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diagnosis, agents for tumor imaging, and therapeutics for
cancer treatment. Functionalizing inorganic nanoparticles
with biocompatible polymers and natural or rationally
designed biomolecules offers a route towards engineering
responsive and multifunctional composite systems.
Although only a few such innovations have reached
human clinical trial to date, nanocomposite materials
based on functionalized metal and semiconductor
nanoparticles promise to transform the way cancer is
diagnosed and treated. This review summarizes the
current state-of-the-art in the development of inorganic
nanocomposites for cancer-related applications.
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Engineering Nanocomposite Materials for Cancer Therapy

1. Introduction

Directly or indirectly, cancer affects most people's lives,
regardless of sex, social status, or age group. Alongside car-
diovascular diseases, cancer is one of the leading causes of
death and accounted for 7.4 million deaths worldwide in
2004.[1 In addition to causing pain and suffering, cancer can
substantially affect a patient's ability to lead a normal life
and often necessitates prolonged periods of hospitalization
and informal care. These demands put significant financial
and social pressure on governments, local institutions and
families.

Since the combination of surgery with radiation and
chemotherapy in the first half of the 20" century, tremendous
advances have been made in the treatment of cancer, leading
to an improvement in the life expectancy of those affected
by it. Early progress was made with the invention of drugs
such as methotrexate,” liposomal therapy,?! and combina-
tion chemotherapy. More recent therapeutic successes are
represented by temozolomide,*! which in combination with
radiotherapy is the first-line treatment for glioblastoma multi-
forme, an aggressive form of brain cancer; targeting immuno-
therapeutics such as rituximabl®l and trastuzumab;[ growth
signal inhibitors (e.g., gefitinib, imatinib, and cetuximab);
angiogenesis inhibitors (e.g., bevicizumab) and apoptosis-
inducing drugs.

The advent of new technologies may have an impact on
the way cancer is diagnosed and treated by addressing: 1) the
identification of specific biomarkers and development of reli-
able diagnostic tools for the early detection of cancer as well
as monitoring of cancer recurrence; 2) the development of
cheap, fast, non-invasive, but at the same time specific and
sensitive screening technologies to implement successful
cancer screening programs; 3) the development of fast and
reliable biopsy tissue diagnosis techniques; 4) the develop-
ment of agents to facilitate imaging of tumors at both pre- and
postangiogenic stage, in all areas of the body; 5) the develop-
ment of cancer imaging agents specifically engineered to sup-
port intra-operative procedures and allow complete removal
of solid cancers and their metastases; 6) the engineering of
composite materials with powerful anticancer activity which
can be selectively and effectively delivered to the tumor site,
with consequent reduction of associated side effects.

Advances in nanomaterials science have provided new
means with which to tackle cancer-related challenges. Con-
trol over the synthesis of inorganic materials at the nanoscale,
coupled with improved techniques for nanomaterial surface
functionalization, has led to the development of novel func-
tional nanoparticle (NP)-based systems with potential med-
ical applications. Presently, it is possible to synthesize NPs
with highly controlled size, shape, morphology, charge, surface
chemistry, and physicochemical properties. For in vivo appli-
cations, precise control over these parameters is paramount
if biocompatible NPs with the ability to overcome biological
and physical barriers, such as the immune-system cellular
response, liver, spleen, and kidney clearance, high interstitial
pressure, and low vascular pressure, are to be engineered.
Achieving such control is a heavy focus in the design of sys-
tems which can take advantage of, or respond to, specific
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tumor physiological features, and achieving this control is
also critical for the design of therapeutics able to penetrate
the cell nuclear membrane.[”? The use of NPs could inspire
new routes towards tumor diagnosis, imaging, targeting, drug
release and anticancer therapy. Additionally, inorganic NPs
offer great potential as a component within multifunctional
therapeutics.[®! This review will focus on recent advances in
the use of inorganic NPs for cancer-related applications. We
will not cover the field of purely organic NPs and refer the
reader to excellent reviews on this topic.[>10:1]

1.1. Exploiting Aspects of Cancer Physiology in Treatment

The term ‘cancer’ identifies a large group of complex and
multifaceted diseases that are characterized by cells that have
undergone mutations of their genetic material and whose
growth is unregulated. In contrast to benign tumors, cancer
cells invade other tissues and spread to other parts of the
body through the lymph or the cardiovascular system or both
(metastasis). Some specific aspects of nanoscale-materials
make them suitable candidates for advancing current tech-
nologies with the aim of developing highly sophisticated and
effective diagnostic and therapeutic systems for cancer. How-
ever, a coherent strategy for the engineering of such systems
requires a deep understanding of cancer biology. Important
aspects of cancer biology that have inspired the development
of specific cancer diagnostic and therapeutic strategies are
outlined below.['Z

1.1.1. Defective Vasculature in Tumors

Cancer cells tend to replicate at a higher rate than normal
cells. The rapid tumor growth at its early stages of develop-
ment leads to a lack of nutrient supply to its inner cells, which
causes cell death. In order to grow beyond the diffusion-lim-
ited maximal size (around 2 mm?)[3] tumors develop their
own vasculature. This ‘angiogenic switch’ is initiated by local
hypoxic conditions inside the tumor resulting in the expres-
sion of growth factors such as vascular endothelial growth
factor (VEGF) that stimulate the growth of endothelial
cells.'") However, this process is carried out in an accelerated
and disorderly fashion, and the resulting blood vessels are
tortuous and leaky, lacking in a competent smooth-muscle
layer and with irregular diameter (Figure 1). The defective
vasculature architecture of tumor blood vessels is thought
to enhance the extravasation of high molecular weight poly-
mers, proteins, liposomes and particles circulating in the
bloodstream, with the low or absent lymphatic drainage
then being responsible for their retention at the tumor site.
The ensemble of these two processes is often referred to as
an “enhanced permeability and retention (EPR) effect” of
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the tumor vasculature.["”] This effect, though not universally
accepted, has been described as particularly relevant for par-
ticles with diameters from around 60 to 400 nm!'®l and will
depend on tumor type and stage. Inspired by the EPR effect,
many passive targeting strategies have been applied to deliver
nanoscale drugs, therapeutics and imaging contrast enhancers
to the tumor site, in which such agents are injected into the
blood stream with the aim of accumulating preferentially at
the tumor site.

The structural and functional abnormalities in tumor vas-
culature also contribute to the establishment of oxygen gra-
dients in tumours. For example, hypoxic areas away from the
O, supply can exhibit oxygen tensions as low as 2.5 mmHg
(normal tissue: typically 40-70 mmHg).'1 Widespread
hypoxia in solid tumors is thought to enhance the progression
and aggressiveness of malignant tumors and to be responsible
for the low efficacy of radio-, photodynamic- and some forms
of chemo-therapy.

1.1.2. pH Gradients in Tumor Cells

Normal cells metabolize glucose under aerobic condi-
tions (exchange of O, and CO, across the cell membrane).
The resulting intracellular pH is about 7.2, while the typical
extracellular pH is 7.4. In contrast, tumor cells have elevated
metabolic activity and thus exhibit a high glycolysis rate both
in aerobic and anaerobic conditions. In addition, the supply
of O, through the tumor vasculature is poor, as is the removal
of CO,. The combination of these two effects reverses the
normal pH gradient found in cells. While the intracellular
pH remains at about 7.2-7.3, the extracellular environment
in tumours is generally more acidic, with the extent of acidi-
fication determined by tumor type.'3!°] Functional nanocar-
riers have been engineered to respond to the drop in pH
between blood vessels (pH 7.4) and the tumor interstitial
fluids (Figure 1).20]

1.1.3. Expression of Biomarkers

Cancer cells may be distinguished from normal cells by
their unregulated proliferation and the resulting over- or
under-expression of certain biomolecules or alteration of
their genetic material (collectively termed biomarkers). A
number of cancer-specific biomarkers have been identified,
including prostate specific antigen (PSA) for prostate cancer,
human epidermal growth factor receptor 2 (HER2) for
breast cancer, and cancer antigen 125 (CA-125) for ovarian
cancer. Other biomarkers are generically associated with can-
cers, for example high levels of platelet-derived growth factor
(PDGF) which is a growth factor related to angiogenesis, or
associated with the risk of developing cancer, such as DNA
single-nucleotide polymorphisms (SNPs).2-?2l Many biomar-
kers found in tumors are also produced by body tissues under
normal conditions, but are present in elevated concentrations
when tumors are developing. These biomarkers are the tar-
gets of most common tools for tumor diagnosis (Figure 1).

The over-expression of specific biomolecules also provides
an additional strategy for the delivery of imaging markers
and therapeutics to cancer cells (Figure 1). It is possible
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to functionalize NPs through conjugation with active recog-
nition moieties (active targeting) in order to improve their
cancer cell targeting, retention efficiency and cellular up
take, though this modification comes at the expense of added
complexity.[] Among the ligands that have been shown to
effectively identify tumor sites are: annexin-V which binds to
apoptotic cells;?* epidermal growth factor (EGF) receptor
(EGFR) which is over-expressed in certain tumors;>20]
hypoxia-inducible factor 1 alpha (HIF-l¢), whose over-
expression is found to be related to angiogenesis, cell sur-
vival, glucose metabolism and invasion;?”! and o,3- and
o, B5-integrins that are over-expressed in endothelial cells
within angiogenic blood vessels. Other markers for tumor
angiogenesis®® include aminopeptidase N (APN), VEGF
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Figure 1. Nanomaterial-based strategies for tumor diagnosis, imaging, and therapy. Tumor cells may over-express biomarkers (1) that can be used
as anchoring points to direct the binding of NPs used for labelling (2), imaging, or drug delivery (3). Some biomarkers may be released into the
bloodstream, from where they can be detected using NP-based systems (4). Gold NPs (5), composite NPs (6), and multifunctional delivery systems
(7) circulating in the bloodstream accumulate in tumors (8). Alternatively, magnetic NPs can be directed into the tumor by means of magnetic fields
(9). Engineered NPs can act as heat sources when irradiated, for example, with NIR light (10) and magnetic fields (11), causing tumor cell death. NPs
can also be used to deliver drugs and image contrast agents into the tumor (12). NP surface PEGylation is commonly used to improve NP circulation
time in blood (13). Drug release can be triggered by environmental factors, such as the acidic pH found in tumor cells (14).

receptors, ephrin type-A receptor 2 (EPHA2), endoglin, and
matrix metalloproteinases.

1.2. Physical Properties of Inorganic NPs

Specific aspects of cancer physiology can thus inspire
effective strategies to deliver nanoscale therapeutics into
tumors, as well as to inform the biomolecular decoration of
inorganic NPs. This is oftentimes facilitated by the fact that
NPs and biomolecules share the same size range. Materials
within this nanoscale size range can possess unique physical
and chemical properties not present in the bulk material.
These properties arise from the spatial confinement of elec-
trons and from a high surface to volume atom ratio. Some
of the nanomaterials used in the treatment of cancer and the
physical properties that make them suitable for this purpose
are outlined below.

1.2.1. Surface Plasmon Resonance of Metallic NPs

Colloidal metal NPs are a popular material for use
in biosensors due to their size-dependent light-scattering
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properties, first explained theoretically by Mie in 1908.2%1 In
the bulk form, due to resonance between the oscillating elec-
tric field of light and the free electrons in a metal (excitation
of surface plasmons), energy is absorbed from incident radia-
tion at a wide range of frequencies. For a NP whose diameter
is much smaller than the wavelength of incident light, the
free electrons oscillate coherently with the electromagnetic
field and resonant states can be induced at precise frequen-
cies. The number of plasmon resonance states is limited by
the particle size and geometry, and particles exhibit a strong
enhancement of absorption at well-defined surface plasmon
resonance (SPR) frequencies (Figure 2A).P%3 The SPR
properties of a NP also depend on the local refractive index
of the surrounding medium.

A further prediction of the Mie's theory is that plasmon
coupling can occur at small inter-particle distances. As a
result, aggregates of NPs will have an absorption spectrum
where the SPR frequency has been red-shifted (as though the
aggregate were a single large particle). Due to the often rela-
tively uncontrolled assembly leading to their formation, NP
aggregates will be more polydisperse than the original col-
loidal sample and hence peak broadening will also occur to
some extent.
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Figure 2. A) Spectral characteristics of gold NPs, nanoshells, and
nanorods. B) Principles of MRI. 1) When the protons in atomic
nuclei are exposed to a strong magnetic field B, their magnetic
spins align parallel or antiparallel to the direction of the magnetic
field and precess at the Larmor frequency w,. 2) When a radio-
frequency (RF) pulse is applied, protons absorb energy and are
excited. 3) After the disappearance of the RF pulse, the excited
protons relax to their initial, lower-energy state and the longitudinal
and in-plane moment amplitudes (M, and M,) relax back to
their initial values with relaxation times T, and T, respectively.
Paramagnetic complexes are usually T, contrast agents, while iron
oxide NPs are T, agents. Adapted with permission.3? C) Absorption
(ABS, solid black line) and emission (EM, circles) spectra of CdSe/ZnS
QDs with six different radii. The black line shows the representative
absorption of the QDs that emit at 510 nm. Multiple QD emission
can be achieved with the same excitation source. Adapted with
permission.33!
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With modern synthetic techniques, it is possible to pre-
cisely tune the optical properties of NPs in order to adapt
them to specific applications. For example, noble metals such
as Au, Ag, and Cu have particularly attractive optical prop-
erties for the development of colorimetric diagnostic tools,
as their SPR frequencies fall within the visible spectrum of
light. Furthermore, biological tissue has a minimum in light
absorption in the near infrared (NIR) regime (800-1200 nm),
making this the optimal range for light penetration with min-
imal thermal damage.[*] This spectral region is accessible for
certain particle geometries.

1.2.2. Photothermal Properties of Metallic NPs

The mechanism of photon-to-thermal energy conversion
is the nonradiative decay of free electrons from a photoni-
cally excited energy state to the ground state. This energy is
dissipated as heat, and the rate of heat transfer becomes
particularly large when the NPs are excited at their SPR fre-
quency.?"] In the simple case of a metal nanosphere, the tem-
perature increase in the surrounding medium is modulated as
a function of 1/r, where r is the distance from the NP surface.
This means that the highest temperatures, which for example
cause the most damage to surrounding biological tissues, are
localized in the vicinity of the NPs.

1.2.3. Magnetic NPs

Magnetic NPs have found multiple applications in cancer
therapy such as, for example, magnetic resonance imaging
(MRI) contrast enhancers (Figure 2B).[23037] The choice of
magnetic materials for in vivo use of NPs is restricted by the
requirement of biocompatibility and in most studies to date,
iron oxide NPs (Fe;O, and -Fe,0;) have been used. Super-
paramagnetic NPs are receiving increasing attention for in
vivo medical applications. These particles become strongly
magnetic when placed in a magnetic field, but their magnet-
ization is lost once the field is removed. As a consequence,
these NPs have little tendency to aggregate due to magnetic
dipole—dipole interactions (especially if their magnetic core is
shell-protected), thus decreasing the risks of embolism.

When magnetic NPs are exposed to an oscillating mag-
netic field, magnetic energy is dissipated as thermal energy
through two distinct mechanisms as the particle returns to
its equilibrium state. Brownian relaxation describes the dis-
sipation associated with friction losses due to rotation of a
NP in the surrounding medium, while Néel relaxation is
related to the rotation of the magnetic moments within the
NP magnetic core. When NPs are inside biological tissue, the
contribution of Brownian relaxation to heat generation can
be hindered by the relatively high viscosity of the medium
surrounding the particle.’! For hyperthermia applications,
NP designs that maximize the heat released through the Néel
mechanism are therefore favored. Aside from increasing the
strength and frequency of the applied magnetic field, the
heat generated could potentially be increased by optimizing
parameters such as NP size, shape and material, as well as
grain structure (which can affect hysteresis properties such
as remanence and coercivity).[’l Furthermore, monodisperse
NP samples have the highest associated energy transfer.!*"]
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NP concentration critically affects the
local temperature increase that can be
achieved through magnetic heating and
for this reason magnetic NPs are usually
injected locally into tumors.

1.2.4. Optical Properties of Luminescent
Quantum Dots

Recombinant fluorescent proteins
or organic fluorophores are frequently
used for biomarker sensing or labeling.
Recently, there has been an increasing
interest in the use of inorganic semicon-
ductor nanocrystals, known as quantum
dots (QDs), in biomedical applications due
to their unique optical properties.[*1-43]
The size of the QDs leads to quantum
confinement of excitons, meaning that the
electron valence and conduction bands are
no longer a continuum, but rather are split
into discrete energy levels. Upon photoex-
citation, an electron-hole pair is created
and releases a photon of specific energy
upon recombination. The energy gap cor-
responding to the transition between
the excited and the ground states is size-
and material-dependent, and in the case
of materials such as CdSe, CdS, among
others, the transition produces photons in
the visible spectrum. QDs have attractive
optical properties such as tunable emission
wavelength! and resistance to photob-
leaching.[*] QDs also have strong absorb-
ance at a wide range of wavelengths far
from the emission peak allowing for effec-
tive filtering of excitation radiation without
affecting the emission detection. Hence,
multiple QDs with different sizes and there-
fore different emission wavelengths can be
excited with a single source (Figure 2C).
Excitation of multiple wavelengths in
this way is more difficult to achieve using
conventional fluorescent molecules with
narrow, non-overlapping absorption bands.
By exploiting these optical properties of
QDs, systems that can simultaneously
detect or image multiple unique targets
with a single monochromatic excitation
source have been developed.[**1 For
example, Figure 3A illustrates a QD-based
assay theoretically capable of coding one

million nucleic acid or protein sequences.[*’]
QDs can also act as efficient donors
resonance energy transfer (FRET)P?° and as energy
acceptors in bioluminescence resonance energy transfer
with a bioluminescent protein.’’! Gold NP-QD systems
have attracted significant interest in biosensing because
gold NPs have a higher quenching efficiency and larger
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Figure 3. A) Schematic illustration of multiplexed DNA hybridization assays using QD-tagged
beads. Streptavidin-coated 1.2 um polymer beads are loaded with differing ratios of CdSe/
ZnS core/shell QDs. Biotinylated probe oligonucleotides are conjugated to the beads by
biotin-avidin linkage, while target oligonucleotides are labeled with a blue fluorescent dye.
Target binding is detected by observing the dye peak alongside the bead spectrum, which
identifies the target sequence (graphs to the right). The use of 10 intensity levels and 6
colors could theoretically code one million nucleic acid or protein sequences. Reprinted with
permission.S) Copyright 2001, Macmillan Publishers Ltd: Nature Biotechnology. B) Example
of multiplexed and amplified detection, where magnetic and gold particles are used in a
sandwich assay to detect multiple cancer markers in solution. 30 nm gold NPs are co-loaded
with polyclonal antibodies and ssDNA sequences comprising universal and specific (barcode)
portions. The “barcodes” are used to uniquely identify each different antibody. Magnetic
microparticles (MMPs) are each functionalized with one type of monoclonal antibody
corresponding to the same targets as the gold NP probes and passivated with BSA. The MMPs
are incubated with a number of different cancer targets. Upon gold NP probe addition, MMP-
analyte-gold NP sandwiches form. A magnetic field is then used to separate bound gold NPs
from the unbound. Subsequently the barcode DNA is released from the bound gold NPs and
transferred to a complementary DNA array for detection. Notably, for each bound analyte
multiple barcodes are released enabling signal amplification. The barcodes bind the chip
surface through their specific sequence, and the chip is read using gold NPs functionalized
with ssDNA complementary to the universal sequence. Adapted with permission.?! Copyright
2006, American Chemical Society. C) Immuno-Raman spectroscopy for labeling and imaging
of specific receptors. 1) Structural formula of the PSA immunolabel. 2) White light microscope
image of epithelial tissue from the prostate and 3) Raman spectra recorded in situ at the
locations indicated by arrows; i—iii) epithelium, iv) stroma, v) lumen. The Raman signal is
enhanced due to interaction with the enhanced electric field at the gold NP surface (SERS).
The anti-PSA SERS label is present only at positions (i—iii). Adapted with permission.[>!]

in Forster (58]

Forster radius than traditional organic FRET acceptors.
Alternatively, metal complexes have also been used for
nonradiative energy transfer and hence distance-dependent
loss of QD photoluminescence (PL), their oxidation states
having energy levels slightly displaced from the surface

states of QDs.[5!
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2. Cancer Diagnosis

Current methods for cancer diagnosis focus on the mor-
phological evaluation of tissue sections, and patients may
only be diagnosed with cancer after they have sought medical
attention for symptoms related to their tumor. This limita-
tion often delays cancer detection until quite a late stage,
increasing the chance that the cancer has metastasized to
other organs. Hence, the accurate diagnosis of cancer in its
earliest stages is of extreme clinical importance. Indeed,
early tumor diagnosis is nowadays recognized as a key pri-
ority in the UK and World Health Organization cancer
strategies.*0]

A number of highly sensitive biomarker detection systems
utilizing the physical properties of inorganic NPs have been
designed. Table 1 lists some examples which we have organ-
ized by medical application. Below, we also review some of
the systems applied to specific classes of cancer biomarkers,
as well as discuss some detection modalities that are particu-
larly effective when used in conjunction with nanomaterials.

2.1. NP-Inspired Strategies for Cancer Diagnosis

In addition to the properties of NPs previously discussed,
there are three aspects of NP-based systems that can spe-
cifically impact diagnostics for cancer, namely multiplexed
detection, miniaturization and signal enhancement.

The functionalization of independent populations of
NPs with different biomarker-responsive molecules offers a
strategy for the simultaneous detection of a set of signals. This
multiplexed detection capability is particularly attractive for
complex diseases such as cancer, where simultaneous infor-
mation from a range of biomarkers can provide a more accu-
rate diagnosis. Several examples of use in NP-based assays
will be presented.[*0-435538611 One highly sensitive NP-based
multiplexed system that has found successful clinical applica-
tion is the bio-barcode system developed by the Mirkin group
(Figure 3B).[29] This technology, now commercialized with
the Verigene system from Nanosphere, Inc. was approved by
the US Food and Drug Administration (FDA) in 2007.

The use of NPs potentially allows for device miniaturiza-
tion, while retaining a large surface area available for sensing.
Other consequences of miniaturization include integra-
tion of NP-based detection systems with the lab-on-a-chip
approach, furthering the development of cost effective point-
of-care devices with rapid response and low sample volume
consumption.

Increased detection sensitivity has been achieved by com-
bining the use of NPs with detection systems typically used
for molecular analysis and imaging, such as, for example, sur-
face enhanced Raman scattering (SERS, see Figure 3C).[51:04]
NP-coated electrochemical sensors have also shown remark-
able sensitivity in conjunction with signal-amplifying biocon-
jugated magnetic NPs.[] A high total surface area available
for molecular binding on NPs is certainly responsible for
increased detection sensitivity. However, in many cases the
exact mechanism of signal enhancement is not yet fully under-
stood. The use of techniques relying on the signal-enhancing
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properties of NPs for biomolecule detection is still relatively
uncommon and requires specialized equipment, but further
research promises to yield rapid-response, high-sensitivity
detection platforms.

2.2. Detection of Single-Nucleotide Polymorphisms (SNPs)

SNPs are mutations that involve the alteration (substi-
tution, deletion, or insertion) of a single base in the genetic
code. The identification of cancer-specific SNPs would give a
useful indicator of a person's predisposition to the disease.
However, routine, low-cost, personalized screens for SNPs
will only become accessible with increased assay detection
sensitivity, allowing for rapid screening and reduced sample
and reagent use. To this end, a number of NP-based strategies
for SNP detection have been developed. The strong emis-
sion and narrow linewidth of QD spectral peaks can improve
the signal-to-noise ratio in genetic screens, decreasing both
sample consumption and assay duration. For example, as
illustrated in Figure 4A QDs enable discrimination between
SNP variants of the cancer gene p53 within 10 minutes of
analyte introduction.[?! Gold NP-DNA conjugates capable of
distinguishing between complementary and SNP targets were
developed by using a three-strand assembly system and mon-
itoring its melting temperature. Two DNA strands present
different sequences which, when arranged contiguously, are
complementary to a third, target sequence. In the presence
of the target sequence the NPs are thus aggregated. Upon
raising the temperature, the stability of the DNA duplex is
disrupted, the gold NPs redisperse and the NP solution color
changes from blue to pink.[”] The assay format was further
developed by introducing high-fidelity ligase enzymes to sta-
bilize complementary sequences against melting, whereas
sequences containing a SNP at the ligation site remained
unstable.[%]

2.3. Detection of Tumor-Related Antigens

The detection of biomarkers provides information not
only about the presence of cancer, but also on its phenotype
and propensity to metastasize, and therefore has an impor-
tant role in the choice of the course of treatment. For this
reason, numerous biomarker assays have been developed,
with particular emphasis on prostate and breast cancer, which
are the most common types of cancers found in men and
women respectively. PSA is one of the most commonly inves-
tigated cancer biomarkers, as it can indicate the presence
of prostate cancer when expressed at elevated levels (i.e.,
>4.0 ng mL~'["']). The typical sensitivity of clinically employed
enzyme-linked immunosorbent assay (ELISA) for human
PSA is 0.1 ng mL™!, which is well within the required
sensitivity range. However, much higher detection sensitivity
is required for monitoring of prostate cancer recurrence in
men who have had their prostate removed (i.e., approxi-
mately picogram per milliliter).”2l NP-based immunoassay
systems capable of measuring clinically relevant PSA levels
have been developed using both gold NPs[273-7] and QDs.[7]
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Table 1. Nanomaterials used in the diagnosis of cancer. For each application, we provide details of the nanomaterials functionalization strategy,
the medium used to test the assay, as well as the physical properties of the nanomaterials on which the assay is based.

Application Nanomaterial Conjugate Detection medium Physical property Reference

SNP detection Gold NPs ssDNA Buffer SPR blueshift with NP [67,68]
dispersion

SNP detection QDs ssDNA Buffer Photoluminescence [61,66]

PSA detection (prostate Gold NPs Antibody Serum SERS [64]

cancer)

PSA detection (prostate Gold NPs Antibody Buffer SERS [51]

cancer)

PSA detection (prostate Gold NPs Designer peptides Buffer SPR blueshift with NP [73]

cancer) dispersion

PSA detection (prostate Gold NPs and gold Antibody Buffer Scattering [75]

cancer) nanorods

PSA detection (prostate Gold NPs and magnetic Antibody Serum, cell lysate NP-coated electrode surface [65]

cancer) microparticles area

PSA detection (prostate Gold NPs and magnetic Antibody and ssDNA Buffer, serum Magnetic separation, high [50,62,72]

cancer) microparticles surface area

PSA detection (prostate QDs Streptavidin Serum Photoluminescence [76]

cancer)

Protease detection Gold NPs Designer peptides Buffer SPR blueshift with NP [73]
dispersion

Protease detection Gold NPs Designer peptides Buffer SPR blueshift with NP disper- [84]
sion — SERS

Protease detection QD - gold NPs Designer peptides Buffer FRET [58,85]

Protease detection QDs Designer peptide — dye Buffer FRET [54]

Protease detection QDs Designer peptide — dye Buffer, cell culture medium FRET [69]

Protease detection QDs Designer peptide- Buffer, serum bioluminescence resonance [57]

bioluminescent protein energy transfer

Kinase detection Gold NPs Designer peptides Buffer SPR redshift with NP [82]
aggregation

Kinase detection Gold NPs Designer peptides Cell lysate SPR redshift with NP [95]
aggregation

Kinase detection QDs Designer peptides — dye- Buffer FRET [96]

labeled antibody

Biomarker and DNA Gold NPs Aptamer (for PDGF Buffer, cell culture Fluorescence quenching [79]

detection detection) medium

Biomarker and DNA Gold NPs Antibody, aptamers, and Buffer, serum Change in NP scattering and [80]

detection oligonucleotides Brownian motion upon NP
aggregation

Biomarker and DNA Gold NPs and magnetic Antibody and ssDNA Buffer, serum Magnetic separation, high [50,62]

detection microparticles surface area

Biomarker and DNA Gold NPs and magnetic Antibody and ssDNA Buffer Magnetic separation, high [63]

detection microparticles surface area

Assessment of presence Oval-shaped gold NPs Anti-HER2 and aptamers Buffer SPR redshift with NP [98]

of cancerous cells in aggregation

biopsied tissue

Assessment of presence QD coated magnetic EGF Cell culture medium Magnetic separation and [99]

of cancerous cells in microparticles photoluminescence

biopsied tissue (multifunctional approach)

Assessment of presence Cd-free QDs Anticlaudin 4 and antiprostate Cell culture medium Photoluminescence [183]

of cancerous cells in
biopsied tissue

stem cell antigen
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Figure 4. QD-based biomarker detection strategies. A) Human genetic cancer marker
p53 SNP assay making use of core/shell CdSe/ZnS QDs. 1) The QDs are embedded in a
silica shell and conjugated to a ssDNA sequence labeled Dp53t. 2) Complementary and
mismatch sequences are immobilized onto glass slides (spot size 100 um). cDp53a is
the perfect complement sequence. In other sequences base mismatches are introduced
either at the center or the 3’ end; the 5’-termini are used for DNA immobilization.
3) The probes are incubated on the DNA array, and the emission signal is detected
with a commercial fluorescence scanner. Following hybridization, a positive signal is
observed only for the cDp53a sequence (signal-to-background ratio of ~12). Reproduced
with permission.l6®! Copyright 2003, American Chemical Society. B) Protease collagenase-
based QD-FRET detection of cancerous cells in culture. Top: Schematic of QD-dye assembly.
Rhodamine dye (Rh) is attached to the Arg residue of an RGDC peptide sequence,
where the Cys residue binds CdSe/ZnS core/shell QDs. In this conformation, the QD
green emission at 545 nm is quenched, while the Rh red emission at 590 nm is
enhanced by FRET. In the presence of collagenase enzyme, the peptide is cleaved
and the PL emission of the QDs is recovered. Bottom: fluorescence microscopy images
of 1) normal and 2) breast cancer cells incubated with the Rh-labeled peptide-coated
QDs for 15 min. In image (1) the red emission is due to Rh, while in (2) the QD emission
is detected due to the presence of collagenase (over-expressed by breast cancer
cells), which cleaves the peptide sequence. Adapted with permission.l®®! Copyright
2006, American Chemical Society. C) Monitoring of intracellular drug release.
1) CdSe/ZnS core-shell QDs are functionalized with an RNA aptamer which recognizes
theextracellulardomainofprostate specificmembraneantigen.The QD-aptamerconjugates
exhibit luminescence (“ON” state). 2) Intercalation of the drug molecule doxorubicin
(Dox) quenches the QD luminescence, while the Dox fluorescence is in turn quenched
by the aptamer (“OFF” state). 3) Cell targeting and drug release. Intercalation of Dox
with the aptamer does not alter its selectivity for prostate cancer cells and the
QD-Aptamer-Dox conjugates are internalized into lysosomes by receptor-mediated
endocytosis. Gradual release of Dox and its subsequent escape from the lysosomes
causes the recovery of QD fluorescence, providing a means to measure intracellular
Dox release, as well as to perform cell imaging. Adapted with permission.”?! Copyright
2007, American Chemical Society. D) Chip-based assay for matrix metalloproteinase
MMP-7 and its inhibitors by using CdSe QD-gold NP conjugates. 1) Streptavidin-coated
QDs are arrayed directly onto a glass surface and their PL emission is detected. 2) Gold
NPs are mono-conjugated with biotinylated designer peptide, susceptible to cleavage by
MMP-7. The biotin group binds strongly to the streptavidin at the QD surface, causing the
quenching of the QD emission due to the close proximity of the gold NPs. 3) Following
introduction of MMP-7, the peptide is cleaved, leading to recovery of QD luminescence.
4) In the presence of MMP-7 inhibitors, the peptide cleavage is prevented and the
QD emission signal remains quenched. Adapted with permission.[>8 Copyright 2008,
American Chemical Society.
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Grubisha and co-workersl® reported a
SERS-based assay using gold NPs, with
aPSA detection limit of 1 pgmL™"in human
serum. The gold NP bio-barcode devel-
oped by Mirkin's group (Figure 3B) has
achieved the detection limit of 330 fg mL™!
PSA. The sensitivity of this detection
system has enabled the monitoring of
very early prostate cancer recurrence in
men who have had their prostate removed
and hence predict disease prognosis.[%%74]
Importantly, the bio-barcode system is
also capable of multiplexed detection:
simultaneous detection of PSA, human
chorionic gonadotropin and o-fetoprotein
has been achieved by using this system."]
At higher concentrations, for example the
4.0-10.0 ng mL~! range, which is a diag-
nostic grey area for prostate cancer,l’!] this
technique could greatly impact the accuracy
of the diagnosis. A more accurate diag-
nosis can be formulated by measuring the
percentage of free PSA (not complexed
to protease inhibitors)’”! or a cocktail of
biomarkers.

An innovative approach to the detec-
tion of biomarkers is based on FRET
occurring between aptamer-functionalized
gold NPs and fluorophores.[’¥ Figure 5A
illustrates such an assay for the detection of
the breast cancer.[””) An aptamer-binding
method based on single gold NP counting
for the detection of carcinoembryonic
antigen (CEA) and alpha fetal protein
(AFP) has also been demonstrated. 8]

2.3.1. Detection of Enzyme Activity

Protein-modifying enzymes play a
large part in cellular processes such as sig-
naling pathways and the cell growth cycle.
A developing cancer can cause their over-
expression or result in atypical enzyme
activity and for this reason it is clinically
important to develop techniques able to
detect not only the concentration but also
the activity of such enzymes. One such
enzyme family is the proteases, which
can recognize and cleave specific amino
acid sequences. PSA is an example of a
protease which has an important role as
a cancer biomarker (see above), as well
as matrix metalloproteinases, which have
been implicated in cancer progression,
including metastasis.[’*] ELISA cannot
distinguish between the latent and active
form of an enzyme. In contrast, a variety
of protease assays based on the cleavage
and dispersion of a peptide-crosslinked
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Figure 5. Gold NP-based biomarker detection strategies. A) Schematic representations of
aptamer-functionalized gold NPs for the detection of platelet-derived growth factor (PDGF).
The aptamer has a unique structure that allows binding of both PDGF and the fluorophore
dimethyldiazapyrenium (DMDAP). 1) The fluorescence of DMDAP is almost completely
quenched by the NPs when it is intercalated with the aptamer. 2) The fluorescence is restored
upon PDGF-aptamer binding and displacement of DMDAP. Adapted with permission.’
Copyright 2007, American Chemical Society. B) Colorimetric assay for protease detection.
1) Gold NPs are functionalized with rationally designed peptides containing a PSA-specific
cleavage sequence and terminated with a Cys residue for NP binding. An N-terminal Fmoc
group enables NP assembly by 7—rx stacking interactions with Fmoc groups on neighboring
NPs. Introduction of PSAenzyme leads to peptide cleavage and consequent particle dispersion,
which causes NP solution to change color from blue to pink. The NP acquires a positive charge
upon enzymatic cleavage, thus stabilizing the NP dispersion by electrostatic repulsion. 2) SPR
peak of the gold NPs before and after protease addition. The peak blue-shift is quantified by
computing the A/D ratio, where A and D are the areas under the spectral curves between 490
and 540 nm (red), and 550 and 700 nm (blue) respectively. 3) A/D ratio variation vs. time upon
10 ag/mL PSA addition. Adapted with permission.’3! Copyright 2007, American Chemical
Society. C) Schematic of gold NP-based assay for endonuclease and DNA methylase activity
and their inhibitors. A single population of DNA-functionalized gold NPs is crosslinked by an
endonuclease-specific substrate strand, causing the NP solution to change color from pink to
blue. 1) In the presence of the specific endonuclease, the substrate is cleaved and the gold
NPs are dispersed, returning the solution to a pink color. 2) The pre-addition of endonuclease
inhibitors such as DNA methylases prevents endonuclease-mediated cleavage, resulting in
the solution remaining blue in color. Adapted with permission.l8! Copyright 2009, American
Chemical Society. D) Gold NP-based assay for kinase detection and inhibitor screening. Gold
NPs coated with a mixed peptide layer consisting of a stabilizing peptide and a kinase-specific
substrate peptide are incubated with kinase enzyme and biotin-modified ATP, thus appending
a biotin molecule to the substrate peptide. Streptavidin-coated gold NPs are then added
resulting in NP aggregation by biotin-avidin binding. The aggregation state and resulting SPR
peak shift is dependent on inhibitor concentration: 1) no inhibitor, 2) inhibitor saturation.
Adapted with permission.[82 Copyright 2006, American Chemical Society.

NP assembly have been developed. Figure 5B illustrates an
example of such an assay, which used 10 nm gold NPs to
achieve a sensitivity of 10 ag mL™" for PSA detection, with
an even higher potential sensitivity demonstrated. As this
is the highest published sensitivity for PSA detection, such
a system may be very useful for monitoring the relapse of
prostate cancer after surgical treatment. This approach was

small 2010, 6, No. 21, 2336-2357

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small

also combined with a SERS technique and
demonstrated a potential detection limit
in the range of picograms per milliliter of
enzyme. %4

QD-based methods for protease
detection tend to rely on PL quenching
by a molecule attached to the QD via a
protease-cleavable peptide linker. Upon
introduction of the enzyme, the quencher
molecule is released and the PL signal is
recovered. Examples of quencher mol-
ecules used are fluorescent dyes3*®]
(Figure 4B,C), gold NPs[88] (Figure 4D),
and ruthenium metal complex.[3¢] QD-
based bioluminescence resonance energy
transfer systems for matrix metalloprotei-
nase detection have also been reported.l’!

DNA repair enzymes play an impor-
tant role in removing mutations that may
enter the genetic code.’8] Abnormal
activity of DNA exo- and endonucleases
can thus lead to an accumulation of muta-
tions, some of which may increase cancer
risk (for example, mutant forms of hOggl
glycosylase have been implicated in
increased susceptibility for lung cancer).[*]
Restriction endonucleases, which cleave
a specific DNA sequence, have been
used as a model system for detection
of DNA-modifying enzymes. Gold NP
aggregation-dispersion  systems  have
been applied for endonuclease detection
and inhibitor screening.[8120°1 Figure 5C
shows an example of such a system where
a three-strand NP linking strategy is used
and where the central strand is an endo-
nuclease-cleavable target.] An endo-
nuclease detection assay making use of
surface-immobilised gold NPs with single
particle resolution was also reported. The
enzymes site-specifically cleave the DNA,
releasing the NPs out of the focal plane of
a dark field microscope.*

Protein kinases, which transfer the
yphosphate from ATP to the hydroxyl
group of certain amino acid residues, are
heavily involved in cell signaling and cell
cycle regulation. Many kinases are the
targets of anticancer drugs,”?! with many
more touted as potential future targets.’!]
Kinase-mediated peptide phosphoryla-
tion has been used as the basis of multiple

NP-based assays. For example, the y-phosphate of ATP was
modified with biotin to specifically biotinylate phosphorylated
peptides and induce aggregation of streptavidin-coated NPs
in the presence of enzymes (Figure 5D).*?l Qishi and co-
workers[®! developed a similar assay where the aggregation of
the peptide-functionalized NPs was triggered by the change in
peptide charge upon phosphorylation. This system was used to
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detect hyperactivation of protein kinase Co. in the cell lysate of
melanoma cells. A QD-based kinase detection assay was also
recently developed, where dye-labeled monoclonal antibodies
were used to bind to phosphorylated peptide-functionalized
QDs, inducing a FRET signal indicating kinase activity.[%0"7]

2.4. Morphological Evaluation of Biopsied Tissue

The assessment of a biopsied tissue sample always pre-
cedes surgical cancer removal. However, the evaluation of
these samples can be lengthy and rapid tests able to reliably
assay the presence of cancer cells in tissue samples are highly
sought by surgeons. In this regard, Lu and co-workers!*8] devel-
oped a colorimetric assay based on oval-shaped NPs function-
alized with both antibody and aptamers which specifically bind
receptor HER2 on breast cancer cell surfaces. The presence
of breast cancer cells alongside NPs induces NP aggregation
which is then quantified by UV adsorption and two-photon
scattering. QD coated magnetic microparticles were also
engineered to develop an assay with magnetic/cell targeting
properties and optical readout (see Figure 6). The NPs were
capable of selectively binding cancer cells, which could be
rapidly separated from noncancer cells by means of a magnetic
field and subsequently detected by fluorescence microscopy.[*”]
Furthermore, due to their unique optical properties,
biomarker-conjugated QDs have the potential to replace
common fluorescent labels for cancer cell imaging in tissue
specimens.!]

3. Treatment and Monitoring of Cancerous Tumors

Successful use of NPs in cancer imaging and treatment
relies on the uniqueness of NP physical properties and the

A B Cell 1

Ecr &

receptors

i,

antibodies —
MMPs with QD shells

Cell 2 Cell 3

C

Magnetic
separation
+
fluorescence
analysis

Figure 6. Schematic showing labeling and separation of specific cell
types using multifunctional probes. A) CdTe QDs are electrostatically
adsorbed onto magnetic polystyrene particles (MPP). Different proteins
or antibodies are conjugated onto the QD-coated MPPs, including
epidermal growth factor (EGF). B) A suspension of cells from culture is
prepared, including breast cancer cells over-expressing EGF receptors.
C) QD-coated MPPs bind cancer cells, which can be magnetically
separated from the solution and detected.®"!
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way these properties are integrated with current technologies
for cancer therapy. Table 2 and 3 list some examples of the
use of NPs in cancer imaging and therapy respectively. Some
examples will also be described in the following sections.

A major problem arising with the in vivo use of thera-
peutic agents is that low molecular weight drugs and nontar-
geted contrast enhancers are rapidly cleared from the body
after injection, resulting in limited action and a short time
window available for detection. The encapsulation or conju-
gation of these agents with biocompatible polymers such as
poly-ethylene glycol (PEG) and N-(2-hydroxypropyl)meth-
acrylamide (HPMA),['! liposomes!!™1 and dendrimers[102!
has proven to be a successful approach to improving a
cancer therapeutic's water solubility, circulation time in the
body and tumor uptake, in turn reducing drug payloads and
associated toxic effects. PEG, an FDA-approved, nontoxic
polymer exhibiting high resistance to protein adsorption, is
a particularly popular passivating molecule. PEG molecules
are strongly hydrophilicl!®! and form a surface-bound highly
hydrated layer around the NPs. This layer shields the NPs
from interactions with cell surface proteins, thereby limiting
NP elimination via the immune system.[23104105]

3.1. NPs in Tumor Imaging

Tumor imaging plays a fundamental role in cancer therapy,
from informing the diagnosis (and consequent choice of
treatment), to the pinpointing of diseased areas during treat-
ments (e.g., radiotherapy), and extending to post-treatment
monitoring. Tumor imaging tools are also used successfully
in widespread screening programs such as mammography,
which is used to detect breast cancers. The primary objec-
tive of tumor imaging is to pinpoint tumor location(s) at the
earliest possible stage in any part of the body. Current tech-
nologies such as MRI allow imaging of solid tumors as small
as 1 mm? (about 10° cells), which corresponds to tumors at
the point of the angiogenic switch. However, no technique in
clinical practice is currently able to distinguish smaller groups
of cancer cells in vivo. Promisingly, the use of QDs in fun-
damental in vivo studies on tumor metastasis!'%! and tumor
vasculaturel!’’! has allowed for imaging at unprecedented
levels of detail.

Tumor imaging techniques have evolved through his-
torical advances in physics and chemistry and often rely on
complex technologies.'"! However, they all share a common
conceptual feature: they aim to increase the signal from the
tumor with respect to the background. The elevated cell den-
sity or level of vascularization present in tumors can, in itself,
provide some signal enhancement. The signal-to-noise ratio
is further increased by using image contrast enhancers. NP-
based imaging systems could provide new means of achieving
image contrast and tumor localization.

3.1.1. NPs as Contrast Enhancers

The current status of emerging imaging technologies for
cancer applications has been critically reviewed by Fran-
gioni.l'] Here, we will review the use of new nanomaterials
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Table 2. Nanomaterials used in the imaging of cancer. For each application, we provide details of the strategy adopted to deliver the nanomaterials
to the tumor in in vivo experiments, as well as the physical properties of the nanomaterials used for imaging.

Engineering Nanocomposite Materials for Cancer Therapy

Application Nanomaterial In vitro In vivo Delivery Physical property Reference
Radio-labeling 1927y colloids v - Radioactivity [113]
MRI marker Magnetic NPs N Intravenous injection Active tar- Magnetism [111]
geting (anti-HER2)
Paramagnetic NPs Active targeting (o B5-intregrin) Magnetism [112]
Magnetic/Au core/ Local injection Magnetism [110]
shell NPs
Nanoshells — magnetic v Active targeting (anti-HER2) Magnetism of magnetic NPs [158,159]
NPs
X-ray contrast agents Gold NPs Intravenous injection Opaque to X-rays [114,117]
Spectral-domain Gold NPs Local injection Active targeting Strong scattering [115]
optical coherence (anti-EGFR)
tomography
) . v Intravenous injection Active Photoluminescence [106,107]
Cancer imaging QDs .
targeting
Raman spectroscopy Gold NPs v Intravenous injection Active Surface Enhanced Raman [116]
tags targeting (anti-EGFR) Scattering
Early stage therapy Gold NPs \ - FRET [118]
monitoring
Lymph node tracers QDs N Intradermal injection NIR fluorescence [120-122]
Gold nanocages V Intradermal injection SPRin NIR range [119]

for cancer imaging. However, the use of NPs for MRI has
been recently reviewed by Na and co-workers? and we
refer the reader to their work for in-depth coverage of this
topic and to Figure 2B,?2 7A 1101 7B for some exam-
ples. It is worth mentioning that a NP-based MRI contrast
agent developed at the Siteman Center of Cancer Nanote-
chnology Excellence of Washington University is currently
undergoing Phase I clinical trials. The contrast agent binds to
o, fBs-intregrin, which is over-expressed by angiogenic tumor
endothelial cells and is therefore associated with early tumor
development.[12]

Colloidal gold has been widely investigated for in vivo
medical applications because of its biocompatibility and
facile conjugation with biomolecules via thiol, disulfide and
amine moieties. For example, radioactive '?>Au colloids were
used for the radiolabeling of lymph nodes in proximity to
mammary tumors as early as the 1950s."31 Gold NPs have
been used as in vivo X-ray contrast enhancers for X-ray
computed tomography (CT),'"# spectral-domain optical
coherence tomography (SD-OCT),'] and Raman spec-
troscopy,'’] while gadolinium chelate-coated gold NPs have
been shown to exhibit dual imaging capability by CT and
MRI (Figure 7C).[117]

The response of solid tumors to therapy is usually moni-
tored by measuring the rate of regression. However, the lim-
ited sensitivity of current imaging techniques does not allow
monitoring of the early stages of tumor regression. To over-
come this limitation, Oishi and co-workers!!'8] developed a
probe with internalized gold NPs sensitive to cell apoptosis
(Figure 7D). This system was able to detect apoptotic cells in
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vitro as early as one day post treatment. Probes based on the
same principle are being developed by the same group for in
vivo MRI applications.

3.1.2. NPs for Intra-operative Imaging of Cancer Cells

The inspection of sentinel lymph nodes (SLNs) is mainly
practiced in breast cancer surgery at present, where SLNs are
biopsied to determine whether a cancer has metastasized,
but this procedure requires a highly experienced surgeon.
The current gold standard for guiding surgery is isosulfan
blue dye in combination with radioisotopes localized in the
SLNs. However, isosulfan blue suffers from some limitations,
including high propensity to photobleach and an emission
wavelength that does not penetrate far into soft tissue. Engi-
neered nanoparticles offer a range of solutions which promise
to overcome such limitations. For example, gold nanocages
absorbing in the NIR region have been used for SLN detec-
tion by non-invasive photoacoustic imaging (Figure 7E).[1!]
The NIR region is particularly attractive since it coincides
with a minimum in biological tissue absorption and autofluo-
rescence. NIR-emitting QDs have also proven useful for SLN
mapping as the hydrodynamic diameter of the stabilized QD
falls within the size range required for retention in the SLNs
(5-50 nm).[120-1221 Kim and co-workers!!2"] reported a QD-
based SLN labeling procedure where the QD photolumines-
cence could be detected at a depth of up to 1 cm in the tissue
(the use of isosulfan blue in the same setting required sur-
gery to lift back the surrounding tissue). In further studies,
SLNs were identified and effectively removed by QD-guided
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Table 3. Nanomaterials used in cancer therapy. For each application, we provide details of the strategy adopted to deliver the nanomaterials to
the tumor in in vivo experiments, as well as the physical properties of the nanomaterials on which the technique is based.

Application Nanomaterial In vitro In vivo Delivery Physical property Reference
Paclitaxel drug delivery Gold NPs - Size, surface area [125]
Methotrexate drug delivery Magnetic NPs V Active targeting Size, surface area [124]
(methotrexate)
Drug delivery and moni- QDs v Active targeting (A10 FRET [70]
toring of release RNA aptamer)
Dispersion of hydrophobic Gold NPs y - Size [127,138]
drugs in water
Dispersion of hydrophobic ~ Magnetic/silica core/shell NPs \ - - [139]
drugs in wate
Magnetically guided drug Magnetic NPs y R Magnetically guided Magnetism [126,131]
and gene delivery
Magnetically guided drug Liposome-embedded magnetic V Intravenous injection+  Size, magnetism [132,133]
and gene delivery NPs magnetic guidance
Magnetically guided drug Liposome-embedded magnetic y Intravenous injection Size, magnetism [135]
and gene delivery NPs + magnetic guidance +
active targeting (anti-
EGFR)
Magnetically guided drug  Ni-embedded carbon nanotubes \ Magnetic guidance Magnetism High [136]
and gene delivery surface area nanotube
shape
Localized triggered drug Magnetic NPs - Néel relaxation [128,129,141]
release
Localized triggered drug Gold NPs \ - Size [145]
release
Localized triggered drug Gold nanoshells - Photothermal energy [143,144]
release conversion
Localized triggered drug Gold nanorods y - Photothermal energy [146]
release conversion
Triggered release of mul- Gold nanorods - Photothermal energy [130]
tiple drugs conversion
Photodynamic therapy QDs y - Formation of toxic radi- [175,176]
cals under irradiation
Photodynamic therapy Fullerenes V V EPR Formation of toxic radi- [170-174)
cals under irradiation
Radiation therapy Gold NPs \ R EPR High atomic number [161,163-165]
Tumor cell thermal ablation Gold NPs V V Local injection Radiofrequency gener- [191]
ated heat
Tumor cell thermal ablation Gold NPs v - Photothermal energy [154]
conversion when
aggregated
Tumor cell thermal ablation Gold nanoshells v v EPR Active targeting ~ Photothermal energy  [110,151,155-159]
(anti-HER2) conversion
Tumor cell thermal ablation Gold nanoshells v Nanoshell-loaded Photothermal energy [160]
monocytes conversion
Tumor cell thermal ablation Gold nanorods V Active targeting (anti- Photothermal energy [152]
EGFR) conversion
Tumor cell thermal ablation Hollow gold nanosphere \ v Injection Active tar-  Photothermal energy [153]
geting (anti-EGFR) conversion
Tumor cell thermal ablation Magnetic NPs V Local injection Néel relaxation [149,150,192-196]
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Figure 7. NPs as imaging contrast agents. A) T, MRI and the magnetic resonance temperature map of a subcutaneous A431 tumor injected with
multifunctional magnetic/gold/silica NPs at a dose of 1 x 10! particles/site. The darkening of the tumor in T,-weighted MRI after the injection
of the NPs and the increase in temperature by as much as 60 °C indicate the potential use of the NPs for simultaneous MRI and photothermal
therapy. Adapted with permission.!'19 Copyright 2009, Materials Research Society. B) In vivo MRI detection of cancer using engineered magnetic
NP-Herceptin conjugates. 1-6) Color maps of T,-weighted MRI images of a mouse implanted with the cancer cell line NIH3T6.7, at different
time points after injection of magnetism-engineered iron oxide (MnMEIO)—Herceptin conjugates (1-3) or cross-linked iron oxide (CLIO)-Herceptin
conjugates (4—6): pre-injection (1,4), and 1 h (2,5) or 2 h (3,6) after injection. In panels 1-3, gradual color changes at the tumor site, from red to
blue, indicate progressive targeting by MnMEIO—Herceptin conjugates. In contrast, almost no change was seen in the mouse treated with CLIO-
Herceptin conjugate (4,5,6). Adapted with permission.l''!l Copyright 2007, Macmillan Publishers Ltd. C) Transmission mode planar X-ray images
of a rat before and after injection of Gd chelate-coated gold NPs. The contrast of both the kidneys (K) and the ureter (U) is enhanced due to the
introduction of the NP conjugates. Reproduced with permission.[17] Copyright 2008, American Chemical Society. D) Fluorescence quenching-based
apoptosis nanoprobe. Cartoon: PEGylated polydiethylaminoethylmethacrylate (PEAMA) gel containing gold NPs within the cross-linked polymer
core. FITC molecules are linked to the PEG chains via the NEVN peptide sequence. This sequence is specifically recognized and cleaved by protease
caspase-3, which is active during apoptosis. The fluorescence of the FITC molecules linked to the gel is quenched by the gold NPs. In the presence
of proteases the peptide linker is cleaved and the FITC molecules disperse into solution exhibiting fluorescence. Image: Confocal fluorescence
image of HuH-7 cells incubated with the composite nanogel after induction of apoptosis by staurosporine. Adapted with permission.['18 E) In
vivo noninvasive photoacoustic images of SLN in a rat acquired 1) before and 2) 194 min after intradermal injection of 0.2 pmol of 50 nm gold
nanocages similar to those shown in the SEM image on the top. Reproduced with permission.['!% Copyright 2009, American Chemical Society.
F) Images of the surgical field of a pig injected intradermally with 400 pmol of NIR-emitting QDs in the right groin for SLN mapping. Color video (left),
NIR fluorescence (middle), and color-NIR merge (right, NIR fluorescence image pseudocolored in lime green ) images are shown. The position of a
nipple (N) is indicated. Adapted with permission.[12% Copyright 2004, Macmillan Publishers Ltd.

surgery in large animals such as pigs (Figure 7F). Their group
intend to take this technology to clinical trial.['%3]

effects. Radiotherapy utilizes ionizing radiation to damage
the DNA of cancer cells or create toxic radicals in the pres-
ence of water molecules and oxygen, leading to cell death
or a reduction in the cell replication rate. However, radio-

3.2. NP-Assisted Cancer Therapies

Chemotherapy and radiotherapy are two of the most
well-established cancer treatments available today. However,
these treatments are nonetheless associated with negative
side effects which can significantly affect the quality of life
of patients. For example, numerous chemotherapeutic drugs
target rapidly dividing cells and are delivered to the tumor
site via the bloodstream. As a consequence, these drugs also
end up damaging healthy cells, hence the spectrum of side
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therapy lacks specificity for tumoral tissue. Confining the
therapy and therapeutic activity exclusively to the tumor
site is therefore one of the big challenges for new technolo-
gies. EPR effect can facilitate the delivery and localization of
NPs inside tumors. Drug circulation time and cancer specifi-
city can be further enhanced by PEGylation of the NP sur-
face and active targeting respectively. Different approaches
to drug delivery involve the embedding of the NPs within
organic particles that serve as delivery vectors for the drugs.
In general, the drug release is achieved through enzymatic
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or chemical degradation of the therapeutic molecule-NP as the chemotherapeutic drug Paclitaxel can be covalently
linkers, charge interactions or degradation of the polymer attached to gold NPs with high loading density and in a con-
matrix. The rational functionalization of NP surfaces with trolled fashion.l'?”] CytImmune Sciences Inc. has developed
anticancer drugs and active targeting moieties also allows a series of drug-loaded gold NPs functionalized with PEG
internalization of the drugs into the cells via precise path- and tumor necrosis factor alpha (TNF-o.) for active targeting.
ways (e.g., Figure 8A).2! It has been shown that even One of these therapeutics, Aurimune, is currently in Phase I
organic molecules with exceedingly complex structures such  human clinical trials.
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Figure 8. NP-based strategies for drug delivery. A) Example of magnetic NP-based system for combined drug delivery and MRl imaging. 1) Schematic
of an iron oxide NP covalently bound with methotrexate (MTX), a chemotherapeutic drug that can target many types of cancer cell whose surfaces
over-express folate receptors. 2) Proposed intracellular trafficking model of the uptake of MTX-modified NPs into cancer cells. Following their
uptake via receptor-mediated endocytosis, NPs are transported to early endosomes. The endosomes then fuse with low pH lysosomes containing
proteases, which cleave the peptide bond between the MTX and the NP, allowing the MTX to be released from the NP surface inside the target
cell. Adapted with permission.[124] Copyright 2005, American Chemical Society. B) Schematic representation (side view section) of in vivo delivery
of therapeutic magnetic NPs. Dashed gray rings indicate the lines of magnetic flux due to the ex vivo permanent magnet. The positioning of the
magnet above the target will draw the magnetic NPs out of the bloodstream and towards the affected area. Readapted with permission.[126]
() 1) Gold NPs protected with ligands forming a hydrophobic pocket surrounding the NP. A hydrophilic shell composed of a tetra(ethylene glycol)
unit terminated with a zwitterionic headgroup imparts solubility. The red hexagons represent fluorescent dye Bodipy, or anticancer drugs tamoxifen
(TAF) and B-lapachone (LAP), which are trapped in the hydrophobic pocket. 2) Overlap of confocal fluorescence and bright field images of MCF-7
cell treated with Bodipy-conjugated NPs for 2 h. Transmission electron microscopy images (not shown) indicated that the fluorescent dye was
delivered to the cells without uptake of NPs. 3) The NPs are not cytotoxic, but the NP-drug complexes are, as measured by Alamar blue assay
after 24 h incubation with MCF-7 cells. Adapted with permission.['?”} Copyright 2009, American Chemical Society. D) Formation of magnetic
NP-vesicle assemblies, and potential use as magnetically triggered drug delivery vehicles. 1) Histidine—dopamine conjugate-coated magnetic
NP and lipid vesicles containing fluorinated Cu-iminodiacetate (Cu(IDA))-capped lipids are mixed 2) to form NP-vesicles aggregates via histidine—
Cu(IDA) interaction. 3) Upon application of an alternating magnetic field, the NPs increase their temperature triggering the melting of the lipid
membrane and the consequent release of encapsulated drug. Adapted with permission.[128] Copyright 2009, Springer Science+Business Media.
E) Schematic of a proposed core-shell drug delivery system for triggered release. 1) Anticancer drug doxorubicin is linked to magnetic NPs through
an acid-labile hydrazone bond. The NPs are incorporated in a composite hydrogel made of PolyNIPAAm and enzymatically biodegradable dextran.
For temperatures above the gel lower critical solution temperature (LCST = 38°C) and mild acidic pH the anticancer drug is released through two
distinct mechanisms: firstly, the rapid collapse of the thermosensitive polymer (2) and then the slower cleavage of the acid-labile linker (3).
Adapted with permission.['?! Copyright 2007, Elsevier. F) Example of selective release by means of gold nanorods. Bottom-left: DNA-conjugated
nanocapsules (blue ovals) and nanobones (red bones) are exposed to 800 nm irradiation, which is the nanocapsule SPR frequency. The radiation
melts the nanocapsules and selectively releases the conjugated 6-carboxyfluorescein (FAM)-DNA (green triangles). Bottom-right: exposure to
1100 nm irradiation (nanobone SPR frequency) melts the nanobones, selectively releasing the conjugated tetramethylrhodamine (TMR)-DNA
(orange stars). Adapted with permission.['3% Copyright 2009, American Chemical Society.
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Drug and gene uptake into cancer cells can be improved
by using magnetic NPs, which can be effectively guided
into tumors by means of external magnetic fields.['2]
This approach has been applied to surface-functionalized
NPs!['2631] (Figure 8B), NP-loaded liposomes['32133] (so-
called magnetoliposomes)'3 and highly effective oleic
acid-coated magnetite nanocrystal cores with cationic lipid
shells.['*] DNA-functionalized carbon nanotubes embedded
with magnetic nickel NPs have also been used with nearly
100% transfection rates in lymphoma cells in vitro.[30] Due
to their elongated shape, the nanotubes align with the direc-
tion of the magnetic flux and are moved like spears toward
the cell membrane. This specific orientation aids the penetra-
tion of the particle-gene complex through the cell membrane
and into the cytoplasm. A major drawback of magnetic NP-
mediated delivery systems is the rapid decay in delivery effi-
ciency within just a few centimeters of the magnetic source,
due to the high field gradients required to guide the NPs.[137]
Hence, the use of magnetic NPs for guided delivery may
be limited in clinical practice because of the large size of
humans and the position of internal organs deep within the
body cavity.

Systems allowing not only drug delivery, but also the
detection and monitoring of intracellular drug release
combined with cell imaging have also been developed
(Figure 4C).["1 The use of QDs in these systems opens up the
possibility of multiplexed monitoring of the temporal release
of multiple drugs, although toxicological issues related to
the in vivo use of QDs need to be carefully addressed.

3.2.1. NP-Assisted Dispersion of Hydrophobic Drugs in
Physiological Media

Certain drugs are hydrophobic in nature and thus have
poor solubility in blood, and hence it is difficult to deliver
them to tumors via the bloodstream. For example, photosen-
sitizers used in photodynamic therapy are hydrophobic and
tend to aggregate in aqueous media, leading to quenching and
a lack of tissue selectivity. The suspension of photosensitizer
molecules in water has been achieved by coating them onto
metallic NPs,'3] which has the added effect of enhancing
their photophysical properties. Alternatively, photosensitizers
have been loaded into silica NPs via microemulsion and sol-
gel methods.[3]

Gold NPs protected by a monolayer of amphiphilic
thiols can provide an alternate strategy to tackle drug solu-
bility problems. Hydrophobic pockets surrounding a gold
NP are created via surface conjugation of thiol-terminated
molecules containing both hydrophobic and hydrophilic
moieties. The hydrophilic groups at the solvent interface
impart water solubility to the particles. The hydrophobic
groups located at the gold NP surface form a closed region
with an associated volume. Organic solutes can be incor-
porated in the hydrophobic pocket,*] allowing for the
storage and delivery of active molecules. Using NPs engi-
neered in this way, Kim and co-workers['?”l succeeded
in delivering the highly hydrophobic anticancer drugs
tamoxifen and fB-lapachone into human breast cancer cells
in vitro (Figure 8C).
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3.2.2. NP-Mediated Triggered Drug Release

Triggered drug release allows localization of drug activity
to diseased areas alone. One of the strategies developed for
this purpose is to use materials that are responsive to environ-
mental stimuli such as temperature. For example, magnetic
NPs subjected to an alternating magnetic field act as nano-
sized thermal generators causing the disruption of proximal
lipid bilayers by melting. This phenomenon was exploited
to trigger the release of drugs contained in lipid vesicles
alongside the NPs.'¥!] The same effect has been observed in
assemblies of magnetic NPs and drug-containing lipid vesi-
cles, where NPs acted as crosslinkers between the individual
vesicles to form large assemblies (Figure 8D).[128]

Poly(N-isopropylacrylamide) (PolyNIPAAm) is a well
established thermoresponsive polymer that undergoes a tran-
sition from hydrophobic to hydrophilic when heated above
its lower critical solution temperature. Hydrogels that shrink
when the temperature is raised above 37 °C have been pro-
duced by conjugating PolyNIPAAm with molecules such as
acrylamides.'*?] This property makes PolyNIPAAm compos-
ites suitable candidates for use in triggered drug delivery, for
example by incorporating magnetic NPs['?] (Figure 8E) and
gold nanoshells!'*>1#4 into PolyNIPA Am-based hydrogels.

Triggered drug release has also been achieved by con-
jugating drug molecules to the NP surface with photocleav-
able linkers.['*’] Alternatively, irradiation of the NPs at their
SPR frequency can induce nanorod melting and consequent
release of bound therapeutics (Figure 8F).[130:140]

3.2.3. NP-Based Delivery and Release of Multiple Drugs

The efficacy of chemotherapy can be improved by the syn-
ergistic combination of multiple drugs with complementary
properties. One issue concerning the use of anti-angiogenic
agents inside tumors is that their action inhibits blood vessel
growth, preventing the delivery of additional anticancer drugs.
The incorporation of both therapeutics and anti-angiogenic
agents in a combined system would help address this limitation.
In fact, the anti-angiogenic agent might improve therapeutic
efficacy by entrapping the anticancer drug inside the tumor
after release. Hence, delivery systems that allow not only mul-
tiple drug loading but also controllable sequential drug release
are desirable. Different strategies have been developed to
incorporate more than one drug type into a single delivery
system, but differences in drug loading efficiency, pharmacoki-
netics and administration timing make the engineering of such
systems extremely challenging.'*”! Wijaya and co-workers!'3"]
proposed an elegant solution to the delivery and triggered
release of multiple drugs by exploiting the unique optical
properties of gold nanorods (Figure 8F). The SPR wavelength
of gold nanorods can be tuned by changing their aspect ratio
so that different populations of nanorods can be excited inde-
pendently. Using this concept, two different DNA oligonucle-
otides were selectively released.

3.2.4. Inducing Hyperthermia Using NPs

Hyperthermia alters the function of many structural
and enzymatic proteins within cells, which in turn affect cell
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growth and differentiation and can induce apoptosis. Heat
sources currently used for hyperthermia therapy!!*¥! result
in poor temperature homogeneity and effectiveness. These
problems have been overcome by using specifically engi-
neered NPs as heat sources and delivering them through the
blood stream or by local injection. Using these particles, high
temperatures can be achieved locally, without affecting adja-
cent healthy tissue. Although the use of magnetic NPs for
tumor hyperthermia was first reported thirty years ago,[*%] it
took until 2003 for magnetic NP-based hyperthermia therapy
to enter clinical trials (at Charité—University Medicine
Berlin). In the trials, superparamagnetic iron oxide/aminosi-
lane-type core/shell NPs were injected into the tumor area
and subjected to a 100 kHz oscillating magnetic field. Under
the action of the magnetic field, the coated NPs spread in the
tumoral tissue (thermal bystander effect), improving cellular
uptake and avoiding rapid removal by macrophages.'>! This
phenomenon allows a single injection of NPs to be sufficient
for ten consecutive treatment sessions, minimizing the inva-
siveness of the therapy.

Gold nanoshells,[>!] nanorods!'*?l and hollow gold nano-
spheres (Figure 9A)'3 with SPR frequencies in the NIR
range promise to be particularly suitable for cancer abla-
tion therapy applications due to NIR being the optimal
range for transmission through tissue with minimal damage.
Additionally, while isolated NPs do not absorb NIR radia-
tion, NP aggregates exhibit an SPR peak in the NIR and
can also be used as heat sources for hyperthermia applica-
tions. Nam and co-workers!'*l engineered 10 nm gold NPs
which aggregate via electrostatic attraction only at the
typical tumor intercellular pH. While dispersed NPs do not
absorb NIR radiation, NP aggregates exhibit a SPR peak in
the NIR and can be used as heat sources for hyperthermia
applications. Cancer therapy utilizing silica/gold core/shell
NPs from Nanospectra Bioscience, Inc. is currently in Phase
I human clinical trials. In contrast with magnetic NPs, these
nanoshells are generally directed into tumors through the
vascular system, although they also accumulate nonspecifi-
cally in the spleen and liver.'> In a further development,
nanoshells have been functionalized to improve their spe-
cificity for tumor cells!'¢'57l and engineered to combine
the therapeutic action with magnetic and fluorescent optical
imaging for MRI (Figure 7A)[M015815) and intraoperative
imaging (Figure 9B).['1 A “Trojan Horse” strategy to deliver
nanoshells to hypoxic regions of solid tumors has also been
developed making use of nanoshell-loaded monocytes. In
fact, these cells are capable of entering the tumor due to che-
moattractive gradients generated by hypoxia and necrotic
conditions.[1%0]

3.2.5. NP-Enhanced Radiotherapy

Although widely used, radiotherapy has toxic effects on
the tissue surrounding the tumor and also on internal organs.
These side effects limit the amount of radiation that can be
used during treatment. Radiation dose enhancement local-
ized at the tumor area would enable lower doses of radia-
tions and therefore reduced side effects. Radiation dose
enhancement at the interface between high and low atomic
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Figure 9. NP-based cancer therapy strategies. A) 1) Schematic and
2) Transmission electron microscopy image of anti-epidermal growth
factor receptor (EGFR) monoclonal antibodies conjugated to hollow gold
nanospheres (HAUNS, average diameter 30 nm). The antibodies are labeled
with radiometal indium chelator (In-DTPI). 3,4) The overlay of fluorescence
and light microscopy images (40x magnification) of human squamous
carcinoma A431 cells incubated with HAUNS conjugated with mouse I1gG
and anti-EGFR respectively. Cells were stained for visualization of cell nuclei
(blue). Light-scattering images of HAUNSs were pseudocolored green. Anti-
EGFR-conjugated HAuNS selectively bind A431 cells. 5,6) The overlay of
fluorescence microscopyimages (400x magnification) ofuntreated cellsand
cells treated with anti-EGFR-conjugated-HAuNS and NIR laser respectively.
Cells were stained for visualization of live cells (green) and dead cells (red).
In (5) cells retained normal morphology with no apparent death observed.
In contrast, in (6) the dead cells showed rounded morphology (asterisk)
and membrane damage. Adapted with permission.['>3! Copyright 2008,
AmericanAssociation forCancerResearch. B) Schematic diagramillustrating
the fabrication of multifunctional NPs for MRI, intraoperative imaging and
cancer ablation therapy. SiO,/Au core/shell NPs are coated with magnetic
NPs and silica doped with NIR fluorescent Indocyanine Green (ICG).
Streptavidin-maleamides are covalently linked to the NP surface through
thiolated silanes and bind biotinylated antibodies against HER2 for active
targeting. Readapted with permission.['*®! C) Radiation enhancement
by means of gold NPs. Comparison of the cytotoxicity induced in breast
cancer cell line by various types of irradiation in the presence of gold NPs
functionalized with cysteamine (AET-GNPs) and thioglucose (Glu-GNPs) for
active targeting (48 h after irradiation). Glu-GNPs significantly increased
the cytotoxicity of 200 kVp X-rays, meaning lower doses of radiation can be
used in the presence of NPs, reducing the risk of side effects. Reproduced
with permission.[161]
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number materials for cancer therapy has been studied for
more than 30 years.'?l However, in order to translate this
finding into clinical benefit, readily available, easily utilized
and nontoxic materials are required. In 2004, the suitability
of gold NPs for radiotherapy was tested in vivo.['®3] These
NPs were described to localize into the tumor site via the
EPR effect and there they were exposed to X-ray radiation.
Mice injected with NPs demonstrated remarkable tumor
regression in mammary tumors and long-term survival
without any significant toxicity, thus indicating the utility of
these nanomaterials for radiotherapy. Following this work,
numerous experimentall!011641651 and Monte Carlo simula-
tion studies!'®-198] have further elucidated the properties of
NPs as radiation enhancers (Figure 9C).['!]

3.2.6. Nano-tools for Photodynamic Therapy

Photosensitizers are a particular class of anticancer drugs
that become active and therefore cytotoxic only when excited
at precise frequencies in the presence of molecular oxygen.
Interestingly, as photosensitizers are fluorescent molecules,
they also offer a means for tumor imaging. The use of
fullerenes['171  and QDs['™ as photosensitizers has
been attempted due to their capacity to generate reactive
oxygen species when irradiated with light. QDs have also
been used to effectively potentiate conventional photosensi-
tizers.7®l However, issues related to fullerene insolubility in
water and QD toxicity in the body have hindered their fur-
ther development as therapeutics, although both types of NPs
currently remain the focus of intense research.

4. Toxicological Considerations

Nanomaterials exhibit physical properties that are not
observed in their bulk form. For this reason, toxicity can
potentially be altered or enhanced in certain materials when
they are confined at the nanoscale. The lack of a coherent
body of knowledge on the subject, compounded by the sheer
number of different types of NPs in use today, makes the pre-
diction of novel nanomaterial toxicity challenging.'””] This
issue has mainly hindered the use of NPs in in vivo applica-
tions, where the main sources of concern involve:l!73171 1) the
ability of NPs to enter the body and cells via multiple different
mechanisms; 2) the small size of NPs permitting their inter-
action with subcellular structures such as proteins and DNA;
3) the large surface area of metal NPs acting as highly effec-
tive electron acceptors/donors and therefore able to generate
damaging free radical species. Additionally, there are stability
issues associated with NPs, such as their tendency to aggregate
under certain conditions, meaning they can potentially expose
individuals to risks of blood clotting, embolism and thrombosis.
Other potential sources of toxicity include: the release of cer-
tain NP surface ligands, such as the surfactant currently used
in nanorod synthesis; and the exposure of toxic elements such
as Cd (contained within some QDs) resulting from surface
oxidation, which is strongly enhanced by exposure of the QDs
to high energy radiation such as UV light.['®9] While gold NPs
have shown relatively high levels of cellular uptake without
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causing acute cytotoxicity,'8!] the toxicity of QDs was found
to depend on their inherent physicochemical properties and
environmental conditions.'®2] Concerns on QD toxicity have
triggered the development of Cd-free QDs,['% stable photo-
luminescent silicon QDs in water!'l and a number of alter-
native high-luminescent systems such as, for example, organic
dye-silica core-shell NPs (Figure 10),'3%1%] and aptamer-
conjugated silica NPs for FRET-based multiplexed imaging
of multiple cancer cell lines.['¥”! Liposome fusion onto mes-
oporous silica particles has also been used to simultaneously
load and seal the cargo, creating a system useful for imaging,
delivery across the cell membrane and controlled release.['8]

Nanomaterials have been recognized as a growing source
of technological innovation by governmental, academic and
industrial parties. Through recognition of the risks as well as
the potential benefits of this new technology, numerous con-
sortiums have been set up worldwide to establish regulatory
frameworks. In Europe, for example, the European Com-
munity has funded an interdisciplinary portfolio of research
projects aiming to elucidate the health and environmental
implications of nanomaterials and to provide recommen-
dations for the safe handling of such materials.l'®"] Impor-
tantly, in February 2009, the European Food Safety Authority
(EFSA) adopted the recommendations of its scientific com-
mitteel'] namely that nanomaterials should be treated as
distinct materials, and that each new application of nanoma-
terials should be separately investigated.

[181

5. Future Perspectives and Conclusion

Newly-developed nanomaterials offer unique opportuni-
ties in cancer treatment as a complement to current medical

Figure 10. Rat Basophilic Leukemia (RBL) cell labeling using fluorescent
organic dye-silica core—shell NPs with IgE antibody adsorbed on their
surface. Here, the silica shell enhances the dye optical properties and
confers biocompatibility, as well as a uniform, well-known chemistry,
at the expense of complex and dye-specific synthesis protocols.
The NPs specifically attach to the surface receptor of a cell via the
IgE-FceRl interaction as schematically depicted in (A). Bright field (B)
and confocal fluorescence (C) images of RBL cells with IgE-mediated
cell surface labeling. As a control, bright field (D) and fluorescence (E)
images of RBL cells incubated with free IgE antibodies to quench the
FceRl receptors before incubation with the NP-IgE complexes, showing
minimal nonspecific cell surface binding. Adapted with permission.[185]
Copyright 2007, PCCP Owner Societies.
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technology. Due to their novel properties and multifunctional
capabilities, NPs provide new strategies for a range of appli-
cations, from improved cancer diagnosis and imaging to tar-
geted therapy.

While the use of NPs for biosensor development is in many
cases ready for commercial translation, the in vivo clinical
applications of NPs are subject to the complete assessment of
their potential toxicity. Promisingly, the first NP-based cancer
diagnostic tool has been commercialized and some NP-based
cancer therapeutics are currently in human clinical trials.

The ultimate challenge for cancer treatment is to be able
to diagnose and cure cancer without surgical intervention
and avoiding the occurrence of side effects. New technology
should aim therefore to discover new cancer markers and
develop highly reliable and sensitive screening tests, as well as
effective localized therapies. Current nanotechnology-based
sensing systems may provide advantages in monitoring the
recurrence of a disease. NP multiplexing capability promises
to make a diagnosis more accurate through the detection of
a cocktail of biomarkers related to a specific condition. Drug
delivery through active and passive targeting strategies has
proved successful in localizing therapeutic activity of anti-
cancer drugs at the tumor site. From a therapeutic point of
view this achievement means that higher drug payload can be
used with minimized side effects. However, strategies relying
on delivery via the blood stream can only be used after the
tumor has developed its own vasculature. More sophisticated
strategies will be required for the early detection, imaging,
and delivery of drugs into pre-angiogenic tumors for early-
stage cancer treatment.
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