cleared from the blood and accumulated in the liver
within a few minutes.2>:9 Similarly, the particle sizes of nanoparticle “C-dots” from Cornell
University have been tuned for changes in filtration, or carbon nanotube charge properties
were altered to make dramatic changes in their PK_.68.69.97-99

Typically a size cut off of about 6 nm is seen for filtration of globular materials.
Interestingly, however, much larger carbon nanotubes with high aspect ratios are still
filtered.68.89 Particle charge also affects total body clearance, mediated often by interactions
with serum proteins and cells, as has been observed with Q-dots.>3 Knowledge of the
physicochemical parameters and their interactions can allow design of particles, for example
Q-dots, with ligand numbers and sizes that permit renal clearance.19

The nature of the ligands and their attachments, and types of cargo will allow interesting
approaches to drug design. For example, the intact agent may accumulate at the tumor site
by the EPR effect, while its antibody ligand may selectively bind the tumor cell. A large
particulate platform may be trapped in the liver and excreted while the released cargo might
be cleared via the kidney; each of these processes may proceed at different rates. As a
consequence of this complexity, studies of the PK of the intact particle as well as the
components, cargo and metabolites may be required. An advantage to these agents might be
that cargoes can be designed for triggered release under various conditions, such as those
that exist inside the target cell. For example, pH, redox, proteasesensitive or esterase-
sensitive linkers or crosslinkers that degrade over time or that loosen under cellular
conditions can trigger release of the cargo. Cytotoxicity, therefore, could be focused directly
on the cancer cell. One approach that might overcome the slow diffusion and clearance of
certain nanomaterial platforms is to use multi-step pre-targeting approaches in which the
slower material is administered first, coupled with a unique ligand (for example, avidin)
followed later by a rapidly diffusing and clearing, small-molecule cytotoxic agent coupled
with a second ligand specifically able to bind to the first ligand with high affinity (for
example, biotin).

Developing a nanomaterial-based drug will be a complex process (Figure 3). It is anticipated
that many of the nanotechnology products that will be regulated by the FDA will span the
regulatory boundaries between pharmaceuticals, medical devices, and biologics. As a
consequence, these products may be regulated as ‘combination products.” In part, the FDA
attempts to ensure that drugs, drug delivery systems, medical devices, and vaccines that
reach the market are safe and effective. The FDA regulates products, not technology.01
Therefore, this distinction will determine the stage at which the FDA regulates a process to
manufacture and market novel nanomaterial-based drugs. Because many of the new agents
may behave similar to ‘devices’ and have aggregate large surface areas and multivalent
moieties that are exposed to the blood stream, they may be expected to have similar effects
as other full-scale medically implanted devices (for example grafts, catheters or valves) such
as in the promotion of hemolysis, thrombosis, and platelet aggregation, which will need to
be studied.192 The multi-component features of these agents might make the approval
process complicated and possibly longer than for traditional drugs, for which more is
known.
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Key questions for nanomaterial development will be addressed by the use of animal models,
the outcomes of which may not translate well for human use, and ultimately in human
subjects.?3103 |f possible, these PK experiments can be performed in both animals and
humans using classic tracer methodology94 in which a pure and well-characterized product,
trace-labeled with a stable moiety should not alter the overall PK profile. Imaging of the
agents will most likely be employed increasingly to provide real-time, whole-body bio
distributions of the tracers, thus allowing far greater detail as to the possible clearance and
toxic effects to be expected, than can be achieved with simple blood measurements.

As new toxicological risks arise from the uses of novel nanomaterials and their varied
compositions, new characterization tests will be necessary. In principle, characterization of
the ADME of the agent will be required as usual. The specific features of nanomaterial-
based agents (large size, relative to small-molecule drugs, multiple component nature, poly-
dispersity) will, however, require novel and additional methods of study and new
standards.19% The large size of nanomaterials can be seen directly with techniques such as
transmission electron microscopy (TEM) and atomic force microscopy (AFM), which often
brings insight into their shape, poly dispersity and aggregation. Intrinsic features of the
materials permit direct measurement in vitro and in vivo such as by fluorescence in the Q-
dots or raman spectroscopy with carbon nanotubes, or by energy dispersive X-ray. Radio-
tracing (see imaging modalities section) is also helpful for assessing the properties of these
agents in vivo. large, multivalent particles or their appended ligands are possibly
immunogenic, in part, due to their poor solubility and because they are often opsonized with
antigen-presenting cells and trapped in organs such as the liver, spleen and bone marrow. On
the other hand, the immune system is designed to recognize biological peptides and
carbohydrates with specific receptors. Thus, nanomaterials may not be recognized by these
processes because of their chemical make-up. In addition to improved analytical
methodologies, there is a clear need to devise a rational paradigm to characterize
nanomaterials in vitro and in vivo.19% Multiple components will need to have each
component analyzed separately and also assessed as a final product. One solution to the
complexity of evaluating the pharmacology of the materials for regulatory review may be to
use components that by themselves are already well-characterized in humans with known
toxic effect profiles. Imaging the agents in vivo, in particular by PET, which can provide
real-time concentrations of the drugs in tissues, will also aid in describing the PK and
potential for toxic effects in greater detail. Early trials that employ biopsies of target tissues
can also provide invaluable information on local PK, especially if used in conjunction with
full body imaging.

Toxic effects of nanomaterial drugs

Understanding and predicting the toxicities of new nanomaterial agents in humans is
complicated by their multicomponent nature, novel structures and polydispersity. Some of
the toxic effects of these multicomponent drugs will be attributable to the individual
components. However, additional toxic effects may arise because the new PK properties of
the materials described above may result in unexpected interactions with target and non-
target tissues as well as with the organs involved in clearance. Predictions based on micron-
scale particles (such as inhaled particles, asbestos, cells, bacteria or viruses) or from sub-
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nanoscale molecules (such as typical pharmaceutical drugs) or from nanoscale agents (such
as proteins) may not be generalizable to the nanomaterial-based agents discussed here
because of large differences in the way cells respond to these novel agents. As a
consequence, there may be changes in the magnitude, quality and tissue location of toxic
effects compared with the original drugs. For example, the lack of biodegradation of some
components could lead to long-term inflammatory problems. Indeed, considerable
discussion has ensued about the possible environmental and ecological consequences of
widespread nanomaterial uses.106:107

While there has been considerable debate about the possible toxicities of nanomaterial-based
drugs, it should be noted that drugs used in cancer patients have typically had low
therapeutic indices. Patients have been willing to tolerate significant risks of morbidity and
mortality during both the clinical development of the agents and after marketing approval.
Data do not suggest that nanomaterial drugs are more toxic than their components (some of
which are well-known cytotoxic agents) and in many cases the agents are designed to render
the cytotoxic agent less toxic by altering its delivery and clearance. Therefore, in the
development of these new agents, it seems reasonable to set the threshold for tolerability and
therapeutic index to no higher than that used for anti-cancer agents in current use. In
addition, for the cancer applications addressed here, quantities of injected materials are
likely to be quite small (mg) so the large-scale manufacturing issues that may be seen with
uses of these materials in the electronics or fabrication industries are less troublesome.
Furthermore, some of the components of these agents (liposomes, antibodies, chemotherapy
drugs, particulate albumin, PEG, super paramagnetic iron oxide, polylactic-co-glutamic
acid) have been widely studied in humans for many years and have been approved by the
FDA as safe and effective.

The possible toxic effects of carbon nanotubes have been the subject of much speculation,
due to their profound chemical stability, which might confer a long life in vivo if these
agents are not cleared. Moreover the high aspect ratio (length:width) of carbon nanotubes
has prompted some researchers to compare them to ashestos.#6 As expected from inhalation
studies, insoluble raw carbon nanotubes can cause variable amounts of inflammation (as
measured by cytokine release, reactive oxygen species elevations, complement activation,
cellular morphology changes) when inhaled or added to cell cultures.198-115 The relevance
of these findings to cancer applications is not clear; cancer drugs would be formulated as
soluble, intravenous forms, which do not seem to show systemic toxicity.58.69.98,116-118
Importantly, while insoluble micron-scale multi-wall tubes (with sizes larger than could be
ingested by macro phages and thus mechanistically similar to asbestos) caused
inflammation, nanoscale material caused no inflammation, exudate or granulomas, even in
insoluble form.#6 Hence, at the nanoscale, these molecules seem to behave in a similar
manner to proteins, which are of a similar size. In addition, a new study has shown carbon
nanotubes to be biodegradable.119

Other particles under investigation for therapy and imaging such as quantum dots (Q-dots),
gold-, iron-, or silica-based nanoparticles and nanoshells have associated toxicities in
vitro!20:121 including reactive oxygen species activation, inflammation and cytotoxicity.122
Iron oxide particles are safe and are widely used as imaging agents and sources of iron for
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anemia.2>26 Q-dots are notable for their metallic cores and as a consequence, exposure of
the core or its dissolution could result in toxicity, especially from heavy metals such as Cd,
Pb, or Se.123-125

The ability to control the generation number of dendrimeric compounds (that is, the number
of shells of chemical arms, each shell typically doubling the number of arms and
consequently the molecular weight and sizes of the dendrimers from 1 to 20+ nm diameters)
allows substantial alterations in charge and valency that can result in changes in cell surface
crosslinking, aggregation or activation and thus possible increased toxic effects.47.79.126-129
Pegylation of the dendrimers reduces toxicity and improves the half-life of the agent in the
plasma.”130 These materials are also biodegradable. Although the toxicity potential for
these agents is not well understood, there are already extensive efficacy and safety data with
nano-formulations such as liposomes, albumin particles, and pegylated molecules, each of
which has been used safely in thousands of patients after their FDA approvals. Moreover,
recent data with novel nanomaterials are becoming increasingly available; this combination
of information should allow design of safe drugs for the drug classes under
development.17:32:33

Imaging modalities

Imaging of nanomaterials can have a diagnostic role, dating back 40 years,131 or can be a
method to characterize the material in vivo and a means to predict possible toxicity and
therapeutic action.132 Nanomaterials are ideally suited as scaffolds to incorporate features
(inherent or appended moieties) to report information and these features can result in
considerable increases in signal-to-noise ratio relative to conventional imaging molecules.
One advantage is that these materials could be designed to possess multimodal means to
report information by having combinations of tracer features (for example, fluorescence,
magnetic, and radionuclidic). Individually, these conventional imaging techniques have
advantages and disadvantages: radionuclides yield high sensitivity, but suffer low spatial
resolution; fluorescent labels can provide good spatial resolution in vitro but are difficult to
quantify in vivo because of signal attenuation in tissue and high background noise; magnetic
particles offer high resolution and good contrast but are not very sensitive. However, used in
combination, these different modalities can be built into a single cancer targeting
nanomaterial to simultaneously report PK, targeting, and clearance data in vivo and could
also be used to report cellular and perhaps subcellular location of a biopsied sample ex vivo.

Another potential advantage of nanomaterials, based upon their size and surface area relative
to smaller targeting scaffolds (such as peptides and proteins) is the potential to incorporate
multiple copies of fluorophores, chromophores, Gd(111), FeO, and/or radionuclides, thus
leading to amplification of signal-to-noise relative to conventional imaging agents.%5:98.133
In one interesting example, the nanoscale dimensions and chemical environment of a carbon
nanotube encapsulated imaging agent (in this case gadolinium for MRI) resulted in a
dramatic improvement in sensitivity of the tracer, in principle allowing smaller tumors to be
found.134
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Conclusions and future directions

A number of approaches for successful applications of nanomaterial-based cancer drugs will
be possible because of their unusual characteristics. The unique pharmacological,
biochemical and physicochemical properties will also require novel strategies to overcome
the potential hurdles outlined. Control of size, shape, charge, and patterning of nanoscale
therapeutic molecules offers potential for optimization of cellular and tissue inter actions.
Combining different modes of selective deli very offers the possibility of large increases in
therapeutic index and the multivalent capability of the materials will provide higher potency
and the possibility of simultaneous imaging and therapy, known as ‘theranostics’. There are
already agents capable of multiple functions such as targeting and warhead delivery, dual
warhead delivery, or imaging and therapy in trials. Some of the hurdles for future agents and
ways to solve potential problems are shown in Table 2. Ultimately, we envision naturally
available biomaterials combined with synthetic structures to create multifunctional agents,
which are engineered to have defined diffusion, biodegradation and clearance rates,
immunologic invisibility, and controlled actions.
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Key points

Therapeutic uses of novel materials have become widespread; many newer
nanoparticles have emerged as candidates for drugs, each with distinctive
chemical and biological compositions, and diverse in vivo behaviors

Newer nanomaterials are garnering increasing interest as potential
multifunctional therapeutic agents, which by virtue of their size, geometric
patterning and shape are conferred novel properties

The synthesis of nanomaterials allows multifunctional and multivalent
molecules to be generated, which may enhance potency, therapeutic index or
selectivity

The various sizes and shapes of nanomaterials yield very large surface to
volume ratios or the possibility of containment for various cargo

The accumulation of nanoparticles in tumors, termed the enhanced permeability
and retention effect was initially described over two decades ago, and has been
successfully applied to nanoparticles

The unusual properties of nanomaterials pose challenges to understanding their
pharmacokinetics as different components will have different features that affect
their distributions, clearance and catabolism
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Review criteria

Articles included in the Review were chosen after an exhaustive search on the PubMed,
Google Scholar and Science Direct databases for full-text papers published in English
without a time restriction. The search terms included each of the relevant nanomaterials
by name, cancer antigens and therapeutic drugs and modalities, and more general terms
for the fields under study. Recent reviews and papers, many of which are cited in the text,
were consulted for additional references.
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Feynman'’s challenge AFM developed Targeted nanogenerator
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Figure 1.
50 years of nanomedicine development for cancer. The timeline is not to scale.

Abbreviations: AFM, atomic force microscope; CNT, carbon nanotubes; EPR, enhanced
permeability and retention; NCI, National Cancer Institute; NP, nanoparticle; PRINT,
particle replication in nonwetting templates; SPI1O, superparamagnetic iron oxide.
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Figure 2.

Representation of nanomaterials with comparison to biologics, drawn to scale.
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Identification and characterization of the
target molecule, cell and tumor system
including biology and biochemistry

Matching of appropriate nanomaterial
vehicle to the biology, biochemistry | <—
and expected PK and PD
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Some proposed steps in the development of a nanomaterial anti-cancer agent. Abbreviations:
ADME, absorption, distribution, metabolism and excretion; AFM, atomic force microscope;
DLS, dynamic light scattering; EDX, energy dispersive X-ray; IND, investigational new

drug application; TEM, transmission electron microscopy.
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Table 1

Ligands for active cancer targeting

Type Mw (kDa)

Diameter (nm)

Features

Monoclonal antibodies

Whole antibodies 150

15-20

High affinity, divalent, many clinically approved examples, contains biologically active
constant (Fc) region, long circulation

Engineered fragments (monovalent)

ScFv 25 3-5 Lowered affinity, rapid clearance from circulation, renal retention, reduced stability,
reduced immunogenicity

Fab' 50 5-10 Can be produced genetically or enzymatically by cleavage of monoclonal antibodies

Nanobody 15 2-3 Smallest antigen-binding fragment, single domain, can bind cryptic epitopes

Engineered fragments (divalent)

F(ab"), 100 10-15 Improved affinity, can be engineered to a variety of sizes and arrangements of protein
domains

Diabodies 50-80 5-10 Mono-specific or bi-specific dimer of ScFv

Minibodies 80 10 Can be produced genetically

Aptamers

RNA 10-30 2-3 Rapid clearance, automated chemical synthesis, susceptible to nucleases without chemical
modification

DNA 10-30 2-3 Rapid clearance, automated chemical synthesis, susceptible to nucleases without chemical
modification

Receptor ligands

Peptides 0.5-10 variable Facile synthesis and modification, diverse libraries and screening technologies,
susceptible to peptidases, renal retention

Whole proteins 30-150 variable Produced using recombinant DNA technologies, can be biologically active, susceptible to
proteases

Small molecules  0.1-1.0 0.5-2.0 Chemical synthesis, simple modification and coupling chemistries, can be biologically

active, highly variable affinities
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Table 2

Specifications and solutions for therapeutic nano-devices for cancer

Specification or hurdle

Possible solutions

Not detected by human immune system

Use of human-derived antibodies, proteins, receptors, ligands or enzymes for functionalization of
platforms. Study of the antigen presentation characteristics of the new materials to understand how
to reduce recognition of haptens.

Resistance to proteases, nucleases and
esterases

Use of aptamers with altered DNA backbone chemistry, peptide ligands with unnatural amino acids,
pegylation. Take advantage of the processes to engineer desired clearance and delivery of cargo.

Biocompatibilty, catabolism and
clearance issues

Engineered sizes, charge, and shape compatible with desired clearance; biofunctionalization to be
soluble and biocompatible; use of structures that degrade or release cargo within cells. Preference
for degradable components or linkers with small renally cleared agents; controlled degradation after
use of agent by enzymatic cleavage.

Specificity for or retention near tumors
and cancer cells

Platforms contain peptide or small molecule ligands, aptamers or antibodies/fragments; agent takes
advantage of enhanced permeability and retention effect to increase selective delivery; multistep
pre-targeting approaches are used to increase therapeutic index.

Potency

Surface multivalency to increase affinity and cargo delivery; contained spaces for multiple copies of
cargo; use of enzymes to multiply effects, such as prodrug conversion at the tumor site.

Reporting and accountability

Use of theranostics: radiotraced; MRI active agents, optical or infra-red tracers; caged reporters that
signal upon binding, activation or delivery to or into the cell; use of genetic reporters.

Controllability

Control by infused second ligands, by focused radio-frequency or magnetic felds; use of intrinsic
sensors or tumor-activatable agents; use of artifcial cells or viruses; suicide genes; controlled design
of degradation pathways.

Intrinsic dynamics and information
content

Use of addressable DNA sequences, proteins or sugar polymers; design multivalent ligands to
encode avidity for the target. Use of built-in mechanical or enzymatic machinery or pirating such
activities from the target cell.

Safety and environmental concerns

Science should be built on known agents and components already in use in vivo, then developed
individually after pharmacologic study.

Political and social issues

Enhanced efforts to educate the public; careful toxicologic analyses. Avoid overstating the promise.
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