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A B S T R A C T   

Abdominal adhesion is a frequent clinical issue with a high incidence rate and consequences following intra- 
abdominal surgery. Although many anti-adhesion materials have been used in surgical procedures, additional 
research is still needed to determine which ones have the most robust wet tissue adhesion, the best anti- 
postoperative adhesion, and the best anti-inflammatory properties. We have developed an excellent tissue 
adhesion and anti-swelling polyvinyl alcohol-chitosan hydrogel (AS hydrogel). According to in vitro cell testing, 
AS hydrogel significantly decreased inflammation around cells and exhibited good biocompatibility. Further, we 
assessed how well AS hydrogel prevented intraperitoneal adhesion using a rabbit model with cecum and 
abdominal wall injuries. According to the data, AS hydrogel has excellent anti-inflammatory and biodegrad-
ability properties compared to the control group. It can also prevent intestinal and abdominal wall injuries from 
occurring during surgery. Based on these results, hydrogel appears to be a perfect new material to prevent 
postoperative abdominal wall adhesion.   

1. Introduction 

Postoperative tissue adhesions are a common occurrence in open and 
laparoscopic surgeries, which are a significant clinical complication in 
abdominal and pelvic surgery [1–4]. According to statistics, they have 
an incidence rate as high as 90 % [5]. Wound clots, mesothelial injuries, 
or foreign objects such as gauze are the leading causes of postoperative 
adhesions and abnormal fibrous connections between organs and sur-
rounding tissues [6–10]. Almost every region of the body can develop 
postoperative adhesions, which can result in complications such as in-
testinal obstruction, reduced ventricular contractions, chronic pain, and 
female infertility [11–13]. As a result, patients may have lifetime risks, 
and their medical burden would significantly increase. Clinical adhe-
sions are frequently relieved, and the signs and consequences of com-
plications are alleviated with the application of adhesiolysis [14,15]. 
The incidence of adhesive recombination (approximately 80 %) can 
easily result in secondary injury to patients and additional medical risks, 
such as iatrogenic bleeding, so this method is still unable to significantly 

reduce it due to the possibility of new trauma caused by surgical release 
[16–18]. 

As a result, the development of novel, user-friendly anti-adhesion 
barriers has gained significance in clinical settings. Currently, com-
mercial anti-adhesion materials are generally applied as solid films or 
powders, creating a sol-gel-like barrier on the surface of tissues as a 
physical barrier between injured tissues and adjacent organs [19–21]. 
However, these obstacles have little clinical efficacy due to defects, 
including poor tissue adhesion, fast degradation rate, and poor bodily 
retention. Simultaneously, the first week following surgery is crucial for 
a successful intervention time window and effective clinical adhesion 
prevention [22–24]. Thus, the key to effectively intervening in tissue 
adhesion is to inhibit fibrin deposition and fibroblast adhesion at the 
injured site in the early and late stages [25–27]. 

Here, we have developed a polyvinyl alcohol (PVA)-chitosan (CS) 
hydrogel (AS hydrogel) (Fig. 1A) with good anti-inflammatory proper-
ties and wet tissue adhesion property, which can be transported to the 
surgery or injured site through an endoscope or injection pipeline in 
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minimally invasive surgery to exert anti-inflammatory and anti- 
adhesion properties (Fig. 1B). This is done to improve the retention, 
adhesion, and anti-inflammatory capacity of the barrier in the body. 
Furthermore, this material has adjustable mechanical viscoelasticity, 
which allows it to adapt to physiological tissue movements such as 
bladder contraction and intestinal peristalsis. 

2. Materials and methods 

2.1. Materials and cell culture 

CS was purchased from Yibei Co. (Jinan, Shandong), whereas PVA 
and ginpin were obtained from Maikeling Co. (Shanghai). Other chem-
icals were purchased from Guangzhou Chemical Reagent Co. (Guangz-
hou, Guangdong). The American Type Culture Collection provided the 
Human Proximal Tubular Epithelial Cells (HK2), Normal Intestinal Cells 
(HIEC-6)and Uroepithelial Cells (SV-HUC-1). The F–12K Medium 
(HyClone) was used to culture the SV-HUC-1 cell line. Conversely, 5 mM 
D-glucose (Gibco) was added to the minimum essential medium for the 
HK2 and HIEC-6 cell culture. The two cell lines were maintained in their 
respective basal media, to which 10 % fetal bovine serum (Gibco) and 1 
% penicillin/streptomycin (Gibco) were added as supplements. The cells 
were incubated at 37 ◦C under 5 % carbon dioxide. 

2.2. Fabrication and characterization of hydrogel 

PVA (0.4 g) was dissolved in 10 mL of distilled water by heating and 

stirring at 100 ◦C for approximately 15–30 min, depending on the stir-
ring speed, to create a 4 wt% PVA solution. After reaching room tem-
perature, the solution was left to stand in the open. The PVA solution 
was then stirred with 0.5 g of water-soluble CS and agitated until a 
homogeneous mixture was obtained. To create chemical cross-linking 
between PVA and CS, 1 mL of 1 % genipin solution was added as a 
cross-linking agent, and the mixture was manually stirred for 3 min with 
a clean glass rod. The hydrogel was removed from the container, 
yielding a transparent AS hydrogel. The adhesion property was assessed 
by weight through tube interface stretching in air/water and adhesion 
on pig skin (water impact, torsion, and stretching) in water. The 
hydrogel morphology was examined using a scanning electron micro-
scope (SEM). Furthermore, the evaluation of the swelling test involved 
soaking the hydrogel in water for varying durations of time. 

2.3. Cell proliferation and cell counting assays 

Cell viability was monitored using the MTS assay (G3580; Promega 
Corporation, Madison, WI). An AS hydrogel scaffold was pre-positioned 
in a set of six-well plates, where HK2 and SV-HUC-1 cells were grown at 
a density of 20,000 cells per well. Following an incubation period of 24, 
48, and 72 h, we added an MTS solution and a standard culture medium 
to each well. The culture solutions were then aspirated using a pipette 
gun and transferred into a 96-well plate after these plates had been kept 
in an incubator for 2 h. The absorbance was then determined using an 
enzyme-labeled detector (Epoch2 microplate reader, BioTek) at a 
wavelength of 490 nm. We used the cell counting kit-8 (CCK-8) 

Fig. 1. Schematic of the AS hydrogel preparation and application. (A) AS hydrogel preparation, (B) wet tissue adhesion and anti-adhesion mechanism.  
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(Dojindo, Kumamoto, Japan) to detect cell proliferation. Following a 
similar approach, 96-well plates were seeded with HK2 and SV-HUC-1 
cells at a concentration of 3 × 10^3 cells per well. A cultivation period of 
24, 48, and 72 h was then observed. At these corresponding time in-
tervals, we replaced the supernatant with a 10 % CCK-8 mixture volume 
(consisting of 10 μL CCK8 and 90 μL basal medium per well). Following a 
2-h incubation period at 37 ◦C, the absorbances were measured at 450 
nm using a microplate reader. Data obtained from the MTS and CCK-8 
assays are presented as mean ± SEM values. Students’ paired t-tests 
were used to identify statistically significant differences between the 
groups. 

2.4. Live and dead cell double staining 

In each well of a six-well plate, a blank control group and a PVA 
hydrogel group were set up. After UV disinfection, HIEC-6 cell line was 
seeded at a density of 2 × 10^5 cells per well for normal cultivation. 
Fluorescent staining was performed at 24 and 72 h using the Live and 
Dead Cell Double Staining Kit (Abbkine Co.). The kit includes solutions 
of Calcein-AM and propidium iodide (PI) for staining live and dead cells, 
respectively. After washing the cells with PBS and removing residual 
esterase activity, 100 μl of detection solution was added to the cells, and 
the mixture was incubated at 37 ◦C for 15 min. Fluorescence was 
detected using a fluorescence microscope with excitation at 490 nm to 
simultaneously monitor live and dead cells. 

2.5. Cytoskeletal immunofluorescence 

In a six-well plate with AS hydrogel matrix in each well, SV-HUC-1 
cells or HK-2 cells were seeded. Approximately 2 × 10^5 cells were 
maintained per well as the cell density. We then incubated the plates for 
8 h. Following incubation, 2 mL of 4 % paraformaldehyde was used to fix 
the cells for 20 min. Subsequently, the cell membranes were per-
meabilized with 2 mL of a 3 % Triton X-100 solution for 20 min. The 
cells were treated with a diluted 1:500 solution of either phalloidin-FITC 
or phalloidin-rhodamine (Sigma-Aldrich Co.). In a dark environment, 
the cells were incubated overnight. Finally, 200 μL of a blocking solution 
that contained 4′,6-diamidino-2-phenylindole for anti-fluorescence 
quenching was added to the cells. Confocal fluorescence microscopy 
was then used to identify the immunofluorescence signal at room 
temperature. 

2.6. Cellular inflammatory factor assay 

An experiment using SV-HUC-1 cells in co-culture was conducted 
using the AS hydrogel. The supernatant was collected and investigated 
further after the cell culture was incubated for 72 h at a constant tem-
perature. A 12-cytokine combined detection kit (JS-SOP-001, Hangzhou 
Sage Bio) was then used to evaluate this supernatant. Specific reagents 
were added one at a time during the assay process, followed by a 2.5-h 
incubation at room temperature under light protection. After 5 min of 
centrifuging the samples at 200 g, the supernatant was discarded. Each 
sample tube was subjected to flow cytometry analysis after resuspension 
in 100 μL of phosphate-buffered saline (PBS). Data analysis involved 
constructing a standard curve to assist the quantification of the cyto-
kines in the samples. The mean ± standard error of the mean (SEM) was 
used to present the data. Student’s paired t-tests were used to assess the 
statistical significance between groups. P < 0.05 was considered statis-
tically significant. 

2.7. In vivo anti-adhesion evaluation of AS hydrogels 

After a laparotomy, adult male rabbits of prominent New Zealand 
white breeds were selected for postoperative anti-adhesion experiments. 
A triple-blind method was used to model abdominal wall and cecum 
injuries in great white rabbits [28–30]. Three rabbits from the control 

group and the AS hydrogel group comprised the two randomly selected 
groups from the experimental animals (n = 3). Blood samples were 
obtained prior to surgery to record inflammatory indicators. Following 
the intramuscular administration of anesthetics (ketamine 30 mg/kg +
tamsulosin 50 mg/kg), the abdomens of the rabbits were exposed 
entirely for routine surgical disinfection. The abdominal cavity was 
exposed by making an incision along the midline of the abdominal wall. 
The cecum was rubbed with surgical toothed forceps and sterile brushes 
until a visible defect appeared on the surface [31,32]. After that, the 
injury was fixed and labeled with sutures. A saline solution was 
administered to the plasma membrane and colon to avoid drying out. 
Subsequently, a toothed pinch was used to scratch the abdominal wall, 
resulting in a deep muscular abdominal wall injury that was then fixed 
and labeled with sutures. While the hydrogel group evenly placed AS 
hydrogel over the cecum and abdominal wall injuries until the wound 
was fully covered, the control group was just rinsed with saline. Ulti-
mately, the abdominal cavity was sealed via layer-by-layer closure of the 
abdominal incision. Every surgical procedure was carried out in aseptic 
conditions. To prevent postoperative infections, cefradine (300 mg/kg) 
was administered once daily for three days following the surgery in 
addition to routine analgesics and other symptomatic treatments. Blood 
was collected on the third postoperative day to monitor changes in 
inflammation and other relevant indicators. After euthanasia on the 
fourteenth day following the surgery, an overdose of pentobarbital was 
injected through the tail vein. The adhesion status of the cecum and the 
adjacent intestinal or abdominal wall was then observed, photographed, 
and scored during dissection. Adhesion scores are as follows [33,34]: 
score 0, no adhesion; score 1, one thin filmy adhesion; score 2, multiple 
thin adhesions; score 3, thick adhesion with focal point; score 4, thick 
adhesion with plantar attachment or multiple thick adhesions with focal 
point; score 5, very thick vascularized adhesion or multiple plantar 
adhesions. The scores were independently assessed using a 
double-masked process. 

2.8. Histological examinations 

Following the execution of the rabbits, the cecum, abdominal wall, 
and adherent tissues of each group were obtained, preserved with 4 % 
paraformaldehyde, and sectioned following paraffin embedding. After 
the sections were de-waxed, hydrated, and stained, pathological alter-
ations in the cecum and abdominal wall, as well as variations in fibro-
nectin expression following surgery, were observed using a 
hematoxylin-eosin kit and Masson kit (Solarbio, China). Masson tri-
chrome positive (blue) area calculation: ImageJ software was used to 
determine the Masson trichrome positive area’s ratio to the imaged 
tissue’s total area [35,36]. 

2.9. Immunohistochemistry (IHC) 

Sections of the intestinal and abdominal walls’ paraffin-embedded 
tissues measuring 3 μm in thickness were prepared for IHC. The tissue 
sections were then heated to 60 ◦C and subjected to gradient hydration 
to de-wax. For 15 min, 0.3 % hydrogen peroxide inhibited endogenous 
peroxide activity. After submerging the sections in a boiling citrate an-
tigen repair solution, they were autoclaved for 10 min under water. 
After allowing the repair solution to naturally cool to room temperature, 
10 % normal goat serum was added to prevent non-specific binding for 
30 min. The sections were then incubated overnight in a humidified 
room at 4 ◦C with the following primary antibodies. Secondary anti-
bodies were applied to the sections and incubated for 1 h at room 
temperature. The color was developed with 3,3′-diaminobenzidine tet-
rachloride. Images were obtained using a confocal microscope. Using 
Image-Pro Plus 6.0, integrated optical density (IOD) measurements were 
performed on IHC images for quantitative analysis to calculate the 
average optical density (AOD) using the formula: AOD = IOD/area 
[37].1 Antibodies: interleukin-10 (IL-10) (1:500, proteintech, 
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60269-1-Ig, China), Tumor Necrosis Factor-alpha (TNF-α) (1:300, pro-
teintech, 60291-1-Ig, China), transforming growth factor-beta (TGF-β) 
(1:200, proteintech, 21898-1-AP, China), and vascular endothelial 
growth factor-A (VEGFA) (1:300, proteintech, 19003-1-AP, China). 

2.10. Statistical analysis 

The Statistical Package for Social Sciences 16.0 was used for the 

statistical analysis. Values were expressed as mean ± SEM. One-way 
analysis of variance was performed for comparisons between multiple 
groups. P < 0.05 was considered statistically significant. 

Fig. 2. Anti swelling, tensile performance and adhesion characterizations of the AS hydrogel. (A) Photo image and morphology of AS hydrogel. (B) Tensile property 
test. ((c) anti-flushing performance. (D) tensile resistance and (E) anti-swelling properties of AS hydrogel. All data are presented as mean ± standard deviation (n 
= 3). 
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3. Result and discussion 

3.1. Morphology, adhesion, and swelling properties 

A new biopolymer composite called AS hydrogel is made of CS and 
PVA and crosslinked using genipin. The two sequential steps that 
construct its dual network structure are as follows: first, genipin forms 
covalent bonds with the amino groups of CS; second, the hydroxyl 
groups of PVA establish hydrogen bonds with the remaining amino 
groups of CS, resulting in an interpenetrating network. Because of its 
dual network structure, AS hydrogel has better mechanical and biolog-
ical qualities. Fig. 2A shows the photo image and SEM images of the 
hydrogel. The hydrogel had a light blue transparent color. Furthermore 
the SEM images showed that the pores of the hydrogel had greatly in-
crease after being soaked in DI water for 1 h compared to that non- 
soaking condition. 

It was shown that the nucleophilic reaction of genipin created co-
valent connections between the PVA and CS macromolecules, increasing 
the viscosity and stability of the hydrogel and facilitating its adequate 
adhesion to the tissue defect location. The AS hydroxyl or amino content 
of the hydrogel drops as genipin cross-links with CS, which lessens the 
adhesive properties of the hydrogel. This permits the hydrogel to 
passivate on its surface and inhibits unwanted adherence to other tissue 
surfaces, possibly leading to the hydrogel dislocating. Conversely, 
hydrogels that initially cling to the wound interface do so because of the 
persistence of certain hydrogen bonds, which means that additional 
genipin cross-linking does not break down their adherence. The optimal 
anti-adhesion substance sticks firmly to the injured peritoneal surface. 
We evaluated the adhesion strength of AS hydrogel using a biome-
chanical testing apparatus, through lapping between two segments of 
porcine skin tissue test. The findings demonstrated that AS hydrogel had 
an adhesion strength of 4.22 kPa (Fig. 2B). The adhesion performance of 
AS hydrogel was demonstrated in Fig. 3C when exposed to water. The 
hydrogel remained on the surface of pig skin, suggesting that the 

adhesion was adaptable to liquid flow settings. Furthermore, under 
stress tension (Fig. 2D), the AS hydrogel could continue exhibiting good 
adhesion performance in both air and water. The ability of the AS 
hydrogel to adhere to bodily application environments was shown by its 
adhesion property. Applying anti-swelling is essential as it acts as an 
anti-adhesion barrier. Genipin cross-linking decreases the free water 
content and pore size of the AS hydrogel network by increasing its 
density and hydrophobicity. This reduces the absorption and diffusion of 
water molecules in the hydrogel, which lowers the swelling behavior. 
After being immersed in PBS solution for 48 h, AS hydrogel had 
outstanding anti-swelling efficacy, as demonstrated by the swelling rate 
and photo images (Fig. 2E). 

3.2. In vitro cytocompatibility and anti-inflammatory capacity of AS 
hydrogels 

Novel biomaterials must have good biocompatibility and low cyto-
toxicity to be used in practice [38]. To evaluate the biocompatibility of 
AS hydrogel, we co-cultured HIEC-6, HK2 and SVHUC1 cells with it in 
this study. The Live and Dead Cell Double Staining assays, MTS and 
CCK8 assays and cytoskeletal fluorescence staining assays were used to 
carry out this study. As HK2 and SVHUC1 cells were co-cultured with the 
material for 72 h, there were no apparent abnormalities in their 
morphology as compared to the control group, as shown in Fig. 3A. After 
co-culturing HIEC-6 cells with the AS hydrogel for 72 h, the Live and 
Dead Cell Double Staining assays revealed results similar to the control 
group (Fig. 3B). The cells displayed good adhesion and extension pat-
terns, clear nuclei, and no signs of cell senescence or apoptosis. 
Furthermore, the findings of MTS and CCK-8 showed that the cell pro-
liferation in the material co-culture group was comparable to that of the 
blank control group, with the AS hydrogel group showing even more 
significant cell growth than the blank group (Fig. 3C–D). This 
improvement could be explained by the AS hydrogel material’s ability to 
reduce pericellular inflammation. Inflammation following surgical 

Fig. 3. The cytocompatibility and inflammatory cytokine levels of AS hydrogels. (A) Fluorescence microscopy images of HK2 and SVHUC1 cells (scale bars: 20 μm). 
(B) Live-Dead Staining Images of HIEC-6 Cells. (C–D) AS hydrogels, MTS, and cell counting kit-8 were used in co-cultured HK2 and SVHUC1 cells. (E) A comparison of 
the pro- and anti-inflammatory cytokine concentrations in HK2 and SVHUC1 cell supernatants following a 48-h co-culture with AS hydrogel. Error bars indicate ±
standard deviation (n = 3), * and ** indicate P < 0.05 and P < 0.001, respectively. 
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trauma and damage frequently promotes the development of post-
operative abdominal adhesions [39,40]. Therefore, effectively reducing 
inflammation is essential for avoiding these kinds of adhesions. After 48 
h of co-culture, we analyzed the pro-inflammatory and 
anti-inflammatory factors in the cell supernatant, such as IL1β, IL2, IL4, 
IL5, IL6, IL8, IL17A, TNF-α, IFN-γ, IFN-α, and IL-12P70 to gauge the 
degree of inflammation [41]. The findings of the experiment showed 
that the cytosol of the AS hydrogel group had considerably lower levels 
of IL2, TNF-α, IFN-γ, IL6, and IL8 (P < 0.05) than the blank cell group 
(Fig. 3E). The cells in the AS hydrogel group showed fewer inflammatory 
reactions and were spared the adverse effects of inflammation. These 
findings were consistently mirrored by the expression levels of IL6 and 
IL8, which are more sensitive in the early inflammatory response. 
Adding AS hydrogel might have lessened inflammation around the cells, 
resulting in a more stable environment for cell proliferation. 

3.3. In vivo evaluation of AS hydrogels on postoperative anti-adhesion 

We performed studies utilizing an abdominal wall injury model and a 
rabbit cecum injury model to assess how well AS hydrogel prevented 
adhesions in the abdominal cavity. We used saline to rinse the control 
group’s abdominal cavity and the injury site. We evenly administered 
the hydrogel to the abdominal wall damage and the cecum in the AS 
hydrogel group. The rabbits were put to death, and their bodies were 
dissected to look for adhesions between the cecum and the nearby in-
testinal or abdominal wall [42]. Fig. 1B shows the rabbit abdominal 
adhesion model, and the experimental stages detail the precise surgical 
technique. 

We took tissue samples and pictures of the cecum and the abdomen 
wall at the suture lines 14 days post-surgery from each group. Then, we 
calculated the tissue adhesion score. Both at the site of damage and on 
the uninjured surfaces of the cecum and proximal mesentery, we could 

Fig. 4. Preventing abdominal adhesions after surgery in a large white rabbit model cecum and abdominal wall injuries. (A) A Great White rabbit cecum injury model 
with two distinct postoperative outcomes following untreated and covered AS hydrogel treatment. (B) Creating a model of an abdominal wall injury in a large white 
rabbit and observing two distinct postoperative results following administration of untreated and coated AS hydrogel. (C) Mean adhesion score of the abdominal wall 
(D), N = 3 independent samples for each group (control group, AS hydrogel group); error bars indicate ± SD, * and ** indicate P < 0.05 and P < 0.001, respectively. 
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see thick, vascularized adhesions in the control group (Fig. 4A). In the 
control group, all three instances exhibited score four adhesions [16]. 
On the other hand, the cecum trabeculae in the AS hydrogel group 
displayed either minimal or no adhesions; two cases had no adhesion, 
and one had a score of 1 adhesion. The flaws had been repaired almost 
entirely, with noticeable new capillaries at the healing locations, while 
the intestinal wall marks showed some rough scars. Since there was no 
hydrogel left behind, the healing process was successful. Significant 
adhesions to surrounding tissues were also seen at the abdominal wall 
markers in the control group, with two patients exhibiting a score of four 
adhesions and one case exhibiting a score of three adhesions (Fig. 4B). In 
contrast, the AS hydrogel group solely showed scar tissue. Fig. 4C and D 
shows that the mean score in the control group for the cecum abrasion 
model was four, and for the abdominal wall injury model was 3.66. By 
comparison, the AS hydrogel group scored considerably lower than the 
control group (p < 0.001), with scores for the cecum and belly wall of 
0.33 and 0.66, respectively. These findings suggest that the AS hydrogel 
has outstanding qualities for accelerating wound healing and reducing 
adhesions following surgery. Notably, there was hardly any hydrogel left 

on the surface of the injured abdominal wall and cecum, indicating the 
in vivo biodegradability of the AS hydrogel. 

The histological features of intestinal and abdominal wall injuries 
were assessed using HE and Masson stains to illustrate further the AS 
hydrogel’s in vivo anti-adhesion and anti-inflammatory properties [43, 
44]. The submucosa and muscularis mucosae of the cecum were notably 
thicker, and the histological evaluation showed that the abraded portion 
of the gut wall had not fully healed in the control group. The connective 
tissue in the adhesion zone was jumbled and infected with lymphocytes, 
granulocytes, and macrophages. Furthermore, Fig. 5A showed a large 
concentration of neovascular endothelial cells. Sporadic necrotic myo-
cytes were in the abdominal wall adhesion zone, but a large amount of 
collagen fiber hyperplasia gradually replaced these. The adhesion zone 
contained many lymphocytes, granulocytes, and vascular endothelial 
cells (Fig. 5B). According to these results, adhesion creation and 
inflammation are closely related, and the adhesion zone continuously 
proliferates when inflammation is repeatedly stimulated. The plasma 
membrane layer in the intestinal wall and the muscularis propria cells in 
the AS hydrogel group healed and rearranged correctly, leaving no 

Fig. 5. Hematoxylin, eosin (H&E), and Masson trichrome staining were used to evaluate the adhesion model’s cecum and abdominal wall. (A) Images of two tissue 
sections stained with H&E and Masson trichrome from the cecum location. Upper panel: scale bar, 200 μm; lower panel (enlarged view of the box above): scale bar, 
50 μm. (B) Two sets of Masson trichrome and H&E-stained tissue section images of the abdominal wall region. Upper panel: scale bar, 200 μm; lower panel (enlarged 
view of the box above): scale bar, 50 μm. (C–D) Fibronectin expression statistical graphs in Masson findings. Error bars indicate ±SD, * and ** indicate P < 0.05 and 
P < 0.001, respectively. Ce: cecum, AW: abdominal wall, and AD: adhesion band. 
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hydrogel behind [45]. Only a small quantity of surrounding connective 
tissue was visible, and there was no discernible infiltration of inflam-
matory cells or fibrin growth. This illustrates the excellent 
anti-inflammatory properties of AS hydrogel even more. A new layer of 
mesothelial cells and a few loosely distributed collagen fibers were seen 
at the site of injury in the abdomen wall, along with a modest number of 
vascular endothelial cells. There was no visible hydrogel residue at the 
peritoneum. After this, Masson’s findings demonstrated that the control 
group had a significant amount of misaligned dark blue collagen fiber 
deposition at the areas of abdominal wall abrasion and the cecum. 
However, at the cecum and abdominal wall abrasions, the AS hydrogel 
group only showed a small number of light blue, loosely distributed 
collagen fibers(Fig. 5A–B). Moreover, the hydrogel group showed a 
considerably reduced fibrin content in the abdomen wall and cecum 
compared to the control group (Fig. 5C–D). In conclusion, while the AS 
hydrogel group produced some fibrin, none stuck to nearby tissues. 
Furthermore, the AS hydrogel showed a robust anti-inflammatory effect 
that contrasted with the extensive inflammatory cell infiltration. The 
histological findings supported the results of adhesion scores, which also 
showed that AS hydrogel could successfully lower inflammatory re-
sponses and collagen deposition, resulting in the desired anti-adhesion 
effect. 

3.4. In vivo evaluation of the anti-inflammatory capacity of AS hydrogels 

It is primarily believed that activating and producing inflammatory 
cytokines, which trigger an inflammatory response, causes post-
operative adhesions [46,47]. Our team has conducted in-depth pathol-
ogy collection and immunohistochemistry investigations at the cecum 
and abdominal wall injury sites, focusing on this mechanism. Research 
has demonstrated that macrophages in these damaged tissues are pro-
active in generating endogenous inflammatory cytokines, including 
TNF-α [48,49]. TNF-α has several functions, including promoting the 
infiltration of inflammatory cells, promoting the development of fibrotic 
tissue and cellular apoptosis, and increasing adhesions by starting 
coagulation and fibrin layer formation [50–52]. In contrast, 
pro-inflammatory cytokines and fibrinogen-activating enzymes are 
downregulated by the anti-inflammatory cytokine IL-10, which pro-
motes wound healing and inhibits the formation of adhesions [53,54]. 
Our experimental results show that in our established cecum and 
abdominal wall damage models, TNF-α expression was significantly 
reduced, whereas IL-10 expression was significantly elevated 
(Fig. 6A–B). These modifications are consistent with our immune factor 
dynamics in our co-culture system of cells and hydrogel. 

Furthermore, our integrative pathological findings further revealed 
that TNF-α is widely expressed in the cytoplasm and nuclei of fibroblasts 
and vascular endothelial cells located within the wounded region of the 
intestinal wall in the control group [55,56]. On the other hand, an 

Fig. 6. Immunohistochemical staining images of inflammatory factors and vascular endothelial growth factor in the great white rabbit cecum and abdominal wall 
injury model. (A) Quantitative analysis of the immunohistochemistry results and immunostaining images (scale bar: 100 μm) of IL-10, TNF-α, IL-1β and VEGFA in the 
control and AS hydrogel treatment groups. (B) Quantitative analysis of the immunohistochemistry results and immunostaining images (scale bar: 100 μm) of IL-10, 
TNF-α, IL-1β and VEGFA in the control and AS hydrogel treatment groups. Error bars indicate ±SD, and * and ** indicate P < 0.05 and P < 0.001, respectively. 
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interesting limitation of TNF-α expression to negligible quantities in the 
connective tissue and vascular endothelial cells was detected following 
the application of anti-inflammatory AS hydrogel, suggesting a notice-
able relief of inflammation [57]. Moreover, IL-10 showed a broad dis-
tribution pattern across mesenchymal cells, inflammatory cells, 
fibroblasts and calcifications in the intestinal wall and adhesive regions. 
Its expression became noticeably more prominent after the AS hydrogel 
treatment. Notably, our study also emphasizes that fibrogenic cytokine 
TGF-β and VEGFA play a role in this process. TGF-β, in its active state, 
significantly increases the extracellular matrix component secretion, 
ultimately leading to adhesion development. To enhance fibrin deposi-
tion and fibrosis, which leads to increased abdominal adhesions, VEGFA 
enhances this process by stimulating angiogenesis and vascular endo-
thelial cell proliferation. In line with previous research findings, we 
further demonstrate that decreased VEGFA expression causes peritoneal 
adhesions to be effectively downregulated in mice following surgery. To 
be more precise, in our well-established model of cecal injury, TGF-β and 
VEGFA were much lower than in the control group (Fig. 6A). TGF-β 
expression showed a slight decrease in the abdominal wall damage 
model, although VEGFA expression in the model was similar to that of 
the control group (Fig. 6B). All of these findings supported the 
remarkable anti-inflammatory effect of AS hydrogel in all of the injury 
models that have been studied. 

4. Conclusion 

In conclusion, a unique type of CS-PVA composite hydrogel was 
created, and the resulting AS hydrogel has excellent tissue adhesion and 
anti-swelling properties. AS hydrogel was found to have good biocom-
patibility and to significantly lower the level of inflammation around 
cells, according to the evaluation of cells. Furthermore, in a rabbit model 
with cecum and abdominal wall injuries, the AS hydrogel showed su-
perior prevention of intraperitoneal adhesion. These findings showed 
that AS hydrogel’s excellent anti-inflammatory and biodegradability can 
effectively prevent the adhesion of the injured intestinal and abdominal 
walls during surgery. AS hydrogel is the ideal material to prevent 
postoperative abdominal adhesion. 
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