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Abstract: The unmet need for novel therapeutic options for ovarian cancer (OC) deserves further
investigation. Among the different novel drugs, small interfering RNAs (siRNAs) are particularly
attractive because of their specificity of action and efficacy, as documented in many experimental
setups. However, the fragility of these molecules in the biological environment necessitates the use
of delivery materials able to protect them and possibly target them to the cancer cells. Among the
different delivery materials, those based on polymers and lipids are considered very interesting
because of their biocompatibility and ability to carry/deliver siRNAs. Despite these features, polymers
and lipids need to be engineered to optimize their delivery properties for OC. In this review, we
concentrated on the description of the therapeutic potential of siRNAs and polymer-/lipid-based
delivery systems for OC. After a brief description of OC and siRNA features, we summarized the
strategies employed to minimize siRNA delivery problems, the targeting strategies to OC, and the
preclinical models available. Finally, we discussed the most interesting works published in the last
three years about polymer-/lipid-based materials for siRNA delivery.
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1. Introduction
Effective therapeutic approaches are lacking for ovarian carcinoma (OC), the most lethal
gynecological neoplasm. Thus, the development of novel strategies is of the utmost urgency. In this
review, we focused our attention on the use of small interfering RNAs (siRNAs), short double stranded
RNA molecules with the ability to downregulate the expression of virtually any gene causing disease
in humans [1,2]. However, due to their fragile nature in the biological environment, siRNAs, as many
other nucleic acid based molecules [3–5], need to be complexed with adequate delivery materials.
Among these, we focused herein on polymers and lipids, which show high biocompatibility and the
ability to deliver siRNAs. Other reviews have covered additional delivery systems [6–9].
For the development of effective delivery strategies and novel therapeutic drugs for OC, different
aspects should be considered. The first is the biological/anatomical features of OC. For this reason,
we have dedicated specific sections to this topic (Sections 1.1–1.3). The second aspect is related to the
specific nature of siRNAs, as well as the problems of their delivery in general and in particular to
OC cells (Sections 2.1 and 2.2). The third element involves the features of polymer- and lipid-based
delivery materials, the general characteristics of which have been described (Sections 3.1 and 3.2).
A fourth aspect relates to the possibility of generating siRNA delivery complexes able to target OC
cells (Section 4.1) and/or OC-specific gene products (Section 4.2) to minimize side effects and improve
effectiveness. The fifth aspect relates to the employment of models adequate to produce data with
potential value in humans (Sections 5.1–5.3). Finally, we have presented the most recent works (from the
last three years, Section 6) related to the delivery of siRNAs, also making methodological considerations
(Section 7).
1.1. Ovarian Carcinoma
Ovarian carcinoma (OC), the seventh most common cause of death among women in industrialized
countries, is the most lethal gynecological neoplasm [10]. In women under 40 years of age, OC is rare;
however, the risk increases above age 40, peaking in the late 70s [10]. Annually, 240,000 new diagnoses
are registered worldwide, with a higher incidence in the Caucasian population in the countries of
northwestern Europe and in the USA compared to Asian, African, and South American countries [11].
As OC does not have a specific symptomatology in the initial phases, about 70% of OCs are diagnosed
in advanced stages when there are already abdominal metastases [12]. For the advanced forms, the
combined association of surgical removal of cancer and chemotherapy has a five-year survival rate
of 25% [13]. Moreover, disease recurrence within two years of diagnosis is frequent [14], and when
this occurs, OC very frequently displays a high resistance to chemotherapy. Together, these factors
explain why the five-year survival in OC has remained almost stable (38% 1990–1994; 41% 2000–2004)
in recent years.
1.2. Classification and Biology of OCs
From a histological point of view, OCs can be divided into three subtypes based on the cells
of origin. Epithelial tumors, representing more than 90% of OCs, originate from the epithelial cells
that line the surface of the ovaries or the fimbriae. Germ cell tumors, accounting for just 5% of OCs,
originate from germ cells and are almost exclusively found in juvenile populations. Finally, stromal
tumors, constituting about 4% of OCs, originate from the gonadal stroma, which supports ovary tissue.
OCs of epithelial origin have been further subdivided into (Figure 1): type I tumors, which contain
well-differentiated cells (such as low grade serous carcinoma and endometrioid carcinoma) and are
characterized by low malignity; type II tumors, which are rather aggressive and arise directly from the
epithelial tissue of the organ without going through a precancerous phase (typically represented by the
high-grade serous ovarian carcinomas—HGSOCs) [15]. Gene expression profiling has revealed the
existence of five molecular subtypes of HGSOCs: mesenchymal; proliferative, with the worst overall
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1.3. Current Therapies
The primary intervention for HGSOC is based on the use of surgery with the aim to remove
the macroscopic lesions including metastasis [22], which are, as mentioned above, predominantly
localized in the omentum. Notably, because of the specific biology of HGSOC, metastasis removal can
improve overall survival. After surgery, the vast majority of patients undergo chemotherapy, which is
the same for any type of OC [23]. Current chemotherapy is based on the use of the combined systemic
administration of cisplatin–paclitaxel (PTX) [24]. More recently, intra-peritoneal (IP) administration of
drugs has been proposed. As HGSOC is mostly confined to the peritoneal cavity, the IP route enables
a higher local concentration [24]. Notably, a recent meta-analysis showed that IP administration
significantly improved progression-free survival in advanced HGSOC patients compared to systemic
administration [25]. However, significant toxicity is still an issue to be solved.
About 70% of patients treated for HGSOC respond to the first-line, PTX-based chemotherapy [26].
However, about 80% of these relapse soon or later [22]. Within relapsing patients, about 50% are
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still responsive to PTX, even though persistent side effects from previous treatment may become
problematic. For PTX-resistant patients, alternative options are limited and poorly effective [22].
Novel therapeutic approaches include the use of poly (ADP-Ribose) polymerase (PARP) inhibitors.
PARP mediates base excision repair of single-strand breaks to resolve spontaneous DNA damage [27].
Thus, PARP inhibition can expose the cancer cell to increased DNA damage, eventually leading to
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Novel therapeutic approaches include the use of poly (ADP-Ribose) polymerase (PARP) inhibitors.
PARP mediates base excision repair of single-strand breaks to resolve spontaneous DNA damage
[27]. Thus, PARP inhibition can expose the cancer cell to increased DNA damage, eventually leading
to cell death.
2. Small Interfering RNAs
Small interfering RNAs (siRNAs) were first described about three decades ago in plants [28],
and then in Caenorhabtidis elegans [29]. Their therapeutic potential was first reported in 2001 [30],
when it was shown that a short, double-stranded RNA duplex (about 21 nucleotide long) can induce
target mRNA degradation, thus suppressing gene expression in human cells. The mechanism of
action (Figure 3) begins with the uptake of one of the two RNA filaments (antisense strand) of the
siRNA by a cellular protein complex termed RISC (RNA-induced silencing complex). While the other
filament (sense strand) is discarded, the antisense strand drives RISC to a target RNA via a perfect
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Following IP administration, delivery systems with a size similar to the diameter of the
lymphatic lacuna are preferentially drained from the peritoneum via lacunae. Smaller delivery
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animal species, and 3.2–3.6 µm in humans. Blood vessels are abundantly scattered in the connective
tissue layer [39].
Following IP administration, delivery systems with a size similar to the diameter of the lymphatic
lacuna are preferentially drained from the peritoneum via lacunae. Smaller delivery systems (<10 nm
diameter) are mostly cleared via the blood, as they can more efficiently penetrate blood capillary
walls. Moreover, the higher flow rate (100–500-fold) in blood vessels compared to lymphatic capillaries
favors the diffusion of small molecules into the blood [40]. Thus, the retention of delivery systems
in the peritoneal cavity can be modulated by their size. Delivery systems larger than the diameter
of the aperture of the lymphatic lacunae will persist longer in the peritoneal cavity; those inferior
in size will be predominantly cleared via the lacunar route, while the very small ones (nm range)
will be mostly drained by blood vessels. Peritoneal persistence can be also improved by using
positively charged delivery systems that can easily interact with the negatively charged membrane
of MS [41]. Prolonged peritoneal persistence can present an advantage, as ovarian cancer metastasis
typically colonizes the mesothelial cell layer without affecting the basal lamina [42]. Obviously, tumor
cell membrane crossing, the presence of cytosolic nucleases, and endosome entrapment still remain
obstacles for siRNA action in the case of IP administration.
3. Strategies to Optimize siRNA Delivery
The fragile nature of siRNAs in the cellular and extracellular environment prevents their use as
naked molecules. To improve their stability and thus effectiveness, it is possible to chemically modify
their structure to make them more resistant to degradation [2,33]. An additional and complementary
strategy consists of the combination of siRNAs with delivery vectors able to preserve their integrity
and drive them to the target cell [2,33]. Additionally, electroporation can be also used [43]. Often,
but not always, the two strategies are combined together. However, as chemical modifications can
impair siRNA effectiveness, their employment should be carefully considered. Here, we focus on a
brief description of the most commonly used delivery materials, i.e., those based on polymers and
lipids (Figure 5).
3.1. Polymer-Based Delivery Vectors
Polymers have been frequently used as siRNA delivery systems due to their versatility, low cost
of production/isolation, and biocompatibility. The most commonly used polymers for siRNA delivery
are polyethylenimine (PEI), polyethylenglycole (PEG), polycaprolactone (PCL), poly(lactic-co-glycolic
acid) (PLGA), chitosan (CH), and hyaluronic acid (HA). These polymers are frequently combined with
each other and/or with other molecules to create delivery particles with optimized delivery features.
Regardless of the chemical nature of the polymer, they need to have positively charged resides to bind
the negatively charged siRNAs via electrostatic interactions. Moreover, the resulting polymer–siRNA
complex should have an appropriate surface charge: excessively strong cationic complexes can lead
to nonspecific cellular uptake [44–46] and nonspecific membrane disruption. On the other hand,
anionic particles that are too strong can have problems interacting with the negatively charged cellular
membrane, thus resulting in inefficient intracellular delivery of siRNA.
Repeated units composed of amine groups and two carbon aliphatic CH2 –CH2 spacers (Figure 5A)
form the structure of PEI. It can exist in both linear and branched forms: in the first form, it contains all
secondary amines, while in the second form it contains primary, secondary, and tertiary amino groups.
The amino groups confer a cationic nature to PEI, suitable for binding siRNAs. High-molecular-weight
PEI displays a superior ability to carry and deliver siRNAs compared to low-molecular-weight [47].
However, high-molecular-weight PEI is more cytotoxic than low-molecular-weight PEI, a problem
that can be attenuated by the addition of hydrophilic and hydrophobic moieties or cell-/tissue-specific
ligands [48]. Finally, due to its ability to promote the “proton sponge effect”, PEI favors siRNA
endosomal escape [49].
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Figure 5. Structure of polymer- and lipid-based delivery materials, (A) polyethylenimine (PEI),
(B) polyethylene glycol (PEG), (C) polycaprolactone (PCL), (D) poly(lactic-co-glycolic acid) (PLGA),
(E) chitosan (CH), (F) hyaluronic acid (HA), and (G) lipid particles.

The structure of PEG is represented by the formula H−(O−CH2 −CH2 )n −OH (Figure 5B).
Being substantially non-toxic [50] and soluble in water, PEG can be used in many biological applications.
PEG can reduce the toxicity of other delivery materials and, because of this property, it is often added
(PEGylation) to various delivery particles [51]. Moreover, it can be also used as a linker for specific
ligands on the surface of delivery particles [52].
PCL is obtained by the ring opening polymerization of the cyclic monomer ε-caprolactone
(Figure 5C) [53]. It is biodegradable and, in the field of drug delivery, it is typically used to tune
the physical, chemical, and mechanical properties of different materials when co-polymerized with
polymers such as PEG. Its main limitation in siRNA delivery is the lack of cationic groups able to
interact with the negative siRNA backbone [54]. Thus, PCL is often combined with PEI and/or PEG.
PLGA is a copolymer of poly(d, l-lactic acid; LA) and poly(glycolic acid; GA) linked together
through ester linkages [54] (Figure 5D). PLGA, biodegradable into its original monomers LA and
GA, has been approved for human use by the US Food and Drug administration. PLGA gained
attention as an siRNA delivery material due to its favorable safety profile and sustained-release
characteristics. However, one of the weaknesses of PLGA is the modest siRNA loading capacity due
to the repulsion between the anionic acid groups in PLGA and the negative phosphate backbone
of siRNA. To minimize this problem, PLGA is often combined with cationic molecules such as
dioleyltrimethylammoniumpropane (DOTAP) or PEI.
It is possible to commercially obtain CH by deacetylation of chitin, a substance contained
in the exoskeletons of crustaceans and the cell walls of fungi, [55] (Figure 5E). Chitosan is
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a linear polysaccharide with a carbohydrate backbone with two types of repeating residues,
2-amino-2-deoxy-glucose (glucosamine) and 2-N-acetyl-2-deoxy-glucose (N-glucosamine), linked
by a (1-4)-β-glycosidic linkage. The amino groups confer to CH a positive charge, which allows binding
with the negatively charged phosphate groups of siRNAs. CH conjugation with PEI and PEG can
bypass the problems of low solubility and delivery effectiveness. Alternatively, it is possible to tune
the degree of acetylation and modify the molecular weight [56].
HA, a polymer of natural origin, is a linear polysaccharide formed by glucuronic acid and
N-acetylglucosamine units linked via alternating –1,4 and –1,3 glycosidic bonds (Figure 5F). HA is
biocompatible, biodegradable, and characterized by low toxicity. In the field of siRNA delivery, it is
often used in combination with other cationic polymers. Indeed, its anionic nature attenuates positive
charges, thus resulting in reduced toxicity and improved stability of the complex [57]. Finally, the
presence of hyaluronic acid receptors (CD44, see Section 4) in many healthy and diseased human
(cancer) tissues makes HA particularly suited as a targeting agent [58].
3.2. Lipid-Based Delivery Vectors
Liposomes are spherical vesicles formed by concentric lipid bilayers (Figure 5G) with a hydrophilic
region localized in the core [59,60]. Because of this structure, liposomes can entrap hydrophilic
molecules in the water compartment and hydrophobic molecules in the lipid layers. Frequently,
liposomes are made up of neutral (cholesterol; Chol) or zwitterionic (dioleoylphosphatidylethanolamine;
DOPE) lipids, giving origin at the physiological pH to neutral liposomes [60]. While neutral
liposomes have good biocompatibility and favorable pharmacokinetics, they display poor interactions
with negatively charged siRNA. An alternative to the use of neutral lipids is the employment of
positively charged lipids, such as 3β[N-(N’,N’-dimethylaminoethane)-carbamoyl]DC-cholesterol,
1,2-dioleoyl-3-trimethylammonium propane (DOTMA) [60]. Cationic liposomes are composed by
positively charged lipids within a matrix of neutral lipids, required for cellular internalization.
Cationic liposomes allow easy and effective loading of negative molecules such as siRNA. Moreover,
they facilitate the endosomal escape of siRNA, promoting the fusion between liposomal and endosomal
bi-layers. Despite being suitable for siRNA delivery to the cells, cationic liposomes have some
drawbacks [59]. For example, they are more toxic than neutral liposomes. They also have a low
“fusogenicity” attitude, i.e., they are less effective in interacting with cell membranes to allow cell uptake.
To attenuate this limitation, cationic lipids are often combined with non-cationic lipids such as DOPE,
which display enhanced fusogenic activity. Another limitation of cationic liposomes is represented by
the fact that, when applied to the blood stream, they are cleared by the reticulo-endothelial system.
Thus, their effectiveness in siRNA delivery can be significantly diminished. To minimize this problem,
cationic liposomes are often equipped with shielding molecules on their surface such as a hydrophilic
polymer like PEG. However, once they reach the target cell, the PEG has to be removed to allow
efficient siRNA delivery and to permit efficient endosome escape.
4. Targeting OC: Delivery Systems and siRNA Targets
The ideal therapeutic approach to OC should be able to selectively deliver the drug (siRNA in our
case) to tumor cells, leaving the normal tissues as untouched as possible. This goal can be approached
with two complementary strategies: the first is to equip the siRNA delivery system with molecules
able to specifically target tumor cells, and the second is to use siRNAs against OC-specific oncogenes.
The combination of these two strategies should give the highest specificity level possible.
4.1. OC-Targeting Molecules
So far, different antigens present on the surface of OC cells have been considered suitable for OC
targeting (Table 1).
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Table 1. Specific surface antigens on OC cells.
Extended Name

Abbreviation

References

Epidermal growth factor receptor
Erythropoietin-producing hepatocellular receptor A2
Folic acid receptor
CD44 surface transmembrane glycoprotein
CD133 glycosylated transmembrane protein
CD117 (also known as c-kit) receptor tyrosine kinase
CD24

EGFR
EphA2
FR
CD44
CD133
CD117
CD24

[61–64]
[65,66]
[67,68]
[69–71]
[72]
[73–75]
[76]

Epidermal growth factor receptor (EGFR) is highly expressed in OC [61], as well as in other tumor
cells. An extracellular ligand-binding domain, a transmembrane domain, and a cytoplasmic domain
containing the tyrosine kinase region [62] characterize this surface antigen. Following ligand binding
to EGFR, receptor auto-transphosphorylation in the tyrosine kinase region occurs, triggering a series of
signaling events. These, in turn, promote cell proliferation, apoptosis inhibition, cell invasion, and
stimulation of neovascularization [63]. Because of its pro-proliferative effects, EGFR has also been
considered as a drug target [64].
Erythropoietin-producing hepatocellular receptor A2 (EphA2) belongs to a large family of
receptor tyrosine kinases mainly involved in the regulation of cell proliferation and migration [65].
The extracellular domain contains a ligand-binding domain, a Sushi domain, an epidermal growth
factor (EGF)-like domain, and two fibronectin type-III repeats. A transmembrane domain and a
tyrosine kinase domain follow the extracellular domain. EphA2 is overexpressed in ovarian cancer [66]
as well as in various other solid tumors, such as breast, prostate, pancreas, glioblastoma, neck, renal,
lung, melanoma, bladder, gastric esophageal, colorectal, and cervical cancers. In OC, the N-terminals
of EphA2 are processed by membrane-type 1 matrix metalloproteinase, triggering ligand-independent
signal activation, which in turn promotes cell motility, invasion, and metastasis [66].
The folic acid (FA) receptor (FR) is a 38 kDa glycosyl-phosphatidylinositol membrane-anchored
glycoprotein [67]. Under normal conditions, FR is present only in some polarized epithelia and it is
localized to the apical/luminal cell surface. In tumor cells of epithelial origin, it is often overexpressed
and it loses its polarized nature, covering the entire cell surface. FR acts as a transporter of folate into
the cells. The fact that folates are essential for the biosynthesis of purines and thymidine, necessary for
DNA synthesis, methylation, and repair, explains why actively growing tumor cells need higher FR
compared to normal cells. Notably, FR overexpression is present in more than 80% of HGSOCs [68].
Moreover, increased expression level of FR correlates with OC stage, poor response to chemotherapy,
and worse survival.
In addition to the above-mentioned OC-targeting antigens, other antigens associated with ovarian
cancer stem cells (OCSCs) are gaining great interest. The discovery of quiescent OCSCs with the
ability to escape chemotherapy and to regenerate OCs has directed attention towards the possibility of
specifically targeting OCSCs [69]. CD44 is a surface transmembrane glycoprotein that acts as a receptor
for different molecules, including hyaluronic acid (HA). CD44 influences the expression levels of
genes related to cellular differentiation and cell–matrix adhesion. It is one of the most common OCSC
surface markers, used to identify this kind of cell. Despite this, CD44 does not seem to have relevant
prognostic value in OC [70]. Monoclonal antibodies and siRNAs [71] directed against CD44 have
already been tested. Another OCSC-related antigen is CD133, a glycosylated transmembrane protein
with prognostic value in OC. CD133 modulates several pathways involved in the control of cancer
stemness and metastasis. Notably, even though CD133-positive cells represent a minority of OC cells,
its toxin-mediated targeting effectively downregulated OC growth in in vitro and in vivo models [72].
Further potential targeting antigens for OC are CD117 and CD24. CD117, also known as c-kit, is a
receptor tyrosine kinase devoted to the promotion of cell survival, metabolism, and differentiation.
In OC, poor disease-free survival is directly associated with CD117 levels [73]. While CD117 targeting
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in vitro successfully downregulated OC cell survival [74], only modest effects were observed in a
phase II clinical trial [75]. Finally, another potential targeting antigen is represented by CD24, highly
expressed in many cancers with a percent positivity in OC of about 70% [76].
4.2. siRNA Targets in OC
Due to their mechanism of action, siRNAs are particularly suited to targeting gene products
of which the exuberant expression is responsible for increased cell growth, cell survival, migration,
angiogenesis, and drug resistance (Tables 2–4). Notably, a single gene product often controls many of
the above cellular phenotypes.
Table 2. Molecular targets implicated in OC cell growth/migration.
Extended Name

Abbreviation

References

Epidermal growth factor receptor

EGFR

[64]

Metastasis associated in colon cancer 1

MACC1

[77]

Metastasis-associated gene 1

MTA1

[78]

Wilms tumor gene

WT1

[79]

Rac1 Rho family small GTPases

Rac1

[80,81]

Polo-like kinase 1

Plk1

[82,83]

Notch1
Claudin3
Nin one binding protein
Cyclooxigenase-2

Notch1
CLDN3
NOB1p
COX-2

[61]

E2 promoter binding factor 1

E2F1

[84–87]

Peptidylprolyl cis–trans isomerase, NIMA-interacting 1

PIN1

[88,89]

Table 3. Molecular targets implicated in angiogenesis.
Extended Name

Abbreviation

References

Vascular endothelial growth factors
VEGFs tyrosine kinase receptors
Plexin domain containing 1

VEGFs
VEGFR-1/Ftl-1, VEGFR-2, VEGFR-3/Ftl-4
PLXDC1

[61]
[61]
[90]

Table 4. Molecular targets implicated in drug resistance.
Extended Name

Abbreviation

References

Multidrug resistance gene 1
Survivin
Focal adhesion kinase
B-cell lymphoma 2

MDR1
SVV
FAK
BCL2

[91]
[92,93]
[94]
[95]

4.2.1. Molecular Targets Implicated in Cell Growth/Migration
One of the most targeted gene products in OC is EGFR, as it promotes cell growth, apoptosis
inhibition, cell invasion, and neovascularization (Table 2). This gene product is also particularly
attractive as it represents a targetable surface antigen for an siRNA delivery system [64] (see Section 4.1).
The expression of the Metastasis associated in colon cancer 1 (MACC1) is often upregulated in many
cancers. Its targeting by short hairpin shRNA in OC cells resulted in the downregulation of cell
migration and proliferation [77]. Metastasis-associated gene 1 (MTA1) is another gene product relevant
for invasion and metastasis in OC. Notably, its siRNA-mediated down-regulation not only reduced
cell migration, it also promoted cell anoikis [78]. This is a form of apoptosis occurring in cells detached
from the extracellular matrix. Anoikis resistance is relevant for the survival of OC cells in ascites.
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The Wilms tumor gene (WT1) is overexpressed in OC but not in normal ovarian tissue; thus, it is of
particular interest in terms of the specificity of siRNA effects (limited to OC cells). WT1 targeting
resulted in OC cell arrest in the G0–G1 phase of the cell cycle and promoted cell apoptosis [79]. Rac1 is
a well characterized member of the Rho family that interacts with effector molecules and regulates
cytoskeleton organization and membrane trafficking [80]. Rac-1 is implicated in OC cell survival,
tumor angiogenesis, resistance to therapeutics, and contribution to extraperitoneal dissemination [81].
Deregulation of Polo-like kinase 1 (Plk1) was shown to be responsible for mitotic defects by affecting
cell cycle checkpoints, thus resulting in aneuploidy and tumorigenesis [82]. Overexpression of Plk1
has been observed in many cancerous tissues, including OC [83], and was shown to correlate with
tumor stage and grade and poor patient prognosis. Notch1, Claudin3 (CLDN3), Nin one binding protein
(NOB1p), and Cyclooxigenase-2 (COX-2) (reviewed in [61]), represent other suitable targets related to
OC growth and migration.
In addition to the above-discussed siRNA targets, there are others, such as E2 promoter binding
factor 1 (E2F1) and peptidylprolyl cis–trans isomerase, NIMA-interacting 1 (PIN1), which we believe
might merit the attention of future experimentation. E2F1 belongs to a family of transcription factors
with the ability to activate or repress the expression of genes promoting cell proliferation. E2F1 in
particular mostly triggers the transcription of pro-proliferative genes, thus favoring cell growth. In OC,
its level directly correlates to unfavorable disease-free and overall survival, particularly in HGSOC
(reviewed in Reference [84]). Moreover, recent evidence connects E2F1 over-expression with reduced
drug sensitivity [85]. Together, these findings make E2F1 an attractive novel molecular target in OC.
However, as E2F1 also plays a relevant role in non-tumor cells, the use of an OC-targeted delivery
system would be desirable. Among E2F1 transcription targets, there is PIN1 [86,87]. It accelerates
the conversion of cis and trans isomers, thus inducing conformational changes able to regulate the
functions of its substrates, such as p53, p73, p27Kip1 , p21waf1/cip1 , and cyclin D1, all proteins involved in
the control of cell proliferation. The net result is the activation of oncogenes and inactivation of tumor
suppressor genes in cancer cells. In OC (HGSOC), PIN1 is overexpressed and when knocked down or
chemically inhibited, OC cell death is induced [88,89]. The fact that E2F1 regulates PIN1 transcription
and that both genes are involved in OC make this molecular circuit an interesting target for novel
therapeutic approaches in OC.
4.2.2. Molecular Targets Implicated in Angiogenesis
Cancer neo-angiogenesis is necessary to support the increased demand for oxygen and nutrients of
the growing tumor cells. Thus, the targeting of one or more of the elements of the angiogenic pathway
has the potential to negatively regulate tumor cell growth. In several tumors, including OC, different
components of the angiogenic pathway have been targeted with different therapeutic molecules [61].
Among these, the vascular endothelial growth factors (VEGFs) and their tyrosine kinase receptors
(VEGFR-1/Ftl-1, VEGFR-2, VEGFR-3/Ftl-4) have often been considered (Table 3). Some studies have
also considered the targeting of plexin domain containing 1 (PLXDC1), previously known as TEM7,
which is overexpressed in endothelial cells of all four tumor types [90]. PLXDC1 promotes endothelial
cell migration and invasion.
4.2.3. Molecular Targets Implicated in Drug Resistance
About 80% of OC patients, who respond to the first-line PTX chemotherapy relapse sooner or
later [22]. Thus, the development of drug resistance in OC is a major problem. To try to circumvent this
aspect, gene products responsible for multidrug resistance have been considered as possible targets
for novel therapeutic approaches (Table 4). Multidrug resistance gene 1 (MDR1) is a membrane-bound
P-glycoprotein overexpressed in chemo-resistant OC cells [91]. MDR1 favors drug efflux from the
cells, thus resulting in a shortening of drug permanence into the cell. This, in turn, leads to the
reduced therapeutic effects of the drug. Another gene product related to drug resistance is survivin
(SVV). As member of the Inhibitor of apoptosis protein (IAP) family [92], SVV induces chemotherapy and
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radiotherapy resistance in OC [93] through the inhibition of apoptosis. As this protein is overexpressed
in many tumors compared to their normal tissue counterparts, it represents an attractive target for
siRNA tumor-specific effects. Another target able to induce chemo-resistance is the Focal adhesion
kinase (FAK). This is a non-receptor tyrosine kinase of which the overexpression is present in 68% of
epithelial OCs [94]. Moreover, FAK levels significantly correlate with shorter overall patient survival.
Not only is FAK involved in the regulation of OC cell migration, invasion, adhesion, proliferation,
and survival, it has recently been discovered that it promotes PTX resistance in OC as well as in other
cancers [94]. Drug resistance is triggered via the promotion of MDR-1 activity. Finally, B-cell lymphoma
2 (BCL-2) is the founding member of the BCL-2 family of apoptosis regulatory proteins. In particular,
BCL-2 has anti-apoptotic function, and, recently, its involvement in the induction of chemo-resistance
in OC has been described. Indeed, its targeting resulted in enhanced cisplatin-induced apoptosis in
OC spheroids [95].
5. Experimental Models of OC
The development of effective anti OC siRNA and delivery strategies depends on the employment
of adequate models of the disease. Available models include cellular and animal models. Recently,
conglomerates of cells cultured in 3D and defined spheroids have been proposed as a useful model.
Finally, mathematical modeling is gaining interest as a way to better understand the biological
phenomena in siRNA effects and delivery. Herein, we have briefly summarized the features of the
available models, highlighting their advantages and disadvantages.
5.1. Cellular Model
The ideal cellular model should be able to replicate the main phenotypic and genetic characteristics
of OC cells. As HGSOC is the most problematic form of OC, the cellular models should ideally resemble
the features of this form of OC. In HGSOC, copy number alterations (CNAs) are rather common; more
frequent CNAs involve genes such as MYC, MECOM, CCNE1, and KRAS [96]. Additionally, some gene
mutations are also common: among these, TP53 mutations are present in 95% of the cells isolated from
patients [97] and BRCA1/BRCA2 have a frequency of about 10%. Notably, low-grade serous carcinoma
has almost normal gene copy numbers and wild-type TP53 [98]. Based on these and other molecular
features, a classification of the cellular models that best resemble HGSOC has been proposed [97].
The most commonly used model cell lines, represented by SKOV3, A2780, OVCAR3, CAOV3, and
IGROV1 [97], do not properly resemble HGSOC. OVCAR3 and CAOV3 possess TP53 mutations like
HGSOC, but have low CNAs compared to HGSOC. SKOV3 and A2780 do not have TP53 mutations,
but instead do have mutations frequently found in other histological subtypes, such as ARID1A, BRAF,
PIK3CA, and PTEN mutations. IGROV1, characterized by few CNAs and many mutations not present
in HGSOC, resembles the molecular features of the endometrioid carcinoma. The HeyA8 cell line
has fewer CNAs than HGSOC and do not have mutated TP53, BRCA1, and BRCA2. In contrast, a
cellular model that reasonably well resembles the molecular features of HGSOC is the KURAMOCHI
cells. They have similar CNAs and mutation frequency in key oncogenes and tumor suppressors
(TP53, BRCA1, BRCA2). Moreover, in contrast to the above-mentioned cell lines, the mRNA expression
profiles of KURAMOCHI are similar to those of HGSOC [97]. A drawback of KURAMOCHI, however,
is linked to the difficulties of its grafting into xenograft mouse models.
An emerging OC model linking the cellular and the animal models is the so-called “spheroids”.
Spheroids are defined as 3D structure grown from stem cells and consisting of organ-specific cell
types [99]. While spheroids can be originated from normal stem cells, they can be also originated from
cancer cells [100]. OC spheroids, which recently became available [101,102], replicate the genomic
and histological characteristics of the lesion from which they are derived. Being organized into a 3D
structure, OC spheroids better resemble the in vivo structure of OC compared to 2D culture models.
Thus, they are in principle more informative then 2D cultures when used to study the biology of OC and
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also drug effectiveness. Moreover, OC spheroids can be xenografted, thus allowing drug-sensitivity
tests in vivo.
5.2. Animal Models
The only two non-human animals known to naturally develop OC are the egg-laying hen and the
jaguar [103]. The egg-laying hen model has been underutilized due to the scarcity of chicken-specific
experimental reagents and due to the logistical challenges of animal husbandry. Jaguar use has been
largely impossible, mainly because these animals are endangered. Thus, the mouse represents the
main animal model utilized so far to study anti-OC drugs. In mouse, three models are commonly used:
the xenograft model, the syngenic model, and the genetically engineered mouse models (GEMM).
In xenograft mouse models, cells of different genetic backgrounds can be injected into
immunocompromised animals via three different routes: subcutaneous (SC), intraperitoneally (IP), or
intrabursally (IB, i.e., into the bursa that surrounds the mouse ovary) [104]. As in the SC approach,
cells do not metastasize, this model is not suited to the study of ovarian metastasis. Moreover, the
anatomical location/microenvironment of the injected cells is different from that in the ovary glands.
However, the SC model is suited for investigation with imaging modalities; moreover, it is suitable for
pilot studies to test the effectiveness of newly developed drugs. IP and IB better mimic the metastatic
dissemination of OC. However, while IP cannot effectively reproduce the initial steps in metastasis
(cells exit the bursa to spread throughout the peritoneal cavity), IB can. OC cell lines are most often
employed to generate xenograft models. However, it is also possible to use cells freshly isolated from
OC patients, thus resulting in models more adherent to reality. The problems with patients’ cells are
often linked to the modest tumor engraftment percentages and the time taken to develop tumors [105].
Regardless of the cell type used, all xenograft mouse models suffer from the fact that the animals are
immunocompromised; therefore, the role of the immune system is completely ignored.
A syngenic mouse model has been generated using murine ovarian surface epithelial cells from
C57BL/6 mice, which have been subsequently transformed (ID8 cells) and eventually re-injected
into C57BL/6 mice [106]. An alternative, more recent model, again derived from the ovarian surface
epithelium, is the STOSE model generated in the FVB/N mice strain [107]. While it is possible to
consider the effects of immune systems in these models, the cells used are different from human
OC cells.
GEMMs of OC are useful for improving our understanding of the origin(s) of OCs. Indeed,
it is possible to generate GEMMs with ovarian or oviductal epithelia carrying specific mutations.
It is then possible to study how the specific mutation drives the development of OC. In this regards,
GEMMs carrying the most common OC mutations, such as those of TP53 and BRCA1/2, have been
developed [104]. A problem liked to GEMMs is represented by the frequent infertility of GEMM
animals. The other drawback stems from the fact that OCs tend to arise over an extended course of
time, and thus, there are difficulties in controlling tumor onset and size.
5.3. Mathematical Models
An additional tool useful for the investigation and description of the effects and delivery of
siRNA is based on the use of mathematical models. This approach, not yet very common in the
field, has the possibility of predicting siRNA behavior once the main biological parameters have been
established via an experimental approach. Thus, the system has the great advantage of significantly
reducing the experimental load, as it can easily simulate/predict the effects of many variables of the
system via mathematical simulation [108]. Interestingly, the mathematical approach is in line with
Leonardo da Vinci’s conviction that “niuna umana investigazione si può dimandare vera scientia s’essa
non passa per le matematiche dimostrazioni” (no human investigation can be defined true science if it
cannot be mathematically demonstrated). [109]. In our opinion, the use of mathematical modeling in
the siRNA field became possible after the publication of the seminal work of Bartlett and Davis [110].
Curiously, the mathematical modeling of siRNA delivery was not the only goal of that paper, but
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the mathematical model was also described in such a concise manner that it was very difficult to
understand. The graphical translation of this model into two schemes [108] revealed its powerful
theoretical basis. Indeed, this model, relaying on 12 ordinary differential equations, is organized into
four modules that can be changed independently to modify model complexity as desired. The first
module deals with siRNA “circulation/extracellular transport” (three equations), the second is about
siRNA “cellular uptake and intracellular trafficking” (four equations), the third describes “the fate
of free and bound activated RISC” (three equations) according to the Michaelis–Menten multiple
turnover mechanism, and the fourth focuses on “cell growth and target protein production” (two
equations). According to this modular organization, the model individuates two distinct phases: the
external phase, involving the first module, and the cellular phase, involving the other three modules.
Consequently, the description of in vivo experiments requires both phases, i.e., all four modules, while
in vitro experiments imply the use of just the cellular phase, i.e., the last three modules. On the basis of
this approach, Barlett and Davis [110] were able to fit and predict the silencing of a protein (luciferase)
by means of siRNA. This clearly indicates the theoretical and practical strength of the model, which
can help in optimizing (interpreting and planning) experimental activities.
6. siRNA Delivery to OC Cells
In the light of the above information/considerations (Sections 1–5), in this Section we describe and
comment on the most recent works (from the last three years) related to the delivery of siRNAs based
on the use of polymer-/lipid-based delivery systems. We concentrated on polymers and lipids due to
their general biocompatibility, their ability to deliver siRNAs, and the possibility of their undergoing
significant modifications of structure, a feature useful in generating optimized delivery materials.
Polymeric approaches have been divided into systems: those which do not have an OC targeting
strategy and those that do have one.
6.1. Polymeric Delivery Systems
6.1.1. Non-Targeted Delivery Systems
Polyak et al. [111] developed a polymer comprising a poly(α)glutamate (PGA) backbone conjugated
with different amine moieties (PGAamine) (Figure 6 and Table 5). Due to their positive electrostatic
charge, amine groups allow interaction with the negatively charged siRNA. Moreover, the positive
charge of the PGAamine polymer allows interaction with the negatively charged cell membrane. Finally,
the multiple amino groups in acidic compartments (lysosomes, endosomes) may favor the proton
sponge phenomenon, allowing the rupture of endocellular vesicle (lysosomes, endosomes) membranes,
thus allowing siRNA release into the cytoplasm. siRNA release to the cytoplasm is also favored by the
fact that the PGAamine polymer is cut by cathepsin B, an enzyme present in lysosomes/endosomes
that it is upregulated in many human tumors. Upon cathepsin B cleavage of PGAamine, siRNAs are
released from the delivery complex. Finally, PGA is water-soluble and has low immunogenicity and
low toxicity; thus, it is an attractive candidate for siRNA release. As siRNA targets, the authors chose
Rac1 (siRac1) and Plk1 (siPlk1), both involved in tumorigenesis via the control of cell migration and
proliferation, respectively. A PGAamine:siRac1 polyplex demonstrated plasma stability and immune
and hemo-compatibility in the ex vivo blood compartment. The functionality of PGAamine:siRac1 was
proven in vitro in SKOV3 cells, showing the inhibition of cellular migration. In vivo, the authors used
an orthotopic SKOV3 human OC model in athymic nude female mice. Following three sequential IP
injections (8 mg/kg siRNA), a 2.75-fold increase in siRac1 tumor accumulation was observed compared
to treatment with siRNA alone.
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particle size (160 ± 20 nm) it is likely that most particles were cleared via the lymphatic lacunae (see
Section 2.2). Thus, it is feasible to assume that the therapeutic effects were exerted by the fraction
of particles which escaped lymphatic lacunae drainage and made direct contact with tumor cells in
the peritoneum.
One of the major problems with HGSOC is the occurrence of drug resistance. Thus, the possibility
of attenuating this eventuality has been explored using siRNA against MDR1 and BCL2, both involved
in the induction of drug resistance (see Section 4.2). Risnayanti et al. [112] developed a PLGA-based
delivery system loaded with siRNA against MDR1 (siMDR1) and BCL2 (siBCL2) (Table 5). To obtain
an efficient siRNA encapsulation, siRNAs were first complexed with the cationic poly-l-lysine (PLL),
which can bind to the negative charged siRNAs. PLL was used in place of the more commonly used
PEI to minimize the known toxicity associated with PEI. siMDR1/siBCL2–PLL particles were then
encapsulated with the negatively charged PLGA. The PLGA–siMDR1/siBCL2–PLL particles, with a
dimeter of 197.8 ± 5.2 nm, did not elicit any nonspecific cytotoxicity in the drug-resistant SKOV3-TR
and A2780-CP20 cells. In this regard, it is somewhat strange that particles containing the siBCL2 did
not trigger any cell death, considering that BCL2 is an anti-apoptotic gene. By in vitro test, the authors
also showed that the particles did not stimulate the innate immune system. The efficiency of particle
uptake was studied by the use of cyanine5.5 fluorophore (Cy5.5) labeled siRNAs, and was 100% in both
SKOV3-TR and A2780-CP20 cell lines. This was paralleled by a significant reduction in the mRNA and
protein levels of both MDR1 and BCL2. From the functional point of view, PLGA–siMDR1/siBCL2–PLL
particles were able to increase the permanence and concentration of PTX in the drug resistant SKOV3-TR
and A2780-CP20. This resulted in an improved cell death compared to PTX alone. Notably, the use
of particle carrying only one of the two siRNAs + PTX was less effective than the particle loaded
with the two siRNAs +PTX. This suggests the importance of downregulating both inducers of drug
resistance. Comparable results were obtained using cisplatin in place of PTX. While no in vivo data
were provided, the data support the concept that it is, in principle, possible to improve drug sensitivity
by targeting specific genes.
Classical PLGA–PEI particles were used by Hazekawa et al. [113] to deliver a siRNA (siGPC3)
against Glypican-3 (GPC3), a member of the heparan sulfate proteoglycans, which has important
functions in cellular signaling pathways, including cell growth (Table 5). While GPC3 is over expressed
in chemo-resistant OC cells, its overexpression seems to occur mostly in clear OC cell adenocarcinoma
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rather than in HSGOC [114]. In vitro in the mouse HM-1 cells, PLGA–PEI–siGPC3 particles efficiently
reduced GPC3 protein levels and reduced cell growth compared to controls. In a murine HM-1
peritoneal dissemination model, the IP injection of PLGA–PEI–siGPC3 resulted in a significant
reduction in the tumor nodules compared to controls. Moreover, the GPC3 levels in the cell lysates of
peritoneal cells from animals treated with PLGA–PEI–siGPC3 were also reduced compared to control.
While the role of GOC3 in HSGOC is not completely clear, a merit of this work was the use of the HM-1
cell line in the syngeneic B6C3F1 mice strain, which allowed consideration of the contribution of the
immune system.
Table 5. Polymer based delivery systems without an OC-targeting moiety.
First Author

Cell Model

siRNA Delivery
Route

Animal Model

References

Rac1; Plk1

Poly(α)glutamate;
no specific
targeting;
160 ± 20 nm
(Particle size)

SKOV3

Intra-peritoneal
(nine every other
day intraperitoneal
injections 8 mg/kg
siRNA)

Orthotopic SKOV3
cells in athymic
nude female mice
(intra-peritoneal
tumor cell injection)

[111]

MDR1; BCL2

PLGA–PLL;
197.8 ± 5.2 nm
(Particle size)

SKOV3-TR and
A2780-CP20

-

-

[112]

Intra-peritoneal
(100 pmol of siRNA
on Day 1)

Syngeneic
orthotopic
intra-peritoneal
HM-1 injection in
syngeneic B6C3F1
mouse strain

[113]

-

-

[115]

Orthotopic
luciferase-labeled
OVCA432 in female
nude mice
(intra-peritoneal
tumor cell injection)

[116]

Target

Delivery Material

Polyak

Risnayanti

Hazekawa

Lou

Leung

Gpc3

PLGA–PEI;
108.5 ± 2.5 nm
(Particle size)

Luciferase

POEGMA/PVTC;
PVTC;
8–25 nm
(particle sizes)

LPP

CHITOSAN

HM-1

SKOV-3-luciferase

Intravenous
(twice-weekly
tail-vein 5 µg siRNA
Luciferase-labeled in combination with
OVCA432
weekly i.p.
injections of
Paclitaxel, 3.5 mg/kg
for 6 weeks)

A complex polymer-based delivery system based on poly(vinyl benzyl trimethylammonium
chloride) (PVTC) and its block copolymer with poly(oligo(ethyleneglycol) methacrylate) (POEGMA)
was developed by Luo et al. [115] (Table 5). PVTC was used as it contains positively charged amino
groups, which allow siRNA binding. The authors studied particles of PVTC or PVTC–POEGMA.
The generated particles had a diameter range of 8–25 nm. In SKOV3-luc expressing the luciferase
gene, PVTC–POEGMA and PVTC at the concentration of 15 µg/mL were significantly less toxic than
PEI, used as a control polymer. Loading the particles with an anti-luciferase siRNA (luc-siRNA),
the authors observed that at the concentration of 200 nM luc-siRNA and at a nitrogen/phosphate
(N/P, polymer/siRNA) of 16, PVTC/luc-siRNA particles were the most effective in reducing luciferase
expression (60% reduction) compared to control. Notably, PVTC/luc-siRNA particles were more
effective than POEGMA/PVTC/luc-siRNA particles (35% inhibition). This difference is most probably
due to the reduced cellular uptake of POEGMA/PVTC/luc-siRNA compared to PVTC/luc-siRNA,
visualized by using a fluorescently labeled siRNA. No in vivo data were provided. However, the
size of the particles (8–25 nm) suggests that in vivo these particles, when IP injected, could have been
preferentially drained by the blood vessel (see Section 2.2). It remains to be determined whether this
could be an appropriate route by which to reach metastatic tumor cells in the peritoneum.
Leung et al. [116] proposed an original strategy to combat OC. The authors found that
cancer-associated fibroblasts upregulate the lipoma-preferred partner gene (LPP) in tumor endothelial
cells. LPP expression levels in intra-tumor endothelial cells correlate with survival and chemo-resistance
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in OC patients. Moreover, LPP increases endothelial cell motility and tumor vessel leakiness. The author
reasoned that the targeting of LPP by a siRNA (siLLP) could reduce tumor vessel amount and leakiness,
thus increasing PTX permanence in the tumor site. In an orthotopic model of OC generated with
luciferase-labeled OVCA432 cells, the authors delivered intravenous (IV) siLLP embedded into chitosan
particles (CH–siLLP) together with PTX. The levels of LPP in tumor mass of animals treated with
CH–siLLP were significantly lower than in controls. Moreover, the same animals had reduced tumor
burdens and microvessel densities. This last observation suggests that LPP silencing reduced tumor
angiogenesis. Finally, the authors demonstrated that tumor vessel leakiness was also reduced by
CH–siLLP, and that this was paralleled by an increased PTX bioavailability. Notably, the combination
of CH–siLLP with PTX gave a more pronounced reduction in tumor mass than the single treatment
with either PTX or CH–siLLP, thus suggesting an additive effect of the combined treatment.
6.1.2. Targeted Delivery Systems
The last example of the above section shows that it is reasonable to attack OCs via the targeting
of tumor endothelial cells. An additional strategy to target tumor endothelial cells was described
by Kim et al. [117] (Figure 7 and Table 6). The authors generated chitosan particles (CH–siRNA)
coated with HA (HA–CH–siRNA) to target the CD44 receptor present on tumor endothelial cells.
Particles were loaded with siRNA against PLXDC1 (siPLXDC1), which is involved in the promotion
of cell migration
invasion
of tumor endothelial cells (see also Section 4.2). PLXDC1 and18CD44
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Byeon et al. [118] described the use of PLGA conjugated with HA (PLGA–HA) to target OC cells
overexpressing CD44 (see Section 4.1) (Table 6). The authors used a siRNA directed against FAK
(siFAK), which is overexpressed in OC, correlates with shorter overall patient survival, and promotes
drug resistance (see Section 4.2). In addition to the siFAK, PLGA–HA also contained PTX, commonly
used in OC therapy (see Section 1.3). The authors proved the effective uptake of fluorescently labeled
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Byeon et al. [118] described the use of PLGA conjugated with HA (PLGA–HA) to target OC
cells overexpressing CD44 (see Section 4.1) (Table 6). The authors used a siRNA directed against
FAK (siFAK), which is overexpressed in OC, correlates with shorter overall patient survival, and
promotes drug resistance (see Section 4.2). In addition to the siFAK, PLGA–HA also contained PTX,
commonly used in OC therapy (see Section 1.3). The authors proved the effective uptake of fluorescently
labeled PLGA–HA particles in the CD44 overexpressing HeyA8 and SKOV3 cells. In the HeyA8 and
SKOV3 variants which are PTX resistant (HeyA8-MDR1 and SKOV3 TR), the authors showed that
the presence of siFAK improved the effects of PTX. Effective tumor cell uptake in vivo was proven
following a single IV injection of FITC-labeled HA–PLGA–NPs into HeyA8-bearing female BALB/c
nude mice. Effectiveness studies were conducted in HeyA8-MDR and SKOV3-TR orthotopic models of
OC, treating the animals twice weekly via IV injection of 200 mg/kg siFAK and 1.4 mg/kg PTX. In both
OC animal models, the PLGA–HA–siFAK–PTX showed reduction of tumor weight, number of tumor
nodules, and levels of FAK mRNA compared to controls. Notably, particles lacking HA invariably
showed a reduced effect compared to those bearing HA, thus proving the targeting relevance of HA.
Unfortunately, the authors did not compare the effects of PLGA–HA–siFAK–PTX with PLGA–HA–PTX;
this test could have provided information about the role of siFAK alone in the therapeutic effect. This
comparison was limited to the effects on animal survival, which indicated extended animal survival for
PLGA–HA–siFAK–PTX compared to PLGA–HA–PTX. The authors also confirmed the effectiveness of
their approach by loading the particles with a different siRNA against survivin (siSVV), a gene product
known to induce chemo-resistance and to protect cells from apoptosis (see Section 4.2). The authors
further confirmed their findings by testing the PLGA–HA–siFAK–PTX particles in a mouse model
generated using OC cells derived from a patient that had developed PTX–carboplatin resistance.
Altogether, these findings support the robustness of the approach undertaken.
A rather novel approach to particle targeting to OC was developed by Hong et al. [119]. The strategy
was based on the equipment of PEG–PEI particles with a short peptide mimicking the sequence of
the follicle-stimulating hormone (FSH) (Table 6). FSH is secreted by the pituitary gland and exerts its
action on ovaries via the FSH receptor (FSHR). As FSHR is expressed at high levels in reproductive
tissues and at very low levels in other tissues, FSH-equipped particles can almost be directed to the
ovarian tissue. Notably, approximately 70% of ovarian cancers express FSHR [120]. The authors
loaded the PEG–PEI–FSH particles with a siRNA directed against the growth-regulated oncogene α
(gro-α), (sigro). Gro-α induces malignant transformation, tumor growth, and metastatic spread in
OC cells, where it is overexpressed compared to healthy cells [121]. As the cellular model, Hey cells,
which express both FSHR and gro-α, were employed. As controls, SKOV3 cells, which have low FSHR
expression but elevated gro-α, were used. In vitro, the PEG–PEI–FSH–sigro reduced the target mRNA
level down to 47.3% of that of the control. Notably, particles lacking the FSH peptide (PEG–PEI–sigro)
were less effective (66.3% reduction). In the FSHR-negative SKOV3, PEG–PEI–FSH–sigro reduced
target level down to only 79%, indicating the effectiveness of the targeting strategy. In Hey cells, the
PEG–PEI–FSH–sigro particles more effectively reduced cell proliferation, migration, and invasion
compared to control. In an in vivo xenograft subcutaneous mouse model of OC (Hey cell grafted),
the IV administration of PEG–PEI–FSH–sigro particles resulted in a significant reduction in tumor
mass compared to saline and empty-particle-treated animals. Unfortunately, no control siRNA was
included in tests; thus, it is not possible to evaluate the specificity of the sigro chosen.
A commonly used targeting strategy in siRNA delivery system is based on the
addition of FA, which can interact with FR, to the delivery material (see also
Section 4.1). Jones et al. [122] prepared triblock copolymers consisting of hyperbranched
polyethylenimine-graft-polycaprolactone-block-poly(-ethylene glycol) (hyPEI-g-PCL-b-PEG) with
and without a FA ligand for FR targeting (Table 6). In vitro in SKOV3 cells, the authors observed that
the polymer with or without FA, and loaded with indium-111 labeled siRNA, had comparable results
in term of cellular uptake. This was mostly because uptake was evaluated just 4 h after treatment.
Despite this, the cellular distribution in the presence or absence of FA influenced siRNA localization.
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Internalization via FR resulted in an even distribution of the siRNA within the cells, most likely due to
the receptor-mediated internalization mechanisms. In the absence of FA, the distribution was dotted,
probably reflecting the accumulation in endosomes, typical of an adsorptive endocytosis. In vivo, in
an orthotropic model of OC, obtained using SKOV3 expressing the luciferase gene (SKOV3-luc), it
was observed that when injected IV (35 µg of siRNA), the particles had short circulation half-lives.
This was true for both the FR-targeted and -non-targeted particles, and was probably the consequence
of the fast extravasation with predominant accumulation in the liver. FR-targeted particles displayed
only a somewhat reduced liver localization compared to FR-non-targeted particles (38% and 53%
of normalized injected dose per gram, respectively). Consequently, tumor accumulation was low
and was characterized by an only slightly higher value for FR-targeted particles vs. -non-targeted
(3.4 and 2.4%, respectively). When injected IP (35 µg of siRNA), both FR-targeted and -non-targeted
particles accumulated predominantly in the kidney (7.36% and 7.78%, respectively) and in the tumor
mass (5.63 and 5.28%, respectively). These data suggest that the effect of FR targeting was minimal,
and tumor accumulation was most likely driven by passive targeting. From a functional point of
view, the authors observed that the injection of an anti-luciferase siRNA delivered via the FR-targeted
particles resulted in a significant reduction of luciferase expression 24 and 48 h post IP administration
(35 µg siRNA-luc) compared to a control siRNA. From one point of view, this paper attenuated the
enthusiasm for targeted delivery systems. On the other hand, the fact that just a small fraction of the
siRNA reaching the tumor was sufficient to exert a clear anti-tumor effect is encouraging.
Table 6. Polymer based delivery systems with an OC-targeting moiety.
Target

Delivery Material

Cell Model

siRNA Delivery
Route

Animal Model

References

PLXDC1

HA–CHITOSAN
(targeting to CD44)
200 ± 10 nm
(particle size)

HUVEC;
MOEC;
A2780;
HeyA8

Intravenous
(150 mg/kg
twice per week)

Orthotopic A2780,
HeyA8- Female BALB/c
nude mice
(intra-peritoneal tumor
cell injection)

[117]

Byeon

FAK,
surviving

HA–PLGA
(targeting to CD44)
200–220 nm
(particle size)

HeyA8;
SKOV3;
HeyA8-MDR;
SKOV3-TR

Intravenous
(200 mg/kg
siFAK and
1.4 mg/kg PTX)

Orthotopic HeyA8-MDR,
SKOV3-TR,
patient-derived cells in
female BALB/c nude mice
(intra-peritoneal tumor
cell injection)

[118]

Hong

Gro-α

PEG–PEI–FSH
(targeting FSHR)
142.0 ± 3.8 nm

Hey

Intravenous
(5 mg/kg)

Subcutaneous xenograft
Hey
BALB/c nude mice

[119]

Jones

Luciferase

hyPEI-g-PCL-b-PEG
with and without FA
150 nm
(particle size)

SKOV3

Intravenous (35
µg siRNA)
Intra-peritoneal
(35 µg siRNA)

Orthotopic SKOV3female
nude mice
(intra-peritoneal tumor
cell injection)

[122]

First Author

Kim

6.2. Lipid-Based Delivery Systems
Lee et al. [123] used particles comprising DC–Chol cationic lipids and DOPE neutral lipids
for siRNA delivery (Table 7). To overcome the problems of short blood circulation time and
potential aggregation of cationic lipids, the authors added PEG molecules to the lipid components
(lipid–PEG). A siRNA against the kinesin spindle protein (siKSP) was used. KSP regulates
microtubule organization and spindle assembly during eukaryotic cell division [124]; thus, its
targeting can abrogate cell proliferation. Using a Cy5.5-labeled siRNA, it was possible to show that
the lipid–PEG–Cy5.5–siRNA efficiently entered the cytoplasm of SKOV3 cells, but not the nucleus.
Moreover, the lipid–PEG–Cy5.5–siKSP was able to efficiently reduce the mRNA and protein level of
the target, as well as the proliferation of SKOV3. Following the IV injection of lipid–PEG–Cy5.5–siKSP
in a subcutaneous xenograft model of OC, the authors observed an accumulation of the particles in
the kidney and liver, with a detectable amount also found in the tumor mass. Notably, the particles
did not elicit immunological activation, at least with regard to the levels of the cytokines TNF-α and
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IFN-α 1, 1 h post injection. Finally, lipid–PEG–siKSP reduced tumor mass growth compared to control.
Unfortunately, no data about the effects on animal survival were reported. While the approach is, in
principle, interesting, it was not determined whether KSP can be considered an appropriate target in
OC treatment.
An interesting molecule to target in OC is thymidylate synthase (TS). This is an important
rate-limiting enzyme in both normal and tumor DNA biosynthesis. Moreover, TS is highly expressed
in both original and metastatic (peritoneal) OC lesions [125]. Its expression level seems to also be a
key determinant for the efficacy of TS-targeting drugs. Iizuka et al. [126] developed delivery particles
comprising dioleoylphosphatidylcholine (DOPC), DOPE, and DC, which were loaded with an anti-TS
siRNA, giving origin to the preparation DFP-10825 (Figure 8 and Table 7). The effects of DFP-10825
alone or in combination with PTX were tested in a xenograft orthotopic model of OC generated by
SKOV3-luc implantation in the peritoneum. Up to 24 h from IP administration of DFP-10825 (1 mg/kg
of TS siRNA), the anti-TS siRNA could be detected in the ascitic fluids, with a pick of 4.26 ± 1.00 nM
at 2 h. Notably, at the same time point, TS siRNA in the blood only reached the concentration of
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While lipid particles most often contain lipids only, non-lipid molecules are sometimes added
While lipid particles most often contain lipids only, non-lipid molecules are sometimes added
to improve the delivery properties. This was the case in the work presented by Mendes et al. [127]
to improve the delivery properties. This was the case in the work presented by Mendes et al. [127]
(Table 7). The authors developed lipid particles containing phosphatidylcholine (PC), Chol, and
(Table 7). The authors developed lipid particles containing phosphatidylcholine (PC), Chol, and 1,21,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl) (NGPE) covered by low-molecular-weight
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl) (NGPE) covered by low-molecular-weight
branched PEI (PEIPOS). Three kinds of particles were prepared: PEIPOS alone, and PEIPOS with
branched PEI (PEIPOS). Three kinds of particles were prepared: PEIPOS alone, and PEIPOS with
0.1% and 0.5% by moles of PEI on the surface. PEI was added to improve siRNA delivery (see
0.1% and 0.5% by moles of PEI on the surface. PEI was added to improve siRNA delivery (see Section
Section 3.1). Compared to PEIPOS and 0.1%PEIPOS, 0.5%PEIPOS particles had the highest uptake in
3.1). Compared to PEIPOS and 0.1%PEIPOS, 0.5%PEIPOS particles had the highest uptake in A2780A2780-ADR and SKOV3-TR cells, resistant to the drugs adriamycin and PTX, respectively. Most likely,
ADR and SKOV3-TR cells, resistant to the drugs adriamycin and PTX, respectively. Most likely, the
the higher PEI amount in 0.5%PEIPOS was better able to exteriorize PEI delivery properties. In 3D
higher PEI amount in 0.5%PEIPOS was better able to exteriorize PEI delivery properties. In 3D tumor
tumor spheroids generated from cervical adenocarcinoma HeLa cells (not related to OC), 0.5%PEIPOS
spheroids generated from cervical adenocarcinoma HeLa cells (not related to OC), 0.5%PEIPOS
association to the tumor cells was higher (88%) than PEIPOS and 0.1%PEIPOS. Moreover, the authors
association to the tumor cells was higher (88%) than PEIPOS and 0.1%PEIPOS. Moreover, the authors
showed that 0.5%PEIPOS could penetrate deeper into a spheroid structure by inter- and intra-cellular
showed that 0.5%PEIPOS could penetrate deeper into a spheroid structure by inter- and intra-cellular
routes. Although HeLa spheroids are not directly pertinent to OC study, these data are encouraging
routes. Although HeLa spheroids are not directly pertinent to OC study, these data are encouraging
for further tests in OC spheroids. In cultured A2780-ADR cells PEIPOS, 0.1%PEIPOS, and 0.5%PEIPOS
for further tests in OC spheroids. In cultured A2780-ADR cells PEIPOS, 0.1%PEIPOS, and
loaded with PTX improved cytotoxicity. However, no significant differences were noted between
0.5%PEIPOS loaded with PTX improved cytotoxicity. However, no significant differences were noted
between PEIPOS and 0.5%PEIPOS, leaving open the possibility that PEI might not have been essential
for siRNA delivery in the specific experimental model. In the same cellular model, 100 nM siMDR1
(N/P of 13) coupled with 0.5%PEIPOS reduced the target protein level by about 20%. An in vivo
model, a xenograft subcutaneous mice model generated using A2780-ADR, was employed. Animals
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PEIPOS and 0.5%PEIPOS, leaving open the possibility that PEI might not have been essential for
siRNA delivery in the specific experimental model. In the same cellular model, 100 nM siMDR1 (N/P
of 13) coupled with 0.5%PEIPOS reduced the target protein level by about 20%. An in vivo model,
a xenograft subcutaneous mice model generated using A2780-ADR, was employed. Animals were
treated continuously with 0.5%PEIPOS/PTX/siMDR1 on alternate days until 12 injections has been
administered, reaching the total doses of 66 mg/kg and 9.6 mg/kg of PTX and siMDR1, respectively.
It is unclear why the authors used A2780-ADR in combination with PTX and not adriamycin, for which
these cells show resistance. Only the 0.5%PEIPOS/PTX/siMDR1 treatment resulted in a reduction of
tumor growth compared to free PTX and 0.5%PEIPOS/PTX. The authors suggested that the reason for
the lack of effectiveness of the 0.5%PEIPOS/PTX may have been in the low dose used. Unfortunately,
0.5%PEIPOS/PTX/sicontrol was not tested; thus, the specificity of the siRNA remains undetermined.
Moreover, 0.5%PEIPOS/siMDR1 was not tested, so it is not possible to evaluate the effects of the siRNA
per se. Finally, the 0.5%PEIPOS/PTX/siMDR1 treatment had no significant side effects as evaluated by
animal weight and by the levels of transaminases.
Recently, pressurized IP aerosol chemotherapy (PIPAC) has been studied as a novel drug
delivery method in the treatment of OC peritoneal metastasis. Therapeutic drugs are nebulized
throughout the peritoneal cavity via the use of high pressure (≈20 bars). This is thought to guarantee a
homogenous distribution of the aerosolized particles containing the drug in the peritoneal cavity [128].
Minnaert et al. [129] studied the effects of the nebulization on a lipid (commercial) complex carrying
siRNA against the luciferase gene, siLuc (Table 7). The authors observed that, from a physical point
of view, the nebulization process only resulted in a small increase in particle size (about 25%, from
141 ± 1 to 193 ± 8). However, using particles loaded with up to 2 pmol of siLuc, the ability to reduce the
fluorescence of SKOV3-luc in vitro was decreased. This phenomenon was not observed using higher
siLuc amounts and, in general, the authors observed a dose-dependent reduction in the luminescence
of SKOV3-luc. To mimic the real pathological environment, particles were incubated with ascitic liquid.
The authors observed that the incubation reduced siLuc effectiveness by about 20%. The authors
suggested that this could have been due to the binding of negatively charged proteins of ascites to the
particles. Alternatively, the ascites’ protein content might have influenced the intracellular pathway
of siRNA. While no data in an animal model were provided, the work suggests that for lipid–siRNA
complexes, delivery via nebulization in the peritoneal cavity might be feasible.
Table 7. Lipid-based delivery systems.
First Author

Lee

Iizuka

Mendes

Minnaert

Target

Cell Model

siRNA Delivery Route

Animal Model

References

SKOV3

Intravenous
(1 mg/kg
every other day for a
total of eight injections)

Subcutaneous
xenograft mice model
Balb/c nude mice

[123]

TS

DOPC–DOPE–DC
395 ± 32 nm
(Particle size)

-

Intra-peritoneal
(0.5–2 mg/kg every
third day)

Orthotopic
SKOV3-luc cell in
male SOD/SCID mice
(intra-peritoneal
tumor cell injection)

[126]

MDR1

PC–Chol–NGPE–PEI
161 ± 9.4 nm
(Particle size)

A2780-ADR
and
SKOV3-TR

Intravenous
(total doses in multiple
administration:
66 mg/kg and 9.6 mg/kg
of PTX and siMDR1,
respectively)

Subcutaneous
xenograft mice
(athymic nude mice)
model using
A2780-ADR

[127]

luciferase

Commercial lipid
193 ± 8 nm
(Particle size)
Following
nebulization

SKOV3-luc

-

-

[129]

KSP

Delivery Material
DC–Chol–DOPE–PEG
90–110 nm
(Particle size)
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7. Final Considerations
The use of naked siRNA in vivo results in negligible effects due to their instability in biological
fluids and sub-optimal pharmacokinetics [130–132]. The use of polymer-/lipid-based materials has the
potential to bypass the above problems, allowing the development of siRNA delivery systems suitable
for therapeutic applications. Despite this, almost all the works published so far (1930 publications found
in PubMed using the key words: “ovarian cancer siRNA”) tested the delivery systems in orthotopic
mouse models of OC at best. We could find only one clinical trial (NCT01437007) mentioning the use
of siRNA in OC [133]. In this case, the aim was to evaluate the effect of a lipid particle formulation
containing siRNA against PLK1 (TKM-080301) in patients with liver metastases from different tumors,
including OC. Following hepatic arterial administration (4 mg/m2 every 2 weeks for up to 12 doses)
the study aimed to establish the maximum tolerable dose and dose-limiting toxicities. Although the
clinical trial was posted in 2011, no conclusive results have been reported so far.
Based on the above consideration, it is evident that improvements in the delivery techniques
available are necessary. In this regard, different factors can be considered work towards improved
delivery effectiveness.
The first deals with the use of appropriate models for OC. Most of the work published used
cellular models, which do not share the phenotypic/molecular features of HGSOC. Thus, the results
obtained can only barely be extrapolated to HGSOC. It is therefore advisable to use more appropriate
cell models in the future [97], possibly in the form of spheroids that better resemble in vivo situations.
The problem of suboptimal animal models is harder to circumvent. However, the recommendation is
to use orthotopic mouse models, which better resemble the peritoneal metastasis observed in humans
even if most cannot take into account the effects of the immune system. The usefulness of subcutaneous
mouse models, where the effects on tumor mass are easily measurable, might be limited to pilot studies
for the preliminary testing of completely novel drugs and/or delivery systems. To further improve the
usefulness of cellular/animal models, we believe that the use of mathematical models should be more
thoroughly considered. Indeed, through mathematical models, it is possible to reduce experimental
testing, with the consequent reduction in experimental burden and costs.
A second factor involves the possibility of targeting siRNA to OC cells. This approach may, in
principle, allow normal cells to be left untouched, thus minimizing side effects. However, targeting is
not so easy to achieve. One reason for this is that the targeted antigen is often present (albeit at lower
levels) also on non-tumor cells, and it remains unclear whether this level of difference is sufficient for
effective discrimination. To improve the specificity, one possibility is to combine a targeted delivery
system with an siRNA directed against the mRNA of genes expressed only or predominantly in OC
cells. In this way, even if the siRNAs reach healthy cells, they cannot exert major detrimental effects, as
the target gene is expressed at low or negligible levels. Despite the above considerations, OC targeting
may be more difficult to achieve than we think. For example, the work of Jones et al. [122], discussed
above, showed that targeted/non-targeted particles behave very similarly with regard to the body
distribution when delivered via either IV or IP administration. Additionally, tumor accumulation is
modest for both methods, most likely due to passive targeting. It is comforting, however, that even a
modest tumor accumulation seems to be sufficient to exert a functional effect. Moreover, evidence
of the possibility of a benefit from target delivery systems has been reported in References [117,118],
commented on in this review.
A third factor to be considered is the optimal size of the vector delivery particles. In the case
of IV administration, it is known that particles of 1–3 µm diameter tend to localize closer to the
endothelial layer (margination effect) of the vessel, whereas smaller particles localize to the middle
of the vessel [134]. Thus, 1–3 µm particles, being closer to the vessel wall, have a better chance to
extravasate. However, particles in the nm range are more suited to crossing cell membranes compared
to µm particles. Thus, a possible compromise might involve the preparation of µm particles that, upon
extravasation, undergo fragmentation to generate nm-sized particles (chimeric systems). Notably, in
all the works described here where IV administration was chosen, the particle size was 150–200 nm
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(Tables 5–7), i.e., not optimized for the margination effect and thus extravasation. In the case of IP
administration, the retention of delivery systems in the peritoneal cavity is a function of the particle
size. Delivery systems larger than the diameter of the aperture of the lymphatic lacunae (3.2–3.6 µm in
humans) will persist longer in the peritoneal cavity. Particles with smaller size will be predominantly
cleared via the lacunar route, and the very small particles (nm range) will be mostly drained by
blood vessels. In the works described where the IP route was chosen (Tables 5–7), particle size was
100–395 nm, and thus not optimal for long peritoneum persistence. Additionally, a chimeric system
composed of µm particles which can dissociate into nm particles route may allow proper peritoneum
persistence and subsequently the crossing of tumor cell membrane with IP administration.
A final factor, which should be considered to improve the effectiveness of delivered siRNAs, deals
with biological aspects, i.e., the targeting of OC stem cells (OCSCs). Almost all the published studies to
date have focused their attention on general OC cells. However, targeting OCSCs would represent an
attractive strategy, as these cells have the ability to perpetuate the tumor, thus favoring its persistence
and spread. Moreover, OCSCs seem to have the ability to escape chemotherapy [69]. To develop such
a strategy, the precise recognition of OC stem cells would be necessary, a problem which does not seem
too complex, as different antigens for OC stem cells are known (see Section 4.1).
In conclusion, although the above issues may dampen enthusiasm for future research in the
OC area with regard to siRNAs, the development of effective delivery systems should be further
pursued. In particular, we believe that by taking into account the physiology and molecular biology of
peritoneum/vessel/OC cells, it is possible to properly optimize siRNA delivery systems for OC.
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