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Hydrogel Bioadhesives with Extreme Acid-Tolerance for Gastric
Perforation Repairing
Xingmei Chen,a Jun Zhang,a Guangda Chen,a Yu Xue,a Jiajun Zhang,a Xiangyu Liang,a Iek Man Lei,a

Jingsen Lin,a Ben Bin Xub and Ji Liua,c,d∗ ∗∗

Hydrogel bioadhesives have emerged as one of the most
promising alternatives to sutures and staples for wound
sealing and repairing, owing to their unique advan-
tages in biocompatibility, mechanical compliance and
minimally invasive manipulation. However, only a few
hydrogel bioadhesives have been successfully used for
gastric perforation repairing, due to their undesirable
swelling when in direct contacting with extremely acidic
gastric fluids, thereby accompanying with a gradually-
deteriorated adhesion performance. Herein, we develop
an acid-tolerant hydrogels (ATGels) bioadhesive, which
integrates two distinct components, an acid-tolerant hy-
drogel substrate and an adhesive polymer brush layer.
The ATGels bioadhesive could form instant, atraumatic,
fluid-tight and sutureless sealing of gastric perforation,
and enable robust biointerfaces in direct contact with
gastric fluids, addressing the key limitations with sutures
and commercially-available tissue adhesives. Moreover,
in vivo investigation on gastric perforation of rat model
validates the proposed acid-tolerant bioadhesion, and
identifies the mechanisms for accelerated gastric perfo-
ration repairing through alleviated inflammation, which
suppressed fibrosis and enhanced angiogenesis.

Introduction

Gastric perforation, such as gastric ulceration and gastric
cancer rupture, is one of the acutest abdominal diseases.[1]

Severe gastric perforation can lead to peritonitis, septic
shock, and even multiple organ disfunction syndromes, and
so far surgical operation is the most reliable therapy in
clinical settings.[2,3] Sutures made of biodegradable poly-
mers (i.e. polyglycolic acid, polylactic acid, polylactic-co-
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glycolic acid or polyesterurethane) have been routinely used
for repairing gastric perforation, however, they are associ-
ated with severe gastric tissue damage and inflammation of
biological tissues caused by deep piercing and ischemia.[4–9]

Besides, employing decellularized tissue matrix for sealing
also carries a high risk of immune reactions, especially in
the occasions with acute injuries or infections.[10] In light of
these shortcomings, bioadhesive materials have become one
of the most promising alternatives or adjuncts to sutures and
staples for gastric wound sealing and repairing.[9,11,12]

In the past decades, the clinical needs have motivated
tremendous efforts to develop bioadhesive materials that
feature superior flexility, biocompatibility, robust tissue ad-
hesion, excellent biodegradability and compatibility with
the wet and dynamic biological environments.[9,11] Among
these synthetic bioadhesives, hydrogel-based bioadhesives
have emerged as one of the most promising approaches for
sutureless wound sealing, particularly in emergency clin-
ical settings, owing to their intrinsic similarity to tissues
in the biological, mechanical, chemical and physical as-
pects.[9,11–14] Despite recent advancement in hydrogel-based
adhesives for epidermal and/or in vivo wound sealing, such
as DOPA-inspired hydrogels,[15,16] double-side tapes,[17–19]

GelMA-based bioadhesive,[20,21] topological adhesion,[22]

electrically-activated gelation,[23] dynamical host-guest hy-
drogels[24,25] and poly(N-acryloyl-2-glycine)-based hydro-
gel,[26] only a few hydrogel bioadhesives have been success-
fully applied for gastric repairing.[14,27–29] In cases of gastric
perforations or defects with relatively small size, the tissue
of the stomach can quickly update the gastric mucosa with
the assistance of bioadhesives, thus spontaneously acceler-
ating the gastric healing.[30,31] However, larger gastric per-
forations are routinely challenged by the leakage of gastric
contents and peritonitis. Additionally, for radical gastrec-
tomy with lymph node dissection, neoplasty is also accom-
panied with the repeated leakage due to the persistent tu-
mor invasion.[32,33] In such clinical settings, during the long-
term contact with extremely acidic fluids, the bioadhesives
may experience undesirable swelling, and subsequent grad-
ual deterioration in strength and interfacial robustness (Fig.
1a-b).[34] On the other hand, the dynamic motion of gas-
tric tissues may also cause the interfacial fatigue failure, thus
constituting a significant barrier against their uses as a mini-
mally invasive technique.[13,35]
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Figure 1. Design of our acid-tolerant hydrogel bioadhesives for gastric perforation sealing. a. Conventional chemically-crosslinked hydrogel networks
swell drastically when soaked into water or fluids in extreme conditions (i.e. low pH). Our proposed hydrogel adhesives are physically-crosslinked through
hydrophobic associations, of which the widely-distrubuted segregation substantially inhibits further swelling under such extreme conditions. b. Difference
in the evolution of mechanical robustness of our proposed hydrogel networks, compared with conventional chemically-crosslinked hydrogel networks. c.
Schematic illustration of our acid-tolerant hydrogel adhesives (ATGels bioadhesive) for gastric perforation sealing through the dry crosslinking mechanism,
exploiting the interfacial water drainage and the covalent crosslinking between the NHS moieties (hydrogel part) and amine moieties (tissue part). The
robust adhesion at the interface with gastric tissue is enabled by the distinct acid-tolerance of our hydrogel bioadhesives.

Herein, we report a new kind of synthetic hydrogel ad-
hesives for sutureless repair of gastric perforation. Our hy-
drogel adhesive embodies three core functionalities that syn-
ergistically address the above-mentioned limitations. They
are gastric fluid resistance, instant and tough adhesion to
gastric tissues, and extraordinary long-term adhesion ro-
bustness under wet and dynamic in vivo conditions. To
achieve these credentials, the hydrogel adhesives integrate
two distinct components, an acid-tolerant hydrogel substrate
(poly(2-hydroxyethyl methacrylate-co-N-vinypyrrolidone),
poly(HEMA-NVP)) and an adhesive polymer brush layer
(poly(acrylic acid-co-N-hydroxysuccinimide acrylate ester),
poly(AA-NHS)). Such kind of hydrogel bioadhesives could
form instant, atraumatic, fluid-tight and sutureless sealing
of gastric perforation, and also robust adhesion interfaces
in direct contact with gastric fluid (pH ∼ 2.0), addressing
the key limitations existing in sutures and commercially-
available tissue adhesives and sealants. We also investigate
the possible mechanism underlying the accelerated repair-
ing of gastric perforation aided by our ATGels bioadhesive
through histopathology and immunofluorescence analyses in
a rat model.

Results and Discussion

Instant, tough and robust bioadhesion
under gastric conditions.

To validate this concept, we synthesize the acid-tolerant
hydrogels from the copolymerization of hydroxyethyl

methacrylate (HEMA), N-vinypyrrolidone (NVP) and
PEGDA (2 kDa, crosslinker, Supplementary Fig. S1).
Thanks to the well-established presence of phase segrega-
tion through hydrophobic association coupled with intrin-
sic van der Waals interactions and hydrogen bonds,[36,37] the
as-obtained poly(HEMA-NVP) hydrogel reaches its equilib-
rium state after 8-h soaking in a simulated gastric fluid (SGF,
mixture of 150 mM sodium chloride and 10 mM hydrochlo-
ric acid, pH 2.0), while maintaining its high water con-
tent (78 wt.%) and mechanical robustness (strength, mod-
ulus and toughness) in the following 240 h (Supplementary
Fig. S2-3). To endow the poly(HEMA-NVP) hydrogel with
an excellent tissue adhesion capability, we further graft ad-
hesive polymer brushes (poly(AA-NHS)), which consist of
acrylic acid (AA) and N-hydroxysuccinimide acrylate ester
(AA-NHS), onto the poly(HEMA-NVP) hydrogel substrates
(Supplementary Fig. S1). Hereafter, the as-obtained brush
hydrogel bioadhesives are referred to as ATGels bioadhe-
sives for abbreviation. It is deserved to mention that in-
troduction of the a polymer brush layer slightly changes
the mechanical properties of the ATGels; moreover, the as-
obtained ATGels samples exhibit a gastric tissue-level me-
chanical compliance (Supplementary Fig. S4). To achieve
an instant and tough bioadhesion, our ATGels bioadhesives
adopt the well-established dry crosslinking mechanism that
exploit the synergetic contribution from non-covalent inter-
actions (i.e. hydrogen bonding and electrostatic interactions)
and covalent bonds between the NHS (adhesive side) and
amine moieties (tissue side, Fig. 1c).[17–19] Upon further hy-
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Figure 2. Mechanical performance and acid-tolerance of our hydrogel bioadhesives. a. Representative image of an ATGels sample (top) and
fluorescence image showing its distinct three-layered structure (bottom). Note: the polymer brushes are labeled with FITC. b. Image of the ATGels samples
before and after soaking in SGF for 24 h and 240 h. c. Evolution of the water content and the swelling ratio of the ATGels samples during soaking in SGF
medium (pH 2.0) in 240 h, and the data at 0 h refers to hydrogel film at its dry state. d. Summary of strain and stretch of the ATGels samples after soaking
in the SGF medium (pH 2.0) for different periods of time, and the data at 0 h refers to the hydrogel samples at its initial wet state. e. Schematic illustration
of the lap shear and the 180-degree peeling tests used here for quantifying the interfacial shear strength and toughenss, respectively. f. Adhesion stability of
the adhered joints between the porcine gastric tissues and the ATGels bioadhesive in SGF medium (pH 2.0) for 240 h. g. Comparison chart summarizing
the adhered joints between the various bioadhesives before and after incubating within the SGF medium (pH 2.0) for 240 h. The data in c, d and f were
presented as the mean ± S.D. (n = 5).

dration and adhesion on wet tissues, the ATGels dry films
turn into hydrogel networks with desirable mechanical com-
pliance with the gastric tissues. Moreover, due to the pro-
tonation of poly(acrylic acid) moieties in gastric fluids (pH
of 1.0 ∼ 3.0), swelling of the polymer brush layer is effi-
ciently inhibited.[28] Therefore, issues associated with non-
controllable hydrogel swelling and mechanical deterioration
during the repairing of gastric perforation could be effec-
tively mitigated (Fig. 1c).

Confocal laser scanning microscopic (CLSM, Fig. 2a)
and scanning electron microscopic (SEM, Supplementary
Fig. S5) images manifest the unique three-layer structure as
depicted in (Fig. 1c), with a brush layer of 50 µm and a
hydrogel substrate of 500 µm in the wet state. As known
to us, most hydrogels are susceptible to structural, composi-

tional and mechanical deterioration in extremely acidic envi-
ronments, i.e. gastric fluids.[13,34,35] Here, the water content
of our ATGels reach a plateau within 24 h in SGF (pH 2.0)
at body temperature (37 ◦C), afterwards, no change in the
water content, swelling ratio and the overall mass is detected
(Fig. 2c). Moreover, our ATGels demonstrate high strength
over 100 kPa and toughness over 200 J m−2 (Fig. 2d and
Supplementary Fig. S6) even after 240-h soaking within
the SGF medium.

To evaluate the bioadhesive performance of our AT-
Gels, we then conduct lap-shear and 180◦ peeling tests on
joints of porcine gastric tissues adhered with our bioad-
hesive (Fig. 2e). The tests confirm the high interfacial
toughness of the ATGels bioadhesive (ca. 300 J m−2) and
its robust bioadhesion with an interfacial toughness of 200
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J m−2 after 240 h soaking in the SGF medium (Supple-
mentary Fig. S7-8). Moreover, such interfacial tough-
ness surpasses those commercially-available cyanoacrylate-
based (i.e. VetbondT M) and hydrogel-based tissue sealants
(i.e. Fibrin glueT M , < 50 J m−2, Supplementary Fig. S9).
Additionally, in order to avoid postsurgical adhesion and
corresponding severe surgical complications during the in
vivo gastric repairing,[26,38] outer-side surface modification
of ATGels bioadhesives is conducted with bovine serum al-
bumi (BSA), which could de-activate the adhesion capability
of the outer-side surface. As shown in Supplementary Fig.
S10, due to the reaction between the NHS ester of the AT-
Gels bioadhesive and BSA, the adhesion experiences a 14-
fold decrease in shear strength and a 9-fold decrease in inter-
facial toughness after soaking in BSA (1 wt.%) solution for 1
minute. Our ATGels bioadhesive is also applicable to other
biological tissues with comparable interfacial toughness, i.e.
porcine kidney, heart, spleen and liver (Supplementary Fig.
S11). We further prepare PAA-NHS bulk hydrogels (also
known as ContGels) following a previous report,[17] and use
them as a control for comparison. In sharp contrast, due
to the severe swelling (> 10 ×) in the acidic SGF medium
medium (Supplementary Fig. S12), the ContGels experi-
ence a fourfold decrease in strength and a eightfold decrease
in toughness in 8 h (Supplementary Fig. S13), while the in-
terfacial toughness decreases over 10 times in 24 h (Supple-
mentary Fig. S7c), making it unsuitable for gastric defect
repairing.

Fig. 2g compares the interfacial shear stress of
commercially-available bioadhesives (i.e. Fibrin glueT M and
VetbondT M), ContGels bioadhesive, Gel-MA hydrogel, and
our ATGels bioadhesives before and after 240 h soaking in
SGF (pH 2.0). It is shown that the commercially-available
bioadhesives exhibit relatively low shear stress (< 30 kPa),
and could not sustain the acidic environment. Remark-
ably, our ATGels bioadhesive exhibits a much higher shear
stress (40∼60 kPa) compared to the commercially-available
bioadhesives (i.e., Fibrin glueT M and VetbondT M) and the
tough hydrogel adhesives (i.e., GelMA hydrogels and Con-
tGels)[17,20,21] after 240-h soaking in SGF. In addition, the
relatively low shear stress of the commercially-available
bioadhesives (< 30 kPa) significantly impair their ability to
sustain the acidic environment. Overall, the slight change in
the shear stress after long-term soaking in extremely acidic
environments outperforms most hydrogel bioadhesives, of-
fering promising applicability in repairing gastric perfora-
tion.

Ex vivo gastric perforation sealing

Ex vivo gastric perforation sealing is demonstrated on an ex-
planted porcine stomach (from a local butcher’s shop). An
incision of ca. 5 cm is created with a scalpel, in order to
simulate the gastric perforation (Fig. 3a). We then promptly
seal the perforation with our ATGels bioadhesive, and trans-
fer the sealed stomach into a PBS buffer solution, mimicking

the biological fluidic environment (Fig. 3b). SGF medium
(pH 2.0) is then filled into the stomach, while red food dye
is used to stain the SGF for visual effect. No liquid leaking
is observed for both the ATGels bioadhesive and the control
group (ContGels bioadhesive), corroborating the instant and
tough bioadhesion resulting from the dry-crosslinking mech-
anism.[17] The ContGels bioadhesive layer drastically swells
within 4 hours, and a burst leak occurs within 8 hours, in-
dicating the adhesion failure (Supplementary Movie S1).
In contrast, our ATGels adhesion remains robust during the
after 48-h of observation, indicating a fluid-tight sealing of
the perforated stomach (Supplementary Movie S2). Due
to the difficulties in storing porcine stomach samples under
ambient condition, we did not extend our observation period,
however, we expect that the robust sealing could last much
longer, which will be evaluated in the following in vivo tests.

The microstructure and conformity of the adhesion inter-
face between the ATGels bioadhesive and gastric tissue are
further studied with SEM (Fig. 3c). Similar to the SEM
images of the ATGels samples (Supplementary Fig. S5), a
distinct three-layer structure is observed even after bonding
with gastric tissues. Additionally, the magnified microstruc-
ture shows conformal adhesion interface between the AT-
Gels bioadhesive and the gastric tissue, corroborating the ro-
bust interfacial adhesion. Since the hydrogel bioadhesive is
applied as a dry polymer film, the resulting rapid hydration
of the polymer films into hydrogel networks and the interfa-
cial water drainage of the gastric tissues drive the penetra-
tion of polymer chains into the tissues. Thus, the robust and
seamless interfacial adhesion is attributed to the synergy of
the physical interlocking and the chemical bonding between
the poly(AA-NHS) chains and the collagen fibers of the tis-
sues.[11,20,39]

In addition to adhesion strength and toughness, burst
pressure is another key character to evaluate the robustness
of wound sealants for biological organs, since the adhesive
layers have to withstand a certain pressure for maintaining
the inner fluid and/or air flow. As shown in Fig. 3d, we
build a setup to quantify the burst pressure, where a piece of
gastric tissue is fixed onto the holder, and an air dispenser is
used to gradually tune the pressure. A hole of 5 mm in diam-
eter is created with a scalpel, and subsequently sealed with
the ATGel bioadhesives. Upon 5 s of interfacial wet adhe-
sion, air pressure is gradually increased to exert force on the
sealed incision, and the critical pressure is taken as the burst
pressure when the sealing failed (n = 5). The measured burst
pressure reaches as high as 33.9 kPa (254 mmHg) for our
ATGels bioadhesive (Fig. 3d), much higher than that of the
commercially-available tissue sealants, such as VetbondT M

and Fibrin glueT M . Moreover, the burst pressure of ATGels
bioadhesive is remarkably higher than the intra-gastric pres-
sure (0.67∼3.3 kPa or 5∼25 mmHg).[40] This property is
particularly beneficial for gastric sealants as the fluidic pres-
sure exerted on gastric tissue can be occasionally high during
digestion.
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Figure 3. Ex vivo demonstrations of of the robust sealing ability in gastric perforation and in vitro biocompatibility of the ATGels bioadhesives.
a. Schematic illustration of the ATGels bioadhesive for gastric perforation repairing. b. Photos of sealing the porcine stomach defects with the ATGels
bioadhesive, where the porcine stomach is filled with SGF ex vivo prior to immersion in PBS to demonstrate the acid-tolerant bioadhesion. Control
group is conducted with the PAA-NHS bulk hydrogels (ContGels) bioadhesive (scale bar: 5 cm). c. SEM of the adhesion interface between the ATGels
bioadhesive and gastric tissues. Magnified image clearly shows the distinct three-layer structure of the ATGels bioadhesive, and also the conformal adhesion
interface between the ATGels bioadhesive and the gastric tissue. d. Summary of the burst pressures of the ATGels bioadhesive and commercially-available
tissue bioadhesives (VetbondT M and Fibrin glueT M). e. Cell viability of GES-1 cells against ATGels bioadhesive after incubation for 1, 3 and 5 days. f.
Representative images of GES-1 cells with live/dead staining (top, scale bar: 100 µm) after incubation on ATGels samples for different periods, as well as
cell images with F-actin and DAPI nuclear staining (bottom, scale bar: 20 µm). The data in d and e are presented as the mean ± S.D. (n = 5). ∗∗p < 0.01.

Biocompatibility and biodegradability of the
hydrogel bioadhesives

The hydrogel bioadhesive for gastric perforation repairing
must be biocompatible, permitting the cells at the injured
areas to migrate and proliferate for further integration and
repairing. We therefore co-culture the human gastric ep-
ithelial cells (GES-1) with our ATGels samples and NHS
molecules to evaluate the in vitro biocompatibility and cell
behaviours during culture. No obvious difference in quan-
titative cell viability (through CCK-8 assay) is observed be-
tween the ATGels, control groups (PBS) (Fig. 3e), as well
as the NHS molecules (Supplementary Fig. S14) and cor-
responding byproducts during the cell culture, indicating the
excellent biocompatibility of our ATGels bioadhesive. We
observe a uniform monolayer of the GES-1 cells on the AT-
Gels substrate, featuring normal cell morphologies. Addi-
tionally, nearly no dead cells (red luminance) are observed
upon live/dead cell staining, and the GES-1 cells substan-

tially proliferate over tenfold within 5 days (Fig. 3f). These
results reveal the positive role of our ATGels in the migration
and proliferation of GES-1 cells, thus promoting the gastric
defect repairing.

The in vitro degradability of our ATGels bioadhesive
is assessed through PBS incubation in the presence of es-
terase (Supplementary Fig. S15), while in vivo degradabil-
ity is evaluated through subcutaneous implantation in a rat
model for 56 days (Supplementary Fig. S16). Similar to
the in vitro biodegradation behaviours (Supplementary Fig.
S15), the size of the implanted ATGels samples gradually de-
creases (Supplementary Fig. S16b-c), accompanying with
an increased pore size (Supplementary Fig. S17), and the
remaining mass is below 10% after 56 days. To probe the
physiological side-effects associated with the biodegradation
byproducts, we conduct further histological analysis on tis-
sues in close contact with the implanted hydrogel samples.
No obvious inflammatory response is detected after Day 7
and Day 28, suggesting the absence of macrophages and su-
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perior in vivo biocompatibility of the ATGels bioadhesive.
Moreover, an accelerated degradation of the implanted hy-
drogel samples was observed after Day 7, and negligible
fragmentation was observed after 56 days (Supplementary

Fig. S18a). We further demonstrate that in vivo biodegrada-
tion of ATGels bioadhesive poses no damage to other organs
(i.e. heart, liver, spleen, lung and kidney) by histological
analysis through HE staining (Supplementary Fig. S18b).
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In vivo gastric perforation repairing

Having demonstrated the unique acid-tolerance, ex vivo in-
stant and tough adhesion with gastric tissues, long-term ro-
bustness and superior biocompatibility and biodegradabil-
ity, we then evaluate the gastric perforation repairing using
our ATGels bioadhesive. Perforation is created on a SD rat
model (200∼300 g, n = 15, Fig. 4a) that is treated as se-
vere gastric injury. The perforation is then sealed with our
ATGels bioadhesive, while sealing with sutures is taken as
a control. We find that the ATGels bioadhesive could form
a robust adhesion with the gastric serosal tissue and seal a
5-mm perforation in rat stomach immediately within a few
seconds (Fig. 4b and Supplementary Movie S3), similar
to the ex vivo results (Fig. 3). In contrast, the point-wise
wound closure by sutures takes much longer time (> 2 min)
to seal and can cause puncture-induced tissue damage (Sup-
plementary Movie S4). Overall, the ATGels bioadhesives
offer simple, consistent and fully conformal sealing. During
a follow-up period of 14 days, the hydrogel bioadhesion re-
mains robust. By carefully removing the hydrogel layer, no
gastric fluid leakage occurs, suggesting the successful seal-
ing of the gastric perforation (Fig. 4b). After 28 days, perfo-
rations in both ATGels bioadhesive and suture groups repair
completely (Supplementary Fig. S19). It is notable that due
to the BSA treatment, postsurgical adhesion and correspond-
ing surgical complications are substantially suppressed, sim-
ilar to previous reports.[26,38]

Further histological analyses through HE and Masson
staining reveal that the gastric perforation is repaired by fi-
brous tissues, predominantly composed of collagenous net-
works and fibroblasts, while a denser fibrous tissue is re-
sulted in the case where the perforation is treated with su-
tures (Fig. 4c-d). It is worth mentioning that the AT-
Gels bioadhesive remains robustly adhered onto the defects
and surrounding tissues, and tissue interstitial porosity and
edema are observed after 14 days of sealing with the ATGels
bioadhesive. Moreover, the typical three-layered structures
of the gastric walls around the perforation are clearly ob-
served after 28 days (Fig. 4c-d). In contrast, the mucosal
layer is not completely closed at 14 days after sealing with
sutures, meanwhile the local stress created by suture pen-
etration causes drastic deformation of the local tissues and
contraction of the overall stomach (Fig. 4c-d). Notably,
other organs (i.e. heart, kidney, liver, spleen and lung) in
both groups are in their normal states without signs of in-
flammation or damage caused by gastric fluids leaking (Sup-
plementary Fig. S20) after 28 days of repairing with the
ATGels bioadhesive. These above findings support our hy-
pothesis that the ATGels bioadhesive is capable of sealing
severe gastric perforation without the aid of additional sta-
ples or sutures in a preclinical animal model. Further experi-
ments are warranted to evaluate the long-term fate of hydro-
gel sealants, as well as the therapeutic efficacy of our ATGels
bioadhesives on even larger perforation of large animal mod-
els.

Further immunocytochemical analysis is conducted to

evaluate the capability of our ATGels bioadhesives in gastric
perforation healing. Although perforation healing is found
on Day 7 when sutures are used, severe tissue inflamma-
tion at the defect areas (serosal and mussel layer) is clearly
observed, as evidenced by the presence of a large amount
of macrophases (CD68, 46%),[41] that is in sharp contrast
to the group treated with the ATGels bioadhesive (26.1%,
Fig. 5a, e). Excessive inflammation could stimulate the
over-expression of collagen and subsequent fibrosis, lead-
ing to scars formation.[28,42] Masson staining in Fig. 4d also
reveals that the collagen fibers are at a significantly higher
level for the suture group, in sharp contrast to the ATGels
bioadhesive.

Re-epithelization and angiogenesis are key factors con-
tributing to gastric perforation repairing.[27,29] We then stain
PCNA (proliferation marker) and CD31 (endothelial cell
marker) for further analysis. Immunohistochemistry stain-
ing of PCNA, a proliferation marker of G1/S phase, displays
significantly less proliferating cells (37 %) after the perfora-
tion is sealed with the ATGels bioadhesive for 14 days, while
54% for the suture group (Fig. 5b, f). Noteworthily, the ex-
pression ratio of PCNA decreases to 16.4% at 28 days seal-
ing with the ATGels bioadhesive, indicating a complete re-
pairing of the wound into normal tissues. On the other hand,
the PCNA percentage remains as high as 30% in the suture
group, suggesting that more time is needed for a complete
perforation repairing. Similarly, after 14-day sealing, im-
munostaining of α-SMA (α-smooth actin and mature blood
vessels) and CD31 (endothelial cell marker for new blood
vessels) possesses significantly higher microvessel density
in the ATGels bioadhesive group (Fig. 5d, g, h, Supple-
mentary Fig. S21). All these immunohistochemical results
reveal that the use of the ATGels bioadhesive as gastric per-
forating sealants could effectively accelerate the transition
from inflammation to proliferation phase, suppressing ex-
cessive fibrosis to promote ECM remodelling, and providing
nutrition for angiogenesis.[43] The gastric perforation repair-
ing capability of our ATGels bioadhesives remarkably sur-
passes that of suture, offering promising prospect for clinical
surgeries.

Conclusions

In this work, we have reported an acid-tolerant hydrogel
(ATGels) bioadhesive by integrating an acid-resistant
hydrogel substrate with an adhesive polymer brush layer.
The ATGels bioadhesive is capable of achieving instant,
tough, fluid-tight and sutureless sealing of gastric perfo-
ration, and enabling robust adhesion interfaces in direct
contact with gastric fluids. Taking advantage of the full set
of functionalities of our ATGels bioadhesive, we further
demonstrate that the use of our ATGels bioadhesive as a
sutureless sealant could accelerate the gastric perforation
repairing in a rat model through alleviated inflammation,
suppressed formation of fibrosis and increased angiogenesis.
While the curernt work provides systematic studies on the
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Figure 5. Immunocytochemistry analysis of the process of gastric perforation repairing by sutures and hydrogel bioadhesive treatment. a-d.
Immunostaining for CD68 (red, a), PCNA (dark brown nuclei, b), α-smooth muscle actin (α-SMA, red) and CD31 (green, c-d) of gastric perforation
repaired by suture and ATGels bioadhesive after 7, 14, and 28 days. e-h. Quantification of the relative percent of macrophages (CD68, e), PCNA-positive
cells percent (f), α-SMA-positive small arteries (g), and CD31-positive capillaries (h) from the immunostaining images of the repaired gastric sections with
suture and ATGels bioadhesive treatment. g. , and h. The scale bars in a-d are 50 µm, data in e-h are presented as the mean ± S.D. (n = 5). ∗p < 0.05, ∗∗p
< 0.01, ∗∗∗p < 0.001.

proof-of-concept efficacy of our ATGels bioadhesive for
gastric perforation repairing, future investigation on larger
animals (e.g. rodent and porcine models) with larger-size
perforation (i.e. > 10 mm)[32,33] is necessitated to further
define the applicability and efficacy before testing in clinical
settings. Additionally, our current ATGels bioadhesive en-
ables an complete in vivo biodegradation within ca. 8-week
after implantation, while tailored in vivo biodegradation
kinetics through optimizing both the hydrogel substrates
and polymer brushes could improve the repairing efficacy,
by considering the healing dynamics of each medical case.
Moreover, by integrating our ATGels bioadhesive with
various delivery techniques, such as endoscopic stapler,[38]

it may offer minimally-invasive treatment for gastric perfo-
ration repairing and gastrectomy repairing in diverse clinical
settings.

Materials and Methods

Preparation of the acid-tolerant hydrogels
(ATGels) bioadhesive.

The ATGels bioadhesive was prepared by grafting poly-
mer brushes onto the of poly(HEMA-NVP) hydrogel sub-
strates. First, a hydrogel precursor solution of HEMA (0.8
mol L−1), NVP (1.2 mol L−1), PEGDA (Mn = 2 kDa, 0.3
wt.%) and Irgacure 2959 (0.5 wt.%) was prepared. After de-
gassing through centrifugation, the precursor solution was
transferred into a glass mold and exposed to UV irradia-
tion (365 nm, 20 mW cm−2, 60 min). The as-obtained
Poly(HEMA-NVP) hydrogels were dialyzed against exces-
sive amount of Mill-Q water to remove the unreacted small-
molecule residues, following by air-drying (thickness of 200
µm) and storing under -20 ◦C before use.

To graft the polymer brushes, the Poly(HEMA-NVP)
film was first soaked into a benzophenone solution (10 wt.%
in diethyl ether) for 2 min. After that, the Poly(HEMA-NVP)
film was rinsed with diethyl ether and dried completely with
nitrogen flow. Then, the Poly(HEMA-NVP) film was im-
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mersed in an aqueous monomer solution containing 20 wt.%
AA and 2 wt.% AAc-NHS monomer. After UV radiation
(365 nm, 20 mW cm−2) for 30 min, the as-obtained hydro-
gel samples were dried in air and then stored at -20 ◦C prior
to further experiments.

Mechanical tests.

The stress-strain curves of the hydrogels were recorded with
a tensile machine, at a constant deformation rate of 20 mm
min−1. All the hydrogel samples for tensile tests were cut
into a dumbbell shape with a laser cutter, and treated with
simulated gastric fluid (SGF, pH 2.0) medium for desig-
nated periods prior to tensile tests. Fracture toughness of the
ATGels bioadhesive was quantified by employing the pure-
shear test at a deformation rate of 50 mm min−1.

Standard lap-shear and 180◦ peeling tests were per-
formed on the adhered joints of between various tissues
and our ATGels bioadhesive, while commercially-available
bioadhesives, such as VetbondT M and Fibrin glueT M , and
PAA-NHS bulk hydrogels (ContGels) were also tested as
controls. Biological tissues, such as porcine skin or gastric
tissues, were cut into slices with a dimension of 50 mm (L)
× 10 mm (W) × 0.5 mm (t), and then cleaned with PBS
buffer. The adhered tissue joints were fabricated by laminat-
ing two tissue slices together with our dry hydrogel adhesive
films, followed by slight pressing (ca. 1 kPa) for 10 sec-
onds before mechanical tests. Nylon papers (ca. 100 µm in
thickness) were adhered on the other side of the tissues as
stiff backings using cyanoacrylate glue, in order to avoid the
elastic deformation of the biological tissues. To evaluate the
long-term adhesion stability in specific conditions, i.e. acidic
condition (SGF, pH 2.0), the adhered joints were soaked in
the buffer solutions for a designated period before lap-shear
and 180◦ peeling tests.

Burst pressure quantification.

Burst pressure test was performed using a home-designed
setup. Briefly, a disc-shaped porcine stomach tissues with a
thickness of 1 mm and a diameter of 4 cm was fixed to the
setup, and a hole with a diameter of 5 mm was created with a
puncher. The ATGels samples with a diameter of 10 mm and
a thickness of 200 µm were used to seal the hole, follow-
ing the above-mentioned protocol. An EFD dispenser was
used to control the airflow, which was gradually increased
for exerting an increasing pressure on the sealed hole. The
burst pressure was taken as the pressure when failure of the
sealed wound occurred. Commercially-available bioadhe-
sives, VedbondT M and Fibrin glueT M , were also measured
for comparison. All measurements were repeated for five
times, and the data were presented as mean ± S.D. (n = 5).

Ex vivo sealing of the gastric perforation.

To demonstrate the robust and stable sutureless sealing of
gastric perforation by the ATGels bioadhesive under gastric

environment, porcine stomaches from local butcher’s shop
were used. An incision with a length of 5 cm was created
with a scalpel, immediately prior to sealing with an ATGels
sample (length of 5 cm, width of 3 mm and thickness of 500
µm). Afterwards, the sealed stomach was immersed into
PBS buffer, and the stomach cavity was filled with SGF (pH
2.0, red food dye was used for better visual effect) to simu-
late the gastric environment in the body. Images of the sealed
incision in the presence of SGF were taken to monitor the
stability of the adhesion. Gastric incision sealed with PAA-
NHS bulk hydrogels (ContGels) was also tested as a control.

Animal Experiments.

All the animal handling procedures were carried out in
compliance with the standard guidelines approved by the
Southern University of Science and Technology (SUSTech)
Ethics Committee, and all animal surgeries were approved
by the Committee on Animal Care at SUSTech (Protocol
No. SUSTech-SL202101010). Male Sprague Dawley (SD)
rats (200-300 g, Charles River Co. Ltd.) were used for this
study.

In vivo gastric perforation repairing.

The SD rats were deprived of food for 12 h and water for
4 h prior to the surgery to minimize bowel contents in the
stomach. The SD rats were anesthetized with isoflurane (1-2
vol.% isoflurane in oxygen) throughout the surgery. In order
to avoid contamination of the abdominal cavity, the stomach
was isolated by making an incision at the abdomen with a
scalpel, rinsed with PBS solution and packed on a sterile sur-
gical drape before establishing the gastric perforation model.
The gastric perforation was made by creating a 5-mm hole
at the bottom side of the stomach, and a sterile gauze was
immediately used for hemostasis treatment. Our ATGels dry
films (8 mm (L) × 6 mm (W) × 200 µm (t)) were utilized to
seal the perforation by gentle pressing for 10 s (i.e. 1 kPa),
leading to a robust sealing of the stomach (n = 15). (Note:
the other side of the ATGels was treated with tiny amount of
sterilized BSA solution (1 wt.%) to avoid postoperative ad-
hesion during the gastric perforation healing.) The repaired
gastric tissues were collected at a designated intervals (i.e. 7,
14 and 28 days), fixed with 4 vol.% paraformaldehyde/PBS
solution, and then embedded in paraffin for further histolog-
ical and immunohistochemical analyses. Meanwhile, gastric
perforation sealed with sutures (7-0 PLGA suture, Gold ring
enterprise group, Shanghai, China) was also conducted and
compared as controls.

Histological analysis and
immunohistochemistry.

HE and Masson staining were performed on the repaired rat
gastric tissue. Briefly, the fixed tissue samples were first de-
hydrated in sequence using ethanol and embedded in paraf-
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fin. Afterwards, the samples were cut with a Leica RM2016
Cryostat (Leica, Germany) into sections (thickness: 4 µm),
followed by further hematoxylin and eosin or masson stain-
ing.

For immunohistochemical and immunofluorescence
staining, the rat repaired gastric tissues were cut into sections
with a thickness of 4 µm and de-paraffinized using xylene.
The sections were soaked into ethanol for 10 min and then
rehydrated with deionized water. Citric acid buffer (pH 6.0)
was then used for antigen retrieval, prior to 25-min incuba-
tion in H2O2 solution (3 wt.%) at room temperature. After
blocking the nonspecific binding sites with 3 wt.% BSA/PBS
solution at room temperature for 30 min, the tissue samples
were then treated with primary antibody (CD68 1:200, α-
SMA 1:200, CD31 1:100, or PCNA 1:1000) for 4 h at 37
◦C. The tissue sections were rinsed with PBS buffer and
then incubated with secondary antibody (Goat anti-rabbit
IgG (H+L), 1:1000) for another 60 min, followed by fur-
ther staining with DAB (3, 3-diaminobenzidine, Service-
bio, Wuhan, China) for peroxidase. Meanwhile, the sections
were incubated with either hematoxylin for 5 min or DAPI
for 10 min to stain the cell nucleus. Immunohistochemical
staining and immunofluorescent images were observed us-
ing an upright microscope (Leica DM 2700M) and a laser
confocal scanning microscope (CLSM, Lecia SP8), respec-
tively. For further quantitative analysis, the percentage of the
expressed antibody was analyzed with ImageJ from over 100
data points.

Statistical analysis.

All the data were processed with Origin 8.0 and presented
as the mean ± S.D. One-way analysis of variance (One-way
ANOVA) was used to determine the significance level be-
tween multiple groups, and the significance level was con-
sidered as ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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