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a b s t r a c t

Background: As a kind of common complication of the surgery of perianal diseases, perianal ulcer is
known as a nuisance. This study aims to develop a kind of 20(S)-ginsenoside Rg3 (Rg3)-loaded hydrogel
to treat perianal ulcers in a rat model.
Methods: The copolymers PLGA1600-PEG1000-PLGA1600 were synthesized by ring-opening polymerization
process and Rg3-loaded hydrogel was then developed. The perianal ulcer rat model was established to
analyze the treatment efficacy of Rg3-loaded hydrogel for ulceration healing for 15 days. The animals
were divided into control group, hydrogel group, free Rg3 group, Rg3-loaded hydrogel group, and
Lidocaine Gel® group. The residual wound area rate was calculated and the blood concentrations of
interleukin-1 (IL-1), interleukin-6 (IL-6), and vascular endothelial growth factor (VEGF) were recorded.
Hematoxylin and eosin (H&E) staining, Masson's Trichrome (MT) staining, and tumor necrosis factor a
(TNF-a), Ki-67, CD31, ERK1/2, and NF-kB immunohistochemical staining were performed.
Results: The biodegradable and biocompatible hydrogel carries a homogenous interactive porous
structure with 10 mm pore size and five weeks in vivo degradation time. The loaded Rg3 can be released
sustainably. The in vitro cytotoxicity study showed that the hydrogel had no effect on survival rate of
murine skin fibroblasts L929. The Rg3-loaded hydrogel can facilitate perianal ulcer healing by inhibiting
local and systematic inflammatory responses, swelling the proliferation of nuclear cells, collagen
deposition, and vascularization, and activating ERK signal pathway.
Conclusion: The Rg3-loaded hydrogel shows the best treatment efficacy of perianal ulcer and may be a
candidate for perianal ulcer treatment.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As an essential barrier tissue of the human body, skin consisting
of the epidermis, dermis, and subcutaneous tissue canmaintain the
internal environment and prevent microorganism invasionwith its
immune protection and repair capabilities [1,2]. Open wounds,
common in human skin, impair the dermis and subcutaneous tis-
sues, like blood vessels, muscles and nerves [3]. Skin barrier defects
that occur after trauma can cause many local and systemic prob-
lems [3]. When skin tissue is injured, our body will start the wound
in University, Department of
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healing process. If the acute skin injury is not repaired typically, it
will form a chronic, non-healing wound or form hyperplastic scar
tissue [4,5]. Serious perianal inflammation and edema is always
associated with hemorrhoid surgery, and often results in delayed
wound or perianal ulcer [6] that can be easily contaminated by the
perianal exudates with difficult ulcer healing [7].

Biological dressings are commonly used clinically to cover
wounds to temporarily replace the barrier function of the skin [1,8].
The ideal biological dressing should have the following properties:
(1) Physical properties like breathability, moisture retention, me-
chanical stability, wound adhesion, and the ability to absorbwound
exudate [9,10]. (2) Biological properties like biological safety,
biocompatibility, antibacterial properties, degradability, hemosta-
sis, and the ability to promote wound healing and inhibit scar for-
mation [9,10]. Traditional gauzes with satisfactory water absorption
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ability, simple production process, low price fail to maintainwound
moistness and curb bacterial growth, endangering delayed healing.
Autologous or allogeneic tissue coverings resemble normal skin in
its structure and collagen content with high cost and laborious
sterilization and storage [10]. Synthetic dressings based on polymer
materials have favorable air permeability and wound absorption
capacity, but are susceptible to bacterial contamination [11]. Severe
bacterial contamination always leaves further local inflammation,
obstructs epithelial tissue repairment and neovascularization,
causing delayed wound healing [12]. It is meaningful to turn up an
original approach to prod strenuous perianal ulcer healing caused
by the contaminated wounds.

With announced anti-inflammation and anti-oxidation effects,
20(S)-ginsenoside Rg3 (Rg3), one of the effective active ingredients
of ginseng [13] has manifested the treatment efficacy of various
diseases, like gastric ulcer [14], various cancers [15,16], and
neurodegenerative defects [13]. Likewise, as a traditional Chinese
medicine, Rg3 is deemed safe in vivo with fewer minor side effects
to major organs. Rg3 has been applied for the treatment of wound
healing by local injection or sustained release from electrospun
fibers to the wound area and has shown promising potential for
wound healing and hypertrophic scars formation [17,18]. Having
been applied in wound healing in many studies, polymer-based
hydrogel with certain pore size, can provide an enabling moist
environment for cell proliferation and migration on wound surface
while preventing bacteria invasion and avoiding the secondary
infection of the wound surface. Moreover, its biocompatibility and
biodegradability guarantee the safety of use. Therefore, polymer-
based hydrogel and Rg3 integration may provide a different treat-
ment method for perianal wound healing.

In this study, a kind of mPEG-b-PLGA hydrogel (H) loaded with
Rg3 (H-Rg3) for perianal ulcer healing was developed in a rat
model. The porous structure of the biocompatible and biodegrad-
able hydrogel makes for oxygen transportation, the interaction of
nutrients and other molecules as well as maintaining of the humid
microenvironment. Rg3 can be slowly and locally released from the
hydrogel to the wounds to perform anti-inflammation and angio-
genesis effect. Our study aimed to combine the advantages of
hydrogel and Rg3 for treating perianal ulcers. The synthesized H-
Rg3 can significantly decrease the inflammatory responses, in-
crease neovascularization and collagen deposition, and activate
ERK signal pathway, promoting the healing of perianal ulcers in a
rat model. Our study indicates that H-Rg3 may be promising for
treating skin injury, even the perianal ulcer.
2. Materials and methods

2.1. Materials

Methoxy poly (ethylene glycol) (PEG; number average molecu-
lar weight (Mn) ¼ 1500 g/mol), DL-lactide (D, L-LA), and glycolide
(GA) were bought from Sigma-Aldrich (Shanghai, P.R. China). The
20(S)-ginsenoside Rg3 was obtained from Bioss Co., Ltd. (Beijing,
P.R. China). Stannous octoate (Sn (Oct)2) was acquired from Nanjing
Reagent Co., Ltd. (Nanjing, P.R. China). Glacial acetic acid was pur-
chased from Fujia Chemical Co., Ltd. (Zhengzhou, P.R. China).
Elastase and Tween-80 used for drug release test were bought from
Sigma-Aldrich (Shanghai, P.R. China). Mouse Elisa Kits interleukin-1
(IL-1), interleukin-6 (IL-6), and vascular endothelial growth factor
(VEGF) were bought from Beyotime Biological Technology Co., Ltd.
(Shanghai, P.R. China). The antibodies of tumor necrosis factor a
(TNF-a), Ki-67, CD31, ERK1/2, and NF-kB were purchased from
Abcam (Cambridge, USA).
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2.2. Preparation and characterizations of mPEG-b-PLGA

Under the protection of Nitrogen and the catalysis of Sn (Oct)2,
mPEG-b-PLGA copolymer was obtained by ring-opening polymer-
ization of D, L-LA and GA with PEG (Mn ¼ 1000 g/mol) as the
macro-initiator. The initial product is fully dissolved in distilled
water at 4 �C, and then heated to 80 �C to precipitate. Then the
product was freeze-dried to remove the excess water and the final
mPEG-b-PLGA copolymer was obtained. The characterizations of
mPEG-b-PLGA were analyzed by proton nuclear magnetic reso-
nance (1H NMR) on a 400 MHz Bruker spectrometer.
2.3. Preparation and characterizations of H-Rg3

ThemPEG-b-PLGA copolymerwas dissolved in phosphate buffer
saline (Phosphate Buffer Solution, PBS, pH ¼ 7.4) at a concentration
of 30 wt% to obtain mPEG-b-PLGA hydrogel. The hydrogel is in the
liquid phase at 4 �C and becomes solid at room temperature. Then,
the hydrogel and Rg3 were dissolved in PBS (pH ¼ 7.4) at 4 �C to
obtain H-Rg3 with the Rg3 concentration of 10 wt%. The
morphology of H-Rg3 was analyzed by scanning electron micro-
scope (SEM; JEOL, JSM-7500F).
2.4. In vivo degradation

In the in vivo degradation study, the rats (n ¼ 15) were injected
subcutaneously 500 mg H or H-Rg3 by syringe (1 mL) with
hydrogel turning solid and degraded continuously. The calculation
of hydrogel weight loss is as followed, Weight loss (%) ¼ (W0 - Wt)/
W0 � 100%, where W0 and Wt represent the initial weight and
remaining weight at pre-set time points (1, 2, 3, 4, and 5 weeks) of
the hydrogel, respectively. In detail, 3 rats were sacrificed at each
time point for hydrogel degradation analysis.
2.5. Drug release test

H-Rg3was cut into a 1.0 cm� 1.0 cm sized sample about 500mg
and was immersed in the 2.0 mL PBS (pH 7.4) solution containing
0.02 mg/mL elastase or 0.05% Tween-80. The solvent, placed in a
shaker at 50 r/min and 37 �C, was collected for further detection
and replaced with fresh ones daily. The amount of released Rg3 in
different solutions was determined by ultraviolet/visible (UV/vis)
absorbance at 254 nm and calculated through standard curves
based on a series of concentrations of Rg3.
2.6. In vitro cytotoxicity

In vitro cytotoxicity of H-Rg3, H, and free Rg3 towards murine
skin fibroblasts L929was evaluated byMTTassay. Samples of H-Rg3
(mPEG-b-PLGA, 30 wt%), free Rg3, and H for in vitro cytotoxicity
study were prepared at different Rg3 concentrations (2.5 wt%, 5 wt
%, 10 wt%, 20 wt%, and 40 wt%) or collagen concentrations (2.5 wt%,
5 wt%, 10 wt%, 20 wt%, and 40 wt%). The cells were seeded in 96-
well plates with 5 � 103 cells in each well, and cultured at 37 �C,
5% CO2 for 24 h. Then the culture medium was replaced by 100 mL
sample solutions at different concentrations at 37 �C, 5% CO2 for
48 h, followed by adding 20 mL MTT reagent (5 mg/mL). After in-
cubation at 37 �C for another 4 h, the medium was replaced by
100 mL DMSO. Finally, the OD values were analyzed by UV/vis at
490 nm. The medium-treated cells were served as controls and the
cell viability was calculated based on the absorbance values.
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2.7. In vivo perianal ulcer study

Female Wistar rats (180e220 g) were obtained from the Labo-
ratory Animal Center of Jilin University. The animal study was
approved by the Ethics Committee of the Animal Center of Jilin
University. After 24 h fast, the rats were anesthetized with 7%
chloral hydrate (0.5 mL/100 g) through intraperitoneal injection.
The perianal skin of rats was sterilized and rats were fixed in a
supine position. The perianal ulcer rat model was established by
subcutaneously injecting glacial acetic acid (30 mL, 75%) to the
perianal area at 3 points. Perianal ulceration with redness and
inflammation exudation was formed about 48 h later. The animals
were randomly divided into 5 groups with 8 animals in each one.
Group 1 was treated with PBS solution daily as negative control;
Group 2 was treated with H (about 500 mg) on the surface of the
ulceration area; Group 3, wounds were uniformly injectedwith Rg3
solution (0.5 mL, 20 mg/mL) at 0, 3, 6, 9, and 12 days; Group 4 was
treated with H-Rg3 (about 500 mg) on the surface of the ulceration
area; Group 5, Lidocaine Gel® (about 500mg) was used to cover the
ulceration area evenly as positive control.

The basic vital signs of rats, such as the mental state, were
recorded daily. The perianal ulcer of each animal was photographed
daily and the residual wound area rate was calculated as Sn/
S0 � 100%. At 6 days and 15 days post treatment, 4 animals were
randomly selected in each group and were euthanized, respec-
tively. Before the euthanasia of each animal, blood samples were
collected from the heart with serum from centrifugation at
2000 rpm for 15 min. The ulceration area of each animal was
dissected. Levels of IL-1, IL-6, and VEGF in blood were analyzed
using ELISA Kits.
2.8. Histopathological study

The ulceration tissues were rinsed with PBS, fixed in 4% (W/V)
PBS-buffered paraformaldehyde, and finally embedded in paraffin.
The tissues were sectioned at 5 mm serially and stained with he-
matoxylin and eosin (H&E). The inflammatory cells were counted
Fig. 1. Characteristics of mPEG-b-PLGA and Rg3-loaded hydrogel. (A) 1H NMR analysis of m
hydrogel (30 wt%). (C) SEM analysis of Rg3-loaded hydrogel. (D) The sol-gel transition of th
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under 100�magnification by three randomly selected pathologists.
Masson's Trichrome (MT), TNF-a, Ki-67, CD31, ERK1/2, and NF-kB
immunohistochemical staining were also performed. The MT im-
ages was analyzed by Image J Software (National Institutes of
Health, Bethesda, MD, USA) and the blue channel was used to
analyze the collagen fibers. For TNF-a, Ki-67, CD31, ERK1/2, and NF-
kB immunohistochemical staining, the positive cells were stained
brown-yellow, and the relative positive areawas analyzed by Image
J (National Institutes of Health, Bethesda, Maryland, USA).
2.9. Statistical analysis

Statistical analysis was performed by GraphPad Prism 7.0
(GraphPad Inc. San Diego, CA). Data were presented as
mean ± standard derivation (SD). One-way ANOVA was used for
comparison across multiple unpaired data and Student's t-test was
used for comparison between two unpaired data. *P < 0.05 was
described as statistical significance, and **P < 0.01 and ***P < 0.001
were set as highly statistical significance.
3. Results

In this study, mPEG-b-PLGA copolymer was developed by ring-
opening polymerization of D, L-LA and GAwith PEG (Mn ¼ 1000 g/
mol) as the macro-initiator, which could be confirmed by 1H NMR
analysis (Fig. 1A). The feeding ratio of LA/GA is 3/1 and the final
product is PLGA1600-PEG1000-PLGA1600. The peaks (a, b, c, d, and e)
in Fig. 1A represent the hydrogen atoms of different positions
(shown in the structural formula) of mPEG-b-PLGA, the concen-
tration of which being 30 wt%. The optical images of the gelation
process are shown in Fig. 1B. The mPEG-b-PLGA hydrogel is in the
liquid phase at 4 �C, comes to gel phase at 36 �C, and precipitates at
60 �C (Fig. 1B). The hydrogel analyzed by SEM (Fig. 1C) in its
morphology and internal structure, exhibits a homogenous inter-
active porous structure with a pore size of ~10 mm. The sol-gel
transition of the hydrogel in different concentrations towards
temperature changes is shown in Fig.1D. For specific concentration,
PEG-b-PLGA copolymer. (B) The optical images of gelation process of mPEG-b-PLGA
e hydrogel in different concentrations towards temperature changes.
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when temperatures are below, above, or in the middle of the curve,
the gel is in different formations. For example, the hydrogel used in
our study (30 wt%) is in gel formation at about 30 �C-60 �C.

The degradation study was performed by implanting hydrogel
subcutaneously in rats. At pre-set time points post-implantation,
the rats were euthanized and the degraded hydrogel was photo-
graphed and weighted. Fig. 2A shows that the gel degraded grad-
ually with only a little remaining left at 5th-week post
implantation. The weight remaining curve indicates the degrada-
tion profile of hydrogel (Fig. 2A). In addition, any signs of tissue
edema or inflammatory responses around the degraded hydrogel
in vivo were not found. For drug release study, massive Rg3 was
released at the first 48 h, followed by a slow and constant release
profile (Fig. 2B) in both groups. At 120 h, the released Rg3 wasmore
in Elastase group (90.2 ± 4.1%) than that in PBS one (63.1 ± 6.0%,
***P < 0.001). Fig. 2C shows the cytotoxicity study of H-Rg3 and
free Rg3 towardsmurine skin fibroblasts L929. The cell viability was
in a high state in all Rg3 concentrations groups and its viability was
over 80%, even when the Rg3 concentration recorded 40 wt%.
Furthermore, there was no difference in cell viability in H-Rg3 and
free Rg3 groups towards diverse Rg3 concentrations. Fig. 2D in-
dicates that the cell viability registered more than 90% at disparate
collagen concentrations in H-Rg3 and H groups. There were also no
momentous discrepancies in cell viability in both groups.

To evaluate the treatment efficacy of H-Rg3 towards perianal
ulcer, the rat model was developed by subcutaneously injecting
Fig. 2. Degradation, drug release, and in vitro cytotoxicity analysis. (A) In vivo degradation im
arrows indicate the degraded hydrogel at pre-set time. (B) Rg3 release profiles from the hydr
Rg3 at different Rg3 concentrations. (D) In vitro cytotoxicity of H-Rg3 and H at different co
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glacial acetic acid (30 mL, 75%) to the perianal area at 3 points. About
24 h later, perianal redness, edema, and inflammation could be
found and perianal ulcer formed at about 48 h later. Then, the
animals were divided into five groups and treated with PBS solu-
tion, H, free Rg3, H-Rg3, and Lidocaine Gel®, respectively. The an-
imals were fed in a clean and ventilated experiment and under
careful human care. During the animal study process, all the ani-
mals presented with a pretty favorable state without obvious signs
of inappetence or weight loss. To record the healing of perianal
ulcer, the images of ulcerationwere photographed at different time
points and the residual wound area rate was calculated. Fig. 3A
shows the images of the healing of ulceration in different groups at
pre-set time points. At 3 days post treatment, the ulceration con-
tracted obviously in H-Rg3 and Lidocaine groups and slightly in free
Rg3 group, but didn't shrink in another two groups. The perianal
tissue edema and redness were observed even at 9 days in Control,
H, and free Rg3 groups with tissue edema vanished at 6 days in H-
Rg3 and Lidocaine groups. At 15 days post treatment, the ulceration
almost disappeared in H-Rg3 and Lidocaine groups, but mild ul-
ceration can be found in H and free Rg3 groups and obvious ul-
ceration can be found in Control group. The residual wound area
rate was recorded and shown in Fig. 3B. At 15 days, the residual
wound area rates were lower than 10% in H-Rg3 and Lidocaine
groups without essential distinctions between them. The residual
wound area rate was statistically smaller in H group than in Control
group (***P < 0.001). Moreover, momentous inequality was
ages of mPEG-b-PLGA hydrogel and the weight remaining at different time points. Red
ogel immersed in elastase and PBS solutions. (C) In vitro cytotoxicity of H-Rg3 and free
llagen concentrations.



Fig. 3. Treatment effects of PBS, H, free Rg3, H-Rg3, and Lidocaine on the healing of perianal ulcer. (A) Represented images of perianal ulcer (red arrows) in different groups at pre-
set time points. (B) Residual wound area rate of different groups. Blood concentrations of (C) IL-1, (D) IL-6, and (E) VEGF.
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unveiled in the residual wound area rate between H-Rg3 group and
free Rg3 group (*P < 0.05), or H group (***P < 0.001) or Control
group (***P < 0.001). The blood concentrations of IL-1 and IL-6
were analyzed by ELISA method. For IL-1, H-Rg3 group showed
the lowest value comparedwith the other four groups at 6 days and
15 days (Fig. 3C). Importantly, there was a statistically difference in
IL-1 concentration between H-Rg3 and Lidocaine groups
(*P < 0.05). For IL-6, H-Rg3 and Lidocaine groups showed the
lowest level compared with other groups at 6 days and 15 days
(Fig. 3D). There was no significant difference in IL-6 between H-Rg3
and Lidocaine groups. In addition, free Rg3 group showed more
blood IL-6 levels than Lidocaine group at 6 days and 15 days
(Fig. 3D). Fig. 3E shows that blood VEGF values of H-Rg3 groupwere
the highest among all the groups at 6 days and 15 days. Moreover, a
significant discrepancy was observed between H-Rg3 and Lido-
caine groups (***P < 0.001) at 6 days and 15 days.

Fig. 4A shows the hematoxylin and eosin (H&E) staining of
perianal ulcer tissues in different groups. At 6 days after treatment,
the ulcers were still severe in Control and H groups, especially in
Control one. The ulcer was serious and some local ulcer areas had
penetrated into the muscular layer in Control group. In addition,
large amounts of inflammatory cells and necrosis tissues have been
spied. In H and free Rg3 groups, more inflammatory cells
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(compared with H-Rg3 group) and some necrosis tissues could be
observed in ulcer tissues. However, the healing process has begun
in H-Rg3 and Lidocaine groups with the formation of fibrous tissue.
At 6 days post treatment, the ulcer could be discerned with slight
inflammatory cells and fibrous tissue formation, hinting the initi-
ation of the healing process in H-Rg3 and Lidocaine groups. At 15
days post treatment, the ulcer area was still apparent with in-
flammatory cells infiltration and some parts of necrosis tissues in
Control group. In H and free Rg3 groups, the ulcers were in the early
stage of the healing process with bits of angiogenesis and fibrous
tissue formation. The perianal ulcer healed well with abundant
fibrous tissues and angiogenesis in H-Rg3 group and Lidocaine
group. Fig. 4B shows the inflammatory cells count in the ulcer area.
At 6 days and 15 days after treatment, H-Rg3 group displays the
most local inflammation inhibition effect compared with all the
other four groups. Notably, there was a significant difference in the
inflammatory cell count between H-Rg3 group and Lidocaine group
(*P < 0.05) or free Rg3 group (***P < 0.001).

The collagen deposition was assessed by Masson staining of the
perianal ulcer tissues. At 6 days after treatment, we could detect
some collagen depositions in H-Rg3 group, but not obvious in the
other four groups (Fig. 4C). At 15 days after treatment, plentiful
depositions could be observed in H-Rg3 group. Some parts of



Fig. 4. H&E and Masson staining of perianal ulcers in different groups at 6 days and 15 days after treatment. (A) H&E staining of perianal ulcer tissues. Red, yellow, blue, and pink
arrows show the inflammatory cells, fibrous tissues, necrosis tissues, and angiogenesis, respectively. (B) Inflammatory cells count in the ulcer area. (C) Masson staining of perianal
ulcer tissues. (D) Semiquantitative analysis of collagen deposition. Scale bars ¼ 200 mm.
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ulceration area were stained slightly blue in H, free Rg3, and
Lidocaine groups, indicating a few collagen depositions. Fig. 4D
shows the semiquantitative analysis of collagen deposition in
different groups. At 6 days after treatment, H-Rg3 showed the most
abundant collagen depositions compared with the other four
groups. Fifteen days witnessed massive depositions in H-Rg3
group, far more than others. In detail, there was a significant dif-
ference between H-Rg3 and Lidocaine (**P < 0.01) or free Rg3
groups (***P < 0.001).

TNF-a was highly expressed in Control and H groups at 6 days
post treatment (Fig. 5A and B). At 15 days post treatment, the
yellow-brown area was obvious in Control group. At 6 days and 15
days post treatment, H-Rg3 group exhibited less TNF-a expression
compared with Control, H, and free Rg3 groups (Fig. 5B). However,
there was no statistical difference between H-Rg3 and Lidocaine
groups in TNF-a expression. At 15 days after treatment, TNF-a
expression was less in H group than that in Control group
(**P < 0.01). The expressions of Ki-67 and CD31 were the highest in
776
H-Rg3 group than that in other groups at 6 days and 15 days after
treatment (Fig. 5A, C, and D). In addition, there was significant
difference between H-Rg3 and Lidocaine groups in the relative
positive area of Ki-67 and CD31 (Fig. 5A, C, and D). As for ERK1/2
and NF-kB analysis, H-Rg3 showed the most ERK1/2 promotion and
NF-kB inhibition effects comparedwith other groups (Fig. 5E and F),
respectively. Notably, there was significant difference in ERK1/2
expression between H-Rg3 and Lidocaine (*P < 0.05) or free Rg3
groups (*P < 0.05) at 6 days and 15 days post treatment. At 6 days,
both H-Rg3 and Lidocaine groups showed less NF-kB expressions
compared with other groups, but there was no statistical difference
between these two groups. At 15 days, the relative positive area of
NF-kB was smaller in H-Rg3 group than that in all the other groups.
4. Discussion

In this study, Rg3-loaded mPEG-b-PLGA hydrogel was success-
fully prepared for the healing of perianal ulcers in a rat model. The
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hydrogel is biocompatible and biodegradable with a porous struc-
ture. Rg3 can be released slowly to decrease the inflammatory re-
sponses, increase the neovascularization and collagen deposition,
and activate the ERK signal pathway in the ulcer area. The structure
and size fuel seeded cells communication, diffusion of the water
molecule and other healing-conducive products, and initiate the
internal transport of oxygen and nutrients [19,20]. The hydrogel
used in this study possesses a homogenous interactive porous
structure which benefits its wound healing effect. Besides, the
inconspicuous crystallization on its surface demonstrates that Rg3
was well dissolved and evenly loaded in it. The sol-gel transition
study of the hydrogel confirms that it is in liquid form at room
temperature, and turns to gel formation when applied on the sur-
face of perianal ulcer, a kind of common post-surgical complication
of perianal disease [21,22]. The perianal tissue edema, bleeding, and
contamination often lead to severe inflammation, generating ul-
ceration and delayed wound recovery [6,22]. By completely
covering the wound area with the porous Rg3-loaded hydrogel, the
aim is to facilitate the wound healing process of perianal ulcers.

The biocompatibility and biodegradability of polymer-based
materials are vital for in vivo applications [23,24]. The degrada-
tion study shows that most of the hydrogel can be degraded in 5
weeks without causing serious tissue edema or inflammatory re-
sponses. The study proves that the synthesized gel is biocompatible
and biodegradable. Sustained drug release to the target sites is
essential for wound healing [3]. The drug release study was per-
formed by detecting the released Rg3 from H-Rg3 immersed in PBS
solution or elastase solution (0.02 mg/mL). Elastase is a common
pancreatic enzyme that digests fibrous glycoprotein in vivo. The
in vitro degradation and drug release studies in elastase solution
can mimic the in vivo polymer degradation properties and drug
release profiles [25,26]. H-Rg3 can be degraded quickly in the
presence of elastase and more loaded agents can be released. As a
result, the released Rg3 wasmore in Elastase group than that in PBS
group at 120 h. Moreover, a fast burst release of agents can be found
in both groups, which can be attributed to the porous structure and
large surface area of hydrogel, the distribution of agents near the
hydrogel surface, and quick degradation of the gel [27,28]. The
in vitro cytotoxicity study showed that the hydrogel had no effect
on the survival rate of murine skin fibroblasts L929 and may be
used for ulcer healing promotion.

The perianal ulcer rat model was established to evaluate the
treatment efficacy of H-Rg3 towards perianal ulcer. The ulceration
almost disappeared in H-Rg3 and Lidocaine groups at 15 days. H
group also showed lower residual wound area rate than Control
group (***P < 0.001). That is possibly sparked by the functions of
the gel: maintaining the moist environment of the wound,
restraining cell death, and boosting collagen deposition and
epidermal migration [29,30]. The porous structure of our hydrogel
can also propel the oxygen transmission and the communication of
nutrients and other molecules for ulcer healing promotion [31e33].
It is seminal to curb the inflammation process for ulcer recovery as
it goes with wound deterioration [33,34]. IL-1 and IL-6, common
but essential inflammatory factors during inflammation, swell the
formation of oxygen radicals and the permeability of capillaries
[35,36]. Blood IL-1 values were the lowest in H-Rg3 group than that
in the other four groups at 6 days and 15 days. For IL-6, H-Rg3 and
Lidocaine groups showed the lowest levels compared with other
groups. Our results demonstrate that Rg3 released from the
hydrogel can downregulate the expressions of inflammatory
Fig. 5. Immunohistochemical analysis of perianal ulcers in different groups at 6 days and 15
and NF-kB of perianal ulcer tissues. Relative positive area of (B) TNF-a, (C) Ki-67, (D) CD31,
enlargement of the images in the corresponding red dotted squares.
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factors, inhibiting the systematical inflammation. VEGF is a kind of
growth factor that promotes angiogenesis for wound healing
[37,38]. In our study, there was significant difference of blood VEGF
values between H-Rg3 group and the other groups. This indicates
that Rg3 could promote VEGF expression, thus increasing angio-
genesis and benefiting wound healing.

To further evaluate the treatment efficacy of H-Rg3 for perianal
ulcers, histopathology analysis of the ulcer tissues was performed
at 6 days and 15 days after treatment. The histopathology results
showed that the wound healing process was initiated in H-Rg3 and
Lidocaine groups with the formation of fibrous tissue at 6 days post
treatment. The perianal ulcer healed well with abundant fibrous
tissues and angiogenesis in H-Rg3 group at 15 days post treatment.
The local inflammatory cells count results also showed that H-Rg3
possessed the best inflammation inhibition effect among all the
groups. The results indicated that the Rg3-loaded hydrogel could
curb both systematic inflammation and the inflammatory re-
sponses in local ulceration tissues, processing satisfied anti-
inflammation effects that benefited perianal ulceration healing.
As a key process for wound contraction and scar formation during
ulceration healing, collagen deposition was assessed by Masson
staining of the perianal ulcer tissues with the outcome of slight
stain. Moreover, semiquantitative analysis of the collagen expres-
sion levels was calculated by Image J software. H-Rg3 showed the
most collagen deposition effect in the ulcer tissues compared with
the other groups. The results showed that Rg3-loaded hydrogel
could promote collagen deposition, facilitating the healing of the
perianal ulcer.

The immunohistochemical analyses further demonstrate the
treatment mechanism of H-Rg3 for perianal ulcers. TNF-awas a key
inflammatory factor that could associate many immune responses
and induce the formation of IL-1 and IL-6, thus promoting the
inflammation process [39]. There was statistical difference in TNF-a
expression betweenH-Rg3 group andH group at 6 days and 15 days
post treatment. This demonstrated that H-Rg3 possessed better
local inflammation inhibition effect than H, which can be attributed
to the anti-inflammation activity of Rg3. Furthermore, TNF-a
expressionwas less in H-Rg3 group than that in free Rg3 group. This
is possibly sparked by the fact that the hydrogel can maintain a
moist environment, increase the communication of oxygen and
other nutrients, and inhibit wound infection [19]. Ki-67 and CD31
immunohistochemical staining was performed to analyze the
proliferation of nucleated cells and angiogenesis effect of H-Rg3 for
perianal ulcer [40,41]. H-Rg3 group showed the most Ki-67 and
CD31 levels comparedwith other groups. Our results demonstrated
that H-Rg3 promoted the proliferation of nucleated cells and
vascularization which could further benefit wound healing. ERK
signal pathway regulates many physiological processes during
wound healing, such as cell growth, proliferation, differentiation,
and apoptosis [42]. Activation of ERK signal pathway can accelerate
the healing process of wound. Immunohistochemical staining of
ERK1/2 demonstrated that H-Rg3 had the most ERK activation ef-
fect compared with other treatment methods. H-Rg3 can enhance
the healing of perianal ulcer by upregulation of ERK pathway. NF-kB
plays an important role in facilitating pro-inflammatory gene
expression [42]. Therefore, down-regulation of NF-kB leads to
inflammation inhibition effect. In this study, H-Rg3 decreased the
expression of NF-kB, thus preventing the inflammatory responses
for better perianal ulcer treatment.
days after treatment. (A) Immunohistochemical staining of TNF-a, Ki-67, CD31, ERK1/2,
(E) ERK1/2, and (F) NF-kB. Scale bars ¼ 100 mm. The images in the red squares are the
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In this study, the best healing effect of the perianal ulcer was
observed in H-Rg3. It exceeded Lidocaine and free Rg3 in curbing
inflammation and boosting fibrous deposition and vascularization,
working best in perianal ulcer healing and scar formation than
other methods. Furthermore, the wound healing effect of H could
be explained by the features and function of the hydrogel discussed
above. As a result, the hydrogel used in this study could benefit the
healing of perianal ulcer. Through sustained releasing Rg3 from the
hydrogel, the inflammatory responses can be inhibited, the
collagen deposition, nuclear cell proliferation, and tissue vascular-
ization can be increased, and the ERK signal pathway can be acti-
vated. Therefore, the combination of hydrogel and Rg3 provided a
satisfactory perianal ulcer healing effect.
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