
Bioactive Materials 27 (2023) 82–97

2452-199X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Engineering self-healing adhesive hydrogels with antioxidant properties for 
intrauterine adhesion prevention 

Luyao Feng a,1, Liqun Wang b,1, Yao Ma a, Wanglin Duan a, Sergio Martin-Saldaña c, Ye Zhu a, 
Xianpeng Zhang a, Bin Zhu a, Chaowei Li a, Shibo Hu a, Mingjie Bao d, Ting Wang d, 
Yuan Zhu b,d,**, Fei Yang e,f,***, Yazhong Bu a,* 

a Institute of Medical Engineering, Department of Biophysics, School of Basic Medical Sciences, Health Science Center, Xi’an Jiaotong University, Xi’an, 710061, China 
b Department of Reproductive Health, Jiangxi Maternal and Child Health Hospital, Nanchang, Jiangxi, 330006, China 
c POLYMAT, Applied Chemistry Department, Faculty of Chemistry, University of the Basque Country UPV/EHU, Paseo Manuel de Lardizabal 3, 20018, Donostia-San 
Sebastián, Spain 
d JXHC Key Laboratory of Fertility Preservation, Jiangxi Maternal and Child Health Hospital, Nanchang, Jiangxi, 330006, China 
e School of Chemical Sciences, University of Chinese Academy of Sciences, Beijing, 100049, China 
f Beijing National Laboratory for Molecular Sciences, State Key Laboratory of Polymer Physics & Chemistry, Institute of Chemistry, Chinese Academy of Sciences, Beijing, 
100190, China   

A R T I C L E  I N F O   

Keywords: 
Adhesive 
Hydrogel 
Intrauterine adhesion 
Self-healing 
Antioxidant 

A B S T R A C T   

Intrauterine adhesion (IUA) is the fibrosis within the uterine cavity. It is the second most common cause of 
female infertility, significantly affecting women’s physical and mental health. Current treatment strategies fail to 
provide a satisfactory therapeutic outcome for IUA patients, leaving an enormous challenge for reproductive 
science. A self-healing adhesive hydrogel with antioxidant properties will be highly helpful in IUA prevention. In 
this work, we prepare a series of self-healing hydrogels (P10G15, P10G20, and P10G25) with antioxidant and 
adhesive properties. Those hydrogels exhibit good self-healing properties and can adapt themselves to different 
structures. They possess good injectability and fit the shape of the human uterus. Moreover, the hydrogels exhibit 
good tissue adhesiveness, which is desirable for stable retention and therapeutic efficacy. The in vitro experi
ments using P10G20 show that the adhesive effectively scavenges ABTS+, DPPH, and hydroxyl radicals, rescuing 
cells from oxidative stress. In addition, P10G20 offers good hemocompatibility and in vitro and in vivo 
biocompatibility. Furthermore, P10G20 lowers down the in vivo oxidative stress and prevents IUA with less 
fibrotic tissue and better endometrial regeneration in the animal model. It can effectively downregulate fibrosis- 
related transforming growth factor beta 1 (TGF-β1) and vascular endothelial growth factor (VEGF). Altogether, 
these adhesives may be a good alternative for the clinical treatment of intrauterine adhesion.   

1. Introduction 

Intrauterine adhesion (IUA) is characterized by fibrosis within the 
uterine cavity due to damage or infection [1]. It leads to abdominal pain, 
oligomenorrhea, cyclical pelvic pain, and amenorrhea [2] and has 
become the second most common cause of female infertility [3–7]. 
Moreover, it shows an uprising incidence with the increase of 

intrauterine surgeries and induces serve influences on women’s repro
ductive capacity and mental health [8]. The main therapeutic approach 
for IUA management in the clinic is hysteroscopy, which achieves an 
immediate reduction of internal adhesions. However, the recurrence 
rate is as high as 40%–62.5% [9,10]. Another common strategy is to 
introduce a physical barrier into the uterine cavity, including the 
placement of the balloon uterine stent (BUS), Foley catheters, silicon 
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sheets, or sodium hyaluronate injections [8,11]. However, solid devices 
like BUS and catheters cannot fit uterine cavities of different shapes and 
sizes, limiting their efficacy in marginal uterine positions [11]. Besides, 
the mechanical pressure induced by these devices may hinder tissue 
regeneration and cause inflammation [12]. Moreover, those devices are 
usually associated with a high risk of microbial infections [13]. Sodium 
hyaluronate can cover every cavity corner but has limited efficacy 
because of unstable retention. Thus, there is still a need for novel bio
materials aiming at effective IUA prevention. 

Hydrogels are three-dimensional polymeric networks containing 
plenty of water [14]. They are widely explored in tissue engineering and 
regeneration due to their similarity to soft tissue [15]. Hydrogels are also 
studied in IUA prevention, and they should contain some desirable 
properties for better therapeutic effects [7,11,16]. Firstly, the hydrogels 
should be able to support the mechanical matrix of the uterine cavity 
and adjust themselves to different shapes of uterine cavities. This is vital 
because uterine cavities vary in shape and size under different patho
logical conditions [2]. Besides, the hydrogels must be injectable to avoid 
pain and discomfort to patients when passing through the narrow cer
vical orifice. Consequently, self-healing hydrogels are good candidates 
for meeting these requirements. They can be easily injected by passing 
through a narrow needle and recover their bulk strength after the in
jection because of their shear-thinning property [17], making them 
popular in non-invasive therapy [18]. On top of it, self-healing hydro
gels can adapt themselves to different structures after application. This 
adaptability, with spatiotemporal and mechanical dynamics, may also 
regulate cellular behavior via stress relaxation, further contributing to 
the integration of biological signals to guide tissue regeneration [19]. 
However, there are few reports applying self-healing hydrogels in IUA 
prevention. 

Bioactivity is also a desirable feature to prevent the formation of IUA 
and accelerate endometrial repair, considering the complex pathogenic 
mechanisms of IUA [2]. Briefly, IUA is a tissue fibrosis within the uterine 
cavity, and oxidative stress plays a vital role in tissue adhesion. It leads 
to vascular dysfunction and remodeling through oxidative damage, 
impairing vasodilatation and endothelial cell growth, stimulating 
endothelial cell migration, and activating adhesion molecules [20]. As a 
result, quenching the free radicals to modulate oxidative stress may be 
beneficial for IUA prevention [21–24]. However, the use of hydrogels 
with antioxidant properties in IUA prevention has not been explored yet. 

Interface bonding is critical for functional hydrogels to reach their 
full potential in IUA therapy. On the one hand, proper integration can 
help maintain stability during the application. On the other hand, it can 
also ensure effective communication between biomaterials and tissue 
[25–27]. A healthy uterus of adult women secretes 3–4 g of endometrial 
mucus every 4 h [7]. Without suitable adhesion, the rapid turnover of 
mucus can easily result in the interfacial separation between the 
hydrogels and the uterine cavity tissue [28]. The separation will lead to 
poor retention of the functional hydrogels, decreasing their efficacy. 
Meanwhile, the gap between the hydrogels and the tissue surface will 
limit the biological functions of the functional hydrogels. Thus, hydro
gels with adhesion properties will be advantageous in IUA prevention. 
Nevertheless, little consideration is given to introduce adhesion prop
erties into hydrogels for better IUA therapeutic effects. 

Hence, in this work, we have fabricated a series of self-healing ad
hesive hydrogels with inherent antioxidant properties for IUA preven
tion by using bi-polyethylene glycol N-hydroxysuccinimide active ester 
(Bi-PEG-SS) and gelatin. The hydrogels have tissue adhesion resulting 
from the reaction between Bi-PEG-SS and tissue proteins. The adhesive 
hydrogels exhibit great injectability, self-healing properties, and the 
ability to adapt to different structures. Besides, they demonstrate anti
oxidant properties against different free radicals and rescue cells from 
oxidative stress. Furthermore, in vivo experiments show that the adhe
sive hydrogels possess good biocompatibility. They effectively stop IUA 
with less fibrotic tissue and better endometrial regeneration through 
downregulating fibrosis-related cytokines, transforming growth factor 

beta 1 (TGF-β1) and vascular endothelial growth factor (VEGF). These 
proposed adhesive hydrogels may offer a new alternative to IUA pre
vention in the clinic. 

2. Methods 

2.1. Synthesis of Bi-PEG-SS 

The synthesis method of Bi-PEG-SS is the same as that reported in our 
previous article [29]. Briefly, two-arm polyethylene glycol with a mo
lecular weight of 6000 Da and succinic anhydride were mixed in 
anhydrous dichloromethane under the catalysis of 4-dimethylaminopyr
idine overnight. The reaction mixture was centrifuged three times with 
5% (w/w) NaCl solution to clean the impurities. Anhydrous magnesium 
sulfate was added to remove residual water. The reaction mixture was 
precipitated by petroleum ether, followed by roto evaporation, and 
vacuum drying. Then, a white blocky carboxyl-terminated polyethylene 
glycol was obtained. Later, carboxyl-terminated polyethylene glycol and 
N-hydroxysuccinimide (NHS) were mixed in anhydrous dichloro
methane with the catalysis of 1-(3-dimethylaminopropyl)-3-e
thylcarbodiimide hydrochloride (EDC) overnight. The above steps were 
repeated to obtain a white powder Bi-PEG-SS. 

2.2. Preparation of injectable adhesive hydrogel 

Different amounts of Bi-PEG-SS were dissolved in phosphate buffer 
solution (pH 4) for a final concentration of 10%, 15%, and 20% (w/v). In 
addition, different amounts of gelatin were dissolved in phosphate 
buffer solution (pH 9) at 55 ◦C for a final concentration of 15%, 20%, 
and 25% (w/v). A series of adhesive hydrogels were obtained by mixing 
different concentrations of Bi-PEG-SS and gelatin at the volume ratio of 
1:1 to get P10G15, P10G20, P10G25, P15G25, P20G15, P20G20, and 
P20G25. 

2.3. Self-healing ability test 

The adhesive hydrogels were prepared and injected into the mold to 
form disc-shaped hydrogels (diameter 10 mm, height 6 mm). 5 min 
later, two discs were made for each hydrogel, one of which was stained 
with methylene blue. Then, the two disc-shaped hydrogels were 
crushed, and halves of each crushed hydrogels were mixed in disc molds. 
The molds were then sealed with parafilm and placed at 37 ◦C for 1 h 
after which the hydrogels were taken out for observation. 

The adhesive hydrogels were prepared and injected into the mold to 
form strip-shaped hydrogels. 10 min later, two strips were made for each 
hydrogel, one of which was stained with methylene blue and the other 
was stained with rhodamine. Then, the two strips were cut into two 
halves. The halves from different strips were rejoined together and 
placed at 37 ◦C for 1 h. Finally, the repaired hydrogel in the mold was 
taken out for stretching test. Optical microscopy and scanning electron 
microscopy (SEM) were also used to observe the structure. 

2.4. Rheology test 

Dynamic rheological tests of the hydrogel samples (P10G15, 
P10G20, and P10G25) were carried out at 25 ◦C following previous 
report [30]. The rheological test was performed as follows: (1) adopting 
small shear strain (0.1%, 100 s), (2) increasing the shear strain until the 
gel fractures (1200%, 100 s), and (3) removing the strain at the same 
rate to the initial value ((0.1%, 100 s). The process was repeated twice. 

2.5. Mechanical properties test 

The adhesive hydrogels were prepared as cylindrical shape (diameter 
8 mm, height 8 mm). 10 min later, the hydrogel was removed and cut 
into two pieces. Then, the two pieces were rejoined at the fracture site 
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and incubated at 37 ◦C for 1 h. Finally, the repaired hydrogels in the 
mold were taken out for compression test with universal tension 
machine. 

For tensile strength, the adhesive hydrogels were prepared and 
injected into the mold to form strip-shaped hydrogels. After mixing for 
10 min, the hydrogels were removed and cut into two pieces. Then, the 
two pieces were rejoined at the fracture and placed at 37 ◦C for 1 h. 
Finally, the repaired hydrogels in the mold were taken out for tensile test 
by universal tension machine. 

2.6. In vitro swelling ratio and degradation time test 

To test the swelling ratio of the adhesive hydrogels, 400 μL of those 
hydrogels were immersed into 5 mL of PBS solution and incubated at 
37 ◦C. After 48 h of incubation, the hydrogels were taken out and gently 
dried by filter paper. The weights were measured, and the swelling ratios 
were calculated by the equation: (Wt - W0)/W0 × 100%. Where W0 is the 
initial weight of each sample and Wt is the weight after 48 h of 
incubation. 

To test the degradation profile, 400 μL of the adhesive hydrogels 
were immersed into 5 mL of PBS solution and incubated at 37 ◦C. After 1, 
2, 3, 4, 5, 6, and 7 days of incubation, the hydrogels were removed and 
gently dried with filter paper. The weights were measured, and the 
degradation curve was recorded. (n = 3). 

2.7. Adhesion strength test 

Adhesive strength test was performed with porcine skin. The porcine 
skin was cut into a rectangle (length 25 mm, width 10 mm). P10G15, 
P10G20, and P10G25 (40 μL) were injected on one piece of skin. Then, 
the two skin pieces were overlapped and pressed for 1 min. Subse
quently, the porcine skin was incubated at 37 ◦C for 0.5 h. Five replicate 
samples were made for each formulation. Finally, the adhesive strength 
was evaluated by an electronic universal testing machine (CMT1103, 
Zhuhai Sansi Test Equipment Co., Ltd, China). 

2.8. Injectability and shape suitability test 

P10G15, P10G20, and P10G25 were prepared and injected into 
different shapes of molds through long catheters with the inner diameter 
to be 1.5 mm. Then, the hydrogels were removed and crushed. Then, the 
crushed hydrogels pieces were mixed and placed into a mold of tree 
shape. Finally, the mold was incubated at 37 ◦C for 1 h after which the 
hydrogel was taken out for observation. 

For the injection into the rat stomach, the stomach was removed 
from the Sprague Dawley rat and the gastric contents were rinsed. The 
hydrogel was injected into the stomach with a syringe through a catheter 
(1.5 mm). After 10 min, the rat’s stomach was opened, and the hydrogel 
was taken out for observation. In the balloon group, one end of the 
stomach was ligated, and the balloon was inserted into the stomach from 
the other end. Then, the balloon was inflated to support the stomach. 

2.9. Antioxidant properties assessment 

2.9.1. ABTS+ radical scavenging assay 
ABTS+ radical solution was prepared by mixing 25 mL of 7.4 mM 

ABTS+ (2,2′-azino-bis (3-ethylbenzothiazolin-6-sulfonic acid) radical 
solution with 25 mL of 2.45 mM potassium persulfate solution which 
was then incubated in the dark environment for 12 h at 25 ◦C. 50 μL of 
ABTS+ radical stock solution was added to 3 mL of water for dilution. 
Different masses of P10G20 (10, 30, and 50 mg) and ascorbic acid so
lutions (VC, 0.05 mg/mL, 150 μL) were added to the 3 mL of diluted 
ABTS+ radical solutions, which were then incubated for 20 min at 25 ◦C 
in the dark. VC solution was used as the positive control. The absorbance 
at 734 nm was measured using a microplate reader. ABTS+ radical 
scavenging activity was calculated according to the following equation: 

ABTS+ radical scavenging ratio (%) = [(A0 – A1)/A0] × 100, where A0 is 
the absorbance of the control (0 mg), and A1 is the absorbance of the 
sample (10, 30, and 50 mg) and VC (0.05 mg/mL, 150 μL) groups. The 
experiment was repeated three times for each concentration. 

2.9.2. DPPH radical scavenging assay 
DPPH (2, 2-diphenyl-1-trinitrohydrazyl) radical solution (0.1 mg/ 

mL) was prepared by dissolving DPPH radical into the methanol. 
Different mass of P10G20 (40, 70, and 100 mg) and ascorbic VC (0.5 
mg/mL, 50 μL) were added to 3 mL of DPPH radical solution. VC was 
used as the positive control. The mixed solution was incubated for 20 h 
at 25 ◦C in the dark. The absorbance of the mixed solution at 517 nm was 
measured using a microplate reader. DPPH radical scavenging activity 
was calculated according to the following equation: DPPH radical 
scavenging ratio (%) = [(A0 – A1)/A0] × 100, where A0 is the absorbance 
of the control (0 mg), and A1 is the absorbance of the sample (40, 70, and 
100 mg) and VC (0.5 mg/mL, 50 μL) groups. The experiment was 
repeated three times at each concentration. 

2.9.3. Hydroxyl radical scavenging assay 
Hydroxyl radical was generated in a Fenton-type reaction [31]. A 

stock solution of hydroxyl radicals was prepared by mixing an equal 
volume of 9 mM salicylic acid ethanol solution, an aqueous solution of 9 
mM ferrous sulfate, and an aqueous solution of 8.8 mM hydrogen 
peroxide. Dilution was performed by adding 1.5 mL of water to 1.5 mL of 
stock solution. P10G20 (10, 30, and 50 mg) and VC (2 mg/mL, 160 μL) 
were added to 3 mL of diluted hydroxyl radical solution. VC was used as 
the positive control. The mixed solution was incubated at 25 ◦C for 10 
min in the dark before centrifugation (5000 r/min, 4 min). The absor
bance at 510 nm was then measured using a microplate reader. Hy
droxyl radical scavenging activity was calculated according to the 
following equation: Hydroxyl radical scavenging ratio (%) = [(A0 – 
A1)/A0] × 100, where A0 is the absorbance of the control (0 mg), and A1 
is the absorbance of the sample (10, 30, and 50 mg) and VC (2 mg/mL, 
160 μL). The experiment was repeated three times at each 
concentration. 

2.9.4. Antioxidant experiments with cells 
The ability to rescue cells from oxidative stress was evaluated with 

P10G20 over NIH 3T3 mouse fibroblasts. Firstly, NIH 3T3 mouse fi
broblasts were seeded into 48-well plates (3000 cells per well) and 
cultured at 37 ◦C under 5% CO2 to achieve the adhesion after the 
overnight incubation. Then, tert-butyl hydroperoxide (tBOOH, 100 μM) 
was added to the cells to induce oxidative stress. For the treatment 
group, P10G20 (20, 30, and 50 mg) were mixed with tBOOH for 20 min 
and then added into the cell culture medium. After 5 h, metabolic ac
tivity was determined by cell counting kit-8 (CCK8) and live/dead cell 
staining kit. 

2.10. In vitro biocompatibility tests 

The cytotoxicity of P10G20 was evaluated using NIH 3T3 mouse 
fibroblast with CCK8. Before tests, the raw materials and the hydrogels 
were sterilized under UV light for 30 min. Then, P10G20 (200 mg) was 
placed in fresh cell culture medium (10 mL) overnight (12 h) to obtain 
the leaching solution (1X). The leaching solution was then diluted using 
culture medium to be 10X, 100X, and 1000X. The P10G20 (1 g) was 
placed in fresh medium (10 mL) until it was completely degraded to 
obtain the degradation solution. Then, it was diluted into different 
concentrations (20 mg/mL, 2 mg/mL, 0.2 mg/mL, and 0.02 mg/mL). 
NIH 3T3 mouse fibroblasts were seeded in 96-well plates (3000 cells per 
well) and cultured at 37 ◦C, 5% CO2. After the cells’ adhesion, the cell 
culture medium was replaced with different concentrations of leaching 
contents and degradation solutions. After 24 and 48 h, 10% CCK8 was 
added into each well. The absorbance of the sample solution was 
detected with a microplate reader (SuperMax 3100, Shanghai Shanpu 
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Biotechnology Co., Ltd) at 450 nm. Metabolic activity above 70% was 
considered non-cytotoxic. Co-culture with P10G20 (5, 10, 20, and 50 
mg) was performed in a 48-well cell culture plate (1 × 104 cells/well), 
and the rest steps are the same as above. 

Furthermore, the cytotoxicity was evaluated using live/dead cell 
staining kit. As mentioned above, the cells were treated with the 
leaching content and degradation products, and co-cultured with 
P10G20. After 24 h and 48 h of incubation, the leaching content, 
degradation solution and P10G20 were removed and washed twice with 
PBS. Then live/dead cell staining was performed according to the in
structions, and cell viability and adhesion were observed with an 
inverted fluorescence microscope. 

2.11. In vitro hemolysis test 

Fresh blood from Sprague Dawley rat (2 mL) was mixed with normal 
saline (20 mL), and the supernatant was discarded by centrifugation 
(1200 rpm, 15 min). After three times of centrifuging, the solutions were 
diluted to 2% (V/V) with normal saline. Different concentrations of 
P10G20 leaching content (0.5 mL) and erythrocyte suspension (0.5 mL) 
were mixed as experimental group (defined as W1). Deionized water 
(0.5 mL) and saline (0.5 mL) were mixed with erythrocyte suspension 
(0.5 mL) as positive control (defined as W0) and negative control 
(defined as W2), respectively. All samples were placed at 37 ◦C for 1.5 h. 
After centrifuging the samples, the supernatant was pipetted into a 96- 
well plate to measure the samples absorbance, and the detection 
wavelength was 540 nm. Finally, the hemolysis rate calculation formula: 
hemolysis ratio (%) = (W1 - W2)/(W0 - W2) × 100. 

2.12. In vivo biocompatibility test 

Sprague Dawley rats (female, weight of 190–250 g) were used in this 
experiment. After anesthesia, a small incision was made in the middle of 
the lower abdomen to expose the uterus. The left uterus of the rat was 
used as the experimental group (n = 3). A 5 mL syringe was used to poke 
a small hole just above the junction of the uterus, after which 300 μL of 
hydrogels were injected to fill the uterus. The right uterus was used as 
the blank control group without any treatment (n = 3). After the sur
gery, the abdominal wall was sutured layer by layer. At the chosen time, 
the rats were euthanized, and the uteri were observed and harvested for 
H&E and Masson staining. H&E staining was mainly used to observe 
uterine morphology, endometrial thickness and number of endometrial 
glands. Masson staining was used to analyze the area of endometrial 
fibrosis. 

2.13. In vivo antiadhesion experiments 

Sprague Dawley rats (female, weight of 190–250 g) were used in the 
antiadhesion experiments. The left uteri of all rats were divided into IUA 
model group (Saline group, n = 6) and P10G20 treatment group 
(P10G20 group, n = 6). The right uteri of all rats were used as the blank 
control group (healthy group, n = 12). After anesthesia, a small incision 
was made in the middle of the lower abdomen to expose the uterus. Then 
a scraping hook made of 26 G needle was inserted to scrape one side of 
the left endometrial tissue until hyperemia was visible to the naked eye. 
After that, a syringe with a small catheter (Inner diameter: 1 mm) was 
inserted into the uterine cavity. In Saline group, 300 μL saline solution 
was injected to rinse the uterus. In P10G20 group, 300 μL of hydrogel 
was injected to fill the uterine cavity. Uteri in healthy group were left 
untreated after exposure for 20 min. Finally, the abdominal cavity was 
closed layer by layer. 7 days post-surgery, the rats were euthanized, and 
uterine tissues were excised. After the observation, H&E and Masson 
staining were carried out to check the pathological changes. 

2.14. In vivo antioxidant tests 

The in vivo antioxidant properties were indicated by the H2O2 con
tent with Ferric-xylenol orange (FOX1) assay described by Erel. et al. 
with slight modifications [32]. After 0.5, 1, 3, and 7 days of surgery (n =
3), the uterine tissue was excised. Then, the removed uterine tissue was 
weighed after being cleaned with normal saline, after which the tissue 
was put into normal saline at a concentration of 100 mg/mL to make 
tissue homogenate. After centrifugation (12000 r/min, 5 min), the su
pernatants were collected. 500 μL of the supernatants was mixed with 
500 μL of FOX1 reaction solution and incubated at room temperature for 
30 min. After centrifugation, the absorbance of the supernatants at 560 
nm was measured, and the H2O2 content in uterine tissue was calculated 
according to the standard curve. 

2.15. RNA extraction reverse transcription and quantitative real-time 
PCR (qRT-PCR) 

The rats were euthanized at 1, 3, and 7 days after the surgery (n = 3), 
and uterine tissues were excised. After that, uterine tissues were snap- 
frozen in liquid nitrogen within 30 min, and the rest steps are the 
same as above. Total RNA was purified from frozen uterine specimens 
using RNAeasy™ Animal RNA Isolation Kit with Spin Column following 
the standard protocol (Beyotime Biotechnology). The purity and con
centration of RNA were identified. Later, cDNA was obtained via the 
PrimerScriptRT Master Mix (Takara, Japan). qRT-PCR was conducted 
following the standard protocol (SYBR Green qPCR Mix, biosharp). 

GAPDH was used as a normalization control when assessing relative 
gene expression. The relative expressions of the target genes were 
calculated using the 2− ΔΔCT method. The primer sequences of target 
genes are listed as below. TGF-β1-forward: 5′- GACCGCAA
CAACGCAATCTA-3′, TGF-β1-reverse: 5′- TTCCGTCTCCTTGGTTCAGC- 
3′, VEGF-forward: 5′- AGAAAGCCCATGAAGTGGTGA-3′, VEGF-reverse: 
5′- GCTGGCTTTGGTGAGGTTTG-3′, GAPDH-forward: 5′- 
TTGTGCAGTGCCAGCCTC-3′, GAPDH-reverse: 5′- GATGGT
GATGGGTTTCCCGT-3’. 

2.16. Statistical analysis 

SPSS 26 was used for statistical calculations. Data were expressed as 
mean ± standard deviation (SD). In the statistical analysis for multiple 
comparisons, one-way analysis of variance (ANOVA) followed by Tukey 
and Dunnett post-hoc test was conducted. The statistical analysis be
tween two data groups was determined with Student’s t-test. A value of 
p < 0.05 was considered statistically significantly different (*p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001). 

3. Results and discussion 

3.1. Preparation and characterization of self-healing hydrogels 

The proposed adhesive hydrogels were fabricated by using Bi-PEG-SS 
and gelatin. When mixing Bi-PEG-SS (Fig. S1) and gelatin, Bi-PEG-SS 
started to crosslink with gelatin and form a gel. There are plenty of 
dynamic non-covalent bonds occurring in the polymeric network 
because of gelatin’s structure, including electrostatic interactions and 
hydrogen bonds (Scheme 1) [33]. It was hypothesized that once broken, 
the non-covalent bonds broke first because of their weak bonding 
strength. When the interfaces were reconnected, the hydrogels 
self-healed because of the self-healing of those non-covalent bonds. To 
find the optimal ratio for later experiments, different concentrations of 
Bi-PEG-SS and gelatin were mixed at equal volumes to make a series of 
hydrogels, including P10G15, P10G20, P10G25, P15G25, P20G15, 
P20G20, and P20G25. Fig. 1a showed that they all became the gel state 
after mixing different concentrations of Bi-PEG-SS and gelatin. To 
further prove that the gelation did not result from the physical gelation 
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of gelatin, a dissolution experiment was carried out using P10G20 as an 
example (Fig. S2). In addition to using gelatin as a control, the mixture 
of gelatin with polyethylene glycol (Bi-PEG-OH) was also used to show if 
the PEG chain would influence the gelation behavior. It was demon
strated that hydrogels, made of gelatin, and the mixture of gelatin and 
Bi-PEG-OH, dissolved at 37 ◦C in less than 1 h. At the same time, P10G20 
kept stable, proving the chemical crosslinking between gelatin and 
Bi-PEG-SS. Fig. 1a also showed that after increasing the concentration of 
Bi-PEG-SS to 15 wt%, the gel showed semitransparency and 
non-transparency. We deduced that this happened due to the more 
significant polymer concentration that led to fast gelation, which 
occurred before the polymers could evenly distribute themselves. As a 
result, the transparency of these hydrogels was decreased because of the 
aggregated polymers. The uneven crosslinking would also impair the 
mechanical strength of the resulting hydrogels [34]. Hence, P10G15, 
P10G20, and P10G25 were used in later experiments. 

P10G15 to P10G25 were shaped into disk molds (Fig. 1b). After 
gelation, they were crushed and re-put in the molds. The adhesive 
hydrogels were observed to self-heal to the disc shape at 37 ◦C after 1 h, 
showing that they possessed self-healing properties. Furthermore, two 
differently stained adhesive strips were cut into two pieces and rejoined 
together. After 1 h of incubation, the interface was obviously blurred, 
and the resulting new strips could stand a strain of more than 300% 
without breaking (330% for P10G15, 430% for P10G20, and 400% for 
P10G25), further demonstrating their good self-healing properties 
(Fig. 1c). 

Finally, the self-healing performance was evaluated through 
rheology (Fig. 1d). At the strain of 0.1%, all the adhesive hydrogels 
showed gel-like behavior with the storage modulus G′ larger than the 
loss modulus G’’. When the strain was increased to 1200%, G′ decreased 
and was smaller than G′′, indicating a collapse of the adhesive network. 
However, when the strain was reverted from 1200% to 0.1%, G′′ again 
showed a larger value than G’. This process was repeated twice, clearly 
illustrating the self-healing properties of the adhesive hydrogels. 

To study the self-healing properties at the micro level, the adhesive 

hydrogels after self-healing were checked by optical microscopy and 
SEM. For the analysis by optical microscopy, two pieces with red and 
blue color were reconnected together after being broken. After incuba
tion at 37 ◦C for 1 h, no obvious cracks were found under optical mi
croscopy (Fig. 2a). Furthermore, the samples were also observed by the 
SEM after self-healing. There were still no obvious cracks at the in
terfaces as shown in Fig. 2a, when compared with the normal adhesive 
hydrogels (Fig. 2b). Hence, the optical microscopy and SEM further 
demonstrate the good self-healing properties of the hydrogels. 

To further test if the self-healing leads to decreased mechanical 
properties, compression and tensile tests were carried out. Fig. 2c, d, and 
e showed that the compressive strength of the adhesive hydrogels before 
and after self-healing was almost the same at tested strain. The same 
phenomenon was observed for the tensile strength (Fig. 2f). These re
sults show that the adhesive hydrogels can achieve both structural and 
mechanical self-healing. 

The SEM analysis also showed that P10G15, P10G20, and P10G25 
exhibited porous structures (Fig. 2b). The porous structure is advanta
geous in absorbing and retaining liquid in the moist environment while 
allowing nutrients exchange and metabolic waste transfer [19]. After 
the intrauterine application of the hydrogels, they will absorb body 
liquids consequently increasing their volume, which ensures that all the 
injured tissue can be effectively covered by the hydrogel [9]. As a result, 
hydrogel swelling is desirable in IUA prevention. Fig. S3a showed that 
all the formulations expressed swelling ability (252.1 ± 16.5% for 
P10G15, 251.9 ± 50.2% for P10G20, and 341.8 ± 30.5% for P10G25), 
making them promising in fully covering the damaged tissue. Degrad
ability is another important property due to the need of a second surgery 
for removal of non-degradable materials. Thus, to verify the degrad
ability of the hydrogels, the adhesive hydrogels were immersed into PBS 
at 37 ◦C and the weight change was recorded. Fig. S3b showed that all 
the formulations were degraded after 6–7 days. The biodegradability of 
these adhesive hydrogels resulted from the presence of the succinic ester 
in the structure [35]. 

Scheme 1. Scheme showing engineering of a self-healing adhesive hydrogel with antioxidant properties for IUA prevention. The adhesive was fabricated by mixing 
Bi-PEG-SS and gelatin. The mixed adhesive hydrogels were injected into the injured uterine cavity, and adhesion was achieved by the ammonolysis reaction between 
amino groups from tissue and succinimidyl succinate (active ester) from the adhesive hydrogels. The self-healing properties of adhesive hydrogels were conferred by 
non-covalent bonds in the network, including hydrogen bonds and electrostatic interactions. Because of the inherent antioxidant properties, the adhesive hydrogels 
could reduce free radicals to down-regulate TGF-β1 and VEGF to modulate extracellular matrix (ECM) deposition and myofibroblast activation for IUA prevention. 
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Fig. 1. The adhesive hydrogels showed self-healing properties. a) The hydrogels formed by mixing Bi-PEG-SS and gelatin at different concentrations with the same 
volume to get P10G15 (Bi-PEG-SS 10 wt%, Gelatin 15 wt%), P10G20 (Bi-PEG-SS 10 wt%, Gelatin 20 wt%), P10G25 (Bi-PEG-SS 10 wt%, Gelatin 25 wt%), P15G25 
(Bi-PEG-SS 15 wt%, Gelatin 25 wt%), P20G15 (Bi-PEG-SS 20 wt%, Gelatin 15 wt%), P20G20 (Bi-PEG-SS 20 wt%, Gelatin 20 wt%), and P20G25 (Bi-PEG-SS 20 wt%, 
Gelatin 25 wt%). b) The performance of self-healing properties of P10G15, P10G20, and P10G25 when made into disc (Scale bar = 0.5 cm). c) The performance of 
self-healing properties of P10G15, P10G20, and P10G25 when made into strip (Scale bar = 1 cm). d,e,f) Dynamic strain cyclic tests (γ = 0.1% or 1200%) of P10G15 
(d), P10G20 (e), and P10G25 (f) at 20 ◦C showing self-healing behavior. 
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3.2. Injectability, shape adaptability, and adhesion properties of the 
adhesive hydrogels 

One of the main advantages of self-healing hydrogels is their 
inherent injectability [36]. It is pretty helpful in reducing the discomfort 
of both patients and clinicians when applying biomaterials [37]. As 
shown in Fig. 3a, all the adhesives could be easily injected into the 
different molds through a long and narrow catheter with an inner 
diameter of 1.5 mm. In real situations for IUA prevention, the hydrogels 
will be injected through the cervical canal, which offers limited space for 
the injection. Here, the ability to pass through the narrow catheter en
sures that their application will not induce pain or discomfort to the 
patients. Once they were injected into the molds, they adapted to the 
mold structures, showing their potential to cover every corner of the 
uterus after injection (Fig. 3a). Meanwhile, after a second breakage, they 

could again self-heal and adapt to the mold structure. These properties 
are critical for hydrogels intended to be injected through a narrow 
catheter. Even through their structure is broken during the injection, 
they will self-heal and adapt to the uterine cavity for the full cover once 
going into the uterus. 

An in vivo injection in a female Sprague Dawley rat was further 
performed to demonstrate the injectability. Here, methylene blue- 
stained P10G20 was chosen as the representative formulation and 
injected through the rat’s vagina. A catheter (Outer diameter of 1.5 mm; 
Inner diameter of 1 mm) was used for the injection. Fig. 3b and Video S1 
(Video S1 was available in Supplementary data) showed that P10G20 
was successfully injected into the rat’s uterus through the vagina. After 
taking out the P10G20, it showed the shape of the rat’s uterine cavity, 
with observed textures matching the uterine cavity. This experiment 
demonstrates that the adhesive hydrogels can be easily injected and 

Fig. 2. Microstructure and mechanical properties of adhesive hydrogels before and after self-healing. a) Optical microscopy and SEM of adhesive hydrogels (P10G15, 
P10G20, and P10G25) after self-healing. (Red lines represent splicing areas, black scale bar = 200 μm, white scale bar = 400 μm) b) SEM of P10G15, P10G20, and 
P10G25 before self-healing. (White scale bar = 400 μm) c,d,e) The compressive strength of P10G15 (c), P10G20 (d), and P10G25 (e) after self-healing at strain of 
20%, 40%, and 50% compared with those before self-healing. (n = 3, mean ± SD, ns: not significant) f) Tensile strength of P10G15, P10G20, and P10G25 before and 
after self-healing. (n = 3, mean ± SD, ns: not significant) Statistical significance was calculated with Student’s t-test in b, c, d, and e. 
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adapt to the structure of the cavity. 
Supplementary data related to this article can be found at https://doi 

.org/10.1016/j.bioactmat.2023.03.013. 
Supplementary video related to this article can be found at https:// 

doi.org/10.1016/j.bioactmat.2023.03.013 
The problem with traditional BUS is that it can’t cover every corner 

of the uterus, leaving a possibility for IUA in the uncovered areas [38]. 
Here, to show P10G20’s advantage compared with traditional BUS, the 
rat stomach was used as a model (Fig. 3c). After the injection, P10G20 
mechanically supported the stomach matrix without changing its shape. 

When the adhesive was taken out, the surface of the adhesive presented 
the texture of the inner side of the stomach, further showing its adapt
ability to tissue. However, the use of BUS completely changed the shape 
of the stomach because of the mechanical pressure, following the actual 
situation when BUS was used. Besides, BUS didn’t reach some areas of 
the stomach, showing that its use may leave uncovered places for tissue 
adhesion (Fig. 3c). 

To further demonstrate the advantages of P10G20 over traditional 
BUS, the human uterus was used (Fig. 3d, e, and f). Firstly, a uterus from 
an ovarian cancer patient, which was fully opened, was collected. It 

Fig. 3. The adhesive hydrogels showed self-adapting, self-healing and adhesion properties. a) The injectability, self-adapting and self-healing properties of P10G15, 
P10G20, and P10G25 in molds with different shapes. b) Photographs showing that the P10G20 was injected into the uterus through the vagina of the Sprague Dawley 
rat with a catheter of 1 mm diameter and adapted to the shape of the uterus. c) Photographs showing the self-adapting property of P10G20 in the stomach of the 
Sprague Dawley rat compared with BUS (The red arrow showed the unfilled cavity, Scale bar = 1 cm). d,e) Photographs showing the filling performance of BUS (d) 
and P10G20 (e) in the human uterus. The uterus was taken from a patient with ovarian cancer, which showed a uterine cavity similar to a healthy uterus. P10G20 
kept stable in the uterus even under squeezing and flipping. (The red arrow shows the unfilled cavity). f) Photographs showing that P10G20 could be applied in 
irregular shape uterus with the disease. The uterus was taken from a patient with adenomyosis, which showed an extremely narrow uterine cavity. P10G20 kept 
stable under squeezing and flipping. g) Adhesion strength of P10G15, P10G20, and P10G25 (n = 5, mean ± SD, ns: not significant, *p < 0.05, ****p < 0.0001). h,i) 
Photographs showing the adhesion property of P10G20 on porcine skin under torsion (h) and water flow (i). Statistical significance was calculated with ANOVA with 
a Tukey post-hoc test in g. 
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represented the normal uterus because its shape didn’t change. Fig. 3d 
showed that traditional BUS still left some uncovered places in the 
uterus, as indicated by the red arrow. However, P10G20 entirely 
covered the uterus cavity (Fig. 3e), demonstrating its advantage in full 
coverage. In addition, BUS has shown significant limitations when 
preventing IUA in the uterus with pathological scenarios involving 
changed uterine shape. Here, a patient with adenomyosis was used as an 
example, whose uterine cavity becomes extremely narrow because of 
the disease (Fig. 3f). In this situation, BUS’s application was challenging 
because of the narrowed cavity. On the contrary, P10G20 could still be 
injected into the cavity through a narrow catheter and fully cover the 
inside cavity (Fig. 3f). Altogether, the experiments with the human 
uterus show the advantages of P10G20 in fully covering both normal 
and abnormal uterine cavity compared to traditional BUS, illustrating its 
clinical potential in different scenarios. 

Fig. 3e and f also showed that P10G20 kept stable in site after in
jection even with outside pressure or when the uteri were flipped, 
demonstrating its tissue adhesiveness. The adhesion resulted from the 
chemical bonds formed between Bi-PEG-SS and tissue protein through 
the ammonolysis reaction [35]. Good tissue adhesion can help maintain 
the stability of the adhesive hydrogel, thus contributing to the me
chanical stability of the applied materials. Furthermore, the lap shear 
test was carried out to evaluate the adhesion strength. Fig. 3g showed 

that all the formulations showed a certain value of adhesion strength 
(0.8 ± 0.5 kPa for P10G15, 4.9 ± 1.7 kPa for P10G20, and 2.5 ± 0.5 kPa 
for P10G25). For P10G20, the adhesion strength was the largest among 
all the groups tested. The adhesion performance of adhesive hydrogels 
was decided by the interfacial bonding strength and cohesion strength 
[39]. For the adhesive hydrogels, the interfacial bonding strength was 
achieved by the reaction between active ester from Bi-PEG-SS and amino 
groups from tissue protein. The cohesion strength formed because of the 
reaction between Bi-PEG-SS and gelatin. When the concentration of 
gelatin increased from 15 wt% to 20 wt%, the increased bulk intensity 
resulted in a more considerable cohesion strength because of more 
crosslinking, finally leading to a more significant adhesive strength. 
However, when the amount of gelatin was further increased to 25 wt%, 
more Bi-PEG-SS was consumed, leading to a weaker interface interaction 
and smaller adhesive strength. As a result, P10G20 possessed the highest 
adhesion strength among the tested groups. Fig. 3h and i showed that 
P10G20 kept stable on the porcine skin under torsion and water flow, 
further demonstrating its adhesiveness. Consequently, P10G20 was 
chosen for the rest of the experiments because of its best adhesion 
performance. 

Fig. 4. P10G20 efficiently scavenges free radicals both in vitro and in cell culture. a,b,c) Results showing the scavenging rate of ABTS+⋅ (a), DPPH⋅ (b), and hydroxy 
radical (c) by P10G20 compared with ascorbic acid solutions (VC). d) Scheme showing antioxidant cell model. The oxidative stress was induced by adding tert-butyl 
hydroperoxide solution (tBOOH). As control, the tBOOH and different weight of P10G20 were added together to show if P10G20 could rescue cells from oxidative 
stress caused by tBOOH. e,f) Metabolic activity (e) and live/dead cell staining (f) results of NIH3T3 cells when incubated with tBOOH alone and tBOOH with P10G20 
of different weight. (Scale bar = 500 μm, n = 6, mean ± SD). 
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3.3. In vitro antioxidant properties of P10G20 

Uterine injury, with the associated disruption of blood supply, results 
in local hypoxia, after which neutrophils and macrophages are recruited 
from the circulation and activated to do a burst release of free radicals 
[20,40]. Those free radicals further upregulate the production of TGF-β1 
and VEGF, which are important regulators of fibrosis. They promote the 
secretion of extracellular matrix (ECM) and induce 
epithelial-mesenchymal cell transformation [41–43]. Besides, the 
over-expressed oxidative species cause lipid peroxidation, protein 
structure change, and DNA damage, subsequently impairing the healing 
of the uterus [23]. Gelatin, the hydrolysis product of collagen, was re
ported to have antioxidant properties [44–48]. Unlike synthetic anti
oxidants with potential hazards, gelatin is FDA-approved with 
well-defined biocompatibility. Here, we hypothesized that P10G20 
would also show antioxidant properties since the engineered hydrogels 
were based on gelatin. To clarify this, P10G20’s ability to scavenge 
different free radicals, including ABTS+⋅, DPPH⋅, and hydroxyl radicals, 
was tested. Fig. 4a, b, and c showed that P10G20 scavenged different 
kinds of radicals with a dose-dependent behavior, indicating its good 
antioxidant properties. Thus, P10G20 can potentially reduce fibrosis by 
efficiently quenching the free radicals associated with oxidative stress. 

The antioxidant properties are desirable for fibrosis inhibition but 

will also be helpful in reducing the tissue damage caused by oxidative 
stress to accelerate healing. To clarify it, a cell model of oxidative stress 
was established to prove if P10G20 can rescue cells [49]. As shown in 
Fig. 4d, tBOOH was chosen to induce oxidative stress in the cells, which 
resulted in cell apoptosis [50]. Thus, after adding tBOOH to the NIH 3T3 
cells, the metabolic activity significantly decreased to 30.6 ± 5.9% 
(Fig. 4e). However, when adding P10G20 together to the cells, the 
metabolic activity nearly doubled and significantly increased to a value 
around 60%. The increased metabolic activity showed that P10G20 
rescued the cells from oxidative stress. This was further clarified by 
using live/dead cell staining kit, showing that there were more live cells 
and fewer dead cells observed for P10G20-treated groups (Fig. 4f). 
Altogether, P10G20, with antioxidant properties, has the potential to 
inhibit tissue fibrosis and prevent tissue damage resulting from the 
oxidative stress. 

3.4. In vitro biocompatibility of P10G20 

According to the regulations of FDA and other different regions, 
safety is of equal importance as the efficacy of biomaterials [51]. Firstly, 
hemolytic and cell viability tests were carried out to test the safety of 
P10G20. The hemolytic test was performed since P10G20 will contact 
the wound and be exposed to the blood. The hemolysis ratio of the 

Fig. 5. P10G20 showed promising hemocompatibility and cytocompatibility in vitro. a,b) Picture (a) and result (b) showing the hemolysis rate of P10G20. (n = 3, 
mean ± SD, ns: not significant, ****p < 0.0001) c,d,e) Metabolic activity of NIH3T3 cells when incubated with leaching content of P10G20 (c) and degradation 
products of P10G20, (d) and co-cultured with P10G20 (e). f) Live/dead cell staining of NIH3T3 when incubated with leaching content of P10G20 and degradation 
products of P10G20, and co-cultured with P10G20. (Scale bar = 500 μm) Statistical significance was calculated with Dunnett post-hoc test in b. 
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P10G20 was very low at the tested concentrations, demonstrating good 
hemocompatibility (Fig. 5a and b). Furthermore, the metabolic activity 
tests showed that P10G20 did not affect cell viability, with values larger 
than 70% after being cultured with the leaching content (Fig. 5c), the 
degradation product (Fig. 5d), and P10G20 (Fig. 5e). The result was 
further confirmed by the live/dead cell staining, showing that there 

were few dead cells observed for the P10G20-treated cells (Fig. 5f). 
These in vitro experiments suggest that P10G20 may be a safe adhesive 
to be used in vivo. 

Fig. 6. P10G20 proved to be safe after being implanted in the Sprague Dawley rat uterus. a) Scheme showing that P10G20 was injected into one side of the rat uterus. 
At the chosen time points (Days 3, 4, and 14), the rats were sacrificed, and the uteri were observed. b) Pictures showing the results of rat uteri after hydrogel 
implantation on days 3, 7, and 14. (Scale bar = 1 cm) c,d) H&E (c) and Masson (d) staining results of the rat uteri on days 3, 7, and 14. (Black scale bar = 400 μm, 
white scale bar = 50 μm) e) The diameter ratio of the uterus side injected with P10G20 to the healthy side on days 3, 7, and 14. f) The results showing endometrial 
thickness of uteri after P10G20 implantation as calculated by H&E staining on days 3, 7, and 14. (n = 3, mean ± SD, ns: not significant) g) The results showing the 
number of endometrial glands of uteri after P10G20 implantation as calculated by H&E staining on days 3, 7, and 14. (n = 3, mean ± SD, ns: not significant) h) The 
results showing the area of endometrial fibrous tissue of uteri after P10G20 implantation as calculated by Masson staining on days 3, 7, and 14. (n = 3, mean ± SD, 
ns: not significant). Statistical significance was calculated with Student’s t-test in f, g, and h. 
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3.5. In vivo biocompatibility of P10G20 

To further show if P10G20 will cause any side effects when used in 
vivo, the implantation experiments were carried out by injecting 
P10G20 into one side of the Sprague Dawley rat’s uterus (Fig. 6a). The 
other side of the uterus was used as the control (Healthy group). On days 
3, 7, and 14 after the implantation, the rats were sacrificed, the uteri 
were visually checked, and H&E and Masson staining were carried out 
(Fig. 6b, c, and d). Fig. 5b showed that the sides of uteri with P10G20 
didn’t show any swelling and redness, indicating the excellent 
biocompatibility of the P10G20. The diameter ratio of the P10G20- 
implanted side to the healthy side was all close to 1 at the chosen 
time (1.03 ± 0.03 for day 3, 1.01 ± 0.02 for day 7, and 1.00 ± 0.03 for 
day 14), further confirming that P10G20 didn’t induce any tissue 
swelling (Fig. 6e). Moreover, the H&E and Masson staining demon
strated that all the P10G20-treated uterus showed the similar staining 
results as those of the untreated sides (Fig. 6c and d). Besides, no sig
nificant differences were observed for the endometrial thickness and 
gland number, proving that P10G20 didn’t induce any side effects in the 
uterus (Fig. 6f and g). Furthermore, the fibrosis area was calculated, 
demonstrating no increase in the fibrosis area after the implantation of 
P10G20 (Fig. 6h). The in vivo implantation assessments show that 
P10G20 possesses suitable features to be safely used in vivo. 

3.6. In vivo IUA prevention with P10G20 

Finally, the in vivo therapeutic efficacy of the adhesive hydrogels 
was evaluated using an IUA rat model. Briefly, the wounds were made 
on the rat’s uterus using a homemade scraper. One side of the uterus was 
wounded. The other one was left untreated to act as the control to better 
compare the therapeutic efficacy (Fig. 7a). After scrabbing, it was easily 
observed that the thickness of the wounded uterus became thinner with 
bleeding (Fig. 7b). Afterwards, the hydrogels were injected. As bio
adhesives showed the ability to seal leakage, we hypothesized that the 
P10G20 might also be beneficial in preventing blood leakage [52], 
which was also the reason for post-operative adhesion [52,53]. 7 days 
later, the rats were sacrificed, and H&E and Masson staining were car
ried out (Fig. 7b, c, and d). Fig. 7b showed that for the Saline group, the 
injured half is swelling, with a significantly larger diameter than the 
healthy ones with a ratio of 1.29 ± 0.12 (Fig. 7e). On the control, the 
diameter of P10G20 group was nearly the same as that of the health side 
with a ratio of 1.07 ± 0.04 (Fig. 7b and e). We deduced this happened 
because of increased fibrosis in the control group. Once the uterus was 
harvested, it got smaller because of tissue shrinkage. However, for the 
Saline group, the fibrotic tissue stopped the tissue shrinkage, leading to a 
larger diameter postmortem. Besides, there was more obstruction 
observed when trying to inject methylene blue solution through the 
Saline group compared to that of P10G20 group, showing that there was 
more tissue adhesion in the Saline group (Videos S2 and S3 were 
available in Supplementary data)). Furthermore, the thickness of the 
endometrium and the number of glands were calculated (Fig. 7f and g). 
For the thickness of the endometrium, P10G20 group (463.6 ± 62.7 μm) 
showed a similar value to that of the healthy group (489.0 ± 97.1 μm), 
with a more considerable value compared with the Saline group (402.4 
± 79.0 μm). Regarding the number of glands, the same trend was 
observed. The Saline group showed the smallest average number of 
glands (8.7 ± 6.3), while the number of P10G20 group (13.0 ± 5.1) was 
similar to that of healthy groups (14.6 ± 5.6), without statistically sig
nificant differences. Furthermore, the fibrosis area was calculated using 
Masson staining (Fig. 7h). Saline-treated group showed a significantly 
larger value of fibrosis area when compared with the healthy group. In 
contrast, P10G20-treated group showed a similar state as the healthy 
group. In summary, animal studies show that P10G20 effectively in
hibits the fibrosis of the uterus and maintains a uterus condition iden
tical to the healthy tissue. 

Supplementary data related to this article can be found at https://doi 

.org/10.1016/j.bioactmat.2023.03.013. 
Supplementary video related to this article can be found at https:// 

doi.org/10.1016/j.bioactmat.2023.03.013 

3.7. Determination of H2O2 content and expression levels of related 
fibrosis factors in rats 

High levels of oxidative stress promoted adhesion formation [20]. 
Our in vitro experiments demonstrated that P10G20 had antioxidant 
properties which quenched free radicals and rescued cells from oxida
tive damage. To verify the in vivo antioxidant performance, FOX1 ex
periments were performed with tissue homogenates, and H2O2 was used 
to indicate the oxidative stress in the tissue [54]. As shown in Fig. 8, 
compared with the saline-treated group, P10G20-treated group 
demonstrated significantly lower H2O2 amount after 12 h of surgery 
(Fig. 8a). The similar trend was observed at day 1, which showed that 
P10G20 decreased the in vivo oxidative stress (Fig. 8b). At day 3 and day 
7, all the groups showed H2O2 level without significant difference, 
which may result from the degradation of P10G20 and the healing of the 
tissue (Fig. 8c and d). However, P10G20-treated group and the healthy 
group still expressed lower average value than that of the saline-treated 
group. The in vivo oxidative stress experiments demonstrate that 
P10G20 can decrease the oxidative stress at the beginning of wound 
healing which may help slow the progression of fibrosis. 

Later, the qRT-PCR was carried out to detect the fibrosis-related 
cytokines. TGF-β1 disrupts the degradation of ECM and leads to the 
uncontrolled fibrotic response by inhibiting the expression and activity 
of matrix metalloproteinases [10,20,55,56]. The qRT-PCR results 
showed that at the chosen time, P10G20-treated uteri showed signifi
cantly lower expression of TGF-β1 compared to that of the Saline-treated 
group (Fig. 8e and f). These findings indicate that P10G20 down
regulates the expression of TGF-β1, which may result from the genera
tion of a more amenable environment due to the antioxidant properties 
of P10G20. 

VEGF is another major cytokine involved in tissue fibrosis and IUA 
[43], which promotes angiogenesis and induces fibrosis of endometrium 
by culminating in cellular migration, mitosis, and proliferation [57]. 
The oxidative stress related to IUA also leads to the increase of VEGF 
expression and results in enhanced ECM deposition and adhesion 
development. Fig. 8g and h showed that P10G20 significantly decreased 
the expression of VEGF compared to the Saline group, illustrating 
declined severity of tissue adhesion. Altogether, the qRT-PCR experi
ments demonstrate that P10G20 effectively prevents IUA through 
downregulating TGF-β1 and VEGF, thus inhibiting ECM deposition and 
promoting ECM degradation (Fig. 8i). 

4. Conclusion 

In this study, we report an adhesive hydrogel fabricated by Bi-PEG- 
SS and gelatin for IUA prevention. The adhesive hydrogel exhibited 
self-healing properties with good injectability, providing convenience in 
the application and being able to cover every corner of the uterus. It also 
possessed good cytocompatibility, hemocompatibility and in vivo 
biocompatibility. The in vivo studies showed that the adhesive hydrogel 
effectively stopped the IUA with less area of endometrial fibrous tissue. 
Considering that Bi-PEG-SS and gelatin have a good FDA history, these 
adhesive hydrogels might offer a new alternative to the IUA therapy. 
However, authors believe that there are still some concerns and ques
tions to be addressed before the hydrogels can really reach clinics. First, 
the degradation range of these hydrogels should be further expanded to 
solve the contradiction between efficacy and different species. In addi
tion, all experiments presented here were carried out using rodent 
models. Authors consider that the study of the adhesive hydrogels in 
large animal models is needed to further demonstrate the performance 
of those hydrogels in different species. 
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Ethics approval and consent to participate 

All animal experiments were performed in accordance with the 

‘Principles of Laboratory Animal Care’(NIH) and guidelines of the lab
oratory animal care committee of Xi’an Jiaotong University (No: 2021- 
213). 

Fig. 7. P10G20 showed promising therapeutic potential in an in vivo model of IUA. a) Scheme showing that the endometrium was scratched with a curved hook to 
build the IUA model. P10G20 group received an injection of P10G20. The Saline group was rinsed with saline solution. The healthy uterus was used as the control. b) 
Pictures showing the process of the experiments, including modelling, saline, and P10G20 treatment, and tissue observation on day 7. Scale bar = 1 cm. c,d) H&E (c) 
and Masson (d) staining results of the rat uteri in different groups on day 7. The parts inside the black frame are the wounded uterine areas. (Black scale bar = 600 
μm, white scale bar = 50 μm. e) The ratio of uterine diameter in the P10G20 and Saline groups to those of the healthy group on day 7. (n = 6, mean ± SD, **p < 0.01) 
f) The results showing endometrial thickness in different groups calculated by H&E staining on day 7. (n = 6, mean ± SD, ns: not significant) g) The results showing 
the number of endometrial glands in different groups calculated by H&E staining on day 7. (n = 6, mean ± SD, ns: not significant) h) The results showing the 
endometrial fibrous tissue area in different groups calculated by Masson staining on day 7. (n = 6, mean ± SD, ns: not significant, ***p < 0.001) Statistical sig
nificance was calculated with Student’s t-test in e, f, and g, with ANOVA with a Tukey post-hoc test in h. 

Fig. 8. In vivo P10G20 antioxidation and antifibrosis tests. a,b,c,d) The content of H2O2 in uterine tissue on day 0.5 (a), day 1 (b), day 3 (c), and day 7 (d) post- 
surgery. (n = 3, mean ± SD, ns: not significant, *p < 0.05, **p < 0.01, ****p < 0.0001) e,f) Relative mRNA level of TGF-β1 in rat uteri on day 1 (e) and day 3 (f). (n 
= 3, mean ± SD, *p < 0.05, **p < 0.01, ****p < 0.0001) g,h) Relative mRNA level of VEGF in rat uteri on day 1 (g) and day 3 (h). (n = 3, mean ± SD, ns: not 
significant, **p < 0.01, ****p < 0.0001) i) Scheme showing that the antioxidant properties of P10G20 slowed down the occurrence of oxidative stress in tissue, which 
downregulated the levels of TGF-β1 and VEGF. The decreased fibrosis-related cytokines reduced the deposition of the ECM, which inhibited IUA development. 
Statistical significance was calculated with ANOVA with a Tukey post-hoc test in a, b, c, d, e, f, g, and h. 
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