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Although adhesive hydrogels represent an alternative to surgical sutures for non-invasive tissue wound
sealing, those with indiscriminate adhesion fail to hold wounds while inhibiting postoperative tissue
adhesion, thus limiting their application in intestinal repair. In this study, an asymmetric adhesive
hydrogel sheet composed mainly of polyacrylic acid (PAA) and gelatin (GA) that can be wet-adhered to
the surface of intestinal tissue was developed. One side of the GA-PAA hydrogel sheet was complexed
with polyvinyl alcohol (PVA), which shielded the excess adhesion based on a physical barrier. Both sides
of the PVA/GA-PAA hydrogel showed distinct adhesive and antiadhesive properties. Intriguingly, the anti-
adhesive side showed significant anti-adhesion toward specific proteins. The results of animal
experiments showed that the PVA/GA-PAA hydrogel could firmly adhere to the intestine to stop leakage
and prevent post-operative tissue adhesion two weeks after surgery. The hematoxylin and eosin (H&E)
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rsc.li/rsc-advances believed that the controllable adhesion of the adhesive hydrogel offers better prospects for intestinal repair.
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Introduction

Surgical sutures have served as the universal method for wound
closure in the clinic; however, stitching suffers from some
adverse disadvantages, including being time-consuming and
difficult to operate, as well as causing secondary tissue
damage.' More recently, tissue adhesives have attracted
increasing attention as alternatives to sutures owing to advan-
tages such as time savings, simple operation, and noninvasivity
in terms of tissue damage, avoiding suture-related
complications.*® While there are numerous emerging bio-
adhesive hydrogels, most of them are double-sided adhesives
without different adhesion on different surfaces, suffering from
unfavorable postoperative tissue adhesion caused by excessive
tissue adhesion during the operation process, thus limiting
their clinical application in intestinal repair.>™**

Postoperative tissue adhesion between intestinal tissue and
other organs can lead to a series of complications, such as long-
term pelvic pain, intestinal obstruction, and even infertility, and
commonly requires a second surgery to relieve the adverse
tissue adhesion.>™* Current biomaterials such as Interceed,
Seprafilm and anti-adhesion liquids can prevent postoperative
tissue adhesion; however, they cannot hold tissue due to a lack
of tissue adhesion.'*** Therefore, it is of clinical significance to
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develop biomaterials that can adhere to tissue and concurrently
prevent postoperative tissue adhesion. In past studies, adhesive
groups on the surface of the adhesive biomaterials were
removed by immersion in a non-adhesive ionic solution, which
can reduce postoperative tissue adhesion.'® However, it was
demonstrated that a systemic inflammatory reaction was initi-
ated, with the adhesion of specific proteins leading to post-
operative tissue adhesion due to the lack of anti-fouling
properties.”* Therefore, biological anti-fouling ability should
be taken into consideration for ideal biomaterials for intestine
repair in addition to the removal of excessive tissue adhesion.”
Li et al. tried to prepare a polycaprolactone (PCL) film modified
by zwitterions to obtain strong biological anti-fouling ability
due to the super-hydrophilic surface.*® It has been reported in
some studies that super-hydrophilic zwitterions can contribute
to a thin hydration layer on the surface of the modified film,
forming a structure similar to the lipid bilayer, blocking the
adhesion of cells and proteins, evading recognition by the
immune system and inhibiting the inflammatory response.

In addition, it was found that dense hydrophilic structures
benefit anti-fouling properties.'® Wu et al. prepared a hydrogel
sheet based on PVA with a dense microstructure on the top
surface, and its stitching in the abdomen significantly reduced
postoperative abdominal adhesion.” Lee et al. prepared a dense
film using PVA and gelatin, which effectively reduced post-
operative abdominal adhesion.”® Shi et al. developed a dense
physical barrier film based on carboxymethyl cellulose, which
effectively inhibited postoperative abdominal adhesion.*
Therefore, modifying the surface of adhesive biomaterials with
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dense hydrophilic physical barriers will help to achieve ideal
intestinal repair.*

In order to meet this challenge, we prepared an adhesive GA-
PAA hydrogel sheet based on a UV-curing process. The hydrogen
bonding force generated by the abundant carboxyl groups on
the surface of the hydrogel contributes to rapid tissue adhesion.
The covering PVA membrane shields the excessive adhesion of
carboxyl groups on the top surface. The hydrogen bonding and
mechanical interlocking between PVA and GA-PAA generate
a dense surface, thus forming a composite hydrogel sheet with
an asymmetric porous surface and tissue adhesion, which can
contribute to intestine repair without postoperative tissue
adhesion.

Experimental section
Materials

All chemical reagents were purchased from Sigma-Aldrich and
utilized without further purification wunless otherwise
mentioned. To obtain the hydrogel sheet, acrylic acid (AA),
gelatin methacrylate (gelMA, from porcine skin with 80%
substitution), gelatin (GA, from porcine skin) and Irgacure 2959
were utilized for the preparation of the adhesive substance. PVA
(with 99% hydrolyzed, Mw 115 000) was used for the anti-
adhesive substance. To better remove the adhesive hydrogel
from the mold, we customized a mold using Teflon materials
with an as-prepared groove with a thickness of 210 um.

Preparation of PVA/GA-PAA hydrogel sheet

The PVA/GA-PAA hydrogel sheet was mainly prepared using
a two-step process. In brief, the adhesive GA-PAA hydrogel was
prepared using a prepolymer solution including 30% (w/w) AA,
0.1% (w/w) gelMA, 10% (w/w) GA and 0.1% (w/w) Irgacure 2959
by UV-curing for 20 min in a mold. Next, 5% (w/w) PVA solution
was uniformly coated on the surface of GA-PAA after drying for
10 minutes in the oven (50 °C). Lastly, the PVA/GA-PAA hydrogel
was completely dried to form a sheet, taken out of the mold and
stored at —20 °C. The PVA/GA-PAA hydrogel sheet was used in
the as-made state. To prepare the GA-PAA hydrogel sheet as the
control group, the process was same as for the PVA/GA-PAA
hydrogel sheet but without PVA coating.

Chemical structure

Fourier transform infrared (FTIR) spectra of the GA-PAA and
PVA/GA-PAA hydrogel sheets samples were measured to confirm
the expected chemical structure. Samples for FTIR measure-
ments were ground with 1 wt% KBr and pressed into pellets,
and absorption peaks were measured in the spectral range of
4000 to 400 cm ™" using an FTIR spectrometer (Avatar 360, USA).
High-resolution X-ray photoelectron spectroscopy (XPS) of C
and N was conducted using the Escalab Xi+ instrument (Ther-
moFisher, U.S.). The detection conditions were 23.5 eV pass
energy utilizing Ar" gun neutralization to compensate.
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SEM observation

The PVA/GA-PAA hydrogel sheets after lyophilization were fixed
on a copper platform, sprayed with gold for 180 s, and observed
utilizing a Quanta 250 FEG field SEM (Thermo Fisher, Talos
F200x, USA), operating at an accelerating voltage of 20 kV. For
a better comparison of the two-sided morphology of the
hydrogel sheet samples, the samples were obtained under the
same conditions and the top surface and bottom surface were
from the same sample.

Adhesion test

To measure the adhesive performance of PVA/GA-PAA hydrogel
sheets, one side of the intestinal tissue was fixed on stiff back-
ings using cyanoacrylate glue. The adhesive side of the PVA/GA-
PAA hydrogel sheet sample was adhered to the fresh intestinal
surface under persistent pressing for 5 seconds with a 1 kPa
force. The samples were then subjected to a lap-shear test
according to the standard conditions of ASTM F2256 at a stable
rate of 20 mm min~ ' utilizing a mechanical testing machine
(10 N load-cell, Instron 5967, USA). The intact stress-strain
curves were recorded until the hydrogel sheet sample broke
away from the tissue.

Mechanical test

The hydrogel sheets in the as-made and water-equilibrated state
were trimmed into a dog-bone shape for the stress-strain
experiment (L = 30 mm, W = 10 mm). The Young modulus of
the hydrogel sheet sample was measured using a tension test at
a stable rate of 30 mm min " utilizing a mechanical testing
machine (10 N load-cell, Instron 5967, USA). To better observe
the stretching effect, the tensile length of the samples was
photographed using a digital camera before breakage.

Protein resistance property

The hydrogel sheet samples were submerged and incubated in
2 mg mL " fibrin solution and bovine serum albumin (BSA) for
2 hours at 37 °C, respectively. The sheet samples were gently
taken out of the solution, washed at least four times using
deionized water to remove the loosely adhered protein, rinsed
in 1 mL of deionized water and then subjected to 10 minutes of
continuous sonication to separate the proteins firmly adhered
on the samples. The adhered proteins were quantified on
a micro-plate reader using a micro-BCA kit according to the
instructions. To observe the resistance of the hydrogel sheets to
blood staining, the upper surface of the hydrogel sheets (PVA
surface) was soaked with sheep blood and then washed with
PBS to observe the residual blood.

Cytocompatibility assay

L929 cells were utilized to investigate the compatibility of the
PVA/GA-PAA hydrogel sheet. Firstly, the leachate of a hydrogel
sheet immersed in PBS for 24 h was collected. L929 cells were
seeded at 1 x 10" cells per well in 24-well plates and cultured
using DEME medium with 10% (v/v) of the leachate samples in
an incubator at 5% CO,, 37 °C for a predetermined time (1, 3, or
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5 days). A live/dead staining kit was used to detect the cell
viability as per the instructions. The stained cells were observed
and imaged using a fluorescence microscope (Nikon Ti2,
Japan).

Cytotoxicity was analyzed using a cell counting kit (CCK-8). In
brief, L929 cells were seeded in 96-well plates with a density of 1 x
10? cells per well and co-cultured using DEME medium with 10%
(v/v) of leachate. The medium was removed at the pre-set time, and
CCK-8 solution was utilized to detect cell proliferation as per the
instruction manual. The yellow solution with CCK-8 was transferred
to 96-well plates, and the absorbance value was detected at 450 nm
using a microplate reader (Cytation 5, Biotek, USA).

To observe the adhesion of different surfaces to cells, the
PVA/GA-PAA hydrogel sheet was cut into a round shape and
fixed in a 6-well plate. 2.5 x10* L929 cells were respectively
seeded on both sides of the PVA/GA-PAA hydrogel sheet. After
four hours, the PVA/GA-PAA hydrogel sheet was cleaned using
deionized water, and the adhered cells were fixed with 2.5%
glutaraldehyde. Then, 30%, 50%, 70%, 90%, 95% and 100%
ethanol were used for gradient dehydration for 30 minutes. The
cell morphology was observed using SEM after drying.

Animal experiment

An incision of 5 mm was created on the intestine of 6 week-old
SD rat weighing about 200 g and then sealed using the adhesive
PVA/GA-PAA hydrogel sheet. A no-treatment group and a GA-
PAA hydrogel sheet group served as the control groups. All
operation procedures were conducted under the standard
conditions as per the Ethical Committee regulations in China.
The rats were sacrificed and photographed for observation of
tissue adhesion in the operation position at two weeks post-
operation. The repaired wound was prepared into tissue sli-
ces, and H&E staining of local wound tissue was used for
pathological analysis. The postoperative tissue adhesion
scoring was performed as per the international tissue adhesion
scoring standards. Scoring grade 0 indicates that no tissue
adhesion appears; scoring grade 1 indicates only one thin filmy
tissue adhesion; scoring grade 2 means that more than one thin
adhesion is present; scoring grade 3 means that there is a thick
adhesion with a focal point; scoring grade 4 indicates thick
adhesion with plantar attachment or more than one thick
adhesion with a focal point; and scoring grade 5 indicates very
thick vascularized adhesion or more than one plantar adhesion.

Statistical analysis

Statistical analysis was performed using one-way ANOVA using
SPSS 19.0. A p-value < 0.05 was considered statistically signifi-
cant. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not statistically
significant. Error bars represent mean =+ SD (n > 3).

Results and discussion

FTIR analysis

The PVA/GA-PAA hydrogel sheet was obtained by the initial
formation of AA and GA under the action of UV light polymer-
ization and subsequent PVA coating on the surface of one side
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(Fig. 1). Fig. 2A shows the FTIR spectra of GA-PAA and PVA/GA-
PAA hydrogel sheets. Absorption peaks at 1635 and 1546 cm ™'
corresponding to the amide I C=O0 stretching vibration and
amide II N-H bending vibration, respectively, can be observed,
which can be attributed to gelatin.>® The absorption peak at
1403 cm ™" can be ascribed to the carboxyl group in polyacrylic
acid.” No evident change is observed after the addition of PVA,
except the significantly enhanced absorption peak of the O-H
stretching vibration at 3200 cm ™', indicating that PVA was not
involved in a chemical reaction, and can form a stable physical
barrier on the surface of GA-PAA by hydrogen bonding and
polymer entanglement.

XPS analysis

XPS was further applied to validate the chemical structure
composition of the PVA/GA-PAA hydrogel sheet. The XPS wide-
scan spectra showed the presence of N and C (Fig. 2B). An
obvious characteristic peak of N 1s at a binding energy of about
400 eV was observed; however, no significant change in the
intensity of N 1s or new bonding energy peaks appeared after the
addition of PVA. Through further analysis of the high-resolution N
1s bonding energy spectrum (Fig. 2C and D), the obvious bonding
energy peak at 400 eV can be ascribed to NH, or -N-C=0 peaks of
PAA or GA."® The bonding energy spectra of C 1s showed distinct
absorption peaks at 288.6, 284.8, and 286 €V, corresponding to
C=0, C-C, and C-OH, respectively, which were mainly from GA
and PAA (Fig. 2E and F). No new characteristic peaks appeared in
the bonding energy spectrum of C 1s after the addition of PVA.

Morphology observation

The PVA/GA-PAA hydrogel sheet has a transparent appearance,
facilitating the direct observation of the wound state when
applied for wound closure (Fig. 3A). The microscopic
morphology of the hydrogel sheet was further observed using
SEM (Fig. 3B). The two sides showed distinct differences in their
pore structures, including rough and uniform pores of about
100 um, which benefit cell growth, in the adhesive surface.”
Moreover, the rough surface morphology is conducive to the
formation of tissue adhesion by the mechanical interlocking
effect between the tissue and the adhesion matrix.>® Nonethe-
less, the other side shows a dense structure without pores,
which can form a stable physical barrier to prevent cell and
protein adhesion, and even isolate the internal and external
environment of the intestine to avoid infection.>”?®

Mechanical properties

The good mechanical properties of adhesive hydrogel sheets play
a key role in their long-term sustainable adhesion.* The results of
stress-strain testing showed that the dried hydrogel sheet had
a stable elastic modulus in the first strain of 30% (Fig. 4A). The
stress of 300 kPa significantly exceeds normal intestinal pressure.
In addition, it is found that the PVA/GA-PAA hydrogel sheet had
a slight increasing tendency compared to GA-PAA, which can be
ascribed to abundant hydrogen bonds derived from the hydroxyl
groups of PVA that penetrated into the GA-PAA matrix. Due to the
limited content of PVA, the mechanical properties show a small

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the preparation process of the asymmetrical adhesive hydrogel sheet with anti-fouling performance.

range of improvement, but are superior to those of some adhesive
hydrogels reported in the past.**** The ductility of the hydrogel
sheet was further observed during stretching. The hydrogel sheet
became thin in the middle during stretching and could reach up
to seven times elongation, which is beneficial to energy dissipa-
tion, increasing the adhesion energy at the interface (Fig. 4B).
When the PVA/GA-PAA or GA-PAA hydrogel sheets were immersed
in water, their elastic modulus and elongation at break signifi-
cantly decreased. It can be explained that a large number of water
molecules lead to the disruption of hydrogen bonding, increasing

the brittleness of the hydrogel sheets.*® Despite the decreased
elastic modulus, it can meet the intestinal closure requirements.

Adhesion properties

Adhesive biomaterials are capable of achieving rapid sutureless
repair of tissue wounds. However, many adhesives show weak
adhesion in some tissues, including intestinal tissue, due to the
smooth and dense biofilm barrier.>** Herein, the tissue adhe-
sion energy between the PVA/GA-PAA hydrogel sheet and the
intestinal surface was examined using a lap-shear test (Fig. 4C).
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Fig.2 Structural characterization of the PVA/GA-PAA hydrogel sheet. (A) FTIR spectra of the GA-PAA and PVA/GA-PAA hydrogel sheets. (B) XPS
wide-scan spectra. (C and D) Peak-fitting of the XPS spectra in the N 1s regions of the GA-PAA and PVA/GA-PAA hydrogel sheets. (E and F) Peak-
fitting of the XPS spectra in the C 1s regions of the GA-PAA and PVA/GA-PAA hydrogel sheets.
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A

Fig.3
sheet. Scale bars: 200 pm.

The results showed that the two sides of the GA-PAA hydrogel
sheet showed tissue adhesion, reaching a maximum adhesion
strength of 12.6 kPa (Fig. 4D). Only one side of PVA/GA-PAA is
adhesive, and it reached a maximum adhesion strength of 25.8
kPa. The remarkable increase can be ascribed to the better
energy dissipation due to PVA with abundant -OH providing
more reversible hydrogen bonds inside the PVA/GA-PAA
hydrogel sheet. In addition, it can be inferred that the dried
PVA/GA-PAA hydrogel sheets can better absorb the free water on
the tissue surface to enhance the interfacial adhesion energy
due to the additional hydrophilicity of PVA. The stress-strain
curve of tissue adhesion shows that the loading force does not
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Top surface

(A) Photograph of the prepared PVA/GA-PAA hydrogel sheet. (B) SEM images of the surfaces of the two sides of the PVA/GA-PAA hydrogel

disappear immediately after de-adhesion, demonstrating that
the hydrogel sheet shows good flexibility, unlike most brittle
hydrogels. At the same time, the PVA coating on the surface of
the PVA/GA-PAA hydrogel sheet shields the redundant adhe-
sion, reducing the risk of postoperative adhesion
complications.

Protein adsorption

Postoperative tissue adhesion can be caused by an excessive
fibrotic reaction resulting from aggravated inflammation in
addition to immediate abnormal adhesion of the material.>* As
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Fig. 4 Characterization of the mechanical properties and adhesive performance. (A) Stress—strain curves of GA-PAA and PVA/GA-PAA hydrogel
sheets. (B) Photographs of PVA/GA-PAA hydrogel sheets stretched to more than seven times their original length. (C) Stress—strain curves of GA-
PAA and PVA/GA-PAA hydrogel sheets in the water-equilibrated state. (D) Shear strength versus strain for porcine intestine adhered using the
GA-PAA and PVA/GA-PAA hydrogel sheets. (E) Maximal adhesion strength of the GA-PAA and PVA/GA-PAA hydrogel sheets (top and bottom

surfaces).
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a matter of fact, the fast recognition of a foreign body by the
organism generating a systemic immune response will exacer-
bate inflammation in the wound, triggering an excessive fibrotic
reaction to form a scar. Therefore, anti-protein adhesion ability
plays a vital role in resisting biological contamination, evading
immune system attack, and reducing the risk of postoperative
adhesion.? According to the protein adsorption results (Fig. 5A
and B), pure PVA or a PVA coating on the surface of the PVA/GA-
PAA hydrogel sheet showed adsorption ratios lower than 0.5 pg
cm 2 for the representative proteins BSA and fibrin; however,
the other side of the PVA/GA-PAA hydrogel sheet shows
a capacity for asymmetric biological adhesion with a high
adhesion rates for both proteins. As reported, adhesion rates of
1 pg cm ™ indicate postoperative anti-adhesion potential.’®

Cell adhesion experiments further confirmed that the top
surface can effectively prevent cell adhesion, but the bottom
does not affect cell adhesion. It can be inferred that the blood
mainly includes protein and blood cells, and cell adhesion is
ascribed to the protein integrin. Therefore, the PVA/GA-PAA
hydrogel sheet showed anti-adhesive capacity toward cells.
Inspired by this, the PVA/GA-PAA hydrogel sheet can be bene-
ficial for in vivo anti-adhesion.
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Biocompatibility

To assess the biocompatibility of the PVA/GA-PAA hydrogel
sheets, CCK-8 and live-dead staining analysis were performed.
The results of co-culturing with the samples revealed that the
L929 cells can rapidly proliferate on day 1, 3, and 5 without
significant density differences between the PVA/GA-PAA, GA-
PAA, and control groups, indicating that PVA/GA-PAA does not
affect the growth of L929 (Fig. 5C). The live-dead staining
results validated that L929 cells showed the normal state with
a shuttle-shaped morphology and similar proliferation rates
between all the groups for 5 days (Fig. 5D).

Evaluation of postoperative adhesion prevention in vivo

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Guangz-
hou Huateng Biomedical Technology Co., Ltd., and approved by
the Animal Ethics Committee of Guangzhou Huateng Biomed-
ical Technology Co., Ltd. Inspired by the good biocompatibility
and stable amphipathic properties in vitro, a rat intestinal injury
model was constructed to assess the capacity of the PVA/GA-PAA
hydrogel sheet for wound sealing without postoperative tissue
adhesion in vivo (Fig. 6A). A 5 mm incision in the rat intestine
was treated with GA-PAA or PVA/GA-PAA. PVA/GA-PAA showed
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Fig. 5 Anti-fouling performance and biocompatibility of the hydrogel sheet. (A and B) BCA measurements of BSA and fibrin absorption on the
surfaces of the two sides of the PVA/GA-PAA hydrogel sheets and PVA alone. (C) L929 cell proliferation on PVA, GA-PAA and PVA/GA-PAA
hydrogel sheets after culturing for 1, 3 and 5 days. The blank group was the control group. (D) L929 cell viability after culturing in PVA, GA-PAA
and PVA/GA-PAA hydrogel sheets for two days as determined using live/dead staining: live (green), dead (red). Scale bars: 200 um.
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Fig. 6

(A) Schematic illustration of intestinal repair in the rat model. (B) Operation photographs of injured intestine sealed by the adhesive PVA/

GA-PAA hydrogel sheet. Scale bars: 10 mm. (C) Postoperative tissue adhesion scores 14 days after surgery in the blank, GA-PAA and PVA/GA-PAA
hydrogel sheet groups. (D) Gross observation of the repaired intestine 14 days after surgery. Scale bars: 10 mm. (E) Pathological analysis using
H&E in the blank, GA-PAA and PVA/GA-PAA hydrogel sheet groups 14 days after surgery. Scale bars: 100 um.

significant hemostasis of the wound during surgery (Fig. 6B). At
two weeks post-operation, the rats were sacrificed to observe the
injured intestine. The control and GA-PAA groups showed
a serious tissue adhesion state with maximum adhesion scores
according to the international standard assessment, while the
PVA/GA-PAA group had almost no adhesion with the lowest
scores (Fig. 6C and D). Ectopic adhesion was also observed in
addition to wound adhesion in the control and blank groups. It
can be speculated that the blank group experienced infection in
the abdominal cavity due to the indulgent leaks, and the GA-
PAA group was prone to acute adhesion due to surface phys-
ical adhesion. No significant inflammatory or tissue adhesion
was observed in the PVA/GA-PAA hydrogel sheet group.
According to the pathological analysis of histological sections,
the epithelial tissue in the control group was not repaired, with
obvious plasma membrane adhesion. The GA-PAA group

4422 | RSC Adv, 2024, 14, 4416-4423

showed significant inflammatory cells, fibroblast aggregation,
and adhesion tissue, while the experimental group showed
obvious boundaries between the plasma membrane and the
surrounding normal intestinal tissues without tissue adhesion
(Fig. 6E).

Conclusions

In summary, a PVA/GA-PAA hydrogel sheet with asymmetric
tissue adhesion was successfully prepared. Tough adhesion
under wet conditions, stable mechanical properties, favorable
biocompatibility, and remarkable anti-fouling capacity allow
the PVA/GA-PAA hydrogel sheet to achieve fast wound sealing of
injuries without postoperative tissue adhesion. The perfect
combined strategy of opposite performances provides the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adhesives with promising insight into clinical application in the
future.
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