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Abstract

Cancer is one of the major causes of mortality worldwide and advanced techniques for therapy are
urgently needed. The development of novel nanomaterials and nanocarriers has allowed a major
drive to improve drug delivery in cancer. The major aim of most nanocarrier applications has been
to protect the drug from rapid degradation after systemic delivery and allowing it to reach tumor
site at therapeutic concentrations, meanwhile avoiding drug delivery to normal sites as much as
possible to reduce adverse effects. These nanocarriers are formulated to deliver drugs either by
passive targeting, taking advantage of leaky tumor vasculature or by active targeting using ligands
that increase tumoral uptake potentially resulting in enhanced antitumor efficacy, thus achieving a
net improvement in therapeutic index. The rational design of nanoparticles plays a critical role
since structural and physical characteristics, such as size, charge, shape, and surface characteristics
determine the biodistribution, pharmacokinetics, internalization and safety of the drugs. In this
review, we focus on several novel and improved strategies in nanocarrier design for cancer
therapy.
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Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide and it is expected
to be the major cause of death in the coming decades (Bray et al., 2012). Despite the

advances and extensive research on novel approaches, current treatments are still limited to
surgery, radiotherapy, chemotherapy, immunotherapy. Treatment failure is related to either
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drug resistance, pharmacological or toxicity issues in most instances. In contrary, utilization
of nanocarriers leads to increased therapeutic index and tumor tissue concentrations of the
drugs and can enhance the efficacy of currently used regimens by providing superior
pharmacokinetic features, extended blood circulation time, cellular uptake, volume of
distribution, and half-life are major factors for an improved therapeutic window and
subsequent clinical success. Advances in nanotechnology are also expected to provide
foundation for development of novel therapeutics and wide applications of diagnostic
methods in cancer.

Key factors in selecting biomaterials are biocompatibility, biodegradability, safety and ease
of assembly in the structures with the desired characteristics. Taken together, biomaterials
and nanotechnology offer a unique opportunity to improve survival in cancer patients. In
this review, we will focus on strategies of nanoparticle design and highlight the latest
developments in cancer nanomedicine.

Nanoparticles

The history of nanoparticles starts in 1950s with a polymer-drug conjugate that was
designed by Jatzkewitz (Jatzkewitz, 1954), followed by Bangham who discovered the
liposomes in mid-1960s (Bangham and Horne, 1964), (Bangham et al., 1965). In 1972,
Scheffel and colleagues first reported albumin based nanoparticles (Scheffel et al., 1972),
which formed the basis of albumin-bound paclitaxel (Abraxane). Abraxane was approved in
2005 by US Food and Drug Administration (FDA) for the treatment of breast cancer
(Gradishar et al., 2005) and recently approved for the treatment of lung cancer (Casaluce et
al., 2012). Abelcet, amphotericin B lipid complex, was approved by FDA (Chonn and
Cullis, 1995) for the treatment of invasive fungal infections and it is widely used to treat
systemic fungal disease, which is a source of major morbidity in cancer patients (Herbrecht,
1996).

In the 1980s, Maeda and colleagues observed the enhanced accumulation of nanoparticles in
the tumor site due to the altered structure of tumor vasculature (Matsumura and Maeda,
1986). Blood vessels in tumors are different compared to normal blood vessels due to
abnormal and leaky architecture. Impaired regulation in blood vessels leads to ‘enhanced
permeability and retention (EPR) effect” (Maeda et al., 2006). The reduced lymphatic
derange, increased size of fenestrations and gaps between endothelial cells, varies from 200
to 1200 nm, in contrast to normal endothelium with pores with 10 to 50 nm contributes to
EPR effect. This effect has become a hallmark of the solid tumor vasculature leading to
increased nanoparticle accumulation in the tumor site due to “passive targeting’. Hereby
drug carriers exhibit enhanced therapeutic efficacy in tumors, in addition to reduced side
effects and toxicity.

Despite the advantages of passive targeting approaches, several limitations exist that still
needs to be eliminated in the future. Certain tumors are difficult to deliver due to lack of
EPR effect, hence the permeability in blood vessels may not be identical throughout the
same tumor (Yuan et al., 1995). To overcome these limitations, nanoparticles are designed
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to bind to specific targets (active targeting) through the ligands that recognize particular
receptors in target cells.

Active Targeting

Various receptors on the tumor cell surface have been studied as potential sites to achieve
selective delivery. Nanoparticle surface can be modified by a variety of conjugation
chemistries to attach specific receptor ligands (Torchilin, 2005). Nanoparticles recognize
and bind to their targets with subsequent uptake through receptor mediated endocytosis.
Once internalized, the drug or payload is released in the cytoplasm or nucleus. Such receptor
ligands may be peptides, vitamins, antibodies, carbohydrates and other chemical structures.
For instance, the overexpression of transferrin and folate in certain tumors have been
exploited to deliver nanoparticles conjugated with these receptor’s ligands (Yang et al.,
2010), (Fernandes et al., 2008). Another example is the avp3 integrin, which is
overexpressed in a wide range of tumors and angiogenic tumor-associated endothelium, and
is largely absent in normal tissues. Han and colleagues have recently reported that the
administration of chitosan nanoparticles conjugated with cyclic Arg-Gly-Asp (RGD) led to
increased tumor delivery and enhanced anti-tumor activity in ovarian cancer models (Han et
al., 2010) (Fig. 1). A variety of targeting agents such as monoclonal antibodies (mAbs) and
nucleic acids (aptamers) are also used to enhance tumoral uptake of nanoparticles. Using
mADbs for targeting in cancer therapy was first described by Milstein in 1981 (Warenius et
al., 1981). Since then, antibody-based targeting has made a significant progression as a
feasible strategy in cancer therapy. Clinically approved and widely used mAbs include
rituximab (Rituxan) for the treatment of non-Hodgkin’s lymphoma (James and Dubs, 1997),
trastuzumab (Herceptin) for breast cancer treatment (Albanell and Baselga, 1999),
bevacizumab as an angiogenesis inhibitor in colorectal cancer (Ferrara, 2005). Since 1997,
12 mAb-based therapy have been approved and a large number of antibody-based strategy is
in progress for preclinical or clinical trials (Scott et al., 2012). Conjugation of an antibody
directly to a therapeutic agent has been also explored. Mylotarg was the first approved
formulation with this regard in clinic. Calicheamicin is a chemotherapeutic agent and it was
conjugated with the CD33 antibody (Peer et al., 2007). Zevalin and Bexxar are radio-
immunoconjugates formulated by using CD20 antibody and approved for the treatment of
non-Hodgkin’s lymphoma (Grillo-Lo6pez, 2002), (Blagosklonny, 2004).

Recently, nucleic acid aptamers have gained immediate attention after the in vitro selection
of functional nucleic acids (termed SELEX) that was discovered in 1990 (Ellington and
Szostak, 1990, Tuerk and Gold, 1990). Aptamers are single stranded oligonucleotides that
can modulate molecular targets with high specificity and affinity through their three-
dimensional structures. Aptamers exhibit significant advantages such as the technical
possibility in selection and chemical modification, specificity to target any given molecule,
its prosperous bio-activity in vivo, the low production costs, the simplicity in synthesis and
storage for the marketing (Scaggiante et al., 2013) There are currently several aptamers that
are in clinical trials (Scott et al., 2012). For instance, Pegaptanib was approved by FDA and
used as a VEGF-specific aptamer that binds to VEGF and blocks the interaction with its
receptor (VEGFR) thereby inhibiting its activity (Gragoudas et al., 2004). Moreover,
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aptamers seem alluring to modify the surface of nanoparticles for the design of targeted drug
delivery systems.

Drug Delivery Systems

Liposomes

Liposomes are self-assembling nanoparticles formed by dispersion of phospholipids with
hydrophilic heads and hydrophobic anionic/cationic long chain tails, creating closed
membrane structures (Fig. 2). Hydrophilic agents such as drugs and siRNA or hydrophobic
drugs can be incorporated into the inner compartments and, into the hydrophobic
membranes respectively. Currently, several liposomal anticancer drugs are used successfully
as carriers in the clinic or studied in advanced stages of clinical trials. For instance,
doxorubicin loaded liposomes were modified with polyethylene glycol (PEG) that alters the
plasma pharmacokinetics and tissue distribution of doxorubicin and this PEGylated
liposomal doxorubicin (Doxil) carriers, were approved by FDA for the treatment of Kaposi’s
sarcoma (Patel, 1996). Along with Doxil, approved liposomal formulations include non-
pegylated liposomal doxorubicin (Myocet by Elan), liposomal daunorubicin (DaunoXome
by Gilead), liposomal amphotericin B (abelcet), liposomal cytarabine (DepoCyte by
SkyePharma/Enzon/Mundipharma) and liposomal cisplatin (Lipoplatin by Regulon)
(Huwyler et al., 2008). On the other hand, antisense oligonucleotides are also attractive to be
used in liposomal formulations for cancer therapy (Tari et al., 1995). Antisense
oligonucleotides can selectively inhibit disease-causing genes and thereby inhibiting the
production of disease associated-proteins. For instance, liposomal formulation of bcl-2
oligos was demonstrated to inhibit bcl-2 protein production thereby leading to a growth
inhibition in follicular lymphoma cell lines (Tormo et al., 1998). Furthermore, liposomal
bcl-2 antisense oligos were studied to evaluate the in vivo behavior in rodents. The
liposomes were widely distributed and no significant toxicity was observed over 6-week
treatment of intravenously administered liposomal Bcl-2 oligos (Gutiérrez-Puente et al.,
1999). Another example is raf antisense oligonucleotide that inhibits c-raf that leads to
enhanced sensitivity to radiation and chemotherapy. LErafAON is the liposomal formulation
of raf oligonucleotide that showed success for advanced solid tumors in its Phase | study
(McGinnis et al., 2012).

Polymeric nanoparticles

Polymer based delivery systems show great promise for biomedical applications due to their
high biocompatibility and flexibility in which their structures can be modified to engineer
multifunctional nanoparticles with desired shape, size, internal and external morphology as
well as surface modifications. During the preparation stage of nanoparticles, polymers can
be utilized through isolation from their natural sources such as chitosan that is produced
from chitin or they can be synthesized in the desired structure such as poly-lactic-co-glycolic
acid (PLGA). PLGA, arginine, chitosan, human serum albumin, alginate, and hyaluronic
acid have been widely used in preclinical studies for drug delivery. Polymer based
nanoparticles shows great promise in preclinical studies. For example, chitosan
nanoparticles are one of the most popular polymeric delivery system that is widely used in
particular gene delivery. Chitosan nanoparticles serve as an attractive candidate for small
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interfering RNA (siRNA) delivery due its positive charge. Electrostatic interactions between
negatively charged siRNA and positively charged chitosan create a safe carrier for sSiRNA in
the blood circulation. Kim and coworkers, analyzed the therapeutic effects of src and fgr
inhibition using siRNA incorporated chitosan nanoparticles in orthotopic models of ovarian
cancer. Dual silencing of src and fgr with chitosan nanoparticles in vivo, led to a significant
reduction in tumor growth (Kim et al., 2011).

For clinical studies, albumin bound paclitaxel (abraxane) is the first polymeric formulation
that is approved by FDA for the treatment of metastatic breast cancer (Gradishar et al.,
2005) and it is recently approved for the treatment of lung cancer. Abraxane exploited the
ability of albumin to bind to 60-kDa glycoprotein (gp60) receptor (albondin)(Miele et al.,
2009). After this receptor-ligand interaction, albumin-gp60 complex triggers caveolin-1
mediated uptake of protein bound plasma molecules. On the other hand, albumin also binds
to osteonectin (secreted protein acid rich in cysteine [SPARC]) due to a sequence homology
with gp60. SPARC is highly expressed in particular neoplasms (breast, prostate, and lung
cancer) and contributes to intratumor accumulation of all albumin-bound drugs (Hawkins et
al., 2008). In addition, Livatag (Doxorubicin Transdug) is a poly (isohexyl cyanoacrylate)
nanoparticle formulation loaded with doxorubicin and approved for the treatment of
multidrug-resistant protein-overexpressing hepatocellular carcinoma (Sultana et al., 2013).

Polymeric micelles

Dendrimers

Polymeric micelles are formed from self-assembly of amphiphilic-block copolymers ranging
between 10-100 nm in size. They are composed of a hydrophobic core and a hydrophilic
corona. Micelles can improve the bioavailability of hydrophobic drugs, confer protection
and inactivation of the drugs under the effect of biological surroundings (Torchilin, 2001).
Polymeric micelle formulations are used for both passive and active targeting in anticancer
therapy. For example, Genexol-PM is currently under investigation as a paclitaxel loaded
polymeric micelle formulation for the treatment of breast, lung, and pancreatic cancer.
Pluronic and NK911 are doxorubicin loaded micelle formulations that are also currently
studied in Phase | (Sultana et al., 2013). NC-6004 is carboplatin loaded formulation that is
also studied in early clinical trials for the treatment of solid tumors (Wilson et al., 2008).
Furthermore, there are polymeric micelle formulations that are designed for active targeting
and modified with different ligands such as folate (binds to folate receptor) and mAb C225
(binds to EGF receptor). In a nude mice xenograft model, doxorubicin loaded PLGA-b-PEG
polymeric micelle formulation has been shown to increase tumoral uptake and significant
tumor regression (Yoo and Park, 2004).

Dendrimers are hyperbranched nanoparticles composed of a core, branching units and
functionalized terminal groups. The major advantage of dendrimers is that multiple
anticancer agents can be incorporated in the central core or conjugated to functional end
groups (Lee et al., 2005). In addition, depolymerization of dendrimers can be controlled to
modify release profiles of the payload (Wong et al., 2012). For example, polyamidoamine
(PAMAM) dendrimers can be tailored to enhance their biocompatibility and release
properties through PEGylation, acetylation, and modified with anionic, neutral ligand
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molecules (Cai et al., 2013). As an example, doxorubicin was conjugated to PEGylated
PAMAM dendrimers by acid-sensitive linkages in order to trigger the release of doxorubicin
in acidic conditions (Zhu et al., 2010). Evaluations of pH-dependent payload release,
cytotoxicity, cellular uptake and intracellular localization were performed using SKOV-3
ovarian cancer cell line. In addition, dendrimers with highest PEGylation degree showed the
maximum- accumulation in SKOV3 tumor xenografts in mice. On the other hand,
polylysine dendrimers conjugated with a ligand for a5p1 also known as fibronectin receptor
was designed for tumor targeting. Activated a5B1 is highly expressed in breast cancer cells
compared to non-transformed cells and it plays a vital role in invasion and metastasis
pathways in cancer. PHSCN peptide is a ligand that interacts with a specific region of the a5
subunit of integrin thereby blocking its activity. Polylysine dendrimers can be modified with
this ligand for tumor targeting and the treatment with this carrier led to a significant
reduction in the number of invasive human breast cancer cells (Yao et al., 2011).
Furthermore, when tumor bearing mice were treated with polylysine dendrimers modified
with integrin ligand, lung colony formation was obviously inhibited. In conclusion, despite
the fact that dendrimers are extensively used for the design and development of therapeutics,
further research is needed to improve its immunogenicity to assure the safety of long-term
administration in clinic.

Characteristics of nanoparticles

Size

Physical and chemical characteristics of nanoparticles including size, charge, shape, and
surface properties individually play major roles for in vivo biodistribution and cellular
internalization of these drug carriers. In this section, we will focus on the major parameters
that determine the lifetime and delivery of the nanoparticles.

Particle size is one of the crucial primary factors in determining the circulation time of the
nanoparticles. After systemic administration, nanoparticles accumulate in spleen due to
mechanical filtration and removed by reticulo-endothelial system (RES). For example, as the
main constituent of RES, Kupffer cells play a major role for the removal of the particles
accumulated in the liver (Moghimi et al., 2001). Currently, 100-200 nm is accepted as
optimal size for drug delivery systems since nanocarriers take the advantage of EPR effect
in tumors and avoid filtration in the spleen whereas they are large enough to avoid the
uptake in the liver (Petros and DeSimone, 2010). Particles with a smaller diameter than 5nm
are rapidly cleared from blood circulation through renal clearance or extravasation (Wong et
al., 2008), (Alexis et al., 2008), (Choi et al., 2007). However, particles with a size up to 15
pum; accumulate in liver, spleen and bone marrow (Petros and DeSimone, 2010).

In addition, particle size has a significant impact on cellular internalization through
phagocytosis, macropinocytosis, caveolar-mediated endocytosis, clathrin-mediated
endocytosis. As mentioned above, size range has high influence on biodistribution and
cellular internalization. In addition, recent studies show that the geometry of the particles is
as important as size range in terms of cellular internalization and distribution (Geng et al.,
2007), (Decuzzi et al., 2010). In addition, Gratton and coworkers studied the correlation
between shape and size on the internalization frequency in HelLa cells and interestingly, the
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particles with different shapes but similar volumes were internalized at extremely assorted
rates (Gratton et al., 2008). In a distinct study, Godin and coworkers demonstrated that the
accumulation of discoidal particles in breast tumors were five times higher than spherical
particles despite their similar diameters (Godin et al., 2012). As a result, accumulating
evidence shows that although size is a major parameter in the design of nanocarriers for
decades, the shape as well, has a high impact along with the size.

Degradation properties of nanoparticles and subsequent payload release have been shown to
be dependent on particle shape (Bawa et al., 1985). The importance of surface area and
diameter were also demonstrated to be critical for cellular uptake of the nanoparticles
(Panyam et al., 2003), (Dunne et al., 2000). Hemi-spherical particles were generated as
sustained release devices in order to achieve zero-order. Spherical particles, however, can
provide different degradation profiles as their shapes are susceptible upon degradation
(Champion et al., 2007). Additionally, deformability of spherical nanoparticles is also
playing a key role to avoid spleen filtration since spleen exhibit asymmetric filtering units
(Moghimi et al., 2001). Therefore, nanoparticles which are especially larger than 200 nm
should be either deformable enough to bypass the filtration in spleen or flexible as
erythrocytes that can avoid filtration even with 10 um diameter.

In an elegant study, Decuzzi and co-workers studied the effect of size and shape of
nanoparticles on biodistribution and tumor accumulation after intravenous injection.
Spherical silica particles were generated in different sizes ranging from 700 nm to 3um also
in different shapes such as quasi-hemispherical, discoidal, and cylindrical silicon based
particles. After a single, intravenous particle injection to tumor bearing mice, tumors and the
major organs including liver, spleen, heart, lungs, kidneys, and brain were analyzed for
silicon content and histological evaluation. This study elucidated the importance of shape
properties of nanoparticles in addition to size distribution, indicating that geometry of the
nanoparticles contributes to opsonization, in vivo biodistribution, the strength of adhesion
and internalization rate in the cells (Decuzzi et al., 2009).

Surface characteristics

Surface properties play a key role on the period of nanoparticles in blood circulation
subsequent systemic administration. After administration, nanoparticles may be associated
with proteins which are known as ‘opsonins’, such as immunoglobulins and complement
proteins that contribute to recognition of nanoparticles by macrophages. Therefore,
opsonization is the key factor that determines the fate of nanoparticles to an extent in blood
circulation. Modifying the surface of nanoparticles can be used as a strategy to enhance or
reduce their circulation time in blood and tissues. For instance, negatively charged
nanoparticles result in rapid RES clearance from circulation (Zahr et al., 2006). Cationic
surfaces may induce cell membrane permeability and enhance cellular uptake (Chen et al.,
2009) however, cationic nanoparticles prepared from polycationic polymers such as
polyethyleneimine and diethylaminoethyl-dextran can induce disruption in the cell, through
formation of holes, membrane thinning and membrane erosion in lipid bilayers (Leroueil et
al., 2008). On the other hand, the use of neutrally charged particles as well as particles
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coated with polyethylene glycol (PEG) lead to a major reduction of particle uptake by the
RES (Torchilin and Trubetskoy, 1995, Otsuka et al., 2003).

The surface modification of PEGylated liposomes with rat serum albumin (RAS), compared
with non-modified PEGylated liposomes, showed prolonged blood circulation in rats. To
further analyze, total serum protein amounts were determined quantitatively in the absence
and presence of RAS coating. As a result, RAS-modified liposomes significantly reduced
the total amount of serum proteins that can induce opsonization in serum (Furumoto et al.,
2007). In addition, doxorubicin-loaded and albumin-modified liposomes demonstrated
enhanced pharmacokinetics and tissue distribution of doxorubicin (Yokoe et al., 2008).
Tumor accumulation and therapeutic index of albumin-modified PEGylated liposomal
doxorubicin was significantly higher than non-modified PEGylated liposomal doxorubicin
indicating that surface modification of nanoparticles with aloumin, enhances their safety and
effectiveness.

In addition, nanoparticle surface can be modified with ligands that recognize and bind to
specific receptors. Also, monoclonal antibodies can be conjugated onto nanoparticle surface
to provide specificity. For instance, nanoparticles modified with HER2 specific antibody,
delivers the drug, particularly HER2 expressing cells (Kirpotin et al., 2006). Torchilin’s
group has also designed different approaches for active targeted delivery to the tumor with
liposomes and micellar delivery systems. They have developed monoclonal antibody 2C5-
modified doxorubicin loaded liposomes to enhance the therapeutic activity of the payload in
brain tumor xenografts (Gupta and Torchilin, 2007) These studies demonstrate that surface
characteristics are fundamentally important for nanoparticles to avoid their rapid clearance
from the blood circulation before reaching the tumor site, and to provide active targeting
through surface modifications with antibodies or ligands.

Release characteristics

The release properties of nanoparticles determine the efficiency of the treatment at target
sites. Conventional drugs used in clinic have a narrow therapeutic window due to rapid
increase and decrease of plasma drug levels after systemic administration, resulting in
bordering doses with subsequent side effects. However, drug delivery systems aims at
delivering the desired concentration of the drug within the therapeutic range at target site,
culminating minimized side effects and discomfort in patients. Constant plasma drug levels
over a long period of time can be attained through zero-order release kinetics that can be
achieved by using osmotic pressure, mechanical pumping, and electrokinetic transportation
(Sakamoto et al., 2010). Besides, biocompatible polymeric nanoparticles are also used to
prolong the period of drug release due to their long biodegration time in a range from days
to months. Particularly, molecular weight is a major parameter in biodegradation rate of
polymers. For instance, poly lactide-co-glycolide (PLGA) and poly lactic acid (PLA) were
both used in order to study the sustained release of docetaxel after intravenous
administration (Musumeci et al., 2006). Release rate of the drug has been shown to highly
associate with molecular weight of the polymers. Furthermore, polymer with high molecular
weight led to slower degradation of the material, compared to the polymer with low
molecular weight, resulting in sustained release of the payload.
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Multistage delivery system is an additional alternative approach providing sustained release
of the payload where mesoporous silicon particles (MSP) offer unique opportunities for drug
delivery (Tanaka et al., 2010). MSPs size, charge, shape, porosity are among the
characteristics that can be tailored for particular applications and objectives of its use. We
have used MSPs loaded with nanoliposomes carrying small interfering RNA (siRNA) that
leads to target mMRNA degradation. In this study, degradation of silicon particles allowed for
the long term release of siRNA to the target site (Shen et al., 2013, Tanaka et al., 2010).

(Fig. 3)

Another strategy to control the release of the payload can be using the environment of target
site as a driving mechanism. Environment responsive nanocarriers offer a unique strategy, in
particular, when the stimulus is specific to the disease pathology (Ganta et al., 2008). The
approach seems promising since the stimuli trigger the payload to diffuse out of the particles
through a controlled drug release. The biological stimuli include pH, temperature, and redox
microenvironment (Shenoy et al., 2005), (Kommareddy and Amiji, 2005). Recently, Chen
and colleagues have designed dual responsive-doxorubicin loaded polymeric micelles that
release the payload in response to temperature and pH (Chen et al., 2012). In this study, drug
release was analyzed at different pH conditions such as physiological condition (pH 7.4),
endosomal (pH 6.6 and 6.0), lysosomal (pH 5.4), and different temperature conditions.
Doxorubicin release rate was associated with increased temperature and decreased pH.
Furthermore, they have demonstrated enhanced antitumor activity in tumor bearing mice
that were generated by subcutaneously injected HeLa cells. On the other hand, external
stimuli can be used to trigger the release such as magnetic field, mild temperature increase
or ultrasound (MacEwan et al., 2010). For instance, ultrasound triggers the degradation of
polymers, slightly increases the temperature and cell membrane permeability, ultimately
resulting in the release of the drug at target site (Mitragotri, 2005). Cisplatin release upon
low frequency ultrasound has been demonstrated by Schroeder and colleagues (Schroeder et
al., 2009). In this study, cisplatin-loaded liposomes were intraperitoneally administered into
tumor bearing mice and the release of cisplatin was triggered by ultrasound at tumor site.
Despite the tremendous progress in the design and development of nanoparticles, further
preclinical studies are still required to conduct clinical trials for cancer therapy.

Conclusion and future perspectives

Advances in nanomedicine offer new opportunities to improve the anticancer
armamentarium. Targeted and nontargeted nanoparticles are currently in preclinical and
clinical phases indicating the impact of delivery systems on the field. Further studies in
nanomedicine will improve therapeutic window of drugs with immensely reduced side
effects leading to improved patient outcomes.
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FIGURE 1. Targeted therapy with RGD-Chitosan Nanoparticles
Binding efficiency of Alexa555 siRNA (red fluorescence) incorporated chitosan

nanoparticles (CH-NP)- conjugated with RGD peptide (RGD-CH-NP) in SKOV3ip1 or
A2780ip2 ovarian cancer cells (blue for nuclei) by fluorescence microscopy (Han et al.,
2010).

HAN, H. D., MANGALA, L. S., LEE, J. W., SHAHZAD, M. M., KIM, H. S., SHEN, D.,
NAM, E. J.,, MORA, E. M., STONE, R. L. & LU, C. 2010. Targeted gene silencing using
RGD-labeled chitosan nanoparticles. Clinical Cancer Research, 16, 3910-3922.
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FIGURE 2. Accumulation of SRNA with DOPC nanoliposomesin vivo
Fluorescent (A) and phase (B) view of liposomes after sSiRNA incorporation.

C. Hematoxylin &Eosin stain of HeyA8 ovarian tumor.

D. Autofluorescence in tumor 48 hours after intravenous administration of nonfluorescent
control siRNA.

E. Tumor accumulation of Alexa 555 siRNA (red fluoresce) incorporated in DOPC.

F. Alexa 555 siRNA is seen in both tumor cells and surrounding macrophages (green)
(Landen et al., 2005).

LANDEN, C. N., CHAVEZ-REYES, A., BUCANA, C., SCHMANDT, R., DEAVERS, M.
T., LOPEZ-BERESTEIN, G. & SOOD, A. K. 2005. Therapeutic EphA2 gene targeting in
vivo using neutral liposomal small interfering RNA delivery. Cancer research, 65, 6910-
6918.
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FIGURE 3. Sustained release of liposomal EphA2 siRNA in tumor cells
A. Alexa555-labeled siRNA oligos (red fluorescence) were packaged in DOPC

nanoliposomes and loaded into Multistage Vector (MSV). Human ovarian tumor cells
SKOV3ip2 and HeyA8 (nuclei in blue) were incubated with MSV/Alexa555 siRNA and
release of Alexas555 siRNA from MSV was monitored by confocal microscopy over the
next 7 days.

B. Western blot analysis of EphA2 expression in SKOV3 cells incubated with MSV/EphA2
siRNA indicating inhibition in protein expression more than 7 days (Shen et al., 2013).
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