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1 Introduction

Cancer is the second leading cause of morbidity and mortality in the United States,
with occurrences portraying an upward trend for the future. In 2007, approximately
10 million cases of cancer will occur globally, with a total of around 1.5 million
new cancer cases and over 560,000 deaths expected in the United States (U.S.
National Institute of Health, 2006). Strikingly, remarkable advances in diagnosis
and therapy of cancer have been made over the past few decades resulting from
significant advances in fundamental cancer biology. What lacks in this case is clini-
cal translation of these advances into effective therapies. A major hurdle in cancer
diagnosis and therapy is the targeted and efficacious delivery of agents to the tumor
site, while avoiding adverse damage resulting from systemic administration. While
systemic drug delivery already hinges largely on physicochemical properties of the
drug, such as size, diffusivity, and plasma protein binding affinity, tumors possess
a dense, heterogeneous vasculature and an outward net convective flow that act as
hurdles to efficient drug deposition at the target site (Jang et al., 2003). Nanocarrier-
mediated delivery has emerged as a successful strategy to enhance delivery of
therapeutics and imaging agents to tumors, thereby increasing the potential for
diagnosis at an earlier stage or for therapeutic success (or both). Based on the initial
observation by Maeda and Matsumura that tumors possess a fenestrated vascula-
ture, with pores on average ranging between 200 and 800nm, and a lack of lym-
phatic drainage, together termed the enhanced permeability and retention (EPR)
effect, it was found that colloidal carriers in the nanometer size range could target
tumors passively, by specific extravasation through these fenestrations, and are
retained at the site for prolonged time because of lack of lymphatic drainage
(Matsumura and Meada, 1986). This physiological advantage has been used suc-
cessfully to enhance delivery of diagnostic and therapeutic agents, leading to the
U.S. Food and Drug Administration (FDA) approval of nanoparticle formulations
such as Feridex® for diagnostic applications and Doxil® and Abraxane® for cancer
therapy (U.S. Food and Drug Administration, 2006).

The most basic and simple nanoparticle platform for tumor drug delivery is
generally lipid- or polymer-based (Fig. 1). Liposomes are the simplest form of a
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Fig. 1 Typical multifunctional nanoparticle platforms for tumor-targeted therapy

nanoparticle, and became the first system to receive FDA approval for tumor-tar-
geted applications. Constructed from phospholipids as spherical vesicles, they take
on the form of aqueous capsules bound by a lipid bilayer, mimicking the plasma
membrane of mammalian cells in composition, thereby allowing for great biocom-
patibility and versatility. Doxil®, a liposomal form of doxorubicin, received FDA
approval for the treatment of Kaposi’s sarcoma over a decade ago, and is now addi-
tionally used against breast cancer and advanced ovarian cancer (U.S. Food and
Drug Administration, 2007). Similarly, DaunoXome®, a formulation of daunoru-
bicin, followed suit for the treatment of Kaposi’s sarcoma, and a myriad of other
liposomal formulations are undergoing preclincal and clinical evaluations as tumor-
targeted drug delivery vehicles. Alternatively, micelles have broken through as
potential nanocarriers for oncologic applications as well. Micelles are colloidal car-
riers that spontaneously form through thermodynamically favored aggregation of
amphiphiles at or above the critical micellar concentration (CMC). Often such
amphiphiles are lipids (lysophopholipids), but amphiphilic polymers and even
lipid—polymer hybrids are also frequently used. Micelles are attractive nanocarriers
for tumor targeting, due to their small (10-100nm) size and spontaneous assembly,
even though stability of micelles in vivo has been a questionable parameter given
their spontaneous disintegration at concentrations below the CMC. Although no
micellar formulations have thus far been approved for delivery of anticancer drugs,
several are in clinical trials in Asia, and many others are proving quite promising as
drug delivery vehicles in early preclinical development. As an example, encapsulation
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of paclitaxel into ablock-copolymer micelle, composed of monomethoxy
poly(ethylene oxide)-block-poly(lactide), not only increased the maximum tolerated
dose (MTD) threefold, but mice bearing subcutaneous MX-1 breast tumors experi-
enced complete tumor regression by day 24 after treatment initiation, while treatment
with Taxol®, a clinically used paclitaxel formulation in Cremophore EL®:ethanol
mixture, resulted merely in a partial tumor regression followed by complete regrowth
by day 24 (Kim et al., 2001). Similar results were seen when the treatment was
repeated on mice bearing subcutaneous SKOV3 ovarian tumors (Kim et al., 2001).
On the other spectrum, nanoparticles constructed of natural or synthetic poly-
mers are another group of nanoscale drug delivery systems widely employed in
cancer treatment, whose successes to date also include an FDA approved formula-
tion, Abraxane® — paclitaxel bound into albumin nanoparticles (U.S. Food and Drug
Administration, 2007). Polymeric nanoparticles offer a particular advantage as drug
delivery vehicles since a myriad of different polymers exist or can be developed for
the formulation of nanoparticles (Table 1). Over the past several years, our group
has developed a variety of polymeric nanoparticles for tumor drug delivery, all
leading to an enhanced in vivo therapeutic efficacy. Some examples of these

Table 1 Illustrative examples of multifunctional nanoparticle systems used in cancer therapy

Active ingredients Nanoparticle platform

Malignancy

Reference

Combination Drug Therapy
Doxorubicin and com-  Poly(b,L-lactic-co-glycolic
bretastatin-A4 acid) nanoparticle
core in liposome

Doxorubicin and Poly(alkylcyanoacrylate)

cyclosporine-A nanoparticles
Doxorubicin and elac-  Polymer-modified lipid

ridar nanoparticles
Paclitaxel and C- PEO-modified

ceramide poly(epsilon-caprolac-

tone) nanoparticles

Combination Hyperthermia and Drug Therapy

TNF-o PEG-modified gold
nanoparticles

Bleomycin Microgels

Doxorubicin PEG-modified liposomes

Combination Imaging and Drug Therapy

Doxorubicin Iron oxide nanoparticles
inside PEG-poly
(L-lactide) micelles

Doxorubicin Dermatan sulfate-

modified iron oxide
nanoparticles

Lewis lung carci-
noma and B16/
F10 melanoma

P388 leukemia

MDA-MB-435 breast
carcinoma

SKOV3 ovarian
carcinoma

MC38 colon carci-
noma
Small intestine

Hepatic carcinoma

SLK tumor endothe-
lium

AT1 prostate carci-

noma and MX1
breast carcinoma

Sengupta et al.
(2005)

Soma et al. (2000)
Wong et al. (2006)

van Vlerken et al.
(2007)

Paciotti et al.
(2005)

Blanchette and
Peppas (2005)

Goldberg et al.
(2002)

Nasongkla et al.
(2006)

Ranney et al.
(2005)

(continued)
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Table 1 (continued)

Active ingredients Nanoparticle platform Malignancy Reference

Methotrexate Iron oxide nanoparticles =~ MCF7 breast Kohler et al. (2005)
carcinoma and
HeLa cervical

carcinoma
Daunorubicin 3-Mercaptopropionic K562 leukemia Li et al. (2007)
acid — modified gold
nanoparticles
Sialyl-Tn and Lewis-y Carbohydrate-coated gold n/a Ojeda et al. (2007)
antigens nanoparticles
TNF-o PEG-modified gold MC38 colon Paciotti et al.
nanoparticles carcinoma (2004)
Combination Ultrasound and Drug Therapy
5-Flurouracil Perfluorocarbon C32 melanoma Larina et al. (2005)

PEG poly(ethylene glycol); PEO poly(ethylene oxide); TNF-o tumor necrosis factor-o.

includethedelivery of tamoxifeninpoly(ethylene oxide)-modified poly(caprolactone)
(PEO-PCL) nanoparticles to MDA-MB-231 breast cancer (Shenoy and Amiji, 2005),
the delivery of paclitaxel in PEO-modified PCL and PEO-modified poly(B-amino
ester) nanoparticles to SKOV3 ovarian cancer (Devalapally et al., 2006), and even
the delivery of a gene therapeutic encoding for sFlt-1 or VEGF-R1 to MDA-MB-
435 breast cancer from gelatin nanoparticles (Kommareddy and Amiji, 2007). This
versatility of polymer platforms allows for fine tuning of the drug delivery formula-
tion to meet specific advantages. For example, the composition of polymeric matrix
can be chosen to match the chemical properties of the encapsulated drug(s) to
match loading efficiency and release behavior. Or the composition can be tuned to
provide precise drug capture or release in response to environmental triggers.
Alternatively, the composition can even be optimized to allow for inclusion of
multifunctional properties, such as a combination of therapeutics, targeting, and/or
imaging modalities, all within one nanoparticle platform.

A versatile function that is applicable to nearly all nanocarrier platforms is the
inclusion of active targeting ligands. While the nanoparticle platform enhances
targeting of therapeutics or imaging agents through passive means of the EPR
effect, active targeting of these nanoparticles to tumor tissue and cellular surface
components uniquely present on target cells can aide in the nanoparticle’s ability
to locate the target cell type in the tumor mass, or can even enhance internalization
of these nanoparticles into their target cells. A wide variety of tumor targeting lig-
ands have been successfully used for active targeting of nanoparticles. Depending
on the tumor or cell type, surface proteins overexpress or uniquely express, such
as the HER2 receptor, prostate-specific membrane antigen, the folate receptor, the
thiamine transporter, integrins, and a myriad of other surface factors that can serve
as specific targets to active targeting approaches through inclusion of small molecule
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ligands such as folate (Kim et al., 2005; Sun et al., 2006) and thiamine (Oyewumi
et al., 2003), sugar residues such as galactose (Jeon et al., 2005), peptides such as
argenine-glycine-aspartic acid (RGD) (Schiffelers et al., 2004), proteins such as
transferrin (Bellocq et al., 2003) lectins (Gao et al., 2006), as well as antibodies and
antibody fragments (Hayes et al., 2006; Elbayoumi and Torchilin, 2006). However,
more recent high-throughput construction and validation have led to the use of
aptamers (Farokhzad et al., 2006a) and sequences identified by phage display
(Nielsen et al., 2002; Simberg et al., 2007) as alternative active targeting ligands,
thereby greatly widening the pool of targeting constructs to direct nanoparticles
more specifically. Regardless of the targeting moiety, the principle outcome is
essentially the same, mainly improved tumor-cell recognition, improved intracel-
lular penetration, and reduced recognition at nonspecific sites.

Nanoparticle platforms are of great use in tumor targeting for enhanced delivery
of anticancer therapeutics, spanning the range from small molecule drugs through
biotherapeutics such as genes and peptides or proteins. However, the same princi-
ple has been widely applied to cancer detection, where passive or active tumor
targeting of fluorescent probes or contrast imaging agents can help increase sensi-
tivity of tumor detection or even metastatic behavior to advance diagnostics to
improve patient prognosis from the other spectrum. Current nanoparticle research
and development is moving towards multifunctionalization of these nanoparticle
platforms for cancer treatment, whereby all the applicable uses of nanoparticles are
essentially merged together. These advances lead to therapeutic systems that, from
a single dose, administers combination drug therapies, combination therapies of
chemotherapeutic drugs with physical stressors (such as thermal therapies, radia-
tion, and photodynamic therapies), or even combines therapeutics with imaging
agents for envisioning a “real-time” therapeutic approach. Not only does nanotech-
nology make these advances possible, but many such successful multifunctional
nanoparticle strategies are already in circulation. This chapter describes the most
recent approaches in use that employ multifunctional nanoparticle strategies to
enhance overall cancer therapy (Fig. 2).

2 Multifunctional Nanocarriers to Overcome Biological
Barriers

2.1 Nanocarriers for Oral Absorption

The oral route is one of the most attractive methods of drug administration in the
body because of opportunities for self-administration and associated high patient
compliance. The oral route is also amenable for administration of different formula-
tions, including solid, semi-solid, and liquid dosage forms. For certain drugs (includ-
ing majority of anticancer therapeutics), their oral route bioavailability is relatively
much lower to provide meaningful therapeutic outcomes. This is partly due to the
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Fig. 2 Opportunity for multiple applications of metallic and semi-conductor nanoparticles in
cancer imaging and therapy

presence of large number of multidrug transporters, such as multidrug resistance
protein (MRP), p-glycoprotein (p-gp), and the multispecific organic anion trans-
porter (MOAT) on the enterocyte membrane of the gastrointestinal (GI) tract
(Taylor, 2002; Thomas and Coley, 2003). These transporters recognize the therapeu-
tic agent as a substrate and actively effluxes the molecule out of the cells. Different
types of strategies have been used to enhance oral bioavailability of drugs, including
co-administration of p-gp transporter inhibitors and formulation in different nano-
carrier delivery systems. Co-administration of a p-gp inhibitor with the active thera-
peutic agent can decrease the efflux of the agent by preferential binding with the
p-gp pump on the cell membrane (Sadeque et al., 2000; Savolainen et al., 2002).
However, this strategy has generally shown higher toxicity in vivo, mostly from the
high doses of the p-gp inhibitor that are needed, and the additional undesirable phar-
macokinetic interactions between the therapeutic of interest and p-gp inhibitor.
Another challenge in oral administration is the presence of high concentrations
of metabolizing enzymes in the GI lumen. Besides proteases and nucleases, which
can degrade protein and nucleic acid therapeutics, respectively, the GI lumen also
expresses cytochrome P-450 metabolizing enzyme systems. Premature drug metab-
olism at the GI lumen before the active molecule can be absorbed into the systemic
circulation significantly limits the bioavailability at the active site. Prodrugs have
been designed to improve the stability of therapeutic agents in the GI tract by pro-
moting the conversion to active moiety after absorption in the systemic circulation
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or, more preferably, at the disease target (Somogyi et al., 1998). In cancer therapy,
the prodrug approach can have significant benefit in limiting the toxicity of the
agent, if the drug can be selectively activated at the tumor site.

Spray-dried poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles have been
investigated for oral delivery of amifostine (Pamujula et al., 2004), an organic
thiophosphate prodrug that is metabolized by tissue alkaline phosphatase into
active thiol metabolite. When administered orally to mice, the amifostine-
encapsulated PLGA nanoparticles promoted absorption and the drug was present
in blood and other highly-perfused tissues within 30 min of administration.
Other polymeric nanoparticles, especially after surface modification to enhance
muco- or bioadhesion can be used to enhance the residence time in the GI tract.
For instance, tocopheryl poly(ethylene glycol) (PEG) 1,000 succinate (vitamin
E-TPGS) modified biodegradable PLGA nanoparticles were proposed for oral
administration of paclitaxel. In vitro studies in Caco-2 cells showed a 1.4-fold
higher cellular uptake of the TPGS-modified PLGA nanoparticles relative to
aqueous solution control.

2.2 Enhancement of Transport Across Other Biological Barriers

Another limitation for drug delivery, especially for systemic brain tumor therapy,
is the poor transport across the blood—brain barrier (BBB). The BBB selectively
restricts drug transport into the brain because of very tight endothelial cell junctions
in the capillary as well as expression of efflux transporters (e.g., p-gp) and drug-
metabolizing enzymes (Koziara et al., 2004; Ningaraj, 2006). Several studies have
shown that poly(alkylcyanoacrylate) nanoparticles promote the delivery of several
chemotherapeutic drugs, including doxorubicin, across the BBB when the nanopar-
ticle surfaces are coated with polysorbate (e.g., Tween® 20, 40, 60, and 80) and
certain types of poloxamers (e.g., Pluronic® F68). In one example, the therapeutic
benefitof doxorubicin administrationinsterically stabilized poly(alkylcyanoacrylate)
nanoparticulate system was examined in rats bearing intracranial glioblastoma. The
investigators proposed that the enhancement in cerebral delivery could probably be
due to preferential nanoparticle endocytosis by the low-density lipoprotein recep-
tors on brain capillary endothelial cells after systemic administration. Following
cellular internalization, the drug would be able to diffuse out of the nanoparticle
matrix and be transported into the brain tissue by transcytosis. The therapeutic
potential of this formulation in vivo was studied in rat model with established
intracranial 101/8 glioblastoma. Systemic administration of doxorubicin in the
polysorbate-modified poly(alkylcyanoacrylate) nanoparticles enabled significantly
greater fraction of the animals to survive than did the administration of doxorubicin
in solution. Additional opportunities for brain delivery of polymeric nanoparticles
can be realized with delivery of combination chemotherapeutic agent and p-gp
efflux transporter inhibitor. Co-encapsulation of these agents can provide an oppor-
tunity to enhance brain delivery of chemotherapeutic agent.
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2.3 Enhancement of Drug Availability and Residence
at the Tumor Site

For systemic therapy, passive and active targeting strategies are used. Passive tar-
geting relies on the properties of the delivery system and the disease pathology in
order to preferentially accumulate the drug at the site of interest and avoid nonspe-
cific distribution. For instance, PEG- or PEO-modified nanocarrier systems can
preferentially accumulate in the vicinity of the tumor mass upon intravenous
administration based on the hyperpermeability of the newly-formed blood vessels
by a process known as EPR effect. Maeda et al. (Maeda, 2001; Jun-Fang et al.,
20006) first described the EPR effect in murine solid tumor models and this phenom-
enon has been confirmed by others. When polymer—drug conjugates are adminis-
tered, 10-100 fold higher concentrations can be achieved in the tumor (due to EPR
effect) than when free drug is administered. Some investigators have also suggested
that the EPR effect is present in inflammatory areas and in myocardial infarction.
Other approaches for passive targeting involve use of specific stimuli-sensitive
delivery system that can release the encapsulated payload only when such a stimuli
is present. For instance, the pH around tumor and other hypoxic disease tissues in
the body tend to be more acidic (i.e., ~5.5-6.5), relative to physiological pH (i.e.,
7.4). We found significant enhancement in drug delivery and accumulation in the
tumor mass when pH-sensitive PEO-modified PbAE nanoparticles were used; in
contrast drug delivery using non-pH sensitive PEO-PCL nanoparticles in aqueous
solution was not as effective (Shenoy et al., 2005). Other approaches for passive
targeting involve optimization of nanocarrier size and surface charge modulation.
Nanoparticles of <200nm in diameter and those with positive surface charge are
known to preferentially accumulate and reside in the tumor mass for longer dura-
tion than do either neutral or negatively charged nanoparticles (van Vlerken and
Amiji, 2006). Besides PEG or PEO, other hydrophilic polymers including
poly(vinyl alcohol), poly(acryl amide), poly(N-vinylpyrrolidone), poly-(N-(2-
hydroxypropyl)methacrylamide), polysorbate 80 (Tween® 80), and block co-poly-
mers such as poloxomer and poloxamine are also being used to modify the physico-
chemical properties of the colloidal carriers (Torchilin, 1996; Oupicky et al., 2000;
Fenske et al., 2001).

Active targeting to the disease site relies, in addition to PEG modification of
nanocarriers to enhance circulation time and achieve passive targeting, coupling of
a specific ligand on the surface that will be recognized by the cells present at the
disease site. Using solid tumor as an example again, there are several strategies that
can be adopted for surface modification of nanocarrier systems for effective tar-
geted delivery to the tumor cells or to endothelial cells of the tumor blood vessels.
Since tumor cells are rapidly proliferating, they over-express certain receptors for
enhanced uptake of nutrients, including folic acid, vitamins, and sugars. When the
surface of nanocarriers is modified with folic acid, they can be targeted to the tumor
cells that over-express folate receptors. Tumor and capillary endothelial cells also
express specific integrin receptors, such as o [, or o B, that can bind to RGD
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tripeptide sequence. RGD-modification, therefore, has been used to direct nanocar-
riers to tumor cells and capillary endothelial cells of the angiogenic blood vessels
(Cegnar et al., 2005; Chiellini et al., 2006; Gabizon et al., 2006). The phage display
method has been used to identify specific peptide sequences that can be used for
targeting to tumors and other disease areas in the body. Development of mono-
clonal antibodies against specific epitopes present only on tumor cells allows for
other targeting strategies. Using a monoclonal antibody 2C5 that specifically rec-
ognizes antinuclear histones, Torchilin’s group (Torchilin, 1994; Torchilin et al.,
2001, 2003; Lukyanov et al., 2004; Gupta et al., 2005a) has developed various
strategies for active targeted delivery of drugs to the tumor mass using liposomes
and micellar delivery systems. Other groups have used transferrin, an iron-binding
protein, for surface modification of nanocarriers for delivery to tumors. Recently,
Farokhzad et al. (2004, 2006a,b) have elegantly described the use of aptamers,
nucleic acid constructs that specifically recognize prostate membrane antigen on
prostate cancer cells. The aptamer technology provides an additional strategy for
active targeting to tumor cells in the body.

2.4 Enhancement of Intracellular Uptake

Once the nanocarriers are delivered to the specific diseased organ or tissue, they
may need to enter the cells of interest and ferry the payload to subcellular
organelles. In this case, nonspecific or specific cell penetrating strategies need to
be adopted. Nonspecific cell uptake of nanocarriers occurs by endocytotic process,
where the membrane envelops the nanocarriers to form a vesicle in the cell called
an endosome (Panyam and Labhasetwar, 2003). The endosome then shuttles the
content in the cell and can fuse with lyososomes, which are highly acidic organelles
rich in degrading enzymes. Endocytosed nanocarriers usually travel in a specific
direction and converge at the nuclear membrane. Weissig’s group (Weissig, 2005;
Weissig et al., 2006) has attempted to direct various nanosized delivery systems to
mitochondria using delocalized cationic amphiphiles and other mitochondriotropic
vector systems. Specific cellular uptake can occur through receptor-mediated endo-
cytosis, where upon binding of the ligand-modified nanocarrier with the cell-surface
receptor leads to internalization of the entire nanocarrier—receptor complex and
vesicular transport through the endosomes (Panyam and Labhasetwar, 2003).
Following dissociation of the nanocarrier—-receptor complex, the receptor can be
re-cycled back to the cell membrane. Recently, to enhance cellular uptake, a surge
of research effort has been directed towards development of argenine-rich cell pen-
etrating peptides (CPPs) (Torchilin, 2002; Torchilin and Levchenko, 2003; Gupta
et al., 2005b; Emerich and Thanos, 2006; Gupta and Torchilin, 2006). Based on the
initial work of Dowdy’s group (Schwarze and Dowdy, 2000; Becker-Hapak et al.,
2001) HIV-1 Tat peptide was identified to promote nonspecific intracellular locali-
zation of various molecules upon systemic delivery. This observation has been
supported by other groups and a number of cationic peptides have been identified,
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including penetratin, to enhance intracellular delivery. The exact mechanism of
how Tat and other CPPs enhance cell permeation is still a subject of controversy,
but recent data show that it may be through endocytosis as well. Following cellular
internalization, stability of the payload in the cytosol and uptake by specific
organelle, such as the nucleus, is also essential for nucleic-acid-based therapeutics.
For efficient systemic gene therapy using nonviral vectors, nuclear import of plas-
mid DNA in nondividing cells is considered to be the major limiting factor.

3 Multifunctional Nanocarriers for Combination Drug
Therapy

The versatility of nanocarrier platforms opens up possibilities to incorporate com-
bination therapies into a single drug delivery system. Combination drug therapy for
cancer was first proposed in a legendary move by Drs. Frei, Freireich, and Holland
who revolutionized cancer therapy by implementing combination chemotherapy to
treat acute lymphoblastic leukemia (ALL), a malignancy that prior to 1950 was
largely incurable (Frei et al., 1958). In this case, it was hypothesized that concurrent
use of multiple drugs with differing mechanisms of action would circumvent the
development of drug resistance, the likely cause for prior therapeutic failure in
ALL. The success of this strategy caused the approach to quickly gain widespread
acknowledgement to become a common consideration in current cancer therapy.
Furthermore, the idea has been extended beyond combination chemotherapy to
combine drugs with entirely distinct pharmacological targets — e.g., combinations
of chemotherapeutic agents with angiogenesis inhibitors, protease inhibitors,
immunotherapeutics, hormone therapeutics, and modulators of multidrug resist-
ance (MDR) — therapies largely stemming from advances in cancer molecular and
cell biology leading to identification of alternate therapeutic targets.

3.1 Combination Antiangiogenic and Cytotoxic Chemotherapy

Angiogenesis is the process of new blood vessel formation (neovascularization),
and has been established as the key factor for tumor growth and development past
the primary stage (Folkman, 1972). Anti-angiogenic therapy quickly became a
popular alternative in cancer therapeutic development versus conventional chemo-
therapy (Folkman, 1972), leading to FDA approval of the first anti-angiogenesis
drug for cancer therapy in 2004. However, since angiogenesis is only implicated in
tumor growth and survival beyond the initial avascular tumor core, to date it is
standard practice to combine this treatment option with conventional chemother-
apy. Such clinically approved regimens include the combination of the angiogen-
esis inhibitor bevacizumab with standard chemotherapy (ironotecan, 5-fluorouracil,
and leucovorin) for metastatic colorectal cancer and with carboplatin and paclitaxel
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against non—small-cell lung cancer (Fayette et al., 2005), although an additional
variety of such combination therapies also persists in clinical use or clinical trials.

Given the success of nanoparticles in chemotherapeutic drug delivery to tumors,
it followed suit that antiangiogenic therapies were delivered in nanoparticles as well,
for similar enhancement of tumor-targeting, leading to enhanced therapeutic effi-
cacy, particularly aiding delivery of labile gene therapeutics that have recently found
a trend in angiogenesis inhibition. For example, treatment of mice bearing MDA-
MD-435 breast tumors with an antiangiogenic gene therapeutic, namely sFlt-1,
delivered within long-circulating thiolated gelatin nanoparticles resulted in a nearly
sixfold higher transfection efficiency of the gene therapeutic at the tumor-site, a cor-
responding fourfold decrease in microvessel density in the tumor mass, and a com-
plete tumor growth delay over the course of 25 days (Kommareddy and Amiji,
2007). Similarly, an siRNA therapeutic directed against VEGF-R2 encapsulated
within cationic polyplexes bearing an RGD-active targeting moiety also caused a
significant inhibition of tumor growth, due to the significant decrease in tumor vas-
cualarity (Schiffelers et al., 2004). However, thus far clinical antiangiogenesis thera-
pies are co-administered with chemotherapeutics, leading to an interest in the
development of multifunctional nanoparticle formulations for co-administration of
the therapeutics. Furthermore, research has alluded to the fact that simultaneous
administration of angiogenesis inhibitors and chemotherapeutics may actually cause
detrimental effects, where a breakdown of vascularity not only prevents the chemo-
therapy from accumulating throughout the tumor site, but that it can also lead to
tumor hypoxia, which may promote drug resistance and metastasis (Tran et al.,
2002). Given this dilemma, it was thought that this form of combination therapy
may actually benefit from temporal controlled release, a feat that can well be medi-
ated by using nanoparticles as drug delivery vehicles. On this premise, Sengupta et
al. developed a novel multifunctional nanoparticle formulation that, upon localiza-
tion in the tumor mass, first releases the antiangiogenic drug combretastatin-A4 to
shut down tumor vasculature, followed by the sustained release of the cytotoxic
agent doxorubicin, already localized within the tumor mass, thereby avoiding the
aforementioned problems associated with chemotherapeutic delivery after vascular
shutdown (Sengupta et al., 2005). By this mechanism, survival and tumor growth
delay of mice bearing either Lewis Lung carcinoma or B16/F10 melanoma models
drastically improved when compared with simultaneous nanoparticle administration
of the combination therapy lacking temporally controlled release.

3.2 Combination Therapy to Overcome Tumor Drug Resistance

Another treatment target in cancer that greatly benefits from a therapeutic approach
that utilizes drug combinations is the treatment of tumors that present with drug
resistance, a phenotype whereby the cancer is largely resistant to chemotherapeutic
treatment alone. Combination chemotherapy has been extensively used in the clinic
to treat cancers that develop resistance, and it is of interest to note that the original



44 P. Magadala et al.

use of combination chemotherapy derived by Frei, Freireich, and Holland was
intended to circumvent the establishment of drug resistance in ALL. However, treat-
ment with multiple cytotoxic chemotherapeutic agents lacks in benefit, since these
potently toxic drugs can provoke detrimental adverse effects in patients, not to men-
tion the fact that the occurrence of MDR, a cross-resistance to structurally and func-
tionally unrelated classes of anticancer drugs, rules out hope for much of combination
chemotherapy (Harris and Hochhauser, 1992). Decades of research into the cellular
mechanisms that cause drug resistance to develop have opened up a new avenue of
therapeutic targets for combination therapy against drug resistance, most notably
aimed at inhibiting drug efflux pumps of the ATP-binding cassette (ABC) family of
transporters (most notably p-gp/MDR-1), inhibiting drug detoxification mecha-
nisms, and restoring or lowering the apoptotic threshold of MDR cancer cells
(Bradley et al., 1988; Harris and Hochhauser, 1992). Initial and some ongoing clini-
cal strategies against MDR used inhibitors of p-gp to revert resistance in combina-
tion with chemotherapeutic drugs (Gottesman et al., 2002). This principle was
quickly combined with the benefits of nanoparticle drug delivery, as demonstrated
by Soma et al. who used poly(alkylcyanoacrylate) nanoparticles for co-administra-
tion of doxorubicin with the p-gp inhibitor cyclosporin A to successfully reverse
MDR in monocytic leukemia cell line (p388) (Soma et al., 2000). Similarly, Wong
et al. used polymer—lipid nanoparticles to co-administer doxorubicin with GG918
(Elacridar — a third generation p-gp inhibitor that has been undergoing testing in
clinical trials for the treatment of MDR), to also observe a significantly improved
chemosensitization in MDR MDA-MB-435 breast cancer cells (Wong et al., 2006).
In the most basic form, intracellular uptake of nanoparticles by endocytotic mecha-
nisms has been explored as a mechanism for chemotherapeutic drugs to bypass drug
efflux pumps from the ABC family. Although shown to be a successful approach to
chemosensitize MDR cancer types, this benefit of nanoparticles on a cellular level
can be used to still deliver a combination therapy against alternate mechanisms of
MDR to further improve therapeutic success. We have recently explored this strat-
egy by using PEO-modified PCL nanoparticles to administer a combination therapy
of paclitaxel with ceramide, an apoptotic modulator aimed to restore apoptotic sign-
aling in the MDR phenotype. While it was found that the combination therapy
significantly improved chemosensitivity in an MDR ovarian cancer model through a
restoration of apoptotic activity in response to paclitaxel poisoning, encapsulation of
this combination therapy into nanoparticles further enhanced the MDR modulation
efficacy on a cellular level, as shown by the multifunctional strategy of simultane-
ously evading p-gp drug efflux as well (van Vlerken et al., 2007).

4 Multifunctional Nanocarriers for Combination
Hyperthermia and Drug Therapy

The National Cancer Institute defines hyperthermia as a form of cancer treatment
wherein high temperatures of up to 45 °C are applied to the tumor tissue (National
Cancer Institute Fact Sheet, 2005). As opposed to thermal ablation, where significantly
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higher temperatures (up to 70-80°C) are used to completely coagulate the tissue
for a brief period of time, hyperthermia extends for up to an hour and causes dam-
ages to the cellular proteins and organelles, eventually leading to cell death as evi-
dent by the tumor shrinkage (National Cancer Institute Fact Sheet, 2005). For
general hyperthermia, hot-water baths are commonly used, but local temperature at
the tumor site can be raised by 5-8 °C over the physiological temperature using
various other thermal techniques such as high radio frequency, ultrasound, infra-
red, and microwave radiation. High temperatures (43 °C—45 °C) over a fixed period
of time (30-60 min) are also used to sensitize tumors to chemotherapy and radiation
(National Cancer Institute Fact Sheet, 2005). As such, combination of heat and
chemo- or radiotherapy can be used very effectively to augment the therapeutic
benefit in cancer leading to better clinical outcomes.

In the context of cancer therapy, hyperthermia has been studied mostly for its
increased drug uptake and therapeutic activity enhancement properties. For a long
time, hyperthermia has been speculated to preferentially cause changes in tumor
metabolism and tumor vasculature by increasing cellular permeability (National
Cancer Institute Fact Sheet, 2005). This has been the applied principle in thermal
medicine with combination therapy. However, until recently, hyperthermic therapy
was not a widely accepted treatment modality due to problems associated in main-
taining homogenous temperatures in the target tumor mass and prevention of heat-
induced injury to neighboring normal tissue (National Cancer Institute Fact Sheet,
2005). This is particularly challenging in thermotherapy of deep-seeded solid
tumors, such as those in the liver, pancreas, prostate, and lung as heat-inducing
probes are applied from the exterior, thus making it an invasive and complicated
procedure (National Cancer Institute Fact Sheet, 2005). Even to date, clinical
hyperthermia is yet to achieve the significance as an adjuvant therapeutic modality.
Nevertheless, this treatment option combined with various delivery applications in
chemotherapy and radiotherapy can have significant implication in the future.

4.1 Rationale for Combination Thermal Medicine
and Drug Therapy

In any cell, hyperthermia triggers the synthesis of heat shock proteins (HSPs),
which mediate various cellular defenses, including dynamic protein folding and
chaperoning functions throughout the cell, thus inducing thermo-tolerance.
Hyperthermic damage to tumor cells is greater when compared to normal cells (van
der Zee, 2002), due to various tumor micro-environmental factors, including
hypoxia, low pH, and susceptible vasculature, which makes this quite an attractive
treatment modality (Ciocca and Calderwood, 2005).

At the molecular level, heat shock factor 1 (HSF-1), in association with heat
shock elements (HSEs), mediates the heat shock gene expression (Brade et al.,
2000). In the cancerous cell, excessive heat induces production of HSPs leading to
cell repair. Cell signaling, apoptosis, and nuclear function involving HSPs have
been a prime focus in recent research because of their potential as therapeutic targets.
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For example, therapeutic genes that transcribe for cytokines, such as interleukin-2,
interleukin-12, and tumor necrosis factor-oo (TNF-ov), have been successfully tar-
geted in tumor models by using adjuvant hyperthermia (Siddiqui et al., 2007; Visaria
et al., 2006). Wild-type HSP-70b promoter was used to control the expression of
[B-galactosidase reporter gene carried by an adenoviral vector (Brade et al., 2000).

The idea of adjuvant hyperthermia provides some hope as several investigators
have recently attempted to address the problems of achieving homogenous thera-
peutic thermal dose within the tumor interstititum over the necessary period of
time. The increased thermal and radio-sensitization brought about by small mole-
cules, which function as radiosensitizers and lower HSF-1 activation, also has
shown to cause loss of mitochondrial membrane potential, thus leading to mito-
chondrial damage (Sekhar et al., 2007).

Systemic chemotherapy has been the most successful mode of cancer therapy
for a long time. However, infusing therapeutic doses of cytotoxic drugs into the
blood stream and achieving the desired concentration in the tumor without produc-
ing toxic effects in the healthy body tissues has been the biggest challenge in cancer
chemotherapy. Similarly, gene delivery systems encountered the problem of insuf-
ficient uptake, cytotoxicity, and undesirable immunogenic side effects due to the
lack of safe tissue- or cell-specific vectors. This problem is being largely addressed
by the advent of numerous surface-modified nano-sized drug delivery systems that
can escape the reticulo-endothelial system and reach the target tissue with the aid
of various target-specific ligands upon systemic administration.

4.2 Select Examples of Nanocarriers for Combination
Thermal Medicine and Drug Delivery

Over the last decade, liposomes have been the most studied group of drug delivery
systems. Ponce et al. (2007) observed increased uptake of liposomes, loaded with
chemotherapeutic drugs when administered in combination with local hyperther-
mia induced via catheter inserted in the tumor. Further, the drug delivery pattern
was observed by magnetic resonance imaging (MRI) to study the antitumor effect
of drug loaded liposomes, and reported an increase in the tumor accumulation when
administered with hyperthermia (Ponce et al., 2007).

Polymeric nanoparticles are not far behind liposomes or micelles in competing
for candidacy of efficient drug delivery systems. Researchers have successfully
exploited certain stimuli-responsive polymeric nanocarriers, which undergo ther-
modynamically reversible lower critical solution temperature (LCST) phase transi-
tion, also known as inverted phase transition (Meyer et al., 2001). This means that
the polymeric nanocarriers become soluble upon injection in vivo, and then become
insoluble only to accumulate at the tumor site due to induction of local hyperther-
mic state. Poly(N-isopropylacrylamide) and certain elastin-like peptides are ideally
suited for such thermally-targeted drug delivery in cancer (Meyer et al., 2001).
This strategy employs the high loading capacity of the polymeric carriers and the
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synergistic effect of macromolecular extravasation by hyperthermia to localize the
delivery system at the tumor site (Meyer et al., 2001). Local precipitation of the
delivery system in the tumor vasculature due to increase in temperature can also
lead to site-specific micro-embolization to prevent oxygen and nutrients diffusing
into the tumor mass (Meyer et al., 2001). This is quite an elegant strategy that com-
bines drug delivery with antivascular therapeutic approach to synergistically inhibit
tumor growth.

Colloidal gold and microgels are other emerging examples of drug delivery sys-
tems that are being used in combination with thermotherapy. A recent study reported
that the antitumor efficacy of TNF-o increased significantly upon encapsulation in
PEG-coated colloidal gold particles and when administered in combination with
thermotherapy (Visaria et al., 2006). In a similar gene-based approach, adjuvant
hyperthermia was shown to enhance the anti-angiogenic efficacy of interleukin-12
upon administration with the aid of adenoviral vectors (Siddiqui et al., 2007).
Microgels, which are microscopic particles of hydrogels, have gained substantial
attention in controlled drug release. Upon cross-linking into mesh systems, various
polymers can be used to formulate hydrogels holding large water content
(Vinogradov, 2006). Microgels made with polymeric materials that undergo marked
volume transitions upon exposure to external stimuli, such as temperature, can be
quite useful in chemo-embolization in combination with hyperthermia, especially
for liver cancer (Vinogradov, 2006). Certain anticancer drugs such as bleomycin
can be encapsulated in the microgels, and upon oral administration, preferential
release of the drug at higher pH (of the small intestine) was observed (Blanchette
and Peppas, 2005). Further, release of certain encapsulated biomolecules, such as
pDNA, can be targeted and controlled by hydrogen or hydrophobic bonding
(Vinogradov, 2006).

Radio-frequency (RF) ablation is an image-guided, percutaneous ablative proce-
dure, which applies the principle of tumor necrosis mediated by targeted heat
delivery to the tumor mass (Chang, 2003). Electric probes are introduced into the
center of the tumor through which high frequency alternating current (up to
550kHz) is passed to generate heat by agitation of conductive ions, leading to irre-
versible cellular damage and tumor coagulation (Chang, 2003). Current clinical
applications of RF ablation have found importance in the treatment of large lung
and liver tumor masses (Chang, 2003).

Recently, RF ablation has become an increasingly popular mode of treatment in
malignancies, although tumors larger than 3 cm have shown discouraging outcome
(Hines-Peralta et al., 2006). This has prompted several researchers to investigate
RFA in conjunction with chemotherapy. Goldberg’s group has observed significant
increases in tumor accumulation of doxorubicin and antitumor efficacy of the drug
encapsulated in PEG-modified liposomes (Doxil®) upon administration in combi-
nation with RF ablation. Preliminary results of clinical studies involving patients
with hepatic tumors show that high tumor necrosis levels were achieved when RF
ablation was used in combination with targeted chemotherapy (Goldberg et al.,
2002). Furthermore, favorable results have been reported when the liposomal
chemotherapeutic agent was modified to achieve greater tumor coagulation levels.
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However, the success of RFA-chemotherapy combination is also influenced by
formulation characteristics such as nanoparticle size, the nature, and circulation
time of cytotoxic drug delivered there in (Ahmed, 2005). Interestingly, arsenic tri-
oxide (As,O,) has been used to enhance RF ablation in solid tumors through its
apoptotic activation, antivascular, and thermo-sensitizing properties (Hines-Peralta
et al., 20006).

It is critical to evaluate and optimize the current and emerging image-guidance
tools applied in tumor ablation with patient-specific temperature maps, also known
as isotherms (Wood et al., 2007). Technetium-99 m radiolabeled chemotherapeutic
liposomes could be used to monitor drug release, which helps in the calculation of
the desired intensity of hyperthermic intervention (Kleiter et al., 2006). X-ray com-
puted tomography may also be used to study the release kinetics of the adjuvant
chemotherapeutic agent released in response to thermal trigger at the tumor site and
localization in the tumor mass. This is important in the context of physiological
changes brought about by the severe tissue damage by RF ablation treatment.
Despite the large scope of RF ablation in the treatment of cancer, the size and loca-
tion of the tumor pose great challenges for successful clinical outcomes as deep-
seated solid tumors are often poor targets for RF ablation due to poor visualization,
higher probability of incomplete ablation, and potential for cancer relapse (Wood
et al., 2007). In deep-seated tumor mass, intense damage to nontarget tissues is also
highly possible because of the invasive nature of the treatment modality.

Deep-tissue solid tumors require innovative strategies, which employ minimally
invasive, targeted implantation of “thermoseeds” to sensitize the tumor mass to radio-
therapy or chemotherapy (or both) (Johannsen et al., 2005). Recently, liposomes or
polymeric nanoparticles encapsulating magnetic iron oxide particles have been
recruited to induce hyperthermia in tumors and also to serve as MRI contrast agents.
In one clinical study, magnetic nanoparticles were evaluated for interstitial thermo-
therapy where-in iron oxide nanoparticles were suspended in water and administered
to 22 patients with pelvic, thoracic, and head-and-neck tumors and exposed to alter-
nating magnetic field to generate local heat (Wust et al., 2006). The results showed
good tolerance of magnetic heating of iron oxide nanoparticles by these patients. In
a separate study, the same group of investigators evaluated the efficacy of aminosi-
lane-coated iron oxide nanoparticles for thermotherapy of recurrent glioblastoma
multiforme and reported that magnetic nanoparticles were safe and efficacious in
achieving hyperthermia-mediated tumor control (Maier-Hauff et al., 2007).

S Multifunctional Nanocarriers for Imaging and Drug
Therapy

Perhaps the most common form of nanocarrier multifunctionalization finds itself in
the combination of imaging modalities and drug therapy into a single nanoparticle
platform. Since the improvement in survival outcome of cancer patients over the
last few decades can be largely attributed to improvements in both therapy as well
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as diagnostics, the combination of both modalities seems obvious, particularly
since the tumor targeting properties of nanoparticles would benefit both therapy
and imaging. A concept that is readily attainable through nanoparticles, and would
be greatly beneficial to cancer patients, is the idea of “real-time” therapy, a situa-
tion whereby a clinician can visually track where in the body the administered dose
disperses and how much accumulates at the tumor site, and as a result, can either
predict therapeutic outcome, or even go as far as to visually monitor tumor shrink-
age over time. Multifunctionalization of nanoparticles through the co-inclusion of
therapeutics and imaging contrast agents will allow for such major advances.
Superparamagnetic iron oxide nanoparticles are colloidal suspensions of mag-
netite (Fe,O,) that were approved over a decade ago by the FDA for parental use as
a contrast agent in MRI. Originally approved for liver imaging, the superparamag-
netic nature of iron oxide nanoparticles enhances contrast of their area of accumula-
tion on a T, weighted MRI image, a feat that is advantageous in the tumor detection
as well. While MRI in itself is a very useful technique for detection of solid tumors,
by providing clear anatomical detail and soft tissue contrast, in the past MRI has
been quite insensitive for smaller events in cancer imaging, such as the detection of
lymph node metastasis and therapeutic efficacy of cancer treatment. Iron oxide
nanoparticles were successful in the detection of 90.5% lymph node metastasis in
patients with prostate cancer as opposed to 35.4% detection using conventional
MRI, a 2.5-fold greater increase in diagnostic sensitivity (Harisinghani et al.,
2003). In a more advanced use of contrast imaging, iron oxide nanoparticles have
been shown to image cellular events in vivo. Zhao et al. (2001) targeted iron oxide
nanoparticles to anionic phospholipids present on the surface of apoptotic cells by
incorporating the C2-domain of synaptotagmin I onto the surface of the nanoparti-
cles, allowing for a real-time visualization of apoptotic activity as an indicator of
chemotherapeutic efficacy. Magnetite nanoparticles formulated with PLGA have
been successful in combining delivery of chemotherapeutic drugs to the tumor,
while retaining enough magnetic strength for imaging contrast enhancement, a
potential use for real-time tracking of therapeutic efficacy. This potential has also
been demonstrated by Reichardt et al. (2005) who used iron oxide nanoparticles as
a tumor contrast enhancement in MRI to visualize the tumor therapeutic response
of MV522 colon carcinoma xenografts to a VEGF receptor tyrosine kinase inhibi-
tor over time. From this study, they were able to show a statistically significant
decrease in relative vascular volume fraction in real-time over the duration of treat-
ment, as measured by sequential MRI of the tumors using these iron oxide nano-
particles as a tumor-imaging enhancer. Similarly, Nasongkla et al. (2006) developed
multifunctional polymeric micelles loaded with doxorubicin and superparamag-
netic nanoparticles in the core, and surface modified by inclusion of cyclic RGD
for active tumor targeting. Self-assembling dermatan sulfate based nanoparticles
formulated as a superparamagnetic nanoparticle with inclusion of the chemothera-
peutic drug doxorubicin, is another example of a multifunctional nanoparticle for
tumor imaging and treatment (Ranney et al., 2005). Not only have these nanoparti-
cles been shown successful in imaging AT1 tumors in vivo by MRI, surprisingly,
therapeutic efficacy against MX-1 breast tumor xenografts increased significantly
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when doxorubicin was delivered encapsulated in these nanoparticles, versus
treatment with free doxorubicin, as indicated by the drastic tumor growth delay in
60% of mice and complete tumor regression in 40% of mice treated with the nano-
particle formulation, as opposed to the lack of tumor regression and shorter tumor
growth delay in mice treated with doxorubicin alone (Ranney et al., 2005). An
alternative approach to a similar multifunctional nanoparticle by Kohler et al.
(2005) multifunctionalized iron oxide nanoparticles by binding methotrexate to the
surface to produce a targeting construct to folate receptors; however, once internalized
by the cancer cell, lysosomal pH cleaved methotrexate from the surface, allowing it to
further serve as a chemotherapeutic for cancer eradication, thereby producing a
multifunctional system that allows for simultaneous tumor therapy and real-time
imaging of drug delivery.

Another MRI contrast agent applicable in nanotechnology is gadolinium.
Gadolinium-157 is a stable (nonradioactive) nuclide that is frequently used as a
contrast agent in MRI diagnostics, to enhance contrast in T1 weighted images
(Aime et al., 2004), for example, in MRI in vivo models of lymph node metastasis
(Kobayashi et al., 2006). However, an additional benefit of gadolinium nanoparti-
cles is that upon irradiation with thermal neutrons gadolinium-157 produces cyto-
toxic y-ray radiation (Barth and Soloway, 1994), enabling gadolinium for the
additional use in neutron capture therapy (NCT) of cancer. Thus, the combined
therapeutic and imaging properties of gadolinium make it an excellent candidate for
multifunctional cancer treatment. Using gadolinium nanoparticles as such as thera-
peutic modality, tumor growth was significantly suppressed and survival time
increased through NCT in mice bearing a radio-resistant melanoma (Tokomitsu et
al., 2000). Delivery of gadolinium through gadopentatic acid (Gd-DTPA) allows
for association of gadolinium into polymeric nanoparticles, a principle proven by
Tokomitsu et al. (Tokumitsu et al., 2000; Shikata et al., 2002) who utilized this
concept to associate gadolinium into chitosan nanoparticles for NCT. Although,
prior use of Gd-DTPA as an MRI contrast agent and use of chitosan nanoparticles
in delivery of chemotherapeutics such as paclitaxel and doxorubicin to tumors
(Nsereko and Amiji, 2002) seem evident, the dual use of these gadolinium-containing
chitosan nanoparticles in imaging and therapy is yet to be investigated. Thus far,
multifunctionalization of gadolinium nanoparticles has been improved through
conjugation of folic acid or thiamine to the surface of gadolinium-containing nano-
particles (through distearoylphosphatidylethanolamine (DSPE) and a PEG spacer),
greatly enhancing cell uptake of gadolinium to cancer cells expressing receptors for
folate and thiamine respectively in vitro and in vivo, thereby potentially improving
localization and tumor eradication by NCT (Oyewumi and Mumper, 2002;
Oyewumi et al., 2003, 2004). Already, gadolinium nanoparticles present multifunc-
tional properties in their ability to image and ablate the tumor in one system.
However, further multifunctionalization of these vectors by conjugation with
tumor-specific targeting ligands and incorporation of a drug load remains to be
examined.

As another imaging modality, gold nanoparticles and gold nanoshells (silica
core nanoparticles surrounded by a layer of gold coating) are favorable to be used
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as contrast agents in optical coherence tomography (OCT), since variations in their
size and shape allows for precise tuning of their resonance wavelength between
near-ultraviolet and mid-infrared (Oldenburg et al., 1999). For example, a gold
nanoshell with a 20-nm shell on a 60-nm silica core will resonate at around
700750 nm, while a nanoshell with a 5-nm shell on the same 60-nm core will res-
onate at around 1,000-1,050nm (Loo et al., 2004). In this manner, multifunctional-
ized gold nanoparticles have been used for tumor imaging and drug delivery. For
example, delivery of daunorubicin from gold nanoparticles was shown to cause
15-20% greater inhibition of cell growth of multidrug resistant K562 leukemia
cells and over administration of free drug, while retaining imaging capabilities of
these cells through fluorescence detection (Li et al., 2007). Similarly, gold nanopar-
ticles have been conjugated to a carbohydrate coating to incorporate glycogen anti-
gens to develop a multifunctional anticancer vaccine (Ojeda et al., 2007). The
disperse range permissible to these nanoparticles spans the near-infrared (NIR), and
since NIR light experiences maximal tissue penetration with minimal en route
absorption, they become beneficial for use in thermal ablation, a property that, like
gadolinium nanoparticles, gives these platforms an inherent multifunctional capa-
bility in cancer imaging and therapy, aside from the additional inclusion of antican-
cer drugs. Such combined imaging and therapeutic use of these gold nanoshells has
been proven in several cancer models, both in vitro and in vivo (Hirsch et al., 2003;
Loo et al., 2004, 2005). It has been shown that thiolated PEG easily assembles onto
the nanoshell surface providing a linker for surface incorporation of active tumor
targeting moieties or even biotherapeutic agents. Paciotti et al. (2004) have used
colloidal gold particles in this manner to successfully deliver TNF-a as an antican-
cer therapeutic to an MC-38 colon carcinoma in vivo. Mukherjee et al. (2005)
reported the inhibition of angiogenesis by gold nanoparticles, through direct bind-
ing of the particles to heparin-binding growth factors (VPF or VEGF and FGF spe-
cifically), a property that is very useful in halting tumor proliferation. Hainfeld et
al. (2004) have shown that gold nanoparticles can help to localize radiotherapy to
prolong one-year survival rates of mice bearing EMT-6 mammary carcinomas
(86% survival with gold nanoparticles versus 20% survival with x-rays alone).
Although the latter three examples used colloidal gold nanoparticles rather than the
silicon—gold nanoshells, which bear the combined use of imaging and thermal abla-
tion, future research may allow for the development of a gold nanoshell or a particle
that ties together all these uses.

Finally, a more recent nanoparticle platform that emerged for cancer diagnos-
tics, and has further allowed for the multifunctional modality of imaging and ther-
apy is the semiconductor nanocrystal, otherwise known as the quantum dot.
Quantum dots are semiconductor-based nanoparticles that function as fluorescent
probes for imaging purposes (Gao et al., 2005). Similar to gold nanoshells, quan-
tum dots are favorable imaging agents, that is their absorption properties can be
tuned from visible to infrared wavelengths, they emit highly intense signals, and
they are chemically, photochemically, and thermally stable (Chan et al., 2002).
Quantum dots have the unique property that, from a single excitation wavelength,
emission photons can span any wavelength between blue and infrared depending
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on the nanocrystal size and composition (Voura et al., 2004). Therefore a number
of quantum dots, each actively targeted to a different tumor marker, can be visual-
ized simultaneously, a useful property in real-time cancer imaging. This function
has been particularly useful in the tracking of metastatic tumors (Voura et al.,
2004). Quantum dots, miniscule in size (2-8 nm in diameter), are easily bioconju-
gated with peptides, antibodies, and small-molecule drugs through polymer linkers
without loss of their fluorescence or tumor localization properties (Gao et al.,
2005). Typically, high quality quantum dots are prepared in the organic solvent
mixture tri-n-octyl phosphine/tri-n-octylphosphine oxide (TOP/TOPO) at high
temperatures, which caps the quantum dots with a monolayer of the nonpolar sol-
vent. This capping allows for surface adhesion of amphiphilic polymers (such as
PEG and poly(ethylene oxide)-containing block copolymers), which not only facil-
itate solubility and bioavailability of the nanoparticles, but provide a linker for bio-
conjuation of peptides, antibodies, oligonucleotides, or small molecule drugs,
thereby multifunctionalizing the quantum dot for tumor targeting, tumor imaging,
and potential drug delivery. A few examples of such incorporation to quantum dots
in this manner include antibodies against HER2 (Wu et al., 2003), prostate specific
membrane antigen (Gao et al., 2004), HSPs (Medintz et al., 2005), and p-gp
(Sukhanova et al., 2004). Although from this step forward it seems inherent that
drugs can be loaded into the bulk of the polymer coating or grafted onto the surface
(successful multifunctionalization of this degree), while retaining the imaging, bio-
compatibility, and bioavailability properties remains to be proven. Nevertheless,
through a recent discovery it appears that quantum dots, such as gold and gadolinium
nanoparticles, may possess an inherent therapeutic capability, thereby maintaining
the combined tumor imaging and therapy functions that makes these nanoparticles
multifunctional. It appears that quantum dots can act as photosensitizers in photo-
dynamic therapy (PDT) (Bakalova et al., 2004). PDT utilizes light, oxygen, and a
photosensitizer to selectively destroy target tissue by generating reactive oxygen
species, which promotes apoptosis of the target cells. In this, Samia (2006) have
shown that cadmium selenide quantum dots can generate the singlet oxygen species
that take part in PDT, although generation is at a lower rate than conventional pho-
tosensitizers. However, with this nanoparticle tumor therapy system the promise
exists for a multifunctional imaging and therapeutic approach, with great benefit to
cancer treatment.

6 Other Examples of Multifunctional Nanosystems

6.1 Combination Drug Delivery and Ultrasound

Perfluorocarbon emulsion nanoparticles are under investigation as ultrasound con-
trast agents and ultrasonically enhanced drug delivery vehicles. With a mean
diameter on the order of hundreds of nanometers, approximately 10-fold smaller
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than commercially available microbubble contrast agents, targeting of, and extrava-
sation through tumor endothelium may be superior to microbubbles (Kong et al.,
2000, 2001). Compared with microbubbles, liquid-filled nanodroplets are more
stable under pressure and mechanical stress and are capable of carrying a larger
drug payload, although they are also less echogenic. Both microbubbles and liquid-
filled nanoparticles can be encapsulated by a molecularly targeted lipid shell.

Lanza and coworkers (Lanza et al., 2002; Lanza and Wickline, 2003; Wickline
and Lanza, 2003) have described the use of perfluorocarbon emulsion nanoparticles
as ultrasound contrast agents and have developed theoretical models for estimating
acoustic reflectivity of different perfluorocarbon nanoparticle formulations (Marsh
et al., 1998, 2002a&b; Hall et al., 2000, 2001). Nanoparticles have low acoustic
reflectivity in solution; however, their echogenicity increases when they are depos-
ited in a layer, resulting in a targeted contrast agent that is detectable only when
adherent at the target site (Lanza and Wickline, 2003). Perfluorocarbon nanoparti-
cles can also serve as MRI contrast agents when gadolinium is incorporated into
their lipid shell useful for multimodality imaging studies (Anderson et al., 2000;
Winter et al., 2003a,b; Lanza et al., 2004; Morawski et al., 2004; Cyrus et al., 2005;
Schmieder et al., 2005). In addition to their application as ultrasound contrast
agents, perfluorocarbon nanoparticles have also been used as therapeutic delivery
vehicles for doxorubicin, paclitaxel, and other therapeutic agents (Lanza and
Wickline, 2001; Wickline and Lanza, 2003; Larina et al., 2005). Crowder et al.
(2005) have shown that ultrasound enhances trans-membrane delivery of fluores-
cent dye from nanoparticles to C32 melanoma cells. Ultrasonic molecular imaging
is unique, that is, the optimal application of these agents depends not only on the
surface chemistry but also on the applied ultrasound field, which can increase
receptor—ligand binding and membrane fusion (Dayton et al., 1999; Zhao et al.,
2004; Rychak et al., 2005). Dayton et al. (1999) and Rychak et al. (2005) have pre-
viously demonstrated that acoustic radiation force produced by ultrasound can
enhance the efficiency of targeted imaging with microbubble-based agents by
deflecting targeted particles to the endothelium and facilitating bond formation.
Lum et al. (2006) and Shortencarier et al. (2004) have demonstrated that physically
localizing drug delivery vehicles with acoustic radiation force can enhance local-
ized drug delivery. Recently, Crowder et al. (2005) have observed acoustically
enhanced dye delivery from perfluorocarbon nanoparticles and postulated that
acoustic radiation force is partially responsible for this effect.

Using microbubbles as a carrier particle and attaching nanoparticles containing a
higher payload of drug allows the biodistribution of such a carrier particle to be
controlled by insonation, using ultrasound pulse schemes that are designed to deflect
the vehicle to a target vessel wall and then to rupture the larger lipid carrier. When
a traveling ultrasonic wave is absorbed by a particle, the momentum associated with
the wave produces a net primary ultrasound radiation force (USRF), whereby the
radiating sound wave is transferred to the particle. While incompressible objects do
experience USRF, compressible objects such as gas bubbles experience far larger
forces and are displaced by low-amplitude ultrasound waves (Aaron et al., 2006).
Avidinated neutravidin-coated fluorescent nanobeads bound to the biotinylated
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lipid shells of preformed microbubbles that specifically targets using USRF and
biotin—avidin interactions is demonstrated (Aaron et al., 2006). Targeting of
nanobeads was molecularly specific and dependent on, in order of importance,
vehicle concentration, wall shear stress, nanobead size, and insonation time. This
method of delivery is shown to enable targeted deposition of nanoparticles in shear
flow and can be modified to carry therapeutic agents for controlled release in tar-
geted delivery applications.

6.2 Combination Drug Delivery and PDT

Photodynamic therapy (PDT), the activation of a tumor-localized photosensitizer
by light, is generally applied as a single modality for the treatment of a variety of
solid tumors. Its dominant mechanism of action is the local generation of cytotoxic
singlet oxygen, which causes the destruction of tumor cells and damage of the
tumor microvasculature (Henderson and Gollnick, 2003). It has been applied to
both treatment of superficial tumors (such as cutaneous basal-cell carcinoma and
head and neck tumors) and to deeper tumors accessible by endoscopies (including
esophageal and lung cancers) (Hopper, 2000). PDT with photofrin has been
approved by FDA for the treatment of Barrett’s esophagus and endobronchial and
esophageal carcinomas, and perhaps the most successful approval of PDT is with
verteporfin for injection (Visudyne®) to treat age-related macular degeneration
(AMD) (Dolmans et al., 2003).

In general, a photosensitizer is confined within the tumor vasculature initially after
injection and PDT that employs a short drug-light interval largely damages tumor
vasculature (Veenhuizen et al., 1997). This mechanism is mainly responsible for some
of the more successful clinical implementations of PDT today, including AMD treat-
ment with verterpofin (Brown and Mellish, 2001) and prostate cancer treatment with
Pd-bacteriopheophorbide TOOKAD (Chen et al., 2002a; Koudinova et al., 2003).

While many studies have explored ways to maximize the therapeutic effect of
PDT (Gudgin Dickson et al., 2002), recent efforts are more focused on utilizing tar-
geting strategies that are directed at the tumor vasculature. However, it should be
realized that neither vascular targeting nor cellular targeting PDT regime alone is
perfect for tumor cell killing. Solely vascular targeting may be a good approach for
purely vascular diseases such as AMD (Schmidt-Erfurth et al., 1994), yet it may not
be enough for tumors because peripheral tumor vessels are shown to be somewhat
resistant to both vascular-targeting agents (Pedley et al., 2001) and PDT-induced
vascular effects (Uehara et al., 1998; Chen et al., 2002b; Koudinova et al., 2003).

Despite the extensive central tumor necrosis induced by vascular targeting PDT,
tumor vessels or cells can re-grow from the peripheral rim after treatment. The
major problem for cellular-targeting PDT is that it suffers from complex issues
such as heterogeneity of tumor microenvironment and inhomogeneous photosensi-
tizer distribution. Additionally, tissue hypoxia has been identified as a major obsta-
cle to direct targeting tumor cells by PDT (Dougherty et al., 1998).
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Inadequate photosensitizer delivery due to heterogeneous tumor perfusion, vascular
permeability, and tumor interstitial pressure can also affect the effectiveness of cellular
targeting PDT. Combination of tumor vascular and cellular targeting approaches can be
a way to overcome the problem associated with each individual targeting strategy and
to achieve maximal opportunity of tumor eradication (Wachsberger et al., 2003). Also,
most photosensitizers are hydrophobic and difficult to prepare in an injectable form.

Nanocarriers can provide solution to all the above problems by not only provid-
ing a stable dispersion of these drugs into aqueous systems, but also upon systemic
administration, these carriers are preferentially taken up by tumor tissues by virtue
of the “enhanced permeability and retention effect”, which is the property of such
tissues to engulf and retain circulating macromolecules and particles owing to their
“leaky” vasculature. The carriers include oil dispersions (micelles), liposomes, low-
density lipoproteins, polymeric micelles, and hydrophilic drug—polymer complexes.
In one study (Qing et al., 2006), Profrin II nanoparticles-PDT results in inhibition of
Lovo colon carcinoma growth in post-PDT earlier period in vivo, and were shown
to prolong the survival time of nude mice bearing xenografts significantly, whereas
Profrin II-PDT could not inhibit the growth of colon tumor completely. In another
study (Reddy et al., 2006), multifunctional polymeric nanoparticle consisting of a
surface-localized tumor vasculature targeting F3 peptide and encapsulated PDT and
imaging agents were shown to specifically bound to the surface of MDA-435 cells
in vitro and were internalized conferring photosensitivity to the cells. Treatment of
glioma-bearing rats with targeted nanoparticles followed by PDT showed a signifi-
cant improvement in survival rate when compared with animals who received PDT
after administration of nontargeted nanoparticles or systemic photofrin.

Zinc(II) phthalocyanine (ZnPc), a second generation loaded PLGA nanoparticle,
was shown to maintain its photo-physical behavior after encapsulation (Ricci-
Junior and Marchetti, 2006). Photosensitizer release from nanoparticles was sus-
tained with a moderate burst effect of 15% for 3 days. The photocytotoxicity of
ZnPc loaded PLGA Np was evaluated on P388-D1 cells that were incubated with
ZnPc loaded Np (5 «M) by 6h and exposed to red light (675 nm) for 1205, and light
dose of 30J/cm?. After 24h of incubation, the cellular viability was determined,
obtaining 61% of cellular death. From the physical-chemical, photophysical, and
photobiological measurements performed it was concluded that ZnPc loaded
PLGA nanoparticles is a promising drug delivery system for PDT. In another study,
Prasad’s group (Cinteza et al., 2006) described the ceramic-based nanoparticles
capable of selectively delivering photosensitizers to tumor cells and damaging
them in vitro. These studies establish the role of nanocarriers in PDT.

7 Conclusions

Over the last decade, a wide range of nanocarrier systems, such as liposomes, poly-
meric nanoparticles, nanoemulsions, micelles, and hydrogels have shown tremen-
dous progress in pharmaceutical applications. These engineered multifunctional
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nanocarrier systems have successfully evolved to possess some very useful properties
such as prolonged circulation in blood, target specificity, and increased cell penetra-
tion of the therapeutic drugs and molecules. Prompted by the clinical success of some
nanocarriers, most drug delivery research has focused on integrating the various ben-
eficial properties of the nanovectors to make the treatment strategies more direct,
specific, stable, less invasive, and in some cases to tackle the problem of MDR.

Current research is also focused on understanding and taking advantage of the
features of tumor microenvironment such as pH and temperature changes.
Developing nanocarriers that employ various beneficial properties require the
assembly of a number of chemical moieties on a single nanoparticle. However,
immediate challenges in the formulation of such nanovector system include char-
acteristics such as size, surface charge, cytotoxicity, immunogenicity, cell mem-
brane, and organelle barriers to name a few.

Nanovectors, in their simplest form, could enable deliver a combination of drugs
or genes (or both) to take advantage of synergistic or bystander properties of the
biomolecules. Currently, various nanocarrier systems undergo surface modifica-
tion, by synthetic polymers such as PEG and targeting ligands such as peptides,
antibodies, or sugar moieties, in order to escape the physiological attack by the
reticulo-endothelial sytem in the body and target the disease site. In certain cases,
the surface modification could enable the nanovector to pass through the blood—
brain barrier. The protective PEG coat of the nanocarriers may inhibit the release
of the encapsulated drug, thus encouraging the development of drug delivery sys-
tems that could be pH- and temperature-responsive, especially in conditions such
as inflammation, infarction, and cancer.

Hyperthermia has been emerging as an important adjuvant mode alongside of
chemotherapy, radiotherapy, and surgery. Increased local or whole body tempera-
tures brought about by radiofrequency ablation, ultrasonic waves, or by the admin-
istration of magnetic nanoparticles that act in alternating magnetic fields are some
of the tested strategies in the clinic. Nanocarriers that enable contrasting agents to
transmit a signal drug accumulated site provide for diagnostic and imaging tech-
niques. Gold nanoparticles, quantum dots, liposomes, and micelles are among the
successful nanovectors. When formulated in combination, these drug delivery sys-
tems could enable imaging and controlled release of drugs or therapeutic molecules
in a spatiotemporal pattern. Such multifaceted, versatile nanocarriers and drug
delivery systems promise a substantial increase in the efficacy of diagnostic and
therapeutic applications in pharmaceutical sciences.
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