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Highly Resilient Noncovalently Associated Hydrogel
Adhesives for Wound Sealing Patch

Gi-Yeon Han, Ji-Yong Park, Jong-Ho Back, Mo-Beom Yi, and Hyun-Joong Kim*

The development of hydrogel adhesives with high mechanical resilience and
toughness remains a challenging task. Hydrogels must exhibit high
mechanical resilience to withstand the inevitable movement of the human
body while simultaneously demonstrating strong wet tissue adhesion and
appropriate toughness to hold and seal damaged tissues; However, tissue
adhesion, toughness, and mechanical resilience are typically negatively
correlated. Therefore, this paper proposes a highly resilient double-network
(DN) hydrogel wound-sealing patch that exhibits a well-balanced combination
of tissue adhesion, toughness, and mechanical resilience. The DN structure is
formed by introducing covalently and non-covalently crosslinkable
dopamine-modified crosslinkers and physically interactable linear poly(vinyl
imidazole) (PVI). The resulting hydrogel adhesive exhibits high toughness and
mechanical resilience due to the presence of a DN involving reversible
physical intermolecular interactions such as hydrogen bonds, hydrophobic
associations, cation–𝝅 interactions, 𝝅–𝝅 interactions, and chain
entanglements. Moreover, the hydrogel adhesive achieves strong wet tissue
adhesion through the polar hydroxyl groups of dopamine and the amine
group of PVI. These mechanical attributes allow the proposed adhesive to
effectively seal damaged tissues and promote wound healing by maintaining a
moist environment.

1. Introduction

Hydrogel adhesives are widely used as wound closure patches
due to their high similarity to living tissues.[1] In comparison
with surgical stitching, the use of hydrogel adhesives can pre-
vent secondary tissue damage and reduce time consumption[2,3];
However, hydrogel adhesives typically lack the adhesiveness and
toughness required for securely holding and sealing wounds.[4]
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In recent years, hydrogel adhesives with
diverse functionalities, such as high
toughness,[5,6] stretchability,[7,8] and self-
healability[9,10] have been reported. How-
ever, most existing studies focus on only
one specific property. Notably, to ensure
the practical use of hydrogel adhesives as
wound-sealing patches, a well-balanced
combination of tissue adhesion, toughness,
and mechanical resilience is required,
posing a challenge due to the negative
correlation among these characteristics.[11]

The primary challenge in the devel-
opment of hydrogel adhesives is the si-
multaneous realization of strong wet tis-
sue adhesion and high mechanical re-
silience. Wounded tissues produce large
amounts of exudate, and joint areas and
organs are frequently subjected to a wide
range of motions.[12–14] For hydrogel adhe-
sives to be used as wound-sealing patches,
they must strongly adhere to wet tis-
sues and adapt to dynamic movements
without deformation.[15,16] Insufficient ad-
hesion and mechanical resilience of hy-
drogel adhesives can lead to poor con-
tact with dynamic wound sites, which

increases the risk of secondary infection[14] and limits their long-
term use.[17]

Double-network (DN) hydrogels can simultaneously achieve
high toughness and mechanical resilience through their hetero-
geneous network structures.[18] Specifically, DN hydrogels con-
sist of a highly crosslinked first network that maintains their
shape and a slightly crosslinked/entangled second network that
dissipates energy. When mechanical stress is applied, the second
network redistributes energy, while the first network maintains
its elasticity.[19,20] Furthermore, if the applied stress exceeds the
capacity of the first network, the fragments of the disrupted first
network can act as crosslinkers for the second network.[21]

As a result, DN hydrogels exhibit significantly increased
toughness compared to single-network hydrogels. In recent
years, the introduction of reversible bonds such as host–
guest interactions,[22] hydrophobic associations,[23] Schiff-base
reactions,[24] interpenetrating structures,[25] and crystalline
structures,[26] has enabled DN hydrogels to achieve high tough-
ness with excellent elasticity.

Notably, toughness and adhesiveness are typically nega-
tively correlated. As the toughness of an adhesive increases,
its ability to wet the interface between substrates and adhe-
sives decreases.[27] To address this trade-off relationship,[28,29]
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Figure 1. Schematic of the ATP hydrogel network structure a) without PVI and b) with PVI. c) Reversible physical interactions between dopamine,
poly(AA), and PVI. d) Schematic of hydrogel adhesives applied to dynamic body parts. e) Adhesion mechanism between tissues and ATP hydrogel.

dopamine-modified crosslinkers were introduced in our previous
study.[30] In this framework, acrylate-terminated and dopamine-
modified crosslinkers underwent covalent crosslinking with acry-
late, and the dopamine molecules in the crosslinkers gener-
ated reversible physical crosslinking and hydrogen bonding
with tissues. Although the hydrogel adhesives prepared using
dopamine-modified crosslinkers achieved high mechanical re-
silience and strong tissue adhesion, their elongation was lim-
ited due to the hydrogel network being formed only by covalent
bonds.

This study was aimed to develop highly resilient DN hydro-
gel adhesives characterized by high wet tissue adhesion and
toughness, enabling their application in dynamic environments.
The DN structure was formed using a dopamine-modified
crosslinker, specifically the tri(propylene glycol) diacrylate-
dopamine crosslinker (TPDC), and linear poly(vinyl imidazole)
(PVI). The first network was formed through the multiple
crosslinking of TPDC, involving covalent bonds, hydrophobic
associations, 𝜋–𝜋 stacking, and hydrogen bonds (Figure 1a).
The second network was established through additional in-

termolecular interactions induced by PVI addition, such as
chain entanglement, cation–𝜋 interactions, and hydrogen bonds
(Figure 1b). The network structures were noncovalently asso-
ciated by reversible physical interactions between poly(acrylic
acid) (AA), TPDC, and PVI (Figure 1c). The resulting hydrogel,
named acrylic acid-TPDC-PVI (ATP) hydrogel, exhibited excel-
lent stretchability and instant recovery properties through the
noncovalently associated network structure. The hydroxyl group
of dopamine and the amine group of PVI, exposed on the hydro-
gel surface, formed hydrogen bonds and participated in Schiff-
base reactions with the wet tissue surface, ensuring the strong
wet tissue adhesion of the ATP hydrogel (Figure 1e). More-
over, the pH-sensitive AA allowed the hydrogel to maintain a
moist environment by absorbing excess exudates produced from
the wound site, promoting wound healing. Through these well-
balanced mechanical characteristics, the ATP hydrogel can with-
stand successive cyclic loading and effectively seal damaged tis-
sues. Consequently, ATP hydrogel has the potential to be utilized
as a wound-sealing patch in dynamic tissues of the human body
(Figure 1d).
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Figure 2. Chemical synthesis process of a) TPDC, b) PVI, and c) ATP gel.

2. Results and Discussion

2.1. Preparation of Crosslinker and Hydrogel

TPDC was synthesized via the aza-Michael reaction, with the mo-
lar ratio of tri (propylene glycol) diacrylate and dopamine hy-
drochloride was set as 1.1: 0.5 (Figure 2a). This reaction was
completed in 9 h, as indicated by the reduction in the acrylate
C═C bond band (810 cm−1) of in the Fourier transform-infrared
(FT-IR) spectrum (Figure S1, Supporting Information). The end-
group fidelity of the product was confirmed by the acrylate C═C
bond proton peaks (5.9–6.4 ppm) in the proton nuclear mag-
netic resonance (1H NMR) spectrum (Figure S2, Supporting In-
formation). The molecular weight of TPDC was calculated using
the proton peak integral values between 5.9–6.0 ppm (acrylate
C═C) and 6.55–6.75 ppm (benzene CH, adjacent to OH). The
peak integral ratio of the 5.9–6.0 ppm peaks to 6.55–6.75 ppm
peaks is 1: 9.5, indicating the incorporation of ≈9.5 dopamine
molecules in each TPDC. Thus, the average molecular weight of
TPDC was estimated to be 4 600. PVI was synthesized through re-
versible addition−fragmentation chain-transfer polymerization
(Figure 2b). Reaction was confirmed by the disappearance of vinyl
C═C bond proton peaks (4.8–5.6 ppm) of 1H NMR spectroscopy
(Figure S3, Supporting Information). The DN hydrogel is pre-
pared following two steps: 1) radical polymerization of acrylate,
and 2) solvent exchange. First, the synthesized TPDC was copoly-
merized with AA using dimethyl sulfoxide (DMSO) as a solvent.
In this step, PVI was employed to form the second network with
physical crosslinking (Figure 2c). Next, the prepared gel was im-
mersed in cold deionized water (DIW) for 24 h to remove any
unreacted monomers and DMSO. The unreacted monomers and
DMSO were fully extracted after 7 h (Figure S4, Supporting Infor-

mation), and the ATP hydrogel was obtained. The hydrogel with
x wt.% of PVI was denoted as the ATPx hydrogel.

2.2. Characterization of DN Hydrogels

The prepared ATP hydrogel comprises two networks. The first
network involves the covalently crosslinked TPDC (Figure 1a),
along with noncovalent bonds, such as hydrophobic associations
(propylene glycol and dopamine) and hydrogen bonds (poly(AA)
and dopamine) (Figure 1c). The second network consists of phys-
ically crosslinked PVI (Figure 1b). Linear PVI induces physical
crosslinking through chain entanglement and intermolecular in-
teractions such as hydrogen bonding, hydrophobic interactions,
𝜋–𝜋 stacking, and cation–𝜋 interactions (Figure 1c). The effect
of PVI on the formation of the second network was confirmed
by variations in the swelling ratio and surface atomic ratio of
the ATP hydrogel with changes in the PVI content. The ATP0
hydrogel (without PVI) swelled by ≈30%, whereas the other hy-
drogels (with various PVI contents) contracted. As the PVI con-
tent increased, the hydrogel contraction ratio gradually increased
from ≈20% (ATP1 hydrogel) to 50% (ATP4 hydrogel) (Figure 3a),
and the water content correspondingly decreased from ≈76%
(ATP0 hydrogel) to 38% (ATP4 hydrogel) (Figure 3b). The sur-
face atomic ratios of the ATP hydrogels were determined through
X-ray photoelectron spectroscopy (XPS) (Figure S5, Supporting
Information). As the PVI content increased, the proportion of
C─O bonds increased from 17.0% (ATP0 hydrogel) to 26.2%
(ATP4 hydrogel) (Figure 3c–e). Specifically, as intermolecular in-
teractions such as hydrogen bonds, hydrophobic associations,
cation–𝜋 interactions, and chain entanglements increased, the
hydrophilic moieties (hydroxyl group of dopamine and amine
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Figure 3. a) Change in the weight and volume of the ATP pre-gel when immersed in DIW for 24 h. b) Water content of the ATP hydrogels with different
PVI contents. Peak-fitting XPS spectra of c) ATP0 hydrogel and d) ATP2 hydrogel. e) Atomic ratios of ATP hydrogel calculated using the corresponding
XPS spectra. f) Change in the weight of the ATP2 pre-gel when immersed in DMSO and DIW. g) Photographs of the ATP2 pre-gel, hydrogel (immersed
in DIW) and organogel (immersed in DMSO).

group of imidazole) became more exposed to the hydrogel sur-
face as the hydrophobic moieties (propylene glycol and benzene
ring of dopamine) became more associated within the hydrogel
network. In other words, the addition of PVI enhanced the in-
termolecular interactions in the bulk layer, resulting in a denser
network structure of the ATP hydrogel.

The ATP hydrogel network consisted of two main types of
bonds: covalent bonds formed by the acrylate, and noncova-
lent bonds formed between poly(AA), TPDC, and PVI. To eval-
uate the effect of these noncovalent intermolecular interactions
such as hydrogen bonds, hydrophobic associations, cation–𝜋 in-
teractions, 𝜋–𝜋 interactions, and chain entanglements on the
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Figure 4. a) Strain–stress curves of the ATP hydrogels with different PVI contents. b) Fracture elongation and tensile strength of the ATP hydrogels with
different PVI contents. c) Photographs of the stretched ATP2 hydrogel. d) Stress–strain curve of notched ATP0 and ATP2 hydrogels and e) photographs
of notched ATP2 hydrogel. f) Photographs of stretched ATP4 hydrogel.

formation of the hydrogel network, ATP2 pre-gel was immersed
in DMSO and DIW for 24 h, and the weight change of the pre-
gel was observed. DMSO, which is amphiphilic owing to the pres-
ence of a polar sulfoxide group and nonpolar methyl group, weak-
ens the hydrogen bonds, hydrophobic associations, cation–𝜋
interactions, and 𝜋–𝜋 interactions of the ATP hydrogel.[31] The
weight of the ATP2 pre-gel increased and decreased by ≈2100%
and 55% with respect to its original weight when immersed
in DMSO and DIW, respectively (Figure 3f). Moreover, compar-
ing the gels immersed in each solvent, ATP hydrogel is opaque
and ATP organogel is transparent (Figure 3g). This difference
in light transmittance is caused by the association of polymer
network structure forming light scattering centers. These re-
sults demonstrate that noncovalent intermolecular interactions
between poly(AA), TPDC, and PVI influence the formation of the
hydrogel network, making it denser.[32,33]

2.3. Mechanical Performances

Because the mechanical properties of hydrogels are affected by
the corresponding hydrogel network structure, tensile tests were
conducted to examine the change in the mechanical properties
with varying PVI contents (0 wt.% to 5 wt.%) (Movie S1, Sup-
porting Information). The addition of PVI, which formed the sec-

ond network through physical crosslinking, increased the frac-
ture elongation and tensile strength of the ATP hydrogels. The
fracture elongation and tensile strength of the ATP0 hydrogel
were 510% and 80 kPa, respectively, whereas the correspond-
ing value for the ATP4 was dramatically increased to 910% and
310 kPa (Figure 4a–c). The physically crosslinked networks of the
hydrogel dissociated under mechanical stress, resulting in en-
ergy dissipation and redistribution energy, thereby the fracture
elongation and tensile strength were increased with the increase
in PVI content. The effect of the DN structure on the mechani-
cal properties of the ATP hydrogels was evaluated through crack
tip tests. The PVI-containing DN hydrogel (ATP2 hydrogel) was
≈150% more elongated than the single-network hydrogel (ATP0
hydrogel). The higher crack propagation resistance of the ATP2
hydrogel was attributable to the effective redistribution of stress
around the crack tip by the DN network (Figure 4d,e).[20] The frac-
ture elongation limit of the PVI-containing hydrogels (ATP2–4
hydrogels) was observed to be 900%, beyond which, the network
structure could no longer withstand mechanical loading. At elon-
gations exceeding 600%, fluctuations in the strain–stress curve
were observed in the PVI-containing ATP hydrogels (ATP1–4 hy-
drogels). These fluctuations were attributable to the occurrence
of necking and crack generation in the hydrogel as the first net-
work was destroyed, which intensified with further stretching of
the hydrogel (Figure 4f).[21]
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Figure 5. a) Schematic of the lap shear test process and b) failure modes of adhesive after adhesion test. c) Tissue adhesion strength of ATP hydrogels
with different PVI contents and d) change in the tissue adhesion strength of the ATP2 hydrogel over time. e) Failure mode of the ATP hydrogels after
lap shear tests with different PVI contents. f) Failure mode of the ATP2 hydrogel at different time points after adhesion. Grey dashed lines represent the
residual ATP hydrogels on the porcine skin after lap shear test.

2.4. Adhesion Performances

The adhesion strength of the ATP hydrogels was evaluated by
conducting lap shear test (Figure 5a; Movie S2, Supporting In-
formation) and observing the failure mode of the ATP hydrogels.
The failure mode of an adhesive is determined by the balance
between its adhesion and cohesion forces. Analyzing the adhe-
sion strength and failure modes reveals the mechanical perfor-
mance of the adhesive (Figure 5b). Porcine skin was selected as
the model tissue owing to its similarity to human skin.[34] To sim-
ulate a wet physiological environment, the ATP hydrogels were
attached to fully wetted porcine skin and stored in wet conditions.
The addition of PVI significantly increased the adhesion strength
from 16.2 kPa (ATP0 hydrogel) to 42.1 kPa (ATP1 hydrogel) with
a linear progression to 45.5 kPa (ATP2 hydrogel) up to an added
content of 2 wt.% (Figure 5c). Specifically, the addition of PVI in-

creased the amount of amine group of imidazole and promoted
the exposure of the hydroxyl group of dopamine to the hydro-
gel surface (Figure 3e). Therefore, the adhesion strength was
expected to increase with the PVI content. However, when the
PVI addition content exceeded 3 wt.%, the adhesion strength de-
creased to 31.7 kPa (ATP4 hydrogel). This phenomenon occurred
because the hydrogen bonds, hydrophobic associations, cation–
𝜋 interactions, and chain entanglements were intensified by the
addition of PVI, which increased the modulus of the hydrogel.
The elevated modulus led to reduced wettability, resulting in the
decreased adhesion strength of the hydrogel.[29] The increase in
modulus was confirmed by the strain–stress curve of the ATP hy-
drogels (Figure 4a) and the failure modes. As the PVI content in-
creased, their failure modes changed from a mixed failure mode
(ATP0–2 hydrogels) to interfacial failure (ATP3 and ATP4 hydro-
gels) (Figure 5e). These results demonstrate that ATP hydrogels
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robustly adhere to biological tissues and adhesion strength varies
with PVI contents as the modulus of the hydrogel changes.

2.5. Change in Adhesion Strength over Time

When a hydrogel is implanted in the human body, it is exposed to
wet conditions induced by the exudate produced by damaged skin
and sweat from everyday activities. Therefore, hydrogel adhesives
must maintain adhesion in wet environments to ensure their
durability. To evaluate the adhesion maintenance of the ATP hy-
drogel, the change in the tissue adhesion over time (0, 1, 3, 6, 10,
and 24 h) under wet conditions was observed using the ATP2 hy-
drogel, which exhibited the highest adhesion strength among the
prepared hydrogels. The initial adhesion strength was 24.8 kPa,
which gradually increased to the peak value of 45.5 kPa 3 h after
adhesion (Figure 5d). The exposed hydroxyl group of dopamine
and amine group of PVI formed hydrogen bonds with the func-
tional groups present in the skin, such as the amine, carboxylic
acid, and hydroxyl groups. Therefore, the ATP hydrogel exhibited
high tissue adhesion in the initial stages. Over time, oxidation
and Schiff-base reactions of dopamine occurred, resulting in the
formation of strong bonds between the skin and increased adhe-
sion strength.[35] Within 1 h post-adhesion, insufficient interac-
tions occurred between the ATP hydrogel and skin, leading to in-
terfacial failure of the hydrogel. (Figure 5f). However, as the inter-
actions between the ATP hydrogel and skin intensified up to 3 h
after adhesion, the failure mode of the ATP hydrogel transitioned
to a mixed failure mode. As the attachment duration exceeded
3 h, the adhesion strength decreased (e.g., 27.6 kPa after 10 h).
Nevertheless, the ATP hydrogel exhibited adhesion strengths of
over 20 kPa even after 24 h of adhesion. The decrease in adhesion
strength is attributable to the decrease in cohesion of the ATP
hydrogel owing to water absorption and hydrogel degradation.
As the adhesion time increases, additional interactions between
the ATP hydrogel and substrate are formed, but these interac-
tions also weaken the existing interactions within ATP hydrogel
network.[36] Therefore, the dissociation of the network structure
occurred as adhesion duration increased, resulting in the cohe-
sion of the ATP hydrogel, which is the strength itself, decreasing.
Since the adhesion strength is determined by a combination of
cohesive and adhesive forces, a decrease in cohesion results in
a decrease in adhesion strength.[37] This phenomenon (dissocia-
tion of the ATP hydrogel network structure) can be indirectly ob-
served by the change in transparency of the ATP hydrogel accord-
ing to adhesion time. The ATP hydrogel changes from opaque to
transparent due to the disappearance of the light scattering center
caused by the dissociation of the ATP hydrogel network structure
(Figure 5f).

2.6. Recovery Performance

The human body contains numerous mobile components: Joints
such as the knee, wrist, and ankle exhibit a wide range of mo-
tion; and organs such as the lungs, heart, and tendons repeatedly
contract and relax. Hence, hydrogels must exhibit high mechani-
cal resilience to withstand dynamic mechanical loadings.[38,39] To
evaluate the recovery property of the ATP2 hydrogel in dynamic

environments, a cyclic tensile test was conducted without rest.
The residual strain and resilience were calculated using the ini-
tial loading–unloading curves at different strain rates (Figure 6a).
The ATP2 hydrogel exhibited a low residual strain (≈35%) and
high mechanical resilience (≈63%) at strain rates of 200% and
400% (Figure 6b,c). At strain rates exceeding 600%, i.e., 700%, the
mechanical resilience decreased to 53%, and the residual strain
increased to 85% (Figure 6d,e). The recovery performance of the
ATP hydrogel was attributable to the associated TPDC and entan-
gled PVI: The associated TPDC can reversibly reassociate when
mechanical stress is removed, and entangled PVI can enhance
the elasticity of the hydrogel.[40] Owing to its noncovalently asso-
ciated DN structure, the ATP hydrogel demonstrated excellent re-
covery properties even without external stimuli. Notably, at strain
rates exceeding 600%, the resilience significantly decreased, and
the residual strain increased owing to the irreversible destruc-
tion of the covalently crosslinked network structure (Figure 6f);
However, even after the destruction of the first network (covalent
crosslinking), its fragments functioned as crosslinkers of the sec-
ond network,[21] and hydrogen bonds, hydrophobic associations,
cation–𝜋 interactions, and chain entanglements induced by PVI
contributed to the elasticity of the ATP hydrogel to a certain ex-
tent. Therefore, the ATP hydrogel exhibited excellent recovery
properties even at high strain rates. Finally, successive cycle ten-
sile test was conducted to demonstrate the applicability of the
ATP hydrogel at joint areas. The strain rate was set at 100%, con-
sidering the maximum strain rates of human motions,[38,41] and
the test was conducted for 200-cycles. The ATP2 hydrogel could
withstand 200-cycles at strain rate of 100% (Figure 6g) and exhib-
ited high mechanical resilience even after 200-cycles (Figure 6f).
These results demonstrate the stability of the ATP2 hydrogel in
dynamic environments.

2.7. Burst Pressure and Potential Applications

The burst pressure test is an effective method for evaluating the
robustness of hydrogel adhesives against dynamic pressure and
their adhesiveness at wound sites (Figure 7a).[42] As the PVI con-
tent increased, the burst pressure of the ATP hydrogel increased
from 114 mmHg (ATP0 hydrogel) to 236 mmHg (ATP4 hydro-
gel) (Figure 7b). Higher PVI content increases the toughness of
the ATP hydrogel, leading to enhanced burst pressure strength.
The burst pressure of the ATP hydrogel was higher than that of
commercial sealing adhesives (under 50 mmHg).[4,13] Consider-
ing normal human arterial blood pressure (typically 120 mmHg),
PVI-containing ATP hydrogels (ATP1–4 hydrogels) exhibited ex-
cellent pressure resistance, exceeding 160 mmHg.

A water/air sealing test using an ex vivo porcine model was
conducted to evaluate the potential applications of the hydro-
gel. Perforations were created in the porcine small intestine and
lung, and water and air flow were introduced, respectively. The
damaged areas were then sealed using the ATP2 hydrogel. The
ATP2 hydrogel effectively sealed the damaged spots even when
water and air were still flowing, owing to its strong tissue ad-
hesion and high toughness. (Figure 7c,d; Movies S3 and S4,
Supporting Information). Furthermore, the sealing performance
of the ATP2 hydrogel in physiological conditions was evaluated
using a porcine small intestine. The perforated porcine small

Adv. Healthcare Mater. 2024, 2303342 © 2024 Wiley-VCH GmbH2303342 (7 of 13)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202303342 by Seoul N
ational U

niversity, W
iley O

nline L
ibrary on [26/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 6. a) Schematic of tensile hysteresis curve. Stress–strain curves of the cyclic tensile tests of the ATP2 hydrogel at strain rates of b) 200%, c) 400%,
d) 600%, and e) 700%; and f) resilience and residual strain at different strain rates. g) The successive cycle tensile test of ATP2 hydrogel at strain rate
100% and h) stress–strain curves of its 1st, 100th, and 200th cycle.

intestine sealed with the ATP2 hydrogel was immersed in Phos-
phate Buffered Saline (PBS) solution (pH 7.4) for 48 h. The inside
of the small intestine was filled with red PBS solution stained
with Direct Red 80 dye for visual effect. The high wet tissue ad-
hesion of the ATP hydrogel sealed the perforation effectively in a
moist environment. Over time, due to the pH-sensitive AA and
the hydrolysable ester bond in TPDC, the ATP2 hydrogel swells
and degrades. However, no liquid leakage was observed over 36 h
due to the ATP2 hydrogel forming robust adhesion at the inter-
face of the hydrogel and biological tissues (Figure 7e). These re-
sults demonstrate the sealing performance and stability in a phys-
iological environment of the ATP2 hydrogel.

Compared to existing hydrogel adhesives, the proposed ATP2
hydrogel adhesive demonstrated enhanced and well-balanced
mechanical properties. Specifically, ATP2 hydrogel adhesives
demonstrate robust wet tissue adhesion (45.5 kPa) and high ten-
sile strength (213.8 kPa), along with significant fracture elonga-

tion (883.5%) (Figure S6, Supporting Information). These well-
balanced mechanical properties enabled the ATP2 hydrogel to
achieve a higher burst pressure (174.7 kPa) compared to com-
mercially available fibrin, polyethylene glycol, and cyanoacrylate
glues.[4,24,43,44] To assess the biocompatibility and wound healing
capabilities, both in vitro and in vivo tests were conducted using
the ATP2 hydrogel, which exhibited optimal mechanical perfor-
mance.

2.8. Biocompatibility

The biocompatibility of the ATP hydrogel was confirmed through
in vitro biodegradation and cell tests. Biodegradability was as-
sessed by immersing the ATP hydrogel in a PBS solution at 36 °C.
ATP2 hydrogel exhibit 49% degradation after 36 h and completely
degrading after 72 h (Figure 8a) due to the hydrolysable ester

Adv. Healthcare Mater. 2024, 2303342 © 2024 Wiley-VCH GmbH2303342 (8 of 13)
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Figure 7. a) Schematic of the burst pressure test process. b) Burst pressures of the ATP hydrogels with different PVI contents. Photographs of c) fluid
leakage sealing and d) air leakage sealing tests using the ATP2 hydrogel. e) Photographs of sealing performance tests of the ATP2 hydrogel.

bond in the TPDC (Figure 8b). To assess potential toxicity of the
ATP hydrogel, the impact of its degradation products on STO
cells over time (Figure 8c). In comparison to the control group,
the hydrogel-treated group exhibited no significant difference in
cell viability (Figure 8d) and cytotoxicity (Figure 8e). In summary,
the ATP hydrogel degrades under physiological conditions, and
its degradation products do not pose harm to the cells.

2.9. Wound Healing Performance

The wound healing performance of the ATP hydrogel was as-
sessed using a rat wound model, monitoring changes in wound
size over time (0, 4, 8, and 11 d post-implantation). Subse-
quently, histological analyses (immunohistochemistry (IHC),
hematoxylin-eosin (H&E), and Masson’s trichrome staining)

Adv. Healthcare Mater. 2024, 2303342 © 2024 Wiley-VCH GmbH2303342 (9 of 13)
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Figure 8. In vitro biocompatibility of ATP hydrogel. a) Biodegradation in PBS solution (pH 7.4) for 96 h. b) Schematic of the degradation mechanism of
TPDC. c) Schematic of in vitro biocompatibility test process. d) Live/dead cell staining 72 h after incubation and e) potential toxicity over time.

were conducted 11 d post-implantation to evaluate tissue regen-
eration. In comparison to the control group, the hydrogel-treated
group exhibited accelerated healing speed (Figure 9a) and a sig-
nificantly higher level of the angiogenesis marker, vascular en-
dothelial growth factor (VEGF) (Figure 9b). In H&E staining
tests, the hydrogel-treated group demonstrated tissue (epider-
mis and dermis) thickness similar to that of the normal (non-
wounded) group, while the control group exhibited significant
tissue thickening (Figure 9c,d). Masson’s staining analysis re-
vealed a significantly higher collagen deposition in the hydrogel-
treated group than in the control group (Figure 9e,f). Collectively,
these results demonstrate that the ATP hydrogel promotes tissue
regeneration at the wound site.[45] The pH-sensitive AA can ab-
sorb excess exudates produced by the wounds. Furthermore, due
to its robust tissue adhesion, the ATP hydrogel can securely ad-
here to the wound and stabilize the wound site. This capability
enables the ATP hydrogel to protect the wound site, maintaining
a moist environment and thereby accelerating wound healing.[46]

3. Conclusions

This study reports the synthesis of highly resilient DN hydro-
gel adhesives utilizing an acrylate-terminated and dopamine-

modified crosslinker, TPDC, and linear PVI. The first network
was formed through covalent bonding between AA and TPDC,
and the second network was generated through noncovalent in-
termolecular interactions (hydrogen bonds, hydrophobic asso-
ciations, cation–𝜋 interactions, 𝜋–𝜋 interactions and chain en-
tanglement) between poly(AA), TPDC, and PVI. These covalent
and noncovalent intermolecular interactions led to associated
network structures, resulting in the ATP hydrogel with remark-
able toughness and mechanical resilience. The polar groups of
dopamine and imidazole within the ATP hydrogel formed strong
bonds with tissues, ensuring robust adhesion even in wet con-
ditions. The DN hydrogel adhesives, prepared with AA, TPDC,
and PVI exhibited exceptional tissue adhesion, toughness, and
mechanical resilience performances that are typically negatively
correlated. The ATP hydrogel effectively sealed damaged tis-
sues owing to its well-balanced mechanical performance, while
the pH-sensitive AA promoted wound healing by maintaining
a moist environment. Overall, this study presents a straightfor-
ward method for fabricating highly resilient hydrogel adhesives
with adjustable mechanical properties, making them promising
materials for wound dressings. With further exploration, the ap-
plication of these proposed hydrogel adhesives could be extended
to include wearable electronic devices.

Adv. Healthcare Mater. 2024, 2303342 © 2024 Wiley-VCH GmbH2303342 (10 of 13)
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Figure 9. In vivo wound healing test. a) Effect of the ATP2 hydrogel on wound healing and remaining wound size over time. b) Immunohistochemistry
staining images and VEGF antibody expression ratio. c) H&E staining images. Black and green dashed lines represent the boundary of the epidermis
and wound site, respectively. Red arrows represent the dermis. Comparison of d) epidermis and dermis thickness values of non-wounded (normal)
and wounded (control and hydrogel-treated) groups. e) Masson’s trichrome staining images and comparison of f) collagen deposition in non-wounded
(normal) and wounded (control and hydrogel-treated) groups.

4. Experimental Section
Materials: Tri (propylene glycol) diacrylate (TPGDA, average Mn 300)

and tetraethyl thiuram disulfide (TETD, 97%) were purchased from
Tokyo Chemical Industry Co., Ltd. 1-Vinyl imidazole (VI, 99%) and
2-hydroxy-4′-(2-hydroxyethoxy)−2-methylpropiophenone (Irgacure 2959,
98%) were purchased from Sigma-Aldrich. Dopamine hydrochloride
(99%) was purchased from Alfa Aesar. Acrylic acid (AA, 99.5%), triethy-
lamine (TEA, 99%), 2,2′-Azobisisobutyronitrile (AIBN, 98%), dimethyl sul-
foxide (DMSO, 99.8%), N, N-dimethyl formamide (DMF, 99.5%), tert-
butyl methyl ether (MTBE, 98.5%), and ether (99%) were purchased from
Samchun Chemicals Co., Ltd. 10X Phosphate Buffered Saline (PBS) solu-
tion was purchased from Tech & Innovation. Dulbecco’s modified Eagle
medium (DMEM, #SH3243.01) was purchased from Hyclone Laborato-
ries, Inc.

Preparation of Tri (propylene glycol) Diacrylate-Dopamine Crosslinker
(TPDC): Dopamine hydrochloride (1.89 g, 10 mmol) and TPGDA (3.30 g,
11 mmol) were added to DMSO (12.12 g) under N2 purging for 20 min
at 25 °C. TEA (1.01 g, 10 mmol) was then added, and the mixture reacted
at 80 °C for 12 h in dark conditions. After the reaction, TEA salt was re-
moved through suction filtration. The solution was washed three times
with MTBE, and the residual solvent was removed using a rotary evapora-
tor at 60 °C for 6 h. A yellow-transparent liquid was obtained and stored at
−20 °C.

Preparation of Poly(vinyl Imidazole) (PVI): PVI was prepared followed
a previously reported method.[47] VI (2.35 g, 25 mmol), TETD (0.15 g,
0.5 mmol), and AIBN (0.16 g, 1 mmol) were added to DMF (10.0 g) under

N2 purging for 20 min. The solution reacted at 70 °C for 12 h. The result-
ing PVI was washed three times with ether, and the residual solvent was
removed by vacuum evaporation at 25 °C.

Preparation of Acrylic acid-TPDC-PVI (ATP) Hydrogel: The pre-gel was
synthesized in DMSO by free-radical photopolymerization. AA (1.0 g),
TPDC (0.447 g, 0.7 mole% of AA), PVI (0.02 g, 2 wt.% of AA), and Ir-
gacure 2959 (0.01 g, 1 wt.% of AA) were dissolved in DMSO (3.38 g).
The mixture was poured into a Teflon mold sized 12 × 75 × 0.5 mm3

(W × L × T) and subjected to UV irradiation (UV light-emitting diode
lamp, intensity = 17 mW/cm2) for 5 min. The resulting pre-gel was im-
mersed in cold deionized water (DIW) for 12 h, with change to fresh
DIW every 2 h. The DMSO extracted from the ATP pre-gel was mea-
sured by 1H NMR, and its value was calculated using the 1H NMR
integral. (D2On = 4.8 ppm peak integral at n h, DMSOn = 2.5 ppm
peak integral at n h). To this end, ATP pre-gel (50 mg) was immersed
in D2O (1 mL) for 12 h, with the D2O replaced every 2 h. Hydrogels
with different PVI contents (0, 1, 3, and 4 wt.%) were prepared follow-
ing the same procedure. The hydrogel with x wt.% of PVI was denoted
as the ATPx hydrogel. Unless specified otherwise, the ATP2 hydrogel was
used.

Solvent extraction =
DMSOn

D2On
(1)

Extraction ratio (%) =
En

∑
En

× 100 (2)

Adv. Healthcare Mater. 2024, 2303342 © 2024 Wiley-VCH GmbH2303342 (11 of 13)
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Characterization of TPDC, PVI, and ATP Hydrogel: IR spectra were
recorded using an FT-IR spectrometer (Nicolet iS20, Thermo Fisher Scien-
tific) to analyze the reaction ratio of TPDC. 1H NMR spectra were recorded
using a 400-MHz NMR spectrometer (JNM-ECX400, JEOL) to verify the
molecular structures of TPDC and PVI. All 1H NMR samples were mea-
sured at 25 °C in DMSO-D6 (using 0.03% tetramethylsilane (𝛿 = 0 ppm)
as the reference). X-ray photoelectron spectra were recorded using an XPS
spectrometer (K-Alpha, Thermo Scientific) to examine the surface chemi-
cal composition of the ATP hydrogel, and lyophilized ATP gel was used for
XPS analysis. A monochromatic Al K𝛼 X-ray (h𝜈 = 1486.6 eV) source was
used, operating at 12 kV and 72 W. The neutral C1s peak was used as a
reference (set at 284.6 eV).

Swelling Property: A 12 × 12 mm (W × L) pre-gel sample was im-
mersed in DMSO and DIW at 25 °C. The swelling ratio was calculated
based on the weight and volume change of the pre-gel. The weight and vol-
ume of the gel immersed in the solvent for n h were designated weightn
and volumen, respectively. The water content of the ATPx hydrogel was
calculated by the mass loss after lyophilization.

Swelling ratio (%) =
weight, volume n

weight, volume of pre − gel
× 100 (3)

Water content (%)

=
weight of hydrogel − weight of lyophilized hydrogel

weight of hydrogel
× 100 (4)

Mechanical Property: Tensile and cyclic tensile tests were conducted
using a Texture Analyzer (TA.XT plus, Stable Micro Systems) at 25 °C. The
tensile tests were conducted at a rate of 100 mm/min. For the crack tip ten-
sile tests, a knife was used to generate 1 mm crack tip in the center of the
hydrogel. The cyclic tensile tests were conducted at a rate of 100 mm/min
and repeated without rest. The strain rate in the cyclic tensile tests was
set as 200%, 400%, 600%, and 700%. The residual strain and resilience
values were calculated based on the initial loading-unloading curve.

Resilience (%) =
∫unloading 𝜎d𝜀

∫loading 𝜎d𝜀
× 100 (5)

Adhesion Performance: Lap shear tests were conducted using a Tex-
ture Analyzer (TA.XT plus, Stable Micro Systems) at 25 °C and a rate of
50 mm/min. ATP hydrogel with 20 mm (L) and porcine skin with 25 × 50
mm2 (W × L) were used. Before attaching the hydrogel, the substrate sur-
face was thoroughly wetted with DIW. The ATP hydrogel was attached by
applying a pressure of 1 kPa for 10 s. The sample was stored in a stainless
tray with a cover at 25 °C with DIW sprayed to maintain a wet environment.
Unless specified otherwise, the tests were conducted 3 h after adhesion.

Burst Pressure: A biopsy punch was used to introduce a 4 mm hole in
the porcine skin. The skin was sprayed with DIW, and 1 × 1 mm2 (W × L)
ATP hydrogel was adhered to the hole. The porcine skin was then placed
in a customized apparatus with an air flow of 50 cc/min. The pressure was
measured using a manometer.

In Vitro Biodegradation: The lyophilized ATP hydrogel (30 mg) was im-
mersed in 1 × PBS solution (5 mL, pH 7.4) at 36 °C for 4 d. After immer-
sion for a 96 h, the ATP hydrogel was washed with DIW. The degradation
rate of the ATP hydrogel was calculated considering the mass loss after
lyophilization.

Cell Culture: To prepare hydrogel-treated media, the lyophilized ATP
hydrogel (0.5 mg) was immersed in DMEM (1 mL) at 37° C for 4 d. STO
cells were cultured in DMEM (10% FBS, 1% antibiotics) at 37 °C with
5% CO2. Once the cells reached 80% confluence, the medium was re-
placed with hydrogel-conditioned DMEM and incubated. Pristine DMEM
was used as the control. Details of the in vitro test methods can be found
in Supporting Information.

In Vivo Wound Healing: All animal experiments were approved by
the Institutional Animal Care and Use Committee of Seoul National Uni-
versity (SNU-230127-1). Six-week-old male Sprague Dawley rats were

anesthetized with a mixture of Alfaxan (80 mg k−1g) and xylazine HCl
(10 mg k−1g). Circular wounds with a diameter of 6 mm were created on
the rats’ backs using a biopsy punch, followed by suturing with a silicon
wound splint. In the hydrogel-treated group, the ATP hydrogel was im-
planted and dressed in a Tegaderm film. In the control group, only the
Tegaderm film was implanted. Tissue regeneration and vasculogenesis
were monitored (0, 4, 8, and 11 d after implantation), and the wounded
skin was harvested 11 d after implantation. Details regarding the staining
test methods can be found in Supporting Information.
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