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Introduction: Novel therapeutic strategies have been investigated for ovarian
cancer to reduce toxicity and to improve outcomes for patients. Short inter-
fering RNA (siRNA), which directs the sequence-specific degradation of target
mRNA and provides specificity of gene knockdown, represents a unique class
of potential therapeutics for ovarian cancer. However, siRNA molecules are
rapidly degraded in plasma and are unable to passively diffuse through
cellular membranes. Nanocarriers can efficiently protect siRNA from in vivo
degradation and are able to deliver these active macromolecules to tumor
cells even after intravenous administration.

Areas covered: Strategies of gene therapy and the role of siRNA in ovarian
cancer treatment are introduced, followed by an overview of nanocarriers for
siRNA delivery, the advantages of the systems and the types of targeting to
tumor cells. Classes of nanocarriers for delivery of siRNA, their functionalities
and modalities are discussed with emphasis on the promising vehicles.

Expert opinion: Gene silencing therapy based on siRNA represents a possible
opportunity for treatment of ovarian cancer patients. However, this approach
requires selection of suitable nanocarriers that can safely and effectively
deliver siRNA to the target site to induce its effect. Very little work has been
done in this field; therefore, it is a good direction for future development.
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1. Introduction

Over the last decade, the mapping of the human genome, along with improved
understanding of signal transduction and the pathways responsible for tumor
survival, has been transforming therapeutic oncology from more promiscuously
targeted chemotherapeutic approaches toward more highly selective targeted
therapeutics [1].

In ovarian cancer, the aggressive nature and poor prognosis associated with
clinical presentation with advanced and recurrent ovarian carcinoma have led inves-
tigators to pursue alternative therapeutic strategies. Gene therapy is an alternative
strategy in ovarian carcinoma that has shown promise in preclinical models and
in Phase I trials [2. Untl this date, the majority of siRNA nanocarriers in clinical
trials were designed for the treatment of various types of cancer; however, none of
them is for targeting ovarian cancer [3].

2. Ovarian cancer

The various histological subtypes of ovarian cancer include serous, mucinous, clear cell,
endometrioid, transitional cell/Brenner tumors and undifferentiated adenocarcinomas;
these are different in their etiology and genetic abnormalities [4]. It is clear that epithelial
ovarian cancer have highly aneuploid cells with multiple marker chromosomes and
high heterogeneity both within and between individual cases [5].
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Article highlights.

o Small interfering RNA (siRNA) is becoming as an
innovative drug substance especially in the treatment

of cancers.

siRNA shows a promising approach for the treatment of
ovarian cancer.

Nanocarrier systems can be modified to be appropriate
tools for the delivery of siRNA.

e In comparison with viral carriers that have been used for
delivery of nucleic acids, nonviral carriers are much safer
and more straightforward.

Although great advances occurred in nonviral
nanocarrier systems for delivery of siRNA, establishing
an effective and efficient system is challenging.

This box summarizes key points contained in the article.

Ovarian cancer is a general term for a variety of distinct
diseases that just happen to share a similar common location
that is the ovary (6. In addition, it is becoming clear that
the majority of ovarian cancers originate from outside the
ovary; for example, serous tumors appear to arise from the
implantation of epithelium from the uterine tube (7). Like-
wise, endometrioid and clear-cell tumors may have arisen
from preexisting endometriosis. To improve the classification
of ovarian tumors, it has been suggested that they should
be grouped as type 1 and 2, which have different steps of
development. Type 1 ovarian cancers include the less frequent
low-grade and borderline serous cancers, endometrioid,
mucinous and clear-cell cancers, which are characterized by
PTEN, PIK3CA, KRAS, BRAF, ERBB2 and B-catenin
(CTNNBI) mutations but rarely involve mutations in p53, a
commonly mutated tumor suppressor gene. Type 2 ovarian
cancers include high-grade serous cancers, mixed malignant
mesodermal tumors, carcinosarcomas and undifferentiated
cancers [8], and mostly contain 7P53 mutations and also
mutations in NFI, BRCAI, BRCA2, RBI and CDK12 9).

Ovarian tumors can also be classified according to the kinds
of cells from which the tumor started (cell of origin). The cell
types of a normal ovarian tissue include surface epithelium,
stromal cells, thecal cells and granulosa cells surrounding the
oocytes; each of these may be involved in ovarian tumors [i0].
However, it does appear that the vast majority of what have
been thought to be primary epithelial ovarian and primary peri-
toneal carcinomas are secondary and the majority of epithelial
ovarian carcinomas originate outside the ovary (7.

In the current genomic era, clinicians and laboratory inves-
tigators may move away from conventional histological typing
and move toward gene expression and proteomic profiling [11].
Gene expression assays are now used in daily clinical practice
in the care of many patients who are newly diagnosed
with breast cancer. The assay includes genes related to cell
proliferation, invasion and several reference genes; however,
in ovarian cancer, gene expression profiles have so far
been used to examine differential gene expression patterns

between normal and tumor cells as a way to distinguish
between histological subtypes [12].

This means that gene expression microarray and proteomic
profiling not only enhance our understanding about the
disease but also facilitate screening the response of thousands
of mRNAs and proteins to anticancer agents [13].

Ovarian cancer treatment currently comprises a combina-
tion of surgery and chemotherapy with carboplatin and pacli-
taxel [14]. The overall survival rates in ovarian epithelial cancer
remained high in the past 25 years, in spite of improvements
surgical techniques and chemotherapeutic agents. Therefore,
identification of carcinogenesis mechanisms in this group of
patients may lead to the better targets for treatment. A lot of
evidence suggests that correcting genetic defects in cancer cells
may inhibit cell growth and reverse tumorigenicity [15].

3. Nucleic acid therapy in ovarian cancer

Nucleic acid therapy strategies have been used to modulate
the activity of genes implicated in the pathogenesis of ovarian
cancer [14]. Nucleic acid-based therapies for ovarian cancer
could be based on the following strategies:

Tumor suppression genes encode cellular proteins that
negatively regulate cell growth. Loss of function of these genes
by mutation has been shown to play a role in many malignan-
cies. In ovarian cancer, p53 gene mutation leading to loss of
function is common. Therefore, reintroducing a wild-type
53 gene could be a viable therapy [15].

Oncogenes are another class of genes targeted for gene ther-
apy. When these genes are amplified and/or overexpressed,
they cause uncontrolled cellular proliferation. For example,
in ovarian cancer, HER-2/neu oncogene amplification and
overexpression are frequently observed, leading to altered
activity of an important growth-regulatory pathway. One of
the most promising strategies for oncogene silencing is using
interference RNA (RNAI) technology as will be explained in
more detail in the next section.

Another direct gene therapy approach involves the transfer
of viral ‘suicide genes’ into the genome of tumor cells. The
introduction of a foreign gene enabling the transduced cell
to metabolize and thus toxify a prodrug has been proposed
for several years. Examples are the herpes simplex virus-1
derived thymidine kinase (hsvl-tk) or the E. coli-derived
cytosine deaminase [16]. Delivery of diphtheria toxin gene is
another promising approach for killing ovarian cancer
cells 117].

Molecular chemotherapy and alteration of drug sensitivity
are other goals for gene therapy [2]. In this method, the gene
encoding an enzyme is delivered to tumor cells, followed by
administration of a prodrug, which is converted locally to
an active drug by the enzyme. The producer cells as well as
surrounding bystanders are subsequently killed [18,19].
Currently gene therapy strategies are limited in their clinical
utility partly due to poor transfection efficiency of nucleic
acid carriers.
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Silencing of gene expression by siRNAs is rapidly becoming
a powerful tool for genetic analysis and represents a potential
strategy for therapeutic product development [20]. One area of
great interest is the use of siRNA to treat cancers where genes
are upregulated in tumors; therefore, targeting them for
knockdown could lead to changes in tumor growth rates
and survival [21].

siRNAs are short (usually 21 - 25 nucleotides long),
double-stranded RNA molecules with two nucleotide over-
hangs at the 3’-ends. In the cytoplasm, siRNAs are loaded
into a protein complex called the RNA-induced silencing
complex (RISC). The loaded RISC complex then scans all
intracellular mRNA for a target mRNA with a complemen-
tary sequence to the loaded siRNA. If a target mRNA is
found by the loaded RISC, the target mRNA is cleaved
and degraded, successfully inhibiting the translation of the
target gene [22].

Therefore, when siRNAs are introduced into cells, they
mediate posttranscriptional gene silencing of a specific target
protein by disrupting messenger RNAs (mRNAs) containing
complementary sequences [23].

siRNA must be delivered intracellularly into the target cells
to exert their silencing effects on target genes. Therapeutic
applications of siRNA have been hampered by their instabi-
lity, poor cellular uptake and the lack of efficient delivery
methods. Therefore, the development of siRNAs as therapeu-
tic agents requires the development of carriers that stabilize
siRNAs and facilitate their uptake by target cells [24].

4. Nanocarriers

Nanoscaled carriers (nanocarriers) are increasingly being
applied for drug delivery, allowing therapeutic agents to be
selectively targeted to an organ-, tissue- and cell-specific level
and minimizing exposure of healthy tissue to drugs [25]. There-
fore, the main aims of using nanocarriers are minimizing drug
degradation upon administration, increasing bioavailability and
preventing undesirable side effects of the drug. Nanocarriers are
also expected to be easily prepared, biodegradable and have
high loading capacity for drug [26].

Nanocarriers can be made using a variety of materials
including polymers (polymeric nanoparticles, micelles or
dendrimers), lipids (liposomes), viruses (viral nanoparticles)
and even organometallic compounds such as nanotubes [27].

4.1 Nanocarriers for delivery of siRNA

The accessibility of the target organ highly determines the
method of siRNA delivery [28]. In ovarian cancer, the main
method of delivery can be systemic via intravenous injection.
This means that siRNA formulations for systemic application
face a series of hurdles before reaching the cytoplasm of the
target cell. Even after reaching the cytoplasm, there are other
barriers to be overcome before the siRNA can become effec-
tive (Figure 1). Therefore, the optimal in vivo systemic delivery
systems for siRNA should be biocompatible, biodegradable,

non-immunogenic, provide efficient delivery of siRNA into
target cells or tissues (avoiding rapid hepatic or renal clear-
ance) with protection of the active double-stranded siRNA
products from attack by serum nucleases (protection against
degradation) and specifically direct siRNA to target cells
(target tissue-specific distribution). Furthermore, it should
facilitate its intracellular uptake, escape from endosome/
lysosome into cytosol and finally promote efficient
gene silencing (allowing the interaction of siRNA with the
endogenous RISC) [11,29].

Delivery systems for siRNA can be classified into two main
groups: viral and nonviral delivery systems both having their
advantages and disadvantages. Viral delivery systems are
mostly used to deliver precursor molecules to induce RNAI.
There are five viral carriers commonly used for RNAI inclu-
ding retrovirus, lentivirus, adenovirus, adeno-associated virus
(AAV) and baculovirus. A recent study used a lentiviral system
for siRNA delivery in ovarian cancer [30. The advantage of
these systems is the high transduction efficacy, due to the
inherent ability of viruses to transport genetic material into
cells. However, there is a potential for mutagenicity or onco-
genesis, and the high cost of production limit their applica-
tion. For these reasons, different kinds of nonviral siRNA
delivery systems have been tested to avoid viral vectors [31,32].

Nonviral vectors seem to be promising tools for gene deli-
very, because they are relatively safe and can be modified
through the incorporation of ligands for targeting specific
cell types [33). For instance, by incorporation of a water-
soluble polymer such as polyethylene glycol (PEGylation)
into a carrier, it could be possible to modify the polymer/
siRNA complex, which is a major strategy to decrease nonspe-
cific interactions, prolong the residence time and target the
nanocarrier to a speciﬁc organ [34,35].

4.2 Targeting by nanocarriers

Nanocarriers for siRNA delivery for the treatment of cancer
may be applied in two ways: active targeting and passive
targeting [36].

In passive targeting, the drug is loaded into a nanocarrier
and reaches to the target organ passively (37. It has been
reported that microvascular transport of macromolecules big-
ger than 5 nm in diameter is significantly inhibited in normal
tissues. However, tumor endothelium has leaky and discon-
tinuous vascular structures and allows the penetration of
high-molecular-mass macromolecules, which is referred to as
enhanced permeation and retention effect [2838]. Therefore,
passive targeting consists of the passage of nanocarriers
through leaky tumor capillary endothelium into the tumor
tissue and cells by passive diffusion. The passive targeting
depends on the degree of tumor vascularization and angiogen-
esis. Furthermore, it is said that larger and long-circulating
nanocarriers (up to 200 nm) are retained longer in the tumor,
whereas smaller molecules easily diffuse [283839]. However,
there is a controversy regarding the best size of nanoparticles
for targeting cancer, because nanoparticles are usually taken

Expert Opin. Drug Deliv. (2012) 9(7) 745

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

E. G. Fathabadi et al.

Blood stream

Figure 1. The main barriers encounter to the systemic delivery of small interfering RNA (siRNA) nanocarriers toward the
tumor cells. 1. Aggregation by serum proteins. 2. Kidney filtration. 3. Uptake by phagocytes. 4. Enzymatic degradation by
endogenous nuclease. 5. Diffusion through extracellular matrix. 6. Uptake by resident macrophages. 7. Uptake by the target
cell. 8. Exit the endosome and then release from the carrier. The figure is original and has not previously been published.

up by the reticuloendothelial system (RES), depending on
their size and surface characteristics. Hydrophilic nanopar-
ticles that are below 35 nm show much lower uptake by the
RES and, therefore, have longer blood circulation times and
improved pharmacokinetic properties [40].

In active targeting, targeting ligands are attached at the sur-
face of the nanocarrier for binding to appropriate receptors
expressed at the target site [39,41]. The addition of a targeting
moiety onto the surface of nanoparticles aims to increase cel-
lular binding and internalization through receptor- mediated
endocytosis [42]. Some of the ligands that can be conjugated
to the surface of nanoparticles for active targeting to ovarian
cancer cells were listed in Table 1.

4.3 siRNA loading in nanocarriers

In general, nanocarriers are loaded with siRNA effectors by
ionic interactions between the negative charges of the
nucleic acid phosphate groups and a polycation such as chi-
tosan or a cationic phospholipid, resulting in the formation
of a polyelectrolyte complex. Other loading strategies
include covalent binding of nucleic acids onto the nanocar-
rier surface or with a hydrophilic polymer such as the
polyethylene glycol (PEG) before the formation of polyelec-
trolyte complex with polycations [43]. Another way for deliv-
ery of siRNA to ovarian cancer cells have been examined by
Tarapore et al., based on using packaging RNA (pRNA) of
bacteriophage phi29 DNA-packaging motor. In their study,

siRNA was targeted to silence metallotionein IIA in ovarian
cancer cells [44].

Various nanocarriers that have potential to deliver siRNA
in vivo are described below.

4.3.1 Lipid-based delivery systems

Lipid-based gene delivery systems consist mainly of catio-
nic lipids (non-cholesterol backbone), cholesterol-based cationic
lipids, cationic liposomes and neutral liposomes. Conjugation of
siRNA with lipophilic molecules such as cholesterol [45] could
also be listed as a lipid-based delivery system.

Cationic liposomes are vesicles composed of a phospholipid
bilayer with an aqueous core [33]. A cationic lipid molecule is
typically composed of a hydrophobic part bound to a hydro-
philic cationic part by a linker or other designed molecules.
The hydrophobic moiety is generally constituted either by
aliphatic chains or by a cholesteryl tail. In liposomes, the
cationic lipid is usually associated with a co-lipid such as
dioleoylphosphatidyl ethanolamine (DOPE) to form stable
liposomal bilayers. Such liposomes instantaneously interact
with DNA as well as siRNA and form complexes commonly
known as lipoplexes [46,47).

Cationic liposomes such as DOTAP, DOTAP/DOPE,
DOTAP/DOPC, MVL5/DOPC and DOPE/CDAN are
used for gene delivery.

The formulation of cationic lipids has been widely
applied to in vitro nucleic acid transfection, and more than
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Table 1. List of ligands that have been used for active
targeting nanoparticles to ovarian cancer cells.

Ligand Target Ref.

Folic acid Folate receptor [94,44]
alpha (FRo)

Epithelial growth factor (EGF) EGF receptor [103]

Artificial ligands targeting HER2 HER2 receptor [104]

Transferrin Transferrin receptor  [105]

Arginine-glycine-aspartic acid Integrins [106]

(RGD) peptide

YSA* peptide EphA2 receptor [107]

Gonadotropin releasing hormone  GnRH receptor [108]

(GnRH) peptide analog

Aptamerst MUC1 [109]

*YSA peptide binds to the erythropoietin-producing hepatocellular (Eph)
A2 receptor that is crucial for tumor cell vascular development and
angiogenesis. Its one-letter code sequence is YSAYPDSVPMMS [107].
*Aptamers are single-stranded DNA or RNA oligonucleotides that fold into
well-defined 3D structures, which are able to recognize molecules, such
as proteins, phospholipids, sugars and nucleic acids, with high affinity
and specificity. A large number of aptamers have been raised against
cancer-associated antigens [47].

30 products are commercially available for this purpose,
including Lipofectin® (a 1:1 mixture of DOTMA and
DOPE), Transfectam®, Lipofeace™, Lipofectamine™ and
Lipotaxi™ [48].

The role of the cationic lipid is to facilitate nucleic acid
binding and condensation leading to cationic liposome/
micelle-nucleic acid complex (lipoplex) nanoparticles. The
cationic lipids also facilitate nanoparticle interactions with
cell wall membranes to trigger internalization (typically by
endocytosis), and if well-designed, the nanoparticle can
escape endosome. The neutral co-lipid DOPE is a natural
fusogenic lipid that helps endosomolysis and improves
intracellular trafficking of nucleic acids post nanoparticle
internalization. However, DOPE has potentially limited
utility 7z vivo because it makes nanoparticles unstable [49].

The main disadvantages for cationic liposomes are that they
lack self-assembly and size-controllable properties. Some lipid
reagents for in vitro siRNA delivery such as oligofectamine,
lipofectamine, metafectene and siportamine are not suitable
for in vivo delivery because of their toxicity.

Solid-lipid-based systems are known as nano-structured
siRNA carriers, which, unlike the liposomes, possess a rela-
tively firm core of physiological lipids such as glycerides
coated with nonionic surfactants such as polysorbates for
dispersion and steric stabilization [50].

Neutral phospholipids (such as DOPC, 1, 2-dioleoyl-sn-
glycero-3-phosphatidylcholine) can construct neutral lipo-
somes, which can be filled with siRNA for delivery to tumor
tissue; however, neutral liposomes confer low transfection
efficiency due to their lack of surface charges [51].

Examples of lipid-based siRNA delivery systems that have

been used in studies of ovarian cancer are listed in Table 2.

4.3.2 Polysaccharide-based delivery systems
Polysaccharides have a wide range of molecular weights and
large number of reactive groups, varying chemical composi-
tion, which contribute to their diversity in structure and
property. Charged polysaccharides can be further divided
into positively charged polysaccharides such as chitosan and
negatively charged polysaccharides such as alginate. Due to
the presence of various derivable groups on molecular chains,
polysaccharides can be easily modified chemically and
biochemically, resulting in many kinds of polysaccharide
derivatives. As natural biomaterials, polysaccharides are highly
stable, safe, nontoxic, hydrophilic and biodegradable. Most of
the natural polysaccharides have hydrophilic groups such as
hydroxyl, carboxyl and amino groups, which could form non-
covalent bonds with biological tissues. This property is called
bioadhesion [52]. Polysaccharides can form several nanocarrier
systems including polyplex, polymer micelles, nanoplex,
nanocapsules and nanogels.

Polysaccharide derivatives, being hydrophilic and water-
soluble, can be modified with hydrophobic molecules or
oligomers that these biopolymers in turn can self-assemble
in water to form nanoparticles or nanogels useful for drug
delivery applications [53].

Chitosan, alginate and dextran are polysaccharides that
have been used for delivery of siRNA [5455]. Examples of
polysaccharide-based nanocarrier systems used for delivery of
siRNA in ovarian cancer are summarized in Table 2.

4.3.3 Protein- and peptide-based delivery systems
Nanoparticle technology for protein-based gene delivery,
so-called proticles for the delivery of siRNA, has also been
explored. This technology uses an initial complex between
human serum albumin and protamine and by incorporation
of siRNA, the nanoparticles self-assemble. Albumin, collagen
and gelatin are promising proteins for delivery of siRNA. The
endogenous protein albumin is a suitable material for nanopar-
ticle fabrication since it is readily available in large quantities,
and it metabolizes i vivo to produce innocuous degradation
products. It can be conveniently fabricated into nanoparticles
via coacervation techniques. The size of the nanoparticles can
be effectively controlled at the coacervation process [56].

Cationic peptides, for example poly-L-lysine (PLL) can be
complexed with oligonucleotides, protect them against nucle-
ase digestion and enhance the cellular uptake via nonspecific
endocytosis. To get more specificity in the targeting of cells,
various ligands such as folic acid, steroids, transferrin,
mannose, growth factors can be conjugated to PLL to
improve the uptake of the oligonucleotide-peptide complexes
or conjugates via receptor-mediated endocytosis. Another
functionality of these peptides is their endosomolytic poten-
tial. Peptide transduction domains (PTDs) have been found
that they can cross the cellular membrane by themselves
despite their high molecule size. PTDs have been used for
the delivery of a wide range of molecules including peptides,
proteins and antisense oligonucleotides [57].
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Table 2. Nanocarrier systems for delivery of small interfering RNA (siRNA) in ovarian cancer.

Nanocarrier Targeted siRNA In vivolin vitro  Ref.

Lipid based

Cationic liposome (Lipofectamine 2000) RhoC In vitro [112]

Neutral liposomes (DOPC) Anti IL-8 siRNA In vivo [113]

Neutral liposomes (DOPC) EphA2 In vivo [110,114-116]

Neutral liposomes (DOPC) Focal adhesion kinase (Fak) In vivo [117]

Cationic liposome (Lipofectamine 2000) Notch 1 In vitro [118]

Lipid-like materials known as lipidoids Poly(ADP-ribose) polymerase 1 In vivo [119]
(PARP1)

Neutral liposomes (DOPC) EphB4 In vivo [120]

Neutral liposomes (DOPC) ALDH1A1 In vivo [121]

Cationic liposome (Lipofectamine 2000) KLF6-SV1 In vivo [122]

Cationic liposome (Lipofectamine™ 2000) Plexin-B1 In vitro [123]

Polysaccharide based

Chitosan Multiple growth promoting genes  In vivo [124]
including periostin (POSTN)

Chitosan Polycomb repressor, EZH2 In vivo [125]

Protein and peptide based

Arginine peptide HER-2-specific siRNA In vivo [126]

A triblock poly(amido amine)-poly(ethylene glycol)-poly-L-lysine  BCL-2 In vitro [127]

(PAMAM-PEG-PLL)

Synthetic polymer and copolymer based

Linear low-molecular-weight JetPEl HER-2 In vivo [93]

Poly(N-isopropyl-methacrylamide) EGFR In vitro [128]

Inorganic material based

Mesoporous silicon Bcl-2 In vivo [129]

Arginine- and histidine-rich peptides mediate an endoso-
mal escape of the oligonucleotide into the cytosol. Further-
more, special amino acid sequence motifs have the ability to
transfer oligonucleotides to the cell nucleus, if they include a
nuclear localization sequence (NLS-peptides) [s8]. Natural
arginine-rich peptides such as protamine and the synthetic
ones were examined for the delivery of siRNA as well [59].

Examples of the protein- or peptide-based nanocarrier sys-
tems used for delivery of siRNA in ovarian cancer are listed
in Table 2.

4.3.4 Synthetic polymer- and copolymer-based
delivery systems

A variety of synthetic polymers such as polyethylenimine
(PEI) have been investigated for use as siRNA carrier [60].
The structures of cationic polymers are very different, which
include the linear polymers such as linear PEI, the branched
polymers such as branched PEI, the circle-like polymers
such as cyclodextrin, the network-type polymers such as
cross-linked poly (amino acid) (PAA) and the dendrimers [61].
Many cationic polymers are highly efficient in siRNA deliv-
ery [62]. However, anionic serum proteins can interact with
net positively charged siRNA/polycation complexes and cause
aggregation or decomplexation [43].

Polymer nanocarriers are prepared from polycation copoly-
mers, including PEL, PLL and a highly hydrophilic polymer
such as PEG or dextran. The nanoparticles are formed
spontaneously after mixing the copolymer with the nucleic

acid and the electrostatic interactions between the nucleic
acid and the positively charged block of the copolymer
occurred [43].

Polymeric nanocarrier constructions such as poly-alkylcya-
noacrylate (PACA) 43] and poly (D, L-lactide-co-glycolide)
(PLGA) were prepared to adsorb the nucleic acids on their
surface [63]. They were also used for the preparation of nano-
capsules (vesicular-type polymer carriers) to entrap nucleic
acids. For another construct like nanogels, polycations such
as PLL were used to load oligonucleotides inside the matrix
of the nanogel [43.

Di-block or tri-block copolymers (synthetic block
polymers) have been widely explored as materials for siRNA
delivery. They can form nanocarriers with useful properties
for delivery of siRNA. These nanocarriers typically result
from cooperative electrostatic interactions between the genetic
material and a cationic di-block copolymer. Upon complexa-
tion, the charge-compensated nucleic acid/cationic chains
self-assemble into a micellar core while the hydrophilic seg-
ments form a protective corona [64]. For hydrophilic block,
mostly, PEG is used. The polymers used for delivery of
siRNA in ovarian cancer are listed in Table 2.

4.3.5 siRNA delivery systems based on inorganic
nanoparticles

Inorganic nanoparticles are subjected to some modifica-
tions to become biocompatible and suitable for delivery of
siRNA. Subsequently, they can be used to form complex
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between the carrier and nucleic acid and targeted to the
specific cells [65].

Layered double hydroxide (LDH) nanoparticles are a family
of inorganic crystals that can tightly bind, protect and release
siRNA molecules efficiently to mammalian cells 7 vitro. The
uptake of siRNA-loaded LDH nanoparticles occurs via endocy-
tosis, whereby the nanoparticles dissolve due to the low pH in
the endosome, thereby aiding endosomal escape into the cyto-
plasm [66]. Magnetic nanoparticles (MNPs) typically composed
of iron oxide have also been investigated as carriers for the
delivery of siRNA [67.68,111]. It has been reported that hydroxy-
apatite (HAp), the crystalline form of calcium phosphate
(CaP), exhibited binding affinity toward nucleic acids. Hence,
CaP particles could be potentially useful for the systemic deliv-
ery of siRNA [69-71].

There are several reports on siRNA delivery using gold (Au)
nanoparticles [72-74]. Due to the presence of a negative charge
on the surface of AuNPs, they are highly reactive, which helps
to modify the surface of AuNPs using several biomolecules.
Due to the strong interaction between the gold surface and
thiol/amine-containing molecules (organic molecules, DNA,
protein, enzyme etc.), the surface of AuNPs can be easily
modified [7576]. Mesoporous silicon is being extensively
studied as an emerging material for use in biomedical appli-
cations, including drug delivery. Mesoporous silicon
efficiently delivered siRNA to ovarian tumors in a sustained
mode [77.78] and also targeted to luciferase and glyceraldehyde
3-phosphate dehydrogenase [79].

Carbon nanotubes (CNTs) are well-ordered, all-carbon
hollow graphitic nanomaterials with very high aspect ratios,
lengths from several hundred nanometers to several micro-
meters and diameter of 0.4 — 2 nm for single-walled carbon
nanotubes (SWNTs) and 2 - 100 nm for multiwalled
carbon nanotubes (MWNTs). Due to their large surface
areas, unique surface properties and needle-like shape, they
can deliver siRNAs, to the target disease sites [80].

Knockdown of cyclin Bl gene with only 10 nM of siRNA
delivered by carbonate apatite has been reported [s1].

5. Potential nanocarriers for siRNA delivery

Biopolymers are promising systems for delivery of siRNA in
ovarian cancer. Among them, chitosan, PLGA and gelatine
are more promising as they are biocompatible and nontoxic.
Chitosan has been shown to be biocompatible [82], non-
inflammatory, nontoxic and biodegradable. The protonated
amine groups allow transport across cellular membranes and
subsequent endocytosis into cells. Moreover, the positively
charged amines (under slightly acidic conditions) allow
electrostatic interaction with phosphate-bearing nucleic acids
to form polyelectrolyte complexes. Numerous studies on
DNA delivery with chitosan as a carrier biomaterial have
shown effective expression of reporter genes in vitro and
in vivo, promoting chitosan as an attractive candidate for
siRNA delivery [31,83-85]. Although Chitosan has cationic

and biocompatible properties, the nucleic acid transfection
efficiency of chitosan has been known to be lower as com-
pared with other cationic molecules such as PEI and cationic
dendrimers. To enhance the cationic charge of chitosan, the
additional cationic moieties such as polyarginine were linked
to chitosan [86]. PLGA is also another poly-cation for combi-
nation with chitosan [87-89]. There are also reports of adding
anionic polysaccharides such as cyclodextrin [90] and neutral
polysaccharides such as PEG to chitosan to improve its prop-
erties. PEG conjugation with chitosan enhances particle sta-
bility with minimum aggregation without sacrificing
transfection efficiency. PEGylation of chitosan elongates the
plasma circulation time and prolongs gene transfer for
sustained delivery of DNA. Blend microspheres of PEG-
grafted chitosan with PLGA also result in sustained release
of DNA for up to 9 weeks (91]. The reason for addition of
an anionic polymer to chitosan prior to addition of nucleic
acid is to achieve a more stable polyplex formation and
smaller nanoparticles: alginate [92] or an alginate derivative
named polyguluronate (54 and hyaluronic acid were used for
this purpose [91,92]. The attachment of targeting ligands that
provide specific nanoparticle-cell surface interactions thus
has an important effect on the ultimate location of nano-
particles. In the case of chitosan, RGD peptide [93] and
folate [94,95] ligands have been used successfully for targeting
ovarian cancer cells.

PLGA is also an attractive polymer for delivery of biopharma-
ceuticals owing to its biocompatibility, biodegradability and
outstanding controlled-release characteristics. PLGA has been
approved by the FDA for certain human clinical uses (96]. How-
ever, it is difficult to load smaller nucleic acid molecules such as
siRNA into PLGA nanoparticles because siRNA easily leaks
from the inner water phase into the outer water phase during
preparation due to its relatively low molecular weight, its hydro-
philic character and the electrostatic repulsion forces present
between the phosphate groups in the siRNA backbone and the
anionic acid groups in the PLGA polymer. As a result, siRNA
is usually incorporated into the PLGA nanoparticles with very
low encapsulation efficiency and a limited loading percent,
which represents a problem in further development of PLGA
nanoparticles for siRNA delivery. A common strategy to
increase the loading is to complex siRNA with cationic
excipients (97,98]. As described before, one promising approach
could be co-encapsulation with chitosan [96,98,99).

Gelatin, the denatured form of collagen, has also been dem-
onstrated as a viable gene delivery vehicle (96]. The advantage
to using gelatin as a carrier for controlled release is that
polyion complexation can be used to load the therapeutic
agent into the matrix under mild conditions [99). Further-
more, nanoparticulate colloidal systems based on gelatine are
safe and simple delivery systems with potential for i.v. applica-
tion [100] and their biosafety have been proven [101]. Besides,
they have had much success as drug delivery carriers especially
with DNA oligonucleotides. Oligonucleotides had been
adsorbed on the surface of gelatin or modified gelatine
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nanoparticles, and usually this process is carried out after the
preparation of the nanoparticles [102].

Among the siRNA therapeutic in clinical trials, SNALP
vehicles (stable nucleic acid lipid particle) have been used for
delivery by intravenous injection [3]. So the lipid-based
systems are currently the only carriers used in clinical trials
in spite of the safety and lower cost of biopolymers.

6. Conclusion

Gene silencing therapy represents a possible opportunity for
treatment of ovarian cancer patients. Gene silencing therapy
based on siRNA requires the selection of targeted genes and
development of a strategy for delivery of genetic drugs. Clinical
application of siRNA may rely on a combination of identifying
optimal siRNAs against optimal target genes and developing an
efficient system for siRNA delivery into the cancer cells. Given
the current difficulties of treating women with ovarian cancer,
any new treatment with improved clinical outcomes would be
of enormous benefit for patients.

7. Expert opinion

Ovarian cancer is a leading gynecologic cause of death in
women around the world and that is due to difficulties in
early stage diagnosis and lack of durability of chemotherapies.
Bionanotechnology based on siRNA nanocarriers offer many
promising solutions for the challenges associated with the
current ovarian cancer therapy. Because of their unique phys-
ical and biological properties, nanocarriers can selectively
deliver (siRNA) to specific tissues and cells and enhance tar-
geting by active and passive routes thus reduce toxicity and
improve the therapeutic activity. Nanocarriers have additional
advantages such as ability to control the release of their

contents, biodegradability and biocompatibility properties.
Despite of all these advantages, treatment of ovarian cancer
with siRNA nanocarriers is still at its infancy and faces
many challenges. The main challenge of the delivery of siRNA
to ovarian cancer using nanocarriers is related to their target-
ing properties. The internal systems are very complex and
there are many barriers that prevent siRNA from reaching
the target site. A wide range of nanocarriers have been inves-
tigated for effective delivery of siRNA including liposomes,
nanogels, dendrimers, gold and chitosan nanoparticles. How-
ever, minimal success has been achieved in this field. Develop-
ment of nanocarriers based on knowledge of their in vivo
behavior such as interactions with target cells, receptors and
molecular mechanisms could be more effective for achieving
delivery. In addition, understanding the barriers to siRNA
delivery will help in the design of systems with different
targeting strategies that ensure the effectiveness of this
therapeutic modality.

Another limitation for the use of siRNA nanocarriers in
ovarian cancers is their safety. As these systems will be deve-
loped for in vivo administration, therefore, their biocompati-
bility is crucial. Our literature research revealed that only one
siRNA nanocarrier system has made it to Phase I clinical
trial for safety. Future studies, therefore, need to focus on
evaluating the toxicities of these systems to facilitate
their use in treatment ovarian cancer. Other challenges
include the complexity of these systems and the difficulties
in controlling their physicochemical properties, which make
mass production costly and non-reproducible.
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