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The recent development of functional crystalline nanomaterials for therapeutics is described. In
contrast to conventional therapeutic approaches, nanomaterial-based systems present novel
therapeutic opportunities; for example, by allowing active agents to be site-specifically delivered and
efficiently absorbed while offering fewer or reduced side effects. In addition, nanomaterials are
generally amenable to surface functionalization and interior doping. These attributes provide the
nanomaterials with tunable surface, optical, magnetic, thermal and mechanical properties that are
important for applications ranging from controlled release of drugs to photothermal therapy. In this
article, we seek to provide a conceptual framework for understanding nanomaterial-based therapeutics.
We also attempt to highlight recent therapeutic applications involving some representative
nanostructured materials. With improved control over the synthesis and functional characteristics of
nanomaterials, the emergence of nanomaterial-based therapeutics will likely accelerate future medical

research and improve patient care.

1. Introduction

The dawn of the journey into therapeutic nanomaterials—
materials that typically comprise an active ingredient together
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with organic or inorganic particle carriers with feature sizes of
approximately 10-100 nm—can be traced back to 1950s, when
Jatzkewitz reported the drug release of mescaline through
a polymer—peptide-mescaline conjugate.! In 1995, Doxil, a lipo-
some-based therapeutic nanomaterial containing doxorubicin,
was approved by the US Food and Drug Administration for
treatment of Kaposi’s sarcoma.? With the rapid development of
nanotechnology over the last decade, the exploration of func-
tional nanomaterials for therapeutics has ramped up substan-
tially (Fig. 1). For conventional therapeutic approaches, the
dosage of drugs is difficult to optimize due to their uncontrolled
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Fig. 1 Research interests on nanomaterial-based therapeutics over the
past twenty years as indicated by (a) publication numbers and (b)
publication citations, respectively. The data are generated through the
Web of Science database with keyword search of nano* and therap*.

delivery, slow onset of action, undesirable side effects, and the
unpredictable medication break-down associated with digestive
enzymes. In contrast, the use of therapeutic nanomaterials has
enabled new mechanisms for controlling the delivery of drugs
and has enhanced the effectiveness of drugs, while significantly
minimizing side effects.*® Owing to their small dimension,
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nanomaterials can be taken much faster across cell membranes.
They are also amenable to surface modification and functional-
ization with ligand molecules to promote targeting to specific
diseased cells or tissues.

In addition to their prominent role as a means to drug delivery,
functional nanomaterials have shown promise as direct modali-
ties for treatment of common diseases such as cancers, abnormal
blood vessel growth, infectious diseases and tissues. For example,
fullerenes that consist of a spherical arrangement of dozens of
carbon atoms have shown neuroprotective effects against
neurodegenerative diseases.” Magnetic nanoparticles and carbon
nanotubes have also been used to function directly as therapeutic
materials for killing cancerous and precancerous cells by thermal
ablation through use of an external stimulus.'® Interestingly,
polymer-coated quantum dots, which are toxic to cells on
ultraviolet (UV) irradiation, have shown potential use as
photosensitizers for photodynamic therapy.'* The cytotoxicity of
quantum dots, induced by the generation of reactive oxygen
species, can be harnessed as a comparatively non-invasive means
of killing cancer cells. Recent advances in the synthesis of
lanthanide-doped upconversion nanocrystals have provided
a novel class of therapeutic nanomaterials for photodynamic
therapy.’? These luminescent nanomaterials can convert near-
infrared (NIR) light into visible light and allow targeted treat-
ment of cancer cells profiled at substantial depth as the NIR
irradiation penetrates deep into biological tissues.

In this article, we discuss several substantial topics of
current interest in the area of therapeutic nanomaterials
involving using crystalline nanomaterials as drug carriers or
direct therapeutic modalities. Rather than attempting to
provide a complete historical survey, our emphasis here is on
identifying developing areas of research. These range from
rational design of therapeutic nanomaterials for enhanced
permeability and targeted drug delivery to the investigation of
novel nanomaterials for relatively unexplored therapeutic
applications (e.g., upconversion nanoparticle-based therapy).
Although an enormous amount of research is ongoing in this
area, we focus our attention on nanomaterials that can be
affected by external stimulation. These include metallic and
magnetic nanoparticles, quantum dots, upconversion nano-
particles and carbon-based nanomaterials. Although most will
not be quickly translated into practical applications in clinic
settings because of their own toxicity risks, our efforts here are
to highlight the ability to use fundamental chemical principles
to design and prepare functional nanomaterials displaying
exciting therapeutic effects.

2. Rational design of therapeutic nanomaterials

Nanomaterial characteristics, such as size, shape, composition
and surface properties, are fundamental issues that ultimately
influence the therapeutic effect of a drug. In principle, thera-
peutic nanomaterials can be broadly classified into two groups.
The first group refers to small drug molecules or biological
substances that self-assemble into micelle-like nanoparticles
possessing a dual function as drug carriers. The second group is
primarily based on hybrid nanomaterials with therapeutic
molecules either bound to the surface of nanomaterial carriers or
encapsulated by the carriers. The carriers could either have more
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substances of an organic nature, such as stimulus-responsive
polymers, or comprise inorganic crystalline structures. The latter
therapeutic design can harness the unique optical and magnetic
properties, provided by the inorganic nanomaterials, for
controlled and targeted drug delivery.

2.1 Nanomaterial size and shape

The size of therapeutic nanomaterials is perhaps the most
significant parameter that dictates the efficacy of drug delivery.
Notably, the manipulation of particle size can exert control over
the bio-distribution and pharmacokinetics of drug molecules
within the body following systemic administration. A metal
nanoparticle of about 20 nm has a ratio of surface area to mass
much larger than that of the bulk material. This property enables
the nanoparticle to efficiently bind, absorb and carry multiple
types of compounds such as drug molecules, probes and proteins.
In addition, small nanoparticles exhibit high level of accumula-
tion at tumor sites and access to places where large particles
cannot reach.’® Thus, nanoparticles can be controlled to provide
long or short circulation times within the bloodstream by
controlling particle size and surface properties. Experiments
from animal models suggest that sub-150 nm, neutral or slightly
negatively charged entities can move through tumor tissue. For
effective cancer therapy, it is generally thought that the size of
therapeutic nanomaterials should be in the range of 10-100 nm,
as larger particles have limited diffusion in the extracellular
space.'” For instance, an in vivo study on live mice revealed an
upper uptake threshold of 100 nm particles when dosed into the
circulatory system.'® However, larger particles were mostly
trapped in lymphoid tissues of the stomach.'®

It should be noted that the ability to remove nanomaterials by
biological organs or systems strongly depends on the size of the
nanomaterials. The removal of the nanomaterials after a thera-
peutic process is particularly important as the accumulation of
residual particles may impose hazardous risks to the patient. For
example, iron poisoning with hepatic injury has been the subject
of attention for a half-century.' The liver and gastrointestinal
tract are the two main targets of iron intoxication. Studies have
shown that particles smaller than 5.5 nm can be removed with
relative ease by the body’s excretory system.?

For optical nanomaterials used as direct therapeutic tools, the
control of particle size is essential as different sized nanoparticles
have radically different optical properties (Fig. 2). Also, plas-
monic metal nanoparticles have optical properties that are highly
sensitive to particle shape.®® One can manipulate the shape of
metal nanoparticles as a result for particular therapeutic appli-
cations that require a specific wavelength of light.

Non-spherical particles with rough edges and irregular
surfaces typically have more surface area than spherical particles
with smooth surfaces. The surface area can affect the binding
capacity of the particles to cancerous cells and tissues. Thus, the
design of non-spherical particles can extend the particle’s resi-
dence times in vivo. Needle-like carbon nanotubes have several
advantages over spherical nanoparticles for drug delivery,
including superior flow dynamics, enhanced ability to penetrate
cellular membranes and increased capacity to carry multiple
types of drugs at high density.

Ag Spheres
40 pm

Fig. 2 Multicolor fine-tuning of nanomaterials. (a) The light-scattering
properties of noble metal nanoparticles with varied sizes and shapes. (b)
The size-dependent emission of quantum dots. (c) A series of lanthanide-
doped nanoparticles with tunable upconversion emissions. (Reprinted
with permission from: (a) ref. 13, (b) ref. 14 and (c) ref. 15. Copyright
2001, 2001, 2008, respectively, the American Association for the
Advancement of Science, Nature Publishing Group and American
Chemical Society.)

2.2 Nanomaterial composition

Therapeutic crystalline nanomaterials currently under investi-
gation typically comprise gold nanoparticles with varied shapes,
magnetic nanoparticles, carbon-based nanomaterials, quantum
dots and lanthanide-doped upconversion nanoparticles (Fig. 3).
The therapeutic effect and potential toxicity risks are closely
related to materials composition. Different chemical composi-
tion imparts the nanomaterials with specific optical, electrical
and magnetic properties, which are highly relevant towards
particular therapeutic applications.

The surface reactivity of nanoparticles is dependent on their
chemical composition, which in turn controls particle circulation
time, the interaction of nanoparticles with their local environ-
ment, and ultimately the efficiency of receptor targeting.
Importantly, the cytotoxity of nanoparticles can be roughly
estimated by their chemical composition. For instance, poly-
meric nanoparticles are more biocompatible and less toxic than
crystalline inorganic nanoparticles. Among inorganic nano-
particles, silica-based nanoparticles are perhaps the most
biocompatible nanomaterials, and are frequently used as drug

| Gold Sphere GoldRod  Gold Shell  Gold Cage | Magnetic Particle

Fig. 3 Summary of different classes of therapeutic nanomaterials dis-
cussed in this article.
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carriers for therapeutics. Quantum dots containing heavy metals
such as cadmium and lead are substantially more toxic than
metallic and lanthanide-doped nanoparticles.

2.3 Nanomaterial crystallinity

The crystallinity of nanomaterials is particularly important for
their applications in photodynamic therapies where strong light
emissions from the nanomaterials are required. For instance,
hexagonal phase sodium yttrium fluoride (NaYF,) offers about
an order-of-magnitude enhancement of upconversion efficiency
relative to its cubic phase counterpart.?* Indeed, recent applica-
tions of NaYF, nanomaterials in photodynamic therapy are
almost exclusively based on hexagonal phase NaYF, nano-
particles. Carbon nanotubes and fullerenes, which share same
chemical characteristics, have considerably different surface
reactivity. The introduction of structural defects to crystalline
nanomaterials also imparts a high surface reactivity to cancer
cells and tissues.

2.4 Nanomaterial functionalization

Although some nanomaterials have excellent intrinsic thera-
peutic properties, they generally do not have suitable properties
for targeted in vivo applications. Nanomaterial functionalization
through surface engineering or interior modification is thus
essential. These methods include coating of biocompatible
polymer, conjugation with target-specific agents, fluorescent
probes as well as cell-membrane penetration ligands, function-
alization with a magnetic core, and doping with luminescent
lanthanide ions (Fig. 4). For example, gold nanoparticles can be
made water-soluble by attaching appropriate thiolated DNA
molecules to the particle surface. Another important aspect of
surface modification is to render the nanomaterials chemical
inert and biocompatible. A variety of biocompatible hydrophilic
polymers, including poly(ethylene glycol), chitosan, poly-
ethyleneimines and polysaccharides, have been reported as the
coating materials.*2¢ In principle, the composition and thick-
ness of the shell coatings are determined by the surface structure
of the core materials. Silica, a known nontoxic item, can be
readily coated onto quantum dots with controllable thickness.?’
The coating of quantum dots with a thin layer of silica shell, not
only imparts improved colloidal stability and biocompatibility,
but also provides substantial protection of the core particles.

Targeting Agent - — — — — — — —

c _ — —Polymer Coating

————— Nanoshell

= —Lanthanide Dopant

~—~ - Magnetic Core
Fluorophore — — — —

Fig. 4 Nanomaterial functionalization through surface engineering or
interior modification for targeted delivery of therapeutic agents.

Surface modification provides nanomaterials with a highly
structured surface so that a specific targeting ligand can be
developed, allowing it to be used in targeted drug delivery. This
delivery route is particularly attractive for pharmaceutical
compounds which are hardly soluble in vivo. These nano-
materials also offer much greater specificity than conventional
therapeutic drugs by actively binding to receptors located
primarily in the walls of diseased cells or tissues. The targeting
ligand can enhance the retention of the nanomaterials to the
target tissue and also mediate the uptake or ingestion of the
nanomaterials by a target cell type.

The integration of a magnetic element into the nanomaterials
may allow for therapeutic agents to be concentrated locally or
allow possible implementation of interactive control for
improved targeting efficiency. In addition, fluorescent molecules
and lanthanide ions could be incorporated for tracking physio-
logical events taking place in vivo and for assessing the target
interaction and modulation in the diseased cells and tissue.

2.5 Delivery routes and therapeutics

Nanomaterial-mediated therapeutic processes typically involve
three major steps: (i) delivery of nanostructured carriers directly
into cancer sites or into the blood stream, (ii) adsorption and
uptake of the nanomaterials by cancer cells, and (iii) delivering
therapeutics either through the anticancer payload or directly
through the nanomaterials by using external energy sources such
as optics or magnetics.

The choice of a specific delivery route, driven by a number of
considerations with regard to patient acceptability, the surface
properties of the materials and cost effectiveness, is the funda-
mental aim of researchers working in the field. Recent techno-
logical advances have allowed the development of a diversity of
delivery routes, including peroral uptake, topical application,
pulmonary delivery and parenteral injection.

Among various routes of therapeutic delivery, the peroral
route directly through the mouth represents the most intensively
investigated mode of administration as it offers advantages of
convenience and non-invasiveness. However, the effectiveness of
this approach is often hampered by the interference of digestive
enzymes and non-specific adsorption in the lymphoid tissues.?®
Topical application through the skin is another non-invasive
technique that provides localized delivery and avoids the risks
and inconveniences of parenteral injection. Limitations of topical
application include poor permeability of some nanomaterials,
lack of dosage precision and possibility of allergenic reactions.?
Pulmonary delivery through inhalation represents an attractive,
rapid and patient-friendly route for drug administration. The
lungs provide a rich blood supply and enormous surface area (up
to 100 m?) for drug adsorption and the non-invasive nature of
pulmonary delivery has the potential to greatly improve patient
quality of life. However, pulmonary delivery can be complicated
by safety concerns and the effect of disposition exerted by the
respiration process.?® Parenteral injection is given through the
veins of the circulatory system rather than through the digestive
system. The parenteral route can introduce nanomaterials into
the body through intravenous, intramuscular, subcutaneous
injection for a rapid adsorption.®!
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Once administered into the blood, nanostructured carriers are
circulated through the blood stream. It should be noted that
nanomaterials smaller than the renal filtration threshold are able
to be cleared rapidly from the body via renal filtration and
urinary excretion. Although nanomaterial toxicity would be
minimized through this process, the therapeutic utility of nano-
materials could be substantially affected. Many therapeutic
nanomaterials access cancer cells through endocytosis.?* Endo-
cytosis is a process by which the cells absorb the nanomaterials
by engulfing them. In addition to endocytosis, another major
mechanism of nanomaterial uptake by cancer cells is through the
enhanced permeability and retention (EPR) effect.*®* The EPR
effect occurs in tumors with ill-formed or disrupted blood vessels.
The EPR effect allows nanomaterials to pass from the blood
vessels and accumulate into cancer sites. However, it is possible
that small sized nanoparticles would traverse freely back into the
blood stream as a result of diffusion due to high particle
concentrations in the cancer sites after an extended period. For
targeted nanomaterial delivery systems, a ligand or an antibody
can be attached to the nanomaterials prior to injection. The
antibody aids the recognition of the antigens that are expressed
by the malignant cells at different stages, resulting in improved
accumulation of the nanomaterials into the cancer sites.

The key benefit of using crystalline optical and magnetic
nanomaterials is the ability to precisely control the delivery of
therapeutics by external stimulus manipulation. Various schemes
of therapeutics through use of these nanomaterials are summa-
rized in Fig. 5. For example, NIR absorbing nanoparticles shows
great promise for selective, minimally invasive photo-thermal
tumor ablation. Another notable example is lanthanide-doped
upconversion nanoparticles that have shown potential in
photodynamic therapy. Upconversion nanoparticles readily
convert low energy NIR light into the visible range. The
upconverted light subsequently excites specific photosensitizers,
leading to the generation of reactive oxygen species for treatment
of deep-lying tumors.

3. Noble metal nanomaterials

Noble metal nanomaterials exhibit a characteristic optical
property known as the surface plasmon resonance. Surface
plasmons are coherent electron oscillations that are induced by
the interaction between the conduction band electrons of metal
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Fig. 5 Various schemes of therapeutics including thermal ablation,
magnetic-assisted therapy, photodynamic therapy, drug delivery/release,
gene regulation.

nanoparticles and an electromagnetic field in form of light. The
frequency and magnitude of surface plasmon waves depend on
the size, shape and dielectric constant of the metal nanomaterials
as well as the refractive indices of the media that the electro-
magnetic field wave interacts with along its propagation path.
Importantly, the absorbed light by the nanomaterials can be
converted into thermal energy, which can be further explored to
generate a localized increase in temperature in the vicinity of
targeted cells. This property, combined with high biocompati-
bility of noble metal nanomaterials, provides a platform for
potential biological applications in plasmon-induced drug
delivery or photothermal therapy.

Among noble metal nanomaterials, gold nanomaterials have
been most extensively investigated for therapeutic applications
due to their excellent oxidation resistance and simple synthetic
procedure. Another attractive aspect of using gold nanomaterials
is that, with a facile ligand-exchange step, one can modify the
nanomaterials with readily available DNA interconnect mole-
cules. DNA molecules can be prepared and functionalized with
ligands or antibodies for diagnostic tests as well as targeted
delivery of a potent cancer drug. Furthermore, gold nano-
materials offer size-dependent tunable optical absorption typi-
cally in the visible spectral region, and by adjusting the shape and
structure of the nanomaterials, the optical absorption can be
extended to the NIR region for maximal tissue penetration. Gold
nanomaterial-based approaches offer high level of plasmonic
heating at a target site, which are four to five orders of magnitude
greater than those of conventional photoabsorbing dyes.** In this
section, selected examples of gold nanomaterials with different
morphologies and structures are highlighted in photo-mediated
therapeutic studies (Table 1).

3.1 Spherical nanoparticles

Gold nanoparticles can be readily prepared on a relatively large
scale by using two commercially available starting materials,
hydrogen tetrachloroaurate and sodium citrate.’> Upon surface
conjugation of DNA molecules,?"**¢3 gold nanoparticles can be
stored at room temperature without aggregation for several
months. In contrast to other types of gold nanostructures, gold
nanoparticles can be made with a high degree of monodispersity
and small feature size that promotes their entry into cells through
endocytosis. In addition, gold nanoparticles with size less than
20 nm are susceptible to biodegradation, which results in a short
circulation time in biological systems.** The short circulation
process of gold nanoparticles may reduce the risks for patients
suffering from side effects. However, gold nanoparticles have
optical absorption typically located in the visible spectral region,
which limits their applications for treatment of deep-lying cancer
and tumors.

Thermal ablation. As one of the most promising advances in
therapeutics, thermal ablation treats cancer tumors by heat-
generating probes directly injected into the malignant tissue
under investigation. This method allows surgeons to treat tumors
with minimal damage to surrounding tissue as cancer cells are
more susceptible to destruction by heat than normal tissue cells.
For cancers that are often difficult to treat surgically, thermal
ablation offers a better alternative to eliminate or shrink tumors.

This journal is © The Royal Society of Chemistry 2011
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Table 1 Selected gold nanomaterials used for therapeutic applications”

Shape and size Therapeutic mechanism Therapeutic target Experimental condition Ref.
Nanospheres (~20 nm) Thermal ablation of cells T. gondii tachyzoites In vitro 35
through use of NIR-
irradiated Au sphere
aggregates
Nanospheres (~50 nm) Thermal damage of cell Lung carcinoma cells (A549) In vitro 36
membranes via photothermal
vapor nanobubbles
Nanospheres (~27 nm) Drug delivery through A549 cells and MCF-7 In vitro 37
a hydrophobic cyclodextrin
shell for intracellular uptake
Nanospheres (~13 nm) Platinum drug delivery U208, A549, HeLa and PC3 In vitro 38
through oligonucleotide- cells
modified Au nanoparticles
for cell uptake
Nanospheres (~13 nm) Gene delivery through HeLa cells In vitro 39
siRNA-modified Au
nanoparticles
Nanospheres (~2 nm) Superficial radiation therapy Bovine aortic endothelial cells In vitro 40
Nanospheres (~50 nm) Ligand-mediated therapy Neuro2A cells in organs of In vivo 41
mice
Nanorods (~60 nm; AR: Thermal ablation of tumor HOC 313 clone 8 and HSC 3 In vitro 42
~3.9) cells cells
Nanorods (~60 nm; AR: Laser-assisted thermal The porcine anterior lens Ex vivo 43
~4.0) activation capsule
Nanorods (~44, 89 nm; AR: Controlled release of — In vitro 44
~4.0, 5.4) oligonucleotides via dual-
mode laser irradiation
Nanorods (~47 nm; AR: Controlled release of drugs MDA-MB-435 tumor in mice In vivo 45
~3.6) through light-mediated
thermal activation
Nanoshells (core: ~138 nm; Reflectance-based probes for Breast cancer cells: SK-BR-3, Ex vivo 46
shell: ~37 nm) tumor imaging HCC-1419, JIMT-1
Nanoshells (core: ~127 nm; Controlled release of drugs - In vitro 47
shell: ~6 nm) triggered by Au shell heating
Nanocages (~40 nm) Drug release and thermal MDA-MB-231 cells In vitro 48
ablation through NIR light
irradiation
Nanocubes (~45 nm) Cell imaging Liver cancer cells (QGY), In vitro 49
embryo kidney cells (293T)
Hollow nanospheres (~30 Photothermal ablation Human squamous carcinoma In vivo and in vitro 50
nm) therapy A431 cells
Hollow nanospheres (~43.5 Photothermal ablation B16/F10 cells In vivo 51
nm; shell: ~3-4 nm) therapy

“ AR: Aspect ratio.

Kim and co-workers®* have recently reported pH-induced
aggregation of gold nanoparticles in mild acidic intracellular
environments. With a relatively small size of 10 nm and
a hydrolysis-susceptible surface, these nanoparticles could be
internalized into cancerous cells and accumulated to form
aggregates. On NIR excitation at different intensities, the particle
aggregates were shown to efficiently destroy cancer cells (Fig. 6).
Pissuwan et al.* have also demonstrated the utilization of plas-
monic heating for destroying 7. gondii, a pathogenic parasite.
They showed that destruction of 7. gondii can be simply achieved
with photoirradiation of antibody-functionalized gold nano-
particles of approximately 20 nm in diameter.

Drug carriers. Gold nanoparticles are ideal drug carriers that
are able to precisely tune the release rate of the drugs attached to
the particles. The kinetic control over drug release is critical for
successful therapeutics. In some clinical studies, the efficacy of
drugs is shown to be enhanced through a slow release process and
prolonged exposure at a given dose. However, there are clinical

cases of good therapeutic effects associated with a rapid release
of drugs at high concentrations. Additionally, gold nanoparticles
of 20-50 nm in sizes are sufficiently large to accommodate
multiple types of drug molecules. Parallel therapeutic applica-
tions can be simultaneously carried out with a nanoparticle in
a controlled manner. An interesting demonstration by Rotello
and co-workers® showed that photocontrolled release of a caged
anticancer drug (5-fluorouracil) can be achieved by using a gold
nanoparticle carrier. The drug molecule is covalently attached to
a 10-nm gold nanoparticle with a nitrobenzyl anchoring group
(Fig. 7a). Upon UV irradiation, the nitrobenzyl group under-
went photolytic cleavage accompanied by the release of the drug
molecule. The drug release process was confirmed through cell
culture studies with the drug-loaded nanoparticles. Optical
micrographs showed the change in cell morphology after incu-
bation of the nanoparticles with the cells for 96 h (Fig. 7b and d).
Fluorescence-microscopy images revealed the suppression of cell
viability, indicating the successful delivery of the anticancer
drugs (Fig. 7c and e). Other different systems of drug delivery
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Hela cells B16 F10 cells

NIH 3T3 cells

Fig. 6 Thermal ablation of HeLa, B16F10, NIH 3T3 cells using gold
nanoparticle aggregates under different laser power intensities. The
marked circles indicate the position of laser spot. (Reprinted with
permission from ref. 64. Copyright 2009, American Chemical Society.)
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Fig. 7 Photoregulated release of anticancer drugs. (a) Scheme showing
the photochemical reaction of 5-fluorouracil attached to a gold nano-
particle. (b, c) Bright-field and fluorescence-microscopy images of the
cells stained with calcein AM dye. (d, e) corresponding bright-field and
fluorescence-microscopy images of the cells treated with the drug-loaded
nanoparticles. (Reprinted with permission from ref. 65. Copyright 2009,
American Chemical Society.)

through use of gold nanoparticle carriers have been put to the
test by the groups of Mirkin, Mukherjee, Kim and Gong.?"-3-6667

Gene therapy and regulation. DNA-modified gold nano-
particles show resistance to cell nuclease degradation and high
cellular uptake. Owing to their enhanced binding properties,
DNA-modified gold nanoparticles have recently been used for
antisense gene control and detection of intracellular RNA.
However, it is challenging to load and transport RNA across cell
membranes by utilizing polyvalent particles, as RNA is generally
less stable than DNA. By using polyvalent RNA-gold nano-
particle conjugates, Mirkin and co-workers®® have demonstrated

Treated

Control

Log Fluorescence

Fig. 8 Cellular uptake of RNA-gold nanoparticle conjugates. (a)
Fluorescence microscopy images of HeLa cells incubated for 6 h with the
conjugates (cyanine 5-labeled RNA). Scale bar is 20 um. (b) Flow
cytometry comparative analysis of nanoparticle-treated cells and
untreated controls. (Reprinted with permission from ref. 68. Copyright
2009, American Chemical Society.)

effective gene regulation in the context of RNA interference. The
as-prepared gold nanoparticles were introduced into HeLa cells
without the need of transfection agents. Confocal imaging
studies revealed fluorescence throughout the cells after treated
with the nanoparticles for 6 h (Fig. 8a). Flow cytometry also
confirmed internalization of the nanoparticles in greater than
99% of the cell population (Fig. 8b).

DNA damaging. Despite their enormous utility as drug
carriers, gold nanoparticles have shown to directly disrupt
regulated cell cycle, thereby causing DNA damage in cancer cells.
As a demonstration of this concept, Kang et al% reported
peptide—gold nanoparticle conjugates that selectively target the
nucleus in cancer cell. In their design, two types of peptides,
arginine-glycine-aspartic acid and nuclear localization signal
peptides, were used to provide cancer cell surface- and nucleus-
specific targeting, respectively. In the presence of the nano-
particles, cytokinesis arrest was observed by dark-field imaging
of living cells in real time, followed by binucleate cell formation
(Fig. 9). However, for untreated cells and cells with nanoparticles
present in the cytoplasm, no disruption of cell cycle was
observed. The efficient disruption of the cell cycle was evident
due to the preferential attachment of the peptide-gold nano-
particle conjugates to the cell nucleus.

Cell-membrane penetration. Nanoparticle penetration into cell
membranes without bilayer disruption is important for efficient
therapeutics. Nanoparticles are typically internalized into cells
by passing cell plasma membranes through endocytosis.

Fig. 9 Real-time images of cancer cell division showing an apparent
cytokinesis arrest (h) followed by binucleate cell formation (i, j) in the
presence of 0.4 nM nuclear-targeting gold nanoparticles. This phenom-
enon was not observed in controls without particle incubation (a—e). Red
stars indicate the nuclei. Scale bar: 10 um. (Reprinted with permission
from ref. 69. Copyright 2009, American Chemical Society.)
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However, unlike cell-membrane penetration by some bio-
macromolecules (e.g., cell-penetrating peptides), the membrane
penetration by nanoparticles often induces overt lipid bilayer
disruption.” Membrane disruption is a toxic effect that hampers
the use of the nanoparticles for drug delivery. Indeed, controlling
the balance between the level of penetration and potential risk of
membrane disruption is one of the key challenges in designing
therapeutic nanomaterials. Stellacci and co-workers™ have
recently presented an innovative strategy for delivering nano-
particles into the cellular cytoplasm without bilayer disruption.
Inspired by the ordered amphiphilic structure of some cell-
penetrating peptides, they modified gold nanoparticles of ~6 nm
with a shell of alternating hydrophobic and hydrophilic ligands.
Investigation by scanning tunneling microscopy showed that
these ligands are regularly arranged in ribbon-like domains of
alternating composition (Fig. 10a). Importantly, the rippled
particles were able to penetrate cell membranes at 37 and 4 °C
without notable evidence of membrane disruption. In stark
contrast, particles with identical hydrophobic content only
exhibited moderate cell-penetrating abilities.

3.2 Nanorods

In contrast to spherical gold nanoparticles, gold nanorods
exhibit a characteristic longitudinal surface plasmon in addition
to a transverse surface plasmon. The longitudinal surface plas-
mon provides a much larger extinction coefficient than the
transverse mode due to oscillation of electrons in the long
direction of the nanorod. Consequently, gold nanorods exhibit
strong extinction peaks in the upper visible or NIR parts of the
spectrum. By tailoring the aspect ratio of the rods, one can
readily tune the position of the extinction peak (Fig. 11a). Gold
nanorods with aspect ratios of between 3 and 4 exhibit optical
absorption spectra with peak maxima that fall between 700 and
900 nm, the so-called “medical spectral window™ (or tissue

(a)

(b) (d)

Fig. 10 Cell-membrane penetration through use of rippled nano-
particles coated with a binary hydrophilic and hydrophobic thiolated
molecules. (a) Schematic diagrams of the ligand shell structure of the
nanoparticles and corresponding scanning tunneling microscopy images
(scale bars are 5 nm). (b-d) Upper panels: fluorescence images with an
intensity scale bar. Lower panels: brightfield/fluorescence overlay images
of dendritic cells incubated with (b) 11-mercapto-1-undecanesulfonate
(MUS); (c) a binary mixture of MUS and 1-octanethiol; and (d) the
nanoparticles modified with MUS and 1-octanethiol for 3 h in serum-free
medium at 37 °C. (Reprinted with permission from ref. 70. Copyright
2008, Nature Publishing Group.)
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Fig. 11 Tuning surface plasmon resonance of gold nanorods into NIR
window. (a) Absorption spectra of gold nanorods with aspect ratios
ranging from 2.4 to 5.6. (b) Absorption spectra of deoxy-hemoglobin
(Hb), oxyhemoglobin (HbO,) and water. (Reprinted with permission
from (a) ref. 42 and (b) ref. 71. Copyright 2006 and 2001, respectively,
American Chemical Society and Nature Publishing Group.)

window)” associated with minimum absorption of light in most
human tissues (Fig. 11b).

El-Sayed and colleagues** have pioneered the application of
nanorods for photothermal therapy. In their work, the nanorods
were conjugated to anti-epidermal growth factor receptor (anti-
EGFR) and then incubated with one nonmalignant epithelial cell
line (HaCaT) and two malignant epithelial cell lines (HOC313
clone8 and HSC3) for 30 min at room temperature. The cell
solutions were exposed to the NIR laser irradiation and subse-
quently stained with trypan blue for cell viability test. They
found that the malignant cells were destroyed at about half the
laser fluence needed for destroying nonmalignant cells. In a more
recent demonstration of using gold-silver hybrid nanorods, Tan
and co-workers” showed that aptamer-conjugated nanorods can
target specific tumor cells. Following laser irradiation at 808 nm,
about 50% of the target cells were destroyed at a laser power of
600 mW.

The use of multifunctional gold nanorods for drug and gene
delivery has also been reported. For example, Chakravarthy
et al™ have recently reported nanorod-mediated delivery of
single-stranded RNA (ssRNA) for treatment of seasonal and
pandemic flu. The nanorods were functionalized with 5PPP-
ssRNA to form biocompatible nanoplexes. They observed that
the binding of an ionic RNA to cationic nanorods reduced
overall charge of the nanoplex, thereby enabling increased
uptake of the nanoplex into the target cell.

3.3 Nanoshells

Gold nanoshells have also shown prospects as tunable plasmonic
absorbers. Zhang and co-workers®-57475 have shown that the
plasmon resonance and peak absorption efficiency in nanoshells
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Fig. 12 (a) UV-visible absorption spectra of nine hollow gold nano-
particle (HGN) samples with varying diameters and wall thicknesses. (b)
Image showing color range of HGN solutions. The vial on far left
contains solid gold nanoparticles, the remainder are HNGs with varying
diameters and wall thicknesses. (Reprinted with permission from ref. 74.
Copyright 2006, American Chemical Society.)

(b)

Fig. 13 Various forms of therapeutic gold nanoshell structures. (a)
Silica/polymer—gold core-shell particle. (b) Gold nanoshell particle
without the core. (c) Gold cluster-coated liposome particle. (d) Polymer—
gold core-shell particle. (¢) Janus-type core-shell particle. (f) Gold
coated-carbon nanotube. (g) Gold coated-metal oxide nanoparticle
chain. (h) Multi-layered gold nanoshell particle.

can be precisely tuned by controlling the shell thickness (Fig. 12).
The most common gold nanoshell structure is a thin layer of gold
shell formed on a silica or polymeric nanocore (Fig. 13a). The
core—shell structure was made in the exploitation of its plasmon
resonance for applications such as thermal ablation, tumor
imaging and thermal-triggered drug delivery.*®’¢"” The applica-
tion of gold nanoshells for photothermal therapy of cancer was
first established by Halas and colleagues in 2003.7° In their work,
gold nanoshells made by using silica nanoparticle templates were
used to target breast carcinoma cells. On NIR irradiation, the
temperature in the vicinity of the target increased to a range
between 40 to 50 °C and subsequently destroyed the carcinoma.
In addition to silica/gold core-shell structures, gold hollow
nanoparticles can be regarded as another type of nanoshell
structures (Fig. 13b). The hollow structures can provide high
capacity of drug loading and generate strong photothermal

effects because of their strong surface plasmon absorption band
centered in the NIR region.

Much work has recently gone into the development of more
complex core-shell nanostructures for specific therapeutic
applications. Romanowski and co-workers*” have reported
a new method for light-triggered content release from liposomes
coated with a shell-shaped array of discrete gold clusters. In
response to irradiation of a NIR light, the metastable liposomes
can undergo a phase-transition as the energy absorbed by the
gold clusters is converted into heat. This enables light-controlled
release of the drug content entrapped by the liposomes
(Fig. 13c¢).

Yang et al.”® have fabricated a nanotherapeutic system con-
sisting of a doxorubicin-loaded biopolymer matrix and a gold
overlayer. This system has a dual function as the therapeutic
agent carrier and heat-generating probe (Fig. 13d). The combi-
nation of chemotherapy and photothermal treatment may lead
to substantial improvement of therapeutic effectiveness. As
a parallel development, Yoo and co-workers” have reported the
facile delivery of doxorubicin via a Janus-type half-shell structure
(Fig. 13e). A multimodal therapeutic system based on gold-
plated carbon nanotubes has also been reported for targeting
lymphatic vessels in mice (Fig. 13f).%° To enhance the efficiency of
drug delivery, Yu and co-workers have fabricated hydrophilic
magnetic yolk/shell nanoparticles.®! These nanoparticles have the
feature of a cobalt core and a porous gold nanoshell. Under an
external magnetic field, the nanoparticles form an interesting
“peas in a pot” structure that can be used as a nonviral vector for
gene delivery and transfection (Fig. 13g). Multifunctional
magnetic gold nanoshells (Fig. 13h) have also been demonstrated
by the groups of Hyeon, Li, Haam, Diaz and Chen.”®#>% More
recently, Gao and co-workers®” have developed an interesting
type of magnetic gold nanoshells composed of an iron oxide core,
a dielectric polymer middle layer and a gold shell. These multi-
functional nanoparticles exhibited multimodal imaging capabil-
ities highly sensitive to optical, magnetic and thermal
stimulation.

The photothermal conversion efficiency between gold nano-
rods and nanoshells has been a matter of much debate. Yeh and
co-workers®® demonstrated that the conversion efficiency of gold
nanoshells is greater than that of gold nanorods, as quantified by
measuring the number of the particles required to kill malignant
cells under identical reaction conditions. El-Sayed and co-
workers,® however, concluded that in terms of absorption and
extinction, nanorods are an order of magnitude more effective
than nanoshells containing a similar volume of gold. To compare
gold nanorods and nanoshells in photothermal conversion effi-
ciency on the basis of overall particle volume, Maltzahn et al.*°
have carried out both computational and experimental studies.
They observed that nanorods exhibited an extinction coefficient
three times higher than nanoshells. The low absorption efficiency
of nanoshells at a given wavelength can be, in part, attributed to
considerable electron scattering effects that result in the prob-
lems of attenuation and broadening of the plasmon resonances.
On a practical level, unlike nanorods with surface plasmon
resonance readily tunable into the infrared by increasing their
aspect ratios, such tuning in nanoshells may present a substantial
challenge as the shell thickness has to be reduced to problematic
dimensions (~5 nm).
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3.4 Nanocages

Gold nanocages are a novel class of therapeutic nanomaterials
with hollow interiors and porous walls.”* Developed by Xia
and co-workers, these nanocages have cubic shape with pores
formed in the clipped corners of the cubes. The nanocages have
strong absorption in the NIR spectral region, which is useful for
developing NIR-mediated drug-release systems. For example,
Xia and co-workers®! have recently demonstrated the application
of such a nanocage system for controlled drug release (Fig. 14).
Gold nanocages were prepared by the galvanic replacement
reaction between silver nanocube precursors and HAuCl, (or
HAuCl,) in an aqueous solution. The nanocages were covered
with a monolayer of smart polymers composed of poly(N-iso-
propylacrylamide) and its derivatives. The polymers serve as
molecular switches that change conformation in response to
small variations in temperature. On exposure to a NIR laser with
a wavelength matching the absorption peak of the gold nano-
cage, the light was absorbed and converted into heat through the
photothermal effect. The heat subsequently dissipated into the
polymers and allowed the nanocages to switch to the on state.
The drug release can be switched off if the polymers changes back
to their original, extended conformation by turning off the
external laser. Importantly, a precise control over the drug
dosage can be achieved through fine tuning of the irradiation
time or laser flux density on the nanocages.

4. Magnetic nanoparticles

Magnetic nanoparticles are an important class of nanomaterials
that consist of typical magnetic elements such as iron, nickel,
cobalt, manganese, chromium and gadolinium, as well as their
chemical compounds. Recently, these materials have attracted
significant interest in biomedical research because they provide
advanced therapeutic capabilities with dual-mode manipulation
controlled either by using a magnetic field or through surface
ligand engineering.

From a therapeutic point of view, the suitability of magnetic
nanomaterials is largely determined by three factors: toxicity,
magnetic performance and biocompatibility.***> According to

Laser off

Laser on

P L P e e .

Fig. 14 (a) TEM image of polymer-coated Au nanocages prepared by
Xia and co-workers. The photo shows a high-magnification TEM image
of a gold nanocage. (b) Schematic representation of laser light-responsive
conformation change of the polymer that leads to the release of the drug
molecules encapsulated in the nanocage. (Reprinted with permission
from ref. 91. Copyright 2009, Nature Publishing Group.)

the present clinical standards iron and manganese elements are
considered nontoxic, whereas cobalt and chromium are highly
toxic to biological systems. Therefore, magnetic nanomaterials
based on the nontoxic elements, especially iron and its oxidized
form, have been widely investigated for therapeutic
applications.*¢-1%°

In addition to iron-based nanoparticles, various types of
magnetic nanomaterials based on lanthanide-doped nano-
particles have been systematically explored. For example,
Gd**-doped nanoparticles have been used in thermal therapy for
treatment of cancer due to their high specific power adsorption
rate.’® Other lanthanide dopant ions (such as Sm**, Eu**) have
also been utilized to fine tune the magnetic property of the
nanoparticles.'®* Reliable magnetic performance is another
significant requirement to a magnetic nanosystem, but the
performance of some metal and alloy nanomaterials (e.g., Fe and
FeCo nanoparticles) with high magnetization is often compro-
mised by their ease of oxidation and corrosion. However, these
limitations can be overcome through a proper surface coating of
the nanomaterials with biocompatible substances such as poly
(ethylene glycol) (PEG), dextran, carbon or inert metals.

Sun and colleagues'® have recently developed iron oxide
nanoparticles with four types of PEG polymers covalently teth-
ered to the particle surface via the chelating o-catechol moiety of
dopamine. These nanoparticles exhibited excellent aqueous dis-
persity. Another notable demonstration was reported by Seo
et al.'*® who developed a chemical vapour deposition technique
to manufacture FeCo nanocrystals coated with a thin graphitic
shell. Because of surface coverage of the graphitic shell, these
nanoparticles exhibited good biocompatibility and no obvious
toxicity issues under both in vitro and in vivo investigations.

Magnetic nanoparticles covered with a biocompatible coating
and functional ligands may serve as powerful platforms for
therapeutic use in advanced magnetic resonance imaging (MRI),
drug delivery, gene regulation, hyperthermia cancer therapy
and cell tracking (Table 2).!2'7'>5 In one example, Sun and
co-workers'?¢ have synthesized dumbbell-like Au-Fe;O4 nano-
particles surface-modified with platin molecules and Her2-
specific antibody (Fig. 15). After incubation of the platin—
nanoparticle conjugates with Sk-Br3 and MCF-7 cells, light
microscopy experiments showed that the conjugates bind to Sk-
Br3 cells with greater affinity than the MCF-7 cell control. The
specific targeting thus enables efficient delivery of platinum-
based anticancer drugs to malignant cells. Sun and co-workers'!?
have also developed biocompatible FePt nanoparticles that are
stable under neutral pH conditions in a tumor cell, but capable of
releasing Fe content under a low pH (4.8) environment. The
hydrogen peroxide generated by mitochondrial respiration can
be converted by the Fe catalyst into highly reactive oxygen
species (ROS) such as hydroxyl radicals. This could lead to
membrane lipid oxidation and cell death. Coupled with cancer-
targeting antibody or peptide (e.g. luteinizing hormone-releasing
hormone peptide), the FePt nanoparticles should provide
promising applications to target-specific therapeutics (Fig. 16).

5. Luminescent nanoparticles

Conventional fluorescent probes, such as dye molecules and
metal-chelating complexes, are frequently used biomarkers for
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Table 2 Selected magnetic nanomaterials in therapy”

Composition Size Therapeutic mechanism Therapeutic targets Experimental conditions  Ref
Polymer-Fe;0,4 Janus Fe;04 (~5 nm) Magnetolytic therapy Prostate tumor LNCaP cells  In vitro 103
particles

Dextran-coated iron ~30 nm MMOCT and 3D MRI Inbred Wistar—Furth female  In vivo and ex vivo 104
oxide particles rats

Polylactide-based ~263 nm Drug delivery Rat carotid stenting In vivo 105
Fe;0, particles

Fe;04-silica hybrid Silica (~70 nm); MRI and drug delivery B16-F10 cells in vitro and In vitro and in vivo 106
particles magnetite (~8.5 nm) mouse tumor in vivo

Sugar-coated Fe;O4 ~6 nm MRI and cell adhesion B16-F10, B16-F1, MCF-7, In vitro 107
particles suppression TA3-HA and TA3-ST cells

PEG-coated iron ~13.5 nm MRI Mouse xenograft tumor and  In vivo 108
oxide particles tissue

BSA-based CoFe,04 CoFe,04 (~6.7 nm) MRI and hyperthermic HeLa cancer cells In vivo and in vitro 109
particles therapy

Hap and NBM coated  ~300 nm Magnetofection and cell Mesenchymal stem cells In vitro 110
Fe;0,4 particles therapy

Au-coated Fe/Ni Disc thickness (~60 nm)  Mechanical force N10 cells In vitro 111
permalloy discs intervention

PAH/PAA-coated Core (15-20 nm); shell Platinum anti-cancer Prostate cancer PC3 cells In vitro 112
Fe;0, particles (8-70 nm) drug delivery

Phospholipid-coated ~9 nm Reactive oxygen-mediated ~ A2780 cells In vitro 113
FePt particles cell damage

Lipid-coated Fe;04 ~40, 71, 146 nm Gene delivery and silence MKN-74- and NUGC- In vivo and in vitro 114
particles 4-innoculated mice

Lentiviral vector- — Gene transfer Mouse carotid artery In vivo and ex vivo 115
coupled particles

PEG/dopamine- ~12 nm Drug delivery and release HeLa cells In vitro 116
coated Fe;O4

particles

Silica-coated Fe;04 Fe;04 core (~15 nm); MRI and drug delivery Mouse tumor In vivo 117
particles shell (~40 nm)

MFL AS: commercial ~15 nm Hyperthermic therapy Prostate cancer In vivo 118

magnetic particles

“ MMOCT: Magnetomotive optical coherence tomography; MRI: magnetic resonance imaging; BSA: bovine serum albumin; Hap: hydroxyapatite;
NBM: natural bone mineral; PAA: poly(acrylic acid); PAH: poly(allylamine hydrochloride).

biochemical and cellular assays as they enable researchers to
encode chemical information with almost unsurpassed sensi-
tivity. These molecular probes also have tremendous promise in
accelerating the drug evaluation process.

(@ oo,

Most common

N N /NHg
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o’ NH;
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Fig. 15 (a) Schematic diagram of the dumbbell-like Au-Fe;O4 NPs
coupled with herceptin and a platin complex for target-specific platin

delivery. Reflection images of (b) Sk-Br3 and (c) MCF-7 cells after
incubation with the same concentration of platin—-Au-Fe;O4—herceptin
NPs. (Reprinted with permission from ref. 126. Copyright 2009, Amer-
ican Chemical Society.)

Copyright 2009, American Chemical Society.)

molecular probes, however, have significant drawbacks for
therapeutic and diagnostic imaging applications. These draw-
backs include low photostability, broad emission spectra and the

Fig. 16 Schematic diagram showing the release of Fe content from FePt
nanoparticles in a malignant cell and tumor inhibition by ROS generated
from the Fe-catalyzed reaction. (Reprinted with permission from ref. 113.
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need of different excitation wavelengths for multiplexed cell
labeling and molecular tracking.'*” Recent reports have demon-
strated that semiconductor quantum dot and upconversion
nanoparticle labels can overcome the limitations associated with
molecular probes and positively impact the field of therapeutics.

5.1 Semiconductor quantum dots

Semiconductor quantum dots are nanometer-sized particles of
group II-VI or III-V atoms from the periodic table of elements.
These nanoparticles are smaller than the exciton Bohr radius
(typically 1-10 nm in size)."*>'3° As a result, quantum dots
exhibit quantum confinement effects, resulting in optical prop-
erties that are significantly different than the corresponding bulk
material. By varying particle size and chemical composition, the
fluorescence emission can be fine-tuned from blue up through the
infrared.’®'%¢ For example, cadmium sulfide (CdS) and zinc
selenide (ZnSe) dots can be prepared to emit blue to near-UV
light, while cadmium selenide (CdSe) can emit light across the
entire visible spectrum.’” In 1998, Alivisatos'*® and Nie?” inde-
pendently demonstrated that quantum dots can be made water
soluble and tagged to biological molecules. Since then, quantum
dots have attracted widespread interest in biology and medicine
for tagging and tracking biological species. Although there are
concerns over cytotoxic effects with the quantum dots in 2D
cultures, recent studies by Kotov and colleagues'*® have shown
that the cytotoxic effects are significantly minimized in the 3D
spheroid cell cultures (Fig. 17).

Tumor targeting and imaging. In contrast to commercial
organic fluorophores, quantum dots exhibit slightly low
quantum yields of 40-50%. This is compensated by the high
molar extinction coefficients of such particles at 10°-10° M ™!
cm™!, which is 10-100 times larger than those for typical organic
fluorophores.'*® The quantum dots are also highly resistant to
photobleaching, which enables visualization of biological
samples over extended periods of time. Studies have shown that
CdSe dots can be made to seep into cancerous tumors in the
body. When exposed to light, the particles emit visible light for
visualization of sick cells in vivo.'* 1% An elegant example was
demonstrated by Nie and co-workers'” for in vivo tumor tar-
geting and imaging by single chain epidermal growth factor
receptor (EGFR) antibody conjugated quantum dots (Fig. 18).
After systemic delivery, efficient internalization of the nano-
particles into pancreatic cancer cells was clearly observed.

Photodynamic therapy. Despite their significant potential
benefits to drug delivery and imaging, quantum dots were not
utilized for direct cancer therapy until 2003 in the demonstration
by Samia et al'*® They showed that quantum dots can exhibit
cytotoxic effects, mediated by UV irradiation, as a means of
killing malignant cells. Quantum dots in their “dark states” can
transfer energy through a mechanism termed as triplet energy
transfer (TET) to molecular oxygen and induce the generation of
reactive oxygen species (Fig. 19a). Alternatively, quantum dots
can act as cofactors to promote the effect of conventional pho-
tosensitizing agents used in photodynamic therapy (PDT) via
Forster resonance energy transfer (FRET) (Fig. 19b). Quantum
dots offer several advantages over conventional molecular

Fig. 17 Comparison of 2D and 3D cultures of HepG?2 cells after incu-
bation with CdTe nanoparticles for 12 h. (a) and (c) optical images of
normal 2D and 3D spheroid cultures, respectively. (b) and (d) The cor-
responding optical images of 2D and 3D cell cultures after incubation
with the particles, respectively. The 2D culture showed a dramatically
different morphology, while no significant change was observed for the
3D culture. (Reprinted with permission from ref. 128. Copyright 2009,
Wiley-VCH Verlag GmbH & Co. KGaA.)

photosensitizers. They have large absorption cross-section,
persistent generation of singlet oxygen ('O,) under prolonged
and repetitive irradiation, and the possibility to generate 'O,
under excitation in the NIR spectral region where biological
tissues are optically transparent. Relative to conventional
photosensitizers with 'O, yields ranging from 40 to 60%,
quantum dots typically have a low 'O, quantum yield (~5%),
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Fig. 18 Specificity examination of ScFVEGFR-conjugated quantum
dots for targeting tumor cells. (a) Schematics showing polymer coating of
quantum dots and bioconjugation with Ni-NTA. (b) Comparative
optical images of tumor cells incubated with or without the particles.
Selective internalization of the particles in tumor cells was determined
using cancer cell lines expressing a high (MDA-MB-231) level of EGFR.
Strong red fluorescent signal was detected inside MDA-MB-231 cells
incubated with the particles, but not with non-targeted particles.
(Micrographs are reprinted with permission from ref. 153. Copyright
2009, Wiley-VCH Verlag GmbH & Co. KGaA.)
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Fig. 19 Two possible pathways of quantum dot-induced generation of
singlet oxygen. (a) The quantum dot (QD) directly interacts with
molecular oxygen through triplet energy transfer (TET) to generate
singlet oxygen. QD with energy of triplet state larger than 0.97 eV (the
energy of singlet oxygen) is required to activate triplet oxygen. (b) QD
acts as a cofactor to promote the effect of a conventional photosensitizer
(PS) through FRET.

possibly due to carrier trapping by surface defect sites and
nonradiative carrier recombinations.'*® "% Nevertheless, the
effectiveness of quantum dots to provoke apoptosis in tumor
cells can be increased by prolonged photoactivation.'**-!2 It may
also be possible to improve the 'O, generation by reducing the
defect sites through additional surface passivation.

The concept of using quantum dot-photosensitizer hybrid
systems for PDT was first envisaged by Samia er al,'*® who
demonstrated a non-covalent mixture composed of 5-nm CdSe
quantum dots and a silicon phthalocyanine (Pc4) photosensi-
tizer. Encouragingly, a FRET efficiency of 77% was obtained in
this system. As quantum dots can be excited by any wavelength
spanning from the visible to NIR spectral regions, construction
of quantum dot-photosensitizer systems through a variety of
chromophores or acceptors is possible by selecting appropriate
quantum dot donors.’® Although non-covalent mixing of
quantum dots and photosensitizers is applicable to the FRET
process, covalent conjugation of the photosensitizers with
quantum dots is desirable. Such preference is relevant for effi-
cient 'O, production as the transfer rate varies inversely with the
sixth power of the donor—-acceptor separation. A recent review by
Medintz and Mattoussi*®* provides excellent and extensive
coverage of various donor—acceptor systems.

Quantum dots are enormously exciting new materials for
PDT, but they still have significant problems with cytotoxicity,
biocompatibility and complex photophysics such as blinking.
The cytotoxicity problem of quantum dots can be somewhat
ameliorated by coating with silica and polymer layers'®s or
through use of heavy metal-free quantum dots.'*® The efficacy of
quantum dot-based systems for in vivo PDT studies is an addi-
tional major challenge to overcome. Therefore, the fabrication of
quantum dot-photosensitizer systems that enable improved
therapeutic effects in living organisms would be highly desirable.

5.2 Lanthanide-doped upconversion nanoparticles

Lanthanide-doped nanoparticles typically comprise an insu-
lating host material and lanthanide dopant ions embedded in the
host lattice.?*'s’762 The luminescence of lanthanide-doped
nanomaterials primarily originates from intra-configurational 4"
electron transitions within the localized dopant ions. In stark
contrast to quantum dots, quantum confinement effects are
typically not expected in lanthanide-doped nanomaterials due to

small Bohr radius of the exciton in the host, as well as weak
interaction between the 4f” electrons of the dopant ions and the
host material. As a result, the luminescence properties of
lanthanide-doped nanomaterials closely resemble those of the
bulk counterparts. The emission profiles of lanthanide-doped
nanomaterials are usually manipulated by varying dopant
compositions and concentrations in the host lattice.'s3-173

As lanthanide-doped nanoparticles generally contain nontoxic
elements and offer extremely stable luminescence against photo-
bleaching and optical blinking, they have been suggested as
alternatives to quantum dots as luminescent probes for
biomedical studies. For example, Alexandrou and co-workers'7*
have demonstrated specific targeting and imaging of Na* chan-
nels in live cardiac myocytes by using guanidinium-functional-
ized YVO4Eu nanoparticles. They showed that the
nanoparticles are individually detectable in the heart muscle cells
without emission intermittency, thus providing potential use for
long-term single molecule tracking. However, little progress has
been made on biomedical applications of these nanoparticles in
recent years. This is mainly attributed to the need of deep
ultraviolet excitation which is harmful to biological systems.
Therefore, current research on lanthanide-doped nanoparticles is
primarily focused on those capable of converting NIR excitation
into the visible range in a process known as photon upconversion
(UC). 22175178

Photon UC processes are unique nonlinear optical phenomena
that convert two or more low-energy pump photons into
a higher-energy output photon through sequential photon
absorption. Such anti-Stokes processes, recognized in the mid-
1960s, have attracted significant research interest for their
applications in optical devices such as infrared quantum counter
detectors and compact solid state lasers. The current focus on
UC-based bioimaging and therapy owes to the foundations of
nanoscience laid down with the discovery of synthetic methods
for preparing ultrasmall UC nanoparticles in late 1990s.

Advances in synthetic methods. As discussed earlier, nano-
particles for biomedical application should have a small particle
size and good dispersity for integration with biological molecules
and macromolecules. To this end, a variety of techniques,
including coprecipitation, thermal decomposition, hydrothermal
synthesis, sol-gel processing, combustion and flame synthesis,
have been developed for the synthesis of UC nanoparticles
featuring high crystallinity, dispersity, and well-defined crystal
phase and size (Fig. 20).!122217L179-18L184-204 Aq an outstanding
demonstration, Murray and co-workers'” have shown that
monodisperse NaYF,4 nanoparticles with controlled shapes can
be prepared by using the thermal decomposition method. They
showed that under appropriate conditions the as-synthesized UC
nanoparticles can be assembled into large-area superlattices
(Fig. 20a and b). However, one of the constraints associated with
these techniques is the need of simultaneous control over
a number of reaction conditions, such as high reaction temper-
ature and prolonged reaction time. Recently, we have developed
a Gd**-doping method that allows the facile formation of UC
nanoparticles with small feature size and controlled crystal phase
(Fig. 20e).'®2 The lanthanide-doping approach to phase trans-
formation was also confirmed by several other groups.2*>-2%7
More recently, Wang and co-workers'®*?*® have extended the
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Fig. 20 (a, b) Transmission electron microscopy (TEM) images by Murray and co-workers showing monolayer superlattices of monodisperse NaYF,
nanorods that are oriented parallel and vertically to the substrate, respectively. Inset (a) shows the corresponding small-angle electron diffraction
(SAED) pattern. The upper right and lower right insets of (b) are the corresponding wide-angle electron diffraction patterns (SAWED) and SAED
patterns, respectively. (c) Scanning electron microscopy (SEM) image of lanthanide-doped YF3; nanooctahedra fabricated by Qin and co-workers. (d)
SEM image of the NaYF4-polyvinylpyrrolidone composite fibers fabricated by Song and co-workers. (¢) TEM images showing simultaneous phase and
size control of NaYF, nanoparticles through Gd** doping by Liu and co-workers. (f) TEM images showing simultaneous phase and morphology control
of CeF3 nanoparticles through Ca** doping by Wang and co-workers. (Reprinted with permission from (a, b) ref. 179, (c) ref. 180, (d) ref. 181, (e) ref. 182
and (f) ref. 183. Copyright 2010, 2009, 2008, 2010, 2011, respectively, National Academy of Sciences, USA, Elsevier B.V., American Chemical Society,

Nature Publishing Group and Royal Society of Chemistry.)

doping strategy for the controlled synthesis of MF, (M = Ca, Sr
and Ba) and LnF; (Ln = La, Ce and Pr) nanoparticles (Fig. 20f).

Emission enhancement. The emission profile of common UC
nanoparticles is influenced by the particle size and solvents,
restricting their capacity to visualize molecular or cellar activities
under varying physiological conditions. To overcome particle
size-induced loss in UC emission intensity, core-shell nano-
particles that comprise a particle core and an epitaxial shell
coating have been prepared by the research groups of Yan,
Capobianco, Chow, van Veggel, Patra, Chen and Hasse.?**2!¢ In
the core—shell design, lanthanide dopants are confined within the
core particle and protected from surface quenching by solvent
and ligand molecules. For example, we have recently observed
a luminescence enhancement of nearly 500 times for NaGdF,:
Yb/Tm nanoparticles (~10 nm) coated with 2.5-nm thick
NaGdF, shells.?”

Alternatively, the emission intensity of UC nanoparticles can
be enhanced by coupling the particles to metallic surfaces.?'#2*
One study by Yan and co-workers®'® determined that enhance-
ment factors of 2.3 and 3.7 are obtained for green and red
emission of NaYF,:Yb/Er nanoparticles through use of silver
nanowires (Fig. 21a). Their controls showed that the emission
enhancement is highly dependent on the size of metallic nano-
wires. In a parallel development, Schietinger and co-workers*"®
have reported increased UC emission for a single NaYF,: Yb/Er
nanoparticle in the vicinity of gold nanospheres. Changes in
excitation and emission processes were correlated with plasmonic
effects of the metal particles (Fig. 21b). Plasmonic modulation of

UC emission in UC nanoparticles has also been demonstrated by
Duan and co-workers (Fig. 21c, d).?*! However, the challenge
remains for preparing such hybrid nanoparticles on large scale by
using a convenient synthetic method.

Bioconjugation and imaging. The bioconjugation of UC
nanoparticles as contrast agents for biomedical diagnosis and
imaging has been extensively investigated by a number of inde-
pendent research groups. Several important conclusions can be
drawn from these studies. First, it is clear that the UC nano-
particles can offer high signal-to-noise ratios and thus high
sensitivity assays.'*??*22 Second, these nanoparticles do not
suffer from photo-blinking (intermittent emission), enabling
reliable single-molecule tracking.?*23° In addition, we could
directly use UC nanoparticles in high contrast in vivo imaging for
probing dynamic events in living cells and transparent organism
studies.?’>?31-2% Imaging of organs and organ function in vivo has
mainly been advanced by magnetic resonance imaging (MRI),
positron emission tomography (PET) and ultrasound techniques.
These technologies provide molecular selectivity, but lack
substantial spatial resolution. Kobayashi er al.>** reported use of
NaYF, nanocrystals for imaging lymphatic channels and nodes
of mouse with remarkable spatial resolution (Fig. 22a). They
demonstrated that the UC nanoparticles are sufficiently bright to
enable in situ imaging during surgery. In a more recent devel-
opment, Liu and co-workers*** showed that multicolored UC
nanoparticles can be used for multiplexed in vivo lymph node
mapping (Fig. 22b). In contrast to the detectability with
quantum dots, a greater than 10-fold improvement was obtained
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Fig. 21 (a) UC emission enhancement through use of silver nanowires
by Yan and co-workers. (b) Tuning emission by Schietinger and co-
workers of a single UC nanoparticle in the vicinity of gold nanoparticles
through controlling the inter-particle distance. (c) Emission enhancement
through gold sputtering by Duan and co-workers. The emission spectra
of NaYF,:Yb/Er nanoparticles were obtained upon 980 nm excitation of
the particles with or without the sputtered gold at varied power densities.
(d) Corresponding confocal luminescence images of the particles with or
without sputtered gold. The metal-induced enhancement in UC emission
is evident. (Reprinted with permission from (a) ref. 218, (b) ref. 219 and
(c, d) ref. 221. Copyright 2009, 2010, 2011, respectively, Royal Society of
Chemistry and American Chemical Society.)

Spectral imaging  Single shot imaging

White light

Fig. 22 (a) Spectral and single-shot lymphatic imaging with NIR-to-
NIR UC nanoparticles. (b) Multiplexed imaging of a nude mouse with
multicolor UC nanoparticles. (Reprinted with permission from (a) ref.
222 and (b) ref. 223. Copyright 2009, 2010, Royal Society of Chemistry
and Tsinghua University Press and Springer.)

by using UC nanoparticles. Combination of different therapeutic
modalities is also possible for multimodal imaging with nano-
meter spatial resolution and molecular selectivity. To enable
correlation of different types of imaging, a primary approach is

30pm

Fig. 23 (a—c) Luminescence and MR imaging using NaYF,:Yb/Er/Gd
nanoparticles by Prasad and co-workers. (a,b) Confocal images of Panc 1
cells treated with non-bioconjugated and anti-claudin 4-conjugated
particles, respectively. (¢) 7T- and T>-weighted MR images of particles
doped with varying Gd** content. (d—f) Multimodal imaging using '*F-
labeled NaYF,4:Gd/Yb/Er nanoparticles by Li and co-workers. (d) Cross-
sectional MR images of the mouse liver (region 1) and spleen (region 2)
taken after injection of the particles for 15 min. (¢) Whole-body PET
image acquired at 15 min after intravenous injection of the particles. (f)
Overlaid images of liver and spleen sections stained with the particles.
(Reprinted with permission from (a—c) ref. 240 and (d-f) ref. 242.
Copyright 2009, 2011, respectively, Wiley-VCH Verlag GmbH & Co.
KGaA and Elsevier B.V.)

to construct particle probes that can be monitored by multiple
modalities at once.?**** For example, Prasad and co-workers**®
have doped lanthanide ions with upconverting (Yb/Er) and
magnetic (Gd) properties in NaYF,4 nanoparticles for dual-mode
optical imaging and MRI (Fig. 23a—c). More recently, Li and co-
workers**? developed a new generation of 'F-labeled NaYF,:
Gd/Yb/Er nanoparticles that possess radioactivity, magnetism
and UC luminescence properties (Fig. 23d-f). They also
demonstrated use of the particles for in vivo PET, MRI and ex
vivo UC luminescence imaging. This study is important as it
enhances the sophistication by which physiological processes can
be examined, from biomolecular events occurring at the cellular
level to the coordinated whole-body functions.

Drug delivery. UC nanoparticles have also been used to store
and deliver drugs. The synthesis of porous particles is
a straightforward solution to developing drug carriers. However,
rational control of the pore size and density without affecting UC
emission of the particles is practically inaccessible. An attractive
alternative is to coat the particles with a porous silica layer which
is permeable to drug molecules. In one example, Lin and co-
workers*** developed a bifunctional core-shell nanocomposite
comprising a Gd,O;:Er core and a mesoporous silica shell
(Fig. 24a-d). As a proof-of-concept experiment, they showed
that ibuprofen molecules, adsorbed onto the surface of meso-
porous silica in hexane solution, can be released to media
mimicking body fluids by a diffusion-controlled mechanism. By
using a similar method, Zhang and co-workers*** have prepared
core-shell LaF;:Yb/Er nanoparticles (Fig. 24e-i). Parallel
advances have also been made by Branda and co-workers?*24’
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Fig.24 (a) Synthetic scheme developed by Lin et al. for core—shell Gd,O5:
Er@nSiO,@mSiO, nanoparticles. (b—d) Corresponding TEM images of
the Gd,0; particles obtained at different stages. (¢) Synthetic scheme
developed by Zhang et al. for core-shell LaF;:Yb/Er@nSiO,@mSiO,
nanoparticles. (f-1) Corresponding TEM images of the LaF; particles
obtained at different stages. (Reprinted with permission from (a—d) ref.
244 and (e-1) ref. 245. Copyright 2011, 2010, respectively, Royal Society of
Chemistry and Wiley-VCH Verlag GmbH & Co. KGaA.)

on the controlled release of cage compounds through use of UC
nanoparticles, providing an effective route to spatial and
temporal control of drug delivery.

Temperature monitoring. The green emission of Er’" ion
consists of two distinct bands at 525 and 545 nm corresponding
to electronic transitions from ?Hy/, and *S;/, to the ground state,
respectively. Due to the close proximity (AE = 700 cm™') of the
two states, a thermal equilibrium occurs governed by the Boltz-
mann factor.>*® As a result, the relative intensity ratio of 525 to
545 nm emissions depends strongly on temperature and provides
an accurate probe of operating temperature of biological systems
with submicrometric resolution.?*® For example, Aigouy and co-
workers**® have modified an atomic force microscope scanning
cantilever with PbF,:Yb/Er nanoparticles and used it for
measuring the heating of electrically excited micro- or nanowires
(Fig. 25a). They achieved a relative sensitivity of 1.1% K' at
~310 K. Another intriguing recent development was reported by
Capobianco and co-workers,?*® who showed that NaYF 4 Yb/Er
nanoparticles internalized by HeLa cancer cells can be used to
accurately measure the internal temperature of a single living cell
(Fig. 25b).

Photodynamic therapy. Of particular note is the impact of UC
nanoparticles are likely to have on the effect of PDT. Our recent
review,'? as well as those of several other research groups,?s-2%3
have highlighted that UC nanoparticles, when functionalized
with a selected number of photosensitzers, provide efficient
therapy in deep biological tissues. UC nanoparticles are advan-
tageous over alternative systems for PDT applications in that
these particles can activate photosensitizers on NIR laser exci-
tation (Fig. 26). Moreover, the energy transfer from the particle
to photosensitizer is dominated by lanthanide resonance energy
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Fig. 25 (a) Schematic of UC nanoparticle-based thermal measurement
developed by Aigouy and co-workers through use of an atomic force
microscope (AFM) and an electrically excited micro or nanowire. The
device is powered by a square electrical current (brown curve) that
induces a periodic Joule heating (red curve) and a luminescence
quenching of the particle (black curve). The inset shows the UC particle
attachment to the AFM cantilever. (b) UC nanoparticle-based temper-
ature monitoring in single cells developed by Capobianco and
co-workers. The temperature was determined by measuring the Er**
luminescence as a function of the applied heating voltage. The inset
shows optical transmission images of an individual HeLa cell recorded at
two different temperatures. Cell death was observed at 45 °C. (Reprinted
with permission from (a) ref. 249 and (b) ref. 250. Copyright 2009, 2010,
respectively, American Institute of Physics and American Chemical
Society.)

LRET
TN

4 Intersystem S
T TET
NS = s

NIR laser swanrs

Ln3 PS

Fig. 26 Proposed mechanism of UC nanoparticle-induced generation
of singlet oxygen. The incident NIR photons are absorbed by the
Ln**-doped UC nanoparticles, which subsequently activate a conven-
tional photosensitizer (PS) via a LRET process.

transfer (LRET). LRET is generally more efficient than FRET,
allowing for more effective excitation of the photosensitizers.
While UC nanoparticles offer enormous potentials as light
transducers for PDT, there still remain several issues that need to
be addressed before they could be of practical use in clinical
settings. The PDT effects were mostly examined in vitro and
roughly estimated by measuring the generation of 'O,. This
could be partly attributed to the challenge in preparing ultra-
small (<10 nm) nanoparticles with well-defined surface proper-
ties and high UC efficiency. The capacity to load photosensitizers
onto the UC nanoparticles without significantly increasing the
particle size would greatly broaden the PDT application of these
particles for in vivo studies.
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6. Carbon-based nanomaterials

Carbon-based nanomaterials in forms of fullerenes, nanotubes
and nanodiamonds exhibit a staggering variety of physical and
chemical properties. As-produced crystalline forms of these
nanomaterials are generally insoluble in most organic and
aqueous solvent. However, upon surface engineering, for
example, with hydrophilic moieties and cell receptor-binding
ligands, they present new opportunities for targeted therapeutic
applications.

6.1 Carbon fullerenes

Fullerenes are hollow and made entirely of surface carbon atoms.
The cage-like structure of fullerenes has potential for use in
clinical neuroscience. Fullerenes can act as potent neuro-
protective agents that scavenge the free radicals associated with
neurological disorders. Carboxylic acid-functionalized fullerene
derivatives possess the ability to enter lipid membranes and
inhibit cell death from oxidative stress. In recent years, fullerenes
have also shown great potential as therapeutic agents in the
prevention and treatment of Parkinson’s disease. In addition to
preventing neurological disorders, metallofullerenes can also
function as drug carriers to target the delivery of anticancer
drugs. Liang et al*** have shown that hydroxylated metal-
lofullerene particles can cause accumulation of intracellular
cisplatin drug in the CP-r cells, allowing for enhanced treatment
of cancer with cisplatin both in vitro and in vivo.

6.2 Carbon nanotubes

The application of carbon nanotubes in therapeutics is not
a trivial pursuit. This topic has been thoroughly reviewed by
a several research groups.>*>?*® The major factors that have
driven the utility of carbon nanotubes in the therapeutic appli-
cations described here are their unique surface, electrical,
mechanical and thermal properties in the context of the physio-
logical environment. For example, depending on size and shape,
these tubular forms of carbon can display a range of different
conducting properties from metallic to semiconducting. They
also have high drug loading capacities and good cell penetration
capabilities. They can be made water dispersible either through
non-covalent coating with amphiphilic macromolecules or
through covalent functionalization by cycloaddition.

Covalently functionalized carbon nanotubes are reportedly
nontoxic to cells and able to translocate directly into the cyto-
plasm of different types of cells.?®” These nanotubes have been
investigated in drug and gene delivery for cancer treatment,
typified by the anticancer drug cisplatin, palcitaxel and gene
silencing siRNA molecules. Representative examples include the
work of Bhirde ef al.,*® which shows the targeted killing of head
and neck squamous cancer cells by using epidermal growth
factor-modified carbon nanotubes, and the work of Dhar
et al.,»° which demonstrates the delivery of the cisplatin-loaded
carbon nanotubes with targeting folate moiety to human
choriocarcinoma and nasopharyngeal carcinoma cells.

The ability of carbon nanotubes to absorb NIR irradiation
(700-1100 nm) and convert it into heat enables the exploitation
of their use in thermal ablation application. Marches et al.*®®
have demonstrated specific thermal ablation of human B
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Fig. 27 Schematic showing the process of photothermal treatment
through use of PEG-modified carbon nanotubes for a living mouse with
a solid tumor on its back. (Reprinted with permission from ref. 261.
Copyright 2009, American Chemical Society.)

lymphoma cells by using carbon nanotubes. The nanotubes were
modified with CD22 antibodies that specifically target the
lymphoma cells. When compared with the unmodified nano-
tubes, the viability of the cells pretreated with antibody-modified
nanotubes was significantly reduced following exposure to NIR
light. In a recent study, Choi and co-workers*! have taken one
step further and demonstrated the use of carbon nanotube-
mediated thermal ablation for removing malignant tumors in
living mice (Fig. 27). Upon NIR irradiation to the tumor region
where PEG-modified single-walled carbon nanotubes were
intratumorally injected, complete destruction of the tumors were
observed without notable side effects or recurrence of tumors
over 6 months. Their studies also suggested that most of injected
carbon nanotubes were excreted from the body after 2 months
through the biliary or urinary pathway.

6.3 Nanodiamonds

Over the past five years, there has been a surge of interest in
developing diamond nanoparticles for therapeutic applications.
These nanodiamonds, approximately 2 to 8 nm in diameter, have
shown excellent biocompatibility and interesting luminescence
properties.?*>?%* These relevant characteristics can be harnessed
to develop novel schemes of drug and gene delivery with high
efficiency. For example, Ho and co-workers***?* have shown
that nanodiamonds functionalized with polyethyleneimine
(PEI800) are able to bind DNA plasmids and deliver them into
mammalian cells. In fact, the transfection efficiency is much
greater for these nanoconjugates than PEI800 alone. Building on
these results, these researchers have recently demonstrated the
delivery of doxorubicin drug to mice for the treatment of liver
and breast cancer. With the assistance of nanodiamonds,
significantly increased apoptosis and tumor growth inhibition
were observed beyond the effect of conventional doxorubicin
chemotherapy. It is apparent that the unique properties of
nanodiamonds have enabled their use in advanced therapeutics,
despite the need of improvements in the cellular and the
subcellular targeting of the diamond nanoparticles.
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7. Conclusion and prospects

Recent advances in nanoparticle engineering suggest that func-
tional nanomaterials have the power to transform health care
within the foreseeable future. The laborious process of conven-
tional therapeutics can be made orders of magnitude more effi-
cient through utilization of systems with defined structures and
function at the nanometer scale. Complementary to conventional
polymer-based delivery methods, the techniques described above
are able to facilitate the delivery of drug molecules with high
efficacy, while offering greater specificity for the treatment of
diseases such as cancer. The inherent properties of functional
materials in response to external stimulus manipulation to
deliver drugs or directly provide therapeutic interventions would
significantly improve drug formulations for existing therapies
with fewer or reduced side effects.

The challenge for the future is to stimulate innovations based
on material and structural designs that offer controlled release
systems incorporating multiple drugs. New technologies need to
be developed to derive a detailed understanding of how human
cells interact with some specific types of nanomaterials within the
context of a three-dimensional environment. Coordinated efforts
from the nanotechnology, biomedical and clinical communities
are also required to establish protocols for the selection of the
most effective therapeutic approach.
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