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Postoperative peritoneal adhesion (PPA) is pathological tissue hyperplasia between surgical wounds and nearby
organs. Currently, traditional double-sided bioadhesives are limited in preventing PPA due to the indiscriminate
adhesive properties and the poor interaction with wet tissues. Herein, we developed a Janus hydrogel, named
PAA-Cos, by using the polycationic carbohydrate polymer of chitooligosaccharide (Cos) and the polyanionic
polymer of polyacrylic acid (PAA). The adhesive layer of Janus hydrogels could adhere to wet tissue tightly due
to surfaces composed of carboxyls, and the positively charged biomaterial (Cos) neutralized carboxyls on one
side of PAA hydrogel to form Janus hydrogels. Moreover, PAA-Cos can further load with ligustrazine hydro-
chloride (Ligu), a pharmaceutical compound with anti-inflammatory and anti-fibrotic effects, finally obtaining
PAA-Cos@Ligu. After the application of PAA-Cos@Ligu on the surgical trauma, the bottom surface can adhere to
wet tissues robustly to restore the wound, while the top surface acts as a physical barrier with antiadhesive
effects to avoid PPA. PAA-Cos@Ligu also exhibited anti-inflammatory effects by promoting M2 macrophage
polarization, inhibiting the myofibroblast-like differentiation of peritoneal mesothelial cells, and blocking the
TGF-p/Smad2/3 signaling pathway to hinder collagen deposition. Our findings suggest that PAA-Cos@Ligu has
great potential as an anti-adhesion candidate with biocompatibility and ease of preparation.

1. Introduction

Postoperative peritoneal adhesion (PPA) is characterized by patho-
logical hyperplasia between wound sites and adjacent organs or tissues
after surgical trauma [1]. The adhesion can be classified into membra-
nous adhesion, vascular adhesion, adhesive adhesion, and scarred
adhesion depending on the different compositions of these fibrous
connections and the specific factors that contribute to its development
[2]. Peritoneal adhesion occurs in a variety of postoperative diseases,
such as parastomal hernia [3,4], and abdominoplasty [5]. PPA typically

leads to a range of complications, such as chronic pain, female infer-
tility, intestinal obstruction, and fistulas [6]. Because of the specific
histological features of the peritoneal membrane and the polyorganic
characteristics of the peritoneal cavity, up to 90 % of patients who un-
derwent abdominal surgery experienced abdominal adhesions [7] and
the recurrence rate of adhesion was as high as 80 % [8]. Meanwhile,
nearly 35 % of Scottish patients were readmitted to hospital due to
directly or indirectly adhesion-associated complications according to
the retrospective cohort report [9,10]. As reported, the annual costs of
adhesiolysis, a common surgical therapy for PPA, in the United States
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were as high as $2.1 billion [11]. and the hospitalization costs for
adhesion-associated small bowel obstruction reached up to €16, 305 in
the Netherlands [12]. The costs of the second operation and
adhesion-related complications not only bring a huge economic burden
on individuals and families but also the public health system.

PPA is usually caused by peritoneal injury, initiated by an inflam-
matory reaction, and exacerbated by local repair. This pathophysio-
logical process is rapid, cascaded, and complex [13]. Peritoneal
mesothelial cells (PMCs) are primary barriers to the abdominal cavity,
which is an essential cellular origin of adhesion, which could further
cause the proliferation of myofibroblasts through
epithelial-mesenchymal transition during peritoneal fibrosis [14].
Myofibroblasts are regarded as the key mediators of fibrosis during
peritoneal adhesion formation, which can synthesize and secret exces-
sive collagen and extracellular matrix, and play crucial roles in the
fibrotic process [15]. Regardless of the significance of mesothelial cells
in adhesion formation, polarization of macrophage is also recognized as
a precursor of adhesion initiation [16], and is widely involved in in-
flammatory reactions [2]. It is well known that macrophages can be
polarized into classically activated M1 macrophages and alternative
proliferation-activated M2 macrophages. In the early inflammatory
stage, M2 macrophages can release transforming growth factor-p
(TGF-p) or respond to TGF-f signals to maintain immune homeostasis
and promote tissue repair [17]. During the mid to late stages of
inflammation, excessive TGF-p signal transduction may induce the
myofibroblastic transition of PMCs, leading to ECM deposition, which in
turn results in fibrosis and ultimately causes abdominal adhesion. Thus,
maintaining the homeostasis of the immunoinflammatory environment
and blocking the molecular processes that trigger the activation of
mesothelial cells into myofibroblasts may provide a potential strategy to
mitigate the excessive production of collagen and attenuate the devel-
opment of adhesion.

In previous studies, a bioactive compound extracted from the root of
Ligusticum Chuanxiong hort (Umbelliferae), exhibited beneficial effects in
preventing adhesion formation both in vivo and in vitro [18-20]. Lig-
ustrazine hydrochloride (Ligu) is a pharmaceutical compound that
originates from the modification of ligustrazine, and it has been exten-
sively utilized in clinics for its low toxicity and wide therapeutic effects.
Yet, the disadvantages of Ligu with a short biological half-life, rapid
metabolism, shorter retention time, and uneven distribution on mucosal
surfaces limit its application in the PPA [21]. To better play the thera-
peutic effect of Ligu, a new delivery strategy should be developed to
improve the druggability of Ligu.

In addition to drug therapies, physical barriers have been applied to
clinical therapy for patients with PPA [6]. Fortunately, the Food and
Drug Administration (FDA) has authorized the application of physical
barriers, namely Seprafilm® and Interceed® [22]. Despite their exten-
sive use in clinics, solid film products such as Interceed and Seprafilm
are still far from ideal [23]. Hence, promising biomaterials used as
physical barriers to prohibit PPA should have the following properties,
including good biocompatibility, ease of preparation, and topical
application [22]. Physical barriers formed by hydrogels arouse interest
because of their longer retention time compared to direct application of
drug solutions [24,25]. Further Janus hydrogels with different proper-
ties and distinct functions on its two sides are gradually used for the
treatment of PPA [26]. Simultaneously, it has been reported that
hydrogels composed of lightly crosslinked polyacrylic acid (PAA) can
adhere to wet tissue tightly, which was based on the hydrogen bonding
interaction between the carboxyl groups and wet tissue [27]. Due to all
surfaces of hydrogels composed of PAA containing carboxyls, it is
necessary to combine a positively charged biomaterial to neutralize
carboxyls on one side to form Janus hydrogels. Chitosan, as a natural
cationic polysaccharide with excellent biocompatibility, is composed of
N-glucosamine and N-acetyl-glucosamine units [28,29]. However, the
poor solubility in an aqueous solution restricts the application of chi-
tosan to interact with PAA to form Janus hydrogels.
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Chitooligosaccharide (Cos), a degradation product of Chitosan,
possessed good solubility [30,31] which could be selected to neutralize
the carboxyls of PAA for preparing Janus hydrogels with one side
without viscosity. Therefore, it is hypothesized that Janus hydrogels,
featuring an adhesive hydrogel layer due to the presence of free carboxyl
groups in PAA, and an anti-adhesive hydrogel layer resulting from the
neutralization of these carboxyl groups with Cos, may exhibit promising
therapeutic effects in preventing postoperative peritoneal adhesion
formation.

In this study, we report a Janus hydrogel, which features an adhesive
layer on its bottom surface and an anti-adhesive layer on its top surface,
prepared using a one-step method via random polymerization with
acrylic acid (AA) monomers. The Janus hydrogel could be further loaded
with Ligu, a pharmaceutical compound with modulating homeostasis of
macrophage polarization and anti-fibrosis, finally obtaining PAA-
Cos@Ligu for preventing PPA, as shown in Fig. 1A. The Janus hydro-
gel, which possesses asymmetric wet adhesion, achieves interfacial
adhesion by hydrogen bonds between PAA and cecum. Moreover, the
smooth and antiadhesive outer layer helps prevent postoperative
adhesion (Fig. 1B). The structure and physicochemical properties of
Janus hydrogel was systematically characterized with SEM images,
mechanical measurements, rheological property, and swelling behavior.
Furthermore, the in vitro biocompatibility of Janus hydrogel, as well as
its anti-inflammatory activities by regulating macrophage polarization
and anti-fibrotic properties through modulating myofibroblast-like dif-
ferentiation phenotype in PMCs, were also evaluated. Additionally, in
vivo animal experiments were carried out to evaluate the anti-
inflammatory effects, anti-fibrotic properties, and the inhibition capac-
ity of collagen deposition of the Janus hydrogel in postoperative adhe-
sion formation (Fig. 1C). Overall, the Janus hydrogel was easy to
manipulate and could be applied to wet tissue surfaces without relying
on other fixation materials.

2. Materials and methods
2.1. Materials

Monomers of AA, hydroxyapatite (HAP), the covalent cross-linker N,
N’-methylene diacrylamide ( MBAA, and Cos (molecular weight
<2000) were purchased from Macklin (Shanghai, China). Most of Chi-
tooligosaccharide focused molecular weight 484, containing three
monosaccharide units (Fig. S1). The photoinitiator Irgacure 2959
(12959) was purchased from Sigma. Ligu (S25473, purity >98 %) was
purchased from Yuanye (Shanghai, China) and used as received without
further purification. The primary antibodies were transforming growth
factor beta 1 (TGF-f1; sc-130348, Santa Cruz, USA), Smad2/3 (AF6367,
Affinity Biosciences, USA), p- Smad2/3 (AF3367, Affinity Biosciences,
USA), collagen I (AF7001, Affinity Biosciences, USA), a smooth muscle
actin (aSMA, bs-10196R, Bioss, China), Snail (bs-1371R, Bioss, China),
E-cadherin (bs-1519R, Bioss, China), CD68 (sc-20060, Santa Cruz, USA),
CD86 (FITC-65068, Proteintech, USA), CD206 (25-2061-82, Invitrogen,
USA), B-actin (66009, Proteintech, USA), Diamidino-phenyl-indole
(DAPL; C1002, Beyotime, China), SP Rabbit & Mouse HRP Kit (DAB;
CW2069, CWBIO, China), and recombinant human TGF-$1 (ck0023,
Bioss, China) were used. Second antibodies such as anti-rabbit IgG (Cy3,
A0516, Beyotime, China), HRP-labeled Goat Anti-Mouse IgG (A0216,
Beyotime, China) and HRP-labeled Goat Anti-Rabbit IgG (A0208,
Beyotime, China) were provided. TRIzol reagent (15596018CN) was
purchased from Invitrogen (CA, USA) and the qPCR kits were provided
by Yeasen Co., Ltd. (Shanghai, China). Hematoxylin and eosin (H&E)
staining kits and Masson’s trichrome staining kits were bought from the
Servicebio Co., Ltd. (Wuhan, China). The ELISA kits were purchased
from Lapuda Biotech Co., Ltd. (Jiangsu, China), the live/death kit was
bought from Solarbio Co., Ltd. (CA1630, Beijing, China), and the Sirius
red staining kit was provided by Leagene Biotechnology Co., Ltd.
(DC0041, Beijing, China).
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Fig. 1. A) Schematic illustration of the fabrication of the Janus hydrogel PAA-Cos@Ligu. B) The Janus bioadhesives hydrogel PAA-Cos@Ligu prevents PPA by
regulating macrophage polarization and suppressing epithelial-mesenchymal transition. C) Molecular mechanism of the Janus hydrogel PAA-Cos@Ligu suppressing

epithelial-mesenchymal transition through the TGF-$/Smad signaling pathway.

2.2. Synthesis of various hydrogels

The adhesive layer of PAA-Cos hydrogels (PAA hydrogel) was pre-
pared by using a one-step method via random polymerization with AA
monomers. In the procedure, the different concentrations of AA mono-
mers were 10 %, 20 %, 30 %, and 40 % (v/v). Then, the covalent cross-
linker MBAA (Cysaa = 0.1 %, 0.2 %, 0.3 %, and 0.4 %; m/v), the pro-
tonating reagent HAP (0.1 %, 0.2 %, 0.3 % and 0.4 %; m/v) and pho-
toinitiator Irgacure 2959 (1 %, 1.5 %, 2 % and 2.5 %; m/v) were added.
The solution above was poured into a polytetrafluoroethylene mould
and then irradiated under ultraviolet light (light intensity is 610 mW *
em2) for 5 min to light-cure the adhesive layer of hydrogels (PAA
layer). The final preparation method of PAA layer was explored through
single-factor and orthogonal tests.

The Janus hydrogels were obtained via a two-step method. First, to
prevent two-sided PAA hydrogel from complexing with Cos solution
(Mw < 2000, the concentration of Cos was 0.6 mol L), the PAA
hydrogels attached to polytetrafluoroethylene mould was immersed in
Cos solution for 12 h at room temperature. Then, the above Janus
hydrogels were immersed in Ligu solution to obtain PAA-Cos@Ligu
hydrogels after swelling equilibrium was reached. The Cos and PAA-
Cos hydrogel were analyzed by Fourier Transform Infrared Spectros-
copy (FTIR) (Thermo Scientific Nicolet iN10, USA). The surface chem-
ical compositions of the PAA-Cos hydrogel before and after soaking were
analyzed by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher
NEXSA, USA).

2.3. Mechanical measurements

The single-factor combination of the orthogonal design method is
used to conduct mechanical characterization of PAA hydrogel compo-
nents and their concentrations, aiming to determine the final formula-
tion recipe of PAA hydrogel. The orthogonal experimental design for
preparing PAA hydrogel was presented in Table S1. After obtaining the
PAA hydrogel, the hydrogels were immersed in deionized water; and
tensile properties of PAA hydrogel were measured after swelling equi-
librium was reached. The tensile properties of different PAA hydrogels
were measured using a computerized tensile testing machine (TopHung
TH-8203A, Suzhou) with a stretched deformation rate of 100 mm per
minute.

The lap share test was performed on a computerized tensile testing
machine (TopHung TH-8203A, Suzhou) to measure the adhesive
strength of the Janus hydrogels in binding with wet tissue. The PAA
hydrogel, PAA-Cos hydrogel, PAA-Cos@Ligu hydrogel, and intestine
samples were adhered from the same end and the overlapping area was
25 mm (1) x 10 mm (w). The other two ends of the hydrogels and in-
testine samples were clamped, respectively, and pulled upward at a
constant velocity of 50 mm per minute, and the force F was recorded.
The interfacial toughness was calculated as Fp,x/area.

2.4. SEM imaging

The morphologies of PAA-Cos hydrogel were characterized by SEM
(Hitachi S4800, Japan). The samples were measured in situ to observe
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the real morphologies, after being immersed in deionized water. For the
hydrogel samples, these were frozen at —20 °C for 4 h and freeze-dried
for 24 h to remove water. Then the hydrogel samples were frozen in
liquid nitrogen and then broken into pieces by hand to observe their
cross-section.

2.5. Swelling ratio

To assess the swelling ratio of the various hydrogels, the different
groups were lyophilized for 24 h, and then the dry weights of different
groups (mo) were weighed. After soaking each group in PBS (pH = 7.4)
for 12 h, the weight (m) of the swollen hydrogels was weighed at 25 °C.
The swelling ratio was confirmed by calculation based on the following
equation:

M-Mo . 100% o))

Swelling ratio (%) = o
0

2.6. Rheological properties measurements

Rheological experiments were performed on a Physica MCR-301
rheometer (ARES-G2, TA Instruments, United States) with a parallel
plate (PP-10 probe, 10 mm diameter, flat). Dynamic oscillatory fre-
quency sweep measurements were conducted at a constant strain (1 %)
and frequency ranging from 100 to 1 Hz.

2.7. Cell lines and cell culture

Raw264.7 cells were bought from FuHeng Biology Co., Ltd
(Shanghai, China). Human peritoneal mesothelial cells (PMCs, HMrSV5)
were bought from LMAI Bio Co., Ltd. The cells were cultured with
DMEM medium (Corning, USA) and RPMI 1640 medium (Corning, USA)
containing 10 % fetal bovine serum (Every Green, China) and 100 U/mL
penicillin/streptomycin/amphotericin in the incubator (ESCO,
Singapore) under 5 % CO; at 37 °C, respectively.

2.8. Cell viability assay

Raw264.7 cells and PMCs were cultured in 96-well plates and
allowed to attach for 12 h. The cells were cultured with a specified
concentration of Ligu (25, 50, 100, 150, 200 pug/mL) for 24 h and 48 h,
respectively. Subsequently, 10 uL. CCK8 solution was added to each well,
and the cell viability was measured under a microplate reader (Bio-Rad,
USA).

2.9. Coculture assay

For co-culture analysis in a 6-well transwell chamber (8-pm pore
size, Corning, Kennebunk, ME, USA), Raw264.7 and PMCs were seeded
onto the lower chamber. PAA-Cos or PAA-Cos@Ligu were placed in the
upper chamber. Raw264.7 and PMCs were co-cultured with PAA-Cos or
PAA-Cos@Ligu for different time for the following analysis.

2.10. Cytocompatibility assay

The cytocompatibility of Raw264.7 cells co-cultured with the
vehicle, PAA-Cos, or PAA-Cos@Ligu was evaluated by live/dead assay.
In brief, cells were seeded at 5 x 10° cells per well in 6-well plates and
co-cultured with the vehicle, PAA-Cos, or PAA-Cos@Ligu for 24 h and
72 h, respectively. After removing the old medium, the cells were
washed with 1 x assay buffer and incubated with the cell viability/
cytotoxicity kit away from lights for 30 min. Then the cells were visu-
alized under a fluorescence microscope (Olympus, Japan) at random
fields and representative graphs were provided.
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2.11. Flow cytometry assay

To induce the polarization of macrophages, LPS (100 ng/mL, R&D
Systems) + IFN-y (20 ng/mL, Sigma) or IL-4 (20 ng/mL, R&D Systems)
was used to treat Raw264.7 cells. Then, cells co-cultured with PAA-Cos
or PAA-Cos@Ligu for 24 h were harvested in a dark-proof EP tube. Cells
were incubated with CD86-APC (0.06 pg/ 10° cells) or CD206-PE (0.125
pg/cells) at 4 °C for 30 min and then incubated with IC fixation buffer
(100 pL) at room temperature for another 30 min. Afterward, cells were
washed with permeabilization buffer twice, followed by analysis using
flow cytometry (Amnis, Millipore, USA).

2.12. Cytoskeletal staining

The cytoskeletal changes of Raw264.7 cells and PMCs were visual-
ized by F-actin staining. Briefly, Raw264.7 cells co-cultured with the
vehicle, PAA-Cos, or PAA-Cos@Ligu for 24 h were fixed, permeabilized,
and incubated with CD206 at 4 °C overnight. Raw264.7 cells were
washed with PBS containing 0.1 % Triton X-100 and then stained with
Actin-Tracker Green (C2201S, Beyotime, China) the next day at room
temperature for 60 min. It’s said that cell membrane receptors, such as
TGF-1 could drive the transformation of PMCs into myofibroblasts.
Herein, 10 ng/mL recombinant human TGF-p1 was used to stimulate
PMCs for 24 h, and then PMCs were co-cultured with the vehicle, PAA-
Cos, or PAA-Cos@Ligu for another 48 h, respectively. After fixation and
permeabilization, PMCs were stained with Actin-Tracker Green out of
light at room temperature for 60 min and then incubated with DAPI for
another 5 min. Cells were blindly visualized under a fluorescence mi-
croscope (Olympus, Japan) at random fields, and representative graphs
were shown.

2.13. Sirius Red staining (direct red 80)

The collagen deposition was assessed by Sirius Red staining. In brief,
the PMCs were treated in different ways for 48 h as mentioned above.
Then, the cells were stained with a Sirius red staining kit according to
the manufacturer’s instructions. For the rectum sections, the slides were
incubated with 0.1 % Sirus Red solution for 1 h, and washed with 0.5 %
hydrogen chloride. The collagen was stained with red, while the non-
collagen was stained with orange.

2.14. Engyme-linked immunosorbent assay (ELISA) analysis

The concentrations of IL-6 (LA128802H) and TGF-p1 (LA128806H)
of cell supernatant were measured by ELISA according to the manu-
facturer’s protocols. The optical density value was read at 450 nm
wavelength. Six duplicate wells were used in each group.

2.15. Animal procedures and treatments

A total of thirty male Sprague-Dawley rats (200-220g) were pro-
vided by Dongfang Beeding Co., Ltd. (Pizhou, China). Animal experi-
mental procedures were conducted following the institution and the
Local Committee on the Care and Use of Animals of Nanjing University
of Chinese Medicine (Approval No. 202208A020). Rats were randomly
divided into five groups (n = 6), that is, sham, PPA, PPA-Cos, PPA-Ligu,
and PPA-Cos@Ligu groups. They were acclimatized for three days in
advance under standardized conditions at 20 + 2 °C room temperature
with 40 + 5 % relative humidity and a 12 h cycle/dark cycle.

The model was prepared as our previous studies mentioned. Briefly,
rats were deprived of food before the operation for about 12 h. During
the operation, rats were anesthetized with 1~1.5 % isoflurane under a
supine position. After preoperative skin removal preparation, a 1.5-2 cm
incision along the linea alba on the abdomen was made. The cecum was
pulled out tightly and scrubbed with sterile dry gauze gently until
serosal petechiae ground on the serosa layer. This grinding procedure
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will last for about 5 min and about 1.0 cm x 1.0 cm wound area will be
made. Then, the abraded cecum was returned to the abdomen in its
natural position and the abdominal wall was sutured layer by layer. Rats
in the sham group were not given abrasive surgery except for the
exposure of the cecum in the air for 5 min and 200 pL saline solution was
dropped onto the cecum before closing the abdominal cavity. Rats in the
model group were model-prepared and the abraded cecum was dripped
with 200 pL saline solution before closing the abdominal cavity. In the
PAA-Cos group, the gel without Ligu was stuck on the abraded cecum of
rats before closing the abdominal cavity. In the PPA-Ligu group, Ligu
solution (2 mg/kg) was dropped onto the injured cecum before closing
the abdominal cavity. In the PAA-Cos@Ligu group, the gel with Ligu (6
mg/kg) was stuck on the abraded cecum of rats before closing the
abdominal cavity. Rats were anesthetized with 1~1.5 % isoflurane and
cervical dislocation on day 7 post-surgery. After supine position fixation,
rats underwent an inverted U-shaped incision on the abdomen. The
injured cecum surrounding adhesive sites were harvested for the
following studies.

2.16. Gross observation and adhesion scoring

The peritoneal adhesions were observed and photographed by a
bystander who was blind to the study design. The adhesion was scored in
a double-blind scoring way according to previous studies. Score 0, no
adhesion; score 1, 0-25 % thin, avascular, and transparent adhesion
area; score 2, 25-50 % thin, avascular, and transparent adhesion area;
score 3, 50-75 % thick and opaque adhesion area with capillaries which
required sharp dissection; score 4, 75-100 % thick and opaque adhesion
area with large vessels which required sharp dissection.

2.17. Histopathological staining

A portion of the cecum tissue was fixed with 4 % paraformaldehyde
for 24 h, embedded into the paraffin, and sectioned into 4 pm-thick
sections. Then, the sections were stained with Hematoxylin & eosin (HE)
and Masson’s trichrome Staining, respectively. The images were blindly
examined at random fields under a microscope (Olympus, Japan).

2.18. Immunofluorescent staining

After the cecum slides were dewaxed and dehydrated step by step,
the specimens were blocked with QuickBlock™ blocking buffer (P0260,
Beyotime, China), followed by incubation with the primary antibodies
against aSMA (1:200), and CD68 (1:200) overnight at 4 °C. Then, the
sections were washed with PBS twice in 5 min and incubated with the
secondary antibodies in the dark for 1 h. The nuclei of cells were stained
by DAPI for 5 min at room temperature.

For staining with cells, LPS + IFN-y or IL-4 was used to induce the
polarization of macrophages. Raw264.7 cells co-cultured with PAA-Cos,
or PAA-Cos@Ligu for 24 h were fixed with pre-cooled 4 % para-
formaldehyde for 15 min and then stained with the primary antibodies
CD86 (100 pL/ 10° cell) or CD206 (1:200) for 2 h at room temperature.
Afterward, cells were incubated with secondary antibodies for 1 h and
stained with DAPI for another 5 min in the dark. Regarding the PMCs,
PMCs were seeded in 24-well plates and treated differently as above for
48 h. Cells were incubated with «SMA (1:200) and secondary antibodies
as the above protocol. After the nuclei of cells were stained, the stained
images were blindly imaged at random fields under a fluorescence mi-
croscope (Olympus, Japan). The expression of aSMA and CD68 were
semiquantitatively measured by ImageJ software.

2.19. Histological immunohistochemistry staining
After the cecum tissues were deparaffinized and rehydrated with

grades of ethanol, the slides were stained followed by DAB’s in-
structions. In brief, the sections were immunostained with primary
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antibodies, i.e. rabbit anti-aSMA (1:200), and mouse anti-CD68 (1:200)
overnight at 4 °C, followed with the secondary antibodies for 10 min at
room temperature. The colors were viewed by DAB and then the slides
were counterstained with hematoxylin. Following dehydration by
ethanol and xylene step by step, the images were blindly observed at
random fields under a microscope (Olympus, Japan). The expression of
CD68 and aSMA were quantified by ImageJ software.

2.20. Western blotting analysis

Protein was extracted by using RIPA Lysis Buffer (P0013B, Beyotime,
China), quantified, and boiled in the water bath at 100 °C for 10 min
with 1 x SDS-PAGE sample loading buffer. Equivalent samples were
subjected to 10 % precast protein plus gel (Yeasen, China) and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. The membranes
were blocked in 5 % silk milk for 80 min and incubated with primary
antibodies against Smad2/3 (1:1000), p-Smad2/3 (1:1000), TGF-p1
(1:500), collagen I (1:500), Snail (1:1000), E-cadherin (1:1000) and
aSMA (1:1000). And actin (1:10000) was selected as internal controls.
The secondary antibodies including HRP-labeled Goat Anti-Mouse IgG
(1:1000) and HRP-labeled Goat Anti-Rabbit IgG (1:1000) were used. The
bands were visualized by the Chemiluminescence Imaging System (Bio-
Rad, USA), and the gray value was analyzed by ImageJ software.

2.21. qRT-PCR analysis

The Smad2, Smad3, TGF-f1, IL-1p, IL-6, TNF-a, collagen I, Snail, E-
cadherin, and aSMA mRNA levels were measured by qRT-PCR. GAPDH
was selected as an internal control. The total RNA of the cecum tissue
and cell sample was extracted, synthesized, quantified, and amplified
according to the instructions. The primers were designed in Tsingke Co.,
Ltd. (Beijing China). The sequences of primer pairs were listed as follows
(Table S2). The relative transcription levels of target genes were
measured by using the comparative Ct (2722 method.

2.22. Statistical analysis

Data were analyzed by SPSS 25.0 software (Chicago, USA) and were
shown as mean + standard deviation (SD). A One-way ANOVA test with
an LSD test was used for normally distributed continuous data and the
Kruskal-Wallis test was applied for the abnormally distributed data. P <
0.05 was considered significant.

3. Results and discussion
3.1. Preparation and characterization of PAA-Cos and PAA-Cos@Ligu

In this study, the Janus hydrogel was obtained via a two-step
method. After comparing the tensile strength of different PAA hydro-
gel, the concentrations of AA monomers were 40 % (v/v) with the co-
valent cross-linker MBAA (Cypaa = 0.1 %; m/v), the protonating
reagent HAP (0.1 %; m/v) and photoinitiator Irgacure 2959 (1.5 %; m/
v) to prepare the adhesive layer of Janus hydrogels. First, the adhesive
layer of Janus hydrogels (PAA hydrogel) was prepared by the one-pot
polymerization of AA in the polytetrafluoroethylene mould. After
attached tightly to polytetrafluoroethylene mould, PAA hydrogel was
immersed in Cos solution for 12 h at room temperature. This method
would allow Cos to diffuse into the top surface of PAA hydrogel and
complex together via the electrostatic interaction, while preventing Cos
contact to the bottom surface of PAA hydrogel, finally obtaining the
Janus hydrogel of PAA-Cos. To prepare PAA-Cos@Ligu, PAA-Cos was
further immersed in ligustrazine hydrochloride solution, which allowed
Ligu to diffuse into the PAA-Cos until the swelling equilibrium was
reached. It could be found that PAA-Cos showed a distinct diffusion
layer of Cos in PAA hydrogel with color gradients from deep (top sur-
face) to shallow (bottom surface) (Fig. 2A). Meanwhile, the SEM images
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also revealed that PAA-Cos possessed a structure containing irregular
holes distributed in the top side, but compact structure in the bottom
side (Fig. 2B), suggesting that the PAA cross-linked by MBAA would
enhance the hydrogel network. For PAA-Cos@Ligu, Ligu would crys-
tallize from the PAA-Cos@Ligu during lyophilization, thus the crystal of
Ligu could be found from SEM images (Fig. S2).

Next, the rheological property of different hydrogels was also eval-
uated. The results showed that all the hydrogels including PAA, PAA-
Cos, and PAA-Cos@Ligu exhibited stable hydrogel characteristics with
the storage modulus (G') higher than the loss modulus (G") (Fig. 2C).
Additional crosslinking points of electrostatic interaction may form at
the interface between PAA and Cos, further enhancing the gel strength of
the PAA-Cos hydrogel. The gel strength of PAA-Cos and PAA-Cos@Ligu
significantly enhanced when compared to that of PAA (Fig. 2C). To
prepare PAA-Cos@Ligu, the PAA-Cos was hydrogel soaked in Ligu so-
lution, which leading to the strength of PAA-Cos@Ligu lower than that
of PAA-Cos. Finite-element analyses (FEA) was used to further explore
the suitability of PAA-Cos for PPA. Photographic evidence revealed that
PAA-Cos could adhere to the damaged cecum of rats well (Fig. 2D-F).
FEA also demonstrated that the adhibition of PAA-Cos could reduce
stresses concentrated around the wound edge, thus promoting wound
healing (Fig. 2D-F). The statistical strength theory around the cecum
wound edge in the PAA-Cos group was consistent with normal cecum
tissue (Fig. 2G). In addition, it could be found that the swelling ratio of
PAA hydrogel was remarkably higher than that of PAA-Cos and PAA-
Cos@Ligu. The reason would be due to the polyelectrolyte complexa-
tion between polyanionic PAA and polycationic Cos, which increased
the crosslink density of the network and contributed to stabilizing the
hydrogel (Fig. 2H). Meanwhile, PAA-Cos loaded with Ligu would lead to
a decrease in gel strength, but an increase in swelling ratio, which might
be due to the part replacement of Cos by positive Ligu in the PAA-Cos.
Besides, the adhesion property of the bottom surface to wet tissue was
also investigated by detecting the shear strength. As shown in Fig. 2, the
shear strength of PAA-Cos and PAA-Cos@Ligu was significantly higher
than that of PAA, indicating that the Janus hydrogel of PAA-Cos and
PAA-Cos@Ligu could tightly adhere to the wet tissue. It had been re-
ported that the polyelectrolyte complexes formed inside of PAA-Cos and
PAA-Cos@Ligu would promote the phase separation, which could
reduce the interface energy and increase the hydrophobicity of the layer
approaching the bottom surface, finally expelling water between the
bottom surface and wet tissue and triggering the adhesion of the
remaining carboxyl groups to the wet tissue. Thus, the above results
indicated that both PAA-Cos and PAA-Cos@Ligu possessed the charac-
teristic of Janus hydrogel with asymmetric adhesion on the two faces.

3.2. In vitro biocompatibility, polarization of macrophages and anti-
inflammatory activities by PAA-Cos@Ligu

The live/death assay was used to evaluate the cytocompatibility of
the above hydrogels during the co-culture period. As shown in Fig. 3A,
compared to vehicles, no significant difference was found in Raw264.7
cells after co-cultured with PAA-Cos or PAA-Cos@Ligu for 24 and 72 h,
indicating that the composed of PAA-Cos or PAA-Cos@Ligu had good
biocompatibility. It’s well known that macrophages play pivotal roles in
the occurrence and progression of inflammation. A previous study found
that polarization of macrophages was linked to adhesion formation [32].
Thus, the polarization of macrophage as well as the anti-inflammatory
effect of PAA-Cos@Ligu on Raw264.7 cells was investigated. CD86
and CD206 are typical markers of M1 and M2 macrophage phenotypes.
As presented in Fig. 3B-D, the immunofluorescence images indicated
that Raw264.7 cells obviously trended to express CD206 rather than
CD86 when treated by PAA-Cos@Ligu, as a significant difference was
found in CD86 expression between LPS + IFN-y and PAA-Cos@Ligu
group (p < 0.01), and the immunofluorescence intensity of CD206 in
the PAA-Cos@Ligu group was similar to that in the IL-4 group (p >
0.05). In addition, the results of flow cytometry were consistent with the
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immunofluorescent staining (Fig. 3E). The proportion of M2 macro-
phages reached 96.2 + 1.9 % when treated by PAA-Cos@Ligu and was
similar to that in the IL-4 group, while the proportion of M1 macro-
phages only accounted for about 24.8 + 13.0 % in PAA-Cos@Ligu,
which was significantly lower than LPS + IFN-y group (p < 0.01).
Furthermore, the cytoskeleton of Raw264.7 cells stained with F-actin
indicated the morphologic change of Raw264.7 cells treated by
PAA-Cos@Ligu was similar to the IL-4 group (Fig. 3F), suggesting that
more macrophages were polarized into M2 macrophage phenotype.
Meanwhile, there was no significant difference in the supernatant level
of M2-associated anti-inflammatory cytokines (TGF-pl) in the
PAA-Cos@Ligu group when compared with the IL-4 group (p > 0.05)
(Fig. 2G). Altogether, the above results exhibited that PAA-Cos@Ligu
could induce macrophage polarization toward the M2 phenotype and
exert anti-inflammatory functions.

3.3. In vitro decrease of myofibroblast-like differentiation and collagen
deposition in peritoneal mesothelial cells by PAA-Cos@Ligu

PMCs are the primary barrier of the abdominal cavity, which exert
unique roles in the occurrence and development of peritoneal adhesion.
Previous reports found that PMCs participated in the activation of
myofibroblast with phenotypic change and altered ®SMA and collagen
deposition [17]. Thus, the phenotypic responses and collagen deposition
of PMCs co-cultured with PAA-Cos@Ligu were performed. Represented
morphology images of PMCs showed that PMCs possessed round shapes
with small diameters, while cells with more elongated or spindle
morphology, as well as longer diameters (70.1 + 17.6 pm) were
observed when stimulated with TGF-p1. However, compared with the
TGF-f1 group, cells co-cultured with PAA-Cos or PAA-Cos@Ligu showed
fewer morphologic changes with smaller diameters about 43.5 + 20.1
pm and 42.1 £+ 18.7 pm, respectively (Fig. 4A and B). The results indi-
cated the possibility of a transition process from mesothelial cells toward
myofibroblast-like phenotypic changes during peritoneal adhesion [33]
which could be inhibited after the application of PAA-Cos or
PAA-Cos@Ligu. aSMA is a typical marker of myofibroblasts. As pre-
sented in Fig. 4C, the expression of aSMA was dramatically increased in
the TGF-f1 group in comparison with the control group. After
co-culturing with the bioadhesives, especially with PAA-Cos@Ligu, the
expression of XSMA was remarkably decreased. Similar results were also
found in the immunofluorescence intensity analysis (Fig. 4D). In addi-
tion, significantly positive staining of direct Red 80 was observed in
PMCs after pre-treated with TGF-p1, while the staining of direct Red 80
was weakened when co-cultured with bioadhesives (Fig. 4E). As dis-
played in Fig. 4F, the semi-quantitative results of direct Red 80 staining
also indicated that the expression of collagen deposition was notably
elevated in the TGF-pl group (0.9 + 0.1) when compared with the
vehicle group (0.1 £ 0.0). After treating with bioadhesives, especially
with PAA-Cos@Ligu, the levels of collagen deposition were remarkably
reduced (0.5 + 0.1, p < 0.01). Based on the above evidence, we further
inferred the potential effects of PAA-Cos@Ligu on the myofibroblast-like
differentiation of PMCs, the protein levels, and mRNA expressions of
mesenchymal-related phenotypic markers (Snail, aSMA, and collagen I),
and mesothelial-associated phenotypic markers (E-cadherin) were
determined. As shown in Fig. 4G and H, the protein expressions of Snail,
aSMA, and collagen I were notably increased, and the protein level of
E-cadherin was significantly decreased compared to the vehicle group,
indicating a myofibroblast-like differentiation when stimulated with
TGF-p1. After being treated with the bioadhesives, the expressions of the
above indicators were notably reversed with a decrease of Snail, aSMA,
and collagen I, while increase of E-cadherin when compared with the
TGF-p1 group. A similarly reversed trend was also observed in the mRNA
expressions of Snail, *SMA, collagen I, and E-cadherin when co-cultured
by PAA-Cos and PAA-Cos@Ligu (Fig. 4I). Collectively, the above find-
ings suggested that PAA-Cos@Ligu might inhibit the myofibroblast-like
phenotypic changes and collagen deposition of PMCs when induced with
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Fig. 3. In vitro biocompatibility, polarization of macrophages, and anti-inflammatory activities by PAA-Cos@Ligu. A) Representative images of Raw264.7 cells with
live/death assay after incubation with Cos-Ligu or PAA-Cos@Ligu for 24 h or 72 h. Scale bar = 100 pm. B and C) Immunofluorescence images of M1/M2 marker
(CD86/CD206) expression in Raw264.7 cells pre-treated with LPS + IFN-y or IL-4 for 24 h and then incubated with Cos-Ligu or PAA-Cos@Ligu for another 24 h. Scale
bar = 100 pm. D) Immunofluorescence intensity of M1/M2 marker (CD86,/CD206) expression in Raw264.7 cells pre-treated with LPS + IFN-y or IL-4 for 24 h and
then incubated with Cos-Ligu or PAA-Cos@Ligu for another 24 h, n = 3 per group. E) Flow cytometry analysis of M1/M2 marker (CD86/CD206) expression in
Raw264.7 cells pre-treated with LPS + IFN-y or IL-4 for 24 h and then incubated with Cos-Ligu or PAA-Cos@Ligu for another 24 h, n = 3 per group. F) Fluorescence
images of CD206 and F-actin in Raw264.7 cells pre-treated with IL-4 for 24 h and then incubated with Cos-Ligu or PAA-Cos@Ligu for another 24 h. Scale bar = 100
pm. G) ELISA assay of M1-associated pro-inflammatory cytokines (IL-6) and M2-associated anti-inflammatory cytokines (TGF-p1) in the supernatant of Raw264.7
cells pre-treated with LPS + IFN-y and IL-4 for 24 h, respectively, and then incubated with Cos-Ligu or PAA-Cos@Ligu for another 24 h, n = 6 per group. Compared
with the vehicle group, *P < 0.05, **P < 0.01. Compared with the LPS + IFN-y or IL-4 group, *P < 0.05, **P < 0.01.
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Fig. 4. In vitro decrease of myofibroblast-like differentiation and collagen deposition in peritoneal mesothelial cells by PAA-Cos@Ligu. A) F-actin staining assay of
the cytoskeletal phenotype of PMCs after treated with different groups. Scale bar = 50 pm. B) The cellular diameter of the cytoskeletal phenotype of PMCs after
treated with different groups. n = 6 per group. C) Immunofluorescence assay of aSMA in PMCs after treated with different groups. Scale bar = 100 pm. D) The
fluorescence intensity assay of aSMA in PMCs after treated with different groups. n = 3 per group. E) Direct red 80 staining in PMCs after treated with different
groups. Scale bar = 100 pm. F) The semi-quantitative assay of Direct red 80 staining in PMCs after treated with different groups. n = 3 per group. G and H) Western
blot of mesenchymal-related phenotypic markers (Snail, xSMA, and collagen I) and mesothelial-associated phenotypic markers (E-cadherin). n = 3 per group. I) gRT-
PCR analysis of mesenchymal-related phenotypic markers (Snail, ®SMA, and collagen I) and mesothelial-associated phenotypic markers (E-cadherin). n = 6 per
group. J) Schematic diagram illustrating the effect of PAA-Cos@Ligu on myofibroblast-like differentiation and collagen deposition. Compared with the vehicle group,
*P < 0.05, **P < 0.01. Compared with the TGF-1 group, P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

TGF-p1 (Fig. 4J).
3.4. In vivo anti-peritoneal adhesive effects by PAA-Cos@Ligu

To determine the anti-peritoneal adhesive effects of PAA-Cos@Ligu
in vivo, an established rodent model of peritoneal adhesion in SD rats
was used [18,32] and a simple diagram was shown in Fig. 5A. The in-
cisions of all rats were healed without infection or complication during
the model preparation. There was no significant difference on day 1, day
4, and day 7 in the body weight of all five groups (Fig. S9). All rats were
sacrificed on the 7th day after model preparation. The frequency of
different grades among groups and adhesion scores were presented in
Fig. 5B-C. There was a significant increase in the adhesion score for
PPA-Cos with severe adhesive area when compared with the sham
group, but a significant decrease when compared with the model group.
Similar results were also found when treated with free Ligu. The abraded
cecum treated with the PAA-Cos@Ligu had a prominently lower adhe-
sion score when compared with the PPA-Cos and free Ligu. The adhesion
scores were listed as follows: Model > Ligu > PPA-Cos > PPA-Cos@Ligu
> Sham. Meanwhile, the represented views of peritoneal adhesion and
HE staining showed that only slight peritoneal adhesive could be found
when treated by PPA-Cos@Ligu (Fig. S5D-E), indicating that
PPA-Cos@Ligu possessed the capacity of anti-peritoneal adhesive.

To evaluate the collagen deposition in the abraded cecum, both
Masson staining and Sirus red staining were conducted on the tissue
sections. As shown in Fig. 5F and G, Masson staining and Sirus red
staining exhibited that massive collagens were deposited in the model
group when compared with the sham group, while there was a
dramatically decreased collagens deposition when treated with the
bioadhesives when compared to the model group. Notably, the PAA-
Cos@Ligu group showed less collagen fiber deposition in comparison
with PAA-Cos or free Ligu. Similar results could be found in the semi-
quantitative assay of Masson staining and Sirus red staining (Fig. 5H
and I). Besides, the mRNA expressions of TGF-p1 also showed that the
model group could significantly upregulate the level of TGF-p1, while
treatment with PAA-Cos@Ligu could significantly downregulate the
level of TGF-pl (Fig. 5J). All the above results revealed that PAA-
Cos@Ligu could reduce collagen deposition in the abraded cecum.

To further investigate whether PAA-Cos@Ligu could exhibit anti-
inflammatory action, the level of inflammation-associated cytokines
was detected by qRT-PCR. Compared with the sham group, the mRNA
expressions of IL-1f, IL-6, and TNF-« in the model group significantly
increased. After treatment with PAA-Cos@Ligu, the mRNA levels of IL-
1B, IL-6, and TNF-o markedly decreased in comparison with the model
group (Fig. 5K). Together, these findings reflected that PAA-Cos@Ligu
could remarkedly attenuate peritoneal adhesion by suppressing
collagen deposition and inflammatory action.

3.5. Invivo decrease of myofibroblast-like changes and inhibition of TGF-
B/Smad2/3 signaling by PAA-Cos@Ligu

Previous studies have shown that myofibroblasts, which secret
adhesion collagen, are driven from mesothelial cells [14]. While
aSMA-positive myofibroblast, persistently secreting collagen, is referred
to as one of the biomarkers in various fibrotic disorders [34]. CD68™"

10

macrophages can undergo myofibroblast-like changes with collagen
generation and contribute to myofibroblast formation in fibrosis [33].
Herein, we probed the co-expression of macrophages and myofibroblast
markers by identifying double-labeling CD68 and aSMA in adhesive
tissues. As presented in Fig. 6A, the double immunofluorescent analysis
demonstrated that the fluorescence intensity of CD68" and aSMA" in
the model group were higher than those in the sham group. After
treatment with bioadhesives, especially for PAA-Cos@Ligu, the fluo-
rescence intensity of CD68" and aSMA™ significantly declined. While no
obvious effect on the decrease of the fluorescence intensity was found
when treated with free Ligu (Fig. 6B-C). The immunohistochemical
analysis further verified the findings above. As shown in Fig. 6D-F, the
CD86™ staining area, accounting for approximately 11.2 + 1.8 % of the
model group, was higher than that in the sham group with a proportion
of 2.4 £+ 0.8 %. This ratio was markedly reduced to 2.4 + 1.9 % in the
PAA-Cos@Ligu group. Similarly, the aSMA positive staining area with a
proportion of 27.0 + 1.4 % in the model group was notably higher than
that in the sham group with a proportion of 10.4 + 0.3 %. After treat-
ment with PAA-Cos@Ligu, the percentage of the positive staining area
declined to 8.2 £ 2.8 %. All the above results demonstrated that
PAA-Cos@Ligu could decrease myofibroblast-like changes, thereby
decreasing the production of fibrotic collagen and suppressing adhesion
formation.

TGF-f/Smad signaling is regarded as the major regulatory factor in
tissue fibrosis [35]. Overexpressed levels of TGF-p1 in the peritoneum
showed a positive correlation with the increased incidence of adhesion
[36]. The downstream of Smad, is a group of intracellular proteins, that
serve as the critical mediators of TGF-f1 signaling, facilitating the
transmission of signals from the cell surface to the nucleus, thereby
promoting the transcription of target genes [37]. To explore the critical
effect of PAA-Cos@Ligu on the downstream of TGF-p1 and Smad2/3, the
western blot and qRT-PCR experiment were performed. As shown in
Fig. 6G-H, there was no statistical difference in the expression of
Smad2/3 protein among different treated groups (p > 0.01). In com-
parison with the sham group, the protein levels of p-Smad2/3, TGF-p1,
collagen I, and aSMA were significantly upregulated in the model group
(allp < 0.01). After treatment with PAA-Cos@Ligu, p-Smad2/3, TGF-f1,
collagen I and oaSMA levels were markedly downregulated when
compared with the model group (all p < 0.01). The results were in line
with those of qRT-PCR (Fig. 6I). Compared with the sham group, the
mRNA expressions of Smad2, Smad3, TGF-p1, collagen I, and aSMA in
the model group significantly increased. After treatment with
PAA-Cos@Ligu, the mRNA levels of Smad2, Smad3, TGF-p1, collagen I,
and aSMA decreased markedly (all p < 0.01) in comparison with the
model group. Taken together, these discoveries indicated that
PAA-Cos@Ligu could lessen adhesion formation by inhibiting
TGF-B/Smad2/3 signaling to decrease the production of fibrotic
collagen.

4. Conclusion

In this study, we first developed a Janus hydrogel (PAA-Cos@Ligu)
that possesses the capability to adhere to wet tissues robustly and pre-
vent PPA simultaneously. Compared to conductive hydrogels [38] and
electrospun fibers [39], the unique dual-sided properties of Janus
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Fig. 5. In vivo anti-peritoneal adhesive effects by PAA-Cos@Ligu. A) Schematic illustrations of the application of PAA-Cos@Ligu on a rat cecum-abdominal wall
adhesion model. B) Adhesion frequency of different treated groups. n = 6 per group. C) Adhesion scores of different treated groups. n = 6 per group. D and E)
Representative images of adhesion formation and HE staining of cecum sections in different treated groups. Yellow arrows show the adhesion between abdominal
wall and cecum in gross observation. CE: cecum, AD: adhesion. Scale bar = 400 pm. F) Masson staining of cecum sections in different treated groups. CE: cecum, AD:
adhesion. Scale bar = 400 pm. G) Sirius Red staining of cecum sections in different treated groups. CE: cecum, AD: adhesion. Scale bar = 400 pm. H) Collagen volume
fraction of Masson staining of cecum sections in different treated groups. n = 3 per group. I) Collagen volume fraction of Sirius Red staining of cecum sections in
different treated groups. n = 3 per group. J) gRT-PCR analysis of TGF-p1 of cecum sections in different treated groups. n = 4 per group. K) qRT-PCR analysis of IL-1p,
IL-6, and TNF-« of cecum sections in different treated groups. n = 4 per group. Compared with the sham group, *P < 0.05, **P < 0.01. and Compared with the model
group, *P < 0.05, *#P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. In vivo decrease of myofibroblast-like changes and inhibition of TGF-$/Smad2/3 signaling by PAA-Cos@Ligu. A) Immunofluorescence images of CD68 (green)
and aSMA (red) of cecum sections in different treated groups. CE: cecum, AD: adhesion. Scale bar = 50 pm. B) The fluorescence intensity assay of CD68 in different
treated groups. n = 3 per group. C) The fluorescence intensity assay of aSMA in different treated groups. n = 3 per group. D) immunohistochemical images of CD68
and aSMA of cecum sections in different treated groups. CE: cecum, AD: adhesion. Scale bar = 200 pm and Scale bar = 100 pm. E) The positive staining area assay of
CD68 in different treated groups. n = 3 per group. F) The positive staining area assay of aSMA in different treated groups. n = 3 per group. G-H) Western blot of
Smad2/3, p-Smad2/3, TGF-B1, collagen I, and aSMA of cecum sections in different treated groups. n = 3 per group. I) qRT-PCR analysis of p-Smad2/3, TGF-f1,
collagen I, and «aSMA of cecum sections in different treated groups. n = 3 per group. Compared with the sham group, *P < 0.05, **P < 0.01. Compared with the
Todel group, *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

hydrogels — where the adhesive layer tightly adheres to wet tissue, and
the anti-adhesive layer serves as a physical barrier — endow them with
potential applications in tissue repair, particularly in the field of post-
operative adhesion prevention. This PAA-Cos@Ligu exhibits excellent
cytocompatibility, anti-inflammatory effects by modulating macro-
phage polarization, and anti-fibrosis by inhibiting myofibroblast-like
phenotype and collagen deposition, finally resulting in effectively pre-
venting PPA in vivo. Furthermore, the mechanism of PAA-Cos@Ligu to
reduce adhesion formation would be due to the suppression of the
TGF-p/Smad2/3 signaling pathway. Thus, we conclude that
PAA-Cos@Ligu possesses considerable promise as a premier barrier
material for preventing postoperative adhesions with good biocompat-
ibility. However, this study had certain limitations. Firstly, we were
unable to conclusively determine whether decreasing the production of
TGF-p or inhibiting the downstream effects of TGF-p is the primary
mechanism for preventing peritoneal adhesions. Additionally,
PAA-Cos@Ligu has shown the capability to reduce PPA by inhibiting the
TGF-p/Smad2/3 signaling pathway. However, other potential pathways
involved in PPA formation were not investigated in this study. Lastly,
although PAA-Cos@Ligu has demonstrated effectiveness in preventing
peritoneal adhesions both in vivo and in vitro, further clinical trials are
necessary to confirm its efficacy in preventing PPA in humans.
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