
Zwitterion nanocomposite hydrogels with bioactivity and anti-adhesion 
properties for rapid prevention of postoperative and recurrent adhesion

Weihan Zhu a,1, Jintao Fang a,1, Wenjun Xu a,1, Dian Yu a, Jintao Shi a, Qing Xia a,b,*,  
Jinwei Wang c, Xiaohui Chen c, Haorui Zha a, Shengyu Li a,d,e,** , Wei Zhang a,d,e,***

a The Second Affiliated Hospital and Second Clinical Medical School, Zhejiang Chinese Medical University, Hangzhou, 310000, PR China
b Zhejiang Provincial People’s Hospital, Hangzhou, 310000, PR China
c Medical Research Center, Academy of Chinese Medical Sciences, Zhejiang Chinese Medical University, Hangzhou, 310000, PR China
d Key Laboratory of Pathogenesis Research of “Inflammatory-Cancer Transformation” in Intestinal Diseases, Hangzhou, 310000, PR China
e Zhejiang Engineering Research Center of Intelligent Equipment of Chronic Chinese and Western Medicine, Hangzhou, 310000, PR China

A R T I C L E  I N F O

Keywords:
Nanosilicate
Zwitterionic hydrogels
Postoperative adhesions
Nonfouling performances

A B S T R A C T

Postoperative adhesions (PAs) are a common complication after intraperitoneal surgery. Hydrogels are a physical 
barrier that prevents peritoneal adhesions, but their efficacy is still controversial. In this study, Laponites, a 
layered two-dimensional nanoscale, is incorporated into zwitterionic hydrogel (pSBLA) to enhanced biocom
patibility and bioactivity to develop a nanocomposite for rapid prevention of postoperative and recurrent 
adhesion. The anisotropic distribution of charges in laponites results in strong hydrogen bonding and electro
static repulsion in aqueous solutions and enables hydrogen bonding between amphiphilic ions, thereby 
enhancing the mechanical properties of hydrogels. The pSBLA hydrogels also possess a series of characters for an 
ideal anti-adhesion material, including resistance to adhesion against fibrinogen, proteins as well as cells. The 
mechanism underlying the extraordinary hydration of pSBLA is elucidated in this study using molecular dynamic 
simulations. In addition, pSBLA hydrogel is shown to represent a major advancement in anti-adhesion efficacy by 
completely and reliably preventing postoperative and recurrent adhesions after adhesiolysis in rat models. 
Furthermore, mechanistic explorations revealed that pSBLA hydrogel inhibits inflammatory responses and resists 
fibrosis by regulating the transforming growth factor-β/Smad signal pathway. Therefore, the pSBLA hydrogel has 
considerable potential for preventing post-operative adhesions in clinical settings.

1. Introduction

Postoperative adhesions (PAs) are an inevitable health issue in 
abdominal and pelvic surgeries, which results from systemic dysregu
lation involving clotting, inflammation, fibrinolysis, and other factors 
[1]. The incidence of peritoneal adhesions in patients undergoing 
abdominal surgery can be as high as 90 % [2,3]. This common post
operative complication can excessively bind organs and tissues, leading 
to severe clinical symptoms, including intestinal obstruction, abdominal 
pain, dyspepsia, and can even result in death owing to improper treat
ment [3]. A high probability of peritoneal adhesions within the first year 
after gastrointestinal surgery has been reported, which may necessitate 

further surgery to remove the adhesions [4]. Currently, the approaches 
for eliminating the formation of adhesions primarily include pharma
ceutical treatment and the use of biological barrier materials after the 
first surgery. However, drug-based strategies are typically ineffective 
and may result in undesirable side effects. For instance, systemic 
administration of fibrinolytic drugs can lead to bleeding complications 
[5]. In contrast, biological barrier materials directly separate damaged 
tissues at the surgical site from surrounding normal organs, which have 
been successfully used to treat any adhesion [6]. Interceed and Sepra
film have received approval from Food and Drug Administration for 
clinical use. However, their application process is inconvenient; and 
requires meticulous hemostasis and effective suturing on the injured 
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tissue surface; otherwise, forming a conformal barrier on an irregular 
surface becomes difficult [7–9]. In comparison, hydrogel-based physical 
barriers are widely studied due to their excellent biocompatibility and 
mechanical properties, and complete wound coverage [10]. However, a 
lack of bioactivity is a drawback, and their usage other limitations [11]. 
For instance, hyaluronic acid (HA) or its derivative hydrogel has a 
limited range of applications and cannot completely prevent adhesion 
and need to be used in combination with drugs [12–14]. Therefore, 
existing physical barrier technologies under-performance and can only 
alleviate or reduce adhesions to some extent. Therefore, designing an 
effective barrier for decreasing the incidence of PAs is critical.

Zwitterionic materials have excellent biocompatibility and are 
effective in preventing nonspecific protein adsorption, and have gained 
widespread attention in recent years [15–17]. They consist of equal 
positive and negative charges, which render them electrically neutral. 
Strong surface hydration is found to act as a barrier against bio
molecules, preventing them from being adsorbed on submerged surfaces 
and is generally regarded as a crucial factor in providing a physical 
barrier against protein and cell adsorption [18–20]. Jiang prepared 

nonfouling zwitterionic materials, and demonstrated their nonfouling 
properties under highly challenging conditions [21]. A zwitterionic 
hydrogel prepared by crosslinking carboxybetaine acrylamide and N, 
N′-bis(acryloyl) cystamine, has been used to prevent postoperative 
abdominal adhesion [22]. However, the weak mechanical properties of 
zwitterionic hydrogels limit their application in PAs. The optimization 
of mechanical properties of hydrogels can improve their stability and 
durability in vivo, so as to better prevent postoperative adhesion [23]. In 
addition, several zwitterionic biodegradable hydrogels are reported to 
increase biosafety and related risks [24,25]. Thus, a favorable hydrogel 
barrier should completely cover the surface of damaged tissue, possess 
excellent mechanical properties to withstand external forces during 
surgery, resist protein adsorption, reduce fibrin deposition, and prevent 
fibroblast adhesion. Moreover, the materials should have excellent 
biocompatibility to avoid triggering local inflammatory responses or 
hemolysis [26,27].

Laponite, a layered two-dimensional nanoscale, it has been exten
sively studied in the field of regenerative medicine to improve the 
structure, properties and properties of various biological materials 

Scheme 1. (a) Schematic illustration of the formation of the pSBLA hydrogel. (b) Cecum-abdominal wall adhesion model establishment and different effects with or 
without the treatment of pSBLA2 hydrogel. (c) Schematic depicting the process and mechanism of the hydrogel for inhibiting postoperative abdominal adhesion. 
(Created with BioRender.com).
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(Fig. S1, supporting information) [28]. These particles form delami
nated dispersions in water which self-organize via hydrogen bonding 
and electrostatic interactions forming an open, macro-porous and 
reversible (thixotropic) gel network [29]. Additionally, a substantial 
body of literature has been generated on laponite as a model system for 
drug delivery system that demonstrates the ability to localize and sus
tain the activity of bioactive substances over time, leading to improved 
safety and efficacy [30,31]. Despite intriguing data suggesting the 
inherent osteogenic bioactivity of laponites, no studies have yet suc
cessfully applied clay colloidal gels as a strategy to improve the me
chanical properties of zwitterionic hydrogels. Compared with 
double-network hydrogels, asymmetric-structure hydrogels and elec
trospinning hydrogels, the preparation processes of these hydrogels are 
complex and involve special synthesis methods [32–34]. We supposed 
that the anisotropic distribution of charges in laponites results in strong 
electrostatic repulsion in aqueous solutions, facilitating electrostatic 
interactions and hydrogen bonding between amphiphilic ions and 
thereby enhancing the mechanical properties of hydrogels to withstand 
external forces during surgery. More importantly, this is the first study 
that has incorporated laponite into 3-[[2-(methacryloyloxy)ethyl] 
(dimethyl)-ammonio]-1-propanesulfonate monomers (SBMA) to 
enhance the mechanical properties and bioactivity of hydrogels and to 
prevent postoperative adhesion.

In this study, we aimed to prepare nanocomposite amphiphilic 
hydrogels (pSBLA) through ultraviolet polymerization in an aqueous 
solution of laponite and SBMA (Scheme 1a). This study provides new 
insights into how laponite incorporation in a hydrogel micro
environment—via a simple mix and crosslink approach—affects cell 
proliferation and culture. The pSBLA hydrogel was assessed for me
chanical strength to maintain its integrity when implanted and to 
completely cover irregular wounds its nonfouling capabilities, biocom
patibility during prolonged in vivo implantation, and its inhibitory po
tential on the formation of postoperative peritoneal adhesion through 
the transforming growth factor beta (TGF-β)/suppressor of mothers 
against decapentaplegic (Smad) signaling pathway (Scheme 1). The 
pSBLA hydrogel is an ideal candidate for the prevention of postoperative 
tissue adhesion.

2. Experimental section

2.1. Materials

3-[2-(methacryloyloxy)ethyl](dimethyl)-ammonio]-1-propane
sulfonate (SBMA, 98 %), Photoinitiator Irgacure 2959 (I2959), ethylene 
glycol dimethacrylate (EGDMA), N, N, N′, N′-tetramethylethylenedi
amine (TEMED, 98 %) were purchased from Sigma-Aldrich Chemical 
Co., Ltd. (China). Laponites was provided by Macklin. Live/Dead 
viability and cytotoxicity kit were all pursued from Sigma-Aldrich 
(United States). IL-1β, TNF-α and TGF-β1 ELISA kits were all pursued 
from Kndbio Biotechnology Co., Ltd. (China). Mouse anti-rat Smad 2/3 
antibodies were obtained from Abcam. Rabbit anti-rat Smad7 antibodies 
were obtained from Sanying Biotechnology. Alexa Fluor® 488-conju
gated goat anti-mouse IgG and anti-rabbit IgG were obtained from 
ThermoFisher. Hyaluronic acid (HA) gel dressing was obtained from 
Zhejiang Jingjia Medical Technology Co., Ltd. (China). Deionized water 
(18.2 MΩ cm) was prepared before use.

2.2. Preparation of pSBLA hydrogels

The pSBLA hydrogels were prepared using the following method. 
The monomers SBMA (4M) were first fully dissolve in 0.5 %, 1 % and 2 
% Laponites solution, respectively. The crosslinker EGDMA (1 % versus 
monomer w/w), I2959 initiator (1 % versus monomer w/w) and TEMED 
(0.1 %, v/v) were added and complete dissolved to the above solutions 
at room temperature. After thorough mixing and degassing, the solution 
was transferred into two glass slides with a 1 mm poly 

(tetrafluoroethylene) spacer, and the hydrogel was prepared with 365 
nm UV light for 60 min. Finally, the hydrogels were followed by equil
ibration in sterile water for 3 days. To facilitate further discussion, we 
designated the prepared hydrogels as pSBLA0.5, pSBLA1, pSBLA2, 
respectively. As the control, the pSBMA hydrogel was prepared by dis
solving SBMA in water with the same method.

2.3. Characterization

The hydrogels were freeze-dried and sprayed with gold. The surface 
morphology and element distribution of hydrogels was examined by a 
field emission scanning electron microscopy (SU8010, Hitachi Limited, 
Japan). The molecular structure of the hydrogels was confirmed by a 
Fourier transform infrared (FTIR) spectrometer (Thermo Fisher Nicolet 
iS50, USA). X-ray photoelectron spectroscopy (XPS) was taken to 
confirm the structure of samples by a Kα instrument (Thermo Scientific 
K-Alpha) with a 1 eV of energy step and 100 eV pass energy. Ther
mogravimetric analysis (TGA, TA-Q600) was carried out to detect the 
thermal properties of the samples.

2.4. Platelet adhesion

Anticoagulant whole blood was first separated (800 rpm, 15 min) to 
obtain the platelet-rich plasma (PRP). Then hydrogels were placed into 
ep-tube incubated with 1 mL of PRP at 37 ◦C for 1h. After that, the 
hydrogels were washed with PBS to remove non-adsorbed platelet. 
Then, the hydrogels were incubated with 1 mL of PBS at 37 ◦C for 1h to 
release the remaining platelet. Finally, the optical density (OD) of the 
remaining plasma was measured at 450 nm.

2.5. Protein adsorption test

Bovine serum albumin (BSA) and fibrinogen were selected as the 
model protein to assess the protein adsorption of the hydrogel. Firstly, 
the swelling equilibrium hydrogels were immersed in 2 mL of BSA so
lution (2 mg/mL). After incubating for 6h at 37 ◦C, the hydrogels were 
washed three times with PBS to remove non-adsorbed proteins. Finally, 
according to the instructions, the BCA protein quantification assay kit 
was used to determine the protein content in the eluate, and the ex
periments were repeated in triplicate. Besides, fibrinogen adsorption 
test was evaluated by fibrinogen kit as the instructions of manufacturer 
and performed at 492 nm, and the experiments were repeated in 
triplicate.

2.6. Cell adhesion test

NIH/3T3 cells were selected to evaluate the anti-cell adhesion 
properties of the hydrogels. SBLA hydrogel disks were first soaked in 70 
% ethanol for 2 h for sterilization and soaked in sterilized PBS until 
equilibrium. Subsequently, cells were respectively seeded onto hydrogel 
disks at a concentration of 105 cells/mL into 24-well plates and incu
bated for 24h at 37 ◦C. Then, cells on the hydrogels were stained by 
Calcein-AM and photographed on a fluorescence microscope (ECLIPSE 
TI-S, Nikon, Japan).

2.7. Establishment of abdominal sidewall-cecal injury model

The male SD rats (180 ± 20 g) were purchased from Zhejiang Chi
nese Medicine University Laboratory Animal Research Center. The 
protocols used for the animal experiments procedure was passed the 
“Guiding Principles in the Care and Use of Animals, revised in 2017” 
(China), and the study was approved by Institutional Animal Care and 
Use Committee of Zhejiang Chinese Medicine University (IACUC- 
20240708-02).

The rats were anesthetized by injection of atropine and Zoletil 50, 
and then secured on the experimental operating table. After the 
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abdomen hair was shaved, a 5 cm incision was carried out along the 
centerline of the lower abdomen skin. The right abdominal wall of the 
rat was clamped with hemostatic forceps, and the cecum was gently 
picked out and abraded using sterile gauze until a petechial hemorrhage 
appeared on the surface of the cecum. A tweezers was used to create a 2 
cm by 2 cm peritoneal defect on the corresponding side of the abdominal 
wall. Later, the cecum injury was attached closely to the corresponding 
abdominal wall defect by fixing with 3-0 sutures [11,27,35].The model 
group was washed with 1 mL of physiological saline. For the HA and 
pSBLA2 hydrogel groups, the wounds were covered with HA and 
pSBLA2 hydrogels, respectively. The rats in the control group were 
without any treatments. Finally, the abdominal muscle layer and skin 
layer was closed. All experimental procedures were performed under 
sterile conditions. After 7 and 14, 4 rats from each group were sacrificed 
to evaluate the anti-adhesion efficiency of the hydrogels.

2.8. Establishment of a repeat adhesion model after adhesiolysis

A recurrent adhesion model after adhesiolysis was established as 
described above. After the establishment of the abdominal adhesion 

model, the abdominal cavity was opened again for repeated adhesion 
model on day 7. And the adhesions between the cecum and abdominal 
wall were separated by blunt dissection. The separated cecum and 
abdominal wall were wiped with sterile gauze, until bleeding wound 
appeared again on the surface of the cecum. Subsequently, pSBLA2 
hydrogel, medical HA hydrogel and model group were treated similarly 
to the method of the previous model. 7 days after adhesiolysis, the rats 
were sacrificed to evaluate the anti-adhesion efficiency.

2.9. Statistical analysis

Statistical analysis performed using Origin 2022 software and 
GraphPad Prism software. All data were reported as means ± standard 
deviations. Differences among groups were analyzed with one way 
analysis of variance (ANOVA). A value of p < 0.05 was considered 
significant.

Fig. 1. Characterization of pSBLA hydrogels. (a) The optical photograph of pSBMA and pSBLA2 hydrogel in synthesis vial. (b) The interior structure of the dry 
materials. Scale bar = 50 μm. (c) FT-IR spectra and (d) XPS diagram of pSBLA2, pSBMA, Laponites. (e) TGA curve of Laponties, pSBMA, and pSBLA2 hydrogels. (f) 
The rheological characterization of hydrogels in frequency-sweep (0.1–10 Hz, strain of 1 %), (g) in time-sweep curves (10 min, 1 Hz, strain of 1 %, 37 ◦C), and (h) 
viscosity curves with a low strain at 1 %. (i) The water lose rate of pSBMA, pSBLA0.5, pSBLA1, and pSBLA2.
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3. Results and discussion

3.1. Preparation and characterizations of pSBLA hydrogels

We synthesized a new class of antifouling polymer hydrogels, pSBLA, 
by photoinitiation of laponites (synthetic hectorite-type clay) and SBMA 
(Scheme 1a). Laponite consists of discs (1 nm thick and 25 nm in 
diameter) that are made up from tetra-octa-tetra layers. Net negative 
charges can occur on the surface through isomorphous substitution by 
substituting Mg2+ with Li+ in the octahedral sheet [36]. In SBLA solu
tion, hydrophilic SBMA enhances the zeta potential of laponite, through 
electrostatic interactions (Fig. S2, Supporting Information) [37,38]. We 
propose that pSBLA hydrogels have sufficient mechanical strength to 
adapt to the integrity when implanted owing to enhanced hydrogen 
bonding [39]. Upon binding with water, the zwitterionic segments of 
pSBLA hydrogels form a strong surface hydration that resists protein 
adsorption and cell attachment. Compared to other conventional phys
ical hydrogels, the pSBLA hydrogel demonstrates excellent resistance to 
protein adsorption, minimizing foreign body reactions to a maximum 
extent.

A series of amphiphilic ion-water hydrogels with varying laponite 
concentrations were synthesized (pSBLAn, where n denotes the laponite 
content). The pSBMA and pSBLA2 hydrogels are transparent materials 
that will not fall if placed on their sides (Fig. 1a). The lyophilized 
pSBMA, pSBLA0.5, pSBLA1, and pSBLA2 hydrogels exhibited a three- 
dimensional network structure (Fig. 1b) indicating that laponite did 
not alter the original morphological characteristics of the hydrogels. The 
Fourier-transform infrared spectra (FT-IR) of the laponite, pSBMA, and 
pSBLA2 hydrogels are shown in Fig. 1c. The characteristic absorption 
peaks at 1051 and 1483 cm− 1 for pSBMA and pSBLA2 were mainly 
attributed to the symmetric and asymmetric stretching vibrations of 
-SO3H groups, respectively. The pSBLA2 hydrogel exhibited Si-O-Si 
stretching bands at 650 cm− 1, which had a weak shift compared to 
that of bare laponite (658 cm − 1). The C=O stretching band of the 
pSBMA hydrogel at 1655 cm− 1 showed a shift comparable to that of 
pSBLA2 (1660 cm− 1), which confirmed the crosslinking between 
laponites and polymer chains through hydrogen bonding. Fig. 1d shows 
the X-ray photoelectron spectra of the laponite, pSBMA, and pSBLA2 
hydrogels. Owing to the presence of laponites, pSBLA2 had additional 
peaks (1304.1 and 103.1eV) at Mg1s and Si2p, respectively. The binding 
energy range for C1s components of pSBMA and pSBLA2 is shown 
Fig. S3. There are C=O (286.3 eV), C-C (284.7 eV), C=C (288.5 eV) 
bonds for pSBMA and pSBLA2, showing that laponites reacts with 
pSBMA hydrogels mainly through hydrogen bonding and electrostatic 
interactions. The thermogravimetric analysis (TGA) showed that all the 
hydrogels exhibited two stages of decomposition, whereas the laponites 
showed only one (Fig. 1e). The first stage of degradation was marked by 
a loss of crystalline water from the material. Among them, the maximum 
degradation temperature for pSBMA was 429.6 ◦C with a mass loss of 
74.4 %, which was attributed to the decomposition of pSBMA macro
molecular chains. The maximum degradation temperature for pSBLA2 
was 440.3 ◦C with a mass loss of 81.9 % that was 10.7 ◦C higher than 
that of pSBMA indicating increased thermal stability. In addition, both 
pSBMA and pSBLA2 contained C, N, S, and O in the energy dispersive 
spectrum analysis (Fig. S4, Supporting Information). The contents of Mg 
in pSBLA2 were 4.98 % which was mainly originated from laponite. 
Moreover, Mg element was uniformly distributed in PSBLA2 hydrogel, 
which also proved that laponite is uniformly distributed in hydrogels. 
Those results indicated that pSBLA2 successfully grafted laponites.

3.2. Mechanical behavior of the pSBLA hydrogel

The rheological behavior of the hydrogels (pSBMA, pSBLA0.5, 
pSBLA1 and pSBLA2) was investigated using a rheometer to evaluate the 
effect of laponite on the mechanical properties of the hydrogels (Fig. 1f- 
h). The frequency sweep results showed that the G′ and G″ values for all 

hydrogels increased with an increase in frequency within the test fre
quency range (0.1–10 Hz). At low frequencies, G″ was higher than G′, 
indicating that all hydrogels behaved as a solid. As the laponite con
centration increased, the G′ value increased from 2689 Pa (pSBMA) to 
6257 Pa (pSBLA2). Conversely, with a further increase in frequency, the 
solid structure of the hydrogel gradually deteriorated (G’<G″). 
Furthermore, all hydrogels exhibited stable solid-like behavior because 
the G″ values were consistently higher than their respective G’ at 1 Hz 
and 1 % strain (Fig. 1g). As the laponite concentration increased, the 
pSBLA2 hydrogels adopted sticky behavior (Fig. 1h). In addition, tensile 
tests were performed on the hydrogels. With an increase in the laponites 
concentration from 0 % to 2 %, the tensile stress of the pSBMA hydrogels 
gradually increased from 14.41 kPa to 51.01 kPa (Figs. S5 and S6, 
Supporting Information). Overall, the concentration of laponite possibly 
played a decisive role in the mechanical strength of pSBMA hydrogels. 
Based on the unique layered structure and negative surface charge, it 
interacted with the (CH3)2

− N+ and -SO3
- of SBMA through hydrogen 

bonding and possible electrostatic forces, enhancing the mechanical 
properties of the hydrogel. Moreover, the rate of water loss of the 
hydrogels (Fig. 1i) suggested that laponite concentration did not alter 
the pSBMA hydrogel network. As shown in Fig. S7, the prepared 
hydrogels showed excellent swelling ability in PBS, with swelling in PBS 
attributed to zwitterionic segments.

3.3. In vitro biocompatibility of pSBLA hydrogels

The optical images of samples confirmed that all hydrogel-treated 
groups displayed clear supernatants with intact red blood cells 
(Fig. 2a). A quantitative analysis indicated that hemolysis induced by 
the hydrogels was ≤3 %, indicating satisfactory blood compatibility of 
pSBLA hydrogels (Fig. 2b).

To evaluate potential cytotoxicity, the gel extract was tested on NIH/ 
3T3 cells and using a Cell Counting Kit-8 (CCK-8) assay. Cells were 
viable after 1 and 3d of incubation with all hydrogels, with cells sur
viving in the presence of all samples (green), indicating considerable 
cytocompatibility (Fig. 2c). In addition, the results of the CCK-8 assay 
showed that cell viability was ≥95 % in all hydrogel groups, indicating 
minimal cytotoxicity (Fig. 2d and e). With the extension of culture time, 
cell viability after co-culturing with the pSBLA2 hydrogel was signifi
cantly higher than that with other groups.

We further investigated the impact of the pSBLA2 hydrogels on cell 
biological activity by carrying out the wound scratch assay in vitro. The 
pSBLA2 hydrogels exhibited enhanced cell migration with narrower cell 
gaps compared to the control group at both 12 and 24 h after the 
treatments (Fig. 2f-h). These studies indicate the cytocompatibility of 
laponite encapsulation for cell proliferation and migration. As the 
chemical composition of Laponite is similar to bioactive glasses, which 
are composed of SiO2, CaO and P2O5, the bioactivity of Laponites can be 
expected. We speculated that the considerable effects of pSBLA2 on cell 
activity and cell migration might be attributed to the laponite released 
from hydrogels [40,41].

3.4. In vitro fouling tests of pSBLA2 hydrogels

Protein adsorption fibroblast adhesion and proliferation are crucial 
factors in peritoneal adhesion formation [1]. Zwitterionic-SBMA-based 
hydrogels prevent nonspecific protein adhesion owing to the dense hy
dration layer of positive and negative charges on the surface [42]. 
Therefore, the pSBLA hydrogel may possess excellent nonfouling prop
erties due to the zwitterionic-SBMA structure. Fibrinogen also plays a 
key role in peritoneal adhesion formation, as it serves as a foundation for 
fibroblast adhesion and is involved in tissue repair and scar formation 
[43]. Therefore, we first polymerized pSBMA, pSBLA0.5, pSBLA1, and 
pSBLA2 hydrogels, which were then exposed to fibrinogen solution (10 
mg/mL). After the exposure period, the amount of fibrinogen adhering 
to the hydrogel and tissue culture polystyrene (TCPS) was quantified 
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Fig. 2. The biocompatibility of pSBLA hydrogels in vitro. The images (a) and quantitative statistics (b) of blood incubated with hydrogels. (c) Live/dead cell viability 
assay. NIH/3T3 fibroblast cells were incubated with both the hydrogel extract for 24 h and 72 h. In the assay, live cells stain green and dead cells stain red, as viewed 
with a fluorescent microscope. Scale bar = 100 μm. CCK-8 assay for evaluation of cytotoxicity of different samples for 24 h (d) and 72 h (e). (Data presented as mean 
± SD, n = 3, **p < 0.001, compared with the control group). (f) In vitro scratch assay, scale bar = 100 μm. Quantified data of the migration rate (mobility ratio) after 
the treatments with the different samples for 12 h (g) and 24 h (h) (n = 3, ***p < 0.001, **p < 0.01, and *p < 0.05, compared with the control group). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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using enzyme-linked immunosorbent assay (ELISA) (Fig. 3a). The 
hydrogel disks exhibited exceptional nonfouling potential compared to 
that of TCPS. In addition, proteins promote adhesion formation. Herein, 
all hydrogels had a lower protein adsorption capacity than that of TCPS 
and the results with blood platelets were similar (Fig. 3b and c).

Cell adhesion is a major form of biological fouling; for instance, 
extensive secretion of collagen by fibroblasts causes the mature devel
opment of adhesions. The potential of pSBLA against cell adhesion was 
also investigated by seeding NIH/3T3 fibroblasts onto pSBLA hydrogel 
discs and analyzing the number of adherent cells in culture after 1 day 
(Fig. 3d). A large cluster of fibroblast cells was observed in TCPS, 
whereas the surface of pSBLA2 hydrogel discs remained clean, with few 
adherent fibroblast cells, indicating the exceptional nonfouling property 
of pSBLA2 hydrogel.

3.5. Molecular mechanism of nonfouling of SBMA

The pSBLA hydrogels exhibited excellent nonfouling properties, 
which may be attributed to the highly hydrophilic nature of zwitterionic 
SBMA monomers and their unique hydration characteristics. To confirm 
our hypothesis, we conducted molecular dynamics (MD) simulations to 
understand the underlying mechanism of nonfouling potential of the 
hydrogels. We performed MD simulations of a single SBMA molecule 
and a 10-residue pSBMA in an aqueous solution, with a three-residue 
polyethylene glycol oligomer (OEG) serving as control. Remarkably, 
there was an average of 2.5 hydrogen bonds from water, providing ox
ygen for SBMA; however, the OEG oxygen atoms accepted only one 
(Fig. 4a). In simulation, the life-time of hydrogen bond (τHB) between 
SBMA and water was longer than that between OEG and water (Fig. 4b), 
indicating that SBMA has a strong interaction with multiple water 
molecules. As shown in Fig. 4c, the radial distribution functions (RDFs) 

of water oxygen atoms respect to the heavy atoms of the O, N, and S 
atoms in the SBMA small molecule reveal a near-contiguous sphere of 
hydration centered on the sulfonic acid group, which was continuous 
(OSBMA, NSBMA, and SSBMA, respectively). Fig. 4d showed a single frame 
from the SBMA monomer simulation, including the water molecules 
with OSBMA-water oxygen (high opacity), NSBMA-water oxygen, and 
SSBMA-water oxygen distances less than the RDF peak value, respec
tively. Remarkably, the hydration shell was also observed in pSBMA 
(Fig. 4e), indicating that water was similarly ordered near the pSBMA 
headgroups. Taken together, the MD simulations suggest that pSBMA 
retains the superhydrophilicity observed for the SBMA small molecule, 
which can provide a strong surface hydration. Our study reveals that the 
interplay among hydrogen bonding, super-hydrophilic nature, and 
contiguous hydration shells is crucial to the fouling-resistant capabilities 
of zwitterionic hydrogels. As a result of the extension conjecture, it is 
possible that pSBLA hydrogels exhibit nonfouling properties because 
pSBLA2 hydrogel has super-hydrophilic SBMA fragments.

3.6. Evaluation of tissue adhesion prevention in vivo

To validate the efficacy of pSBLA hydrogel in preventing PA, we 
established a sidewall defect-cecum abrasion model in rats (Fig. 5a) [23,
44]. Rats received no treatment as negative a control (Model) or HA 
hydrogel (the leading commercial antiadhesive) as a positive control 
(HA). Further, the healthy rats served as the control group (Control). 
Throughout the animal experiments, no adverse reactions such as 
bleeding, infection, or unexpected death were observed. Their growth 
curves showed revealed that the rats gained appropriate weight, indi
cating they were in good health (Fig. S8, Supporting Information). On 
the 7th and 14th days post-surgery, the peritoneal cavities of the rats 
were reopened for observation, and the extent of PA among different 

Fig. 3. The nonfouling performances of pSBLA hydrogels in vitro. The relative adhesion behaviors of the (a) fibrinogen, (b) BSA, and (c) platelets on tissue culture 
polystyrene (TCPS) and different hydrogel. (n = 3, ****p < 0.0001). (d) Fluorescent images a of NIH/3T3 cells cultured for 24 h on different hydrogel surfaces. Scar 
bar = 100 μm.
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Fig. 4. The mechanism of the protein and cell resistance was investigated at molecular level by MD simulation. (a) The probability distributions for the number of 
hydrogen bonds. (b) Autocorrelation function for τHB, CHB (t), for water-SBMA sulfonyl oxygen, water-pSBMA sulfonyl oxygen, water-OEG hydroxyl oxygen, and 
water-water hydrogen bonds. (c) RDF of water oxygen with respect to one sulfonyl O, N, and S atoms of SBMA. (d) Snapshot of aqueous SBMA with opaque water 
corresponding to the main peak in the RDF of water oxygen with respect to O (high opacity), N, S atoms of SBMA, respectively. (e) Snapshot of pSBMA in aqueous 
solution, highlighting the tightly bound waters near two of the SBMA headgroup.
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groups was assessed using a standard adhesion scoring system [45]. As 
shown in Fig. 5b, the absence of a barrier resulted in PA in all rats in the 
model group, with scores of 4 on the 7th day. HA treatment showed 
limited efficacy in preventing adhesions, with 3 out of 4 rats scoring 2. 
However, rats treated with the pSBLA2 hydrogel exhibited no PA for
mation (model: 4, HA:2.5, pSBLA2: 0). Fourteen days post-operation, 
rats in the HA groups exhibited heavy adhesions, as indicated by high 
average scores (model: 4 and HA: 3.5), whereas treatment with the 
pSBLA2 hydrogel effectively prevented adhesion with an average score 

of 0 (Fig. 5c). Notably, the surface of the wounds treated with pSBLA2 
hydrogel in the above animal experiments was smooth, indicating that 
the injury had completely healed.

Furthermore, histological examination of the corresponding trau
matized tissue on days 7 and 14 was performed using hematoxylin-eosin 
(H&E) and Masson’s trichrome staining to investigate the effects of the 
pSBLA2 hydrogel (Fig. 5d and e). On day 7, model group showed severe 
and persistent adhesion, which could not be removed, however, the 
adhesion layer was relatively loose in the HA group, indicating the anti- 

Fig. 5. Evaluation of the pSBLA hydrogel for preventing postsurgical abdominal adhesion using a rat sidewall defect-cecum abrasion adhesion model. (a) Schematic 
of the procedure schedule. (b) Photographs of peritoneal adhesions in the model, HA hydrogel, and pSBLA2 hydrogel group on postoperative day 7 and 14. (c) 
Adhesion score of the different degrees in each group on the predetermined time points. (n = 4, ****p < 0.0001). Representative H&E and Masson trichrome staining 
of adhesive tissues from different groups on day 7 (d) and day 14 (e) after first surgery. CE: cecal mucosa; AW: abdominal wall, Scale bar = 200 μm.
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adhesion effect of HA hydrogel. Several inflammatory cells were seen 
around the traumatized tissue with H&E staining, indicating that the 
inflammatory response promoted adhesions. In contrast, histological 
analyses of surgical sites with H&E staining showed that the abdominal 
sidewall and cecum were separated in the pSBLA2 hydrogel, and some 
inflammatory cells were observed in the mesothelial layer on day 7; 
however, no significant inflammatory cells were observed at day 14, 
suggesting that the damaged tissue was in the recovery stage [46]. In the 
model group, the adhesion tissue between the abdominal sidewall and 
cecum became denser by14th day compared to on the 7th day. Besides, 
HA does not completely cure peritoneal adhesions. In rats treated with 
the pSBLA2 hydrogel, adhesion formation was absent, and a noticeable 

reduction in inflammation at the wound site indicated normal tissue 
recovery. Masson’s trichrome staining showed substantial deposition of 
collagen fibers in the damaged areas of the peritoneum and the sites of 
adhesion in the model group, attributable to fibroblast proliferation. The 
HA hydrogel group showed a small amount of collagen fiber deposition 
in the adhesion layer whereas the pSBLA2 hydrogel group did not show 
obvious fusion of connective tissue or collagen fiber deposition [27]. 
These findings indicated that the pSBLA2 hydrogel had a significant 
preventive effect on abdominal adhesions. Importantly, we thought that 
those ability of anti-adhesion attributed to the structure of zwitterions. 
Therefore, we speculated that pSBMA hydrogels also have excellent 
anti-adhesion ability in vivo. To validate the efficacy of pSBMA hydrogel 

Fig. 6. Expression levels of TNF-α and IL-1β in injured tissues of different groups. (a, b) Immumohistochemical staining of injured tissues after 7 day and 14 day 
(scale bar = 200 μm). Quantitative analyses of (c) IL-1β and (d) TNF-α (n = 3, *p < 0.05, ***p < 0.001, ****p < 0.0001). The mRNA levels of (e) IL-1β and (f) TNF-α 
in injured tissues from different groups. (g, h) Effect of pSBLA2 hydrogel on the expression of cytokine IL-1β and TNF-α in tissue on day 7,14 post-operation (n = 3, 
*p < 0.05, **p < 0.01, ****p < 0.0001, compared with control group).
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in preventing PA, we established a sidewall defect-cecum abrasion 
model of rats. The pSBMA hydrogel also have a significant preventive 
effect on abdominal adhesions as shown in Fig. S9a. Fourteen days 
post-operation, rats in the pSBMA groups exhibited slight adhesions 
with an average score of 1.25 (Fig. 5c), which was significantly different 
from that of the pSBLA2 group. This may be because the pSBLA2 
hydrogel can keep its structure and morphology for 14 days (Fig. S9b).

3.7. Tissue adhesion in vitro

We also found that the pSBLA2 hydrogel could attached to all major 
organs (heart, liver, spleen, lungs, and kidneys) and different materials 
(metal, wood, glass, and plastic) (Fig. S10a and b). Furthermore, the 
hydrogel was capable of conforming to the irregular surfaces of the 
cecum and liver, demonstrating sufficient adhesion over extended pe
riods without detachment (Fig. S10c, supporting information).

The bonding strength to tissues surrounding the wound was one of 
the major concerns of materials. Herein, shear adhesion tests of the 
hydrogels were performed using the test setup shown in Fig. S11a. The 
average adhesive strength of pSBLA2 hydrogels was 67.5 ± 5.4 kPa, 

which was significantly higher than those of pSBMA, pSBLA0.5 and 
pSBLA1 hydrogels (21.6 ± 0.86, 42.0 ± 4.8, and 47.5 ± 2.5 kPa, 
respectively; Fig. S11a and b). The pSBLA2 hydrogels remained intact 
and tightly adhered to the porcine skin without detachment after 
stretching, twisting, or water immersion (Fig. S11c, supporting infor
mation). These results indicated that the pSBLA2 hydrogel had consid
erable tissue-binding strength.

3.8. Underlying mechanism

The mechanism of PA formation is complex and involves many cy
tokines, cell proliferation and transformation, and signaling pathways 
[47]. When the abdominal wall and cecum are damaged, the injured 
peritoneal mesothelial cells produce inflammation-related immune re
sponses, such as increases in the levels of interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α) [48,49]. Immunochemical staining of 
IL-1β and TNF-α was performed to estimate the inflammatory reaction of 
wounds. The results indicated that IL-1β and TNF-α expression was 
significantly higher in the model and HA groups than in the pSBLA2 
group on days 7 and 14 (Fig. 6a–d). Similarly, on days 7 and 14, the 

Fig. 7. Expression levels of TGF-β1 in injured tissues of different groups. (a) Secretion levels of TGF-β1 from tissues after treatment with different materials on day 7 
and day14 by ELISA (n = 3, *p < 0.05, **p < 0.01, ****p < 0.0001). (b) mRNA levels of representative TGF-β1 in tissues after different treatment (n = 3, *p < 0.05, 
**p < 0.01, ****p < 0.0001). (c) Immumohistochemical staining and (d) quantitative analyses of injured tissues after 7 day and 14 days (scale bar = 200 μm, n = 3, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (e) Expression levels and (f, g) quantitative analyses of TGF-β1 markers in tissue via WB assay on day 7,14 
post-operation.
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tissues treated with pSBLA2 hydrogel showed significantly lower mRNA 
levels of major pro-inflammatory cytokines, including TNF-α and IL-1β, 
compared to the model and HA groups. Moreover, treatment with the 
pSBLA2 hydrogel significantly prevented the increase in mRNA levels of 
TNF-α and IL-1β, resulting in expression levels similar to that control 
group, suggesting that the wound completely healed (Fig. 6e-f).

We further monitored the pro-inflammatory response by measuring 
the secretion of inflammation-related cytokines. ELISA revealed that the 
levels of TNF-α and IL-1β significantly increased in the model group. 
However, this trend was reversed following treatment with HA or the 
pSBLA2 hydrogel (Fig. 6g and h). IL-1β and TNF-α levels in the pSBLA2 
hydrogel group were not significantly different from those of control 
group. These results suggested that the pSBLA2 hydrogel could signifi
cantly reduce the levels of inflammatory cytokines after surgical trauma.

TGF-β1 is a key fibrosis factor in these fibrotic processes, and 
inhibiting its expression can efficiently regulate fibroblasts and the 
adhesion process [20,50]. Consequently, the expression of TGF- β1was 
determined. The ELISA conducted on the extracted tissues revealed a 
significant increase in TGF-β1 secretion in the model group (Fig. 7a). 
However, this trend was reversed following inoculation on the pSBLA2 
hydrogel, in which the TGF-β1 expression was significantly decreased 
compared to that in the model group. Additionally, the mRNA levels 
were monitored through q-PCR (Fig. 7b), indicating a highly consistent 
trend. The immunochemical staining and quantified data (Fig. 7c and d) 

also revealed that TGF-β1 expression was notably lower on days 7 and 
14 in wounds treated by pSBLA2 than in those treated with HA. More
over, the production of TGF-β1 in tissues was measured by western 
blotting that showed that the pSBLA2 group induced the lowest ex
pressions of TGF-β1 among all treatments (Fig. 7e and f). Therefore, the 
pSBLA2 hydrogel could significantly downregulate TGF-β1 expression, 
indicating that the hydrogel had a potential regulatory effect on peri
toneal fibrosis.

TGF-β1 promotes extracellular matrix synthesis via activation of the 
TGF-β/Smad signaling pathway, ultimately leading to tissue fibrosis 
[12]. Specifically, elevated TGF-β1 levels can activate downstream 
Smad2/3, resulting in pro-fibrotic cytokine production such as plas
minogen activator inhibitor-1, which exacerbates peritoneal fibrosis 
[20,50]. In contrast, Smad7 inhibits TGF-β1 signaling by competitively 
binding to TGF-β1 receptor I (RI) or inducing its degradation [51]. 
Therefore, the levels of Smad 2/3 and Smad7 were evaluated through 
immunofluorescence staining (Fig. 8a–d). The expression of Smad2/3 
was significantly higher in the model group on days 7 and 14 (green 
fluorescence intensity) than in the pSBLA2 and HA groups; however, the 
pSBLA2 hydrogel and control groups did not differ significantly. 
Notably, Smad7 expression in the pSBLA2 hydrogel group was signifi
cantly increased (green fluorescence intensity).

Western blotting analysis showed that the model group had signifi
cantly increased Smad2/3 protein expression compared to that of the 

Fig. 8. (a, b) Representative images of immunofluorescence staining of Smad 2/3 and Smad 7 on day 7 and day 14. (c, d) Mean fluorescence intensity (MFI) of 
Smad2/3 and Smad7 on day 7 and day 14, respectively. (n = 3, ****p < 0.0001). (e–g) Western blot analysis and quantitative of protein expressions (Smad2/3 and 
Smad7) on day 7, 14. (H) Molecular mechanism of pSBLA2 hydrogel in preventing postoperative abdominal adhesions. (Created with BioRender.com).
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control group on days 7 and 14 (Fig. 8e and f). In contrast, the pSBLA2 
hydrogel group exhibited significantly decreased Smad2/3 and signifi
cantly increased Smad7 expression (Fig. 8f and g). Accordingly, we 
determined that pSBLA2 hydrogel significantly suppresses Smad2/3 
expression, while markedly enhancing Smad7 expression, thereby 
effectively intervening in the process of peritoneal fibrosis (Fig. 8h). 
Based on the above result, the pSBLA hydrogel can activate the Smad7 
signaling and inhibit the Smad2/3 signaling pathway, there by sup
pressing inflammation. There mechanisms work together to effectively 
prevent recurrent adhesion.

3.9. In vivo biosafety

In addition, H&E staining showed small aggregation of inflammatory 
cells at the tissue interface, indicating mild inflammation (Fig. S12, 
supporting information). Notably, no remarkable pathological abnor
malities were noticed in the sections of the major organs (the heart, 
liver, spleen, lungs and kidneys) (Fig. S13, Supporting Information), 
indicating that the pSBLA2 hydrogel exhibited excellent biocompati
bility. Since the pSBLA2 hydrogel is not toxic to the tissue, it can be 
integrally removed from the tissue following testing.

3.10. Prevention of recurrent adhesions by the pSBLA hydrogel

Blunt dissection is a commonly used method for treating adhesions in 
clinical practice. However, this may lead to secondary tissue damage, 

which can promote the formation of more severe adhesions, which are 
more complex and harder to treatment than primary adhesions [52]. 
Herein, we established a recurrent adhesion model to evaluate the po
tential of pSBLA2 hydrogel on recurrent adhesions (Fig. 9a).

On the 7th day of the recurrent adhesion model, the abdominal 
cavity of rats was opened to assess the effect of hydrogels on preventing 
adhesion (Fig. 9b). As expected, all rats in the model group showed 
severe tissue adhesions with a score of 4. In contrast, the average score of 
the pSBLA2 hydrogel group was 1, which was lower than those of the HA 
hydrogel (score: 3.5) and model (score: 4) (Fig. 9d). The weight change 
curve indicated that the model was successfully established (Fig. 9c). 
H&E and Masson’s trichrome staining revealed extensive adhesions in 
the model group, with a large number of inflammatory cells surrounding 
the lesions and dense collagen fiber deposition (Fig. 9e and f). However, 
there is no significant adhesions between the abdominal wall and cecum 
in the pSBLA2 group. This indicated that the pSBLA2 hydrogel demon
strates promising prospects in the secondary damage caused by 
adhesiolysis.

The therapeutic mechanism of pSBLA2 hydrogel on recurrent ad
hesions was further validated. The same relative trend was observed 
both of TNF-α and IL-1β in the sequence of pSBLA2 hydrogel < HA 
hydrogel < model group (Figs. S14 and S15, Supporting Information). 
These results suggested that the pSBLA2 hydrogel significantly inhibited 
inflammatory reactions after surgical trauma, which effectively pre
vented secondary adhesions after adhesiolysis. Additionally, ELISA 
revealed that the levels of TGF-β1 is much lower in wounds treated by 

Fig. 9. Evaluation of the pSBLA hydrogel for preventing postsurgical recurrent adhesion using a rat sidewall defect-cecum abrasion adhesion model. (a) Schematic of 
the procedure schedule. (b) Photographs of peritoneal adhesions in the model, HA hydrogel, and pSBLA2 hydrogel group on day 7 after adhesiolysis. (c) The relative 
body weight and (d) adhesion score of the different degrees in each group on day 7 after adhesiolysis. (n = 4, ***p < 0.001, ****p < 0.0001). (e, f) H&E and Masson 
trichrome staining of adhesive tissues from different groups on day 7 after adhesiolysis. Scale bars = 200 μm. CE: cecal mucosa; AW: abdominal wall.
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pSBLA2 on day 7 after adhesiolysis, in comparison with the model group 
(Fig. S16, Supporting Information). We speculate that pSBLA2 hydrogel 
can also intervene the process of recurrent adhesions by the TGF- 
β-Smad2/3 signal pathway, but more research is needed. Therefore, we 
believe that pSBLA hydrogel has great potential in clinic practice as a 
physical barrier that can rapidly prevent postoperative adhesion and 
recurrent adhesion.

4. Conclusion

In summary, we designed and prepared, pSBLA, a novel zwitterionic 
nanocomposite hydrogel using laponite and monomer in a one-pot UV- 
curable method, to prevent peritoneal PAs. The embedding of nano
silicates in hydrogels was confirmed by the mass loss by TGA, and the 
presence of Mg and Si atoms by EDS, XPS, and FT-IR. The unique 
microstructure of laponites, such as charge distribution and hydrogen 
bonding resulted in good mechanical properties, proliferation and 
biocompatibility. The pSBLA hydrogel possessed excellent resistance to 
proteins, and cell adhesion, due to the superhydrophilicity and anti
fouling characteristics of zwitterionic polymers. Besides, we found that 
pSBLA hydrogel facilitated the proliferation of fibroblast. Additionally, 
at the molecular level, we used MD simulations to show that the robust 
antifouling capabilities of pSBLA hydrogels mainly originates from the 
zwitterionic SBMA segments. Remarkably, in vivo experiments 
involving cecum-sidewall model and recurrent adhesions illustrate the 
pSBLA2 hydrogel superior anti-adhesion effectiveness compared to 
commercial controls. The pSBLA hydrogel act as a physical barrier to 
prevent adhesion and was able to inhibit inflammatory responses and 
regulate the TGF-β/Smad signaling pathway to ultimately resist fibrosis. 
We expect the pSBLA hydrogel to be a next generation anti-adhesion 
material that addresses safety, efficacy, and operational convenience 
to meet current clinical needs.
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