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ABSTRACT: It has been two decades since cationic polymers
were introduced to the world of oligonucleotides delivery.
However, the optimal physicochemical properties to make
them a successful delivery vehicle are yet unknown. An ideal
system became particularly interesting and necessary with the
introduction of RNA interference as a promising therapeutic
approach. Such nanocarrier should overcome challenges such
as low plasma stability, poor cellular internalization and
endosomal escape to induce gene silencing. To that end, we
synthesized a library of biodegradable aminated poly(α)glutamate varied by amine moieties. In an attempt to elucidate the
structure−function relationship, our polyplexes were physicochemically characterized and their silencing activity and cytotoxicity
were evaluated. We found several structures that demonstrated improved cellular internalization. These candidates silenced gene
expression to less than 50% of their initial levels, while being safe to cells and mice. Based on our research, an improved and
promising tailor-designed siRNA delivery platform can be developed.

■

INTRODUCTION
Small interfering RNAs (siRNAs) were ﬁrst described in the
late 20th century as powerful and speciﬁc gene regulators.1−3
Since then, they have been vastly tested for therapeutic applications due to their ability to silence disease-causing genes
based on base-pair complementation.4,5 Various medical uses to
siRNA have been suggested; among them are the treatment
of viral infections, neurodegenerative disorders and cancer.6
Due to the siRNA’s negative charge, high immunogenicity, and
poor serum stability, the use of a delivery vehicle for therapeutic
purposes is inevitable.7,8 Several delivery approaches have been
developed, most of them are based on cationic lipids or
polymeric carriers that can electrostatically interact with the
negatively charged RNA.9−15 Distinct linear, branched, or
globular structures can assemble with siRNA to form liposomal
complexes, i.e., lipoplexes,11 core and shell particles16 or polymeric complexes, i.e., polyplexes.9 These nanoparticles can
achieve tumor speciﬁc targeting by the enhanced permeability
and retention (EPR) eﬀect.17,18 Despite high expectations,
siRNA’s gene silencing-based therapeutic delivery approaches
have encountered pharmacokinetic limitations, such as low stability in solution and aggregation tendency,7,19−21 short in vivo
circulation time, fast renal clearance, accumulation in reticuloendothelial system (RES) organs such as liver and lung and
toxicity.7,12,22−28 These limitations have raised the need for
proper characterization and the substantial investigation of the
relationship between structure, physicochemical properties and
© 2016 American Chemical Society

activity as a fundamental tool in the quest for the ideal siRNA
delivery vehicle. Such attempts were previously performed
to investigate the preferred size,13,14 amine to phosphate ratio
(N/P ratio),13,29,30 the ratio between cationic and hydrophobic
content31 or the size of polyethylene glycol (PEG) used for
PEGylation24 of such delivery systems. In this study, we
describe the synthesis and characterization of a poly-α-glutamic
acid (PGA) platform to conjugate various amine moieties.
PGA is a synthetic biodegradable polymer that is cleaved by
cathepsin B, an intracellular cysteine protease that is highly
expressed in most tumor tissues.32 Its upregulation in malignancy results in its secretion to the cell’s surface and extracellular matrix.33 The intracellular, lysosomal, activity of
cathepsin B, however, is the one acknowledged as responsible
for the in vivo cleavage of the PGA polymeric backbone and the
release of an active chemotherapeutic drug.34−36 The enzyme is
also largely distributed and active in endosomes, potentially
capable of releasing a free and active siRNA from the cleavedPGA backbone.37−39 PGA’s water-solubility, low immunogenicity and low toxicity at doses required for activity, makes it a
great candidate for clinical translation as reﬂected by the
multiple clinical trials performed on paclitaxel polyglumex, a
conjugate composed of the chemotherapeutic drug paclitaxel
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bound to PGA-based polymer.40−43 The pendant free
γ-carboxyl group in each repeating unit of L-glutamic acid
provides functionality for amine-bearing moieties, to which
RNA can bind via electrostatic interactions. Poly-aminated PGA
is positively charged, thus can internalize to the target cells via
electrostatic attraction to the negatively charged cell membrane.44,45 In addition, multiple amino groups in acidic compartments might behave as proton sponges and lead to rupture
of the membranes and a subsequent release of their contents to
the cytoplasm, which is the siRNA site of activity.46,47 We have
designed, synthesized, and characterized a library of PGAamine
polymers, diﬀering in length and structure of the side-chain
amine moiety. Its length ranged between two to six carbons, in
the presence or absence of a central secondary amine, bearing a
primary or tertiary amine terminus and combinations thereof.
We have characterized the physicochemical properties of the
various polyplexes formed by our library of PGAamine-based
polymers and siRNA, and have shown that the polyplexes
varied in their ability to internalize into cells and induce gene
silencing. Since amine modiﬁcations might alter the biological
safety of the PGA backbone, we have evaluated the toxicity of
our polymers throughout the manuscript in various in vitro and
in vivo assays. In this study, we aimed to deﬁne the requirements for eﬃcient silencing activity resulting from adequate
cellular penetration and cellular traﬃcking.

■

was stirred for an additional 1−2 h at the starting conditions.
A solution of a second amination reagent (M2 mmol) in dry DMF
(1 mL) was added, and the reaction mixture was stirred for additional
1−2 h at the starting conditions (relevant only for polyplexes D, E, G
and I). A solution of CDI (N mg, N1 mmol) in dry DMF (N2 mL) was
added, and the reaction mixture was stirred at 25 °C, under Argon for
additional 12 h. DMF was removed under reduced pressure and the
remaining oily residue was dissolved in water (40 mL) and freezedried. Polymers A, B, D, E, G, H, and I underwent acidic deprotection
of the Boc group: 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 10−20 min then evaporated under reduced pressure. The oily
residue was dissolved in double distilled water (DDW) (40 mL), and
the aqueous phase was 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 and 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 TFA salt. Alternatively,
for polymers C and F, DDW (40 mL) was added, and the mixture was
treated with 10% HCl solution to pH of 2.5−4.0. The reaction mixture
was extracted with chloroform (2× 40 mL) and diethyl ether (50 mL).
The aqueous phase was collected and treated with a 10% NaOH
solution to pH 5.5−7.0, then freeze-dried. The remaining solid was
dissolved in DDW (20 mL) and dialyzed for 48−72 h at 4 °C (total of
6−12 L of DDW). The aqueous phase was collected and freeze-dried
to obtain a white powder as a chloride salt.
Table 1 summarizes the synthetic procedures.
Preparation of Polyplexes. All polyplexes were screened for
silencing activity at variable terminal nitrogen/phosphate (N/P) ratios
(Supplementary Figure 5). For our structure−function evaluation
throughout the manuscript, we limited polymer administration to 10
N/P ratio. Polyplexes A, C, D, E, F, and I were prepared at an N/P
ratio of 5. Polyplex B was prepared at N/P ratio of 10 due to in vitro
activity obtained at this ratio. Preparation of polyplexes for all in vitro
assays and size analysis by DLS: PGAamine polymer was dissolved in
nonsupplemented medium from either 1 mg/mL stock solution
(for the in vitro assays) or 10 mg/mL solution (for the DLS measurements). RNA was added to the polymer’s solution at the indicated
N/P ratio from a 20 μM solution (for the in vitro assays) or from
200 μM solution (for the DLS measurements) and pipetted. All stock
solutions were prepared in DDW. Samples were incubated for 20 min
then added with 75% (v/v) of full medium (as detailed in the Cell
Culture section) before either replacing the cell’s medium with the
transfection mix or performing a DLS measurement. Phenol-red free
DMEM was used for the DLS measurements. Preparation of samples
for EMSA: Polymer solution was diluted in DDW from 0.1 mg/mL
stock solution in DDW. SiRNA was added from 20 μM stock solution
in DDW up to 50 pmol at a ﬁnal volume of 15 μL and pipetted.
Samples were incubated for 20 min before loading on gels. Preparation
of samples for Heparin displacement assay: Polymer solution was
diluted in DDW from 1 mg/mL stock solution in DDW. SiRNA was
added from 20 μM stock solution in DDW up to 50 pmol and
pipetted. Samples were incubated for 20 min, then added with 1.5 μL
of X10 concentrated phosphate buﬀered saline (PBS) and pipetted.
Preparation of samples for Zeta potential analysis: polymer was diluted
in DDW to 0.2 mg/mL solution from 10 mg/mL stock solution in
DDW; siRNA was added at the indicated N/P ratio from 200 μM
stock (in DDW) and pipetted. Samples were incubated for 20 min
then 10% (v/v) of 155 mM PBS were added to give a ﬁnal solution of
15 mM PBS before performing a zetasizer measurement. Preparation
of samples for SEM: 10 μL of polymer solution were diluted in DDW
to 0.1 mg/mL solution from 1 mg/mL stock solution in DDW; siRNA
was added at the indicated N/P ratio from 20 μM stock (in DDW)
and pipetted. Samples were incubated for 20 min. Preparation of
samples for in vivo: polymer solution from 10 mg/mL stock (in DDW)
was diluted in DDW. SiRNA was added at the indicated doses and
N/P ratios from 200 μM stock (in DDW) and pipetted. Samples were
incubated for 20 min, prior to the addition of 1/10 (% v/v) X10
concentrated PBS.

EXPERIMENTAL SECTION

Materials. All chemicals and solvents were A.R. or HPLC grade.
Chemical reagents were purchased from Sigma-Aldrich (Louis, MO,
US) and Merck (White House Station, NJ, US). O-benzyl protected
glutamic acid (H-Glu(OBzl)-OH) was purchased from Chemimpex
(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
indicated. eGFP siRNA, RAC1 siRNA and Cy5-labeled RAC1 siRNA
sequences were obtained from QBI (Rehovot, Israel).
Synthesis of PGAamine Polymers. Preparation of Poly-αglutamic Acid. PGA was synthesized from O-benzyl protected
glutamic acid (H-Glu(OBzl)−OH) by n-carboxyanhydride (NCA)
polymerization as previously published48 with the following modiﬁcations: A suspension of H-Glu(OBzl)−OH (2.1 g, 8.85 mmol) in
dry tetrahydrofuran (THF) (30 mL) was heated to 50 °C. 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 under reﬂux for 3 h at 50 °C under Argon
atmosphere. Then, it was bubbled with Ar(g) for an additional 2 h. 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 dichloromethane (DCM) (30 mL).
Hexylamine (1.5 μL, 0.0113 mmol) was added, and the reaction left to
stir for 7 days at 4 °C. The reaction solution was precipitated in cold
ether then kept in −20 °C for 5 h. The resulting poly(γ-benzyl glutamate)
was ﬁltered with 0.22 μm ﬁlter. Overnight deprotection of the γ-Benzyl
was performed in 4 equiv (per carboxylic group) of 48% HBr in
triﬂuoroacetic acid (TFA), the resulting PGA was precipitated in cold
ether, and the precipitate was collected by centrifugation at a 50%
yield. 1H NMR (D2O; 400 MHz): δ 4.32 (1H, s), 2.36 (2H, s), 2.05,
(1H, s), 1.94 (1H, s).
General Preparation of PGAamine Polymers A−I. To a solution of
PGA (X mg, X1 mmol per monomer) in dry dimethylformamide
(DMF) (X2 mL) was added a solution of carbonyldiimidazole (CDI)
(Y mg, Y1 mmol) in dry DMF (Y2 mL). The reaction mixture was
stirred for 1.5 h, at 25 °C, under Argon atmosphere. Tributylamine
(Z μL, Z1 mmol) was added and the reaction left to stir for 5 more
min at the same conditions. A solution of the amination reagent
(M mmol) in dry DMF (M1 mL) was added, and the reaction mixture
2788

DOI: 10.1021/acs.biomac.6b00555
Biomacromolecules 2016, 17, 2787−2800

Article

Biomacromolecules
Table 1. Summary of the Synthetic Procedures Used for PGAamine Polymers A−I

polymer
A

B

C

name of the
compound

amount of PGA amount of
amount of
amination reagents, their
amount of
precursor used CDI added Tributylamine molarity and volume of solvent CDI added Boc acidic
st
for the procedure (I addition)
added
they were dissolved in
(IInd addition) deprotection yield 1H NMR (D2O; 400 MHz)

γ-ethylenediamino-L- X = 50
polyglutamate
X1 = 0.38
γ-hexydiamino-Lpolyglutamate

Z = 94

Boc- ethylenediamine

N = 133

Y1 = 0.46

Z1 = 0.36

M = 0.42

N1 = 0.82

M1= 1.5

N2 = 1

X2 = 1

Y2 = 1

X = 50

Y = 192

Z = 92

Boc-1, 6-diaminohexane

X1 = 0.38

Y1 = 1.20

Z1 = 0.39

M = 1.96

X2 = 1

Y2 = 1

γ-3-Dimethylamino- X = 51
1-propylamino-Lpolyglutamate
X1 = 0.39
X2 = 1

D

Y = 75

Yes

41% 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).

Yes

31% δ 4.26 (1H, s), 3.13 (2H, s),
2.93 (2H, s), 2.32 (2H, s),
2.08, (1H, s), 1.97 (1H, s),
1.61 (2H, s), 1.47 (2H, s),
1.32 (4H, s).

No

45% δ 4.29 (1H, s), 3.25 (2H, s),
3.01 (2H, s), 2.81 (6H, s),
2.33, (2H, s), 2.05−1.90
(2H, bs), 1.90 (2H, s).

Yes

22% δ 4.20 (1H, s), 4.04 (0.3H,
s) 3.37 (2H, s), 3.15
(1H, s), 3.02 (2H, s), 2.76,
(3H, s), 2.26 (3H, s),
1.98−1.81 (4H, bs)

Yes

32% δ 4.16 (1H, s), 3.03 (3H, s),
2.86 (1H, s), 2.73 (1H, s),
2.22 (2H, s), 1.98−1.86
(2H, bs), 1.53 (3H, s),
1.98 (3H, s), 1.23 (1H, s).

No

35% δ 4.27 (1H, s), 3.19 (3H, s),
2.59 (4H, s), 2.41 (2H, s),
2.33 (2H, s), 2.23 (6H, s),
2.08−1.97 (2H, bs), 1.67
(4H, s)

Yes

36% δ 4.32−4.10 (1H, bs),
3.18−1.29 (16H, m).

Yes

42% δ 4.23 (1H, s), 3.49 (2H, s),
3.33−3.22 (6H, m), 3.1
(1H, s), 2.27 (2H, s),
2.01−1.91 (2H, bs).

Yes

30% δ 4.12 (1H, s), 3.07−3.74
(15H, m).

M1 = 1

Y = 201

Z = 92

Y1 = 1.24

Z1 = 0.39

Y2 = 1.5

3-(dimethylamine)-1propylamine
M = 3.98
M1 = 1

γ-3-Dimethylamino- X = 50
1-propylaminoethylendiamino-LX1 = 0.38
polyglutamate
X2 = 1

Y = 70

Z = 92

Y1 = 0.43

Z1 = 0.39

γ-6-Dimethylamino- X = 41
hexyl-diaminohexane-L-polyglutaX1=0.32
mate
X2= 2

Y = 56

Z = 83

6-Dimethylhexyamine
M = 0.09 M1 = 1

Y1 = 0.34

Z1 = 0.32

Boc-diaminohexaneM2= 0.26

γ-Dimethyldipropylenetriamine-Lpolyglutamate

X = 40

Y = 60

Z = 73

Dimethyldipropylenetriamine

N = 106

X1=0.31

Y1 = 0.37

Z1 = 0.31

M = 0.34

N1 = 0.65

X2= 1

Y2 = 1

M1= 2

N2 = 2

Y2 = 1

3-dimethylamine-1propylamine

N = 125

M = 3.98

N1 = 0.477

M1 = 1

N2 = 0.7

Boc-ethylenediamineM2= 0.31
E

F

G

γ-Dimethyldipropyle- X = 41
netriamine-diaminohexane-L-poly- X1=0.32
glutamate
X2= 1

H

I

Y2 = 1

N = 103
N1 = 0.63
N2 = 1

Y = 57

Z = 83

6-dimethyldipropylenetriamine N = 105

Y1 = 0.34

Z1 = 0.32

M = 0.13 M1= 1

N1 = 0.65

boc-diaminohexaneM2= 0.22

N2 = 1

Y2 = 1

γ-2, 2X = 47
iminodiethylaminoX
1=0.36
L-polyglutamate
X2= 1

Y = 67

Z = 87

Boc-2, 2-iminodiethylamine

N = 124

Y1 = 0.41

Z1 = 0.36

M = 0.43

N1 = 0.77

M1= 1.5

N2 = 1

γ-2, 2X = 40
iminodiethylaminodimethydipropyle- X1=0.31
netriamino-LX2= 1
polyglutamate

Y = 67

Z = 74

boc-2, 2-iminodiethylamine

N = 100

Y1 = 0.41

Z1 = 0.31

M = 0.1

N1 = 0.62

M1= 1

N2 = 1

Y2 = 1

Y2 = 1

Dimethydipropylenetriamine
M2= 0.24

Characterization of PGAamine Polymers. 1H-Nuclear Magnetic Resonance (NMR). PGA precursor was dissolved in deuterium
oxide D2O (ARMAR chemicals, Dottingen, Swizerland) supplemented
with Sodium deuteroxide NaOD (Sigma-aldrich) and PGAamine was
dissolved in D2O, followed by NMR spectroscopy using 400 MHz
Avacne, Bruker (Karlshruhe, Germany) system.
Multi Angle Static Light Scattering (MALS). Molecular weight and
polydispersity analysis of PGA polymers were performed on Agilent
1200 series HPLC system (Agilent Technologies Santa Clara, CA, US)
equipped with a multi angle light scattering detector (Wyatt
Technology Corporation Santa Barbara, US), using Shodex Kw4044F column (Showa Denko America, Inc.) in PBS, ﬂow 0.3 mL/min.
Physicochemical Characterization of Polyplexes. Electrophoretic Mobility Shift Assay (EMSA). Evaluation of polymer:siRNA
complexation at N/P ratios between 1 to 15 was performed as follows:
Samples were prepared according to the section entitled Preparation of
Polyplexes. DNA loading buﬀer was added to the samples, and the
solution was loaded on a 2% agarose gel supplemented with ethidium
bromide. A voltage of 100 V was applied for 30 min. Sample’s run was
evaluated under UV light.

Zeta Potential Determination. The zeta-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). All measurements were performed at
25 °C using folded capillary cell (DTS 1070).
Dynamic Light Scattering (DLS). DLS analysis was performed
using Vasco DLS (Nano Instruments Ltd. Cordouan Technologies,
Pessac, France), equipped with a 657 nm laser. Data analysis was performed according to cumulants analysis. All measurements were performed at 25 °C.
Scanning Electron Microscope (SEM). Filtered samples were
dropped on a silicon wafer and blotted with cellulose paper. SEM
images were taken using Quanta 200 FEG Environmental SEM (FEI,
Oregon, USA) at high vacuum and 5.0 kV. Diameters were measured
by measureIT software, Particle’s distribution was ﬁtted to single-pick
Gaussian using OriginPro software.
Heparin Displacement Assay. The relative strength of complexation of PGAamine:siRNA polyplexes was evaluated by measuring
the release of siRNA in the presence of heparin. PGAamine:siRNA
polyplexes were prepared as detailed in the section entitled Preparation
2789
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of polyplexes. Polyplex solutions were incubated in the presence of
0.01−0.25 IU of heparin/50 pmol siRNA for 15 min. DNA loading
buﬀer was added to the samples, and the samples were loaded on
a 2% agarose gel supplemented with ethidium bromide. A voltage
of 100 V was applied for 15 min. Sample’s run was evaluated under
UV light.
In Vitro Evaluation of Polyplexes. Cell culture. Human cervical
carcinoma (HeLa) and human ovarian carcinoma (SKOV-3) cells
were obtained from the American Tissue Culture Collection (ATCC).
HeLa cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS), 100 U/mL Penicillin, 100 μg/mL Streptomycin,
12.5 U/mL nystatin, and 2 mM L-glutamine. SKOV-3 cells were
cultured in RPMI supplemented with 20% FBS, 10 mM HEPES, 1%
sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin,
2 mM L-glutamine. Cells were grown at 37 °C; 5% CO2.
Flow Cytometry (FACS). HeLa and SKOV-3 cells were seeded onto
six-well plate at 200 000 cells/well densities. Following 24 h, cells were
treated with PGAamine: Rac1 Cy5-labeled siRNA for 4 h. Cells were
washed twice with PBS, and harvested with phenol red free Trypsin.
Three mL of 5% FBS in PBS solution were added, and the samples
were centrifuged for 7 min at 1100 rpm. Supernatant was discharged,
and cells pellets were suspended in 500 μL of 5% FBS in PBS solution.
Fluorescence was read at 635 nm using FACSCalibur ﬂow cytometer
(BD Biosciences, Heidelberg, Germany).
Cellular Internalization and Intracellular Traﬃcking. HeLa cells
were treated with PGAamine: Rac1 Cy5-labeled siRNA for 30 min,
4 and 24 h. For inhibition of endolysosomal pathway ammonium
chloride was diluted up to 2 mM in Tyrode’s buﬀer supplemented with
polyplexes solution at the indicated concentration and added to the
wells. The cells were ﬁxed with 4% paraformaldehyde. Then, cells were
permeabilized by incubation in Triton X-100 0.2% solution in PBS for
10 min, followed by blocking in 1:100 solution normal mouse IgG1
and normal rabbit IgG (Santa Cruz, Heidelberg, Germany). Cells
were stained with mouse anti-EEA1 (BD, New Jersey, U.S) and with
rabbit anti-LAMP1 (Cell Signaling Technology, Massachusetts, US)
primary antibodies, and then with Goat anti mouse IgG-FITC and
Goat anti rabbit IgG-Rhodamine secondary antibodies (Santa Cruz,
Heidelberg, Germany). Cellular uptake of the PGAamine:Cy5-Rac1
siRNA polyplexes was followed using Leica SP5 confocal imaging
systems (X60 Magniﬁcation) (Leica Microsystems, Wetzlar Germany).
To demonstrate ﬂuorescent transferrin internalization inhibition,
cells were treated with either 2 mM or 30 mM ammonium chloride
in Tyrode’s buﬀer for 4 h. Transferrin-Alexa488 (ThermoFisher
Scientiﬁc, Waltham, USA) was then added at a 1/50 concentration for
15 min. The cells were ﬁxed with 4% paraformaldehyde and mounted.
Slides were imaged using Leica SP8 confocal imaging systems (X60
Magniﬁcation) (Leica Microsystems, Wetzlar Germany).
In Vitro Silencing Eﬃcacy. In vitro silencing of Rac1 gene by Rac1
siRNA-carrier polyplex was evaluated with psiCHECK reporter assay
(Promega Madison, Wisconsin, US). 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 and SKOV-3 cells (1 × 106) were seeded in
10 cm dishes and were incubated in 37 °C, 5% CO2 for 24 h. Each cellcontaining plate was transfected with 4 μg Rac1 psiCHECK-2-based
plasmids 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 control siRNA either complexed with PGA
cationic carrier (at 100, 250, or 500 nM siRNA) or with Lipofectamine
2000 (at 50 nM siRNA) as a control or left untreated. Following 72 h,
medium was completely removed from cells ,and the cells were lysed
for 20−30 min in room temperature in gentle rocking by the addition
of 50 μL/well 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, Madison, Wisconsin, US)
according to manufacturer procedure. Aliquots of 10 μL of cell lysate
from each sample were transferred to a 96-well white plate. Luciferase
substrate (LARII, 40 μL) 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 afterward. 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 (without siRNA nor polyplex).
Cells Viability Assay. HeLa and SKOV-3 cells were seeded and
treated with polyplex as described above in the section entitled in vitro
silencing ef f icacy. Following 72 h, the number of viable cells was
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium
bromide (MTT) assay. Thirty microliters 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, and incubated for 20 min at
37 °C. Absorbance of the solution was measured at 560 nm by
SpectraMax M5 plate reader (Molecular Devices, California, United
States). Percent of viable cells was normalized to the viability of
nontreated cells (100% viability).
SKOV-3 Cells Migration Assay. Cells migration assay was
performed using modiﬁed 8 μm Boyden chambers. Prior to placing
human ovarian carcinoma SKOV-3 cells on transwells’ membrane,
the cells were transfected with PGAamine:Rac1 siRNA polyplexes for
48 h in 6-well plate (150 000 cells/well). In vitro preparation and
transfection was according to the section entitled Preparation of
Polyplexes. 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 chamber for another 20 h by addition of medium
with or without FBS (20% v/v) to the lower chamber. Cells were then
ﬁxed with ice-cold methanol and stained (Hema 3 Stain System). Next
the migrated and stained cells were imaged using a Nikon TE2000E
inverted microscope by 6× objective, brightﬁeld illumination (Nikon
corporation instruments, Tokyo, Japan). Quantiﬁcation of migrated
cells from captured images was done using NIH image software
ImageJ. Percent of migrated cells was normalized to migrated cells
toward FBS alone (no siRNA transfection).
In vivo Evaluation of Polyplexes. Maximum Tolerated Dose.
PGAamine:Rac1 siRNA polyplexes at N/P ratio of 5 (A, F and I) or
10 (B), at siRNA concentrations of 1−10 mg/kg were injected
intravenously (i.v.) to BALB/c mice, at 400 μL/mouse. Mice were
monitored for signs of toxicity up to 24 h post injection.
Statistical Analysis. Data were presented as means ± standard
deviation (represented graphically as error bars). Statistical signiﬁcance
of PGAamine:Rac1 siRNA polyplexe’s silencing activity was analyzed
by One-way Analysis of Variance (ANOVA). Pairwise Multiple
Comparison Procedures were analyzed by Holm-Sidak method.
P < 0.05 was considered statistically signiﬁcant.
Ethics Statement. All animal procedures were performed in
compliance with Tel Aviv University guidelines approved by the
Institutional Animal Care and Use Committee (IACUC).

■

RESULTS AND DISCUSSION
Side Chain Substituent Inﬂuence the Supramolecular
Properties of Polyplexes. Synthesis and Characterization
of PGAamine Polymers A−I. PGA precursors were synthesized
using NCA polymerization as was previously described48 and
analyzed by 1H NMR (Supplementary Figure 1a). Their
molecular weights and polydispersity indexes were further
characterized by MALS (Supplementary Table 1). In order to
neutralize the eﬀect of chain length on the various factors
evaluated throughout this manuscript, PGA precursors bearing
similar lengths of 6300−8500 g/mol were selected for the
subsequent conjugations. PGAamine polymers A-I were synthesized using CDI coupling reagent to conjugate an amine
moiety on the pending carboxylic groups of the PGA precursor
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Scheme 1. (a) General Synthesis Mechanism of Conjugation of an Aminating Agent to the PGA Backbone via the Pending
Carboxylic Groups, Carried out by CDI Coupling Reagent and the Subsequent Acidic Boc Deprotection of the Boc-Protected
Primary Terminal Amine Group; (b) Chemical Structures Formed by Conjugation of Each Aminating Agent to the PGA
Backbone

(marked as 1, and calibrated for integration value of 1.00,
corresponding to 1 hydrogen). Eﬃcient chemical conjugation
obtained by CDI reagent have allowed 100% substitution of the
carboxylic groups using only 1.1 equiv of the amination reagent,
while N,N′-diisopropylcarbodiimide (DIC) coupling reagent
yielded 80−90% substitution degree with 5 equiv of amination
reagent (polymer A, data not shown). Hybrid PGAamine
polymers (D, E, G, and I) were synthesized using two diﬀerent
amination reagents subsequently, while ﬁnal substitution
ratio was controlled by the equivalents of the amination
reagents, as shown by 1H NMR spectra of D and E polymers

backbone (Scheme 1a). Boc protecting group was further
removed by acidic deprotection. The diﬀerent structures are
presented in Scheme 1b.
Substitution degree was analyzed by 1H NMR (Supplementary Figure 1), the peaks marked as 1, 2, and 3 represent
the hydrogens of the PGA backbone, while 4 and 5 represent
the hydrogens of the conjugated amine moieties. The number
of corresponding hydrogens appear in brackets near the peak.
For each polymer, substitution degree with each moiety was
determined by dividing the integration of a representative peak
of the moiety by the chiral α carbon of the PGA backbone
2791

DOI: 10.1021/acs.biomac.6b00555
Biomacromolecules 2016, 17, 2787−2800

Article

Biomacromolecules
(Supplementary Figure 1). In the case 1H NMR could not
reveal the separate amine moieties (polymers G and I), we
relied on the molar ratios of amination reagents in the synthesis
to determine the substitution degree of each moiety since they
gave good correlation to the analyzed substitution degree of
D and E polymers, while integration of the entire hydrogens in
the molecule compared to the one hydrogen adjacent to the
chiral carbon helped us to conclude about the total conjugation
degree of 100% (Supplementary Figure 1). The amine moieties
conjugated to each polymeric backbone have varied in size and
functionality: while polymer A was conjugated to “short” side
chain terminated by primary amine, polymer B was conjugated
to longer side chain in order to evaluate the eﬀect of side
chain’s length on the size of the obtained polyplex. Polymer C
was conjugated to side chain-terminated tertiary amine, in order
to increase the complexation strength with siRNA and decrease
the N/P ratio of their complete complexation. Successful
siRNA delivery depends on ﬁne-tuning between strong and
stable complexation with the ability to release the siRNA to the
cytoplasm before reaching the lysosome.7,49 Aimed to achieve
strong binding between the polymer and siRNA while maintain
buﬀering capabilities,46 polymers D and E were conjugated with
two diﬀerent moieties, each terminated by either primary or
tertiary amine. The eﬀect of side chain’s length on the size of
these obtained polyplexes was evaluated by using either “short”
(polymer D) or longer (polymer E) side chains. Polymer F was
conjugated with a side chain bearing the two amine functionalities, combining terminal tertiary amine and secondary amine
on the same side chain. We further evaluated combination of the
latter side chain structure with side chain terminated by primary
amine (polymer G). Last two structures included functionalities
of primary and secondary amine on single side chain (polymer H)
or its combination with tertiary and secondary amine on single
side chain at a hybrid system (polymer I). Properties such as
strength of complexation between the polymer and siRNA, size
and charge of polyplexes, their cellular internalization, silencing
activity and toxicity were investigated in light of the various
modiﬁcations introduced by structure of amine moieties.
Electrophoretic Mobility Shift Analysis of Polyplexes
Composed of PGAamine Polymers A−I and siRNA. Complex
formation of PGAamine A-I with siRNA was investigated by gel
electrophoresis mobility shift assay (EMSA) (Figure 1a). The
optimum N/P ratio for each complex was inferred from the
retardation of siRNA mobility in agarose gel. Both polymers A
and B have shown complete complexation starting from 2 N/P
ratio. Polymer C has also complexed with siRNA at 2 N/P
ratio, indicating despite our expectations, branching of the
terminal amine did not aﬀect the minimal complexation ratio.
In order to evaluate the complexation strength in light of
the addition of tertiary terminal amine moiety, heparin displacement assay was applied (Supplementary Figure 2). The
polyanion heparin is an established indicator for the strength
of complexation between cationic polymers and oligonucleotides.50 The strength of the complexation of polyplex C
(tertiary terminal amine) was higher than that of polyplex A
(primary terminal amine), as indicated by the higher amount of
the anion heparin required in order to displace the siRNA from
its binding to the polymer (0.075 IU heparin/50 pmol siRNA
compared with only 0.025 IU required in polyplex A). This
stronger complexation was also approved by the decreased
intensity of the ethidium bromide ﬂuorescence at 10 N/P ratio
shown in the EMSA of polyplex C. This phenomena results
from exclusion of ethidium bromide from its intercalation sites

Figure 1. Physicochemical characterization of PGAamine:siRNA
polyplexes. (a) Electrophoresis mobility shift analysis of polymers A−I
complexed with Rac1 siRNA at nitrogen/phosphorus (N/P) ratios
speciﬁed above the gel images. (b) Zeta potential and diameter values of
PGAamine:siRNA polyplexes at N/P ratios of either 5 (polymers A, C,
D, E, F, G, H, and I) or 10 (polymer B), as obtained by zetasizer and
DLS. (c) SEM images of polyplexes A−I at the same N/P ratios used
for DLS and zetasizer analyses.

with siRNA by the strong aﬃnity of the oligonucleotides to the
polymer.51 The combination of two diﬀerent side chains on one
polymerone ends with tertiary amine and the other with
primary amineseems to result in lower aﬃnity toward siRNA
and higher minimal complexation ratio, as indicated by gels D
and E. Polymer E with the longer side chains had slightly better
complexation qualities exhibiting 3 N/P ratio minimal complexation ratio compared to 5 N/P minimal complexation ratio
obtained by polymer D. Adding a secondary amine to moieties
ending by tertiary amine have restored the complexation qualities,
as shown by complexation properties of polymers F and G
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Figure 2. Cell internalization of PGAamine:Cy5-Rac1 siRNA polyplexes. HeLa and SKOV-3 cells were treated with polyplexes A−I at 100 nM
concentration and N/P ratios of 5 (polymers A, C, D, E, F, G, H, and I) or 10 (polymer B) for 4 h. (a) Relative Cy5 ﬂuorescence in HeLa
(left panel) and SKOV3 (right panel) cells, indicating high intensity in cells treated with A, B, F, and I polyplexes, as obtained by FACS analysis.
Bars represent average ± SD of 3 repeats. (b) Representative confocal images indicating the vast appearance of Cy5-Rac1 siRNA clusters inside
HeLa cells that were treated with polyplexes A, B, F, and I. Scale bar = 20 μm.

Physicochemical Characterization of PGAamine:Rac1
siRNA Polyplexes. Zeta potential analysis of PGAamine:siRNA
polyplexes was performed in order to assess surface charges of
the polyplexes (Figure 1b, Supplementary Table 4). Due to
method limitation the analysis was performed in 15 mM PBS
and not in the polyplexe’s transfection media. This may alter
the physicochemical characteristics of polyplexes.52,53 Zeta
potentials of the 5 N/P ratio polyplexes A, C, D, E, F, G, H,
and I and of 10 N/P ratio polyplex B have ranged between 0 to
25 mV. Polyplexes A and B, that bear side chain moieties with
primary terminal amine, had relatively high zeta potentials of
25.4 ± 4.85 and 17.5 ± 7.42 mV, respectively. Interestingly,
the transition to tertiary terminal amine resulted in reduced
zeta potential as indicated by the charge of polyplex C (3.71 ±
6.47 mV). Combining both tertiary and primary terminal amine
side chains on one backbone did not restore the high zeta
potential, as indicated by charges of polyplexes D and E
(0.914 ± 3.39 and 6.8 ± 2.96 mV, respectively). However, vast

that exhibited minimal complexation ratios of 1 and 2 N/P,
respectively. The addition of a secondary amine, aimed to
increase buﬀering capabilities, strengthened the complexation
with siRNA, as demonstrated by heparin displacement assay
performed on polymer F indicating that the siRNA was not
displaced even in the presence of 0.25 IU heparin (Supplementary Figure 2). Adding a secondary amine to side chain
that ends with primary amine (polymer H) had aﬀected the
complexation strength and charge neutralization of the polyplexes. The EMSA image shows that minimal neutralization
of charge was obtained only at 10 N/P ratio. This relatively
low surface charge of polyplex H at 5 N/P ratio was further
approved by zeta potential analysis (Figure 1b). Complexation
qualities were restored again when the latter side-chain moiety
was combined with additional moiety that bears tertiary terminal
amine and secondary amine, as indicated by gel I. This structure
resulted in minimal complexation ratio of 1 N/P, indicating
strong attraction between PGAamine polymer to siRNA.
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siRNA was indicated by the appearance of punctuate Cy5-labeled
structure. This pattern has appeared in cells treated with
polyplexes A, B, F, and I. Lower Cy5 signal was observed in cells
treated with G polyplex. During the assay, the treatment media is
washed out prior to cells ﬁxation, thus the lack of Cy5 signal
indicates there was no detected cellular penetration of Cy5
conjugated siRNA. This is the case for cells treated with
polyplexes C, D, E, and H. These ﬁndings ﬁt well the ﬂow
cytometry quantiﬁcation. The ability of cationic polyplexes to
penetrate through cellular membranes is mostly attributed to
positive surface charge.54−56 Indeed, we have found correlation
between high positive charge and better cellular internalization,
as zeta potential measurements revealed higher positive charges
of the internalized polyplexes (between 15 to 25 mV) while the
rest of the polyplexes demonstrated lower positive-to neutral
charges (between 0 to 7 mV) (Figure 1b). Yet, surface charge
solely could not explain why other positively charged polyplexes
such as polyplex E (6.8 ± 2.96 mV) hardly internalized to cells,
while the slightly less positive polyplex G (4.13 ± 3.47 mV)
showed higher internalization ability. Recent studies suggest
additional mechanisms modulating cellular internalization such
as hydrogen bonds with negatively charged components of
cellular membranes such as carbohydrates and phospholipids,
dictated by the chemical structure of the delivery vehicle and the
obtained polyplex.57 The importance of hydrogen bonds formed
by cationic peptides and electron-reach domains of cellular
membrane components was previously demonstrated by internalization mechanism of polyarginine.45 Our results reveal two
preferred structures of PGA conjugated- side chains in terms of
cellular membrane crossing: polymers conjugated to side chains
terminated by primary amine (A and B) and polymers conjugated to side chains terminated by tertiary amine that bears
additional secondary amine (F and I). The importance of the
secondary amine in side-chains terminated by tertiary amines is
demonstrated by the inability of polymers C, D, and E, that do
not bare secondary amines to internalize to cells, while polymer
G with nonsuﬃcient amount of secondary amine (only 40%)
have internalized in very small amounts to HeLa and SKOV-3
cells (Figure 2a,b). Other structure such as that polymer H
bearsside chain terminated by primary amine with an additional secondary aminewas unable to assist Cy5-conjugated
siRNA internalization, possibly due to its almost neutral zeta
potential (0.415 ± 3.55 mV).55,56
A large body of work was previously performed regarding the
internalization mechanisms and intracellular traﬃcking of
cationic polymers, raising both macropinocytosis, clathrinmediated endocytosis (CME) and caveolae-mediated endocytosis (CvME) as possible parallel routes for cellular internalization of polyplexes.58,59 Diﬀerent transfection eﬃcacies are
attributed to the diﬀerent pathways, raising the need in
thorough examination of internalization mechanisms as a developmental tool in cationic siRNA delivery. While clathrin-coated
vesicles normally fuse with acidic organelles, CvME does not
necessarily include fusion with acidic organelles and hence can
rescue their content from lysosomal degradation.60 It is the
CME pathway, accompanied by successful endosomal escape
mechanism termed “The proton sponge eﬀect”, however, that is
traditionally attributed to the successful transfection eﬃciency
of cationic polyplexes.46,59 This mechanism has lately gained
opponents due to the discovery that poly ethylene-imine (PEI)
has been accumulated in the lysosomes without causing any
change in lysosomal pH.61 The discovery of other relevant
internalization pathways that do not necessarily involve fusion

addition of secondary amines to the tertiary amine-bearing
moieties has resulted in increased surface charge (polyplex F
with 15.3 ± 4.42 mV). Polyplex G with the low percentage of
secondary amines had lower surface charge (4.13 ± 3.47 mV),
while the addition of a secondary amine to a terminal primary
amine backbone resulted in almost neutral zeta potential
(H, 0.415 ± 3.55 mV). Polyplex I with high percentage of
tertiary terminal amines and secondary amines had also high
positive charge of 18.9 ± 4.62 mV. No correlation between
surface charge and the length of the side chains was found.
We further measured the zeta potential of higher N/P ratio
polyplexes, as summarized in Supplementary Table 4. As
expected, the increase in N/P ratio generally resulted in
increased zeta potential. The size and morphology of 5 N/P
ratio polyplexes A, C, D, E, F, G, H, and I and of 10 N/P ratio
polyplex B were evaluated using DLS and SEM (Figure 1b,c,
Supplementary Tables 2 and 3). DLS measurements were
performed in DMEM transfection media, while SEM analysis
was performed on dry sample assembled in pure water in order
to avoid artifacts of dry salts and serum. Diameters have ranged
between 69 to 155 nm according to SEM, and between 40 to
240 nm according to DLS, reﬂecting supramolecular assemblies
of polymers and siRNA molecules. Particles at this size range
were shown to selectively accumulate in the tumor tissue due
to the enhanced permeability and retention (EPR) eﬀect.7,17
No correlation between size and chemical structure of the
amine side chain was observed. A comparison between polyplex
A (92 ± 36 nm) to B (147 ± 60 nm) and polyplex D (179 ±
73 nm) to E (201 ± 89 nm) indicated there might be slight
increase in polyplexe’s diameter due to increased side-chain
length, although this change was not apparent by SEM resolution. Higher N/P ratio polyplexes were measured for their
hydrodynamic diameter using DLS (Supplementary Table 3).
Polyplexes have either increased their size or remained at nearly
similar size with the increase in N/P ratio.
Supramolecular Properties of the Polyplexes, Obtained Due to Side Chain Modiﬁcations, Strongly Aﬀect
Cellular Internalization Ability and as a Result Polyplexes’ Silencing Activity. Membrane Crossing and
Intracellular Traﬃcking of PGAamine:siRNA Polyplexes.
One of the major obstacles in the therapeutic practice of
siRNA is their poor cellular penetration.7 The ability of PGAamine polymers to assist membrane-crossing of siRNA was
quantiﬁed using Flow cytometry (Figure 2a). The protein
corona adsorbed to nanoparticles in the presence of physiological ﬂuids is a crucial factor determining their physicochemical characteristics as well as cellular uptake and traﬃcking mechanism, resulting in a prominent eﬀect on intracellular silencing
activity.52,53 Therefore, PGAamine polyplexes that were initially
prepared in nonsupplemented DMEM, were further added with
75% (v/v%) full medium containing either 10% FBS (for HeLa
cells) or 20% FBS (for SKOV-3 cells), as detailed in the section
entitled Preparation of Polyplexes. HeLa and SKOV-3 cells were
transfected with the aforementioned polyplexes A−I containing
Cy5-conjugated Rac1 siRNA at 5 N/P ratio (polymers A, C, D,
E, F, I) or 10 N/P ratio (polymer B) for 4 h. Internalization of
siRNA was evaluated at 635 nm. Relatively high Cy5 ﬂuorescence intensity was indicated in both cell lines following
treatments with polyplexes A, B, F, and I. Polyplex G demonstrated lower ﬂuorescence intensity, while the rest of the polyplexes demonstrated low internalization capacity compared to
that of Cy5-siRNA alone. Results were further validated in HeLa
cells using confocal microscopy (Figure 2b). Internalization of
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Figure 3. Intracellular traﬃcking of A, B, F, and I polyplexes. (a) Ammonium chloride blocked cellular internalization of A and F polyplexes. HeLa
cells were treated with polyplexes A, B, F, and I at N/P ratios of 5 (polymers A, F and I) or 10 (polymer B), at 100 nM concentration and
ammonium chloride at 2 mM concentration for 4 h. Scale bar = 20 μm. (B) Representative confocal images of HeLa cells treated with I polyplex for
4 h, indicating 15% colocalization with lysosomes. Scale bar = 20 μm. (c) Quantiﬁcation of colocalization extent of the indicated polyplexes with
lysosomes indicating time dependent accumulation in lysosomes. Bars represent the average ± SD of 6 ﬁelds.

with acidic compartments may explain discrepancies.49 These
contradicting theories raise questions regarding the preferred
internalization mechanism for gene silencing. Previous studies
comparing the contribution of either CME or CvME pathways
to the internalization of polyethylenimine (PEI) polyplexes to
HeLa cells revealed that only the CvME, and not the CME
pathway, led to a successful gene transfection, although both
pathways contributed to cellular internalization of polyplexes.49,60 To address these questions, A, B, F, and I polyplexes were further tested for their internalization route and
intracellular traﬃcking (Figure 3). Cytosolic acidiﬁcation agents
are well-known inhibitors of the CME pathway.59,62 In previous
studies, pH reduction was found to inhibit detachment of the
formed coated-pits vesicles from the plasma membrane.
Ammonium chloride treatment was demonstrated to acidify
plasma of cultured cells in a mechanism attributed to the
intracellular accumulation of ammonium ions.63 Hence, the
cytosolic acidiﬁcation agent, ammonium chloride, was used to
distinguish CME from other internalization pathways.9,49,59
Supplementary Figure 4 demonstrates the inhibitory eﬀect of
ammonium chloride on the internalization of ﬂuorescent
transferrin, a ligand of the transferrin receptor, representing
an established CME process.64 Figure 3 shows that the
internalization of polyplexes A and F was inhibited due to
ammonium chloride exposure, thus their internalization is
attributed mostly to the CME pathway. In agreement with
previous studies,49,60 the polyplexes internalized mostly by

CME had lower silencing activity in HeLa cells than those
internalized by the other pathways (Figure 4a). In SKOV-3
cells, however, all 4 polyplexes presented similar silencing
eﬃciencies, implying intracellular traﬃcking is a cell-dependent mechanism.49,60 Co-localization with late lysosomes was
further evaluated using LAMP-1 lysosome-speciﬁc marker.59
Figure 3b indicates all four polyplexes A, B, F, and I showed
time-dependent increase in colocalization with lysosomes,
suggesting some portion of all four polyplexes have reached
the lysosomes and accumulated there. Although all 3 possible
pathways (macropinocytosis, CME and CvME) might fuse with
the lysosome,59 the high extent of internalization blockage of
polyplexes A and F, induced by ammonium chloride exposure
(Figure 3a), in light of their gene silencing activity (Figure 4a),
implies these polyplexes, that internalize by CME, used their
endosomal escape capabilities in order to escape lysosomal
degradation fate. Regardless of the escape mechanism, the
cytoplasm is the site of activity for siRNA. The eﬃcient gene
knockdown activity of all four polyplexes indicates that at least
some portion of the siRNA not colocalized with lysosomes is
located in the cytoplasm, while other portions may be located at
any previous stages of the endolysosomal or caveolae traﬃcking
pathways.
Silencing Activity of PGAamine:Rac1 siRNA Polyplexes.
To further evaluate the silencing potential of our PGAamine
polymers as delivery vehicles of siRNA, dual luciferase reporter
assay was implied (Figure 4a). HeLa and SKOV-3 cells were
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Figure 4. Activity of PGAamine:Rac1 siRNA polyplexes. (a) Silencing activity and in vitro toxicity values of polyplexes A−I at N/P ratios of 5
(polymers A, C, D, E, F, G, H, and I) or 10 (polymer B), as indicated by dual luciferase reporter assay (bars) and MTT assay (circles) respectively,
performed on HeLa (upper panel) and SKOV-3 (lower panel) culture cells. Results are representative of 3 repeats. Bars represent the average ± SD
of 4 wells. Statistical signiﬁcance of silencing activities: **p < 0.001, *p < 0.05. (b) Transwell migration of SKOV-3 cells toward 20% FBS-containing
RPMI medium following treatment with PGAamine:Rac1 siRNA (upper panel) and PGAamine:eGFP siRNA polyplexes (lower panel) A, B, F and I
at 500 nM concentration and N/P ratios of 5 (polymers A, F, and I) or 10 (polymer B). Scale bar = 20 μm. (c) Quantiﬁcation of the migrated cells
following treatment with PGAamine:Rac1 siRNA polyplexes A−I at 500 nM concentration.
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N/P ratios than those presented in Figure 4a had an
investigational value for our understanding of their structure−
activity relationships. We therefore evaluated the silencing
activity of polymers that were not active at 5 or 10 N/P ratios
at increasing ratios up to 100 N/P. We limited the increase to
the point of indicated toxicity, i.e, viability reduction to less
than 0.75-fold (Supplementary Figure 5). Less than 0.5-fold
activity of these polymers in HeLa cells was obtained only by G
polyplex at 15 N/P ratio, alongside high toxicity. G polymeric
structure is included within our preferred structures of terminal
tertiary amine with additional secondary amine at the low rate
of 40%, and demonstrated low cellular internalization ability
at 5 N/P. Therefore, it is not surprising that this polyplex
demonstrated silencing activity at higher N/P ratios. While
evaluating the activity of the polyplexes on SKOV-3 cells, we
found that polyplexes C and G exhibited silencing activity at 15
N/P ratio, while E polyplex was active at the higher 25 N/P
ratio. Except for polyplex G evaluated on SKOV-3 cell line,
all other polyplexes that were active at the high N/P ratios
(15 N/P and more) were also toxic at the relevant concentrations. Other polyplexes were not active at any of the
observed N/P ratios, although possessing high toxicity,
demonstrating another limitation of high dosing of cationic
polymers: their potential toxicity. Polyplex H, with the lowest
zeta potential was not active neither toxic even at 100 N/P ratio
in both cell lines. To further evaluate the biological silencing
activity of polyplexes A−I, we have performed a transwell
migration assay on SKOV-3 cells using 20% FBS-containing
serum as incentive for migration and Rac1 siRNA as migration
inhibitor. Rac1 is a member of the Rho small GTPase proteins
family, and its role in cell motility in embryonic development
and tumor invasiveness is well established. Recently, its role in
epithelial-mesenchymal transition (EMT) toward migration
and metastasis of cancer cells was demonstrated, placing Rac1
as an attractive anticancer target.67,68 Inhibition of migration
was obtained following 48 h of treatment with A, B, F, and I
polyplexes composed of PGAamine and Rac1 siRNA, while
polyplexes containing eGFP control siRNA were unable to
inhibit cell migration (Figure 4b). Polyplexes C, D, E, G, and H
composed of PGAamine and Rac1 siRNA were unable to
inhibit serum-induced migration of SKOV-3 cells (Figure 4c,
Supplementary Figure 6). Inhibition of serum-induced migration of SKOV-3 cells is the result of downregulation of Rac1
mRNA induced by our PGAamine:Rac1 siRNA A, B, F, and I
polyplexes. These results ﬁt well with the results obtained from
the dual luciferase assay and ﬂow cytometry internalization analysis: polymers A, B, F and I induced siRNA cellular
internalization and downregulation of gene expression.
Evaluation of In Vivo Toxicity of PGAamine:Rac1
siRNA Polyplexes. Maximum tolerated dose (MTD) of A, B,
F, and I polyplexes was performed by evaluating the viability
of BALB/c mice following single i.v. injection (Table 2).

treated with polyplexes A−I for 72 h and evaluated for Rac1mRNA knockdown. No silencing activity (lower than 0.5-fold)
was exhibited by polyplexes C, D, E, G, and H at 5 N/P ratio in
both cell lines. Moderate silencing activity (more than 0.5-fold
silencing) was found with polyplexes A and F in HeLa cells and
with polyplexes A, B, F, and I in SKOV-3 cells, while high
silencing activity was obtained by polyplexes B and I (0.60- and
0.54-fold silencing at 250 nM concentration, 0.96- and 0.81-fold
silencing at 500 nM concentration, respectively) in HeLa cells.
Altogether, silencing pattern in both cell lines was similar, indicating the active polyplexes to be A, B, F, and I, apart from the
general higher silencing activity obtained in HeLa cells. These
results correlate with the internalization ability of the polyplexes.
Our ﬁndings certainly show that the limiting step to successful
silencing using our library of polyplexes was the ability to penetrate
into cells. To better evaluate the performance of our polyplexes,
we have used linear PEI and lipofectamine as positive control
nanocarriers for transfection. PEI was ﬁrst described as a promising polymeric vector based on eﬃcient in vitro and in vivo
gene delivery,46 but later ﬁndings revealed high toxicity
possessing an obstacle for further in vivo applications.65 Same
occurred with lipofectamine being an eﬃcient lipid-based
in vitro transfection reagent. HeLa and SKOV-3 cells were
treated with 50 nM of the commercial transfection reagents
jetPRIME and lipofectamine (marked PEI and lipo respectively
in Figure 4) for 72 h according to the manufacturer’s protocol.
As shown in Figure 4a, lipofectamine was eﬃcient but cytotoxic
(<60% cell viability), while HeLa cells responded well to the
PEI nanocarrier by silencing to almost 0.1 fold of the original
luciferase expression level. SKOV-3 cells, however, were less
sensitive to treatment with 50 nM siRNA carried by PEI.
Higher concentration (100 nM) was required in order to obtain
eﬀective silencing, but was accompanied by increased
cytotoxicity. Cell viability studies showed that the toxicity of
our PGAamine polyplexes was strongly related to the cellular
internalization ability and to a positive surface charge, with
some variability within the active polyplexes between the two
cell lines: while polyplex B displayed the highest activity in
HeLa cells, it was also the most toxic in this cell line (retained
only 0.33-fold viability at 500 nM); however, this toxicity was
not apparent in SKOV-3 cell line. Polyplex F that was not toxic
in HeLa cells demonstrated high toxicity in SKOV-3 cell line,
retaining only 0.46 viability at 500 nM concentration. Polyplex I
was toxic in both cell lines, retaining 0.65- and 0.35-fold
viability at 500 nM concentration in HeLa and SKOV-3 cells,
respectively. Polyplex A was slightly toxic in SKOV-3 cells
retaining 0.72-fold viability at 500 nM concentration and
nontoxic in HeLa cells. The nonactive polyplexes at 5 N/P ratio
were all nontoxic and retained more than 78% viability. The
high toxicity of the active polyplexes can be attributed to their
high positive charge (zeta potential of each was higher than
15 mV).66 It is well established that N/P ratios aﬀect the
silencing activity of cationic polyplexes.13,29,30 In our research,
we focused on N/P ratios of either 5 or 10, since these are the
most applicable ratios for our polymer based delivery system.
As we modiﬁed 100% of the functional pendent groups of the
PGA, each added amine unit means an additional monomer.
Higher N/P ratios, therefore, result in large amounts of
polymer administered only as a delivery vehicle. Clinically and
economically, this is an undesired scenario. We therefore
deﬁned polymers that were active at 5 or 10 N/P ratios as the
preferred polymers for silencing activity. Despite the aforementioned, the activity of our library of polyplexes at higher

Table 2. Maximum Tolerated Dose of Polyplexes A, B, F,
and I at N/P ratios of 5 (Polymers A, F, and I) or 10
(Polymer B) for in Vivo Treatments Injected i.v. to BALB/c
Mice at 400 μL/Mouse Dose
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polymer

siRNA dose [mg/kg]

polymer dose [mg/kg]

A
B
F
I

8
6
6
1

35.2
49.1
35.6
5.7
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The MTD of polyplex A was the highest: above 8 mg/kg;
polyplexes F and B were tolerated at above 6 mg/kg, and
polyplex I was the most toxic with MTD of 1 mg/kg.

■

CONCLUSIONS
PGAamine polymers prepared with various terminal amine side
chains were characterized for their physicochemical properties,
cellular internalization, in vitro activity, and toxicity. We found
that cellular internalization of the polyplexes correlated with
positive zeta potential, but not with polyplexe’s size. Two
structures of amine-side chains were preferred in terms of
cellular internalization and silencing activity: either linear alkyl
chain that terminates by primary amine or linear alkyl chain
that terminates by tertiary amine and bears secondary amine.
The silencing activity of PGAamine-siRNA polyplexes was
exclusively limited by the cellular uptake capability, since all
vastly internalized polyplexes demonstrated silencing activity,
while the nonactive polyplexes also did not internalize into
cells. Nevertheless, intracellular traﬃcking pathways and
endosomal escape capabilities are certainly modulators of the
extent of silencing activity. In vitro toxicity was highly aﬀected
by zeta potentials and varied between cell lines. Altogether, our
results present a guiding principle for the desired qualities of
cationic siRNA delivery platforms. Our active polymers have
demonstrated suitable MTD along with eﬃcient in vitro
silencing activity paving the way for further in vivo evaluation.
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