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Novel bioconjugates (Agm6-M-PEG-FA) for active oligonucleotide (ON) delivery have been developed by conjugating a cationic oligo-guanidyl star-like shaped “head” (Agm6-M) to a polymeric “tail” (PEG) terminating with
folic acid (FA) as targeting agent or methoxy group (Agm6-M-PEG-FA and Agm6-M-PEG-OCH3, respectively). Gel
electrophoresis showed that the bioconjugates completely associated with ONs at 3 nitrogen/phosphate (N/P)
ratio. Studies performed with folate receptor (FR)-overexpressing HeLa cells, showed that optimal cell up-take
was obtained with the 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA mixture. Dynamic light scattering and
transmission electron microscopy showed that the polyplexes had size < 80 nm with narrow polydispersity and
rod-shaped morphology. The polyplexes were stable for several hours in plasma while ON was released in the
presence of heparin concentration 16-times higher than the physiological one. The polyplexes displayed negligible cytotoxicity, hemolysis and low pro-inflammatory TNF-α release. Studies performed with FR-overexpressing HeLa and MDA-MB-231 cells using siRac1 revealed that the folated polyplexes caused significantly
higher gene silencing (86.1 ± 9.6%) and inhibition of cell migration (40%) than the non-folated polyplexes
obtained with Agm6-M-PEG-OCH3 only. Although cytofluorimetric analyses showed similar cell uptake for both
folated and non-folated polyplexes, confocal, TEM and competition studies showed that the folated polyplexes
were taken-up by lysosome escaping caveolin-mediated pathway with final polyplex localization within cytosol,
while non-folated polyplexes were preferentially taken-up via clathrin-mediated pathway to localize in the lysosomes. Finally, preliminary in vivo studies carried out in mice revealed that the folated polyplexes dispose in
the tumor mass.

1. Introduction
Therapeutic oligonucleotides (ONs) such as sequence-specific oligonucleotide (SSO), small interfering RNA (siRNA) and microRNA
(miRNA), offer unique therapeutic opportunities for the treatment of a
variety of diseases by regulating the gene expression in cells.
Nevertheless, the clinical translation of ONs suffers from their rapid
elimination by degradation and kidney ultrafiltration, low membrane
permeability, lack of target selectivity, and activation of innate immune
system, which result in poor bioavailability, high toxicity and low gene
knockdown [1–4].
In an attempt to overcome the hurdles limiting the therapeutic

exploitation of ONs, a variety of molecular and nanoscale delivery
strategies have been explored including chemical manipulations (i.e.
bioconjugation) [5,6] and physical combinations within natural carries
such as viral vectors, exosomes [7] or synthetic vectors [8–11].
Cationic vectors represent a broad class of materials, namely polymers, lipids, peptides and other supramolecular structures, which have
been successfully exploited for ONs delivery [12,13]. These carriers
easily form stable polyplexes by simple coulombic association with ONs
without chemical manipulations or complicate processes [14,15]. Furthermore, polycationic carriers can be properly designed to yield ON
protection from degrading enzymes and the immune system [16],
prolonged polyplex circulation in the bloodstream and extravasation-
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dependent accumulation into tissues with leaky vasculature such as
tumors [17]. Polycationic carriers have also been harnessed with targeting agents [18–22] to enhance cell selectivity and uptake through
endocytic mechanisms (i.e. clathrin, dynamin and caveolae-mediated
transport and macropinocytosis) [23,24]. For example, transferrin targeted cyclodextrin based nanocarrier is the first siRNA selective vector
approved for phase I clinical trial in human cancer treatment [25–27].
However, even though polycationic targeted and non-targeted ON
carriers yielded promising in vitro and in vivo cell transfection, little
clinical progresses have been achieved, mainly due to their intrinsic
toxicity, poor polyplex in vivo stability and insufficient target bioavailability [1,28–30]. For such reasons, these delivery systems mostly
remained at the preclinical investigational phase, with an unmet need
for more effective ON carriers with enhanced delivery profiles.
The results reported in the literature clearly show that the composition and architecture of the polycationic carriers dictate the biopharmaceutical features, stability, biocompatibility, pharmacokinetic
and biodistribution profiles and cell trafficking of polyplexes, and in
turn, their therapeutic performance [31,32].
In order to develop new polycationic architectures with enhanced
ON delivery properties, we designed a supramolecular ON carrier that,
according to evidence reported in the literature, combines structural
key elements for therapeutic applications. Unlike other supramolecular
ON carriers described in the literature, the bioconjugates presented
here possess a non-linear polycationic star-like shaped “head” where
guanidyl groups were conjugated to a small oligosaccharide, which was
further functionalized with a PEG “tail”. In order to bestow selective
cell bio-recognition, the carrier was upgraded with folic acid (FA) as
targeting agent model since it possesses high affinity for the folic acid
receptor (α-isoform of the FR, Kd ~ 0.1 nM) overexpressed by many
tumor cells [33–35]. Furthermore, β-isoform of the folate receptor can
promote the targeting of macrophages in tumors and inflamed tissues
[36]. Accordingly, these systems can be exploited to treat either tumors
or inflammatory diseases, such as arthritis.
A reproducible chemical protocol was set-up to produce bioconjugates with defined chemical structures. The physicochemical, biopharmaceutical and biological properties of polyplexes were characterized and the cell trafficking profiles were investigated in order to
elucidate the targeting mechanism. Furthermore, preliminary in vivo
studies were performed to evaluate their biodistribution.

ATCC (Manassas, VA, USA), unless otherwise indicated. Forty mM Tris,
20 mM acetic acid, 1 mM EDTA (TAE) electrophoresis buffer and all the
tissue culture reagents were purchased from Biological Industries Ltd.
(Beit Haemek, Israel).

2. Materials and methods

2.3. Polyplex preparation

2.1. Materials

Aliquots of ON stock solutions, siRac1 (22 pb, ~13 kDa) or siCtrl (22
pb, ~13 kDa) in 10 mM phosphate buffer, 0.15 M NaCl (PBS), were
added to Agm6-M-PEG-OCH3, Agm6-M-PEG-FA and Agm6-M-PEG-Cy3
solutions prepared in the same buffer to yield polyplexes with fixed
compositions, concentrations, and nitrogen/phosphate ratios (N/P).
The detailed description of polyplex preparation is reported in the SI.

2.2. Synthesis of bioconjugates: Agm6-M-PEG-OCH3, Agm6-M-PEG-FA and
Agm6-M-PEG-Cy3
The synthesis of (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoate-α-methoxy poly(ethylene glycol)5 kDa (Agm6-M-PEG-OCH3),
(agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoic acid (Agm6-MCOOH) was carried out according to a modified procedure reported in
the literature [37,38]. Briefly, the anomeric carbon of maltotriose (M)
was derivatized with amino-terminating hexanoic acid and the resulting Schiff base was stabilized by acetylation using acetic anhydride
to obtain M-COOH. The hydroxyl groups of M-COOH were derivatized
with acryloyl-agmatine by ATRP (Atom Transfer Radical Polymerization) reaction to obtain the polycationic hexa-guanidyl derivative
Agm6-M-COOH which was further derivatized with NH2-PEG-OCH3.
The synthesis of (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoate-poly(ethylene glycol)6 kDa-folate (Agm6-M-PEG-FA) was carried
out by adding 291.9 mg (1.88 mmol) of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 216.3 mg (1.88 mmol) of N-hydroxysuccinimide (NHS) to 5 mL of a 100 mg/mL (37.6 mM) solution of
Agm6-M-COOH in 1:2 v/v DMSO/100 mM morpholino-ethan-sulphonic
acid buffer (MES), pH 4.7. The solution was maintained under stirring
for 30 min and then added of 3 mL of a 314 mg/mL (52.3 mM) aminopoly-(ethylene glycol)6 kDa-folate (NH2-PEG-FA) [39] solution in 1:2 v/v
DMSO/100 mM MES, pH 4.7. The mixture was maintained under stirring for 72 h at room temperature and then dialyzed against deionized
water for 48 h using a 3.5–5.0 kDa MWCO dialysis membrane. The solution was lyophilized to obtain a dry yellow powder (780 mg,
0.092 mmol) with 55.2% molar yield. The NH2-PEG-FA conjugation
degree was calculated by normalizing the guanidine content determined by the Sakaguchi assay [40] for the PEG content determined
by the iodine assay [41] and was 96%.
The synthesis of (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoate-poly(ethylene glycol)6kDa-Cyanine3 (Agm6-M-PEG-Cy3) is described in the Supporting Information (SI), which resulted in 93%
conjugation yield.

Linear 5 kDa α-methoxy-ω-amino-poly(ethylene glycol) (mPEG5kDaNH2) and linear 6 kDa bis amino-poly(ethylene glycol) (NH2-PEG6kDaNH2) were obtained from Iris Biotech GmbH (Marktredwitz, Germany).
Cyanine-3-N-hydroxysuccinimde (Cy3-NHS) was supplied by
Lumiprobe GmbH (Hannover, Germany). Folic acid (FA), maltotriose,
N-hydroxysuccinimide (NHS), [1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride] (EDC), morpholino-ethan-sulphonic acid
buffer (MES), MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] were purchased from Sigma Aldrich (St. Louis, MO,
USA) or Merck (White House Station, NJ, US). [3H]-folic acid ([3H]FA)
sodium salt was purchased by American Radiolabeled Chemicals, Inc.
(St. Louis, MO, USA). Rac1 siRNA (siRac1), Cy5-labeled siRac1 (siRac1Cy5) were kindly supplied by QBI Enterprise (Ness Ziona, Israel).
Lipofectamine®2000 was obtained from Life Technologies, (Grand
Island, NY, USA). psiCHECK™ reporter assay was purchased from
Promega (Madison, Wisconsin, USA). ProLong Gold antifade with DAPI
mounting medium was purchased from Invitrogen (Eugene, OR, USA).
Organic solvents were purchased from Carlo Erba (Milan, Italy), VWR
International (Lutherworth, UK) and Sigma-Aldrich (St. Louis, MO,
USA). All the other reagents and salts were obtained from Fluka
Analytical or Sigma-Aldrich. The cell lines were purchased from the

2.4. Electrophoretic mobility shift assay (EMSA)
Polyplexes with different composition (0:100, 50:50, 75:25 and
100:0 w/w Agm6-M-PEG-OCH3/Agm6-M-PEG-FA ratio and 0.5, 1, 2, 3,
4 and 5 N/P molar ratio) were prepared by mixing 95 μL of 9, 18, 35,
53,
71,
88 μM
bioconjugate
concentration
(Agm6-M-PEGOCH3 + Agm6-M-PEG-FA) in 500 μL of PBS, pH 7.4, with 5 μL of 53 μM
siRac1 in the same buffer. Fifteen μL of these solutions were added to
5 μL of loading buffer and loaded into 2% agarose gel supplemented
with 10 μg/mL ethidium bromide in TAE buffer. The electrophoresis
analysis was performed using TAE as running buffer at 100 V for
15 min. The migrated siRNA was visualized under UV light.
2.5. Dynamic light scattering and zeta potential analysis
75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/
59
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P polyplex solutions in PBS, pH 7.4, (500 μg/mL polymer equivalent
concentration) were analyzed by dynamic light scattering (DLS) at
25 °C using a Malvern Zetasizer NanoZS (Malvern Instruments Ltd., UK)
supported by Zetasizer Software (version 6.12) to estimate the mean
size, polydispersity index (PDI) and zeta potential.

gently overlaid onto 15 mL lymphoprep™ (Ficoll) (Axis-Shield, Dundee
UK). The suspensions were centrifuged at 20 °C, 400 g for 40 min. The
upper layer was removed and the opaque-light human peripheral blood
mononuclear cells (hPBMCs) rings were collected and suspended in
50 mL of PBS supplemented with 2 mM EDTA. The suspension was
centrifuged at 200 g for 15 min at 20 °C. The supernatant was completely removed and hPBMCs were dispersed in RPMI 1640 growth
medium supplemented with 10% FBS, 2 mM l-Glutamine, 100 μg/mL
Streptomycin, 100 IU/mL Penicillin, 12.5 IU/mL Nystatin to yield
3.0 × 106 cells/mL.
hPBMCs (1.5 × 106 cells/well) were seeded in 12 well plates and
treated with 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3
and 5 N/P polyplexes (125, 250 and 500 nM siRac1-equivalent doses)
or 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA (0.08 mg/mL
polymer concentration) polymer mixture 3 and 5 N/P or siRac1. 4 μg/
mL of lipopolysaccharides (LPS) and PBS, were used as positive control
and negative control, respectively. After 12 h, the cells were centrifuged
at 800 g for 7 min and TNF-α cytokine secreted in the supernatant from
hPBMCs was estimated by using the DuoSet ELISA kit (DY210, R&D
Systems, Minnesota, USA) according to the protocol's manufacturer.

2.6. Transmission electron microscopy
75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/
P polyplex solutions in PBS, pH 7.4, (100 μg/mL polymer equivalent
concentration) were analyzed by transmission electron microscopy
(TEM). The samples were deposited on a small copper grid (400 mesh),
covered by “holey film” carbon layer and analyzed by negative staining
mode using 1% w/v uranyl acetate solution in milliQ water as contrast
agent.
2.7. Heparin-siRNA competition assay
Twenty μL of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/
siRac1 3 and 5 N/P polyplex solution (2.5 μM siRac1 equivalent concentration) were maintained at 37 °C for 6 h. After incubation, 5 μL of
polyplex solutions were added to 10 μL of RNase-free water or heparin
solutions in RNase-free water to yield final heparin concentrations in
the range of 0–15 IU/mL. The samples were incubated overnight at
37 °C and mixed with loading buffer. The samples were finally analyzed
by gel electrophoresis according to the procedure reported above.

2.11. Cell lines
Human cervical adenocarcinoma HeLa cells and human mammary
adenocarcinoma MDA-MB-231 cells were routinely cultured in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM l-glutamine, 100 IU/mL Penicillin,
100 μg/mL Streptomycin, and 12.5 IU/mL Nystatin. Cells were cultured
in folate-free RPMI (FF-RPMI), in order to avoid competition with FA in
the medium, supplemented with 10% fetal bovine serum (FBS), 2 mM lglutamine, 100 IU/mL Penicillin, 100 μg/mL Streptomycin, and
12.5 IU/mL Nystatin. The cells were incubated at 37 °C at 5% CO2.

2.8. Polyplex stability in plasma
Samples were prepared by adding 5 μL of 75:25 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/P polyplex solution (2.5 μM
siRac1-equivalent concentration) to 15 μL of whole mouse plasma. The
samples were incubated for 0, 0.5, 1, 3, 5, 8 and 24 h at 37 °C. At
scheduled times, 10 μL of samples were added of 5 μL of ultrapure water
or 90 IU/mL heparin in water and incubated at for 15 min at 37 °C. The
samples were added of 5 μL of loading buffer and loaded on 2% agarose
gel supplemented with 5 μL of a 0.7 mg/mL ethidium bromide solution
in TAE buffer. The gel electrophoresis analysis was performed as reported above.

2.12. Dual luciferase reporter assay
HeLa cells (1 × 106 cells/well) were cultured overnight in a 10 cm
Petri dish. The cells were then transfected with 4 μg Rac1-psiCHECK™2-based plasmids reporter assay (Promega Madison, Wisconsin, US)
using 4 μL of Lipofectamine® (Life Technologies, Grand Island, NY) as
described by Polyak et al. [42]. Following 5 h incubation, 2.5 × 103
transfected HeLa cells/well were seeded in 96-wells plate and incubated
overnight. Then, the medium was removed and the cells were treated
with 100:0, 75:25, 50:50 and 0:100 w/w Agm6-M-PEG-OCH3:Agm6-MPEG-FA/siRac1 and Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl 3 and
5 N/P polyplexes (125, 250 and 500 nM siRac1 and siCtrl equivalent) in
medium supplemented with 10% FBS. siRac1 and siCtrl (50 nM) complexed with Lipofectamine® and siRac1 and siCtrl (125, 250 and
500 nM) were used as controls. Lipofectamine® was used as described in
the manufacturing protocol. After 72 h incubation, the cells were lysed
using a lysis buffer (Promega, Wisconsin, US). Renilla luciferase and
Firefly luciferase levels were evaluated using Dual-Luciferase® Assay kit
(Promega, Wisconsin, US) according to the manufacturer procedure.
The results were normalized to untreated cells (controls).
MDA-MB-231 cells (1 × 106 cells/well) in FF-RPMI medium supplemented with 10% FBS were transfected with 4 μg Rac1-psiCHECK™2-based plasmids and treated as reported with siRac1, siCtrl, Agm6-MPEG-OCH3/siRac1 or 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/
siRac1, 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl 3 N/P
or Agm6-M-PEG-OCH3/siCtrl polyplex solutions (125, 250, 500 nM
siRNA concentration).

2.9. Hemolysis assay
Mouse blood (2 mL) was centrifuged at 1100 rpm for 5 min at 4 °C
and the supernatant was removed. The sedimented red blood cells
(RBCs) were washed 3 times with 40 mL of 0.15 M NaCl in ultra-pure
water and centrifuged. The pellet containing RBCs was dispersed in PBS
at a final concentration of 2% w/w. Samples were prepared by adding
75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/P
polyplexes to the cell suspension to yield 0.0001-1.0 mg/mL range of
polymer concentrations and incubated at 37 °C for 1 h. Control samples
were prepared by adding serial dilutions of sodium dodecyl sulfate
(SDS) or 70 kDa dextran (0.0001-1.0 mg/mL) to the RBC suspension.
The samples were centrifuged at 1100 rpm for 5 min and 100 μL of the
supernatants were plated into a 96-well plate and spectrophotometrically analyzed at 550 nm using SpectraMax® M5e plate
reader (Molecular Devices LLC., Sunnyvale, CA, USA). The hemolysis
degree was calculated according to the absorbance readings normalized
to that obtained for RBC treatment with 1% v/v of Triton X-100 solution (100% hemolysis).
2.10. TNF-α cytokine releases from human peripheral blood mononuclear
cells

2.13. Cell viability studies

Leukocyte enriched whole blood (50 mL) from human healthy donors (Sheba Medical Center Blood Bank, Ramat Gan, Israel) was diluted
to 215 mL with PBS supplemented with 2 mM EDTA. The solution was

HeLa and MDA-MB-231 cells were seeded in 96 well plate
(2.5 × 103 cells/well) in DMEM supplemented with 10% FBS and FFRPMI supplemented with 10% FBS, respectively. After 24 h incubation,
60
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the medium was removed and the cells were treated with 100:0, 75:25,
50:50 and 0:100 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 and
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl 3 and 5 N/P polyplexes
(125, 250 and 500 nM siRac1 and siCtrl equivalent) in medium supplemented with 10% FBS. siRac1 and siCtrl (50 nM) complexed with
Lipofectamine® were used as positive controls. siRac1 and siCtrl (250
and 500 nM) were used as negative controls. After 72 h incubation with
the polyplexes, the cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bromide (MTT) assay
[43]. The results were normalized to untreated cells (controls).

FA were added to each well and the cells were incubated for further 3 h.
Then, the medium was removed, and the cells were washed, harvested
and centrifuged at 1200 rpm for 5 min. The pellets were washed 3 times
with 300 μL of PBS, pH 7.4, and lysed overnight by with 0.5 N NaOH.
The samples were then neutralized with 0.5 N HCl. After 30 min, 600 μL
of the suspension was added to 3 mL of scintillation fluid. The amount
of bound FA was determined by radioactivity emission (Tri-Carb®
2100TR liquid scintillation counter, Waltham, MA, USA).

3. Cell migration assay

MDA-MB-231 cells (8.0 × 104 cell/well) in FF-RPMI medium were
seeded in a 24 well plate on 12 mm cover slips. After 24 h incubation,
the cells were treated with Agm6-M-PEG-OCH3/siRac1-Cy5 and 75:25
w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1-Cy5 3 N/P polyplex
solutions (200 nM siRac1-Cy5 equivalent). After 3 h incubation, the
cells were washed 3 times with 250 μL of PBS, pH 7.4, and fixed with
500 μL of 4% v/v paraformaldehyde for 20 min in ice bath. Membrane
permeabilization was performed by incubating cells with 0.25% v/v
Triton X-100 solution in PBS for 10 min.
The permeabilized cells were blocked for 30 min with normal mouse
and normal rabbit (Santa Cruz, Heidelberg, Germany) antibodies diluted in PBS supplemented with 2% BSA.
Staining of early endosomes and lysosomes was performed with
mouse anti-EEA1 (Early endosomes Antigen 1, BD, New Jersey, US) and
rabbit anti-LAMP1 (Lysosomal-associated membrane protein 1, Cell
Signaling Technology, Massachusetts, US) antibodies diluted 1:100 in
PBS supplemented with 2% BSA for 1 h at RT. The cells were then
washed 3 times with 250 μL of PBS, pH 7.4, supplemented with 50% w/
w FBS and 3 times with 250 μL of PBS, pH 7.4. The cells were then
incubated for 30 min goat anti-mouse-rhodamine and goat anti-rabbitAlexaFluor 488 secondary antibodies (Santa Cruz, Heidelberg,
Germany) diluted 1:100 in PBS supplemented with 2% BSA.
Staining of caveolae and clathrin was performed using the mouse
anti-Caveolin-1 and the rabbit anti-Clathrin heavy chain antibodies
diluted 1:100 in PBS supplemented with 2% BSA (Abcam, Cambridge,
UK) for 1 h. The cells were then washed and incubated for 30 min with
the goat anti mouse-rhodamine and goat anti rabbit-AlexaFluor 488
(Santa Cruz, Heidelberg, Germany) diluted 1:100 in PBS supplemented
with 2% BSA.
The glass slides were washed 3 times with PBS, pH 7.4, mounted on
microscope slides using the ProLong™ Gold antifade reagent with DAPI
(Invitrogen, Carlsbad, CA, USA) and analyzed using a Leica SP8 confocal imaging system (60 × Magnification). Lasers with emission wavelengths at 405, 525, 583 and 666 nm were used to detect DAPI,
AlexaFluor 488, Rhodamine and siRac1-Cy5, respectively.
Representative images of each dye were captured, and the images were
processed with ImageJ version 1.51 g software. Cells treated with secondary antibodies only were used as control.

3.4. Immunofluorescence analysis

MDA-MB-231 cells (7.0 × 104 cells/well) were seeded in a 96-well
plate and incubated for 24 h FF-RPMI medium supplemented with 10%
FBS. A scratch was made in each well using the IncuCyte® WoundMaker
(Essen BioScience, Inc.,Michigan, USA). The cells were then treated
with 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1, 75:25
w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl, Agm6-M-PEG-OCH3/
siRac1 and Agm6-M-PEG-OCH3/siCtrl, 3 N/P polyplexes (250 nM siRNA
equivalent) in medium supplemented with 10% FBS. Cells treated with
siRac1 or siCtrl or PBS only were used as controls. The plates were
placed in the IncuCyte® ZOOM incubator and images were taken at
scheduled times. After 12 h of incubation with the polyplexes, the
Relative Wound Density was calculated using IncuCyte®Software and
the images were analyzed using ImageJ version 1.51 g software.
3.1. Confocal microscopy studies
MDA-MB-231 cells (8 × 104 cell/well) in FF-RPMI medium were
seeded in 24 well plates with 12 mm cover slips and incubated for 24 h.
The cells were treated for 24 h with 99:1 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-Cy3/siRac1-Cy5 and 74:25:1 w/w/w Agm6-MPEG-OCH3:Agm6-M-PEG-FA:Agm6-M-PEG-Cy3/siRac1-Cy5 3 N/P polyplexes (125 nM siRNA equivalent) in medium containing 10% FBS.
Then, the cells were washed, and fixed with 4% v/v paraformaldehyde,
for 20 min in an ice bath. Cover glasses were mounted on microscope
slides using the ProLong™ Gold antifade reagent with DAPI (Invitrogen,
Carlsbad, CA, USA) and analyzed using a Leica SP8 confocal imaging
system (60 × Magnification). Lasers with emission wavelengths at 405,
568 and 666 nm were used to detect DAPI, Agm6-M-PEG-Cy3 and
siRac1-Cy5, respectively. The images were processed with ImageJ
version 1.51 g software.
3.2. Cell uptake of polyplexes on MDA-MB-231
MDA-MB-231 cells (1.5 × 106 cells/well) in FF-RPMI supplemented
with 10% FBS were seeded in a 6 well plate and incubated for 24 h. The
cells were then treated with 99:1 w/w Agm6-M-PEG-OCH3:Agm6-MPEG-Cy3/siRac1 and 74:25:1 w/w Agm6-M-PEG-OCH3:Agm6-M-PEGFA:Agm6-M-PEG-Cy3/siRac1 3 N/P polyplexes (125 nM siRac1-equivalent). After 0.08, 0.5, 1, 3, 6 and 24 h incubation with the polyplexes in
full medium supplemented with 10% FBS, the cells were washed, harvested and centrifuged at 1100 rpm for 5 min at 4 °C. The pellets were
re-suspended in PBS, pH 7.4, supplemented with 2% FBS and the
samples were analyzed by ImageStream multispectral imaging flow
cytometer (Amnis Corp., Seattle, WA).

3.5. Live cell imaging for intracellular polyplex colocalization with
lysosomes
MDA-MB-231 cells were treated with Agm6-M-PEG-OCH3/siRac1Cy5 and 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1-Cy5
at N/P ratio of 3 and 125 nM siRNA concentration. After 2.5 h,
Lyostracker Green (Invitrogen) and Hoechst 33342 (Invitrogen) at a
concentration of 2.5 μg/ml and 100 nM, respectively, were added and
the cells were incubated for additional 30 min. Then, cells were washed
twice with PBS and imaged using Leica SP8 confocal imaging systems
(X63 Magnification) (Leica Microsystems, Wetzlar Germany).

3.3. Folate competition study
MDA-MB-231 cells (1 × 106 cells/well) in 500 μL of FF-RPMI were
seeded in 24 well plate and treated with folic acid (FA), 95:5, 90:10,
75:25, 50:50, 0:100 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1
3 N/P polyplex solutions (2 μM of FA-equivalent dose). Similarly, cells
were treated with Agm6-M-PEG-OCH3/siRac1 3 N/P polyplex solution
(1.0 mg/mL carrier concentration). After 3 h incubation, 10 μL of [3H]

3.6. TEM analysis of MDA-MB-231 cells in presence of polyplexes
MDA-MB-231 cells (3 × 105 cells/well) were seeded in 12 well
plates and grow for 24 h. The cells were then treated with Agm6-M61
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PEG-OCH3/siRac1 and 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEGFA/siRac1 3 N/P polyplex solutions (200 nM siRac1 equivalent). After
3 h, the medium was removed, and the cells were washed three times
with PBS. The cells were fixed with 0.1 M sodium cacodylate buffer
supplemented with 2.5% w/v glutaraldehyde for 1 h at 4 °C. Then, the
fixed cells were treated using 1% w/v osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h, dehydrated using ethanol and embedded in fresh EPON resin. Ultrathin sections of the samples were cut
and observed with a Tecnai G2 Transmission Electron Microscope (FEI,
Oregon, USA). The size of vesicles was evaluated using ImageJ version
1.51 g software.

in 0.5 M D-sucrose solution for 1 h and moved to 1 M D-sucrose solution
for the overnight. The tumors were embedded in OCT (Scigen Inc.,
Gardena, CA, USA) on dry ice and stored at −80 °C.
Immunohistochemistry of intramammary tumor was performed using
5 μm thick OCT frozen tissue sections. Staining was performed using the
BOND RX autostainer (Leica Biosystems, Wetzlar, Germany). Frozen
tumor sections were stained for blood vessels using rat anti-mouse
CD31 antibodies (BD biosciences, Caesarea, Israel) diluted 1:25, and
goat anti-rat-Alexa-488 secondary antibodies for immunofluorescence
(Jackson ImmunoResearch, West Grove, PA, USA) diluted 1:300 with
PBS.
The tissues were fixed and mounted on microscope slide, and the
nuclei were counterstained with ProLong™ Gold antifade reagent with
DAPI (Invitrogen, Carlsbad, CA, USA). Fluorescence images were captured using a fluorescence microscope (Evos FL Auto, Life
Technologies) at 10× and 40× magnification. Lasers with emission
wavelengths at 405, 525 and 555 nm were used to detect DAPI, Alexa488 and -Cy3 labeled polyplexes. Untreated tumor was used as control.

3.7. Animals and ethics statement
All animal procedures were performed in compliance with Tel Aviv
University guidelines approved by the Institutional Animal Care and
Use Committee (IACUC).
3.8. Tumor cell inoculation

3.12. Statistical analysis

Athymic 7-week-old nu/nu nude mice (Envigo Ltd., Rehovot, Israel)
were anesthetized using ketamine (100 mg/kg) and xylazine (12 mg/
kg) and intra-mammary inoculated with MDA-MB-231 tumor cells
(2.0 × 106 cells in 100 μL). The mice body weight and tumor growth
were monitored twice a week using a caliper. After 21 days, mice developing circa 100 mm3 tumor were included in the in vivo experiments.

All the experiments were performed in triplicate, unless otherwise
stated. Values are given as means ± SD. Two-way ANOVA tests were
used where appropriate. * p < 0.05, ** p < 0.01 or *** p < 0.001
were considered to be statistically significant.
4. Results and discussion

3.9. Maximum tolerated dose (MTD)

4.1. Synthesis and characterization of ON carriers

MDA-MB-231 tumor bearing nu/nu nude mice were daily treated
for 3 days by intravenous (i.v.) injection of 100 μL Agm6-M-PEGOCH3:siRac1 or 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/
siRac1 3 N/P polyplex solutions (1, 2, 4 and 6 mg/kg siRac1 equivalent
doses). Mice were monitored and weighed for 1 month.

The novel supramolecular bioconjugates developed for ON delivery
were designed according to the evidence reported in the literature
showing that polycationic cyclic architectures containing 6 guanidyl
groups efficiently associate with ONs [44], and di-block macromolecules terminating with a few guanidyl groups are less toxic and
display higher transfection activity than linear macromolecules with
cations distributed along a polymeric backbone [45]. PEG was introduced in the bioconjugate structure to enhance the solubility of the
bioconjugates and bestow stealth properties to the carrier, a requisite
for intravenous administration of colloidal drug delivery systems [46].
Furthermore, PEG can be easily end-functionalized with a variety of
targeting agents endowing systems with bioselectivity.
Accordingly, we synthesized di-block bioconjugates formed by: 1.
an oligo-cationic star-like shaped “head” (Agm6-M-COOH) containing 6
guanidyl moieties (agmatines, Agm) attached to the hydroxyl groups of
a small oligosaccharide (maltotriose, M); 2. a polymeric “tail” (PEG)
conjugated to the anomeric carbon of maltotriose through a short alkyl
chain; 3. a terminal-PEG function, methoxyl group (OCH3), folic acid
(FA) or Cyanine 3, to produce non-targeted, targeted and fluorescent
bioconjugates, respectively. The structures of the polycationic bioconjugates are described in Scheme 1.
According to the peculiar reactivity of the anomeric carbon of sugars, maltotriose was first derivatized with aminohexanoic acid to obtain M-COOH, which was stabilized by reaction with acetic anhydride.
This carboxyl function was used as anchoring group to conjugate the
NH2-PEG-X moiety, which could not be straightforward attached to the
anomeric carbon. The hydroxyl groups of M-COOH were derivatized
with of 2-bromo-isobutyryl-bromide and acryloyl-agmatine by ATRP
reaction to introduce guanidyl groups into the oligosaccharide.
The star-like oligo-guanidyl “head” (Agm6-M-COOH) was functionalized with NH2-PEG-OCH3 to yield the non-targeted Agm6-M-PEGOCH3 described in Scheme 1A.
The folated bioconjugate Agm6-M-PEG-FA described in Scheme 1B
was obtained by NH2-PEG-FA conjugation to Agm6-M-COOH (Scheme
ISI) to target folate receptor (FR) overexpressing tumor cells
[33,47,48].

3.10. Tumor accumulation of siRac1-polyplexes
Tumor bearing nu/nu nude mice were daily treated for 3 days by i.v.
injection of 100 μL of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/
siRac1, 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl 3 N/P
polyplexes (4 mg/kg siRNA equivalent dose). On day 4, the animals
were euthanized, and the tumors were collected, weighed and homogenized. The RNA was isolated using EZ-RNA II total RNA isolation kit
(Biological industries) following the manufacturer's protocol.
The isolated RNA was then converted to cDNA using EZ-first strand
cDNA synthesis kit for RT-PCR (Biological industries).
Finally, target genes expression levels were assessed by SYBR green
real time PCR (Fast SYBRTM green Master Mix, Applied Biosystems;
StepOne plus, Life Technologies).
3.11. Biodistribution of folated polyplexes and histological studies
Tumor-bearing nu/nu nude mice were injected intravenously with
100 μL of 60:25:15 w/w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA:Agm6M-PEG-Cy3/siRac1 3 N/P polyplex solutions (4 mg/kg equivalent
siRNA dose). After 0.5, 3 and 6 h, the mice were euthanized, and tumor,
spleen, liver, lungs, heart and kidneys were collected and analyzed by
CRI Maestro™ fluorescence imaging system. Multispectral image-cubes
were used through 500–720 nm spectral range in 10 nm steps using
excitation (554 nm) and emission (568 nm) filter set. The organ autofluorescence and background signals were eliminated by spectral analysis and linear un-mixing algorithm. A quantitative analysis of the
fluorescence intensity was carried out using the Maestro software and
the intensity measurements were normalized according to the tumor/
organ size.
The tumors were fixed in 4% paraformaldehyde for 3 h, maintained
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Scheme 1. Chemical structure of star-like polymers: A. (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoate-α-methoxy poly(ethylene glycol)5kDa (Agm6-M-PEGOCH3); B. (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoate-poly(ethylene glycol)6kDa-folate (Agm6-M-PEG-FA); C. (agmatinyl)6-maltotriosyl-N-acetyl-aminohexanoate-poly(ethylene glycol)6kDa-Cyanine3 (Agm6-M-PEG-Cy3).

The fluorescent bioconjugate Agm6-M-PEG-Cy3 shown in Fig. 1C
was synthesized to track polyplexes in biological studies. This bioconjugate was obtained by Agm6-M-COOH reaction with high excess of
NH2-PEG-NH2 to avoid crosslinking and the resulting Agm6-M-PEGNH2 was reacted with Cyanine-3-NHS (Cy3-NHS).
In order to enhance the exposure of the targeting agent on the
surface of polyplexes formed by Agm6-M-PEG-OCH3:Agm6-M-PEG-FA
mixtures, the bioconjugates were obtained using PEGs with different
chain length [49]. Agm6-M-PEG-OCH3 was obtained by using 5 kDa
PEG while Agm6-M-PEG-FA were obtained with 6 kDa PEG, that should
favor the recognition of FR on the cell surface.

the gel electrophoresis profile of siRac1 associated with 75:25 w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA at increasing N/P ratio.
The gene knockdown and cell toxicity studies of the polyplexes were
carried out using Rac1-psiCHECK™ reporter vector transfected into
HeLa cells according to the method described by Polyak et al. [42]. In a
preliminary screening (Figure 1SI), this cell line was shown to overexpress the FR. Rac1-psiCHECK®-2 exploits cells transfected with two
gene reporters expressing fluorescent proteins: Renilla luciferase and
Firefly luciferase. The gene reporter of Renilla luciferase is fused with
siRac1. Therefore, the Rac1 silencing silences the Renilla luciferase expression while the expression of Firefly luciferase is not affected by
siRac1, and for such a reason is used for normalization of the luminescence signal. Non-formulated siRac1 and scrambled siRNA (siCtrl),
which does not affect the Rac1 silencing, were used as siRNA reference.
Commercial Lipofectamine® (L) was used as carrier reference.
The gene silencing of the siRac1 formulations was calculated with
respect to that obtained with the siCtrl counterparts. The results summarized in Fig. 1B (full screening data in Figure 2SI) show that all folated polyplexes compositions containing siRac1, regardless the Agm6M-PEG-OCH3:Agm6-M-PEG-FA and N/P ratios, yielded dose dependent
gene silencing. Maximal silencing was obtained with 250 nM siRac1
while no silencing improvement was obtained with higher doses of
siRac1 (Figure 2SI). Furthermore, the gene silencing obtained with the
folated polyplexes was significantly higher compared to non-folated
polyplexes, polyplexes containing siCtrl (Figure 2SI) or non-formulated
siRac1. At 250 nM siRac1 dose, 75:25 w/w Agm6-M-PEG-OCH3:Agm6M-PEG-FA/siRac1 3 N/P yielded about 80% silencing compared to
equivalent siRNA doses of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-MPEG-FA/siCtrl 3 N/P and non-formulated siRac1. Interestingly, the
polyplex with lower content of folated bioconjugate (75:25 w/w Agm6-

4.2. Polyplex composition selection
The optimization of the polyplex composition, namely Agm6-MPEG-OCH3:Agm6-M-PEG-FA and N/P ratios, was achieved by ON
complexation, gene silencing and cytotoxicity studies performed with
polyplexes with different compositions (0:100, 50:50, 75:25 and 100:0
w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA and 0–5 N/P). siRac1 was
used as model ON because this siRNA silences the expression of Rac1, a
protein member of GTPase of Rho family overexpressed in many cancer
cells that promotes cell migration, adhesion, invasion and finally metastasis [50]. Importantly, siRac1 possesses only cytostatic activity,
which facilitates the evaluation of gene silencing of the polyplexes with
respect to their cytotoxicity.
The gel electrophoresis mobility shift assay (EMSA) showed that all
the tested carrier compositions displayed identical association profiles,
with complete association at 3 N/P ratio, indicating that the negative
charge of FA in the Agm6-M-PEG-FA structure does not interfere with
the association of the polyanionic siRNA. As an example, Fig. 1 reports
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Fig. 1. A. Agarose gel electrophoresis profiles obtained with 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 at increasing N/P ratio (0–5). B. Rac1 silencing
(siRac1/siCtrl silencing %) performed on HeLa cells with different Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 compositions C. MTT assay of polyplexes with
different Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 compositions.
3 N/P ratio (■); 5 N/P ratio (■). Lipofectamine®/siRac1 (L, □) and unformulated siRac1( ) were used as control positive and negative control, respectively. 0% FA
(100:0 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1); 25% FA (75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1), 50% FA (50:50 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-FA/siRac1) and 100% FA (0:100 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1).

M-PEG-OCH3:Agm6-M-PEG-FA) showed the highest activity indicating
that gene silencing did not require high folate density in the ON carrier.
This result is in agreement with evidence reported in the literature
demonstrating that high folate density on a nanocarrier surface may
yield FA residues dimerization, which starves the nanocarriers from cell
biorecognition and uptake [51–54].
The results reported in Fig. 1C show that the 3 N/P polyplexes
possessed negligible cytotoxicity, while the 5 N/P polyplexes displayed
higher cytotoxicity compared to the 3 N/P polyplexes. As expected, the
positive control (Lipofectamine®/siRac1 polyplexes) was highly active
at a low ON dose (50 nM) but it displayed high cytotoxicity.
According to EMSA data showing that the siRNA association was not
affected by the carrier composition and the evidence that high density
of FA did not improve significantly the gene silencing, the carrier
containing 25% of folated conjugate (75:25 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-FA) was selected for further biological studies. The
3 and 5 N/P ratios were also selected because they represent formulations corresponding to the N/P association threshold and formulation
above the N/P association threshold, respectively.

which is a requisite for prolonged circulation in the bloodstream and
passive accumulation in solid tumors by EPR effect [55–57]. Interestingly, despite the excess of guanidyl groups with respect to the phosphate groups, the 3 and 5 N/P polyplexes displayed only slight positive
ζ-potentials: +3.0 mV and + 5.3, respectively. This result seems to
indicate that PEG shields the positive charges of the polyplex confirming the hypothesis that the oligo-cationic “head” is in the core of
the polyplexes while the polymer “tail” is exposed forming a surface
corona.
Interestingly, the transmission electron microscopy (TEM) analyses
showed that the polyplexes possessed unusual rod-shape morphology
compared to the spherical structures of polyplexes described in the
literature. It is worth to note that also Lipofectamine® based polyplexes
used as reference in the following biological studies form spherical
structures. The nano-rods obtained at 3 and 5 N/P ratios with the novel
bioconjugates possessed different aspect ratio, 3.3 ± 0.9 and
5.6 ± 1.2, respectively suggesting that the structure of the polyplexes
depends on the ON/polymer ratio. These results are in agreement with
those obtained with non-folated polyplexes composed of Agm6-M-PEGOCH3. Previous in silico studies showed in fact that the rod-shaped
structures result from the decrease of the coulombic repulsion between
the charged constituents of a large super-complex of many dsDNA assemblies. Calorimetric studies showed that the ON association with the
polymer involves different enthalpic and entropic phenomena depending on the ON/polymer ratio [37].
The gel electrophoresis images reported in Fig. 3A and B show that
the 3 and 5 N/P polyplexes in buffer were stable in the presence of

4.3. Biophysical and biopharmaceutical properties of the polyplexes
The DLS profiles reported in Fig. 2A and C show that siRac1 associated with 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA to form
nanosized polyplexes with narrow distribution size. The 3 and 5 N/P
polyplexes had 73.16 ± 9.11 (PDI 0.312) and 66.05 ± 7.98 nm (PDI
0.268) “sphere equivalent hydrodynamic diameters”, respectively,
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Fig. 2. DLS size distribution of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/ON 3 and 5 N/P polyplexes (Fig. 2A and C, respectively). TEM images of 75:25 w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA(ON 3 and 5 N/P polyplexes (Fig. 2B and D, respectively).

physiological concentrations of heparin (first raw), an anionic polymer
that can compete with the ON for the association with the carrier.
Polyplex dissociation was obtained only above 2.5 IU/mL heparin,
which is 16-times higher concentration than the physiological value
(0.15 IU/mL) [58].
The images reported in Fig. 3C and D show that the 3 and 5 N/P
polyplexes are stable in plasma at least for 8 h and 24 h, respectively.
The higher stability of the 5 N/P polyplex is in agreement with a shift of
the association equilibrium towards the associated species in the presence of an excess of complexing bioconjugate. The polyplex incubation
with plasma followed by siRNA displacement with heparin yielded
band of siRNA that correspond to the double stranded ON, as it has the
same migration shift of the native free duplex (Figure 3SI). Accordingly,
both polyplexes are expected to be stable in the bloodstream during the
biodistribution process, which takes place in a few hours, and in the
extracellular matrix (ECM) of the tumor tissue before being taken-up by
the cells [59].

4.4. Biocompatibility of polyplexes
The 75:25 w/w Agm6-M-PEG-OCH3/Agm6-M-PEG-FA/siRac1 3 and
5 N/P polyplexes displayed low hemolysis and negligible pro-inflammatory activity due to the immunoresponse, which are usually the
main drawbacks for exploitation of these therapeutic systems [60–62].
The results reported in Fig. 4A show that, similarly to dextran
(negative control), the polyplexes incubated with mouse red blood cells
(RBC) elicited negligible hemolysis, even at high concentrations, while
SDS (positive control) induced high hemolysis. Fig. 4B shows that undetectable TNF-α (early indicator of inflammatory process) release was
observed by human peripheral blood monocyte cells (hPBMCs) incubation with 125 and 250 nM siRac1 dose equivalent polyplexes. Even
at very high polyplex doses (500 nM siRac1-equivalent) the TNF-α release was remarkably lower than that observed with the positive control LPS. Very high doses of polyplexes showed also that the 3 N/P ratio
polyplexes were slightly less immunostimulating than the 5 N/P ones,
while the carrier alone was more immunostimulating than the

Fig. 3. Heparin displacement assay with 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/P polyplexes, (Fig. 3A and B, respectively). Plasma
stability of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 and 5 N/P polyplexes (Fig. 3C and D, respectively).
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Fig. 4. A. Hemolysis test of 75:25 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-FA/siRac1 at 3 (green line) and
5 (blue line) N/P polyplexes tested at increasing
concentrations. Dextran (orange line) and sodium
dodecyl sulfate (SDS) (brown line) were used as negative and positive control, respectively. B. TNF-α
cytokine secretion from human peripheral blood
mononuclear cells after 12 h incubation with 75:25
w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1
polyplexes at 3 ( ) and 5 ( ) N/P. 75:25 w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA polymer mixtures were tested at 3 ( ) and 5 ( ) N/P polymer
equivalent dose, respectively. The cells were treated
with 125 or 250 nM of siRNA equivalent doses.
siRac1 alone was tested at 250 nM ( ).
Lipopolysaccharides were used as positive control
( ). Untreated cells were used as reference. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

corresponding polyplexes (Figure 4SI).
The slightly higher hemolytic and immunostimulating effect of 5 N/
P polyplexes compared to the 3 N/P ones is probably due to the presence of non-complexed bioconjugate, which has been found to be less
biocompatible when it is not complexed with ON. This is also in
agreement with the literature reporting that free polycationic macromolecules used for ON delivery may be responsible of poor biocompatibility of drug delivery systems [63].
Notably, the biocompatibility study showed that the polyplexes induced limited hemolysis and TNF-α release even at higher concentrations than those expected to be administered in vivo [64].
According to these results and the evidence reported above indicating that the 3 N/P polyplexes are less cytotoxic than the 5 N/P
polyplexes, 3 N/P ratio was selected for the biological investigations.

dependent behaviour in the two cell lines: at siRac1 dose of 125 nM, the
folated and non-folated polyplexes yielded about 45% and 5% gene
silencing, respectively, while at 250 nM the gene silencing was 77.6%
and 46.8%, respectively. In the case of HeLa cells, Lipofectamine®/
siRac1 polyplexes elicited high gene silencing at very low siRac1 dose
(97.5 ± 1.2% at 50 nM), which is in agreement with the high transfection properties of this carrier. Surprisingly, in the case of MDA-MB231 cells Lipofectamine®/siRac1 did not yield gene silencing. This unexpected results are in agreement with data reported in the literature
and could be ascribable to the lower endocytic activity of MDA-MB-231
compared to HeLa resulting in lower transfection [65,66].
The results reported in Fig. 5C and D confirm the low polyplex cytotoxicity (> 85% cell viability) observed in the preliminary studies
and the high cytotoxicity of Lipofectamine® (70.6% cell viability) even
at the low amount used in the assay.
The cell migration images of MDA-MB-231 scratched cell cultures
reported in Fig. 5E show the cell mobility inhibition induced by siRac1.
The data reported in Fig. 5F show that after 12 h incubation, the folated
and the non-folated polyplexes inhibited the cell migration by about
40% and 10%, respectively, while the non-formulated siRac1 did not
inhibit the cell migration. The results obtained with the non-folated
polyplexes were similar to those obtained with folated and non-folated
polyplexes containing siCtrl (Figure 5SI).

4.5. Bioactivity of polyplexes
Cell transfection and trafficking of 75:25 w/w Agm6-M-PEG-OCH3/
Agm6-M-PEG-FA/siRac1 3 N/P polyplexes were investigated using
HeLa and MDA-MB-231cell lines transfected with Rac1-psiCHECK™
reporter vector (Figure 1SI). MDA-MB-231 cells were used in addition
to HeLa cells because they represent a suitable model to evaluate the
efficacy of siRac1 in breast cancer progression. Furthermore, these cells
express higher number of FR and display lower phagocytic activity than
HeLa cells allowing for better evaluation of the silencing effect of
polyplexes on cell migration and their cell uptake.
The results reported in Fig. 5A and B show that the 75:25 w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 polyplexes induced higher
gene silencing than the Agm6-M-PEG-OCH3/siRac1 polyplexes while in
the case of both folated and non-folated formulations containing
scrambled siRNA (siCtrl) gene silencing was very low. To note that a
non-specific silencing was also observed in the case of Lipofectamine®,
suggesting that this effect could be attributable to off-target effect of
siCtrl. The folated polyplexes containing siRac1 showed similar dose-

4.6. Folated and non-folated polyplexes display similar cellular uptake but
different intracellular trafficking
The mechanism of cell uptake and trafficking were studied using
MDA-MB-231 cells incubated with folated and non-folated polyplexes
double labeled with fluorescent Agm6-M-PEG-Cy3 and siRac1-Cy5.
Surprisingly, the confocal images reported in Fig. 6A and B show
that folated and non-folated polyplexes yield fluorescent spots in the
cytosol indicating that both of them were remarkably taken-up by the
cells. The Agm6-M-PEG-Cy3 and siRac1-Cy5 signals overlapped
66

Journal of Controlled Release 310 (2019) 58–73

A. Malfanti, et al.

Fig. 5. Silencing activity and cell viability study on HeLa (A and C) and MDA-MB-231 (B and D) cells. 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 ( )
and Agm6-M-PEG-OCH3/siRac1 ( ) polyplexes were incubated with cells for 72 h and the final gene knockdown was measured. Lipofectamine®/siRac1 ( ) was
used as commercial standard. 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl ( ), Agm6-M-PEG-OCH3/siCtrl ( ) polyplexes and Lipofectamine®/siCtrl ( ).
Representative images of wound healing closure of MDA-MB-231 cells treated with various polyplexes (E) relative wound density quantification after 12 h cells
treatment (F). 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 ( ) and Agm6-M-PEG-OCH3/siRac1 ( ) polyplexes were incubated with cells and the cell
migration was measured. siRac1 alone ( ) was used as control. 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA)/siCtrl ( ), Agm6-M-PEG-OCH3/siCtrl ( )
polyplexes. Cells treated with PBS, pH 7.4 were used as reference ( ).

indicating that the polyplexes were taken-up by cells without dissociation, which is in agreement with the high stability of the polyplexes previously documented. Furthermore, the quantitative data obtained by Imagestream flow cytometer analysis of MDA-MB-231 cells
incubated with Cy3-labeled folated and non-folated polyplexes reported
in Fig. 6C show a progressive increase of Cy3 associated fluorescence
indicating that the polyplexes were progressively taken-up by cells over
the 24 h incubation.
The similar cell uptake profiles of folated and non-folated polyplexes were in contrast with the different gene silencing observed with
the two carriers suggesting that the highest bioactivity obtained with
the folated polyplexes could not be simply ascribed to their high cell
internalization but, likely, to different cell uptake mechanisms.
Therefore, in order to elucidate the uptake mechanism and trafficking,

FR competition studies were undertaken by MDA-MB-231 cell co-incubation with tritiated folic acid ([3H]FA) and polyplexes containing
increasing concentrations of Agm6-M-PEG-FA. Parallel studies were
carried out using non-radioactive FA and siRNA-free Agm6-M-PEG-FA.
Interestingly, the results of competition studies performed using
MDA-MB-231 cells summarized in Fig. 6D show that neither the folated
bioconjugate alone nor the folated polyplexes competed with the [3H]
FA cell uptake. However, the higher activity obtained with the folated
polyplexes was in fair agreement with the evidence reported in the
literature demonstrating that nanocarriers bearing folic acid yield effective transfection despite the low folated polyplexes/FR binding capacity [54,67–69]. This evidence together with the results reported
here seems to indicate that the folated carrier uptake occurs through an
“alternative” FA/FR-mediated cell internalization mechanism.
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Fig. 6. Confocal analysis of MDA-MB-231 cells incubated with 74:25:1 w/w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA:Agm6-M-PEG-Cy3/siRac1 polyplexes (A) and
99:1 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-Cy3/siRac1 polyplexes (B). Single XY plane imaging of Agm6-M-PEG-Cy3 (red), siRac1-Cy5 (green) and DAPI (blue)
nuclei staining showed accumulation of the polyplexes in the cytoplasm after 24 h of incubation. Merged images showed a significant co-localization of the polymer
and siRNA. Scale bar is 25 μm. C. MDA-MB-231 intracellular uptake quantification at different time points for non-folated ( ) and folated polyplexes ( ) by
Imagestream analysis of 99:1 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-Cy3/siRac1 non-folated polyplexes and 74:25:1 w/w/w Agm6-M-PEG-OCH3:Agm6-M-PEGFA:Agm6-M-PEG-Cy3/siRac1 folated polyplexes. D. [3H]FA/folated polyplex competition for folic acid receptor displayed on MDA-MB-231 cell surface. FA and
polyplexes containing 0%, 5%, 10%, 25%, 50%, 100% w/w of Agm6-M-PEG-FA were incubated for 3 h with MDA-MB-231 cells and [3H]FA. Cells incubated with
[3H]FA/FA and [3H]FA only were used as control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

endo-lysosomal pathway, could explain the silencing efficacy of the
folated polyplexes that can escape endosomes and dissociate into the
cytosol [71]. These results were confirmed by confocal imaging of
living cells showing that the folated polyplexes colocalized to a lower
extent with LisoTracker than the non-folated ones (Figure 7SI).
This hypothesis was confirmed by cell uptake studies performed by
the confocal and TEM analysis of MDA-MB-231 cell incubated with
Agm6-M-PEG-OCH3/siRac1-Cy5 and 75:25 w/w Agm6-M-PEGOCH3:Agm6-M-PEG-FA/siRac1-Cy5 3 N/P polyplexes. In the confocal
studies, caveolae were labeled with mouse anti-caveolin-1 antibodies
(anti-Cav-1) and rhodamine-labeled goat anti- mouse secondary antibodies, and clathrin was labeled with rabbit anti-clathrin heavy chain
antibodies (anti-CHC) and Alexa Fluor® 488 labeled goat anti-rabbit
secondary antibodies.
The images reported in Fig. 8A1 and A2 show that siRac1-Cy5
formulated with non-folated polyplexes mainly associated within clathrins. Conversely, Fig. 8A3 and A4 shows that siRac1-Cy5 formulated
with folated polyplexes remarkably associated with caveolae. The TEM
images reported in Fig. 8B1 and B2 show that the non-folated

Intracellular trafficking of Agm6-M-PEG-OCH3/siRac1-Cy5 and
75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1-Cy5 3 N/P
polyplexes in MDA-MB-231 cells was further investigated by immunofluorescence analysis after 3 and 24 h incubation.
The confocal images reported in Fig. 7A1 and A2 show that after 3 h
incubation, siRac1 formulated with non-folated polyplexes accumulate
into the early endosomes while the images reported in Fig. 7C1 and C2
show that after 24 h incubation siRac1 is predominantly localized into
the lysosomes. Oppositely, Fig. 7B1 and B2 shows that after 3 h incubation, siRac1 formulated as folated polyplexes was only partially
associated with endosomes and limited traces were found into the lysosomes. The images reported in Fig. 7D1 and D2 show that after 24 h
incubation, siRac1 was mainly localized into the cytosol matrix with
negligible siRac1 localization into lysosomes or endosomes suggesting
that folated polyplexes possess endosomal-escape capacity.
These results are in agreement with the reports by Duarte et al.
[69,70] and Reddy et al. [52] who demonstrated that the folated
polyplexes undergo endosomal escape, intracellular dissociation and
efficient gene silencing. As reported in literature, the bypass of the
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Fig. 7. Co-localization studies of folated and
non-folated polyplexes in MDA-MB-231 cells
with endosomes (A1, B1 and C1) and lysosomes
(A2, B2 and C2). A1, A2: Agm6-M-PEG-OCH3/
siRac1-Cy5 polyplexes after 3 h incubation. C1
and C2: Agm6-M-PEG-OCH3/siRac1-Cy5 polyplexes after 24 h incubation. B1, B2: Agm6-MPEG-OCH3:Agm6-M-PEG-FA/siRac1-Cy5 polyplexes after 3 h incubation. D1 and D2: 75:25
w/w
Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/
siRac1-Cy5 polyplexes after 24 h incubation.
Cells were stained for early endosomes (red)
and lysosomes (cyan). Polyplexes were labeled
using siRac1-Cy5 (green). Nuclei were stained
with DAPI (blue). The scale bar is 5 μm. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. A. Intracellular trafficking study of Agm6-M-PEG-OCH3/siRac1-Cy5 (Fig. A1, A2) and 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1-Cy5 (Fig. A3,
A4) 3 N/P polyplexes in MDA-MB-231 cells. Colocalization of siRac1-Cy5 (green) with caveolin-1 (red) and clathrin heavy chain (cyan) was observed after 3 h of
incubation. Nuclei were stained with DAPI (blue). The scale bar is 5 μm. B. TEM images obtained after 3 h incubation of folated and non-folated polyplexes with
MDA-MB-231. B1 clathrin vesicles obtained by non-folated polyplexes; B2. caveolae vesicles obtained with folated polyplexes. Untreated cells in Figure 8SI were used
as control. Scale bar is 500 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

polyplexes are associated with 80–100 nm pit-coated invaginations and
vesicles, which are typical of clathrin vesicles, while folated polyplexes
are associated with surface connected large invaginations known as
caveosomes that originate small caveolae vesicles [72,73]. Unfortunately, it was not possible to appreciate the presence of the polyplexes since they are soft-matter and are not visible with this technique.

However, the TEM images show differences on the cell membrane
morphology (Figure 6SI). In light of the results obtained by confocal
analysis, we speculated that these differences are ascribable to the
polyplexes composition. Therefore, these results support that the nonfolated polyplexes are cell internalized through a clathrin-dependent
endocytosis to be transported to early endosomes and finally
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Fig. 9. A. Tumor accumulation of 75:25 w/w Agm6-M-PEG-OCH3:A1gm6-M-PEG-FA/siRac1 3 N/P polyplexes following systemic administration into orthotopic
MDA-MB-231 tumor bearing mice. PBS and 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siCtrl polyplexes were used as control. B. Histological analysis of tumor
tissue after 30 min, 3 and 6 h administration of 74:25:1 w/w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA:Agm6-M-PEG-Cy3/siRac1 3 N/P polyplexes. Tumor tissues were
stained with DAPI (blue) and CD31-FITC (green). Polyplexes were stained with Cyanine 3 (red). Scale bar is 100 μm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

accumulated into lysosomes. This behavior can be explained with the
findings reported in the literature, which demonstrate that particles
with aspect ratio around 4 are typically taken-up by cells by clathrin
pathways [74–76]. Nevertheless, the folated polyplexes are preferentially internalized by a caveolin-dependent mechanism with final
disposition within the cytosol indicating that the cell uptake of the
targeted polyplexes is not dictated by the morphology but by specific
cell surface interaction and suggesting that folic acid prevents the internalization of the rod-shaped polyplexes through the clathrin-dependent mechanism. This is in agreement with the results obtained by
Gabrielson et al. [77] who demonstrated that folated polyethylenimine/pDNA polyplexes undergo caveolin-mediated cell uptake
resulting in efficient gene transfection and silencing [71]. It was also
demonstrated that early endosomal vesicles generated by the caveolinmediated uptake may have a different intracellular fate with respect to
clathrin-mediated transport, which may result in the ON degradation
[78].

4.7. In vivo studies
Preliminary in vivo studies were carried out to evaluate the in vivo
toxicity and biodistribution of polyplexes. Toxicity studies were carried
out by intravenous administration of 1 to 6 mg/kg siRac1 equivalent
doses of 75:25 w/w Agm6-M-PEG-OCH3:Agm6-M-PEG-FA/siRac1 3 N/P
polyplexes to Nu/Nu female mice. All animals were in good health
(Table 1SI) over the seven days from administration without signs of
pain or weight loss (Figure 9SI).
Biodistribution studies were carried by intravenous administration
of Agm6-M-PEG-Cy3-labeled folated 3 N/P polyplexes and unformulated siRac1 to mice bearing orthotopic intra-mammary MDAMB-231 human adenocarcinoma tumors. The polyplexes biodistribution was evaluated by siRac1 tumor accumulation, organ fluorescence
imaging and fluorescence tissue microscopy.
The polyplex accumulation in the tumor after 3 h was about 2.53
times higher than in the liver (6.36 scaled counts s−1 cm−2 and 2.51
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scaled counts s−1 cm−2, respectively), while no significant accumulation was observed in the spleen, kidneys, lungs and heart (Figure 10SI).
Fig. 9A shows the siRac1 levels measured by RT-PCR. After 4 days
from administration, the siRac1 levels obtained with the folated formulation resulted ~500-fold higher than those expressed after administration of folated polyplexes with siCtrl, respectively.
The histology images reported in Fig. 9B show that the polyplexes
progressively accumulate in the tumor resulting in increased fluorescent spots. Histological images of tissue from untreated animals are
reported in Supporting Information (Figure 11SI).
Finally, the in vivo studies showed a significant time-dependent
accumulation of the polyplexes into the tumor tissues, which is ascribable to the colloidal size and stability of the polyplexes. The delayed
accumulation in the liver and the negligible disposition in the mononuclear phagocyte system (MPS) organs, namely lungs, spleen and
kidneys, responsible for the clearance of opsonized particles (Figure
5SI), confirmed the PEG shielding from protein adsorption and erythrocytes aggregation [79,80].

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2019.08.005.
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