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Abstract: Hypertrophic scars are closely related to the sustained activation of transforming growth factor 3 (TGF-3)/
Smads signaling pathway. As a terminal molecule of this signaling pathway, connective tissue growth factor (CTGF)
can be overexpressed and thus induce fibroblast proliferation and extracellular matrix deposition. This study aimed
to examine whether the expression of CTGF can be inhibited by chitosan-siCTGF (Cs-siCTGF) nanoparticles, thereby
reducing scars during wound healing. Cs-siCTGF nanoparticles were formed through electrostatic interaction, and
the nanoparticle size can be confirmed through Nano ZS Zetasizer and transmission electron microscopy. For ob-
taining the loading efficiency and controlled release properties, the nanoparticles were applied to fibroblasts, the
transfection and uptake efficiency of siCTGF loaded chitosan nanoparticles were examined. At last, we tested the
RNA interference in a rabbit model of hypertrophic scar. Results showed that the expression of CTGF was down-
regulated, both a-smooth muscle actin (a-SMA) expression and extracellular matrix deposition were reduced. All
of these factors contributed to the extenuation of scar after wound healing. This finding suggests that Cs-siCTGF
nanoparticles may be as a promising agent for prevention of hypertrophic scars.
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Introduction

Every year, millions of people develop scars
caused by skin injury, such as surgery, trauma,
or burns, which can remarkably affect the
patients’ quality of life [1]. In order to prevent
and treat hypertrophic scarring, many treat-
ments have emerged, including surgery, sili-
cone gel application, topical corticosteroids,
sheet application, and so on. However, treat-
ments for hypertrophic scar are currently widely
questioned by clinicians due to invalid out-
comes. Besides, the pathogenesis of hypertro-
phic scar formation remains unclear. The trans-
forming growth factor B (TGF-B)/Smads signal-
ing pathway is essential for fibrosis, which
affects the skin and other organs [2-6]. In pre-
vious studies, scarring is inhibited by blocking
of TGF-B, Smad2, or Smad3 [7, 8]. With the
widespread effects of TGF-B or Smads genes,
inhibition of their profibrotic effects may weak-

en their immunomodulatory functions, which
are also essential for wound healing [9, 10].
Study found that inhibition of TGF-B can delay
wound healing [11]. Therefore, the direct target-
ing of TGF-3 or Smads genes may influence the
overall effectiveness.

Connective tissue growth factor (CTGF) is a ter-
minal downstream effector of the TGF-3/Smads
signaling pathway and is very important for
wound healing. Up-regulation of CTGF expres-
sion can promote wound healing. However,
there are still controversial results remaining.
Some studies have reported wound healing is
unaffected when the CTGF expression is inhib-
ited [12]; others have found that down-regula-
tion of CTGF expression can delay wound heal-
ing [13, 14]. Besides, CTGF can promote fi-
broblast proliferation, extracellular matrix syn-
thesis and secretion and myofibroblast trans-
formation [15]. The pathological overexpres-
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sion of CTGF has been found in many fibrotic
diseases, including hypertrophic scars [15-18].
Scar formation not only can be minimized by
inhibiting the expression of CTGF gene in both
in vivo and in vitro, but also effectively ham-
pered by targeting CTGF expression without
inducing side effects, which is caused by the
intervention of conventional genes, such as
TGF-B or Smads [17].

With high efficiency and specificity, small inter-
fering RNA (siRNA) has been used as a disease
treatment due to the fact that it can down-regu-
late the expression of target genes [18, 19].
Antisense siRNA methods can be applied to
reduce target gene expression. However, siRNA
systemic delivery is limited by several disadvan-
tages, such as poor biodistribution, low stabili-
ty, and inefficient uptake [20, 21]. Therefore,
efficient methods should be developed to con-
trol siRNA release and improve therapeutic
effects. There are various materials available
for encapsulating siRNA and forming nanopar-
ticles. For example, chitosan, is a natural cat-
ionic material that possesses low cell toxicity
and immunogenicity [22, 23]. Chitosan has
been developed as a siRNA carrier because it
has a protonatable amine groups, so it can
interact with the negatively charged siRNA [24,
25]. When genetic materials are encapsulated
by chitosan, nanoparticles were formed, chito-
san nanoparticles then can adhere to the cell
membrane and efficiently avoid degradation by
liposomes [26]. Thus, chitosan-siRNA nano-
particles may be developed as a promising
non-viral siRNA delivery vehicle for disease
treatment.

In this study, a novel treatment was designed
to inhibit scar formation by local injection of
Cs-siCTGF nanoparticles to knock down the
expression of CTGF after the skin was fully
damaged. Data showed that Cs-siCTGF nano-
particles could inhibit fibroblast proliferation
and collagen expression. The release time of
siCTGF from Cs-siCTGF nanoparticles could
be sustained up to 72 hours in vitro. In vivo,
Cs-siCTGF nanoparticles were further applied
to a rabbit model of hypertrophic scar. These
nanoparticles significantly reduced the expres-
sion of CTGF and other pro-fibrosis genes. Our
results indicated that scar formation can be
impeded significantly by using Cs-siCTGF nano-
particles.
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Materials and methods

Chitosan-siCTGF (Cs-siCTGF) nanoparticles
preparation

Cs-siCTGF nanoparticles were prepared as
reported in a previous article [27]. Chitosan
(Sigma-Aldrich, Germany) were dissolved in
sodium acetate buffer (300 mM of sodium ace-
tate, pH 5.5) and filtered to obtain 1 mg/ml of
chitosan working solution. For generation of
Cs-siCTGF nanoparticles at 50 nM, 100 nM and
200 nM, approximately 5 ul of 10 uM, 20 uM,
and 40 uM siCTGF stock (Shanghai Biotend
Biotechnologies Company, China) was added
into 1 ml of sodium tripolyphosphate (TPP)
solution (Sigma-Aldrich, Germany) to make a
siCTGF-TPP solution respectively, subsequently
these siCTGF-TPP solutions were added into 3
ml of chitosan working solution to make the
Cs-siCTGF nanoparticles solutions. The result-
ing solutions (Cs-siCTGF nanoparticles solu-
tions) were stirred at 450 rpm for 15 minutes
and then allowed to stand at room tempera-
ture for 30 minutes. After centrifugation at
16,000xg and at 4°C for 30 minutes, the su-
pernatant contained unentrapped siCTGF was
transferred into an additional tube and used as
control, and the pellets of Cs-siCTGF nanopar-
ticles were collected and purified through
extensive dialysis by using a Spectra/Por® dial-
ysis membrane (Biotech, USA), and eventually
resuspended in PBS for using. All of the devices
were treated with diethylpyrocarbonate (DEPC)-
treated water.

Characterization of the Cs-siCTGF nanopar-
ticles

Morphology: A drop of Cs-siCTGF nanoparticle
suspension was attached to a copper film and
allowed to be dried at 25°C after 3 minutes.
The morphological characteristics of the Cs-
siCTGF nanoparticles were observed through
transmission electron microscopy (TEM) (Te-
cnai G2spirit Biotwin, FEI Company, USA).

Mean particle size and polydispersity index
(PDI) analysis: The mean particle size and PDI
of Cs-siCTGF nanoparticles were determined in
DEPC-treated aqueous solution by using Nano
ZS Zetasizer (Malvern, UK) at 25°C through
laser Doppler velocimetry and dynamic light
scattering. In brief, 100 ul of Cs-siCTGF na-
noparticle solution was placed in a culvert. The
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particle size and PDI were measured by using a
size analyzer. Each sample was measured
triplicates.

Loading efficiency assay

After the Cs-siCTGF was made, the control solu-
tion (unentrapped siCTGF) was collected as
mentioned in above and assayed by UV absor-
bance (Pharmacia, Sweden) at a density wave-
length of 260 nm. The encapsulation percent-
age was calculated as follow: % loading = (total
amount of siCTGF - the amount of unentrapped
siCTGF)/total amount of siCTGF.

Controlled release assay

When Cs-siCTGF was made, the nanoparticles
were resuspended in 100 ml of PBS solution
and incubated at 37°C for 6 hours, followed by
centrifugation again and the supernatant was
collected. The UV absorbance of the superna-
tant was measured through UV spectrophotom-
etry (Pharmacia, USA) at a density waveleng-
th of 260 nm. The Cs-siCTGF nanoparticles
release rate of each time point (O, 6, 12, 24,
36, 48, and 72 hours) was calculated as fol-
lows: release percentage = amount of superna-
tant siCTGF/total amount of siCTGF in hanopar-
ticles x 100%.

Transfection and uptake rate assay

Cy3 labeled Cs-siCTGF nanoparticles (Cs-
siCTGF-Cy3) were prepared to observe whether
Cs-siCTGF can be absorbed by fibroblasts. In
brief, 1 ml of TPP solution containing 5 ul of
Cy3-labeled siCTGF (20 yM) was added into 3
ml of chitosan. After stirring for 15 minutes at
room temperature, the nanoparticles labeled
with Cy3 suspension was formed. After centrif-
ugation, the nanoparticle pellets were obtain-
ed and resuspended with DMEM. Two groups
were designed for the uptake rate assay: Cy3-
labeled siCTGF (si-CTGF-Cy3) group was used
as control group, and Cs-siCTGF-Cy3 group was
used as treatment group. After one day of incu-
bation, the medium replaced, and the transfec-
tion and uptake rate were observed under a
fluorescence microscope (Leica, Germany).

SsiCTGF sequence assay

Three siCTGF sequences were designed to tar-
get different regions of the CTGF gene. BLAST
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was used to analyze the sequence of these
siCTGFs and exclude the off-target effect from
them. Fibroblasts were transfected with Lipo-
fectamine 2000 (Life Technologies, USA) in
accordance with the manufacturer’s instruc-
tions. In brief, 0.1 nM of siCTGF and 5 ul of
Lipofectamine 2000 were added into 250 l
of Opti-MEM medium (Life Technologies, USA)
and stand at 25°C for 5 minutes. Lipofectamine
2000 and either siCTGF or scrambled RNA
(siNC) in Opti-MEM media were mixed respec-
tively and stand at 25°C for another 20 minut-
es to form a siCTGF-Lipofectamine complex.
Afterward, 500 pl of siCTGF-Lipofectamine
complex was added to the fibroblasts. After 24
hours and 48 hours of incubation, whole RNA
and proteins were extracted respectively from
the transfected fibroblasts for sequencing.

Human fibroblasts culturing

After informed consent was given from partici-
pants, the fibroblasts were isolated from human
foreskin and cultured as described previously
[28], which was approved by the ethics commit-
tee of the Second Military Medical University.
The dermis was obtained in accordance with
the following procedures. The foreskin was
digested in 0.25% dispase (Gibco Company,
USA) at 4°C for overnight. Separated dermis
was then digested in 1% collagenase solution
(Gibco Company, USA) at 37°C for 1 hour and
filtered. After centrifugation, the fibroblasts
were collected and then cultured in DMEM
(Gibco Company, USA) with 10% fetal bovine
serum (Gibco Company, USA) in a humidified
condition of 95% air and 5% CO, for appropri-
ated experiments.

Cell toxicity assay

The suspended fibroblasts were plated into
96-well plates (Corning, NY, USA) at a density of
2 x 10%to 5 x 10%/well, and each volume of the
well was 200 pl. After cell adherent, the medi-
um was collected aside for further experiment.
The cells in DMEM medium containing 10%
fetal bovine serum were used as a control
group, and three different concentrations of
Cs-siNC nanoparticles solution (0.5 mg, 1 mg
and 2 mg) were applied as experimental groups.
After 24 hours incubation, 20 pl of CCK8 solu-
tion (Cell Counting Kit 8, Beyontime, China)
was added into each well and incubated at
37°C for 3 hours, followed by transferring of
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100 ul of the supernatants to another clean
96-well plate. The optical density (OD) value
was measured at wavelength of 260 nm by
using a multi-plate reader (BioteK, USA) until
Day 7.

Quantitative RT-PCR and western blotting as-
say

Fibroblasts were seeded at a density of 2 x 10°
to 5 x 10%/well into a 12-well plate (Corning,
NY, USA). After one day, the medium was
removed and replaced with a fresh DMEM
medium. An equal volume of DMEM (blank),
nanoparticles formed with naked control chito-
san (Cs-siNC) and with various concentration
of siCTGF (50 nM, 100 nM and 200 nM) were
added into the 12-well plates. After 48 hours
incubation, fibroblasts were collected, the
expression levels of CTGF and some fibrosis-
related genes were assayed through RT-gPCR
and western blotting.

RT-PCR: Total RNA extracted from Fibroblasts
by RNAzol reagent (Molecular Research Center,
Cincinnati, OH, USA) and the concentration was
calculated. Isolated RNAs were reverse tran-
scribed into cDNAs by using a PrimeScript™ RT
Master Mix (TaKaRa). Relative mRNA expres-
sion levels of CTGF, Collagen | and a-SMA were
assayed by using a SYBR Premix ex Taq (Ta-
kara Bio, Japan), 7500 Real-Time PCR system
(Applied Biosystems, Carlsbad, USA) according
to the manufacturer’s instructions. GAPDH was
used as control and 2_DDCt method was used
to analysis relative gene expression.

Western blot: Total protein was extracted by
using cell lysis buffer (Beyotime, Shanghai,
China) and the protein concentration was de-
termined by using the Pierce™ BCA Protein
Assay Kit (ThermoFisher Scientific Inc.). Thirty
micrograms of protein in each sample (30 ug/
lane) were loaded and separated by 10%
SDSPAGE and subsequently transferred to
0.45 mm PVDF membranes (Millipore, Bedford,
MA, USA). GAPDH rabbit polyclonal anti-CTGF
antibody (Abcam, USA), anti-Collagen | antibody
(Abcam, USA), anti-a-SMA (Abcam, USA) were
incubated with the membrane at 4°C over-
night. Then, the membrane was incubated with
HRP conjugated goat anti-rabbit (Abcam, USA)
antibodies for 1 hour at room temperature.
Protein bands were reacted by an ECL detec-
tion Kit, and the images were analyzed by using
the Image-Pro plus 6.0 software.
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Cs-siCTGF nanoparticle accumulation and
releasing time assay

Nude mice were used to monitor wound fluores-
cence imaging. A1 cm x 1 cm of second-degree
injury wound on the back skin was made, con-
trol siCTGF-Cy3 and Cs-siCTGF-Cy3 were made
and injected intradermally from the edge of
the wound respectively. At 1, 6, 24, 48, and 72
hours, the mice were anesthetized with 2.5%
isoflurane. Fluorescence position and intensity
were detected by using an in vivo imaging
system (IVIS®200, Caliper LifeSciences, USA).
The radiation efficiency of the wound was mea-
sured to describe the radiation/lighting power
density.

Animal model generation and fibrosis detec-
tion assays

The New Zealand white rabbits were housed
under standard conditions and treated in accor-
dance with an experimental protocol approved
by the Animal Care and Use Committee of the
Second Military Medical University. Six-month
old rabbits (3-3.5 kg, n=30) were anesthetized
with Sodium pentobarbital (30 mg/kg) in vein.
Four 10 mm circular wounds were made on the
ventral ears of rabbits by punch [29]. Cs-siCTGF
nanoparticles were concentrated to 1 mg/ml
prior to dosing. Afterward, 20 ul of nanoparti-
cles loaded with 5 yM, 10 pM or 20 uM of
siCTGF was injected into each wound at every
three days until day 27. The scar thickness of
the rabbit ear was measured by using an ultra-
sonic detector (ALOKA, Japan) at week 4 and
week 8. Scar samples were collected at week 4
and week 8. Fibrosis was detected by immuno-
histochemistry (IHC) staining, western blotting
and collagen deposition. Briefly, for IHC stain-
ing, sections were deparaffinized, hydrated,
and subjected to proteinase K treatment for
antigen retrieval. Endogenous peroxidase was
blocked by 3% Hydrogen Peroxide/Methanol.
The Slides were blocked with normal goat
serum and then incubated with corresponding
primary antibodies of against Collagen | (Ab-
cam, USA), a-SMA (Abcam, USA) and CTGF
(Abcam, USA) overnight at 4°C, respectively.
After washing with PBS, the sections were in-
cubated with HRP-conjugated Goat Anti-rabbit
IgG (Abcam, USA) and DAB was used for color
development. All counting or analyzing proce-
dures of histological images were conducted
separately by two pathologists. Western blot
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electron microscopy (TEM)
was applied. The images indi-
cated Cs-siCTGF nanoparticles
were uniform in size without
adhesion of copper film, and
the diameter of it was 92.6 +
8.4 nm (Figure 1A). Further,
the mean particle size and
polydispersity index (PDI) of
Cs-siCTGF nanoparticles were
determined by using a dynam-
ic light scattering instrument,
and the results revealed Cs-
siCTGF nanoparticles were dis-

tributed symmetrically and the
average of mean particle size

was 190.4 + 3.6 nm (Figure

1B). The Polydispersity index

(PDI) was 0.233. For determi-

nation whether the loading
rate of siCTGF was sufficient,

B Size Distribution by Intensity
12
i /f\\
R 8 { \
g6
[ =
& i
= 4 /
2 /
[1Rs — e _A—

0.1 1 10 100
Size (d.nm)

Figure 1. Characterization the formation of Chitosan/siCTGF (Cs-siCTGF)
nanoparticles. A. Cs-siCTGF nanoparticles were formed and dropped onto
a copper film for detection of morphology. The TEM images showed the

the entrapped siCTGF in Cs-
10000 siCTGF nanoparticles was for-
med. The spectrophotometric
absorbance of 260 nm was
applied, and 97.5% + 0.5%
siCTGF loading rate was achie-
ved.

Cs-NPs were uniformed in size without adhesion, and the diameters of Cs-

siCTGF nanoparticles was 92.6 + 8.4 nm. B. The mean particle size and
polydispersity index (PDI) of Cs-siCTGF nanoparticles were examined by the
dynamic light scattering instrument, data revealed a symmetric distribution

with an average size of 190.4 + 3.6 nm.

was carried out as described above with same
antibodies. Collagen deposition was observed
with Masson’s trichrome staining.

Data analysis

Data were statistically analyzed with SPSS16.0
and expressed as mean + SD. Analysis was
conducted with two-tailed Student’s t-test.
Statistical significance was considered at P<
0.05.

Results

Chitosan/siCTGF (Cs-siCTGF) nanoparticles
were successfully formed and the roading rate
of siCTGF was sufficient

Cs-siCTGF nanoparticles were prepared as it
described in the methods. For examining the
morphology, the Cs-siCTGF nanoparticles was
dropped onto a copper film and transmission
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siCTGF could be sufficiently
released from Cs-siCTGF
nanoparticles and no toxic to
fibroblasts

When Cs-siCTGF was made, the nanoparticles
were pelleted and resuspended in PBS, the
supernatant was collected for measurement of
siCTGF releasing from chitosan nanoparticles.
In the first 24 hours, 60% of siCTGF was re-
leased, thereafter, 10% of siCTGF was released
every 12 hours until 72 hours (Figure 2B). For
detection the toxicity of Cs-nanoparticles, the
fibroblasts were employed. The fibroblasts were
isolated from human foreskin and seeded into
96 well plates for assay. Three different con-
centrations of Cs-siNC nanoparticles (0.5 mg,
1 mg and 2 mg) were made and co-cultured
with the cells, then CCK8 kit was applied for
evaluation the toxicity of Cs-siCTGF nanoparti-
cles. The OD values were similar in Cs-NP-0.5
mg group and Cs-NP-1 mg group compared
with it in the blank group. However, the OD
value of the Cs-NP-2 mg group was lower than
the other three groups (P<0.05) (Figure 2A).
Therefore, Cs-NP-0.5 mg and Cs-NP-1 mg are
best for the further experiments.

Int J Clin Exp Med 2023:16(8):166-178



Chitosan/siRNA nanoparticles reduce scar hyperplasia

A B 1.0-
1.0+
-+ Blank 2 0.8-
$ 0.8 = Cs-NP-05mg (@
K4 -+ Cs-NP-1mg ? 0.6-
@ 0.6 - (Cs-NP-2mg E )
& @ 0.4-
g 0.4 <
2 £ 0.2-
< 0.2+ 'a =
uu T T T T T T T u.o T T T L)
N G ) e 2] A 0 20 40 60 80
B B B B P P P

time (hour)

Figure 2. Effect of Cs-siCTGF nanoparticles on fibroblasts. Three different concentrations of Cs-siCTGF nanopar-
ticles (Cs-siCTGF-0.5 mg/ml, Cs-siCTGF-1 mg/ml and Cs-siCTGF-2 mg/ml) were used for co-culture with human fibro-
blasts. A. Cell toxicity assay. The relative proliferation rate of fibroblasts in the Cs-siCTGF-2 mg group was lower than
the other two groups (Cs-siCTGF-0.5 mg and Cs-siCTGF-1 mg) compared with it in control group (Blank) (P<0.05).
B. siRNA release rate showed, in the first 24 hours, 60% of siCTGF was released. Thereafter, 10% of siCTGF was

released every 12 hours until 72 hours.

Cs-siCTGF nanoparticles can be taken up by
fibroblasts

To investigate the internalization of Cs-siCTGF
nanoparticles, Cy3 dye labeled siCTGF (siCTGF-
Cy3) and Cs-siCTGF nanoparticles (Cs-siCTGF-
Cy3) were made. The nanoparticles were co-
cultured with fibroblasts, and the transfection
and uptake rate of nanoparticles were observed
under a fluorescence microscope. The cell sur-
face of fibroblasts was stained with Cy3 dye,
when the cells took up the siCTGF they
appeared as red color. The nucleus was stain-
ed with Dapi and appeared as blue color.
After the image was merged, the Cy3 (red)
appeared around the nuclear dots (blue) in
both siCTGF-Cy3 group and Cs-siCTGF-Cy3
group (Figure 3). This finding demonstrated
that the Cs-siCTGF-Cy3 could be entrapped in
fibroblasts.

Selection of the optimal siCTGF sequence

For choose the optimal target regions of the
CTGF gene, three siCTGF sequences were de-
signed and transferred into fibroblasts, the
silencing efficiency was detected at mRNA and
protein levels. The results of quantitative RT-
PCR displayed that: there was no significant dif-
ference between the blank group and siNC con-
trol group, the mRNA level of CTGF was de-
creased to 85.12% + 0.47%, 69.38% * 0.65%,
and 31.08% + 0.41% in the three sequences
groups respectively, compared to the blank
group, the siCTGF-3 had the lowest level of
CTGF expression (Figure 4A). The result of
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western blotting showed similar tendency
(Figure 4B). Therefore, the siCTGF-3 appeared
to have the optimum silencing efficiency.

Effect of Cs-siCTGF nanopatrticles for inhibition
of proteins’ expression in a dose-dependent
manner

To investigate the function of Cs-siCTGF na-
noparticles, the fibroblasts were co-cultured
with DMEM (blank), nanoparticles formed with
scrambled RNA (Cs-siNC) or various concentra-
tions of siCTGF (Cs-siCTGF-50 nM, Cs-siCTGF-
100 nM and Cs-siCTGF-200 nM) respectively,
fibrosis-related genes were detected by Wes-
tern-blot and RT-PCR (Figure 5). The results of
Western Blot demonstrated that chitosan/siCT-
GF nanoparticles could effectively inhibit the
protein expression of CTGF, a-SMA and type |
collagen in a dose-dependent manner, and
there was no significant difference between
blank and cells treated with Cs-siNC in all the
proteins (Figure 5A). The mRNA expression
level of CTGF were decreased to 76.03% =+
2.03%, 26.92% + 3.67%, and 28.37% + 2.23%
in three treated groups compared with it in
blank group (Figure 5B). In particular, the
expression of CTGF in Cs-siCTGF-100 nM group
and Cs-siCTGF-200 nM group was remarkably
lower than it in the blank group and the Cs-siNC
group. The mRNA expression level of a-SMA
was decreased to 75.12 + 1.14%, 55.14% +
2.21%, and 59.76% + 3.84% in three treated
groups compared with it in blank group (Figure
5C). The mRNA level of collagen | was reduced
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Dapi Merged

Figure 3. Fluorescence microscope detection of Cs-siCTGF nanoparticles on co-cultured fibroblasts. Fibroblasts
were co-cultured with Cy3 dye labeled siCTGF (siCTGF-Cy3, top row) and Cs-siCTGF nanoparticles (Cs-siCTGF-Cy3,
bottom row). After image merged, the Cy3-labeled siCTGF (red) appeared around the Dapi stained nuclear dots
(blue) in the both Cs-siCTGF-Cy3 group and the Cs-siNC-Cy3 group. Scar bars: 200 ym.
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Figure 4. Selection of optimal siCTGF sequence. Three siCTGF sequences were designed and transferred into fibro-
blasts, the silencing efficiency of CTGF was detected at (A) mRNA level and (B) protein level. Data was shown as
means * SD, n=3; *P<0.05, **P<0.01, ***P<0.001. Scar bars: 100 ym.

to 73.12 + 2.09%, 41.65% + 3.77%, and
49.76% + 2.61% in three treated groups com-
pared with the blank group (Figure 5D). The
above data showed both the Cs-siCTGF-100 nM
group and Cs-siCTGF-200 nM group had the
bigger inhibiting efficiency than other groups.
However, there are no statistical differences
between these two groups. These results dem-
onstrated that Cs-siCTGF nanoparticles could
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effectively inhibit the expression of a-SMA
and collagen | and CTGF in a dose-dependent
manner.

Effect of Cs-siCTGF nanoparticles for elicitation
of low toxicity to vital organs via local injection

To detect the accumulation and releasing time
of Cs-siCTGF nanoparticles, Cy3 labeled con-
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Figure 5. Effect of Cs-siCTGF nanoparticles on various proteins expression in fibroblasts. Fibroblasts were co-cul-
tured with DMEM (blank), nanoparticles formed with scrambled RNA (Cs-siNC) or various concentrations of siCTGF
(Cs-siCTGF-50 nM, Cs-siCTGF-100 nM and Cs-siCTGF-200 nM) respectively, fibrosis-related genes were detected. A.
Representative mMRNA level of a-SMA, Collagen | and CTGF in each treatment group, assayed by RT-PCR. B-D. Rela-
tive intensity of CTGF, a-SMA and Collagen | expressions normalized by GAPDH, assayed by western blotting. Data
was shown as means + SD, n=3; *P<0.05, **P<0.01, ***P<0.001. Scar bars: 100 uym.

trol siCTGF and Cs-siCTGF were injected intra-
dermally from the edge of the wound in nude
mice. At 1, 6, 24, 48, and 72 hours, the mice
were anesthetized with 2.5% isoflurane, wound
fluorescence position and intensity were de-
tected by using an in vivo imaging system. In
the control siCTGF-Cy3 group, the fluorescence
signal (red color) appeared after 10 minutes
and intensified at 6 hours, followed by gradually
weakening and finally disappeared after 24
hours. In contrast, the fluorescence signal
reached the peak at 24 hours in the Cs-siCTGF-
Cy3 group, and the signal weakened and di-
sappeared after 72 hours (Figure 6A, 6B). In
addition to the wound, other organs did not
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show evidence of fluorescence signal accumu-
lation. This finding suggested that Cs-siRNA
nanoparticles elicited low toxicity to vital organs
via local injection.

Effect of Cs-siCTGF nanoparticles for attenua-
tion of hypertrophic scar

For examining the function of siCTGF nanopar-
ticles, the chitosan was loaded with the con-
centrations of siCTGF nanoparticles at 100
nM as treatment groups, DMEM (blank) and
Cs-siNC nanoparticles were used as control
groups. The wounds were made on the ventral
ears of rabbits, granulation tissues were inject-
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ed with either Cs-siNC or Cs-siCTGF for every
three days from week 2 to improve transfection
efficiency. General observation revealed that
the scar thickness from the treatment group
was improved at week 4 and week 8 (Figure
7A). The scar thickness on the rabbit’s ear was
measured by color Doppler ultrasound detec-
tors, and was smaller in the Cs-siCTGF-100 nM
group than it in the control groups (Figure 7B
and 7C). The Cs-siCTGF-100 nM group elicited
the largest effect on scar reduction. The protein
expression levels of a-SMA and CTGF were
reduced in the treatment group by Immuno-
histochemistry staining (Figure 8B, 8C). The
result of Masson trichrome staining showed
collagen deposition was improved in terms of
size and irregular arrangement in the treatment
group (Figure 8A).

Discussion

Hypertrophic scars are formed through scar tis-
sue hyperplasia and are spread beyond the ini-
tial skin lesion area. Wound healing procedure
is frequently accompanied by scar formation in
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Figure 6. Fluorescence detection of the wound in Cy3
labeled various nanoparticles in treated nude mice. Con-
trol siCTGF-Cy3 (bottom row) and Cs-siCTGF-Cy3 (top row)
were injected intradermally to the wounded nude mice.
At 1, 6, 24, 48, and 72 hours, the wounds were detected
in vivo. A. Image of fluorescence position; B. Quantitative
determination of fluorescence intensity. Data was shown
as means + SD, n=3; *P<0.05, **P<0.01, ***P<0.001.
Scar bars: 500 um.

adults. In the early stage, extremely activated
fibroblasts promote wound healing and injury
closure. However, in the late stage, excessive
deposition of collagen and extracellular matrix
(ECM) results in scar formation. The pathogen-
esis of hypertrophic scar involves many signal-
ing pathways, among these, persistent activa-
tion of transforming growth factor-p (TGF-B)/
Smad signaling plays an important role. How-
ever, direct targeting TGF-B or Smads genes
may influence the overall effectiveness of such
therapies. In contrast to TGF- or Smads gene,
down-regulation of CTGF can reduce scarring
without influencing the overall effectiveness
[12]. In light of these findings, CTGF is proposed
as a profibrotic factor that plays an important
role in the pathways of leading fibrosis, such as
renal fibrosis and pulmonary fibrosis. Chitosan,
derived from chitin, is orally non-toxic in ani-
mals and humans, and has been intensively
investigated for drug and gene delivery [22,
23]. Glycol-chitosan, characterized by low mo-
lecular weight and water soluble derivation,
were reported to selectively accumulate in the
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Figure 7. Effect of Cs-siCTGF nanoparticles in a wound generated rabbit model. The wounds were made on the ven-
tral side of the ears of rabbits, granulation tissues were injected with either DMEM (blank) or Cs-siNC or Cs-siCTGF
for every three days from week 2 to improve transfection efficiency. A. General observation of the scar thickness
on the rabbit’s ear. B. Thickness of the rabbit ear measured by color Doppler ultrasound detectors. C. Quantitative
determination of thickness of scar. Data was shown as means + SD, n=3; *P<0.05, **P<0.01, ***P<0.001. Scar

bars: 500 ym.

mouse kidney renal tubules following i.v. injec-
tion, and thus could potentially be utilized to
deliver drugs or other compounds to the kid-
neys [24].

In the present study we employed non-water-
soluble chitosan polyplex nanoparticles as a
vector/vehicle and successfully formed Chito-
san/siCTGF (Cs-siCTGF) nanoparticles for ther-
apy. For detecting the morphology of these
nanoparticles, two methods were applied
(Figure 1A, 1B), compared the method of TEM,
the hydration size of particles measured by
dynamic light scattering could be bigger,
because the particle size could be collapsed
after negative staining of TEM. Cs-siCTGF
nanoparticles sustained the release of siCTGF
to approximately 72 hours and are not toxic to
fibroblasts compared with siCTGF (Figure 2A,
2B). In vitro, Cy3 dye labeled siCTGF (siCTGF-
Cy3) and Cs-siCTGF nanoparticles (Cs-siCTGF-
Cy3) were made and incubated with fibroblasts,
the transfection and uptake rate of nanoparti-
cles were observed, the merged image show-
ed Cs-siCTFG-Cy3 could be entrapped in fibro-
blasts.
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Meanwhile, the optimal sequence of siCTGF
was designed and confirmed by detection of
MmRNA level (Figure 4A) and protein level
(Figure 4B) of CTGF expression. Cs-siCTGF
nanoparticles could reduce CTGF expression in
fibroblasts successfully and affected the cell
viability slightly. In our study, we utilized lentivi-
ral transduction to perform RNA interference in
fibroblasts, and found that down-regulation of
CTGF expression could inhibit the proliferation
of fibroblasts and formation of extracellular
matrix (Figure 5A-C). It is similar with a pre-
vious study, which reported that CTGF is highly
expressed in fibroblasts, and CTGF (-/-) fibro-
blasts are defective in cell migration and
spreading [14, 19]. These results imply that
CTGF has an important role in the fibrotic phe-
notype of fibroblasts.

Low treatment efficiency is usually caused by
rapid clearance of naked siRNA in vivo. To
achieve the silencing effect, it normally requires
high dose of siRNA. In the other hand, the exist-
ing time of siRNA in serum should be shortened
to impede its degradation effectively. Thus, the
effective delivery of siRNA has become a great

Int J Clin Exp Med 2023;16(8):166-178



Chitosan/siRNA nanoparticles reduce scar hyperplasia

|
O
11515
v
©a
=

@]

R G e e

v G 2f R e
e -y f:'/\ z (el 1l t"‘:" t APk -z

'\-_
/

5 =

XAk
N

o

N gy A

"';;’?ﬂ"ﬁMH A

i N RS
U =riEs ) "”.,.‘ -
R e £ e |

(3 =

] 5= L S O o,
Cs-siCTGF-100nM
Figure 8. Effect of Cs-siCTGF nanoparticles on protein expression in wound generated rabbit model. The rabbits
were given wound punches on the ventral side of the ears, granulation tissues were injected with either DMEM
(blank) or Cs-siNC or Cs-siCTGF for every three days from week 2 to improve transfection efficiency. A. Representa-
tive protein deposition of Collagen by Masson trichrome staining. B. Representative protein expression of CTGF by

immunohistochemistry staining. C. Representative protein expression of a-SMA by immunohistochemistry staining.
Data was shown as means + SD, n=3; *P<0.05, **P<0.01, ***P<0.001. Scar bars: 100 um.

" Cs-siNC

challenge. In this study, two methods were
employed to overcome the problem. Compared
with intravenous injection, localized dermal
injection could directly reach the target organ
(skin), reduce the risk of drug lost, and enhance
the delivery efficiency of siRNA. It is similar
with a previous study, which reported that
direct joint injection of naked TNF-a siRNA
inhibited joint inflammation [23]. Moreover, op-
tical imaging systems are very well proven for
tracking the fluorescence distribution and veri-
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fying whether Cs-siRNA nanoparticles can ac-
cumulate in the wound and sustained in a con-
trolled release. Cs-siCTGF-Cy3 nanoparticles
were observed in the accurate wound in nude
mice (Figure 6A), the fluorescence signal
reached the peak at 24 hours and the signal
weakened and disappeared after 72 hours
(Figure 6B), and other organs did not manifest
fluorescence. This suggests that localized der-
mal injection could target intervention of local
wounds and prevent side effects caused by
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direct serum injection in vital organs. Mean-
while, to improve siRNA cellular entry without
vector involvement, electroporation was con-
firmed to be a method for using. Studies have
shown impressive therapeutic intervention in
inflammation following i.v. administration of a
cationic liposomal-based carrier [27].

Polymer nanoparticles have been widely used
to improve the stability and pharmacokinetic
properties of siRNA [27-29]. However, there are
still a few problems in this study. First of all,
this experiment only applied chitosan nanopar-
ticles locally, without systemic delivery such as
intravenous injection or intraperitoneal injec-
tion, which means that the delivery ability of
nano-drug particles in the whole body to target
organs or tissues could not be detected, and
thus the ability to evade absorption and clear-
ance of non-target tissues could not be detect-
ed. Secondly, it has been demonstrated that
intravenous particles larger than 100 nm in
diameter are likely to be trapped in the liver,
spleen, lung and bone marrow by reticuloendo-
thelial system (RES), leading to degradation of
activated monocytes and macrophages. In our
hands, although the particle size of the
nanoparticles under the electron microscope
was less than 100 nm, the average particle
size detected in the solution was 190.4 + 3.6
nm, so the possibility of degradation by macro-
phages may be greater. Finally, nanoparticles
become unstable after storage or administra-
tion, which can lead to toxicity that is difficult to
trace. Here, cytotoxicity was just detected in
vitro, which was not continuously tracked in
animal experiments. All the above problems
need to be further supplemented or solved in
future research.

In summary, this study demonstrates that
down-regulation of CTGF expression by siCTGF
reduced fibroblast proliferation and ECM pro-
duction, and finally attenuated wound scarring
in a rabbit hypertrophic scar model. Our study
showed that Cs-siCTGF nanoparticles may be
used as a promising therapy method in extenu-
ate scar formation.
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