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Abstract

Successful cancer management depends on accurate diagnostics along with specific treatment
protocols. Current diagnostic techniques need to be improved to provide earlier detection
capabilities, and traditional chemotherapy approaches to cancer treatment are limited by lack of
specificity and systemic toxicity. This review highlights advances in nanotechnology that have
allowed the development of multifunctional platforms for cancer detection, therapy, and
monitoring. Nanomaterials can be used as MRI, optical imaging, and photoacoustic imaging
contrast agents. When used as drug carriers, nanoformulations can increase tumor exposure to
therapeutic agents and result in improved treatment effects by prolonging circulation times,
protecting entrapped drugs from degradation, and enhancing tumor uptake through the EPR effect
as well as receptor-mediated endocytosis. Multiple therapeutic agents such as chemotherapy,
antiangiogenic, or gene therapy agents can be simultaneously delivered by nanocarriers to tumor
sites to enhance the effectiveness of therapy. Additionally, imaging and therapy agents can be co-
delivered to provide seamless integration of diagnostics, therapy and follow-up, and different
therapeutic modalities such as chemotherapy and hyperthermia can be coadministered to take
advantage of synergistic effects. Liposomes, metallic nanoparticles, polymeric nanoparticles,
dendrimers, carbon nanotubes, and quantum dots are examples of nanoformulations that can be
used as multifunctional platforms for cancer theranostics. Nanomedicine approaches in cancer
have great potential for clinically translatable advances that can positively impact the overall
diagnostic and therapeutic process, and result in enhanced quality of life for cancer patients.
However, a concerted scientific effort is still necessary to fully explore long-term risks, effects,
and precautions for safe human use.
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1. Introduction

Cancer is a complex cluster of diseases that arise from DNA mutations impacting cell
growth and cell cycle processes. The fact that cancer encompasses a heterogeneous spectrum
of conditions and is highly unpredictable causes numerous challenges for early diagnosis
and effective treatment, and makes cancer a major public health concern worldwide in the
215t century. In the United States alone, cancer is expected to cause 569,500 deaths in 2010
[1]. Current treatment techniques for cancer include surgery, radiotherapy, chemotherapy,
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hyperthermia, immunotherapy, hormone therapy, stem cell therapy, and combinations
thereof. In many cases, early detection is the crucial factor that directs the treatment regime
and the choice of therapeutic intervention. The stage at which a tumor is detected determines
whether it can be surgically resected without need for adjuvant treatment, or whether it will
require a combination of approaches, which typically include surgery, radiation, and
chemotherapy.

Chemotherapy is used in the treatment of many cancers, but it has important limitations
including a lack of specificity that results in low concentrations of chemotherapeutic drugs/
agents at tumor sites, along with numerous off-target toxic effects [2]. The concept of a
"magic bullet", introduced by Paul Elrich in 1906 [3], has influenced research efforts to
develop site-directed delivery strategies for chemotherapy drugs. Targeted drug delivery can
improve drug concentration at the tumor site and maximize therapeutic response.
Additionally, the increased selectivity of the treatment minimizes toxic side effects, and
reduces the negative impact on the quality of life of patients receiving chemotherapy. In
order to achieve site-directed delivery, researchers have developed many drug carrier
systems that guide the administration of the drug to a specific target location [4, 5]. Some
examples include liposomes [6, 7], micelles [6, 8], natural and synthetic polymer
nanoparticles [9, 10], metal nanoparticles [11], microspheres [12], and direct local delivery
using drug eluting patches and stents [13]. The choice of carrier system affects
bioavailability, biodistribution, types of drugs that can be delivered, and the specificity and
pharmacokinetics of delivery. For a given carrier, multiple factors determine the stability
and fate of the delivery vehicle during storage and after administration, including size,
rigidity, charge, solubility and surface modifications. Two of the most important systems in
current drug delivery research include liposome-based delivery systems and polymer
microparticles/nanoparticles as carrier systems.

2. Liposomal delivery systems

Liposomes are concentric, closed bilayer membranes of water insoluble polar lipids that can
be used to encapsulate biomolecules and drugs for targeted delivery while protecting their
bioactivity. Liposomes are a good choice for drug carrier systems because they are nature-
made, biocompatible, and their size can be controlled quite precisely during the preparation
process. Liposomes were first utilized as enzyme carriers in 1971 for the treatment of
lysosomal storage disease [14, 15], and their use as delivery vehicles has since extended to a
variety of encapsulated drugs such as antineoplastic agents, antimicrobial compounds,
immunomodulators, anti-inflammatory agents, cardiovascular drugs, etc. [16—20] Currently,
there are several commercially available liposomal formulations for cancer therapy,
including doxorubicin (Doxil®), daunorubicin (Daunoxome®) cytarabine (Depocyt®),
Myocet® and vincristine (ONCO-TCS®) [21-25]. Liposomal DOX has been investigated
clinically for breast cancer, ovarian cancer, AIDS-related Kaposi’s sarcoma, head/neck
cancer, and brain tumors [26-30].

Although the field of liposomal drug delivery has shown a lot of promise, there are still
some challenges to overcome, including shelf stability, unsuitability for oral administration
routes, low loading efficiency, poor control of drug release, drug degradation inside the
liposome, difficulty encapsulating hydrophobic drugs, and bioavailability issues in vivo,
including destabilization by interaction with serum proteins as well as clearance by the
reticuloendothelial system (RES) and circulating monocytes [31]. In an effort to obtain
improved in vivo pharmacokinetics, researchers have developed "stealth liposomes" by
attaching PEG, gangliosides, sialic acid derivatives, hydrophilic synthetic polymers, and
other molecules [32—-34] to the surface of the lipid bilayer. These surface decorations result
in increased hydrophilicity and prolonged plasma circulation times. Further surface
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modifications, such as the addition of targeting moieties, can be used to make the carrier
site-specific.

3. Particle carrier systems

Particles provide another option to enhance site-specific delivery and controlled delivery of
chemotherapy drugs. Many systems have been designed with the common goal of enhancing
drug bioavailability at target sites, protecting drugs/biomolecules from degradation, and
facilitating drug absorption and diffusion across membranes. Nanoscale drug delivery
systems can be targeted by molecular surface decorations specific to a given target, such as
antibodies for cell surface receptors that are overexpressed in cancer cells. One of the most
important factors to consider in the design of particle carriers is size, which will greatly
influence the biodistribution of the resulting vehicle. There are three types of particles based
on their size: (i) macroparticles (50-200 pm) (ii), microparticles (1-50 um) and (iii),
nanoparticles (10-1000 nm)

Biodegradable microparticles made of starch [12], albumin [35], or polylactic acid [36] have
been used in therapeutic applications such as chemoembolisation. Since macroparticles
cannot enter the capillaries, they are lodged at the arteriole level after administration, and
can provide sustained and slow release of drug contents to surrounding tissue while
protecting the entrapped drug from biodegradation. Release rate can be tailored by the
choice of polymer pore size, swelling properties, and degradation rate. One of the main
difficulties with the use of microparticles for other therapeutic applications is their rapid
clearance by the RES, as well as their inability to enter capillaries that limits the possibilities
for targeted tissue delivery.

Lipid, metallic, or polymeric nanoparticles provide an inherent advantage for systemic
delivery because their smaller size allows decreased RES uptake, prolonged circulation
times, and penetration into capillaries. Additionally, their increased surface area per unit
volume allows for increased loading amounts of adsorbed drugs or biomolecules. Since the
first report [37] on preparation and characterization of polymeric nanoparticles in 1976,
research in this field has grown exponentially. Particle characteristics (including size
distribution, surface charge, biocompatibility, biodegradation behavior, and availability of
functional groups for conjugation) are crucial to the ultimate success of the delivery vehicle.
Uniform sizes in the range of 110-140 nm, neutral surface properties, and high molecular
weight parent polymers are desirable characteristics of polymeric nanoparticles in order to
optimize biodistribution, increase circulation time, and maximize uptake by target tissues.

One strategy to impart stealth properties to nanoparticles and create "long-circulating"
nanoparticles that avoid uptake by macrophages is to coat the particles with a high
molecular weight dextran or with PEG, both of which decrease particle surface charge and
result in prolonged circulation times [38]. Other hydrophilic ligands used for surface
functionalization that can enhance accumulation at desired tumor loci include chitosan,
heparin, and other polysaccharides [39, 40].

Choosing the right parent polymer is an important step in the design of carrier systems,
because polymer type can determine the ultimate behavior of the delivery system in different
environments. The fate of nanoparticles within the body is governed by the size (molecular
weight), shape, surface charge and nature (hydrophobic or hydrophilic) of the parent
polymer(s). Additionally, drug release at the target site also depends on polymer
characteristics since it occurs by one of three mechanisms, namely diffusion of the drug
content from hydrated particles, enzymatic degradation of the polymer network, or cleavage
of the drug after hydration of the particles. Natural polymers such as albumin, gelatin,
chitosan, and heparin; and synthetic polymers such as poly(amino acids), poly(alkyl-cyano
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acrylates) [41], poly(esters), poly(orthoesters), poly(urethanes) and poly(acrylamides) offer
a plethora of chemical composition and structure combinations for nanoparticle drug carrier
design and allow delivery of small drugs, oligonucleotides, DNA, and proteins [42]. Table 1
summarizes the various natural and synthetic polymers used in nanoparticle formulations.

Chitosan, poly(lactic-glycolic acid) (PLGA), and poly(lactic acid) (PLA) in particular have
been extensively investigated due to their biodegradability and biocompatibility [43].
Chitosan polymers are semi-synthetic polysaccharides with many applications in
biomedicine including gene therapy, drug delivery, tissue engineering scaffolds, dressings,
coatings, and sensors [44, 45]. Chitosan is used in gene therapy as a non-viral vector due to
its strong polycationic properties, which allow it to form strong interaction complexes with
DNA. Although transfection efficiency is still an issue, many groups have reported
successful gene therapy approaches using chitosan-DNA nanoformulations [46—49].
Conjugation of chitosan with other agents, such as polyethylenimine, can enhance DNA
release capability and transfection efficiency [50]. Applications of chitosan in drug/small
molecule delivery have also been explored extensively in recent years. Karatas et al
prepared chitosan nanoparticles loaded with a caspase-inhibitor peptide, creating a system
that has potential for use in preventing apoptotic cell death. In a mouse model of
neurological injury, this system was able to cross the blood-brain barrier and result in
decreased infarct volume and reduced neurological deficits [51, 52]. Chitosan has also been
used as a carrier for different chemotherapeutic agents, including but not limited to
doxorubicin [53-55], paclitaxel [56], camptothecin [57], docetaxel [58], and 5-fluorouracil
[59]. Reported multimodal formulations include combinations of chitosan with quantum
dots [60], superparamagnetic iron oxide nanoparticles [61], gadolinium [62], and others,
allowing for image-guided therapy. Further research is needed to investigate whether
parenteral use of chitosan formulations is safe in humans because chitosan can induce
coagulation [63].

PLGA is a biodegradable synthetic polymer that has been used to prepare nanoparticles for
several applications including gene therapy as well as delivery of bioactive agents such as
proteins, vitamins, and pharmaceutical drugs, as shown in table 1. PLGA nanoparticle
formulations can be used to entrap hydrophilic and/or hydrophobic drugs, and can be
controlled for particle size and drug release rate. In the case of hydrophobic species such as
doxorubicin, paclitaxel, or quercetin, which suffer from premature degradation and poor
aqueous solubility in their free form, PLGA nanoparticle entrapment provides improved
drug dispersibility and protects bioactive molecules allowing them to reach target/diseased
sites without degrading [64]. Degradation of PLGA occurs through hydrolysis of the ester
linkages throughout the matrix and through surface erosion, and the resulting byproducts
(lactic acid and glycolic acid) can be naturally removed from the body. Delivery can be
tuned by tailoring polymer characteristics, for example, the degradation rate of PLGA can be
modified by changing the molar ratio of lactic and glycolic acid in the copolymer.

PLGA nanoparticles containing anticancer drugs have been extensively reported in the
literature (Table 1), including formulations entrapping paclitaxel, doxorubicin (DOX),
vincristine sulphate, dexamethasone, and cisplatin [64]. These PLGA nanoparticle
formulations have significant advantages over liposomal formulations, which are still
marred by issues of fast leakage and instability. Doxorubicin-loaded PLGA nanoparticles
have been successfully formulated, characterized and evaluated in vitro and in vivo [65, 66].
There are also numerous examples of paclitaxel-loaded nanoparticles applied all the way
from benchtop to bedside, including formulations that are suitable for oral administration
[67]. A particularly successful example is nanometer-sized albumin-bound paclitaxel
(Abraxane), which has been used in the clinic for the treatment of metastatic breast cancer
[68], and is being evaluated in clinical trials involving many other cancers including non—
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small-cell lung cancer (phase Il trial) [69], and advanced nonhematologic malignancies
(phase I trial) [70]. At present, there are over 60 clinical trials that involve the use of
nanoparticles in cancer therapy (see http://clinicaltrials.gov). An important advantage of
nanoparticles when used as carriers for chemotherapy agents is their ability to overcome
multidrug resistance (MDR) phenomena by bypassing the multidrug exporter pump [71, 72].
MDR is an important factor that contributes to the failure of traditional forms of
chemotherapy.

Polymeric nanoparticles offer an extensive array of functionalization options that can be
used to create versatile multifunctional systems for targeted theranostic applications (figure
1). Multimodal tailored approaches to the diagnosis and treatment of cancer are more likely
to result in clinically translatable advances by enhancing the efficacy and specificity of
treatment regimes. Strategies can include combinations of several therapeutic molecules
such as chemotherapy drugs and/or gene therapy agents, combinations of chemotherapy
drugs with other modalities such as hyperthermia, and theranostic combinations in which
nanoparticles are used for imaging and therapeutics.

Despite their numerous advantages, polymer nanoparticles also have some disadvantages,
including toxicity of preparation solvents, acidity of degradation byproducts, and drug
release that is frequently biphasic. Additionally, nanoparticle size is more difficult to control
than for liposomes, and there are still many unknowns regarding the toxicity profile and
biological effects of synthetic nanoparticles.

4. Targeted nanoformulations

4.1. Passive Targeting

Nanoparticles are passively targeted to tumor sites through the enhanced permeability and
retention effect (EPR). Blood vessels supplying tumor tissues have larger pore sizes
compared to those in healthy tissue, which results in preferential tumor accumulation of
nanoparticle-delivered drugs, increased treatment efficacy, and reduced systemic toxicity
[98, 99]. However, the EPR phenomenon depends on many different factors such as parent
polymer molecular weight, particle surface charge and hydrophobicity, immunogenicity,
tumor characteristics, etc [100]. This results in many challenges in the optimization of
passive targeting. Current consensus is that prolonged circulation time is the most important
factor in enhancing this phenomenon, and in order to obtain longer circulation times
particles should be neutrally charged, have an average diameter of 10-100 nm, and
molecular weights around 30 kDa, although studies have shown uptake for molecular
weights up to 800 kDa [101].

4.2. Active targeting

Passive targeting alone is limited by low tumor specificity, and therapeutic concentrations
can still be lower than optimal at the tumor site by simply relying on EPR-mediated
accumulation. A strategy to overcome these limitations by decorating the surface of the
nanoparticles with targeting moieties such as small ligands, antibodies, or biomarkers that
can direct the delivery vehicle towards specific molecular targets which are overexpressed
by tumor cells. This approach is called active targeting, and it results in more efficient and
selective uptake of drug into the target cells. Active targeting requires careful identification
of tumor biomarkers, as well as selection of specific molecules that can hone in to those
markers in a selective, directed manner. Targeted particles can then be internalized by tumor
cells via receptor-mediated endocytosis/phagocytosis, resulting in elevated concentrations in
tumor tissue.
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Although antibodies can be directly conjugated to drugs without the use of a vehicle, clinical
trials have highlighted the difficulties of applying this approach [102], mostly due to
potential loss of bioactivity upon conjugation, steric hindrance, and immunogenicity of the
antibodies when used in their full form. Even when antibody fragments were used, drug-
antibody conjugates have not shown effective results in targeted delivery of therapy to
cancer because of functional changes in the conjugated components. In contrast, conjugating
antibodies to the surface of a delivery vehicle does not interfere with the bioactivity or
characteristics of the entrapped drug, and does not result in loss of affinity of the antibody
for the target, which makes nanocarriers an excellent platform for the development of
effective targeted therapies.

The applications of antibodies in targeted therapies have evolved toward the preferential use
of monoclonal antibodies (mAbs), especially trying to avoid or reduce immunogenicity by
using engineered chimeric or humanized forms to maximize the chances of successful
clinical translation [103]. So far, several mAbs-based therapies have shown success in
targeting disease processes, including formulations of trastuzumab [104], cetuximab [105],
rituximab [106], and bevacizumab [107]. Another option for targeting is to use aptamers,
which are oligonucleic acids with high specificity, small size, and reduced immunogenicity,
albeit at high production costs [108, 109]. RNA aptamers to the VEGF isoform with 2" - O -
methylpurine and 2 ' - F pyrimidines show antiangiogenic properties, including an aptamer
called Pegaptanib that has been FDA-approved for the treatment of neovascular macular
degeneration [110, 111]. Other aptamers that target prostate-specific membrane antigens
have been conjugated to docetaxe-loaded PLGA nanoparticles which have been evaluated
for efficacy in an animal model [112].

Many biomarkers have been identified as possible targets of antitumor drugs, including the
transferrin receptor, Epidermal Growth Factor Receptor (EGFR), folate receptor, and
Human Epidermal Receptor 2 (HER-2). The folate receptor is overexpressed in 80-90% of
ovarian cancers, which opens the possibility of targeting this particular type of cancer in a
specific manner. Folate-decorated nanocarriers have the added advantage of using a natural
targeting moiety that does not cause immunological responses in human recipients [113,
114]. Anti-HER2 monoclonal antibody (transtuzumab) immunoliposomes containing
doxorubicin have been shown to be superior to free doxorubicin and liposomal doxorubicin
in studies with xenograft tumor models by the Park et al group [115]. Our own research has
shown that DOX-loaded PLGA nanoparticles decorated with anti-HER2 moieties show
significantly increased cellular uptake compared to undecorated nanoparticles in the HER-2
overexpressing ovarian cancer cell line SKOV-3 [116]. The increased uptake is specific to
the HER-2 receptor-mediated process, because cells that do not overexpress HER-2 such as
MES-SA and MES-SA/Dx5 do not show any differences in uptake between decorated and
undecorated nanoparticles. Thus, capitalizing on the specific interactions between
engineered drug delivery systems and cell surface receptors has the potential to result in
customizable, tailored therapies for cancer treatment. Future challenges to overcome include
drug resistance phenomena that can lead to changes in biomarker functionality, as well as
the inherent variability of receptor expression within the target cell population. The
multimodal combination of targeted therapies and traditional therapies is still the best
approach in cancer management.

5. Combinational delivery approaches

Combining several therapeutic agents into a delivery vehicle may enhance the effectiveness
of cancer interventions. This may include delivery of multiple chemotherapeutic drugs, co-
delivery of chemotherapy and antiangiogenic agents, co-delivery of drugs and genes, and
co-delivery of drugs and si-RNA, amongst others.
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5.1. Simultaneous delivery of chemotherapeutic agents

One of the first reports on multichemotherapy delivery using nanocarriers was published in
2005 by Agrawal et al, who demonstrated that dual-loaded 6-mercaptopurine/daunorubicin
liposomes had increased in vitro cytotoxicity in lymphoma cells when compared to single-
loaded liposome formulations of the same drugs [117]. Since then, many other formulations
including synthetic (e.g., PLGA) and natural (e.g., chitosan) polymers have been used for
codelivery of drugs, and have shown enhanced efficacy of treatment for multitherapy vs.
monotherapy delivered to cancer cells in vitro. Some examples include PLGA nanoparticles
simultaneously loaded with verapamil and vincristin on MCF-7/ADR resistant cells,
BEL7402 cells, and BEL7402/5-FU human hepatocarcinoma cells [72, 118]; DOX/
cyclosporine A loaded polyalkylcynoacrylate nanoparticles [119], codelivery of PDTC and
doxorubicin using multifunctional micelle nanoparticles (see figure 2 for a schematic
structure of a micelle) [120], and codelivery of ICG and DOX using PLGA nanoparticles
[71].

Some combinational therapy nanocarriers have reached Phase Il clinical trials, including
cytarabine/daunorubicin loaded liposomes (CPX-531 formulation) for the treatment of acute
myeloid leukemia [121], and a CPX-1 formulation composed of irinotecan and flouridine for
treatment of colorectal cancer [122]. Some in vivo studies using multitherapy carriers
include codelivery of daunorubicine and tamoxifen using stealth liposomes for breast cancer
[123], and RGD-based combinatorial delivery of siRNA and doxorubicin [124].

An important challenge in combination chemotherapy is tailoring the release of drugs to
optimize therapeutic regimes and administration schedules, especially when the drugs
entrapped in the carrier have very different hydrophilicity characteristics. The ability to
control the release profiles for different agents in the same delivery vehicle so that they can
be independently adjusted can be attained with a multicompartmental design. Several groups
have been able to design carriers in which release profiles for different drugs can be
modulated to provide better therapeutic timing. Zhang et al [125] used an aptamer—
nanoparticle bioconjugate where docetaxel was entrapped and DOX was intercalated,
resulting in a faster release profile for DOX than for docetaxel. Fan et al [120] created
folate-conjugated chitosan micellar nanoparticles for codelivery of
pyrrolidinedithiocarbamate (PDTC) and DOX in HepG-2 liver cancer cells, in which the
release rate of DOX was controlled by environmental pH conditions.

5.2. Combinational chemotherapy/antiangiogenesis

An interesting field of research in cancer therapy is the potential applications of
antiangiogenic factors to arrest the growth of tumors by decreasing their blood supply. Some
examples of angiogenic factors that can be blocked to enhance cancer therapy include
fibroblast growth factor (FGF), insulin-like growth factor, and VEGF [126]. Researchers
have found that there is an enhanced treatment effect when chemotherapy and
antiangiogenic agents are administered in combination, for example, the use of paclitaxel
and DOX with VEGF receptor 2 inhibitor JNJ-1 7029259 [127], and the administration of
bevacizumab in combination with standard chemotherapeutics (irinotecan, fluorouracil,
calcium folinate and leucovorin), which has been proven to improve survival time for
patients with metastatic colorectal cancer [128]. However, there are still many challenges to
overcome in combinational chemotherapy/antiangiogenesis, and nanocarriers may provide a
way to enhance simultaneous delivery of these agents to tumor loci.

Couzin et al first showed in 2002 that antiangiogenic agents can be delivered with a
nanoparticle carrier to mice tumor blood vessels [129], and researchers have since
demonstrated the potential of multitherapy using nanocarriers. In 2005, Sengupta et al [130]
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formulated a system called a nanocell, in which a nanoscale pegylated-phospholipid block-
copolymer envelope coated a nuclear PLGA nanoparticle. The multilayer system contained
DOX conjugated to the PLGA nanoparticle core, along with an antiangiogenesis agent
(combretastatin-A4) in the lipid envelope. The system demonstrated a multistage release
behavior based on the design of the nanocell, so that the antiangiogenic drug was released
first from the envelope to suppress the tumor vasculature, and then DOX was released from
the PLGA core through hydrolysis. Thus, the chemotherapeutic agent was accumulated at
the site and released after the antiangiogenic molecule had exerted its effect, resulting in an
enhanced therapeutic index and a decrease in off-site toxicity.

5.3. Combinational chemotherapy/gene therapy

One of the main limitations of gene therapy is the difficulty in overcoming the barriers for
delivery of genes into cancer cells, such as stability in systemic delivery, targeting and
penetration into cells, and nuclear translocation for gene expression. Nanocarriers can be a
good strategy to enhance gene delivery to target sites, and many natural and synthetic
polymeric materials such as chitosan, polyethyleneglycol (PEG), and polyethyleneimine
(PEI) have been successfully employed to deliver genes and biomolecules. The versatility of
polymeric nanoparticles makes them excellent candidates for multifunctional applications in
which simultaneous delivery of genes and drugs to a target site can be used to enhance
therapeutic results [131, 132]. An excellent example is the work of Wang et al [133], who
prepared PLGA/folate coated PEGylated polymeric liposome coreshell nanoparticles
(PLGA/FPL NPs) for the co-delivery of drug and genes. This delivery vehicle is composed
of a hydrophobic PLGA core that can entrap hydrophobic drugs such as DOX, and a
hydrophilic cationic lipid shell that can be used to bind DNA. Wang's group demonstrated
that these carriers are able to simultaneously deliver drugs and genes to MDA-MB-231
breast cancer cells with high gene transfection and drug delivery efficiency.

5.4. Combinational chemotherapy/si-RNA therapy

The ability of siRNA to silence gene expression can be used as a form of cancer therapy, but
one of the main challenges of this approach is optimizing delivery and cellular entry so that
SiRNA sequences can be directed to target RNA inside the cell [134]. Engineered nanosize
co-delivery systems for siRNA and chemotherapeutic drugs can improve the selective
delivery of the siRNA sequence to target cells, while providing the opportunity for
combinational treatment effects [135-137]. Some examples include the work of Saad et al
[138], who showed that a sSiRNA/DOX loaded liposomal delivery system was able to reverse
MDR in lung cancer cells in vitro; and the micelleplex approach by Sun et al [139], who
used micellar nanoparticles of a biodegradable triblock copolymer poly(ethylene glycol)-b-
poly(e-caprolactone)-b-poly(2-aminoethyl ethylene phosphate) to systemically deliver
siRNA and a chemotherapeutic drug.

6. Nanotechnology-based sensing

Nanosize platforms provide an opportunity for advances in cancer diagnostics due to their
versatility, size, and physicochemical characteristics. Nanomaterials can be functionalized
with an array of moieties that potentially allow for customized detection of cancer-specific
biomarkers, and they can be used in miniaturized detection systems [140]. Gold
nanoparticles, gold nanorods, quantum dots and other nanomaterials have been used as
sensors for cancer marker and cancer cell detection by conjugating them with peptides,
aptamers, antibodies, and oligonucleotides [140].

Several examples of these applications are available in recent literature. Grubisha et al were
able to detect femtomolar concentrations of prostate-specific antigen (PSA) using gold
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nanoparticles coated with a strong surface-enhanced Raman scatterer in a sandwich assay
format [141]. Gerion et al prepared a microarray containing DNA-nanocrystal conjugates
with a semiconductor CdSe/ZnS core/shell. Testing of the microarray demonstrated the
detection of p53 mutations within minutes, as well as the potential for multiallele detection
using different crystal colors [142]. Xia et al developed a bioluminescence resonance energy
transfer (BRET) - based assay using bioluminescent proteins as donors, and quantum dot
nanosensors conjugated with protease substrates as acceptors. The goal of the assay was to
detect matrix metalloproteinases (MMPSs), which are overexpressed in many cancers, and the
authors were able to detect MMP activity in the nanogram/mL range in buffer and in mouse
serum [143]. Oishi et al recently designed an assay to detect protein kinase inhibitors in cell
lysates using citrate-coated gold nanoparticles. In the presence of an inhibitor, gold
nanoparticles aggregate and there is a colorimetric change in the solution. This method
allows quick, practical screening of potential protein kinase inhibitors for use in cancer
treatment [144]. Another example of novel detection methods using nanotechnology is the
bio-barcode assay, which is based on double-functionalized gold nanoparticles that are
decorated with both an oligonucleotide (the "barcode” that can be scanned for rapid sensing)
and a target recognition element such as an antibody (for protein detection) or another
oligonucleotide (for nucleic acid detection). These are combined with magnetic nanoparticle
probes to capture antigens in solution [145, 146]. An example of bio-barcode application
using gold nanoparticles was reported by Stoeva et al, who were able to detect low-
femtomolar concentrations of cancer markers such as prostate specific antigen, human
chorionic gonadotropin (HCG), and a-fetoprotein (AFP) in buffer and serum [146]. The area
of nano-based sensing is growing rapidly and shows promise to create quick, high-
throughput, sensitive and specific detection methods for cancer diagnosis and drug
screening.

7. Multifunctional theranostic systems

7.1. Nanoparticles for molecular imaging and photothermal therapy

Molecular imaging provides a tool for visualization, characterization and quantification of
biological processes at the cellular and subcellular levels within intact living organisms.
Nuclear medicine molecular imaging (PET, SPECT) has high sensitivity, but it has some
limitations in terms of resolution, short half-life of tracers, and high instrumentation cost and
complexity. Optical imaging is highly sensitive, inexpensive, can yield high resolution, and
can be used endoscopically for minimally-invasive approaches. However, clinical
applications are restricted by the small depth of penetration, which creates a disadvantage
for imaging of deep tumors compared to other imaging modalities such as CT and MRI. NIR
wavelengths (800-1000 nm) can be used to improve tissue penetration in optical imaging by
minimizing photon absorption by tissue components, thus allowing for in vivo opti cal
imaging applications [147, 148]. The development of novel fluorescent agents has fueled
interest in optical imaging applications for cancer detection. Targeted fluorescent contrast
agents can help delineate the boundary between tumor and healthy tissue and be used as an
adjuvant to direct surgical resection.

Nanoparticles have been used for CT, MRI, nuclear, and optical imaging applications [149,
150], and the design of multifunctional nanoparticles allows for simultaneous delivery of
therapeutic and imaging agents in vivo [84]. In some cases, the intrinsic properties of the
nanoparticle allow to be used as an imaging agent and/or an agent for hyperthermia,
radiation, and photodynamic therapy applications. This provides opportunities for image-
guided therapy and truly integrated theranostic systems. For instance, iron-oxide
nanoparticles can be used as a guided hyperthermia agent based on the magnetic properties
of the iron-oxide core along with MRI detection. In 2007, Yang et al prepared hydrophobic
magnetic nanocrystals and DOX simultaneously incorporated into poly(lactic-co-glycolic
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acid) (PLGA)-PEG-COOH. The magnetopolymeric nanohybrids were then conjugated to
HER-2 antibody for targeting purposes, and the group was able to use these multifunctional
carriers for MRI detection as well as for inhibition of tumor growth [151]. Recently, Park et
al published a review on multifunctional nanoparticles for cancer imaging and therapy [152].
Multifunctional approaches may be crucial to the development of customizable early
detection systems, tailored cancer therapies, real-time monitoring of treatment progression,
and clinically translatable advances in cancer diagnosis, intervention and prognosis.

Gold nanostructures (including nanospheres, nanorods, nanoshells, and nanocages) have
strong absorption in the visible and NIR range, and have been applied to optical imaging,
CT imaging, photothermal therapy, biosensing, drug delivery, and combined imaging and
therapy [153-157]. Gold nanoparticles (figure 3) are tunable hyperthermia agents that can
generate heat upon excitation at peaks corresponding to their surface plasmon resonance
(SPR), which can in turn be controlled by modifying the nanoparticle aspect ratio [158]. The
ability to control size for tailored applications (small particles for drug delivery, or large
particles for imaging) can thus be coupled with the ability to customize the excitation
wavelength for hyperthermia generation. Recently, Park et al [159] fabricated DOX-loaded
PLGA-Au H-S NPs that can simultaneously deliver chemotherapy and heat to tumor sites
[86]. In their study, there was a synergistic effect of the combined treatment that resulted in
higher therapeutic efficacy and shorter treatment times. Animal studies have also shown that
hyperthermia has a synergistic effect with other cancer therapeutic modalities [160], and
phase | human clinical trials are ongoing to test the clinical potential of gold nanoparticles
[161].

NIR dyes such as cyanine dyes, rhodamine derivatives, phtalocyanine and napthalocyanine
can also be used as imaging and photothermal agents. NIR dyes have been developed with a
variety of narrow fluorescent excitation peaks and small spectral overlap, such as the
members of the IRDye® family (IR800 CW, IR680LT, etc; see www.licor.com for details).
These characteristics allow in vivo imaging combining different dyes to provide enhanced
contrast to different tissues as needed (figure 4). Some NIR dyes can be used in
multifunctional applications, as is the case of indocyanine green (ICG), which has be
utilized in clinical measurement of cardiac output, evaluation of liver and kidney function,
photodynamic therapy, photothermal therapy and imaging [162, 163]. Although it has a
smaller heat generation efficiency than gold nanoparticles [164, 165], ICG still produces
rapid temperature increases upon laser excitation and can be used as a localized
hyperthermia agent. A challenge of ICG-mediated hyperthermia is the ability to deliver the
dye to target tissues in sufficient quantities and without degradation, given its poor stability
in aqueous solution. An option to overcome this problem is to use other cyanine dyes with
similar properties but enhanced stability, such as IR820. Our group has performed
comparative studies of IR820 and ICG in imaging and hyperthermia applications [166]. In
vitro, IR820 can be used in live cell imaging and for cytotoxic hyperthermia, and gives
comparable results to those obtained using ICG. In small animal imaging, IR820 provided
longer-lasting windows for detection. Twenty-four hours after i.v. dye administration, IR820
resulted in a significantly more intense fluorescence signal and significantly higher organ
dye content than ICG (p<0.05).

Another approach to enhance delivery of NIR dyes to target tissues is to use nanocarriers.
Nanoformulations of ICG, such as ICG-loaded PLGA nanoparticles, have shown increased
plasma circulation times in vivo, along with significantly higher organ uptake compared to
the free dye in mice [93]. When entrapped in nanoparticles, ICG can still produce
hyperthermic cell killing [167], and our group has developed a multifunctional system for
image-guided chemotherapy and hyperthermia in which ICG and DOX were simultaneously
loaded into PLGA nanoparticles (figure 5) [168]. We subsequently studied the effect of the
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multifunctional system in cancer cell lines MES-SA, DX-5, and SKOV-3, and we showed
that the delivery vehicle was able to bypass MDR in resistant cells, and that the combined
chemotherapy/hyperthermia approach resulted in enhanced cell killing compared to
hyperthermia or chemotherapy alone [167].

7.2. Ultrasonic image-guided therapy

Ultrasound contrast agents in nanobubble form can preferentially extravasate into tumor
tissue through the EPR effect, and be activated through tumor-directed ultrasound for
imaging and controlled delivery purposes. Nanobubbles can enhance cell permeability
through cavitation and, as a result, increase the cytotoxicity of delivered agents [169]. Gao et
al reported the formulation of DOX-containing nanoemulsions created from perfluorocarbon
nanodroplets stabilized by biodegradable block-copolymer micelles [170]. This group
showed that the release of encapsulated drugs can be achieved via a cavitation effect that is
limited to the tumor region, and can enhance tumor-specific drug uptake, along with the
ability for real-time imaging using ultrasonography [170]. In a subsequent study from the
same group, Rapoport et al created a second-generation formulation using perfluoro-15-
crown-5-ether (PFCE) nanodroplets loaded with paclitaxel. These nanoagents showed both
ultrasound and fluorine 1°F MR contrast properties, allowing for multimodal monitoring of
delivery and biodistribution through ultrasonography and MRI in mice [171]. Some
challenges still remain for the application of this approach to cancer therapy and imaging,
especially arising from the inhomogeneity of nanodroplet distribution within the tumor as a
result of non-uniform vascularization. This issue, which can also affect other forms of
nanotherapy, seems to be involved in the development of drug resistance in some areas of
the tumor [172].

Multimodal approaches combining ultrasound-mediated release or imaging with other
diagnostic and therapeutic techniques have also been explored. Watanabe et al reported
successful transfection of mice skeletal muscles using ultrasound triggered nanobubbles for
gene delivery along with PET for transfection rate monitoring [173]. Xu et al developed
PLGA-nanobubble contrast agents encapsulating Texas Red dye that could be used for dual-
mode optical and ultrasound imaging [174]. High intensity frequency ultrasound can also be
used in thermal ablation and hyperthermia interventions, and several reports have
demonstrated a synergistic effect of these approaches with chemotherapy [175, 176].

7.3. Carbon nanotubes

Carbon nanotubes (CNTSs) are composed of carbon atoms arranged in hexagonal networks
that are approximately 1 nm in diameter and 1-100 pum in length [177]. CNTSs can be single-
walled or multi-walled, have large electrical and thermal conductivities, and can be used in
multifunctional applications, including photoacoustic imaging [178], biosensing and cancer
cell detection [179], drug delivery [180], and photothermal therapy [181].

In drug delivery applications, CNTs are able to enter cells and even cell nuclei thanks to
their small size, and they can be functionalized with different moieties in their inner and
outer surfaces for targeting and conjugation [177]. Liu et al reported that single-walled
CNTs conjugated to the chemotherapy drug paclitaxel showed 10 times higher tumor uptake
than for the free drug in a murine 4T1 breast cancer model [180].

CNTs have also been used as localized "nanobombs" to destroy cancer cells, as described by
Panchapakesan et al [181], who create localized explosions of CNTs by exposing them to a
800-nm laser at intensities of 50-200 mW/cm? in a PBS solution. The nanobomb effect
occurs by laser heating of water molecules adsorbed at the surface of the CNTSs, which can
reach temperatures exceeding 100°C and cause a localized explosion that destroys the
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nanotubes as well as their host BT474 cancer cells. Surrounding cells not exposed to
nanotubes remained viable. Still, the main concern in clinical translation of CNT-based
agents is the toxicity profile of these nanomaterials, with some groups reporting marked
lung toxicity and asbestos-like pathogenesis in mice [182-184].

7.4. Dendrimers

Dendrimers (figure 6) are synthetic structures comprised of a core molecule giving rise to
highly-branched tree-like extensions that provide a large surface area for functionalization
with diverse targeting and task-specific moieties. Dendrimers have monodispersed, tunable
nanoparticle sizes. These polymers were first reported in the 1980's by Tomalia and co-
workers, who synthesized three-dimensional polyamindoamine (PAMAM) dendrimers
containing tertiary amines and amide linkages [185]. Recently, Menjoge et al published a
review on dendrimer8 based drugs and imaging conjugates [186]. Dendrimers have been
used in imaging applications, boron neutron capture therapy, photodynamic therapy, and as
drug delivery systems [187]. Dendrimer-based MRI imaging agents (i.e. Gadomer series)
are currently in clinical trials by Bayer Schering Pharma AG [188].

The versatility of dendrimers makes them an ideal choice for simultaneous delivery of drugs
that have very distinct physicochemical properties such as the degree of hydrophilicity.
Tekade et al. co-encapsulated methotrexate (a hydrophobic chemotherapeutic agent) and all-
trans retinoic acid (a hydrophilic compound with mild anticancer activity) in a generation 5
poly(propyleneimine) dendrimer [189]. Also, conjugation of dendrimer branches with PEG
or polyethylene oxide (PEQ) can be used to prolong blood circulation times and create
stealth delivery platforms. An example is the work of Lee et al [190], who prepared a
polyester-based dendrimer—PEO-doxorubicin conjugate that was able to treat DOX-
insensitive C-26 tumors subcutaneously implanted in BALB/c mice, with an efficacy
comparable to the commercially available liposomal form of DOX, Doxil®. Dendrimers
have several advantages for in vivo systemic delivery of cancer drugs, such as increased
stability in biological liquids, tumor-specific targeting, and nanoscale size that allows them
to cross cell membrane and enter target cells effectively.

A single dendrimer can act as a platform for imaging agents, targeting and recognition
molecules that identify cancer cells, multiple therapeutic agents with cytotoxic effects, and
molecules that can detect cell death to monitor the effectiveness of treatment [191].
Quintana and colleagues [192] synthesized an ethylenediamine core PAMAM generation 5
dendrimer that was covalently attached to folic acid, fluorescein, and methotrexate. This
complex has the potential to be used for targeting, imaging and intracellular drug delivery,
and in this particular study it showed 100-fold higher cytotoxicity than free methotrexate.
Combinational chemotherapy and siRNA therapy using dendrimers has also been reported
[193], and a fifth generation polyamido-amine (PAMAM) dendrimer conjugated to
fluorescein isothiocyanate (for imaging) and recombinant Fibroblast Growth Factor-1 (for
tumor targeting) was recently engineered to track cell targeting and cellular internalization
[194].

Dendrimers can also be used as therapeutic agents instead of carriers, as is the case of the
anionic functionalized poly(L-lysine) dendrimer formulation Vivagel®, currently being
evaluated in clinical trials for safety and efficacy as a microbicide [195].

7.5. Quantum Dots

Quantum dots (QDs, figure 7) are semiconductor nanocrystals that range from 2 to 10 nm in
diameter and are made of elements from group 11-VI or 11I-V. They have broad excitation
spectra with narrow and tunable emission spectra, 10-50 times larger molar extinction
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coefficients than organic dyes, and they are exceptionally photo-chemically stable, which
makes them useful in monitoring long-term interactions of multiple-labeled biological
molecules within cells. QDs have the potential to be used as sensitive fluorescent probes for
screening cancer markers in fluids, as specific labels for classifying tissue biopsies, and as
high resolution contrast agents for medical imaging that can detect small tumors. An
interesting property of QDs is that depending on their size and chemical composition, their
fluorescent emission can be tuned to any wavelength between blue and infrared. As a result,
several quantum dots can be visualized concurrently, offering the possibility to use various
QDs, each conjugated to a different antibody to target different tumor markers. This can be
used in real-time cancer imaging, particularly in the tracking of metastatic tumors [196].

Typically QDs are synthesized in nonpolar organic solvents, which results in a capping of
the quantum dots with a monolayer of the nonpolar solvent. In many occasions they need to
be soluble in aqueous buffers, so their surface is modified by amphiphilic molecules.
Different strategies have been developed to address aqueous solubility, including ligand
exchange with simple thiol-containing molecules [197], dendrons [198], peptides [199], and
encapsulation by a layer of amphiphilic copolymers. This strategy not only helps to facilitate
solubilization, but also provides a linker for bioconjugation of peptides, antibodies,
oligonucleotides, or small molecule drugs, hereby multi-functionalizing the QDs for tumor
targeting, tumor imaging and drug delivery.

Multifunctional nanoparticles consisting of polymeric micelles encapsulating iron oxide
nanoparticles and fluorescent QDs were recently reported as MRI-fluorescent ultrasensitive
markers [200]. Gao and coworkers developed a new class of multifunctional probes for
simultaneous targeting and imaging of tumors in live animals [201]. They used antibody
conjugated QDs to target a prostate-specific membrane antigen, PSMA. Recent work by
Derfus et al [202] indicates that CdSe QDs are highly toxic to cultured cells under UV
illumination for extended periods of time. For human clinical applications, a major concern
is the potential toxicity of QD probes, which has recently become a topic of considerable
discussion and debate. One of the main issues is certainly related to long-term safety of
nanomaterials, both developed for in vitro and in vivo applications. Recent research
advances allow real-time testing of the cytotoxicity of nanoscale materials using whole-cell
based electrical impedance measurements [203]. Toxicology tests have to be developed
specifically for nanomaterials within a well-defined framework of risk assessment and
management.

8. The future of nanoscale cancer theranostics

Nanosize delivery platforms have distinct advantages in cancer therapy, starting with their
inherent ability to accumulate at tumor sites due to the EPR effect. More importantly, their
versatility provides opportunities for multifunctionalization and creation of "smart particles"”,
so that a single platform can be used to detect tumors, treat them, monitor treatment
response, and guide therapeutic regimes. Nanoformulations can be functionalized to
minimize clearance by the immune system and prolong circulation times, and they can be
targeted to specific cells by the addition of surface ligands that hone in to specific receptors.
This allows for enhanced accumulation at tumor sites, where the particles can then provide
sustained customizable release of therapeutic agents such as chemotherapy drugs, or be used
for other therapy modalities such as hyperthermia. Recent advances in biosensing have
allowed the development of nano-based assays that can be used in high-throughput
screening and detection of cancer cells and biomarkers, opening new avenues for point-of-
care diagnostics. Combinations of diagnostic and therapeutic applications based on
nanomaterials allow for holistic patient management approaches. Nanotheranostics have
great potential for clinically translatable advances that can positively impact the overall
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process of cancer diagnosis and management, and result in enhanced quality of life for
cancer patients.

Despite these advantages, the design and fabrication of nanoparticles for cancer therapy and
diagnosis still present many challenges including biocompatibility, pharmacokinetics, in
vivo targeting efficacy, and cost-effectiveness. The optimization of these variables depends
on nanoparticle design parameters such as size, shape, surface charge, composition,
preparation protocols, decorating moieties, and drug loading and release rate. The most
crucial aspect in future development of nano-based medicine will likely be the ability for
multifunctionalization and successful engineering and fabrication of multimodal
nanotheranostic designs. The ultimate goal will be to maximize the amount of diagnostic
information and therapeutic efficacy, minimize the time frame for early diagnosis, and
reduce the degree and frequency of invasive interventions. In order to achieve these
advances, an important issue that requires further exploration is the long-term safety of
nanomaterials, as highlighted by the reports on toxicity of carbon nanotubes and quantum
dots that were discussed in this review. A solid framework of protocols for testing
nanomaterial safety in vitro and in vivo needs to be developed in order to allow a full
assessment of the risk factors derived from the use of nanomaterials, to understand their
impact on human health and the environment, and to develop specific regulatory guidelines
for manufacturing and safe human use.
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Figure 1.
Schematic representation of a multifunctional polymeric nanoparticle for image guided
therapy.
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Figure 2.
Schematic representation of a micelle entrapping a water insoluble drug.
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Figure 4.
An athymic nude mouse bearing a subcutaneous A431 tumor received an intraperitoneal

injection of IRDye 680 BoneTag (4 nmole) 2 weeks prior to receiving the tumor specific
optical probe, IRDye 800CW EGF (1 nmole). The mouse was imaged 72 hours later on the
Pearl Imaging System (LI-COR Biosciences). Fluorescent signal for IRDye 680 BoneTag is
represented in grayscale and IRDye 800CW EGF in pseudo color. Provided to: Anthony J
McGoron, PhD, Florida International University, by LI-COR Biosciences.
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Figure 5.
SEM image of PLGA NPs simultaneously loaded with indocyanine green and doxorubicin.
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Void Spaces

Room for molecular cargo

Figure 6.
Schematic representation of a dendrimer.
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ZnS Shell
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Figure 7.
Schematic representation of a quantum dot
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