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a b s t r a c t
Small interfering RNA (siRNA) can silence the expression of a targeted gene in a process known as RNA interference (RNAi). As a consequence, RNAi has immense potential as a novel therapeutic approach in cancer targeted
therapy. However, successful application of siRNA for therapeutic purposes is challenging due to its rapid renal
clearance, degradation by RNases in the bloodstream, poor cellular penetration, immunogenicity and aggregation
in the blood. In addition, the few oligonucleotide-based nanomedicines that reached clinical trials either go to the
liver following systemic administration or are applied topically. Treatment of solid tumors requires selective distribution of siRNA to the target tissue, hence there is an unmet medical need for an efﬁcacious and safe nanosized delivery system for their clinical use. To overcome these hurdles, we have designed, synthesized and
physico-chemically characterized a novel nanocarrier based on aminated poly(α)glutamate (PGAamine). This
cathepsin B-biodegradable polymer interacts electrostatically with the siRNA to form a nano-sized polyplex stable in plasma. Treatment with PGAamine-Rac1 siRNA polyplex (siRac1-polyplex) caused speciﬁc gene silencing
by 80% in HeLa and SKOV-3 human ovarian adenocarcinoma cells as opposed to PGAamine-control non-targeting
siRNA polyplex (siCtrl-polyplex) leading to inhibition of cell migration and wound healing abilities. A stepwise
dose escalation was performed in order to determine the in vivo maximum tolerated dose (MTD). This was
followed by intraperitoneal administration of siRac1-polyplex to mCherry-labeled ovarian adenocarcinomabearing mice leading to preferred tumor accumulation of siRac1 (8-fold) which resulted in 38% Rac1 knockdown.
Furthermore, the polyplex was administered intravenously to lung carcinoma-bearing mice in which it caused
33% Rac1 knockdown. These promising results led to efﬁcacy studies administering systemic treatment with
an anticancer siRNA, siPlk1-polyplex, which inhibited tumor growth by 73% and 87% compared with siCtrlpolyplex or saline-treated mice, respectively, leading to prolonged overall survival. These ﬁndings represent
the ﬁrst time that a polyaminated poly(α)glutamate polymer is used for an efﬁcacious and safe tumor delivery
of RNAi following systemic administration.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
RNA-guided regulation of gene expression, also known as RNA interference (RNAi), holds immense potential to become a novel therapeutic
approach in various diseases, among them cancer [1]. During the RNAi
process, post-transcriptional gene downregulation occurs due to the
presence of short sequences of double-stranded RNA, thus making this
process sequence-dependent and speciﬁc to the gene of interest. Various attempts were initiated to use siRNAs as therapeutic agents but
many hurdles have restricted their translation into the clinic [2,3].
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These include rapid renal clearance, degradation by endogenous RNases, poor cellular penetration, immunogenicity, short half-life and aggregation. A non-viral delivery system can assist overcoming these
limitations [4,5]. Such system can be a polycation nanocarrier that electrostatically interacts with the RNAi molecules, forming polyplexes. The
polyelectrolyte complexes are self-assembled through interactions between the cationic polymer and the negatively-charged siRNA. The
nano-sized carriers can protect the siRNA from degradation by RNases
and avert recognition by the immune system in the bloodstream [6],
prolong their circulation time and enable extravasation-dependent accumulation of the polyplex in the tumor due to the enhanced permeability and retention (EPR) effect [7,8]. This phenomenon is attributed
to the leaky vessels and the poor lymphatic drainage at the tumor site
allowing preferential accumulation of macromolecules and lipids.
Once in the target site, positively-charged nanocarriers can facilitate cellular uptake of siRNA and safely deliver them to the cytoplasm.
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Poly(α)glutamic acid (PGA) is a synthetic water-soluble polymer
that is biodegraded by cathepsin B enzyme, which is highly expressed
in many tumor tissues [9–13]. The polymer is non-immunogenic or
toxic at the in vivo required concentrations [14,15]. PGA conjugated
with small chemotherapeutic drug paclitaxel (Opaxio™) is under clinical investigation for the treatment of ovarian cancer, non-small-cell
lung cancer and glioblastoma multiforme (GBM) [16–18]. As a multivalent, biodegradable and water-soluble polymer, modiﬁed PGA has the
potential to successfully deliver siRNA in vivo and to translate siRNAbased therapy into the clinic.
Recently, studies have been carried out using PGA as a coating agent
to stabilize the cationic lipid, 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) lipoplexes [19] and as a crosslinker in the formation of
chitosan nanoparticles [20]. Both studies have utilized the negative
charges of this polymer in attempt to improve the tested delivery systems. While the coating of DOTAP lipoplexes with PGA resulted in preferential liver accumulation with diminished cholesterol-siRNA
accumulation in the kidneys, crosslinking of chitosan with PGA resulted
in large nanoparticles with high polydispersity index (PDI) and increased aggregation propensity. Moreover, addition of PGA to the
polyplex/lipoplex in both studies resulted in decreased complex stability and low siRNA entrapment. Therefore, we aimed to modify the
charge on PGA in order to form a stable polyplex with the siRNAs.
Employing a different strategy, we have utilized the pendent free γcarboxyl group in each repeating unit of L-glutamic acid of the PGA
nanocarrier for the attachment of primary amine-bearing residue.
Thus, generating a cationic polymer in physiological pH, which can
bind to the negatively-charged oligonucleotides (OLNs) by electrostatic
interactions will lead to the formation of a nano-sized polyplex. To
study this system in vitro, we used a stabilized siRNA that targets the
Rac1 gene. Rac1 is a well characterized member of the Rho family that
interacts with effector molecules and regulates cytoskeleton organization [21] and membrane trafﬁcking [22]. It plays critical role in cell migration and invasion by coordination of assembly and disassembly of
actin ﬁlaments [23,24]. A growing body of evidence shows that Rac1mediated cellular activities appear central to the processes that underlie
malignant transformation including angiogenesis, invasion, and metastasis [25]. In addition, altered expression of Rac1 in several tumor types
was established to be unfavorable prognostic biomarker [26–28]. The
involvement of Rac1 protein in cell movement with moderate cell killing outcomes, makes it suitable target for gene silencing arrays in vitro
and in vivo. Therefore, we selected Rac1 gene as a surrogate marker
for the knockdown activity of our oligonucleotide-delivery system.
As opposed to Rac1, human polo-like kinase 1 (Plk1) was found to
have multiple and robust involvement in the formation and progression
of many tumor types [29]. Due to the fact that Plk1 is a validated cancer
target with well-characterized mechanisms of direct tumor-cell killing
[30], we decided to target the Plk1 gene to evaluate the anticancer activity of our polymeric carrier in vivo.
Using PGAamine carrier, we obtained a stable, non-immunogenic
and in vitro active polyplex. In addition, the siRac1-polyplex showed superiority over non-targeting control siRNA polyplex or free siRNA in
terms of tumor accumulation, in vivo gene knockdown, inhibition of
tumor growth following systemic administration and overall survival.
2. Materials and methods
2.1. General
All chemicals and solvents were of analytical reagent (A.R.) or HPLC
grade. Chemical reagents were purchased from Sigma-Aldrich (St. Louis,
MO, US) and Merck (White House Station, NJ, US). O-benzyl protected
glutamic acid (H-Glu(OBzl)-OH) was purchased from Chem-Impex International (Dillon Drive, IL, US). HPLC grade solvents were from BioLab (Jerusalem, Israel). All tissue culture reagents were purchased
from Biological Industries Ltd. (Beit Haemek, Israel), unless otherwise
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indicated. SiRNA (eGFP siRNA, Rac1 siRNA, Luciferase siRNA, Cy5-labeled Rac1 siRNA, Plk1 siRNA) sequences were from QBI Enterprise
(Ness Ziona, Israel).
2.2. Cell lines
Human cervical adenocarcinoma (HeLa) and Lewis lung carcinoma
(LLC) cells were cultured in Dulbecco's Modiﬁed Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 μg/mL
Streptomycin, 100 IU/mL Penicillin, 12.5 IU/mL Nystatin and 2 mM Lglutamine. Human ovarian adenocarcinoma cells (SKOV-3) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 20% FBS, 2 mM L-glutamine, 100 μg/mL streptomycin,
100 IU/mL Penicillin, 1 mM HEPES and 1% sodium pyruvate. SKOV-3
cells were infected with mCherry-containing retroviral particles media
(generation of stably-expressing mCherry cells described previously
[31]), followed by selection of mCherry-positive cells with puromycin
1 μg/mL. All cells were grown in a humidiﬁed atmosphere of 95% air
and 5% CO2 at 37 °C.
2.3. Synthesis
Preparation of PGAamine from γ-O-benzyl protected glutamic acid
(H-Glu(OBzl)–OH) units was performed according to previously described procedure with some modiﬁcations [32].
2.4. Preparation of Poly(α)glutamic acid
A suspension of H-Glu(OBzl)-OH (2.1 g, 8.85 mmol) in dry tetrahydrofuran (THF) (30 mL) was warmed to 60 °C. (S)-(−)-limonene
(1.5 mL, 6.32 mmol) was added prior to the addition of a solution of
triphosgene (1.31 g, 8.85 mmol) in dry THF (10 mL). The reaction mixture was stirred for 2 h under reﬂux conditions at Ar(g) atmosphere,
followed by 1 h bubbling with Ar(g). The resulting solution was precipitated in cold hexane, ﬁltered and recrystallized from a mixture of 5:3
Toluene:THF by dropwise addition of cold hexane. The resulting NCA
monomer was ﬁltered (1.5 g, 5.7 mmol) and dissolved in dry, fresh dichloromethane (DCM) (30 mL). Hexylamine (1.5 μL, 0.0113 mmol)
was added, and the reaction left to stir for 10 days at 12 °C. The reaction
solution was precipitated in cold diethyl ether, kept at −20 °C for 5 h.
The resulting poly(γ-benzyl glutamate) was ﬁltered with 0.22 μm ﬁlter.
Deprotection of the γ-benzyl was performed in triﬂuoroacetic acid
(TFA) (10 mL) and 33% HBr solution in AcOH (10 mL), the resulting
poly(α)glutamic acid was precipitated in cold diethyl ether. The precipitate was collected, washed with acetone and dried under vacuum, with
a 50% overall yield. 1H NMR (D2O; 400 MHz): δ 4.32 (1H, bs), 2.36 (2H,
bs), 2.05, (1H, bs), 1.94 (1H, bs).
2.5. Preparation of γ-ethylenediamine-L-polyglutamate
To a solution of poly(α)glutamic acid (50 mg, 0.38 mmol per monomer) in dry dimethylformamide (DMF) (2.5 mL) was added a solution
of carbodiimidazole (75 mg, 0.46 mmol) in dry DMF (1.5 mL). The reaction mixture was stirred for 1.5 h, at 25 °C, under Ar(g) atmosphere.
Tributylamine (94 μL, 0.39 mmol) was added and the reaction left to
stir for 5 more minutes at the same conditions. A solution of Bocethylenediamine (0.42 mmol) in dry DMF (1.5 mL) was added and the
reaction mixture was stirred for additional 3 h at the starting conditions.
A solution of carbodiimidazole (133 mg, 0.82 mmol) in dry DMF (1 mL)
was added and the reaction mixture was stirred at 25 °C, under Ar(g) for
additional 12 h. DMF was removed under reduced pressure and the remaining oily residue was dissolved in water (40 mL) and freeze-dried.
The resulting solid was dissolved in DCM (5 mL) and TFA (5 mL) was
added at 0 °C. The mixture was stirred at 25 °C for 10 min, and then
evaporated under reduced pressure. The oily residue was dissolved in
double distilled water (DDW) (40 mL) and the aqueous phase was
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extracted with DCM (2× 50 mL) and diethyl ether (50 mL). The aqueous
phase was collected and treated with a 10% NaOH solution to reach
pH 5.5, then freeze-dried. The remaining solid was dissolved in DDW
(20 mL) and dialyzed for 48 h at 4 °C (total of 8 L of DDW). The aqueous
phase was collected and freeze-dried to obtain a white powder as a
triﬂuoraoacetate salt, with a 41% yield. 1H NMR (D2O; 400 MHz): δ
4.32 (1H, s), 3.45 (2H, s), 3.27 (2H, s), 2.36 (2H, s), 2.05, (1H, s), 1.94
(1H, s).
2.6. Electrophoretic mobility shift assay (EMSA)
Evaluation of the optimal N/P ratio (amine groups of PGAamine to
phosphate groups of the siRNA) for complexation of PGAamine with
siRNA was performed by mixing together 50 pmol of siRNA with increasing amount of polymer. Both siRNA and the polymer were diluted
in RNase free water, combined together and left to form complexes at
room temperature for 20–30 min, then DNA loading buffer was added
to the samples, and the solution was loaded on a 2% agarose gel supplemented with ethidium bromide, and ran for 30 min at 100 V.
2.7. Zeta potential determination
The zeta (ζ) potential measurements were performed using a
ZetaSizer Nano ZS instrument with an integrated 4 mW He-Ne laser
(λ = 633 nm; Malvern Instruments Ltd., Malvern, Worcestershire,
UK). PGAamine:siRac1 polyplex was prepared by dissolving 1 mg of
polymer and the indicated amount of siRNA at N/P ratio of 5, in 1 mL
of 15 mM phosphate buffer, pH 7.4. The polyplexes solution was incubated for 20–30 min prior to analysis. All measurements were performed at 25 °C using folded capillary cell (DTS 1070, Malvern
Instruments Ltd., Worcestershire, UK) for zeta-potential measurements.
2.8. Scanning Electron Microscope (SEM)
Polymer solution at 0.1 mg/mL was mixed with siRNA solution at N/
P ratio of 5 and incubated in room temperature for 20 min. Samples
were dropped on a silicon wafer and air-dried. SEM images were
taken using Quanta 200 FEG Environmental SEM (FEI Company, Oregon,
USA). Radiuses were measured by measureIT software and represent
the average of 3 ﬁelds, 40 particles per ﬁeld.

using 4 μL Lipofectamine® 2000 (Life Technologies, Grand Island, NY).
Following 5 h, cells were reseeded in 96-wells plate at ﬁnal concentration of 4000 cells per well and incubated overnight. Cells expressing
Rac1 siRNA reporter plasmid were transfected with Rac1 siRNA or
eGFP/Luciferase siCtrl either complexed with PGA cationic carrier or
with Lipofectamine® 2000 as a control (100, 250, or 500 nM siRNA;)
or left untreated. After 72 h, medium was removed completely from
cells and the cells were lysed for 20 min in room temperature in gentle
rocking by the addition of 50 μL/well 1× Luciferase lysis solution. Renilla
and ﬁreﬂy luciferase activities were measured in each of the wells of the
96-wells plate, using Dual-Luciferase® Assay kit (Promega Corporation,
Wisconsin, USA) according to manufacturer procedure. Aliquots of 10 μL
of cell lysate from each sample were transferred to a 96-well white
plate. 40 μL of Luciferase substrate (LARII) was added to each extract
and ﬁreﬂy luciferase activity was measured by luminescence microplate
Reader (Mithras LB 940 Multimode Microplate Reader, Berthold Technologies, Germany), then 40 μL of Stop&Glo Reagent was added to
each of the samples and Renilla luciferase activity was measured immediately afterwards. The Renilla luciferase activity is expressed as the percentage of the normalized activity value (Renilla luciferase/ﬁreﬂy
luciferase) in the tested sample relative to the normalized value obtained in cells transfected with the corresponding psiCHECK™-2 plasmid
only (no siRNA or polyplex).
2.11. Cells viability assay
HeLa cells were plated onto a 96-well plate (4000 cells/well) in
DMEM supplemented with 10% FBS, 2 mM L-glutamine and incubated
for 24 h (37 °C; 5% CO2). Then, cells were transfected with siRNA complexed with PGAamine in various N/P ratios, at 100–500 nM Rac1/
eGFP siRNA concentration or 50 nM Rac1/eGFP siRNA transfected by Lipofectamine® 2000 as positive control. Following 72 h, amount of viable
cells was assessed by modiﬁed 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolinium bromide (MTT) assay. 30 μL of 3 mg/mL MTT solution in PBS were added to the wells and incubated for 4–6 h, the medium was then replaced by 200 μL of dimethyl sulfoxide (DMSO) to
dissolve the formazan crystals formed, incubated for 20 min at 37 °C.
Absorbance of the solution was measured at 560 nm by SpectraMax®
M5e plate reader (Molecular Devices LLC., Sunnyvale, California, USA).
Percent of viable cells was normalized to the viability of non-treated
cells (100% viability).

2.9. Confocal microscopy
2.12. Monolayer wound healing assay
HeLa cells were seeded on 13 mm cover glasses in 35 mm culture
dishes 24 h prior incubation with PGAamine: Cy5-labeled-siRac1
polyplex or Cy5-labeled-siRac1 alone (kindly supplied by QBI Enterprises, Ltd.). HeLa cells were treated with 100 nM siRNA-equivalent
concentration for 15 min, 30 min and 1 h. Then, cells were washed several times with PBS, ﬁxed with 4% paraformaldehyde for 30 min at room
temperature and washed with PBS again. Cover glasses were mounted
by Vectashield® DAPI-containing medium (Vector Laboratories, USA).
Cellular uptake of the PGAamine:Cy5-labeled-siRac1 polyplexes was
followed using Leica SP5 confocal imaging systems (×60 Magniﬁcation)
(Leica Microsystems, Wetzlar Germany).
2.10. Dual Luciferase reporter assay
In vitro silencing of Rac1 gene by siRac1-polyplex was evaluated
using psiCHECK reporter assay (Promega Cat#E1960 Madison, Wisconsin, USA). psiCHECK™-2-based (Promega) construct was prepared for
the evaluation of the target activity of Rac1. One copy of a consensus target sequence of Rac1 was cloned into the multiple cloning site located
downstream of the Renilla luciferase translational stop codon in the
3′-UTR region. HeLa cells (1 × 106) were seeded in 10 cm dishes and
were incubated in 37 °C, 5% CO2 incubator for 24 h. Each cell-containing
plate was transfected with 4 μg Rac1-psiCHECK™-2-based plasmids

To study the ability of PGAamine:siRac1 polyplex to inhibit the migration of SKOV-3 cells, we used IncuCyte ZOOM® Live Cell Imaging system (Essen BioScience, Ann Arbor, Michigan, USA).
SKOV-3 cells were plated onto a 96-well ImageLock tissue culture
plate (Essen BioScience, Ann Arbor, Michigan, USA) (30,000 cells/well)
in DMEM supplemented with 10% FBS, 2 mM L-glutamine and incubated
for 24 h (37 °C; 5% CO2). Using WoundMaker™, a precise gap was made
in each well of 96-wells plate, dislodged cells were washed with DMEM
medium. Next, cells were treated with 500 nM siRNA (Rac1 or Ctrl)
complexed with PGAamine, with siRac1 only or left untreated with medium only. The plate was placed in IncuCyte ZOOM™ incubator and
phase contrast images were taken at regular intervals over a course of
19 h by IncuCyte ZOOM™ CellPlayer using 10 × objective. Relative
Wound Density (RWD) accounts for the background density of the
wound at the initial time point, and for changes in both the density of
the cell (outside the wound region) and the wound region. This parameter is calculated and graphically presented by the IncuCyte™ Software.
2.13. FBS-induced SKOV-3 cells migration assay
Cells migration assay was performed using modiﬁed 8 μm Boyden
chambers. Prior to placing human ovarian adenocarcinoma SKOV-3
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cells on transwells' membrane, cells were transfected with
PGAamine:siRac1/siCtrl polyplexes for 48 h in 6-well plate (150,000
cells/well) in DMEM supplemented with 20% FBS, 1% HEPES 1 M, 1% sodium pyruvate, 100 μg/mL Streptomycin, 100 IU/mL Penicillin, 2 mM Lglutamine. Then, cells were washed and added without polyplexes to
the upper chamber of the transwell (100,000 cells/well) in 100 μL of
DMEM without FBS. Two hours later, cells were allowed to migrate to
the underside of the transwells' membrane for another 16 h, in the presence or absence of FBS (20% v/v) in the lower chamber. Cells were then
ﬁxed with ice-cold methanol and stained with Hema 3™ Stain System
(Fisher Scientiﬁc, Waltham, MA, US). Next, the stained and migrated
cells were imaged using Nikon TE2000E inverted microscope by 6× objective, brightﬁeld illumination. Quantiﬁcation of migrated cells from
captured images were counted using NIH image software (ImageJ). Percent of migrated cells was normalized to untreated cells migrating toward FBS-containing media (no siRNA transfection).
2.14. Heparin-induced release of siRNA
The relative stability of polyplexes was tested by measuring siRNA
release from polyplexes in the presence of a competing polyanion, heparin. All polyplexes were formed at N/P of 5. Polyplex solutions were incubated in the presence of 0.1–0.35 IU of heparin/50 pmol siRNA. These
samples were mixed and incubated for 15 min. Then, DNA loading buffer was added to the samples and the solution was loaded on a 2% agarose gel supplemented with ethidium bromide, and electrophoresis
was performed for 30 min at 100 V.
2.15. Plasma stability assay
The stability of siRac1-polyplex in plasma was evaluated by incubating the polyplexes in whole mouse plasma for 0.25–24 h. Following incubation, the samples were divided to two; one half was incubated for
additional 15 min with heparin (0.21 IU of heparin/35 pmol siRNA)
and the other was incubated in ultra-pure water (UPW) for additional
15 min. Next, the samples were loaded on 2% agarose gel and electrophoresis was performed at 100 V for 30 min. The gel was stained with
ethidium bromide solution for siRNA visualization under UV light. As
control, naked siRNA at the same concentration as in the polyplexes
was loaded into the gel.
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with RPMI and centrifuged at 800 g for 10 min, the pellet was resuspended in RPMI 1640 growth medium supplemented with 10% FBS, LGlutamine, Penicillin-Streptomycin-Nystatin to a ﬁnal PBMC concentration of 3 × 106/mL. PBMCs (1 mL/sample) were incubated with the
treatments for 24 h at 37 °C in humidiﬁed 5% CO2/air. Lipopolysaccharides (LPS) (L8274, Sigma) in a concentration of 4 μg/mL and CL075
(tlrl-c75, InvivoGen) in concentration of 0.4 μg/mL, were used as positive controls and PBS was used as negative control. Upon incubation,
cells were centrifuged at 800 g for 7 min, supernatant was removed
and human DuoSet ELISA kits were used to measure the levels of TNFα and IL-6 (DY210 and DY206 respectively, R&D Systems, Minnesota,
USA) cytokines secretion following incubation of PBMCs with the tested
materials.
2.18. In vitro human complement activation assay
The potential of PGAamine:siRac1 polyplex to activate complement
response was evaluated using ELISA for the quantiﬁcation of the complement terminal complex SC5b-9 present in human plasma.
PGAamine:siRac1 polyplex or the polycation alone, were added to
human plasma at ﬁnal concentrations of 20, 200 or 400 nM, incubated
for 1 h at 37 °C while gently shaken. Reactions were terminated by
the addition of 50 mM EDTA and the samples were centrifuged at
20,000g for 10 min at 4 °C. Supernatants were removed and MicroVue
™ complement ELISA kit (A029, Quidel, California, USA) was used to
measure the levels of SC5b-9 complex following incubation with tested
materials. Zymosan (Z4250, Sigma Aldrich, Israel) in concentrations of
0.04 mg/mL and 0.5 mg/mL, complement activator (A114, Quidel, California, USA) in concentrations of 1.25 mg/mL and 2.5 mg/mL, Cobra
Venom Factor (A600, Quidel, California, USA) in concentration of
52.5 U/mL and 105 U/mL and IgA (P80–102, Bethyl Laboratories, Inc.
Texas, USA) in concentration of 0.01 mg/mL and 0.2 mg/mL were used
as positive controls. PBS and EDTA 10 mM was used as negative control.
2.19. Maximum tolerated dose
PGAamine:siRac1 polyplexes at N/P ratio of 5, at siRNA concentrations of 2–10 mg/kg were injected intravenously (IV) to BALB/c mice,
at dosing volume of 400 μL/mouse. Mice were monitored for signs of
toxicity up to 7 days post injection.

2.16. Hemolysis assay

2.20. Tumor accumulation of polymer-siRNA polyplexes

Rat red blood cells (RBC) solution (2% wt/wt) was incubated with serial dilutions of PGAamine:siRac1 polyplex for 1 h at 37 °C. The highest
concentration of the treatments was the one relevant for in vivo studies,
adjusted to dilution in mouse blood volume (0.417 mg/mL polymer is
equivalent to 8 mg/kg siRNA for 25 g mouse with 2 mL blood volume).
Dextran (Mw 70 kDa, Sigma) and PBS were used as negative controls,
whereas 1% wt/vol solution of Triton X-100 as positive control. Following centrifugation, the supernatants were transferred to a new plate and
absorbance was measured at 550 nm using a SpectraMax® M5e plate
reader (Molecular Devices LLC., Sunnyvale, California, USA).

PGAamine:siRac1 polyplex, Rac1 siRNA alone (8 mg/kg siRNAequivalent concentration) or saline were administered in 3 sequential
injections (~24 h interval) into the peritoneal cavity (IP) of female nu/
nu mice bearing ovarian tumors (n = 8). Mice were euthanized 24 h following the 3rd injection. Tumors were collected for analysis and were
homogenized and lyophilized. Then, tissue lysates were prepared by
placing the samples in 0.25% Triton X-100. The quantity of siRac1 was
evaluated by stem-loop qPCR method using SYBR Green on Applied
Biosystem 7300 PCR System.
2.21. Quantiﬁcation of mRNA levels by qPCR

2.17. Cytokines induction in human peripheral blood mononuclear cells
(PBMCs)
We evaluated the effect of PGAamine:siRac1 polyplex or PGAamine
alone on tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6)
cytokines' secretion from PBMCs. PBMCs were freshly isolated from leukocyte enriched blood from healthy human donors obtained from
Sheba Medical Center Blood Bank. Whole blood was diluted with
RPMI 1640 in a ratio of 1:1. The diluted blood was gently overlaid
onto 10 mL lymphoprep™ (Ficoll) (Axis-Shield) (1:2 ratio). Gradients
were centrifuged at 22 °C, 900g, for 25 min. Opaque-light PBMCs ring
was removed from the interphase into a new tube. PBMCs were washed

The mRNA levels of Rac1 in tumor tissue was quantiﬁed by real-time
PCR. Total RNA was isolated using the EZ-RNA puriﬁcation kit (20–400100, Biological industries, Beit Haemek, Israel), and 1 μg of RNA from
each sample was reverse transcribed into cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantiﬁcation of cDNA (5 ng total) was performed by Applied
Biosystem 7300 PCR System using SYBR Green (Applied Biosystems,
Foster City, CA) method. GAPDH was used as a housekeeping gene.
In addition, PGAamine:siRac1 polyplex (6 mg/kg siRNA-equivalent
concentration) or saline were administered in 3 sequential injections
(~24 h interval) via the tail vein (IV) of C57BL/6 female mice, bearing
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subcutaneous (SC) LLC tumors (n = 8). Mice were euthanized 24 h following the 3rd injection. Tumors were collected for analysis of siRac1
quantity using the method described above.
2.22. In vivo anti-tumor efﬁcacy of PGAamine:siRac1 polyplex
Nu/nu female mice were inoculated intraperitoneally (IP) with
6x106 mCherry-labeled SKOV-3 human ovarian adenocarcinoma cells.
Seven days post inoculation mice were monitored for tumor formation
using CRI™ Maestro non-invasive intravital imaging system, according
to the ﬂuorescent measurements mice were randomized (n = 7–8
mice/group). Tumor bearing mice were injected IP with polymer:siRNA
(Plk1 or Luciferase) polyplexes (9 every other day injections of 8 mg/kg
siRNA or miRNA-equivalent dose). Saline was injected to control mice
(same treatment schedule).
Body weight and tumor progression was monitored twice a week.
CRI Maestro™ non-invasive intravital ﬂuorescence imaging system
was used to follow tumor progression of mice bearing mCherry-labeled
tumors. Mice were anesthetized using ketamine (100 mg/kg) and
xylazine (12 mg/kg) injected SC and placed inside the imaging system.
Multispectral image-cubes were acquired through 550–800 nm spectral
range in 10 nm steps using excitation (575–605 nm) and emission
(645 nm longpass) ﬁlter set. Mice autoﬂuorescence and undesired background signals were eliminated by spectral analysis and linear
unmixing algorithm. Data is expressed as mean ± standard error of
the mean (s.e.m.). For tumor growth data, represented by ﬂuorescent
signal, square-root transformation was applied to satisfy the assumptions of analysis. Statistical signiﬁcance was determined using an analysis of variance (ANOVA) with repeated measures and Tukey's post hoc
test. Statistical signiﬁcance in mice survival among the predeﬁned
groups was determined using log rank (Mantel-Cox) test.
3. Results and discussion
3.1. Synthesis and characterization of aminated polyglutamate
PGA was synthesized [33] and conjugated with ethylenediamine as
previously described [32]. General synthesis of the polymer from the
PGA backbone is depicted in Scheme 1. The ﬁnal polymeric product
was conﬁrmed by 1H NMR (400 MHz, D2O) (Fig. 1A). The ability of the
polymer to electrostatically interact with siRNA was evaluated by gel retardation assay. siRNA at constant concentration was complexed with
increasing concentrations of the polymer. Following incubation,
polyplexes were loaded on 2% agarose gel and subjected to electrophoresis. A complete retardation of siRNA was achieved at nitrogen-tophosphate (N/P) ratio of 3 as no siRNA migration toward the cathode
was detected, indicating complete complexation between the polymer

and the siRNA (Fig. 1B). N/P ratio of 5 was selected to prepare the
polyplexes in the following studies. The supramolecular structure and
size of PGAamine:siRac1 polyplex were investigated using scanning
electron microscopy (SEM). The polyplex particles were found to have
globular shapes in SEM (Fig. 1C) with diameters of 160 ± 20 nm (Fig.
1D). This size is optimal for nanoparticles to extravasate via the tumor's
angiogenic leaky vessels exploiting the EPR effect in cancerous tissue. It
is also known that cationic surface charge of particles plays a crucial role
in particle-cell interactions that are responsible for nanoparticles' cellular internalization on one hand but may lead to cellular toxicities on the
other hand [34]. Hence, ζ potential of PGAamine at a length of 54 units
and Mw of 15,880 g/mol (as measured by multi-angle light scattering
(MALS)) complexed with siRac1 was measured and found to be
22.6 ± 6.91 mV (Fig. 1D). Although positively-charged polyplexes
were formed, PGAamine:siRac1 did not show cellular toxicities at
these concentrations (Fig. 3B).
3.1.1. Rac1 siRNA internalizes cells when complexed with PGAamine but not
as free siRNA
Cellular internalization is one of the major limitation siRNA-based
therapeutics face in order to gain activity. Using confocal imaging, we
have demonstrated that PGAamine: Cy5-labeled siRac1 polyplex enters
the cells following 1 h incubation as opposed to free Rac1 siRNA that
does not internalize even at longer times of incubation (Fig. 2).
3.1.2. In vitro gene knockdown was achieved with PGAamine polyplex
To study the transfection efﬁcacy of PGAamine polymer in vitro, we
used Rac1-psiCHECK™-2 reporter vector. The vector, composed of reporter gene Renilla luciferase fused with siRac1 target sequence of the
Rac1 gene, enables a quantitative measurement of RNAi. Decrease in
Rac1-gene levels was expressed by decrease in Renilla luciferase activity, but not in the activity of the internal control ﬁreﬂy luciferase, as was
measured by luminometer. HeLa cells were transfected with psiCHECK
™-2 reporter vector, reseeded and exposed to treatments with
PGAamine:siRac1/siCtrl polyplexes, Lipofectamine® 2000:siRac1/siCtrl
or siRac1 alone for 72 h. PGAamine complexed with siRac1 at N/P 5
showed 60–70% Rac1 knockdown in 250 and 500 nM siRNA-equivalent
concentration, without off-target silencing with PGAamine:siCtrl
polyplex at all concentrations (Fig. 3A). PGAamine:siRac1 polyplex at
N/P ratio 8 silenced Rac1 at a dose-dependent manner, although this
was accompanied by non-speciﬁc Rac1 silencing by PGAamine:siCtrl
polyplex at 500 nM siRNA-equivalent concentration with slight reduction in cell viability (Fig. 3A and B).
The ability of PGAamine:siRac1 polyplex to inhibit cells' motility by
Rac1 knockdown was evaluated in thin-layer wound healing assay.
SKOV-3 cells were treated for 48 h with PGAamine:siRac1/siCtrl
polyplex, Rac1 siRNA alone or left untreated. Next, cells were reseeded,

Scheme 1. General synthesis procedure. Conjugation of ethylene-diamine to the PGA backbone via the pending carboxylic groups, carried out by the coupling reagentcarbonyldiimidazole and the subsequent acidic Boc-deprotection of the Boc-protected primary terminal amine group.
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Fig. 1. Complexation of PGAamine with siRNA at N/P ratio of 5 resulted in nano-sized polyplexes with positive surface. (A) 1H NMR spectrum of the polymer obtained at 400 MHz. (B)
Electrophoresis mobility shift analysis of PGAamine at escalating concentrations complexed with siRac1 in ﬁxed concentration for different nitrogen/phosphorus (N/P) ratios (speciﬁed
above the gel images). (C) SEM image of PGAamine:siRac1 polyplex taken by Quanta 200 FEG Environmental SEM as measured by measureIT software. Scale bar represents 5 μm. (D)
Zeta potential and diameter values of PGAamine:siRNA polyplexes at N/P ratio of 5 as obtained by Zetasizer ZS at 633 nm wavelength and SEM, respectively.

allowed to attach and form a monolayer for 6 h, then a gap was made in
the middle of the well. IncuCyte ZOOM® live cell imaging was applied
for 19 h to monitor cells' motility and showed that PGAamine:siRac1
polyplex inhibited the migration of SKOV-3 cells by 35% as opposed to
control treatments (Fig. 4A–B and SI Fig. 1A–B). The anti-migratory effect of siRac1-polyplex was conﬁrmed using modiﬁed Boyden chamber
assay. SKOV-3 cells were pre-treated as described above, seeded on
transwells in FBS-absent medium and allowed to migrate toward
chemoattractant (20% FBS) in the lower chamber for 16 h. SiRac1 complexed polyplex limited the chemotaxis-driven migration of SKOV-3

cells by 65%, but no such inhibition was seen for PGAamine:siCtrl
polyplex (Fig. 4C–D).
3.1.3. PGAamine:siRac1 polyplex demonstrated plasma stability and
immune and hemo-compatibility in ex vivo blood compartment
While developing injectable materials, it is highly important to evaluate their safety proﬁle, not less important is to test their stability and
durability in biological ﬂuids, such as plasma. Therefore, the ability of
the siRNA-polymer complex to stay intact in the blood was evaluated
by incubating PGAamine:siRac1 polyplex in 100% mouse plasma for

Fig. 2. Cellular internalization of PGAamine:Cy5-siRac1 polyplexes. Single XY plane imaging of Cy5-siRac1 polyplex (red) with DAPI (blue) nuclei staining showed cytoplasmatic
accumulation of the polyplex after 1 h of incubation (scale bar represents 20 μm). No cellular internalization of naked Cy5-labeled siRac1 was observed at this time point.
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up to 24 h. Plasma-polyplex mixtures were then loaded on 2% agarose
gel and electrophoresis was performed to assess the amount of siRNA
released from the polyplex. No release of siRNA was seen following incubation of the polyplex in plasma as implied by the absence of freesiRNA running toward the cathode (Fig. 5A, left gel). Presence of complexed-siRNA in polyplexes at tested time points, following plasma incubation, was conﬁrmed using heparin displacement assay (Fig. 5A,
right gel). Heparin is a polyanion that competes with siRNA on electrostatic binding to polyaminated polymers [35], thus may lead to polyplex
disassembly [36]. Since heparin is a major component of the extracellular matrix in many tissues and it is a protein component of human
serum, polyplex's integrity was evaluated following its interaction
with it. As depicted in SI Fig. 2, siRNA was gradually displaced by heparin at a concentration of 0.17 IU/50 pmol siRNA to full displacement
from the PGAamine-siRNA polyplex at heparin concentration of 25 IU/
50 pmol siRNA. The lowest concentration at which displacement of
siRNA from the complex occurred was equal to 85,000 IU/100 mL,
while the average heparin levels in human plasma are well below at
15 IU/100 mL [37].
The interaction of cationic polymers with plasma proteins (opsonins) and blood components (via hemolysis, innate immune components and complement activation) may inﬂuence uptake and
clearance and hence potentially affect distribution and delivery to the
intended target sites [38]. We therefore evaluated the interactions of
PGAamine:siRNA polyplex with blood compartment using a series of
ex vivo assays.
Hematocompatibility of PGAamine:siRac1 polyplex was assessed by
measuring red blood cells (RBC) lysis. The concentrations of
PGAamine:siRac1 polyplex used were the relevant in vivo concentrations,
adjusted to dilution in the mouse blood volume (0.417 mg/mL polymer is
equivalent to 8 mg/kg siRNA for 25 g mouse with 2 mL blood volume).
The results depicted in Fig. 5B show that the extent of hemolysis caused
by the polyplex is similar to that of negative controls (e.g. PBS and Dextran), which makes this polyplex safe for IV administration.
Another major obstacle preventing clinical use of cationic polymers
for siRNA delivery is complement activation [39]. Activation of the complement components of the immune system due to their interactions
with cationic polyplexes may result in altered biodistribution in the
form of rapid clearance mediated by mononuclear cells-phagocytosis.
In addition, the intrinsic role of the complement system in non-speciﬁc
pathogen clearance may cause drug-induced activation and lead to lifethreatening anaphylaxis reaction [38]. To evaluate whether our
polyplex triggers the complement cascade, we used an ELISA kit
(SC5b-9 kit) for measuring the levels of complement activation. C5b is
a key constituent of the terminal complement complex leading to the
assembly of membrane-attack complex C5b-9. In the ﬂuid phase, C5b9 forms a complex with vitronectin or the S protein and the non-lytic
SC5b-9 is an established marker of the terminal complement pathway
and a measure of the activation of the whole complement cascade
[40]. PGAamine polymer (with or without siRNA) samples at 20, 200
or 400 nM siRNA-equivalent concentrations were incubated with plasma at 37 °C for 1 h and the amount of SC5b-9 product was measured
(Fig. 5C). It is clearly shown that PGAamine alone or complexed with
siRac1, do not stimulate complement activation in human serum,
since SC5b-9 levels remain comparable with the values of negative controls 150–250 μg/mL (PBS, IgA and 10 mM EDTA, SI Fig. 3). Complement
activation, however, did occur with the positive control zymosan at a
dose-dependent manner.
It is well established that both cationic polymers and siRNA sequences may stimulate an immune response following systemic administration [41–44]. This immunostimulation may lead to activation of
adaptive immune system, which can recognize positive-charged particles and drive them out of the circulation, causing a decrease in
treatment's effectiveness together with life-threatening cytokine-related adverse effects. In addition, activation of innate immunity by siRNAbased therapies may contribute to elevated efﬁcacy of the treatment

and be mistakenly interpreted as positive therapeutic effect [45]. Although immune response to some extent is favorable in conditions
such as cancer and viral infection, it is important to determine whether
the therapeutic beneﬁt can be directly attributed to RNAi treatment or
to off-target effect due to immunostimulation [46,47].
To avoid immune involvement and to improve RNA's stability, 2′
OMe sugar modiﬁcation on the double-stranded RNA was made [48,
49]. Next, in order to evaluate the safety proﬁle of PGAamine as a future
drug delivery vehicle, an ex vivo cytokine induction study was performed using the human PBMCs, which examined the secretion of
major inﬂammatory cytokines. The secretion level of inﬂammatory interleukins was evaluated using IL-6 and TNF-α as a model for the innate
immune response.
Neither the PGAamine polymer alone nor the siRNA-polyplex
caused an elevated secretion of IL-6 at 24 h post incubation with
PBMCs, though modest secretion of 11–30% in TNF-α levels did occur
following incubation with either 200 nM or 400 nM PGAamine polymer

Fig. 3. PGAamine:siRac1 polyplex silenced Rac1 expression in reporter-transfected HeLa
cells but did not cause cellular toxicity. (A) Rac1 overexpressing HeLa cells were treated
with Rac1 or Ctrl siRNA either complexed with PGAamine or with Lipofectamine® 2000
as a control. PGAamine:siRac1 polyplex silenced Rac1 up to 60% and 70% at N/P ratio of
5 (250 nM and 500 nM, respectively) and up to 50%, 65% and 80% at N/P ratio of 8
(100 nM, 250 nM and 500 nM, respectively). No non-speciﬁc silencing was observed
with siCtrl polyplex. (B) Cell viability of HeLa cells 72 h post treatment as measured
using MTT assay. Minor decrease in cells viability was seen at the highest siRNA
concentration at N/P ratio of 8 with 80% viable cells. In contrast, commercially available
Lipofectamine® 2000 caused 40% cellular death at siRNA concentration of 50 nM.
Statistical signiﬁcance was determined using one-sided ANOVA and Holm-Sidak post
hoc test. *p b 0.05, **p b 0.002.
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(with or without complexation with siRNA) (Fig. 5D). LPS and
thiazoloquinolone derivative (CLO75) served as positive controls. LPS,
the Toll-like receptor 4 (TLR4) natural ligand, induced high secretion
levels of TNF-α but to a lesser extent of IL-6. CLO75 evoked high secretion levels of both TNF-α and IL-6 through the stimulation of Toll-like
receptor 8 (TLR8) in human PBMCs.

3.1.4. Maximum tolerated dose (MTD)
Using different assays to study blood-compatibility of our polyplex,
we have showed that the siRac1-polyplex is safe for systemic administration. Nonetheless, it is essential to determine efﬁcacious treatment
dose of the complex in vivo, a dose that will not result in sever adverse
effects or lethal outcome. For that reason, we performed a stepwise
dose escalation consisting of a single administration in a given dose to
establish an MTD for short term duration. Three N/P ratios were tested,
N/P ratio 5 and 8 showed moderate cellular toxicities at high siRNA concentration hence we administered a low siRNA dose of 6 mg/kg as initial
dose. As summarized in Table 1 the polyplex at these N/P ratios was safe
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at 6 and 8 mg/kg, but showed toxicity at siRNA concertation of 8 mg/kg
at N/P 8 as opposed to the same dose at N/P3 which showed no toxicity.
3.2. Systemic administration of PGAamine:siRac1 polyplex resulted in high
tumor accumulation and efﬁcient Rac1 gene knockdown
Accumulation of PGAamine:siRac1 polyplex (8 mg/kg siRNA-equivalent concentration) in tumor tissue and its ability to deplete Rac1 gene
expression was measured after 3 sequential IP injections, in the
orthotopic SKOV-3 human ovarian carcinoma model in athymic nude
female mice. Tumors and organs were collected 24 h following 3rd injection and analyzed to quantify the siRac1 and mRac1 using qPCR technique. Results indicate 8-fold and 2.75-fold increase in Rac1 siRNA
tumor accumulation following treatment with PGAamine:siRac1
polyplex compared to treatment with saline or siRNA alone, respectively (Fig. 6A). Furthermore, the quantiﬁcation of mRac1 has showed decrease of 38% and 44% in murine Rac1 mRNA levels in tumors of mice
treated with PGAamine:siRac1 polyplex compared with mRNA levels
of saline or siRac1-alone treated mice, respectively (Fig. 6B). These

Fig. 4. Functional efﬁcacy of PGAamine:siRac1 polyplex as was demonstrated via the inhibition of cellular migration and wound healing abilities in SKOV-3 cells. (A) Representative images
of SKOV-3 cells treated with PGAamine:siRac1 polyplex, PGAamine:siCtrl polyplex, siRac1 alone or left untreated, at 0 and 19 h in in vitro scratch assay. Phase contrast images taken by
IncuCyte ZOOM™ CellPlayer using 10× objective (scale bar represents 300 μm). The dotted lines deﬁne the areas lacking cells. (B) Quantiﬁcation of gap closure by SKOV-3 cells 19 h
after scratch performed and treatments applied. Statistical signiﬁcance was determined using one-sided ANOVA and Holm-Sidak post hoc test. *p b 0.01, **p b 0.001. (C) SKOV-3
ovarian adenocarcinoma cells were treated with PGAamine:siRac1/siCtrl polyplexes at a concentration of 500 nM for 48 h. Then, cells were seeded on transwells and allowed to
migrate toward FBS for 16 h. PGAamine:siRac1 polyplex limited the migratory ability of SKOV-3 cells as opposed to PGAamine:siCtrl polyplex, that did not affect this property (scale
bar represents 10 μm). (D) Quantiﬁcation of FBS-induced migration assay.
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Fig. 5. PGAamine:siRac1 polyplex showed plasma stability without hemolysis or immune response activation. (A) siRac1 complexed with PGAamine was incubated with 100% plasma at
indicated time points. Following plasma incubation, the samples were mixed with heparin sulfate. The complex exhibited high plasma stability up to 24 h. (B) Hemolysis of RBC, isolated
from whole rat blood, following treatment with PGAamine:siRac1 polyplex was examined by the quantiﬁcation of the hemoglobin released from lysed cells. Levels of hemoglobin as
measured by colorimetric assay (λAbs = 550 nm) following 1 h incubation of the RBC with siRac1-polyplex, in in vivo-equivalent concentrations, were similar to the levels of
hemoglobin released in negative control samples (dextran or PBS). (C) Complement activation following treatment with PGAamine:siRac1 polyplex was evaluated by quantiﬁcation of
the complement terminal complex SC5b-9 present in human plasma by ELISA. Levels of SC5b-9 complex in presence of polymer alone (PGAamine), at required concentration for
complexation with siRNA, or the polyplexes (PGAamine:siRac1) at 20, 200 and 400 nM siRNA concentrations, were similar to the levels of human plasma complement terminal
complex in negative control samples (PBS). (D) Drug-induces immune response was evaluated by the levels of secreted cytokines, TNF-α and IL-6, from human peripheral blood
mononuclear cells following 24 h PGAamine:siRNA polyplex treatment. There was no indication of IL-6 secretion following the incubation of the polyplexes with PBMCs, compared
with the secretion of the cytokine following incubation with positive controls. TNF-α secretion from PBMCs following incubation with either 200 nM or 400 nM (with or without
complexation with siRNA) have ranged from 760 pg/mL to 1041 pg/mL, with no dose response, which are 11% to 30% of the positive control.

ﬁnding were veriﬁed by RACE products in tumor tissues of mice treated
with the polyplex (Fig. 6C).
Lewis lung carcinoma (LLC) are well vascularized fast-growing tumors
[50–52], and being such, they may serve as a platform to investigate the
size-based non-selective extravasation-dependent accumulation of IV administered therapy [53].
For that reason, C57BL/6 mice bearing SC LLC tumors were treated via
the tail vein with PGAamine:siRac1 polyplex (6 mg/kg siRNA equivalentconcentration) as described above. The analysis of collected tumor tissues
showed Rac1 gene knockdown of 33% in PGAamine:siRac1 polyplexes
treated mice compared to saline treated mice (Fig. 6D). Achieving significant (p value = 0.0127) Rac1 gene knockdown using IV administration
to SC tumors.
To evaluate the knockdown ability and to measure the accumulation
of our polyplex, we purposely targeted Rac1 gene and not Plk1 gene.
Plk1 protein is an essential cell-cycle protein and established anticancer
target, depletion of this gene causes direct cell death. Consequently, affected tumor cells following PGAamine:siPlk polyplex treatment will be
killed and Plk-mRNA levels measured will not reﬂect the complete effect of the treatment in terms of silencing activity. In contrast to Plk1

protein, Rac1 protein is fundamentally involved in cellular movement
and its levels are altered in several tumor types, but little if any evidence
were found to direct cell killing mechanism. Thus, selecting Rac1 makes
it a suitable target to fully assess the silencing effect of Rac1-polyplex
and to evaluate its ability to accumulate in tumor tissue due to the
EPR effect.

Table 1
Determination of maximum tolerated dose (MTD). BALB/C mice were administered with
single IV injection, at siRNA-equivalent concentration of 6, 8 or 10 mg/kg, and monitored
during 24 h post injection.
N/P ratio
3:1
5:1

8:1

siRNA dose [mg/kg]

Polymer dose [mg/kg]

Survival

8
6
8
10
6
8
10

21.1
24.4
35.2
43.9
42.3
56.4
70.4

+
+
+
−
+
−
−
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3.2.1. siPlk1 complexed with PGAamine successfully suppressed the growth
of orthotopic ovarian tumors following systemic administration and resulted
in prolonged overall survival
Encouraged by the impressive results of polyplex's accumulation
and gene knockdown following systemic administration, we tested
the potential of PGAamine-based polyplex to inhibit tumor growth of
ovarian carcinoma. For this reason we selected to target the Plk1 gene
with our PGAamine:siPlk polyplex. Deregulation of Plk1 was shown to
be responsible for mitotic defects, by affecting cell cycle checkpoints,
thus resulting in aneuploidy and tumorigenesis [54]. Overexpression
of Plk1 was observed in many cancerous tissues, including ovarian carcinoma [55], and was shown to correlate with tumor stage, grade and
poor patient prognosis. Since Plk1 is considered as a “proto-oncogene”,
inhibition of Plk1 is effective treatment for cancers [56].
In vivo anticancer efﬁcacy of Plk1 siRNA complexed with PGAamine
was evaluated in nu/nu mice bearing orthotopic intraperitoneal tumors
of mCherry-labeled SKOV-3 human ovarian adenocarcinoma cells. Following 9 every other day intraperitoneal injections of PGAamine:siRNA
polyplexes (8 mg/kg siRNA) (Fig. 6A), siPlk1 polyplex inhibited the
growth of ovarian tumors for 30 days after the last injection resulting
in 87% inhibition of tumor growth compared to saline-treated mice
(p = 0.005) and 73% inhibition of tumor growth compared to siCtrltreated mice (p = 0.005) (Fig. 7C). Furthermore, 33% of the siPlk-treated mice survived on day 170, while control mice (saline and luciferase
siRNA-treated mice) died during 57 days of the study (Fig. 7D). Although not signiﬁcant, some reduction in tumor growth is seen in
PGAamine:siCtrl polyplex treated mice. Golan et al. [57] designed
targeted PEG-b-PEI delivery system to show anticancer activity of siPlk
following IV treatments of lung carcinoma. Although preferential
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tumor accumulation was obtained with targeted polyplex as opposed
to free siRNA, anti-cancer activity was seen for both active siRNA (Plk)
and non-active one (Luciferase). These in vivo results indicate that the
targeting moiety, delivery co-polymer or both, have some intrinsic
anti-cancer activity. In contrast, our system did not show any signiﬁcant
off-target anti-cancer activity. The intense high-dose treatment regimen
did not cause drug-induced death of the animals. During the 3 weeks of
treatment period, animals did not suffer from treatment-related health
complications, apart from the progression of cancer in PGAamine:siCtrl
polyplex and saline-treated groups manifested by anemia (pale ears),
abdominal distension and black discoloration of the abdomen (hemorrhagic ascites) (SI Fig. 4).
4. Conclusions
Currently, there is an unmet medical need for an efﬁcacious and safe
nano-sized delivery system for oligonucleotides. The few oligonucleotide-based candidates that reached clinical trials either go to the liver
following systemic administration or are applied topically while treatment of most diseases requires selective distribution of siRNA to different tissues and organs. To overcome these limitations, we have
converted an anionic PGA polymer to a cationic nanocarrier for siRNA
delivery in vivo. The aminated polymer has formed a stable and potent
polyplex with Rac1 siRNA. The active polyplex showed excellent gene
knockdown in vitro together with functional inhibition of gene-of-target
activity. Biocompatibility evaluation revealed that the polyplex is stable
in plasma and safe for IV administration. In addition, its preferential accumulation in tumor tissue and silencing ability was further demonstrated in two animal models by two different administration routes.

Fig. 6. PGAamine:siRac1 polyplex showed high tumor accumulation accompanied by Rac1 gene knockdown following systemic administration. (A) The accumulation of Rac1-siRNA in
tumor tissue was measured after 3 sequential IP injections (~24 h interval) of PGAamine:siRac1 polyplex (8 mg/kg siRac1 concentration), in the orthotopic SKOV-3 human ovarian
carcinoma model in athymic nude female mice. Three-fold siRac1 was seen in tumor tissue following treatment with PGAamine:siRac1 polyplex (n = 8) compared to treatment with
siRNA alone (n = 6). (B) Using qPCR analysis the harvested tumor tissues were analyzed for Rac1 gene knockdown. Decrease of 44% in murine Rac1 mRNA levels was found in tumors
of PGAamine:siRac1 polyplexes treated-mice compared to Rac1-siRNA injected mice (p = 5.32E-6). (C) RACE products separated on PAGE and hybridized with radioactive probe
speciﬁc to RACE product showing increased level of mRNA cleavage products resulting from siRNA silencing. (D) The knockdown of Rac1 gene following IV injections of
PGAamine:siRac1 polyplex (6 mg/kg siRac1 concentration) as was quantiﬁed by qPCR analysis. C57BL/6 female mice (n = 8) bearing SC LLC tumors were injected with 3 sequential IV
injections (~24 h interval) with PGAamine:siRac1 polyplex, Rac1-siRNA alone or saline. Decrease of 33% in murine Rac1 mRNA levels was measured in tumors of PGAamine:siRac1
polyplex treated-mice compared to Rac1-siRNA injected mice (p = 0.0127).
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Fig. 7. Anti-cancer efﬁcacy of PGAamine:siPlk1 polyplex in SKOV-3 mCherry-labeled orthotopic tumor bearing nu/nu mice. (A) Mode of operation and treatment regimen for orthotopic
ovarian carcinoma treated with IP injected polyplexes. (B) Representative images of ﬂuorescently-labeled IP ovarian tumors over the course of treatment period. (C) The progression of
mCherry-labeled SKOV-3 tumors following 9 every other day treatments with PGAamine:siPlk/siLuciferase polyplexes (8 mg/kg) or saline (n = 6), as was measured by intravital noninvasive ﬂuorescence imaging system. Plk1 siRNA complexed with PGAamine polymer inhibited the growth of ovarian tumors for 30 days after the last injection resulting in 87%
inhibition of tumor growth compared to saline-treated mice and 73% inhibition of tumor growth compared to siCtrl-treated mice (p = 0.005). Data in tumor volume graph represents
mean ± s.e.m. (D) Kaplan-Meier survival plot for all treated groups. Fifty percent of mice treated with PGAamine:siPlk polyplex survived 150 days and after that, 33% of mice survived
180 days after the ﬁrst treatment (siPlk1-treated mice vs. siCtrl treated mice p = 0.027, siPlk1 treated mice vs. saline treated mice p = 0.015, up to day 57).

Finally, signiﬁcant inhibition of ovarian carcinoma tumors growth was
demonstrated following intense treatment schedule without drug-related toxicities. Overall survival of animals in siPlk1-polyplex treated
group was signiﬁcantly extended compared to that of control-treated
groups.
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