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ABSTRACT

Janus hydrogels have recently emerged as promising bioadhesives for efficient wet-tissue adhesion and anti-postoperative adhesion. However, existing Janus
hydrogel adhesives normally need varied chemical designs of different layers to achieve asymmetric adhesive/anti-adhesive properties on either side. Here, we
present a new strategy to construct an adhesive/anti-adhesive Janus hydrogel tissue patch accomplished by switching the charge-balance of the hydrogel layers with
similar compositions (anionic carboxyl polymer and cationic e-polylysine, EPL). The bottom layer (AL) is formed under acidic condition (pH 2.85), featuring
abundant -COOH and -NH3 residues, which provide rapid & robust adhesion to diverse wet tissues (up to 100.4 kPa) with high bursting pressure (362.5 mmHg),
while the top layer (MLT) is formed under neutral condition, achieving a balanced charge between -COOH/-NH, and -COO~/—NH3 groups, which mimic the overall
electroneutral structure of zwitterionic materials for efficient anti-postoperative tissue adhesion (up to 6 weeks). Further in vivo studies validated that the integrated
AL/MLT hydrogel patch is biodegradable (within 10 weeks), exhibits broad-spectrum antibacterial activity (up to 99.8 %), and outperforms the commercial fibrin gel
in sutureless wound sealing, rat gastric tissue repair, and anti-postoperative adhesion. This strategy may open a new avenue to develop adhesive/anti-adhesive Janus

bioadhesives for efficient non-invasive internal tissue sealing and promoted wound healing.

1. Introduction

Each year, over 300 million surgical procedures are performed
globally for tissue joining, wound sealing, and implantation of medical
devices [1]. Among these, hand-sewn suturing remains the predominant
method for sealing surgical wounds [2]. However, this time-consuming
procedure can cause mechanical damage to tissues, potentially leading
to adverse postoperative complications such as blood leakage [3], sur-
gical site infections (SSIs) [4,5], inflammation [6], and pathological
tissue adhesion with surrounding organs [7]. Tissue adhesives offer a
promising alternative to sutures, providing advantages for minimally
invasive operations and ease of application [8,9]. Despite this, most
commercially available tissue adhesives (e.g., fibrin gel [10], cyanoac-
rylate glue [11], and bovine serum albumin/glutaraldehyde glue [12])
face challenges in effective internal wound sealing due to weak
wet-tissue adhesion or cytotoxicity [13]. Additionally, commonly re-
ported homogeneous hydrogel bioadhesives pose a high risk of inducing
postoperative tissue adhesion because of their indiscriminate adhesion
properties [14-26].
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Janus hydrogel bioadhesives, which exhibit asymmetric adhesive/
anti-adhesive properties on either side, have recently attracted great
attention for their potential in sealing internal wounds while minimizing
undesired tissue adhesion [27-33]. To date, existing Janus hydrogel
bioadhesives are typically prepared either by blocking the adhesive
functional groups on one side of the adhesive hydrogel with ion-
s/polyelectrolytes (e.g. Fe* [34], Ca%t [35], and chitooligomer [36]) or
by multilayer composite processing to integrate the adhesive hydrogel
with an anti-adhesive layer composed of zwitterionic polymers [28,31,
32,37,38], polyethylene glycol (PEG) [29], or polyvinyl alcohol (PVA)
[27]. However, these multilayer Janus bioadhesives typically contain
two layers with varied chemical designs to fulfill the
adhesive/anti-adhesive properties. The adhesive layer is normally
engineered with massive free carboxyl (-COOH) groups, which have
been proven to strongly bind with tissues via amide reactions or elec-
trostatic interactions, while the anti-adhesive layer is usually con-
structed through the integration of antifouling polymers, forming an
antifouling surface to effectively prevent tissue adhesion [28,31,32,
37-39]. To the best of our knowledge, to create an
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adhesive/anti-adhesive Janus bioadhesive accomplished by switching
the charge-balance of the hydrogel layers with similar chemical com-
positions has never been reported.

Zwitterionic materials, which contain both cationic and anionic
residues yet remain overall electrically neutral, have demonstrated
excellent antifouling properties due to their unique charge-balanced
structures [40-43]. Inspired by the charge-balance nature of zwitter-
ionic materials, we hypothesize that a zwitterion-free hydrogel,
composed of an anionic carboxyl polymer and a cationic amine polymer,
might also exhibit strong resistance to tissue adhesion if the anio-
nic/cationic residues in the polyelectrolyte or hydrogel network achieve
electroneutrality. Additionally, considering the impact of pH variation
on the anionic/cationic balance [44], it is possible to alter the anio-
nic/cationic balance within the hydrogel network through pH adjust-
ment, thereby retaining free carboxyl or/and amine groups for robust
binding with tissues via hydrogen bonding and electrostatic interactions
[39,45].

To test this hypothesis, a Janus tissue patch that combined two
hydrogel layers with similar chemical composition (anionic carboxyl
polymer and cationic EPL) but formed under different pH conditions
(the bottom AL hydrogel was formed at acidic conditions, while the top
MLT hydrogel was formed at neutral conditions) was constructed. The
chemical structure and composition of anionic carboxyl polymers were
characterized. The chemical compositions, surface morphologies, and
surface chemical compositions of the AL/MLT Janus tissue patch were
measured. The mechanical properties and swelling performance of the
AL/MLT patch were tested. The adhesive ability to diverse wet tissues,
biocompatibility, antibacterial ability, and antioxidant activity of the
AL/MLT patch were systematically investigated in vitro and ex vivo. The
biodegradability of the AL/MLT patch was assessed in vivo. Furthermore,
the wound sealing and anti-postoperative tissue adhesion performance
of the AL/MLT patch toward rat gastric defects were evaluated in vivo.

2. Materials and experiments
2.1. Materials and reagents

Acrylic acid (AA, 99 %), methacrylic acid (MA, 99 %), ammonium
persulfate (APS, >98 %), and N, N, N, N-tetramethylethylenediamine
(TMEDA) were purchased from Aladdin. Tannic acid (TA), e-polylysine
hydrochloride (EPL, M,, < 5000) was purchased from Macklin. N-
(Methacryloxy) succinimide (NHSMA) was purchased from Balinway
Technology Co., Ltd. 1,1-Diphenyl-2-picrylhydrazyl free radical (DPPH-)
was purchased from Tokyo Chemical Industry (Shanghai). All solvents
were purchased from Sinopharm Chemical Reagent Co., Ltd. Phosphate-
buffered saline (PBS), cell culture medium, and L929 cells were pur-
chased from Adamas. The simulated gastric fluid (SGF) was prepared by
dissolving NaCl (2 g) in 1000 ml of deionized water, followed by
adjusting the pH to approximately 1.5 with 1 M HCI aqueous solution.
The simulated intestine fluid (SIF) was prepared by dissolving potassium
phosphate monobasic (10.2 g) in 1 L of deionized water, followed by
adjusting the pH to approximately 6.8 with 1 M NaOH aqueous solution.
Enhanced Cell Counting Kit-8 (CCK8), and Calcein/PI Cell Viability/
Cytotoxicity Assay Kit were purchased from Beyotime Biotechnology.
Live/Dead Bacterial Viability Kit was purchased from Thermo Fisher.
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were pro-
vided by the Jiangsu Center for Disease Prevention and Control.
Sprague-Dawley (SD) rats were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. All animal experiments con-
ducted in this study conformed to the Ethics Committee of Nanjing
Normal University and have received approval from the Institutional
Animal Care and Use Committee (IACUC-20230914).

2.2. Preparation of AL/MLT patch

The Janus AL/MLT tissue patch consists of a wet-adhesive AL
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hydrogel patch (the bottom layer) and a non-adhesive MLT hydrogel
patch (the top layer). To prepare the AL patch, 0.8 mL of EPL aqueous
solution (containing 0.1 g of EPL) was mixed with 0.8 mL of PAMN
aqueous solution (containing 0.08 g of PAMN copolymer), yielding the
AL hydrogel complex under a low pH condition (pH = 2.85). Following
the removal of the liquid supernatant, the hydrogel complex was
collected and then dissolved in 400 pL of a 1:1 (v/v) mixture of methanol
and deionized water (pH = 2.85), ultimately yielding a transparent
liquid precursor of the AL hydrogel patch.

The MLT hydrogel patch was prepared through the hydration of MLT
powders. To prepare the MLT powder, typically, 0.5 g of EPL, 0.4 g of
methacrylic acid homopolymer (PMA), and 0.025 g of tannic acid were
dissolved in 10 mL of deionized water. The pH value of the mixture was
adjusted by dropwise addition of NaOH aqueous solutions (1 M),
yielding the MLT hydrogel complex under neutral pH conditions (pH =
7). The hydrogel complex was washed in deionized water, freeze-dried,
and ground to obtain the MLT powder.

To prepare the AL/MLT patch, the liquid precursor of the AL patch
was deposited in a customized silicone/glass mold at a volume of 100
uL/cm? and dried at 60 °C, yielding a transparent AL patch (thickness of
0.11 mm unless otherwise specified). Next, the MLT powders were
evenly deposited on the top surface of the AL patch at a density of 20
mg/cm?, followed by the addition of deionized water to hydrate the
powder. The sample was incubated at 60 °C for 5 min with a press,
yielding the AL/MLT patch. The AL/MLT patch was sealed and stored at
4 °C before use.

The chemical composition of the AL/MLT patch was characterized by
Fourier Transform Infrared Spectroscopy (FTIR) and UV-vis spectro-
photometer. For the FTIR analysis, AL and MLT powders were used. The
AL patch was lyophilized and ground to obtain the AL powder. Typi-
cally, dry AL or MLT powder was mixed with anhydrous potassium
bromide (KBr) at a 1:100 (w/w) ratio. The mixture was thoroughly
ground using an agate mortar and compressed into a transparent pellet
for FTIR spectral analysis. For the UV scanning, the AL patch was dis-
solved in a 1:1 (v/v) mixture of methanol and water (pH 2.85) for
subsequent analysis. For the UV scanning of MLT, 4 mg of MLT powder
was first dissolved in 1 mL of 1 M NaOH aqueous solution, followed by
adding 3 mL of 1 M HCI aqueous solution to the resulting solution for
subsequent analysis. The surface elemental compositions of the AL/MLT
patch were monitored by X-ray photoelectron spectroscopy (XPS,
ThermoFisher). The surface and cross-section morphologies were
imaged by the scanning electron microscope (SEM, JEOL, JSM-5610LV).

2.3. Mechanical tests

To test the mechanical properties of the AL patch, the dried AL patch
was immersed in PBS at 37 °C for 24 h to get swelling equilibrium. The
swollen AL patch (length: 20 mm, width: 12 mm, thickness: 0.3 mm) was
fixed on a dynamic mechanical analysis (DMA) machine (Jinan Metex
Test Technology Co., LTD, CMT6203) for tensile strength test at a con-
stant tensile speed of 50 mm min .

To test the mechanical property of the MLT hydrogel, 350 mg of MLT
powder, deposited in a glass-silicone mold, was hydrated by adding 350
uL of deionized water to the powder. After incubation at 37 °C for 20
min, the resulting MLT hydrogel (length: 25 mm, width: 15 mm,
thickness: 1.2 mm) with/without soaking in Dulbecco’s modified Eagle
medium (DMEM) at 37 °C for 24 h was fixed on the DMA machine for
tensile strength test at a constant tensile speed of 50 mm min~!. A me-
chanical sensor (100 N load cell) was used to monitor the dynamic force,
and the tensile strength was automatically calculated from the stress-
strain curves.

To test the mechanical properties of the AL/MLT patch, the AL/MLT
patch (length: 25 mm, width: 6 mm, thickness: 0.33 mm) was immersed
in PBS at 37 °C for 24 h and then fixed on the DMA tester for tensile
strength tests at a constant tensile speed of 50 mm min~!. The lap-shear
test was used to measure the adhesive strength between the AL and MLT
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layers, with an overlapped area of 13 x 8 mm. The adhesion strength (A)
was determined by the following equation:

A = Fnax/$S (€Y

Where Fp,qx is the maximum force during the tensile process and S is the
adhesion area.

2.4. Adhesion performance of AL/MLT patch

The short-term adhesive strength of the AL/MLT patch to diverse
tissue samples was measured via the lap shear test on the DMA machine
with a 100 N load cell. The AL/MLT patch (length: 25 mm, width: 13
mm) was applied to the tissue surface with gentle pressing of 5 kPa at
37 °C for 2 min (adhesion area: 13 x 8 mm). Polyethylene film (thick-
ness of 0.1 mm) was applied on the tissue and MLT surfaces as a stiff
backing using cyanoacrylate glue (Deli). The lap shear tests were con-
ducted with a constant tensile speed of 50 mm min~!. The adhesion
strength (A) was determined by equation (1). To test the adhesion sta-
bility of the AL/MLT patch in wet environments, the integrated tissue
and AL/MLT adhesive were sealed in a plastic bag with 2 mL of PBS
(containing 0.01 % (w/v) sodium azide) for 24 h at room temperature
for the lap shear strength test.

For the visual observation of the AL/MLT patch adhered to diverse
wet tissues, the AL/MLT patch (length: 25 mm, width: 13 mm) was
applied to the PBS wetted tissue surface (porcine skin, liver, heart, small
intestine, stomach) with a gentle press of 5 kPa for 2 min at 37 °C
(adhesion area: 13 x 8 mm). A polyethylene film (thickness of 0.1 mm)
was applied to the tissue surface as a stiff backing using cyanoacrylate
glue (Deli). Immediately, the tissue loaded with 200 g of weight was
lifted by the AL/MLT patch, and the process was captured by a digital
camera.

Typically, it is challenging for surgical sutures to form a fluid-tight
sealing with the surrounding tissues. Tissue adhesives, capable of
acting as a physical patch, offer great advantages in preventing fluid
leakage from tissue penetration defects [23]. For comparing the
wound-sealing ability between the AL/MLT patch with that of the
commercially available fibrin gel, in vitro bursting pressure tests on
damaged chicken skins (defect: diameter of 3 mm) were performed ac-
cording to our previous work [39]. The AL/MLT patch (diameter: 12
mm) was used to seal the tissue defect (diameter of 3 mm) with a gentle
press of 5 kPa at 37 °C for 1 min. The fibrin gel was applied to the
chicken skin defect following the protocol provided by the manufacturer
(Zhejiang Selling Pharmaceutical Technology Co.). Additionally, the
wound-sealing ability of the AL/MLT patch to ex vivo wet tissues
(porcine skin, small intestine, and stomach) was also evaluated by
bursting pressure tests. The sealed tissues with/without 24-h immersion
in PBS were fixed on the testing devices, and pressure was applied via
gradual injection of PBS (with an injection speed of 10 mL/min). The
fluctuating pressure on the pressure gauge was recorded by a digital
camera, and the maximum pressure before PBS leakage was read from
the recorded videos and defined as the bursting pressure. For the ex vivo
wound-sealing assay, the AL/MLT patch was applied on the surface of ex
vivo organs (porcine heart, small intestine, and stomach with a
10-mm-long incision) with gentle pressing of 5 kPa at 37 °C for 2 min. To
evaluate the wound-sealing stability of the AL/MLT patch, the sealed
organs were immersed in PBS for 12 h, followed by a macroscopic view
of PBS leakage. For in vivo wound-sealing assay, AL/MLT patches were
used to seal the damaged rat liver and stomach with gentle pressing for
15 s. The morphology at the tissue-hydrogel interface was observed by
SEM after 2-min freezing in liquid nitrogen and 24-h freeze drying.

2.5. Antibacterial assay

The e-polylysine is certified to have high antibacterial activity
against broad-spectrum bacteria such as E. coli and S. aureus by
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destroying the cell membrane [46,47]. The bactericidal ability of the
AL/MLT patch composed of abundant EPL was tested via both quanti-
tative and qualitative analysis.

The agar plate colony counting assay: The antibacterial activities of
the AL/MLT, AL, and MLT samples were quantitatively evaluated by the
viable bacterial cell counting method. The samples (diameter of 10 mm)
were incubated with 1 mL of bacterial suspension (suspended in PBS,
S. aureus, E. coli: 10* CFU mL™') at 37 °C for 9 h. PBS was set as the
control group. The resulting bacterial suspension was diluted and plated
for viable colony counts at 37 °C for 16-24 h. The bacterial viability (V)
was calculated according to the following equation:

B = (C1/Cp) x 100 % 2

Where C; and Cy represent the bacterial colonies in the experimental
group and control group, respectively.

For qualitative antibacterial analysis, the bacteria were seeded on
the surface of a titanium sheet (1 x 1 cm) by 4-h co-culture in bacterial
suspension (suspended in tryptone soybean broth, S. aureus, E. coli: 10°
CFU mL™1), and then incubated with the AL/MLT patch in 1 mL of PBS at
37 °C for 9 h. The bacteria on the titanium sheet surface were stained
with LIVE/DEAD® Backlight™ Bacterial Viability Kit (Thermofisher
L7012), and imaged by confocal laser scanning microscope (CLSM,
Nikon Axio Imager A2). In addition, the bacteria were fixed with a 4 %
glutaraldehyde aqueous solution, dehydrated with graded ethanol, dried
in the vacuum, and sprayed with gold for SEM imaging.

2.6. Antioxidant assay

Tannic acid is a representative polyphenolic compound and has been
approved by the US Food and Drug Administration (FDA) as a food
additive for its good antioxidant abilities [48-50]. Therefore, the MLT
hydrogel containing trace TA is expected to have good antioxidant
activity.

For the antioxidant ability assay of MLT powder, the DPPH. clear-
ance test was performed according to the published study [48]. Typi-
cally, 50 mg of MLT powder was added to 5 mL of DPPH- solution (50
pM in methanol). The mixture was incubated at 37 °C for 1.5 and 3 h,
respectively. After centrifugation at 6000 rpm for 5 min, the supernatant
was collected for absorbance measurement at 517 nm using an ultra-
violet-visible spectrophotometer. The DPPH. solution with/without ML
powder was set as a control group.

The intracellular antioxidant ability of MLT hydrogel was detected
by DCFH-DA of the ROS assay kit (Beyotime). The MLT hydrogel
(diameter = 10 mm) prepared by adding 40 pL of PBS into 40 mg of MLT
powder (pre-sterilized by UV irradiation) was immersed in 1 mL of high
glucose DMEM for extraction medium collection. Human normal he-
patocytes L-02 (2.5 x 10* cells) and Raw 264.7 macrophages (5 x 10*
cells) suspension were seeded on 48-well plates, respectively. After in-
cubation for 24 h, the culture medium was removed. The hydrogel,
together with 360 pL of extraction medium and 40 pL of HyO5 (1 mM),
was added to the well and incubated with cells for 90 min at 37 °C. The
cells incubated with/without H,O5 (100 pM in DMEM) were set as the
negative and positive control groups, respectively. The ROS production
was measured by a fluorescence microscope (Nikon, Ti-S) with DCFH-
DA staining.

2.7. Invitro biocompatibility assay

The cytocompatibility of the AL, MLT, and AL/MLT patches was
assessed using L929 fibroblast cells according to the published protocol
[51]. To prepare the extracted medium for the in vitro cytotoxicity test,
the AL/MLT patch (diameter of 10 mm, weight of 40 mg) and the AL and
MLT patches within the AL/MLT patch were deposited in the well of a
24-well plate, and 1 mL of high glucose DMEM medium was added to
each well. The 24-well plate was placed in a cell incubator containing 5
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% CO4 for 24 h. At the predetermined time, 1 mL of DMEM medium was
added to each well, and the mixture was filtered with a 0.22-ym sterile
syringe filter to obtain the extracted liquid. Pristine DMEM was set as a
control. L929 cells (5 x 10° cells) were seeded in the well of a 96-well
plate and cultured for 24 h. The culture medium in each well was
replaced with 0.1 mL of extraction medium containing 10 % FBS. After
co-incubation for 1, 3, and 5 days, the viability of L929 cells was
quantitatively tested by CCK-8 cell viability kit and qualitatively
analyzed by Calcein/PI Cell viability/cytotoxicity assay kit. The culture
medium was replaced with fresh extracted liquid containing 10 % FBS at
1, 3, and 5 days.

The hemocompatibility of the AL/MLT patch was evaluated via the
hemolysis ratio. Typically, red blood cells (RBC) separated from the
fresh rat blood were suspended in PBS (2 v/v%). The AL/MLT patch (dry
weight of 36 mg) was incubated with 3 mL of diluted RBC suspensions at
37 °Cfor 1 h. RBC suspended in PBS (2 v/v%) and Triton X-100 (2 v/v%)
were set as the negative and positive control groups, respectively. After
centrifugation at 3000 rpm for 5 min, the supernatant was collected for
absorbance measurement at 540 nm using a UV-vis spectrophotometer.
The hemolysis ratio (H) of the AL/MLT patch was calculated according
to the equation:

H = [(Ag-Ap)/(Ar-Ap)] x 100 % 3)

Where Ag, A1, and Ap were the absorbance of the experimental, positive
control, and negative control groups, respectively.

2.8. In vivo biodegradability assay

To investigate the responsive degradation behavior in vivo, the AL/
MLT patch (diameter of 8 mm, thickness of 0.2 mm) was implanted
subcutaneously according to our previous work [37]. A 2-cm long
incision was created on the rat’s back skin. The AL/MLT patch with
pre-ultraviolet illumination was subcutaneously implanted. After im-
plantation for 2, 6, and 10 weeks, tissues around the sample were
collected for H&E staining. Tissue specimens were fixed in 4 % para-
formaldehyde for 12 h at 4 °C. After fixation, samples were progressively
dehydrated in an ethanol series (70 %, 80 %, 85 %, 90 %, 95 %, and 100
%), cleared in xylene, and then embedded in paraffin wax for sectioning.
Serial tissue sections (5-7 pm thickness) were obtained using a rotary
microtome. For H&E histological staining, sections were first dewaxed
in xylene for 10 min and rehydrated through a graded ethanol series
(100 %, 90 %, 80 %, 70 %) followed by immersion in deionized water.
The sections were stained with hematoxylin and eosin dyes following
the protocol provided by the manufacturer (Nanjing Jiancheng Tech-
nology Co., Ltd.). Finally, stained sections were dehydrated in ethanol,
cleared in xylene, and mounted with neutral resin for microscopic
observation.

2.9. Sealing and repairing of gastric defects by AL/MLT patch

The sealing ability of the AL/MLT adhesive to gastric perforation was
evaluated on the rat stomach. After anesthesia, the rat’s abdominal skin
was shaved and sterilized, respectively. A 3-cm skin incision was created
along the abdominal midline to expose the stomach. Next, a 4-mm
perforation was created at the stomach. The AL/MLT adhesive (pre-
sterilized by UV irradiation, diameter of 12 mm, thickness of 0.15 mm)
was deployed on the surface of the gastric defect with a gentle press for
10 s. Then, the abdominal incision was closed with a non-absorbable 4-
0 suture. Suturing and fibrin glue treatments were set as the positive
control groups. After the surgery, all rats were kept fasting for 36 h
before resuming a normal diet. On day 7 after surgery, gastric tissues at
the surgical site were collected and fixed in 4 % paraformaldehyde so-
lution for 12 h for histological analysis.
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3. Results and discussion
3.1. Preparation and characterization of AL/MLT patch

To create the adhesive AL gel, an anionic carboxyl copolymer
(PAMN), consisting of acrylic acid, methacrylic acid, and N-(meth-
acryloxy) succinimide with a molar ratio of 50:50:4, was synthesized via
conventional radical polymerization (Fig. Sla). This copolymer is
capable of crosslinking with cationic EPL through -COOH/-NH;
hydrogen bonding and -COO~/—NH4 electrostatic interactions, thereby
forming a physical hydrogel. 'H NMR analysis confirmed that the actual
compositions of the PAMN closely matched the feeding molar ratio
(Fig. S1b). Following the simple mixing of PAMN and EPL, the hydrogel
complex was dispersed in a mixture of methanol and deionized water
and then air-dried, yielding a transparent AL patch (Figs. S2 and S3a). To
construct the top MLT hydrogel layer, which has a similar composition
containing identical initial functional cationic and anionic groups to that
of the AL layer, the anionic carboxyl polymer (PMA) and EPL were
mixed under neutralized condition (pH 7.0) with a trace amount of
negatively charged tannic acid incorporated as the potential antioxidant
reagent (Fig. S4). Upon water absorption, the AL patch transformed into
an adhesive AL gel (Fig. S3b). The -COOH/-NH> hydrogen bonding and
-COO~/—NHj electrostatic interactions not only facilitated the quick
gelation of MLT powder on the top surface of the AL gel but also enabled
robust integration of the AL/MLT patch.

To verify the chemical structures and the charge status of the AL and
MLT layers, the AL/MLT patch was characterized by FTIR, XPS, and zeta
potential tests. FTIR spectra (Fig. 2a) revealed the characteristic peak at
1710 cm™}, attributed to the carboxylic acid groups from the PAMN
component of AL. In contrast, the density of the peak significantly
decreased in the MLT powder, while a new peak at 1550 em™!, associ-
ated with carboxylate groups, appeared (Fig. 2a). Additionally, N1 high-
resolution scan spectra indicated the presence of three nitrogen species
in the AL patch: EHQY (401.5 eV), -O=C-NH- (~400 eV), and -NH,
(399.5 eV), with percentages of 42, 48, and 10 %, respectively (Fig. 2b
and c). The contents of amide species (-O=C-NH-) and amino species
(-NH,/-NH3) were closely aligned with the stoichiometric ratio of ni-
trogen species in EPL. In contrast, the content of -NH3 species in MLT
powder drastically decreased from 42 to 17 %, while that of -NH; species
increased from 10 to 36 % (Fig. 2d). To assess the net charge status of AL
and MLT layers, zeta potentials were measured under acidic and neutral
pH conditions, respectively. Results showed that the zeta potential of AL
was +38.6 mV at acidic pH (2.85), while MLT powders exhibited a zeta
potential of 4+0.6 mV at neutral pH (7.0) (Fig. 2e and S5). It has been
reported that mixed-charge polyelectrolytes could also exhibit good
antifouling ability when the net charge of the polyelectrolyte is neutral
[52-54]. This could be attributed to the good charge balance between
cationic and anionic groups in the mixed-charge polyelectrolytes, which
can mimic the balanced charge structures of zwitterionic materials
(well-known antifouling materials) and thus result in significantly
inhibited interactions between the polyelectrolytes and surrounding
tissues/cells. Therefore, a net neutral charge of the mixed-charge MLT
complex could endow good anti-adhesion performance.

These findings indicate that at low pH, below the pK, of the car-
boxylic acid, the carboxylic/carboxylate pendants of the PAMN co-
polymers are predominantly in the nonionic -COOH status, while the
amine groups in the EPL polymer exist mainly as the positively charged
-NH3. This -COOH/-NH3 couple enabled a net positive charge of the AL
patch. Conversely, at neutral pH, the PAMN copolymer exhibits a mix of
anionic carboxylate and nonionic carboxylic states, while the amine
groups in the EPL polymer exist as a combination of nonionic -NHy
(predominant) and cationic (-NH3) states, resulting in a balanced charge
in the MLT layer. Notably, when the AL powder is placed in neutral pH
conditions and the MLT powder in acidic conditions, their zeta poten-
tials turned to be similar to each other in identical conditions (Fig. 2e),
indicating the reversibility of charge balance within the AL and MLT
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layers in response to pH fluctuations. When the AL patch is placed in a
neutral condition (e.g. PBS, pH 7.2), the -COOH group in PAMN co-
polymers shifts to be the anionic carboxylate state, while the -NHF in
EPL transforms to the nonionic -NH; state, resulting in increased phys-
ical crosslinking within the AL hydrogel due to the newly formed
COOH/-NH, hydrogen bonding and -COO~/—NH3 electrostatic inter-
action, as evidenced by the limited swelling of the AL hydrogel in PBS
and its similar failure tensile strength to the neutralized MLT hydroel
(Fig. S6). These data not only verified the feasibility of switching the
charge balance of the hydrogel through simple pH adjustment but also
demonstrated the generality of adjusting the charge balance of the
hydrogel complex with similar chemical structures.

Due to the co-existence of massive -COOH/-NH; and -COO~/—NHZ
couples in MLT powders, the dynamic intermolecular interactions
(hydrogen bonding and electrostatic interaction) between these couples
facilitate rapid water absorption and gelation (Fig. 2f and S7), impres-
sive self-healing capability (a net 59.6 % recovery of the tensile stress
after 30-min re-contacting at 37 °C, Fig. S8), limited swelling ratio at
neutralized condition (less than 100 % in PBS within 16 days 37 °C, pH
= 7.2-7.4), and slow dissolution in a highly acid environment (SGF, pH
= 1.5, 37 °C, Fig. 2g). In addition, due to the similar components be-
tween the AL patch and MLT powders, the MLT powders can quickly gel
on the flat surface of the AL patch (110 pm), and integrate effectively
(Fig. 2h), as indicated by the high external force (up to 149.9 kPa)
required to prevent the separation of the AL and MLT hydrogel layers
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(Fig. 2i & S9a). The integrated AL/MLT patch exhibited deformation
after 24-h immersion and a limited swelling ratio (less than 100 %) in
PBS at 37 °C for 14 days (Fig. S10), withstanding external tensile
strength over 200 kPa after 24-h immersion and an elongation rate
exceeding 700 % after 24-h immersion in PBS (Fig. 2j & S9b).

3.2. Adhesive/anti-adhesive performance of the AL/MLT patch

To achieve effective and bio-safe wound sealing & healing for in-
ternal tissue defects, tissue adhesives should enable robust adhesion to
wet tissues, maintaining sufficient mechanical strength throughout the
healing process while preventing adhesion to surrounding tissues and
organs [55]. Free carboxyl/amine groups on hydrogel surfaces can form
hydrogen bonding/electrostatic interactions (Fig. 1b) with tissue surface
functional groups (e.g., -COOH and -NHy), facilitating instant strong
adhesion [56]. Given the varied anionic/cationic charge balances in the
AL and MLT layers, the adhesive performances of these two layers of the
patch were evaluated in vitro and ex vivo.

The bottom layer of the AL/MLT patch demonstrated a firm adhesion
to the wet porcine stomach with a gentle press, while its top layer could
be easily peeled off (Fig. 3a), confirming the different adhesion prop-
erties of the AL/MLT patch on either side. Further protein adsorption
assay showed that the MLT layer in the AL/MLT patch exhibited mini-
mal adsorption to BSA (Fig. S11), indicating the good antifouling ability
of the MLT layer by simulating the charge-balance chemical structures of
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Fig. 2. Characterization of the AL/MLT patch. FTIR spectra of (a) AL and MLT layers. (b) XPS survey scan on the surface of the AL and MLT layers in the AL/MLT
patch. High-resolution XPS scan spectra of Ny on the (c¢) AL and (d) MLT layers. (e) Zeta potentials of the AL and MLT samples, dispersed in deionized water with
different pH values. (f) Microscope photos of the gelation process of MLT powders. (g) Swelling performance of the MLT hydrogel in PBS (pH = 7.2) and SGF (pH =
1.5) at 37 °C. (h) SEM images of the AL/MLT patch’s cross-section and surface morphologies. (i) Adhesive strength between the AL and MLT layers of the AL/MLT
patch. (j) Failure tensile strength versus stretch curve for the AL/MLT patch after 24-h soaking in PBS (pH = 7.2) at 37 °C. Pairwise comparisons of different groups
are statistically significant (*, p < 0.05) as determined by Student’s t-test (n = 3).

zwitterionic materials. Visual adhesion demonstrations showed that the
AL/MLT patch was capable of adhering to various wet tissues (skin,
liver, small intestine, heart, and stomach) through the AL bottom layer,
lifting a 200 g weight with an overlapped area of 104 mm? (Fig. 3b). The
short-term adhesion strength of the AL/MLT patch to these tissues was
100.4, 46.3, 50.9, 47.9, and 49.9 kPa (Fig. 3c and S12), showcasing
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superior wet-adhesive performance to commonly used commercial tis-
sue sealants, including fibrin glue and cyanoacrylate sealant [24].
Notably, after 24-h incubation in PBS, no significant decreases in ad-
hesive strength were observed between AL/MLT patches and diverse
tissues (105.1, 42.5, 46.9, 44.53, and 41.5 kPa, Fig. 3c), indicating the
robust & stable adhesion capability of the AL/MLT patch to wet tissues.
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Fig. 3. Adhesion performance of the AL/MLT patch on various tissues. (a) Images of the adhesion performance of the top and the bottom layer to the wet porcine
stomach. Scale bar: 10 mm. (b) Images of adhesive performance of AL/MLT patch to porcine skin, liver, small intestine, heart, and stomach. All the adhered con-
struction can lift a weight of 200 g. Scale bar: 4 mm. (c) Adhesion strength of AL/MLT patch on various tissues. (d) Schematic illustration of the bursting pressure test
model. (e) Bursting pressures of chicken skin tissues sealed by the fibrin gel, the AL and MLT layers in the AL/MLT patch at pH 2.85 and 7.0. (f) Bursting pressure of
porcine skin, heart, and stomach sealed by AL/MLT patch with/without being immersed in PBS (pH = 7.2) at 37 °C for 24 h. Pairwise comparisons are statistically
significant (*, p < 0.05) as determined by one-way ANOVA multiple comparisons.

In addition to the instant strong adhesion enabled by the hydrogen
bonding/electrostatic interactions (Fig. 1b) with tissue-surface func-
tional groups (e.g., -COOH and -NHy), interfacial covalent bonding
provided by the conjugation between the NHS pendants on the AL sur-
face and amine groups on the tissue surface further contributes to the
robust adhesion observed (as indicated by Fig. S13).

To achieve effective wound sealing, tissue adhesive is required to
resist high pressure from body fluids (e.g., blood, gastrointestinal con-
tents). To evaluate the wound-sealing ability of the AL/MLT patch, a
customized model was used to test the burst pressure (Fig. 3d). Results
showed that the AL layer in the AL/MLT patch could maintain the
sealing status until a burst pressure of 300 mmHg (Fig. 3e). This pressure
is significantly higher than that of the commercial fibrin glue (87.5
mmHg). In contrast, a very low burst pressure (10 mmHg) was observed
when the MLT side was applied, mainly due to the minimal free
-COOH/-NH; groups on the MLT surface. Moreover, the addition of a
trace amount of tannic acid demonstrated minimal influence on the
adhesion performance of the MLT layer (as indicated by Fig. S14). Both
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the ML and MLT hydrogels exhibited very low adhesion to wet porcine
skin (<2 kPa), regardless of the incorporation of tannic acid. Notably,
upon adjusting the pH of the AL layer to 7, the resulting AL layer
exhibited a minimal bursting pressure of 10 mmHg (Fig. 3e), as low as
that of the MLT layer at neutral pH. This could be attributed to the good
charge balance in the overall electrically neutral AL and MLT layers
under neutral pH conditions (as evidenced by Fig. 2e). Moreover, this
dynamic pH-responsive adhesion/anti-adhesion switching was also
observed in the MLT layer. When the neutral MLT powder was placed
under acidic pH conditions, the resulting MLT layer (pH 2.85) was able
to strongly adhere to the wet tissue surface and maintain a fluid-tight
sealing until a bursting pressure of 310 mmHg, comparable to that of
the AL layer at pH 2.85.

Further wound sealing performance assays showed that the bursting
pressures of the AL layer (pH 2.85) in the AL/MLT patch against the
porcine skin, heart, and stomach defects were 362.5, 275, and 230
mmHg, respectively (Fig. 3f), higher than the normal arterial blood
pressure (~140 mmHg) and intra-gastric pressure (15-25 mmHg) [57].
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After 24-h soaking of the tissue/patch constructs in PBS (pH = 7.2), the
bursting pressures were comparable to their original values (362.5 vs.
362.5, 302.5 vs. 275, 280 vs. 230 mmHg), indicating a robust
wound-sealing endowed by the AL/MLT patch. Ex vivo sealing tests
further confirmed the fluid-tight wound sealing ability of the AL/MLT
patch to porcine small intestine, heart, and stomach, even after being
immersed in excessive PBS for 12 h (Fig. 4a—-c). Remarkably, in vivo
adhesion demonstrations showed that a thin AL/MLT patch could firmly
adhere to a rat’s liver or stomach within 15 s, effectively preventing
leakage of body fluid. SEM imaging on the adhesion interface illustrated
the intimate contact and tight bonding between the two substrates as

e —

Sealed
intestine
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indicated by the dotted yellow line (Fig. 4d), suggesting that the bottom
layer could quickly absorb water from wet tissue surfaces to promote
polymer diffusion and adhesion formation. Overall, these findings
demonstrated that the AL/MLT patch possesses asymmetric adhesion on
either side, enabling rapid & robust wound sealing for internal tissues
while effectively preventing undesirable adhesion to adjacent tissues.

3.3. In vivo sutureless sealing and healing of gastric defects by the AL/
MLT patch

To further test the in vivo performance of the AL/MLT patch, a

Soak in PBS for 12 h

Soak in PBS for 12 h

h ] Remain robust
adhesion

Fig. 4. Demonstration of the wound-sealing ability of the AL/MLT patch on ex vivo and in vivo organs. (a) Ex vivo wound sealing of porcine intestine (an
incision of 1 cm) filled with PBS (pH = 7.2) before and after being immersed in PBS for 12 h. (b) Adhesion of AL/MLT patch on the surfaces of porcine heart before/
after 12-h immersion in PBS and water flushing. (c) Ex vivo wound sealing of porcine stomach (an incision of 1 cm) filled with 1 L of PBS (pH = 7.2) before/after
being immersed in PBS for 12 h. Scale bar: 1 cm. (d) Digital images and SEM images of an AL/MLT patch (thickness of 0.15 mm) adhered to the rat liver or stomach
surface with a gentle press of 15 s, scale bar: 3 mm. The dotted yellow line delineates the adhesion interface between the AL/MLT patch and tissues. The AL/MLT
patches hold a thickness of 0.4 mm when used to seal the porcine organs and 0.15 mm when used to seal the rat organs.

130



W. Peng et al.

critical-sized gastric defect (a 4-mm perforation) on rats was carefully
constructed. The sutureless wound sealing & healing of the defect and
anti-postoperative adhesion capability enabled by the Janus AL/MLT
patch (Fig. 5a) were evaluated. Treatments with surgical suturing and
commercially available fibrin glue served as the controls.

During surgery, suturing proved to be time-consuming (over 5 min)
and caused additional mechanical damage to gastric tissues due to
needle piercing. Although the injectable fibrin gel was capable of gela-
tion within 1 min to seal the gastric wound, it required a preoperative
procedure with the assistance of a specific fluidic bicomponent mixer to
prepare the gel precursor. In contrast, the ready-to-use AL/MLT patch
(diameter: 12 mm) could firmly adhere to the tissue defect within 15 s of
gentle pressing, enabling less blood loss and rapid wound sealing
(Fig. 5b). At day 7 post-operation, the surgical site sealed either by su-
ture or fibrin glue exhibited severe post-operative adhesion to the sur-
rounding tissues/organs (e.g., liver and intestine). This is likely due to
the leakage of gastric fluid/blood or the undesired adhesion of the ho-
mogeneous fibrin gel to surrounding tissues. In comparison, the AL layer
of the AL/MLT patch enabled fluid-tight sealing to gastric defects, while
the MLT layer of the AL/MLT patch showed a smooth surface without
any tissue adhesion (Fig. 5c). H&E staining images further confirmed the
significantly inhibited postoperative tissue adhesion enabled by the MLT
layer (Fig. 5d). This could be attributed to the overall neutrally charged
MLT hydrogel, which exhibited good resistance to cell adhesion
(Fig. S15). Notably, the mucosal layer around the wound in the suturing
and fibrin gel groups showed obvious interruptions (1.6 mm and 0.4
mm, Fig. 5d). In contrast, the AL/MLT hydrogel tightly adhered to the
gastric surface without adhesion to surrounding tissues, completely
bridging the perforation with regenerated seromuscular tissues and a
well-integrated mucosa layer (Fig. 5d). Combined with in vitro wound
sealing results (Fig. 3e), these data suggest that the AL/MLT adhesive
could outperform the commercially available fibrin gel in achieving
robust & stable tissue adhesion, as well as effective prevention of post-
operative tissue adhesion.

Furthermore, the inflammation infiltration around the repaired
gastric defect was assessed through immunofluorescence staining
against TNF-a (a marker for pro-inflammatory cytokines). Fluorescence
images showed a bright fluorescence intensity in the suture group,
indicating the pro-inflammatory infiltration in the sutured tissues
(Fig. 5e). Further quantitative analysis indicated a significant reduction
in inflammatory infiltration in both fibrin gel and AL/MLT groups
compared with the conventional suture treatment (Fig. 5e and h).
Notably, no statistically significant difference was observed between the
fibrin gel and AL/MLT groups. This could be attributed to their mini-
mally invasive operation on tissues and good biocompatibility. To
evaluate the effect of different treatments on neovascularization, the
capillary density at the wound area was visualized by immunohisto-
chemical staining for CD31 (a marker for endothelial cells and angio-
genesis). Results revealed that the capillary density in the granulation
tissue of the AL/MLT group was significantly higher than that in the
fibrin gel group, indicating enhanced angiogenesis (as shown by green
arrows, Fig. 5f) in the AL/MLT-treated gastric wound (Fig. S5h). Overall,
these findings strongly suggest that the AL/MLT patch can enable robust
& long-lasting adhesion for effective sealing and promote the gastric
defect repairing, while significantly inhibiting postoperative tissue
adhesion. The AL/MLT patch demonstrated here represents an early-
stage tissue adhesive. Considering that healing gastric tissue may be
mechanically weaker than healthy tissues in the early post-injury and
more susceptible to reperforation [58], further in-depth investigations
into the long-term sealing and repairing performance, stability, and
biocompatibility of the AL/MLT patch for gastric perforation treatment
will be required and are our plan. Nevertheless, preliminary experi-
mental results indicate that the AL/MLT hydrogel patch can maintain
stable adhesion during the initial healing process, capable of acting as a
physical barrier to prevent fluid leakage.

131

Bioactive Materials 52 (2025) 123-138
3.4. In vitro antibacterial performance

Surgical site infections (SSIs) is one of the major clinical concerns
regarding tissue repair, as they can amplify inflammatory responses and
delay wound healing [59-62]. Despite the extremely sterile surgical
conditions, SSIs can still occur due to the potential spread of bacteria
from the patient’s endogenous bacterial flora [4,60], especially in the
gastrointestinal region [63,64]. The standard treatment for SSIs involves
the administration of antibiotics. However, the overuse of these medi-
cations has contributed to the growing crisis of drug resistance [65].

As a natural cationic polymer, EPL can disrupt bacterial cell mem-
branes through electrostatic interactions, exhibiting broad-spectrum
antibacterial activity without contributing to drug resistance [46].
Within the AL/MLT patch, EPL is dynamically crosslinking with
carboxyl polymers, allowing for partial release into the surrounding
environment. After 9-h incubation, only a few visible bacterial colonies
grew on agar plates of the AL, MLT, and AL/MLT groups as compared to
that of the control group (Fig. 6a). Further quantitative analysis indi-
cated that the effective bactericidal ability of the AL, MLT, and AL/MLT
patches, with reductions of 97.3 %, 93.4 %, and 97.4 % against S. aureus
(Figs. 6b) and 95.8 %, 99.8 %, and 98.2 % against E. coli, suggesting the
broad-spectrum bactericidal activity of the AL/MLT patch, attributable
to the EPL component in both hydrogels. Live/dead staining demon-
strated that the majority of bacterial cells in the AL/MLT group were
stained red, indicating cell death, while almost all bacteria in the control
group remained alive (Fig. 6¢). SEM imaging of S. aureus and E. coli cells
demonstrated intact globular (S. aureus) or rod-like (E. coli) morphology
in control groups. In vast contrast, both S. aureus and E. coli cells in the
AL/MLT group exhibited deformed morphologies with cytoplasmic
substances leakage (indicated by the yellow arrows, Fig. 6d). With the
increasing risk of antimicrobial resistance (AMR), wound infections
caused by drug-resistant bacteria (e.g., MRSA and P. aeruginosa) have
become a major clinical concern [66,67]. To evaluate the antibacterial
efficacy of the AL/MLT patch against drug-resistant bacteria, antibac-
terial assays were conducted on MRSA and P. aeruginosa. Results showed
that the AL/MLT patch also demonstrated a significant bactericidal ef-
ficiency of 84.7 % against MRSA and 87.9 % against P. aeruginosa
(Fig. 6e-h), further validating its broad-spectrum antibacterial activity.
These findings strongly suggest that the Janus AL/MLT patch exhibits
efficient & broad-spectrum antibacterial activity for preventing poten-
tial wound infections following tissue trauma.

3.5. Invitro biocompatibility, antioxidant ability, and in vivo degradation
assay

Good biocompatibility is essential for the safe in vivo application of
bio-adhesives. To preliminarily test the biocompatibility of the AL/MLT
patch, the cytotoxicity and hemolytic assay were performed. The via-
bilities of 1.929 cells cultured in the AL, MLT, and AL/MLT-conditioned
DMEM for 1, 3, and 5 days were comparable to that incubated in the
regular DMEM (Fig. 7a and b), suggesting low cytotoxicity of the AL,
MLT, and AL/MLT patches. Additionally, L929 cells in these groups also
exhibited good proliferation as the culture time increased. Live/dead
staining images showed that 1.929 cells grew well after co-incubation for
5 days, and almost no dead cells were observed. Hemolytic activity assay
showed that the supernatant color in the AL/MLT group resembled that
of the PBS group, exhibiting a pale pink hue without significant differ-
ences (Fig. 7d). The calculated hemolysis ratio of the AL/MLT patch was
1.7 %, well below the ASTM standard of 5 % [68,69], indicating good
hemocompatibility (Fig. 7e).

Reactive oxygen species (ROS) are critical for cellular metabolism.
However, excessive ROS can induce oxidative stress and abnormal in-
flammatory responses, thereby delaying the wound-healing process
[70]. Developing functional bio-adhesives that can scavenge excessive
ROS at the wound sites is an effective strategy to promote wound
healing. To improve the antioxidant activity of the tissue patch, a small
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Fig. 5. Sealing and repairing of gastric tissue defects by the AL/MLT patch. (a) Schematic illustration and digital image of the gastric perforation. Scale bar: 8
mm. (b) Images of the surgical procedures performed to seal gastric defects by suture, fibrin glue, and AL/MLT patch, respectively. Scale bar: 4 mm. (c) Images at the
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and (h) CD31. Quantitative analysis (n = 3) of the immunofluorescence staining images for TNF-a was performed using Image J software. Quantitative analysis (n =
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Fig. 6. Invitro antibacterial assay of the AL/MLT patch: (a) Images of S. aureus and E. coli colonies grew on agar plates after 9-h incubation with AL, MLT, and AL/
MLT patches in PBS. Control group: bacteria cultured in PBS without samples. (b) Bacterial viability of S. aureus and E. coli. (¢) CLSM and (d) SEM images of S. aureus
and E. coli cells seeded on a titanium sheet after 9-h incubation with AL/MLT patches in PBS. The yellow arrows indicated the leakage site. Images of MRSA (e) and
P. aeruginosa (g) colonies grew on the agar plate after 9-h incubation with the AL/MLT patch, and corresponding bacterial viability quantification of MRSA (f) and

P. aeruginosa (h). Pairwise comparisons are statistically significant (*, p < 0.05) unless denoted as “n:

s” as determined by one-way ANOVA multiple comparisons

between multiple groups or Student’s t-test for comparisons between two groups (n = 3).

amount of tannic acid was incorporated within the ML powder due to its
excellent antioxidant capacity stemming from multiple phenolic hy-
droxyl groups [71]. After adding MLT powder to the DPPH. solution at
37 °C, a significantly reduced intensity of DPPH- (absorption at 517 nm)
was detected, while no obvious decrease of DPPH. signal in ML powder
and control groups (Fig. 7f and S16). When the incubation time was
prolonged to 3 h, the reduction in the intensity of the DPPH- signal was
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further increased from 68.7 % to 90.3 % (Fig. 7g), indicating a strong
ability to eliminate surrounding ROS.

When exogenous H205 was introduced in the cell culture medium,
bright green fluorescence in L-02 cells was observed in the positive
control (+) and ML hydrogel groups (Fig. 7h and S17), indicating
elevated intracellular ROS levels. In contrast, fluorescence intensity in-
side the L-02 cells cultured with MLT hydrogel was significantly
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Fig. 7. Invitro biocompatibility and antioxidant ability. (a) In vitro proliferation abilities and (b) cell viabilities of L929 cells after incubation with the extracts of
AL, MLT, and AL/MLT patches for 1, 3, and 5 days. (c¢) Fluorescence microscope images of live/dead 1929 cells. (d) Absorbance at 540 nm of the supernatants in PBS,
AL/MLT, and Triton x 100 groups after 1-h incubation with rat red cells at 37 °C. (e) Hemolysis ratio of the AL/MLT patch. (f) Absorbance at 517 nm of the DPPH-
methanol solution after incubation with ML and MLT powders for 1.5 and 3 h at 37 °C, respectively. The DPPH. methanol solution was set as the control group. (g)
DPPH- scavenging ratios of ML and MLT powders. Representative fluorescence images of intracellular ROS generation in (h) L-02 and (i) Raw.264.7 cells. The ctrl (-)
group indicated the normal cells without H,O, simulation. Pairwise comparisons are statistically significant unless denoted as “ns” (not significant) as determined by
Student’s t-test for comparisons between two groups and by one-way ANOVA multiple comparisons for the comparisons between multiple groups.

decreased to 1.5 %, similar to that of L-02 cells without H,O stimulation
(negative control). Similar results were observed on Raw264.7 cells

(Fig. 7i). These findings suggest that incorporating a trace amount of

tannic acid into the MLT hydrogel can efficiently endow additional
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function/ability to the adhesive patch to scavenge the overproduced
ROS, thereby preventing cells from oxidative stress.

Suitable biodegradability is essential for bioadhesives to match the

wound-healing processes. Since the AL/MLT patch is a physically
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crosslinked hydrogel with a biodegradable EPL component, the overall
in vivo biodegradation of the AL/MLT patch was conducted with a
subcutaneous implantation model on rats (Fig. 8a). After 2 weeks of
implantation, bulk AL/MLT adhesive was clearly visible subcutaneously
at the surgical site (Fig. 8b & S18). This preservation could be attributed
to the robust physical crosslinking between carboxyl and amine groups
in the physiological environment, which ensures effective and lasting
wound sealing. Notably, the top MTL layer in the AL/MLT adhesive
exhibited no adhesion to surrounding tissues within 2 weeks. This could
be attributed to the good electroneutrality retention of the MLT hydro-
gel, as evidenced by the zeta potentials of the MLT hydrogel (Fig. S19)
after immersion in PBS for 1, 7, and 14 days. As the implantation time
extended to 6 weeks, the hydrogel appeared smaller (Fig. 8b).
Remarkably, almost no visible hydrogel remained at the surgical site
after 10 weeks (Fig. 8b). H&E histological images further confirmed the
subcutaneous retention of a bulk hydrogel at 6 weeks (indicated by red
dashed lines) and revealed only a small hydrogel fragment embedded in
surrounding tissues at 10 weeks (Fig. 8c—e), suggesting that the majority
of the AL/MLT hydrogel degrades within 10 weeks. In addition, H&E
images verified no tissue adhesion at the MLT/tissue interface within 6
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weeks (a clear gap between the MLT layer and top tissue, Fig. 8d),
indicating that the MLT layer with the balanced charge that mimics the
electroneutral nature of zwitterionic materials, could endow effective
anti-tissue adhesion ability to the Janus tissue patch during the wound
healing process (Fig. 8c and d).

4. Conclusion

In summary, we have introduced a new strategy to construct an
adhesive/anti-adhesive Janus hydrogel bioadhesive without varied
chemical design of the hydrogel layers. Based on pH adjustment of the
similar polyelectrolyte complex, the bottom hydrogel layer (formed at
an acidic pH) possesses massive -COOH/-NHj paired groups, resulting
in a net positively charged structure. This configuration provides rapid
& robust adhesion to diverse wet tissues. Conversely, the top hydrogel
layer (formed at neutral pH) possessing massive -COOH/-NH; and
-COO~/—NH3 groups, resulting in an overall electroneutral structure,
endowed excellent anti-adhesive properties to the patch. The integrated
AL/MLT patch effectively promotes wound sealing and healing, signif-
icantly inhibits post-operative tissue adhesion, and outperforms

Fig. 8. Invivo biodegradability and anti-tissue adhesion assay: (a) Schematic illustration of the subcutaneous implantation of the AL/MLT patch on the rat’s back
skin. (b) In situ images of AL/MLT hydrogels after implantation for 2, 6, and 10 weeks. Representative H&E histological images around AL/MLT hydrogel (indicated
by the red dashed lines) after subcutaneous implantation for (c) 2, (d) 6, and (e) 10 weeks.
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commercially available fibrin gel in rat gastric defect models. In addition
to its adhesive/anti-adhesive properties, the cationic EPL component
endowed efficient broad-spectrum bactericidal activity to the patch. The
AL/MLT patch is cytocompatible, blood-compatible, and biodegradable
aligning with the natural healing process. Furthermore, incorporating a
trace amount of tannic acid can enhance the ability of the patch adhesive
to scavenge the overproduced ROS and prevent cells from oxidative
stress, potentially making it especially suitable for sealing & healing
chronic wounds.

The AL/MLT patch demonstrated in this article represents an early
stage of a tissue adhesive that aims to introduce a strategy for engi-
neering an adhesive/anti-adhesive Janus bioadhesive by switching the
charge balance of the hydrogel layers with similar chemical composi-
tions, and further in-depth investigations, such as long-term adverse
effects of the degradation by-products, general application on other
tissues/organs, and scale-up animal studies will be required. Neverthe-
less, these in vitro and in vivo findings have highlighted the advantages of
the AL/MLT patch as tissue adhesives for internal wound closure and
repair. The facile fabrication, easy customization in dimensions, ready-
to-use operation, effective adhesion/anti-adhesion performances, good
biocompatibility and biodegradability, and efficient antibacterial ac-
tivities make the Janus patch an advanced tissue adhesive for non-
invasive wound closure and tissue repair.
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