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Ideal repair of intestinal injury requires a combination of leakage-free sealing and postoperative antiadhesion.
However, neither conventional hand-sewn closures nor existing bioglues/patches can achieve such a combina-
tion. To this end, we develop a sandwiched patch composed of an inner adhesive and an outer antiadhesive layer
that are topologically linked together through a reinforced interlayer. The inner adhesive layer tightly and
instantly adheres to the wound sites via -NHS chemistry; the outer antiadhesive layer can inhibit cell and protein

fouling based on the zwitterion structure; and the interlayer enhances the bulk resilience of the patch under
excessive deformation. This complementary trilayer patch (TLP) possesses a unique combination of instant wet
adhesion, high mechanical strength, and biological inertness. Both rat and pig models demonstrate that the
sandwiched TLP can effectively seal intestinal injuries and inhibit undesired postoperative tissue adhesion. The
study provides valuable insight into the design of multifunctional bioadhesives to enhance the treatment efficacy

of intestinal injuries.

1. Introduction

The intestine digests food, absorbs water and exhausts waste from
the body. Intestinal injuries frequently occur due to intestinal cancer,
local lesions or any activity that causes a serious blow to the abdomen
[1-4]. Ideal treatment of intestinal injuries should bear two features: (i)
sealing of the injury defect should be free of leakage; otherwise, the
material inside the intestine will leak into the abdomen, causing a
serious and possibly life-threatening infection [5-8], and (ii) post-
operative adhesions should be sufficiently well suppressed to avoid
acute intestinal and bowel obstructions, among other complications
[9-11]. Unfortunately, none of the current surgical repair strategies for
intestinal injuries can simultaneously achieve leakage-free and
anti-postoperative sealing performance.
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Sutures are commonly adopted to execute sealing for intestinal
trauma through hand-sewn closures of intestinal injuries (Fig. 1a) [5].
Tissue damage from sutures is inevitable due to needle piercing, which
frequently results in anastomotic leaks as well as complications,
including infection, sepsis, and even death [12,13]. Furthermore, su-
turing is a time-consuming process and thus increases the risk of sec-
ondary inflection due to the prolonged exposure time of the injured
intestine [14,15]. As an alternative to sutures, bioglues (i.e., Coseal,
fibrin glue and so on) have emerged as a time-saving sealing treatment
for intestinal repair [16-19]. However, most bioglues are in a liquid
state when delivered to the would sites; thus, they can be diluted or even
washed off by a large amount of tissue fluid seeping from the damaged
intestine, limiting the sealing efficiency for intestinal defects [20,21].

In addition to bioglues, solid-state adhesive patches have
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Fig. 1. Design and mechanism of the sandwiched patch. (a) Schematic illustrations of different sealant applications for intestine repair. (b) Schematic illustrations of
the structure design of the TLP. (c) Schematic overview of the internal molecular combination and interfacial action in the trilayer sandwiched patch. (d) Schematic
illustrations of the adhesion mechanism of the TLP. (e) Photograph of the dry TLP. Scale bar: 1 cm. (f) Scanning electron microscope (SEM) images of the cross section
and surface morphologies of the TLP. The false color on the images was used for better distinction. Scale bars: 50 pm (g) Cross-section image of TLP labeling with
different dyes on the TLP by fluorescence microscope observation. Scale bar: 50 pm mPEGA, methoxy poly(ethylene glycol) monoacrylate; PMCP, poly[2-(meth-
acryloyloxy)ethyl choline phosphate]; PGly, poly(glycine); 4rPEG, 4-arm PEG amino.
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demonstrated superb performance in sutureless repair of damaged tis-
sues [5,22,23]. In a pioneering work by Zhao’s group, dry adhesive tape
was directly employed to seal heart defects within 5 s [24]. Zhu et al.
prepared hydrogel bioadhesives for promoting oral mucosal wound
healing [25]. Despite progress, double-sided bioadhesives may still lead
to undesired postsurgical adhesion owing to their indiscriminate adhe-
sion to surrounding normal intestinal tissue, and such postoperative
adhesion cannot be thoroughly addressed by simply modifying the
backside of the patch with nonadhesive groups [26-29]. Furthermore,
most bioadhesives composed of bioactive groups can adsorb proteins
and cells, which subsequently promote inflammation and fibrosis to
cause postoperative tissue adhesion [30-33]. Overall, it is desired yet
challenging to fabricate a sealant for intestinal injury with a combina-
tion of timely sealing, single-side adhesion, and anti-tissue adhesion.

To address these challenges, we conceived a three-layer sandwiched
patch composed of an adhesive bottom layer, a reinforced interlayer and
an antiadhesive top layer (Fig. 1b). Adjacent layer interfaces are tightly
connected by covalent bonds and mechanical interlocking of entangled
polymers. These integrated layers synergistically function to render
leakage-free and anti-postoperative repairs for intestinal injury. The
adhesive layer specifically and rapidly adhered to the wet tissue surface
based on covalent anchoring (Fig. 1c—d). The reinforced layer aids the
congruent and robust attachment of patches on intestines. The top layer
inhibits protein and cell adhesion to prevent postoperative adhesion.
Such a trilayer patch (TLP) possesses a unique combination of instant
wet adhesion, high mechanical strength and biological inertness. To this
end, the TLP can effectively seal the injury without causing undesired
postoperative tissue adhesion, as demonstrated in both rat and pig ex-
periments. In addition, our data further revealed that the outstanding
tissue antiadhesion capability of the sandwiched patch can be attributed
to the significant inhibition of postoperative inflammation and fibrosis.
This research thus establishes a potential strategy to enhance the
treatment efficacy of intestinal injuries in the clinic.

2. Materials and methods
2.1. Bioadhesive patch fabrication

The TLP was prepared by the combination of an adhesive layer, a
reinforced layer and an antiadhesive layer based on free radical copo-
lymerization. The adhesive layer was first prepared by UV-curing for 5
min. The prepolymer solution for the adhesive layer, including acrylic
acid (AA) with a concentration of 30 wt%, acrylic acid N-hydroxysuc-
cinimide ester (AA-NHS) with a concentration of 1 wt%, 4rPEG with a
concentration of 4 wt%, PEGDA (Mn 2000) with a concentration of 0.06
wt% and a-ketoglutaric acid with a concentration of 0.1 wt%, was added
to a square polytetrafluoroethylene mold with a depth of 0.5 mm, and
the solution was dried in an oven (50 °C, 2 min). Then, the prepolymer
solution for the reinforced layer mainly composed of gelatin (3%, w/w),
N-acryloyl-2-glycine (AGly, 27 wt%) and a-ketoglutaric acid (1%, w/w)
was UV cured on the top surface of the adhesive layer (365 nm, 5 min)
and dried in an oven (50 °C, 2 min). The antiadhesion layer was pre-
pared by the same method above on the surface of the reinforced layer
using the prepolymer solution mainly composed of mPEGA (20%, w/w)
and MCP (100%, w/w) in deionized water; however, the curing time was
adjusted to 30 min. Then, the patch was dried in an oven (50 °C, 2 min),
removed from the model and stored at —20 °C before use. During the
preparation of the TLP, the volume ratio of the adhesive layer to the
reinforced layer to the antiadhesive layer was 2/4/1. A size of 4 cm X
0.75 cm x 200 pm for TLP was showcased in further adhesion experi-
ments unless specified. A one-layer patch (OLP) and a double-layer
patch (DLP) were prepared using the same method as TLP for further
control study.
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2.2. Adhesive properties of TLP

Fresh intestinal tissue was cleaned to remove the residual fat,
covered with an excess of PBS solution spray and sealed in plastic bags to
prevent degradation and dehydration. To detect the adhesive perfor-
mance, the tissue surface was adhered by the adhesive side of the patch
sample with 5 s of pressing under 1 kPa pressure, and stiff backings on
the other size using cyanoacrylate glue before performing 180° peeling,
tensile and lap-shear tests at a continuous rate of 30 mm min~ . Inter-
facial toughness was examined by 180° peeling tests. The adhesion
strength of patch samples was detected after hydration and swelling of
patches adhering to tissue for 2 min. Covalent bond adhesion was per-
formed by immersing the TLP with and without the addition of AA-NHS
in aqueous solution that contained 1 mg/mL green fluorescent micro-
spheres polymethyl methacrylate with -NHj. After 5 min, these samples
were gently removed, washed using deionized water, and observed
under a fluorescence microscope.

2.3. Mechanical properties of TLP

The sample was cut into a dogbone shape (40 x 7.5 x 1 mm®) for the
stress—strain test and circle tensile test, which were performed 10 times
to achieve 100%. To evaluate the tough adhesion and reliable me-
chanical strength of the TLP that was not broken by intestinal pressure, a
burst pressure test was conducted with the normal intestine inner
pressure as the contrast value. Herein, a penetrable hole (10 mm in
diameter) was created on the pig intestine; then, one end of the intestine
was closed using operating scissors, and the other end was connected to
the pressure pump. Next, the hole was sealed by a square TLP. Finally,
the syringe pump with PBS solution was pumped with continuous speed,
and the highest value was recorded when the sample broke.

2.4. In vitro biocompatibility evaluation

Rat fibrocytes were used to evaluate the in vitro cytocompatibility of
TLP. Leachate from the TLP that was immersed in PBS for 24 h was
cocultured with cells and further evaluated with a live/dead cell kit.
Briefly, the cells (2 x 10*/well) were seeded in 24-well plates, and then
cocultured with the samples in a standard incubator for 1, 3 and 5 days.
Two microliters of ethidium homodimer-1 and 0.5 pL of calcein aceto-
methoxy within 1 mL of DEME medium were used to stain the cells, after
being fixed first using 4% paraformaldehyde for 30 min. A fluorescence
microscope (Nikon Ti2, Japan) was used to image the stained cells.

Cytotoxicity was analyzed by a cell counting kit (CCK-8). Briefly,
fibrocytes (1 x 103/well) were seeded in 96-well plates and cocultured
with samples. CCK-8 solution was used for detection according to the
instruction manual at the preset time. The absorbance value at 450 nm
was recorded to assess the cytotoxicity by a microplate reader (BioTek
Corporation imaging reader, USA).

2.5. Invitro and in vivo biodegradability

The in vitro biodegradation tests of the TLP were conducted using
protease degradation. One hundred milliliters of PBS with 5 mg colla-
genase was chosen as the degradation medium. The samples of the TLP
cutting to a square size (25 mm x 25 mm x 1 mm) were immersed in 15
mL of the prepared degradation medium and incubated at 37 °C with
shaking at 60 r.p.m. At the preset time, the samples were removed from
the incubation medium, exhaustively washed with deionized water and
lyophilized. Weight loss was determined as the percentage ratio of the
mass of the lyophilized sample at each time interval, normalized by the
dry mass of the original lyophilized sample.

To further evaluate the in vivo biodegradability, the TLP was cut into
a square size (25 mm x 25 mm x 1 mm) and implanted into the sub-
cutaneous tissue of rats. The rats were sacrificed at week 2 and week 4,
and then the residue sample was washed with deionized water and
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weighed. The responding blood and key organ tissue were detected and
analyzed.

2.6. Measurement of nonspecific protein adsorption

The samples were rinsed with bovine serum albumin (BSA), fibrin,
collagen, and serum solution (2 mg/mL) in a 24-well plate. After incu-
bation at 37 °C for 2 h, the samples were gently removed from the
protein solution and washed five times with deionized water to remove
the loosely adsorbed protein on the surface. Then, those samples were
immersed in 1 mL of fresh deionized water and subjected to sustained
ultrasound cleaning for 10 min to knock off the proteins that were firmly
adsorbed on the hydrogel. The adsorbed protein was quantified using
the micro-BCA kit according to the manufacturer’s instructions. Fluo-
rescein isothiocyanate (FITC)-labeled BSA and collagen were used for
qualitative detection by the same experimental procedure described
above. The samples that absorbed protein were observed by inverted
fluorescence microscopy.

2.7. In vivo biological adhesive and antiadhesion capacity evaluation of
rats and pigs

Eight-week-old male SD rats were used to create small intestine
injury models with an incision of 5 mm length, and 6-month-old male
mini-pigs were used to construct a small intestinal injury model with an
incision 10 mm in length. In the rat operative antiadhesion model, DLP
and OLP were chosen as the control groups to seal the incision, and TLP
was chosen as the experimental group. The commercial Coseal adhesive
and Interceed film that contained an additional suture fixed to the tissue
were considered to be the control group that sealed the incision in the
pig evaluation model. All surgical procedures were performed under
sterile conditions consistent with the Ethical Committee regulations (No.
HTSW210816) of Huateng Biopharmaceutical Technology Co., Ltd in
Guangzhou, China. The rats were sacrificed immediately at 1 week and 2
weeks after the operation. Hematoxylin and eosin (H&E), Masson and
immunofluorescence staining were used for tissue analysis. The pigs
were sacrificed at 2 weeks after the operation to collect tissue samples
for pathological verification.

2.8. Statistical analysis

All data are expressed as the means + standard deviations (SD) and
were analyzed using one-way ANOVA. A p value < 0.05 was considered
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1. Design of the sandwiched TLP

As a proof of concept, the TLP was assembled via layer-by-layer
polymerization methods (Fig. S1) and was hierarchically optimized for
a more stable structure, as described in the supporting information
(Figs. S2-S8). For comparison and to highlight the crucial roles of the
sandwiched structure and each layer, we also prepared an OLP and DLP,
in which the OLP comprised only the adhesive layer and the DLP was
composed of the adhesive layer and reinforced interlayer and no anti-
adhesive layer. The TLP was semitransparent and did not contain re-
siduals of adverse acrylic acid monomers (Fig. le and Fig. S9). The
molecular structure of the TLP was proven by Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
(Fig. S10). Furthermore, the TLP can withstand gentle pulling, bending,
wrenching and rolling after absorbing water (Movie S1 and Fig. S11).
According to scanning electron microscope (SEM) examinations of the
cross section of this patch, it was confirmed that the three layers in the
TLP welded to each other via mutual diffusion (Fig. 1f). This sufficiently
interpenetrated interface was further accessed by labeled layers,
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indicating the formation of a stable structure (Fig. 1g).
csSupplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.12.003

Interestingly, the pore size gradually increases from the antiadhesive
layer to the adhesive layer without boundaries, indicating that the
reinforced middle matrix formed a stable combination with the adjacent
layers based on the interfacial covalent bone and mechanical inter-
locking. Additionally, the surface of the antiadhesive layer is dense and
smooth, benefiting antiadhesion. The surface of the adhesive layer is
highly porous and rough, contributing to tissue adhesion. The
morphology feature can be inferred that a high crosslinking density
appeared in the thin antiadhesive layer based on a high content of MCP
and mPEGDA; however, a low crosslinking density and hydrophilic
matrix led to large pores.

The tensile strength of the TLP reaches 303 kPa, which is one order of
magnitude higher than that of the OLP (~21 kPa). Interestingly, the TLP
can successfully hold a weight of 500 g, but the OLP and the control
group that was combined by the adhesive layer and antiadhesive layer
broke under the same loading (Fig. S12a). The TLP exhibits outstanding
resilience, demonstrating the capability to be restored from deformation
even after hundreds of loading—unloading cycles (Fig. S12b). Rheolog-
ical tests further confirmed the improved resilience of the TLP compared
to the OLP (Fig. S13a). In addition, increasing the shear rate reduces the
viscosity, which can be attributed to the shear-induced breaking of dy-
namic bonds, such as hydrogen bonds [34].

3.2. Adhesive performance

Next, we examined the adhesion performance of the TLP in vitro. The
capacity of the TLP to absorb water at the tissue interface plays a key
role in wet interface adhesion. After being hydrated in water, the anti-
adhesive layer becomes smoother. In contrast, the roughness of the
adhesive layer increases upon water absorption, and increased rough-
ness was reported to enhance the seamless contact between bioadhesives
and the tissue (Fig. 2a) [16,45,46]. We infer that a thin antiadhesive
layer forms a hydration layer on the surface and that a thick adhesive
layer can rapidly absorb the interfacial water based on the abundant
pore structure. In addition, the TLP exhibited a swelling ratio of 1600%
and 4-fold volume expansion in a body-liquid mimic (Fig. S14), which
confirms that the TLP can effectively absorb interfacial water to promote
tissue adhesion. Notably, we hardly observed delamination in the
swelling state, which will benefit the subsequent application of intestine
adhesion.

To comprehensively assess the adhesion performance of the TLP
under various deformation modes, lap-shear, tensile and 180° peel tests
between patches and intestines were performed (Fig. 2b—d). For the TLP,
tight (with an interfacial toughness of ~84 J m~2) and tough (with a
shear strength of ~53 kPa and tensile strength of ~118 kPa) adhesion
values were greater than those of the OLP. To assess adhesion to the
intestine under wet conditions, the intestine sealed with the TLP was
immersed in deionized water for different times. The adhesion strength
changed from 38.7 to 24.1 kPa after soaking in water for 0.5-24 h
(Fig. 2e). To confirm the successful and effective adhesion mode, the
adhesion strength test of TLP adhered to wet intestine over the changed
pressing time was conducted, and maximal adhesion strength was ach-
ieved under the continuous pressure of 1 kPa for 5 s (Fig. S15). The tight
adhesion to tissue underwater was due to covalent bonding via -NHS
chemistry (Fig. S16). The adhesion strength showed a slight decreasing
tendency, which could be ascribed to the destruction of hydrogen bonds
under abundant water. However, although it decreased, the final
adhesion strength was still higher than that of most of the previous
hydrogel adhesives (Fig. 2f). Moreover, the TLP showed entirely
different adhesive properties of the two surfaces, and the antiadhesive
surface showed negligible adhesion, indicating stable versatility
(Fig. 2g). Burst pressure test results were obtained through the adher-
ence of a patch to pig intestine tissue with a 5 mm hole under liquid
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Fig. 2. TLP adhesion performance. (a) 3D contour images of the antiadhesion surface and adhesion surface of the dry TLP before and after contacting water. (b-d)
Schematic illustrations of the adhesion tests through lap-shear, tensile and 180° peeling tests, respectively (n = 3). (e) The lap-shear adhesion strength of the TLP to a
pig intestine after rinsing in water for the preset time interval (n = 3). (f) Comprehensive comparison between TLP and the reported adhesive hydrogels regarding the
adhesion strength and fracture strain [34-44]. (g) Pictures showing the adhesion property of the adhesive surface and antiadhesive surface of the TLP labeled with
blue dye for observation. Scale bar: 10 mm. (h) Schematic diagram of the designed setup for quantitative analysis of burst pressure (n = 3). (i) Comparison of
adhesion strength between the OLP and TLP applied to a perforated intestine with water pressure. Scale bar: 10 mm. (j) Pictures showing the instant immersed
adhesion of the TLP to the pig intestine under pumping water conditions with the addition of red dye to observe further leakage underwater. Scale bar: 10 mm. (k)
Pictures showing the robust adhesion of the TLP to the fresh pig intestine. Scale bar: 10 mm. (1) The morphology of the interfacial adhesion state between the TLP and

intestinal tissue by SEM observation. False color was used to achieve better observations. Scale bar: 50 pm **p < 0.01, ***p < 0.001.

pressure, which instantly increased (Fig. 2h). The TLP showed a burst
pressure of 21 kPa, approximately 2.7 times higher than that of the OLP.
To determine the in vivo sealing performance, a 5 mm incision was
created in vitro on the center of the pig intestine by pumping liquid with
strong pressure, and the TLP successfully sealed the incision, but the OLP
could not instantly seal the incision (Fig. 2i). Afterwards, the sealed pig
intestine was pumped with a red dye solution, and no leakage was
detected after the fifth day (Fig. 2j). Moreover, a more reliable adhesion
simulation was investigated using the fresh pig intestine, and the TLP
showed robust adhesion to the pig intestine (Fig. 2k). As shown in the
SEM results (Fig. 21), a tight combination between the TLP adhesive
layer and intestine tissue surface formed.

3.3. Antifouling performance of the sandwiched patch

The adhesion of cells and proteins is closely related to the hydro-
phobic interaction of the patch surface (Fig. 3a) [47-53]. The anti-
adhesion surface of the sandwiched patch with a relatively smooth
morphology had a low contact angle of approximately 16°, which
resulted in hydrophilic performance. The ability of the TLP to resist
fouling was further evaluated by detecting the resistance to cell
attachment and nonspecific protein adsorption. TLP exhibited
outstanding resistance to nonspecific protein absorption by observing
FITC-labeled BSA and collagen absorption by fluorescence microscopy
(Fig. 3b). The quantitative absorption test indicated that the absorbed
BSA was 0.757 pg/cm? for OLP, 0.645 pg/cm? for DLP and 0.139 pg/cm?
for TLP (Fig. 3c). The amount of absorbed collagen, which is an
important protein that promotes cell adhesion, was 0.502 pg/cm? for
OLP, 0.678 pg/cm? for DLP and 0.147 pg/cm? for TLP (Fig. 3d). The
amount of absorbed fibrin, which is related to blood clotting and
thrombosis formation, was 0.292 pg/cm? for OLP, 0.267 pg/cm? for DLP
and 0.045 pg/cm2 for TLP (Fig. 3e). The amount of absorbed serum,
which acted as a complex mixture that promoted cell adhesion, was 0.6
pg/cm? for OLP, 1.26 pg/cm? for DLP and 0.246 pg/cm? for TLP
(Fig. 3f). This superb antifouling performance is related to a tight hy-
dration layer on the TLP surface [30,54,55], which may occur due to
superhydrophilic moieties that exhibit a remarkably strong resistance to
protein adhesion. The antifouling efficiency of TLP is superior to that of
some individual antifouling biomaterials without tissue adhesion func-
tion as previously reported [10,11,29,55]. The capacity of blood to
self-fuse was examined to stimulate the inevitable obstacles that occur
when the TLP was applied in vivo. The antiadhesive layer showed
remarkable resistance to the blood coating (Fig. S17).

During the intestine operation, the abdomen will inevitably be cut to
cause rupture of the vein. In addition, abundant veins are distributed in
intestinal tissue, and are easily broken after injury, and there is a high
chance that human umbilical vein endothelial cells (HUVECs) will
interact with implant biomaterials. Adhesion against L929 cells and
HUVECs on the antiadhesive layer of the TLP was further evaluated
(Fig. 3g). The cells were barely observed in the TLP at all times after cell
seeding on the surface of different layers. In contrast, dense cells
adhered to the surface of the OLP and DLP, indicating that the materials
have a superb ability to prevent cell adhesion (Fig. 3h).
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3.4. Biocompatibility and degradability of the sandwiched TLP

The outstanding cytocompatibility of the TLP was validated after 7
days of incubation with fibroblasts derived from mice (Fig. 4a-b). The in
vitro degradation kinetics indicated that complete degradation occurred
after one month (Fig. 4c). The in vivo degradation was monitored after
the TLPs were subcutaneously implanted in rat models (Fig. 4d). The
TLP was almost completely degraded within 2 weeks and vanished at the
fourth week (Fig. 4e). The same and normal levels of red blood cell and
monocyte concentrations were observed at all times. Despite the in-
crease in white blood cell and neutrophil concentrations that was
observed at the second week, the values were within normal concen-
tration ranges and remained almost constant at the fourth week
(Fig. 4f-g). No significant signs of inflammatory lesions or damage were
observed in the key organs, indicating that the TLP has outstanding
biocompatibility (Fig. 4h).

3.5. Injury sealing and tissue antiadhesion in a rat intestinal injury model

Encouraged by the favorable comprehensive properties, the versatile
TLP was applied in vivo to prevent postoperative adhesion in a rat model,
in which an intestinal sidewall injury was made with a 5 mm incision
(Fig. 5a). An instant pressing process with approximately 1 kPa for 5 s
was conducted on the TLP to promote interfacial water absorption to
soften and improve the fast H-bone interaction between the adhesive
and tissue. Furthermore, robust adhesion to the intestine was demon-
strated in vivo under high internal pressure intervention through instant
saline injection (Fig. S18 and Movie S2), which was advantageous for
the TLP once the intestine expanded during digestion.

csSupplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.12.003

The antiadhesion effect of the TLP on the injured intestine was
confirmed and scored at week 1 and week 2 according to the unified
scoring criteria. At week 1, the nontreatment group was 3.1, the OLP
was 3.8, the DLP was 2.2 and the TLP was 0.1 (Fig. 5¢). A significant
difference was observed between the no-treatment and DLP groups,
demonstrating that an effective physical barrier from the injury sealant
could slightly alleviate postoperative adhesion. We reasoned that com-
plications can easily occur when the damaged intestine is sealed only by
common bioadhesives due to leakage and indiscriminate adhesion from
the surface layer [26,56-58]. At week 2, the untreated group scored 4.4
for the OLP, 3.4 for the DLP and 0.1 for the TLP. Except for the TLP, the
surrounding circumjacent mesentery and surface of the damaged in-
testine wall were severely adhered due to invalid treatment (Fig. 5b and
Fig. S19a). Afterwards, the degree of wound healing was evaluated, and
the TLP exhibited the highest wound aggregation (Fig. S19b).

The pathological changes were analyzed through H&E and Masson
staining as the intestine wall healed (Fig. 5d and Fig. S20). As shown in
the H&E staining results, substantial formation of adhesion tissue and
obvious inflammatory cells appeared on the intestine surface in the
untreated, OLP and DLP groups at week 2. In the TLP group, there was a
layer of new mesothelial cells that were restored in the injured position
without visual tissue adhesion. Masson’s trichrome staining results
showed collagen deposition in the untreated, OLP and DLP groups,
revealing that abundant fibroblast adhesion occurred. The TLP group
had a similar collage structure to that of the normal group at week 2.
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Moreover, the intestinal surface is damaged, and then the inflam-
matory response and the fibrosis process simultaneously occur locally.
Inflammatory cells release proinflammatory cytokines such as
interleukin-6 (IL-6), IL-1p, TNF-a and interleukin-1p. Moreover, TGF-f1
is regarded as the key fibrotic mediator during the tissue adhesion
process. TNF-a not only accelerates blood coagulation and inflammation
effects, but also decreases fibrinolysis by provoking the constant release
of PI in the regulation of fiber deposition and reducing PA levels in the
regulation of fiber degradation. The imbalance between the PI and PA is
the pivotal sign for adhesion formation [59,60]. The levels of gene
expression for IL-1p, IL-6 and TNF-a were pronouncedly downregulated
in the TLP group compared to those in the control groups at 1 week or 2
weeks (Fig. 5e and Fig. S21). The levels of gene expression for TGF-1p,
which promotes fibrosis, were downregulated and showed the lowest
value among the three groups. The levels of PA and PI gene expression
were disturbed in the OLP and no-treatment groups, leading to an
abnormal balance level of fibrinolytic activity. In contrast, the expres-
sion levels in the TLP group exhibited a normal trend, with down-
regulated PI and upregulated PA expression (Fig. 5e and Fig. 522). The
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immunofluorescence staining images further verified the consistent
trend for PA and PI (Fig. 5f). Overall, TLP can help to restrain the in-
flammatory response and reduce the fibrosis process, preventing post-
operative tissue adhesion (Fig. 5g).

3.6. Postoperative tissue antiadhesion in pigs

Based on the excellent results obtained in the rat model, a pig model
test was further performed to obtain reliable and superior results.
Herein, common suture, commercial Coseal adhesive and the Interceed
film that was approved by the Food and Drug Administration (FDA) in
the United States served as the control group (Fig. 6a). During the sur-
gical operation, Coseal hardly sealed the bleeding intestine due to weak
adhesion (Movie S3). For Interceed, sutures must be used to help anchor
the material to the pig intestine (Movie S4). The TLP adhered instantly
and exhibited outstanding mechanical properties (Fig. S23, Movies S5
and S6).

csSupplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.12.003
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Fig. 6. Application and advantages of the TLP for effectively sealing intestinal injuries in a pig model. (a) Schematic illustrations of a pig intestine injury that was
created and sealed by different materials to assess the adhesion and postoperative antiadhesion performance of the TLP. (b) Gross observation of the injured intestine
that was sealed by sutures, commercial Coseal, Interceed and the prepared TLP on day 14. The black arrows indicate the surgical position. Scale bars: 2 cm. (c)
Pathological analysis of specimens in the suture, commercial Coseal, Interceed and prepared TLP groups. The intact mesothelial layer is labeled with black arrows.

Scale bars: 100 pm.

Two weeks after surgery, visual postoperative tissue adhesions
formed in the suture and Coseal groups (Fig. 6b and Fig. S24a). The
commercial film treatment slightly relieved tissue adhesion. No obvious
tissue adhesion could be observed in the TLP group, which showed the
best repair state (Fig. S24b). H&E analysis revealed that new tissue was
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connected with the injured intestine and surrounding tissue in the suture
and Coseal groups. The TLP group had complete and normal tissue
structures with clear and wide spaces (Fig. 6¢). Moreover, Masson
staining was performed, and through the observations, it was deter-
mined that the suture and Coseal groups had abundant collagen
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depositions on their adhesion tissues, indicating that abundant fibro-
blast adhesion had occurred. Overall, the TLP exhibited a successive
sealing capacity and excellent ability to prevent postoperative adhesion.

4. Conclusion

In summary, we report a versatile TLP patch system that is rationally
designed with three functional components, including the inner adhe-
sive matrix, middle reinforced layer and outer antiadhesive matrix.
Through systematic in vitro tests, the TLP patch system was demon-
strated to simultaneously combine a host of therapeutic functionalities,
including instant wet adhesion to seal intestinal injury, a smooth outer
surface to avoid unwanted tissue adhesion and biological inertness to
inhibit cell and protein fouling. A middle layer matrix was utilized on
the basis of a robust covalent effect and mechanical interlocking,
providing intact structural stability and reinforced mechanical strength.
Furthermore, this system exhibited superior biocompatibility compared
to other systems, bioadhesion that was instant and resilient, and
outstanding postoperative tissue antiadhesive performance. It was
demonstrated in both rat and pig models that TLP can perfectly seal the
injury without tissue adhesive obstacles. In addition, the sandwiched
patches exhibited an outstanding ability to inhibit postoperative
inflammation and fibrosis, as determined through molecular mechanism
studies. Thus, this study established a potential therapeutic strategy for
advancing the treatment of intestinal injuries.
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