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Abstract: Nanoparticle-mediated small interfering RNA (siRNA) delivery is a promising
therapeutic strategy in various cancers. However, it is difficult to deliver degradative siRNA
to tumor tissue, and thus a safe and efficient vector for siRNA delivery is essential for cancer
therapy. In this study, poly(ethylene glycol)-modified chitosan (PEG-CS) was synthesized
successfully for delivering nucleic acid drug. We deemed that PEGylated CS could improve
its solubility by forming a stable siRNA loaded in nanoparticles, and enhancing transfection
efficiency of siRNA-loaded CS nanoparticles in cancer cell line. The research results showed
that siRNA loaded in PEGylated CS (PEG-CS/siRNA) nanoparticles with smaller particle size
had superior structural stability in the physical environment compared to CS nanoparticles.
The data of in vitro antitumor activity revealed that 4T1 tumor cell growth was significantly
inhibited and cellular uptake of PEG-CS/siRNA nanoparticles in 4T1 cells was dramatically
enhanced compared to naked siRNA groups. The results from flow cytometry and confocal
laser scanning microscopy showed that PEG-CS/siRNA nanoparticles were more easily taken
up than naked siRNA. Importantly, PEG-CS/siRNA nanoparticles significantly reduced the
growth of xenograft tumors of 4T1 cells in vivo. It has been demonstrated that the PEG-CS is
a safe and efficient vector for siRNA delivery, and it can effectively reduce tumor growth and
prevent metastasis.
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Introduction

Within the past few years, gene therapy had developed into a promising treatment
strategy; it suppressed the expression of oncogene that caused cancer.'? In gene
therapy, small interfering RNA (siRNA) has come into the spotlight; siRNA molecules
consisting of 21-23 nucleotides can bind to target genes and degrade target messenger
RNA with complementary sequences to produce a therapeutic effect. According to
the literature, various cancers including cancers of the breasts, bladder, lungs, ovaries
and prostate have been inhibited by siRNA in the recent years.** Although the siRNA
drug has preferable treatment effect, its clinical application faced many challenges; the
major limitations of siRNA-based therapies include rapid degradation by nucleases and
renal clearance following systemic administration, which leads to the therapy effect
of siRNA decreasing greatly. In addition, low intracellular uptake and limited stabil-
ity in the blood stream also restricted the application of siRNA. Since the instability
and the lack of efficiency of naked siRNA have been demonstrated, it is necessary to
develop the safety and effective carriers for siRNA-based therapeutics in cancer that
can efficiently deliver the siRNA molecules to tumor cells.!*!2
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Recently, a lot of siRNA delivery carriers have been
reported, including viral carriers, non-viral carriers, and
cationic materials.'*"** The viral carriers are limited by their
lower cargo loading capacity and safety problems related
to immune reactions.'® In this context, non-viral carriers
have gained more attention in siRNA delivery for cancer
therapy; several non-viral vectors, including cationic lip-
ids, gold nanoparticles, phosphatidylethanolamine, silica
nanoparticles, polyethylenimine, polypeptides, poly(lactide-
co-glycolide), and chitosan (CS) have been successfully
investigated for siRNA delivery.!¢-2

CS is a common non-viral vector for siRNA delivery.
CS as siRNA delivery carrier has many advantages such
as it is nontoxic, nonimmunogenic, biodegradable, and
biocompatible.?! CS with positive charges under slightly
acidic conditions allowed for electrostatic interactions with
siRNA (negatively charged) to form nanoparticles or com-
plexes, so CS had been widely used for siRNA delivery in
the recent years. However, CS as siRNA delivery carrier
has its limitations; one of the major limitations of CS is its
low water solubility at physiological pH that attributes to the
partial protonation of the amino group on the CS molecule;
this can affect nucleic acid-binding capability and therefore
can influence the stability of the nanoparticles in the blood
stream, and ultimately cause the biological activity of the
siRNA to decrease. Blood ingredients can destabilize the CS
nanoparticles or complexes. For example, a part of serum
proteins can cause nanoparticle or complexes aggregation,
leading to vascular embolization and increased toxicity; or
blood components with a negative charge can replace siRNA
to combine with cationic carrier,”>* leading to collapse of
nanoparticles and siRNA release in the blood stream, fol-
lowed by nucleases degradation and eventual decrease in the
curative effect of siRNA. To increase solubility and stability
to CS nanoparticles, poly(ethylene glycol) (PEG) grafting
onto CS has been described; PEGylated CS for siRNA
delivery has been widely reported in the past decade. PEG is
a hydrophilic polymer that has been reported to enhance CS
solubility and increase stability of the CS nanoparticle in the
biological environment, and exerted a positive influence on
the transfection efficiency. Characteristic properties of PEG
are its formal electrostatic neutrality and unique hydration
ability, allowing the formation of a compact hydration layer
and reducing the protein surface interaction. According to
the literature, a PEG density of >7% is necessary for higher
shielding against unspecific interactions with proteins and
cells, leading to a steric stabilization effect.?**

In this study, the PEG molecule was coupled on the hydroxyl
of CS for preparing stable siRNA-loading nanoparticles with

higher transfection efficiency via enhancing the solubility of CS.
The substitution of PEG on the CS was controlled without
the influence of the complexation ability of CS with siRNA;
poly(ethylene glycol)-modified chitosan (PEG-CS)-based
nanoparticles with a smaller particle size and a higher trans-
fection efficiency could effectively delivery siRNA in vivo.

Materials and methods

Materials, cell culture, and animals
CS (degree of deacetylation 80%) was obtained from
Zhejiang Golden Shell Pharmaceutical Co., Ltd (Zhejiang,
People’s Republic of China). PEG was obtained from
Laysan Bio, Inc. (Laysan, Arab, AL, USA), and siRNA was
purchased from Suzhou GenePharma Co., Ltd (Suzhou, Peo-
ple’s Republic of China). Carbodiimide hydrochloride and
1-hydroxybenzotriazole monohydrate were purchased from
Aladdin Company (Shanghai, People’s Republic of China).
Phthalic anhydride (PA) and hydrazine monohydrate were
obtained from J&K Scientific Ltd (Beijing, People’s Repub-
lic of China), and 5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma Aldrich (St Louis, MO, USA).
Annexin V-FITC/PI apoptosis detection kit was obtained
from the KeyGen Biotech (Nanjing, People’s Republic of
China). Fetal bovine serum (FBS), Roswell Park Memorial
Institute-1640 medium, 0.25% trypsin, and phosphate buft-
ered saline (PBS) were all purchased from Thermo Fisher
Scientific Inc (Waltham, MA, USA), and other reagents,
which were of analytical grade, were purchased from Beijing
Chemical Reagents Co (Beijing, People’s Republic of China).
Live/Dead® viability/cytotoxicity kit was purchased from Bo
Yao Biological Technology Co., Ltd (Shanghai, People’s
Republic of China).

4T1 cells were purchased from the Department of
Pathology in the Institute of Medicinal Biotechnology at
Peking Union Medical College, and were maintained in
Roswell Park Memorial Institute-1640 medium containing
10% FBS. 4T1 cells were incubated at 37°C in the carbon
dioxide (CO,) incubator. In this study, 4T1 cells in logarith-
mic growth stage were carried out in all cell experiments.

Female BALB/c mice (4—6 weeks old) were purchased
from the Laboratory Animals Center of Vital River (Beijing,
People’s Republic of China), and the mice were housed in
a specified chamber with regular temperature (22+2°C) and
relative humidity (40%—60%). The overall study of this
project including the part of animal study has been approved
by the Institute of Materia Medica in Chinese Academy of
Medical Sciences (CAMS) and Peking Union Medical Col-
lege (PUMC). Also, all animal experiments were approved
by the Laboratory Animal Ethics Committee in the Institute
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of Materia Medica in CAMS and PUMC, and the operational
procedures of animal experiments abided by national and
institutional guidelines and protocols for the care and use of
experiment animals.

Synthesis of PEG-CS polymer

Both 1.00 g CS and 2.73 g PA were added to 20 mL N,N-
dimethylformamide (DMF) solution, under nitrogen atmo-
sphere; the mixture of CS and PA was stirred for 8 hours at
110°C and phthaloyl anhydride—chitosan was obtained; it
was dialyzed against for 2 days with 3,500 Da dialysis tube.
Phthaloyl anhydride—chitosan 50 mg was dissolved in 5 mL
DMF solution; 6 mg PEG, 3 mg carbodiimide hydrochlo-
ride, and 2.0 mg 1-hydroxybenzotriazole were added to the
above mentioned DMF solution; the reaction was stirred
for 24 hours at room temperature to produce phthaloyl
anhydride-PEGylated chitosan. During the last step of the
synthesis, the amine groups of CS were deprotected using
50% (V/V) hydrazine monohydrate in DMF; the reaction was
carried out at 100°C for 4 hours under nitrogen conditions.
The reaction product was dialyzed in methanol and deionized
water (V/V=I1:1) solution for 2 days, and then was dialyzed
in deionized water solution for 2 days. Following dialysis,
the sample was freeze-dried for 24 hours, and the resultant

product of PEG-CS copolymer was obtained; the synthetic
route is shown in Figure 1.2

Characterization of PEG-CS polymer

The PEG-CS polymer was characterized through proton
nuclear magnetic resonance ('H-NMR) (Mercury 500 MHz
NMR) and Fourier transform infrared spectroscopy (FTIR),
respectively.

5 mg PEG-CS polymer was dissolved in deuterium oxide
and clusters of deuterated acetic acid solvent. Chemical
shifts (&) were reported in ppm using tetramethylsilane as
an internal reference.

For the FTIR experiment, firstly, the PEG-CS polymer
was compressed into KBr flake, and then the samples
were tested in the range of 600—4,000 cm™ using a Nico-
let 5700 FTIR spectrometer (Thermo, Thermo Electron
Corporation, USA).

Preparation and characterization of
PEG-CS/siRNA nanoparticles

The PEG-CS/siRNA nanoparticles were prepared by ionic
gelation as described in the literature.”” First, PEG-CS were
dissolved in acetic acid solution with the concentration of
1 mg/mL, and then sterilized by 0.22 um filtered membranes.
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Abbreviations: CS, chitosan; EDC, carbodiimide hydrochloride; HM, hydrazine monohydrate; HOBt, |-hydroxybenzotriazole monohydrate; PA, phthalic anhydride; PA-CS,
phthaloyl anhydride-chitosan; PA-PEG-CS, phthaloyl anhydride PEGylated chitosan; PEG, poly(ethylene glycol); PEG-CS, poly(ethylene glycol)-chitosan.
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siRNA 20 uM siRNA solution was obtained by diluting siRNA
with diethylpyrocarbonate water, and then equal volumes of
PEG-CS and siRNA solution were preheated at 55°C water
bath for 20 minutes, respectively. Subsequently, the mixture
of PEG-CS and siRNA solution was vortexed immediately
for 40 seconds, and PEG-CS/siRNA nanoparticles were
generated. Particle size and zeta potential of PEG-CS/siRNA
nanoparticles were analyzed through Malvern Zetasizer nano
instruments (Malvern Instruments Ltd. Britain). The surface
morphology of PEG-CS/siRNA nanoparticles was analyzed
through the transmission electron microscopy.

Gel retardation assay

The gel retardation assay was selected to estimate the loading
ability of the PEG-CS polymer to siRNA; the experiment was
carried out in 4% agarose gel. First, the PEG-CS solution at
weight ratios ranging from 60 to 200 was used to complex
1 ng siRNA; the PEG-CS/siRNA nanoparticle solution was
loaded onto agarose gel and subjected to electrophoresis in 1x
Tris acetate-EDTA buffer (TAE) acetic acid buffer at 80 V for
45 minutes. Then, the agarose gel was stained in the ethidium
bromide solution for 30 minutes. Finally, the ultraviolet gel
imaging system (BIO-BEST 135A, SIM International Group
Co., Ltd, Los Angeles, CA, USA) was used to analyze the
loading capacity of PEG-CS polymer.

Colloidal stability and serum stability of

the PEG-CS/siRNA nanoparticles

For estimating the colloidal stability of the PEG-CS/siRNA
nanoparticles, the nanoparticles were incubated with FBS
solution (v:v=1:1) at 4°C. The average particle size of
nanoparticles was tested at 0, 1, 3, and 6 hours by Malvern
Zetasizer nano instruments, respectively.

For the blood serum stability experiment, PEG-CS/
siRNA nanoparticles solution and naked siRNA solution
were incubated in FBS solution (v:v=1:1) at room tempera-
ture, respectively. Each sample was gathered at 1, 3, 6, and
12 hours, and analyzed by gel electrophoresis. Before gel
electrophoresis, PEG-CS/siRNA nanoparticles solution was
treated with heparin sodium salt solution for 30 minutes to
replace siRNA from the nanoparticles.

MTT assay

The MTT assay was carried out to estimate the cytotoxic-
ity of PEG-CS polymer and the antiproliferation effects of
PEG-CS /siRNA nanoparticles.

4T1 tumor cells were seeded into a 96-well plate with a
density of 5,000 cells/well, which were cultured 24 hours for

attachment, 20 WL PEG-CS polymer at various concentrations
was added into a 96-well plate, and tumor cells with no
PEG-CS polymer were used as the control group; the blank
group was prepared by only adding culture medium. Six
samples were selected for every experimental group to evalu-
ate the cytotoxicity of PEG-CS polymer; after 48 hours of
incubating, the optical density value was tested through the
SpectraMax 190 Absorbance Microplate Reader (Bio Tek
Instruments, Inc. USA) at 490 nm.

Antiproliferation effects of PEG-CS/siRNA nanoparticles
on 4T1 tumor cells were performed by MTT assay too;
4T1 cells were seeded into a 96-well plate with a density
of 5,000 cells/well for culturing for 24 hours and then
20 uL of PEG-CS/siRNA nanoparticles solution containing
5 pmol siRNA was added to restrain tumor cell proliferation.
The same dose of naked siRNA (5 pmol/well) was used
on the control group. Cells without treatment (only adding
culture medium) were used as the blank group. Six samples
were selected for every experimental group to evaluate the
antiproliferation effect. After another 48 hours of culturing,
20 uL of MTT reagent was added into each well for incu-
bating for 4 hours, then the MTT solution was removed
and 150 uL. DMSO was added in each well. Finally, optical
density value was tested by the SpectraMax 190 Absorbance
Microplate Reader.

To further investigate the inhibition effects of PEG-CS/
siRNA nanoparticles on tumor cells, Live/Dead® viability/
cytotoxicity test was performed; 5x10*4T1 tumor cells were
seeded into a 12-well plate for culturing for 24 hours. Sub-
sequently, 50 uL PEG-CS/siRNA nanoparticles suspension
containing 50 pmol siRNA and 1 mL serum-free medium was
added into each well as the test groups, and the same dose of
naked siRNA (50 pmol/well) was added to use as the nega-
tive group. The cells without any treatment was the control
group. After 4 hours of transfection, the drug suspensions
were removed and replaced with culture medium containing
10% FBS for another 44 hours of incubation. They were then
washed twice with PBS, and 0.8 mL calcein acetoxymethyl
and ethidium homodimer-1 working solution were added for
incubating for 30 minutes at 37°C. The results were observed
by fluorescence microscope.

Apoptosis assay

4T1 cells were seeded into a 6-well plate with a density
of 12x10* cells/well and cultured in a CO, incubator for
24 hours. Subsequently, 100 UL of PEG-CS/siRNA nanopar-
ticles suspensions containing 100 pmol siRNA and 1.9 mL
serum-free medium were added into each well as the test
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groups, and the same dose of naked siRNA (100 pmol/well)
was added for use as the negative group. After 4 hours of
transfection, the nanoparticles suspension was removed,
and replaced with culture medium containing 10% FBS for
another 44 hours of culturing. Cells in each well were then
gathered and centrifuged, and washed twice with PBS. The
collected cells were dispersed in 0.5 mL binding buffer.
Subsequently, 5 uL annexin V-FITC and 5 puL propidium
iodide were added into the above binding buffer solution.
After 20 minutes of incubation, the treated cells were detected
by flow cytometer immediately.

Cellular uptake

Cellular uptake of PEG-CS/siRNA-FAM (FAM-labeled
siRNA) nanoparticles was quantified by flow cytometry;
10x10*cells/well were added into a 6-well plate and cultured
for 24 hours in CO, incubator. They were then incubated with
PEG-CS/siRNA-FAM nanoparticles and naked siRNA-FAM
for 4 hours at a concentration of 100 pmol/well. Subse-
quently, the cells were collected and resuspended in 0.5 mL
PBS solution, and then the collected cells were detected by
flow cytometer.

Confocal laser scanning microscopy
images

The 3x10* 4T1 tumor cells were plated into a 24-well plate
and allowed to attach for 24 hours in the CO, incubator.
The tumor cells were then washed with PBS solution twice.
PEG-CS/siRNA-FAM nanoparticles were added into the
24-well plate for incubation for 4 hours. Subsequently, the
4T1 cells were fixed in 4% formaldehyde for 10 minutes,
and cell nuclei stained with 4’,6-diamidino-2-phenylindole
for 10 minutes. Images were then acquired using confocal
fluorescence microscope (LSM 710, Carl Zeiss Shanghai
Co., Ltd, Beijing Branch, People’s Republic of China) with
filters of 410-495 nm.

Animal experiments

Tumor-bearing BALB/c mice were established by subcuta-
neous injection of 15x10* 4T 1" cells into the fourth mam-
mary location of 4-6-week-old female BALB/c mice. Mice
were then randomly assigned to three groups after the tumor
volume reached around 100 mm?® (n=5): saline (blank), free
siRNA (negative control), PEG-CS/siRNA nanoparticles.
Drug administration was performed five times with 2 days
spaced between each administration; the injection quantity
of siRNA was 0.3 mg siRNA/kg™". Tumor volumes and body
weights were recorded every other day, tumor volumes were

calculated as (S*x L)/2, where S and L represent the short
and long diameter of tumors, respectively. All mice were
sacrificed 4 days after the last administration, and the tumors
were excised, weighed, photographed, and stored in 4% (w/v)
paraformaldehyde solution.

To effectively evaluate the inhibition effect of tumor
metastasis of PEG-CS/siRNA nanoparticles, the phenom-
enon of tumor metastasis was observed in the early, middle,
and late stage of administration by IVIS® SPECTRUM
CT (Caliper Life Sciences, Inc. NASDAQ:CALP) in vivo
imaging system. After the last administration, the mice were
executed by cervical dislocation and their lungs were col-
lected. The lungs were immersed in picric acid solution for
18 hours and then fixed in 4% (w/v) paraformaldehyde for
24 hours. The lung tissue sections were stained with hema-
toxylin and eosin, embedded into paraffin, and then cut into
slices of 5 um thickness. The slices were then stained with
hematoxylin and eosin and observed for tumor metastasis
effect with light microscopy.

Results and discussion

Synthesis and structural characterization
of PEG-CS

CS is a polysaccharide, which is obtained from natural
sources, and CS molecular carries positive charges after
protonation of amine group in the acid environment. These
positive charges can complex with the negatively charged
nucleic acid molecules to form nanoparticles by electrostatic
interaction. So CS is usually used as a safe and efficient vec-
tor for siRNA or DNA delivery.?® However, CS has lower
solubility that leads to instability of CS nanoparticles in
physiological conditions. In order to increase the solubility
of CS and prepare stable CS nanoparticles, PEG was selec-
tively grafted onto the hydroxyl groups of CS to produce
PEG-CS copolymer. The reaction process of grafting to
CS is easy. First, CS was interacted with PA to protect the
amine groups at 110°C and nitrogen environment. Then the
carboxyl groups of PEG were conjugated with the hydroxyl
group of CS through a coupling reaction using carbodiim-
ide hydrochloride and 1-hydroxybenzotriazole as coupling
reagent.”’ Finally, the amine groups of PEG-CS polymer
were deprotected by hydrazine monohydrate/DMF (v/v
1:1) mixture; PEG-CS polymer was synthesized as siRNA
delivery carrier.

The chemical structure of PEG-CS copolymers was con-
firmed by 'H-NMR (Figure 2) and FTIR (Figure 3) analysis.
The '"H-NMR of PEG-CS spectrum was obtained in 0.5 mL
deuterium oxide with 10 UL clusters of deuterated acetic acid.
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Figure 2 'H-NMR spectra of synthetic materials.
Notes: (A) CS, (B) PEG, (C) CS-PA, and (D) PEG-CS.

Abbreviations: CS, chitosan; CS-PA, chitosan-phthalic anhydride; PEG, polyethylene glycol; PEG-CS, poly(ethylene glycol)-chitosan.

The results of "TH-NMR are shown in Figure 2. It is clear that
the 3.5-4.1 ppm was attributed to the -CH,- in CS molecule
(Figure 2A), and the 3.6 and 3.3 ppm were attributed to the
two CH, and the terminal CH, of PEG (Figure 2B). The
chemical shift at 7.78 ppm was attributed to the aromatic
proton of the phthaloyl moiety (Figure 2C), which is present
in the CS—PA spectrum but disappeared in PEG-CS spectrum
(Figure 2D). In addition, the characteristic peak of PEG at
3.6 ppm and the characteristic peak of CS at 3.5-4.2 ppm were
observed in Figure 2D. The 'H-NMR analysis result verified
that the PEG was successfully conjugated to the CS.3%3!
The FTIR data in Figure 3 shows the characteristic absorp-
tion peak at 1,667 and 1,596 cm™' belonging to the amides of
CS, and the C-O stretching vibrations peaks of pyranose in
CS molecules located at 1,150-1,000 cm™ (Figure 3A). The
spectrum of PEG had the characteristic peak at 3,446 and
1,733 cm™, which corresponded to the stretching vibrations
of hydroxyl (—OH) and the stretching vibrations of carbonyl

group (C=0) of carboxyl group, respectively. The peaks at
2,888 and 1,113 cm™ refers to the stretching of the alkyl group
(=CH,) and stretching vibration of the ether group (C-O) in
PEG, respectively (Figure 3B). The FTIR spectra in Figure 3C
shows PEG-grafted CS, the characteristic peaks at 2,884
(C—H stretching) and 1,105 cm™ (C-O stretching) belong to
PEG. The peaks at 1,595 (amide II) and 1,150-1,000 ¢cm™
(pyranose) belong to CS. The results suggested that PEG was
successfully conjugated to the CS.32%

Preparation and characterization of
PEG-CS/siRNA nanoparticles

Figure 4A shows that nanoparticles were obtained with
PEG-CS complexing siRNA. The mean diameter of PEG-CS/
siRNA nanoparticles was 100 nm with the size distribu-
tion being relatively narrow. The PEG was coupled on the
hydroxyl of CS, so a lot of amino existed that make PEG-CS
having a better complex ability, and can increase the stability
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Figure 3 FTIR spectra of synthetic materials.
Notes: (A) CS, (B) PEG, and (C) PEG-CS.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; PEG-CS, poly(ethylene glycol)-chitosan; FTIR, Fourier transform infrared spectroscopy.

of nanoparticles. PEG-CS/siRNA nanoparticles were ana-
lyzed by transmission electron microscopy, Figure 4B. It
can be observed that nanoparticles with a smaller size are
of spherical shape with a smooth surface. These results
showed that PEG-CS/siRNA nanoparticles were success-
fully prepared.

Gel retardation assay

Gel retardation assay was used to estimate the encapsulat-
ing ability of the PEG-CS polymer to siRNA. In this study,
we prepared different PEG-CS/siRNA nanoparticles at the
weight ratios of 60:1, 80:1, 100:1, 120:1, 150:1, and 200:1.
As shown in Figure 5, when the weight ratio of PEG-CS

International Journal of Nanomedicine 2016:1 |

submit your manuscript 4937

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Sun et al

Dovepress

A Size distribution by intensity
12 ’
s 10 A
X :
-~ 8-  SLeTToTUTSIATS 0 ISR P
2 /\
= 6 ;
2 L)
8 4 :
£ 2 // : \\
0 :
0.1 1 10 100 1,000
Size (r.nm)

Figure 4 Chemicophysical characterization of PEG-CS/siRNA nanoparticles.

10,000

aasee

100 nm

%30.0 k zoom-1 KC-1 80 kV 2015/07/08 11:13
Hitach1 TEM system

Notes: (A) Particle size distribution of PEG-CS/siRNA nanoparticles and (B) TEM image of PEG-CS/siRNA nanoparticles.
Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA; TEM, transmission electron microscope.

to siRNA was 100:1, the white band from siRNA disap-
peared. This result showed that PEG-CS as delivery car-
rier can condense siRNA efficiently, and siRNA could be
completely loaded to PEG-CS polymer above the weight
ratio of 100:1.

Colloidal stability and serum stability of
the PEG-CS/siRNA nanoparticles

The colloidal instability hinders the application of CS nano-
particles in vivo. PEG-CS polymer as efficient siRNA deliv-
ery carrier was expected to stabilize the nanoparticle structure;
PEG-CS/siRNA nanoparticles solution was incubated with
the same volume of FBS at 4°C for 0, 1, 3, and 6 hours.

A B C D EF

Figure 5 Gel retardation assay of PEG-CS/siRNA nanoparticles with different weight
ratio of PEG-CS to siRNA.

Notes: (A) Naked siRNA, (B) 40:1, (C) 80:1, (D) 100:1, (E)150:1, and (F) 200:1.
Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA.

The nanoparticles had consistent diameters of 100—200 nm
after incubation for 6 hours (Figure 6A). Above results sug-
gested that the PEG-CS/siRNA nanoparticle was stable in
the PBS solution containing 50% FBS.

Moreover, for evaluating the blood serum stability of
PEG-CS polymer as siRNA delivery tool, we researched
the blood serum stability of PEG-CS/siRNA nanoparticles
in 50% FBS solution at room temperature through gel elec-
trophoresis experiment. The research result in Figure 6B
showed that PEG-CS polymer can protect siRNA from deg-
radation for 12 hours, while naked siRNA rapidly degraded
after incubating for 1 hour. Obviously, the PEG-CS polymer
can efficiently protect siRNA from degrading serum-driven
nucleases, and the high blood serum stability of nanoparticles
may be ascribed to the PEG shell.

MTT assay

Cytotoxicity is a key issue in the biological application of
siRNA delivery vector. Cytotoxicity may be related to factors
such as its stabilizer, structure, and zeta potential. Here, an
MTT test was used to estimate the cytotoxicity of PEG-CS
polymer on 4T1 tumor cells. As shown in Figure 7A, less
cytotoxicity was observed with increasing concentrations of
PEG-CS polymer. The cell viability of PEG-CS polymer at
high concentrations of 80 and 100 pg/mL was 94% and 95%,
respectively. Based on the above results, we may draw the
conclusion that PEG-CS polymer has almost no cytotoxicity,
which is a safe carrier for siRNA delivery.

In addition, cell viability after treating with culture
medium, naked siRNA and PEG-CS/siRNA nanoparticles
was studied in 4T1 cells using MTT assay. Results in
Figure 7B show that PEG-CS/siRNA nanoparticles displayed
lower cell viability compared with the naked siRNA group.
The cell viability ratio of naked siRNA was 62%, while the
cell viability ratio of PEG-CS/siRNA nanoparticles was 48%.
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Figure 6 Stability of PEG-CS/siRNA nanoparticles.
Notes: (A) Changes in particle size of PEG-CS/siRNA nanoparticles. (B) Serum stability assay of naked siRNA and PEG-CS/siRNA nanoparticles at |, 2, 4, 8, and 12 hours.
Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA.

In other words, PEG-CS/siRNA nanoparticles can inhibit Live/Dead® viability/cytotoxicity test was carried out to
the growth of the tumor cells effectively. Based on these  estimate the inhibition effect on 4T1 tumor cells. Polyanionic
results, we can draw the conclusion that PEG-CS/siRNA  dye calcein acetoxymethyl is well retained within live cells
nanoparticles can have an obvious antiproliferation effect and produces an intense uniform green fluorescence in live
on tumor cells. cells, while ethidium homodimer-1 enters dead cells with
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Figure 7 Cell viability of 4T | cells incubated with different concentrations of PEG-CS polymer, naked siRNA, and PEG-CS/siRNA nanoparticles.

Notes: (A) Viability of 4T cells after incubating with different concentrations of PEG-CS polymer for 48 hours, n=6. (B) Cell viability of 4T| cells after incubating with
PEG-CS/siRNA nanoparticles for 48 hours n=6, naked siRNA was taken as control, and cells treated with only culture medium used as blank, *P<<0.05 vs control and blank,
respectively. (C) Live/Dead® viability/cytotoxicity experiment treated with naked siRNA and PEG-CS/siRNA nanoparticles for 48 hours, and the cells without any treatment
was blank group. Data are mean + SD, and P-values are a result of ANOVA.

Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA.
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damaged membranes to produce a bright red fluorescence.
The result is shown in Figure 7C. In the blank group, nearly
all cells with green fluorescence were observed, this result
implied that there were a lot of live cells in the blank group
after 48 hours incubating, and in the naked siRNA group,
a few dead cells(red fluorescence) was appeared, suggested
that naked siRNA caused 4T1 cells death slightly, while a lot
of dead cells (red fluorescence) were found in the test group.
This result illustrated that PEG-CS/siRNA nanoparticles can
lead to cytotoxicity in tumor cells.

Apoptosis assay

The apoptotic rate was quantitatively analyzed by apoptosis
assay with annexin V-FITC/propidium iodide double stain-
ing in Figure 8. The apoptosis rate was 3.85% and 5.32% in
the control and naked siRNA groups, respectively, and the
apoptotic rate was 16.03% in PEG-CS/siRNA nanoparticles

10
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group. The apoptotic rate in PEG-CS/siRNA nanoparticles
group significantly increased compared to naked siRNA and
control groups, and was three times higher than the naked
siRNA group. This result suggested that PEG-CS/siRNA
nanoparticles induced apoptosis of tumor cells effectively.

Cellular uptake

To further investigate the PEG-CS/siRNA nanoparticles
cell uptake situation, supporting flow cytometric analyses
and confocal laser scanning microscopy experiments were
conducted. The uptake process was evaluated using flow
cytometry seen in Figure 9A. After 4 hours of incubation with
PEG-CS/siRNA nanoparticles, the fluorescence peaks shifted
to the right and presented a shoulder, which suggested a higher
uptake of these nanoparticles. However, this was not observed
in the naked siRNA group. The fluorescence peaks of the
naked siRNA group were at the same position as the blank
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Figure 8 Apoptosis assay of 4T | cells treated with culture medium, naked siRNA, and PEG-CS/siRNA nanoparticles.
Notes: (A) Cells without any treatment were used as blank. (B) Cells treated with naked siRNA as negative control. (C) Cells treated with PEG-CS/siRNA nanoparticles.

(D) Apoptosis ratio of blank, naked siRNA, and PEG-CS/siRNA nanoparticles.

Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA.
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Figure 9 Cellular uptake of 4T cells treated with nanoparticles.

Notes: (A) Flow cytometric analyses of cells treated with culture medium (control), naked siRNA-FAM, and PEG-CS/siRNA-FAM nanoparticles for 4 hours, in the merge
picture: Black (control), green (naked siRNA-FAM), pink (PEG-CS/siRNA-FAM). (B) CLSM images of 4T cells incubated with naked siRNA-FAM and PEG-CS/siRNA-FAM

nanoparticles for 4 hours. The scale bar is 20 pm.

Abbreviations: CLSM, confocal laser scanning microscopic; PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA; siRNA-FAM, FAM-labeled siRNA.

group. This result indicated that a small dosage of sSiRNA was
internalized in the naked siRNA and blank groups.

The cellular uptake of the PEG-CS /siRNA nanoparticles
was observed in 4T1 cells using confocal laser scanning
microscopy, and the result is shown in Figure 9B. After
4 hours of incubation, the naked siRNA group showed
vacant fluorescence, which indicated extremely low cellular
uptake of naked siRNA, while siRNA encapsulated in the
PEG-CS polymer was readily detectable in the 4T1 cells.

Distinct green spots were observed in the PEG-CS/siRNA
nanoparticles group, and the merged images clearly showed
PEG-CS/siRNA nanoparticles in the cytoplasm. This result
is consistent with flow cytometric analyses.

In vivo antitumor effects of PEG-CS/
siRNA nanoparticles

The antitumor activity of the PEG-CS/siRNA nanoparticles
in vivo was evaluated in tumor-bearing BALB/c mice model.
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After 15 days of inoculation with 4T1 cells, the average
tumor volume reached was around 100 mm?®. The mice were
randomly divided into three groups and administered saline
(blank group), naked siRNA (negative group), and PEG-CS/
siRNA nanoparticles (test group). Tumor volumes and the
body weights of mice were recorded for each treatment group
every other day. The mice treated with saline and naked
siRNA did not show any therapeutic effect, as expected,
indicating that the antitumor effect of naked siRNA was negli-
gible. In contrast, the growth of subcutaneous tumor volumes
was significantly inhibited when treated with PEG-CS/siRNA
nanoparticles, as shown in Figure 10A. Among the three
groups, the tumor tissues of the mice treated with PEG-CS/
siRNA nanoparticles hardly grew compared to others. A simi-
lar phenomenon had been observed by others.>* Mice were
sacrificed at the fourth day after the last administration, and
the tumors were isolated and weighed. The results showed that
tumor weight in the test group was significantly lower than
those of the naked siRNA and saline groups (Figure 10B). As
shown in the Figure 10C, the tumor volume in saline group,
naked siRNA group and PEG-CS/siRNA group displayed
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- PEG-CS/siRNA
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PEG-CS/
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Figure 10 In vivo antitumor effect on 4Tl-bearing breast cancer mice model.

Naked siRNA

Ly X PEG-CS/siRNA

an obvious difference, and the average tumor volume in
PEG-CS/siRNA group was significantly smaller than other
two groups. Based on the results, we concluded that PEG-CS/
siRNA nanoparticles showed great potential in inhibiting
tumor growth of 4T1-bearing mouse models.>>3

Aswe all know, 4T1 cells proved to be highly metastatic
even at an early stage,’” so we studied the tumor metasta-
sis of mice in the three groups by IVIS®* SPECTRUM CT
in vivo imaging system. As shown in Figure 11A, obvious
shift phenomenon of fluorescence area was observed in the
saline and naked siRNA group, some even transferred to
the brain, while the fluorescence area was smaller in test
group. This suggested that PEG-CS/siRNA nanoparticles
can control tumor cell metastasis effectively. Since breast
cancer primarily metastasizes to the lungs, in this study, we
focused mainly on the lung metastasis caused by primary
breast cancer. The mice were sacrificed and lungs collected
and fixed with Bouin solution, as shown in Figure 11B. There
were many white nodules on the surface of the lung lobes
in both the saline and naked siRNA groups, and the appear-
ance of nodules characterized tumor metastasis. This result

Saline

Notes: (A) Tumor volume of mice treated with saline, naked siRNA, and PEG-CS/siRNA nanoparticles. (B) Tumor weight of mice treated with saline, naked siRNA, and PEG-
CS/siRNA nanoparticles, ¥*P<<0.05 vs saline and naked siRNA, respectively. (C) Isolated tumor tissue of mice treated with saline, naked siRNA, and PEG-CS/siRNA nanoparticles.

Data are mean + SD, and P-values are a result of ANOVA.

Abbreviations: PEG-CS, poly(ethylene glycol)-chitosan; siRNA, small interfering RNA.
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PEG-CS/siRNA

15 days

22 days

27 days

Figure |1 In vivo antitumor metastatic effect on 4Tl-bearing breast cancer mice model.

Notes: (A) Tumor metastatic situation was observed by bioluminescence at 15 days, 22 days, and 27 days, respectively. (B) The lung tissue photos of 4T|-bearing mice respectively
treated with saline (b), naked siRNA (c) and PEG-CS/siRNA nanoparticles (d), lung tissue of normal mice was taken as control (a). (C) H&E stained lung section of 4Tl-bearing mice
treated with saline (b), naked siRNA (c) and PEG-CS/siRNA nanoparticles (d), lung tissue of normal mice was taken as control (a). Circled areas show the metastatic areas.
Abbreviations: H&E, hematoxylin and eosin; PEG-CS, polyethylene glycol-chitosan; siRNA, small interfering RNA.

implied that lung metastasis had occurred in mice in these
two groups. The surface of the lungs in the test group was
smooth and almost invisible nodules were observed, which
illustrated that the test group was free from lung metastasis.
Additionally, the fixed lung tissues were stained with hema-
toxylin and eosin for histopathological examination. The
results of lung histopathological examination are displayed
in Figure 11C. The pathological slices from the healthy mice
showed clear lung structure and alveolar septum. However,
many metastatic regions were found on the pathological
slices of the naked siRNA and saline group. This result
suggested the occurrence of tumor metastasis in these two
groups. Spots of metastatic foci were found in the pathologi-
cal slices of lung tissues in the test group, which suggested
that PEG-CS/siRNA nanoparticles inhibit tumor metastasis
effectively.?%°

Conclusion

In this study, PEG-CS polymer as siRNA delivery carrier was
synthesized successfully, which could encapsulate siRNA
efficiently. PEG-CS/siRNA nanoparticles were conveniently
prepared via a single-step ionic gelation method with a small
size and suitable blood serum stability. Flow cytometry and
confocal laser scanning microscopy results illustrated that
PEG-CS/siRNA nanoparticles can be uptaken by 4T 1 cancer
cell effectively, and MTT result showed that the antiprolifera-
tion effect of PEG-CS/siRNA nanoparticles on 4T1 cancer
cells was significant. The apoptosis assay further illustrated
good antitumor effect of the nanoparticles. Furthermore, the
PEG-CS/siRNA nanoparticles were able to inhibit tumor
growth in the 4T1 tumor model by silencing the survivin
gene. This delivery system needed to be further perfected to
increase its therapeutic effect and reduce its adverse effect.
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