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Abstract

Wet-adhesive hydrogels hold significant promise for biomedical applications, yet achieving long-term adhesion remains a major challenge in biode-
gradable systems. Here, we present a biodegradable hydrogel incorporating a water-absorbent layer to regulate swelling behavior and water content.
Comprising a poly(ethylene glycol) diacrylate (PEGDA)—gelatin matrix with a starch-based absorbent layer, the hydrogel exhibits high wet adhesion
energy, elevated burst pressure, effective in vivo hemostasis, and mechanical compatibility with soft tissue. This water-absorbent strategy provides

a new avenue for achieving sustained and stable wet tissue adhesion in biodegradable hydrogel systems.

Introduction

Adhesive hydrogels combine biocompatibility, mechanical
compliance, and tissue adhesion in wet physiological envi-
ronments, supporting essential biomedical applications such
as hemostasis,!' " anastomosis,[’'% and the stabilization of
bioelectronic interfaces.[!'"!5] Through the rational design
of interfacial bonding chemistries!'®!"16] and network archi-
tectures,'”!7" a variety of hydrogel-based tissue adhesives
have demonstrated promising capabilities, including high tis-
sue adhesion strength,['”2%! robust mechanical properties,®!*]
and efficient drug delivery.[4’21] A key challenge, however, lies
in maintaining strong and stable adhesion in wet and dynamic
physiological environments over prolonged periods. Continu-
ous blood flow and interfacial liquids can impede the formation
of robust adhesive interactions. In addition, hydrogel swell-
ing and excessive water content dilute the density of reactive
functional groups and weaken the crosslinked network, thereby
compromising both adhesive strength and mechanical integ-
rity over time.?! Swelling-induced compression of surround-
ing tissues may also lead to secondary damage.™) To address
these issues, several strategies have been developed, including
repelling or absorbing interfacial hydration layers,??! using
controlled porosity to modulate water penetration,™ and apply-
ing pre-stretching to limit swelling upon water absorption.!>*!
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Nevertheless, despite significant advances, developing wet
adhesive hydrogels that combine long-term adhesion with bio-
degradability remains a challenge. The presence of non-degra-
dable or proinflammatory components to promote adhesion
may necessitate secondary surgical removal and is associated
with elevated risks of infection and tissue damage.

In this study, we developed a biodegradable hydrogel com-
posed of a poly(ethylene glycol) diacrylate (PEGDA)—gelatin
matrix (PG hydrogel), with an upper surface layer of starch
serving as a water absorbent, referred to as the PG-S hydro-
gel. This design effectively modulates swelling behavior and
water content over time, leading to enhanced long-term tis-
sue adhesion and increased burst pressure. /n vivo studies in
rodents demonstrate rapid and effective hemostasis with the
PG-S hydrogel. This work highlights a materials strategy for
the development of biodegradable hydrogels with robust wet
tissue adhesion and extended stability under dynamic, aqueous
physiological conditions.

Materials and methods

The synthesis of PG-S hydrogel

The PG-S hydrogel is based on our previously reported PG
hydrogel design,*! with the incorporation of a water-absorbent
layer. Briefly, 20 wt% PEGDA (20,000 Da, Yare), 5 wt% gela-
tin (Aladdin), 1.2 wt% sulfo-NHS (Meryer), and 0.036 wt%
photoinitiator Irgacure 2959 (I-2959, Meryer) were dissolved
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in deionized water and stirred at 60°C for 4 h. Genipin (Meryer)
was then added to form the precursor solution. After degassing,
the solution was cast into a Teflon mold and cured under UV
light (365 nm, 8 mW cm2) for 20 min. A water-absorbent layer
was formed by applying starch (Xianding) at 0.05 g cm 2 to the
upper surface of the crosslinked hydrogel through sieving. The
PG-S hydrogel was then pre-stretched along the x—y direction
and air-dried overnight at room temperature to further con-
strain the swelling. For adhesion, a bridging agent consisting
of 2 wt% chitosan (190,000-310,000 Da, Sigma-Aldrich) and
1 wt% genipin in MES buffer was applied to the surface prior
to bonding. The control PG hydrogel was prepared using the
same protocol without starch loading.

Materials characterization
Microstructure and degradation properties

Scanning electron microscopy (SEM, Merlin, Zeiss) was
employed to characterize the surface and internal morphology
of the hydrogel. Samples were freeze-dried and sputter-coated
with platinum prior to imaging. Cross-sectional morphology
was revealed by fracturing the hydrogel in liquid nitrogen.

In vitro degradation behavior

Hydrogel degradation was evaluated via accelerated degrada-
tion testing in phosphate-buffered saline (PBS). Dried hydrogel
samples were weighed (W) and immersed in PBS at 65°C.
Photographs were taken at different stages. Samples were
removed at different time points, thoroughly rinsed, dried, and
reweighed (). The remaining mass percentage was calculated
as (Wy — Wy /Wy x 100%.

Water content and swelling ratio

To measure the water content, dried hydrogels were weight
(Wp) and soaked in PBS at 37°C. At different time points,
hydrogels were taken out and remove surface water. The
wet mass Wy was measured. Water content was calculated
as (Ws — Wp)/Ws x 100%. Swelling ratio was calculated as
(W — Wp)/Wp x 100%.

Mechanical properties and adhesion energy

Dried hydrogels were cut into dumbbell shapes (ISO 527-3
5B, Ly=10 mm, =2 mm, 2=1 mm). The stress—strain curves
were measured using a universal testing machine (EZ-LX HS,
Shimadzu) at a constant stretching speed of 20 mm/min. The
corresponding breaking stress, elongation at break, and Young’s
modulus were calculated. Lap shear test and 180° peel test were
performed to evaluate the adhesion properties of hydrogel.
Muscle tissues from sacrificed New Zealand white rabbit were
cut into the same shape as the hydrogel, rinsed with PBS, and
treated with the bridging agent. After adhering dried hydrogel
to the tissue, the sample was soaked in PBS at 37°C. Samples
were collected at different time points to measure the hydro-
gel’s water content and to perform adhesion energy tests. The
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adhesion tests were performed using universal testing machine
(EZ-LX HS, Shimadzu) at a constant stretching speed of 5 mm/
min. Adhesion energy was calculated from the plateau force
(Fplatean) in 180° peel test and width of the hydrogel sample,
2F plateau/W. Lap shear strength was calculated from the maxi-
mum force and adhesion surface area, Fiyax/(w X L).

Liquid burst pressure test

A perforated ovine aorta tissue was fixed onto the device cham-
ber, with the hydrogel applied at the perforation site. The cham-
ber was then inverted and immersed in PBS to fully soak the
hydrogel and tissue, simulating an in vivo wet environment.
PBS was pumped through the chamber to the adhesion interface
at different time points, and the pressure was recorded using
a pressure gauge. The maximum pressure at which adhesion
failure or hydrogel rupture occurred was recorded as the burst
pressure.

In vivo hemostasis performance in liver rupture
model

A 3-mm penetrating puncture wound was created at the edge
of the left liver lobe of Sprague—Dawley (SD) rats. The rup-
ture was immediately treated with either PG-S hydrogel or a
commercial tissue adhesive (508 Glue, Butyl cyanoacrylate,
COMPONT) applied to both sides of the wound. The time to
hemostasis was recorded, and blood loss during the procedure
was absorbed using gauze. The change in gauze weight was
measured to quantify the amount of blood loss. Experiments
involving animals were conducted in accordance with the pro-
tocols approved by Experimental Animal Ethics Committee of
Tsinghua University (18-SX1.G22-1).

Results and discussion

Material strategies for biodegradable
adhesive hydrogels to promote stable
wet adhesion

Controlling the water content and swelling ratio of adhesive
hydrogels is essential to facilitate long-term stable adhesion
to tissues in physiological environments. Building on our pre-
viously reported biodegradable adhesive PG hydrogel,?* we
introduce a strategy that integrates a water-absorbent layer
onto the top surface of the hydrogel matrix to regulate swell-
ing, resulting in the PG-S hydrogel. Starch is selected as the
absorbent due to its inherent biodegradability and biocom-
patibility. A schematic illustration of the PG-S hydrogel is
shown in Fig. 1(a). Starch is applied to the upper surface of
a dried, pre-stretched PG hydrogel matrix, while the oppo-
site surface interacts with tissue. The starch particles were
loaded to the hydrogel surface to saturation, such that no
further adhesion of starch was observed, and no exposed
hydrogel surface remained, thereby maximizing the water
absorbing effect of the starch layer. The interaction between
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Figure 1. Mechanism of enhanced adhesion in hydrogel via water absorbents and degradation profile. (a) Schematic diagram of the
absorption of interfacial water by the dried hydrogel loaded with water absorbents, extending the duration of robust wet adhesion. (b)
Scanning electron microscopy (SEM) image of the upper surface with water absorbents and the cross section of hydrogel. (c) Weight ratio
of hydrogel during degradation process in 65°C PBS. (d) Photographs of hydrogel during degradation process in 65°C PBS. In (c) all data
are presented as mean +standard deviation. n=>5 independent experiments.

starch particles and the PG hydrogel matrix is driven by
multiple interaction including hydrogen bonds,>’ van der
Waals forces, and capillary forces,[*’! due to the presence of
hydroxyl groups in starch and the rich functional groups in
PG hydrogel. The large effective surface area of the starch
particles, together with the soft hydrogel surface, facilitates
extensive contact and firm adhesion between the two lay-
ers, laying a solid foundation for its effective application.
Pre-stretching the dried hydrogel can facilitate constraining
swelling, as previously reported.[>*] Upon contact, interfa-
cial water is rapidly absorbed through the hydrogel matrix
and by the starch layer, promoting timely formation of both
physical and covalent bonds at the tissue interface at the ini-
tial stage. The starch layer helps modulate water content and
limits hydrogel swelling over time, thereby sustaining stable
adhesion. Additionally, this top layer provides a non-adhesive

surface, enabling convenient handling while minimizing
unintended adhesion to surrounding tissues.

SEM images in Fig. 1(b) reveal that the upper surface of
the hydrogel is coated with starch particles, forming a rough,
textured morphology. No exposed hydrogel surface can be
observed, indicating that the starch particle loading reached
saturation and that the particles adhered firmly to the PG hydro-
gel surface. The cross section of the dried hydrogel matrix
exhibits a porous structure. To assess the biodegradability
of the PG-S hydrogel, accelerated degradation tests are con-
ducted in PBS at an elevated temperature of 65°C. Changes
in morphology and the residual mass ratio are monitored over
time [Fig. 1(c), (d)]. The hydrogel exhibits rapid weight loss
within the first two days, after which the degradation rate
slows down [Fig. 1(c)]. Approximately 35% of the initial mass
remains at day 2, decreasing to 18% by day 5 and 10% by day
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7. Morphological changes over time are shown in Fig. 1(d).
The hydrogel exhibits a blue color, attributed to the presence
of genipin in the composition.!?”] After one day, visible frag-
mentation occurs while the overall volume is largely retained.
By day 3, the hydrogel exhibits substantial volume shrinkage
and disintegrates into smaller fragments. At day 7, the structure
had almost completely broken down into flocculent debris. As
starch is a naturally derived and biodegradable material, its
incorporation as a water absorbent does not compromise the
hydrogel’s degradability. These results indicate that the PG-S
hydrogel can degrade in aqueous environments, therefore elim-
inating the need for surgical removal and avoiding unneces-
sary material retention. Compared with the previously reported
similar structured hydrogel that retained over 50% of its mass
after~30 days at 37°C,[**! PG-S hydrogel is expected to exhibit
comparable or even slower degradation under physiological
conditions. This degradation behavior ensures that it maintains

functional integrity during the intended working period and
subsequently undergoes degradation.

The effect of starch on mechanical,
swelling, and adhesion properties

of PG-S hydrogels

Given that hydrogel adhesion performance is highly dependent
on water content,'?] as lower water content leads to shrinkage
in hydrogel volume, results in higher surface chain density to
form adhesion with tissue surface. We first evaluate adhesion
energy and shear strength of hydrogel with rabbit muscle tis-
sue as a function of water contents using 180° peel and lap
shear tests, after 1 h of contact in aqueous conditions. Water
content is controlled by soaking dried hydrogels in PBS for pre-
determined durations followed by weighing. Bridging agents
containing chitosan and genipin are applied at the interface to
assist adhesion. The results show that both adhesion energy
and lap shear stress demonstrate a lower value with hydrogel
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Figure 2. Effects of starch water absorbents on the mechanical properties, water content, and swelling ratio of hydrogels. (a) Adhesion
energy and lap shear stress of hydrogels with different water contents. (b) Stress—strain curve of hydrogel with or without starch load-
ing. The (c) breaking stress, (d) elongation at break, and (e) Young’s modulus derived from stress—-strain curve of hydrogel with or without
starch. The (f) water content and (g) swelling ratio of hydrogel with or without starch. All data are presented as mean +standard deviation.

In (a)-(g), n=>5 independent experiments.
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of higher initial water content [Fig. 2(a)]. For hydrogel with
70% water content, the adhesion energy is 3.6 times greater
than that of hydrogel with 90% water content. These results
suggest that controlling water content and swelling can promote
interfacial adhesion.

‘We then assess the mechanical performance of PG-S hydro-
gels by comparing the stress—strain profiles of dried hydrogels
with and without the starch layer [Fig. 2(b)]. The results show
that the tensile strength decreases slightly upon starch loading
[Fig. 2(c)], while the elongation at break increases markedly
from 35.4+3.3 to 121.44+32.2% [Fig. 2(d)]. This may be attrib-
uted to energy dissipation at the hydrogel—starch interface. The
interactions between starch particles and the hydrogel such as
hydrogen bonds serve as “sacrificial bonds,”*°! as the energy
accumulated under external force tends to be released through
the breaking of these weaker interactions.*!) Such energy
dissipation can mitigate damage to crosslinking in the hydrogel
network, thereby enhancing the elongation capacity. Moreover,
the Young’s modulus decreases slightly with the addition of
starch [Fig. 2(e)]. Overall, the starch layer imparts enhanced
flexibility and stretchability to the dried hydrogel, while only
slightly compromising tensile strength.

To investigate the influence of starch on swelling, we
quantify water content and swelling ratios of PG and PG-S
hydrogels incubated in PBS over time. As shown in Fig. 2(f),
the PG-S hydrogel exhibits reduced water uptake, reaching a
swelling equilibrium at a water content of~70%, compared
to~90% in the starch-free hydrogel. Notably, the initial water
uptake is also slower in PG-S hydrogels, with the PG hydro-
gel exceeding 80% water content within 5 min, whereas the
PG-S hydrogel demonstrates a moderated increase, indicat-
ing that starch efficiently absorbs water at the early stage and
regulates subsequent swelling. The reduced water content also
leads to a significant decrease in swelling ratio. After 1200 min
in PBS, the swelling ratio of PG-S hydrogels is 251+£47%,
compared to 888 +77% for the PG hydrogel [Fig. 2(g)]. The
constrained water uptake (~70%) allows maintaining cross-
link density and surface functional group availability, factors
that contribute to sustained adhesion strength and prolonged
mechanical stability.!*s) Additionally, reduced swelling miti-
gates the risk of hydrogel-induced compression on surround-
ing tissues. Although hydrogels with lower water content may
further enhance adhesion energy, they often exhibit mechanical
moduli that are incompatible with soft tissues. A water content
of approximately 70% is therefore considered optimal, offering
a balance between mechanical strength, tissue conformity, and
adhesive performance.?!

The adhesion of PG-S hydrogels with rabbit muscle tissue
over time in aqueous environments is measured using a lap
shear test. Specifically, the dried PG-S hydrogel is brought
into contact with the tissue and soaked in PBS at 37°C, and
the adhesion energy is assessed at different time points. The
results show that adhesion energy increases rapidly after 15 min
[Fig. 3(a)] due to the continuous formation of strong cova-
lent bonds between PG-S hydrogel and the tissue surface. The

addition of starch enhances adhesion energy from 415+69 to
718+ 143 J/m? after 30 min of adhesion. This suggests that the
water-absorbent layer promotes adhesion at the initial stage
by removing interfacial water, creating favorable conditions
for the formation of strong covalent bonds. After 60 min of
adhesion, PG-S hydrogel shows a high adhesion energy of
1829+ 73 J/m?, compared to 1422+275 J/m? for hydrogel
without starch [Fig. 3(b)], likely due to its lower swelling ratio.

Furthermore, long-term adhesion between PG-S hydrogel
and tissue is evaluated for several days. As shown in Fig. 3(c),
during the first four days, the effect of starch as a water absor-
bent remains significant. On day 4, PG-S hydrogel maintains a
moderately high adhesion energy of 97+ 17 J/m?, while hydro-
gel without starch exhibits a much lower adhesion energy of
63+10 J/m?. This difference is mainly attributed to starch’s
inhibition of swelling. After day 5, the adhesion energies of the
PG-S and PG hydrogels become similar and gradually decrease
over time, likely because the water absorbent becomes less
effectively regulate swelling. These results suggest that the
incorporation of starch enhances sustained tissue adhesion for
several days, until saturation occurs.

The burst pressure tolerance of PG-S hydrogel is also assessed
using the setup illustrated in Fig. 3(d). The hydrogel is adhered to
a perforated ovine aorta tissue and soaked in PBS. The maximum
liquid burst pressure that the hydrogel-tissue interface can with-
stand is measured by injecting PBS into the perforation at vari-
ous time points. At the initial stage, the burst pressure increases
gradually with adhesion time and exhibits a significant rise after
15 min as the covalent bonds begin to form. The highest burst
pressure recorded for PG-S hydrogel is 318+ 12 mmHg after 3 h
of adhesion, which decreases to around 200 mmHg after 24 h
and remains stable for at least 21 days [Fig. 3(e)]. These results
demonstrate the long-term stability of PG-S hydrogel adhesion
in aqueous conditions. Moreover, the burst pressure tolerance
exceeds typical clinical values, such as systolic blood pressure
(~120 mmHg). The rapid increase in burst pressure during the
initial stages further highlights the potential of PG-S hydrogel
for timely wound closure or anastomosis.

Hemostasis performance of PG-S
hydrogel

To evaluate the in vivo wet adhesion strength and hemostatic
performance of the PG-S hydrogel, a liver rupture model in
SD rats is used. Liver perforations are treated with either PG-S
hydrogel or a commercial 508 tissue adhesive as a control. The
surgical setup and bleeding conditions are shown in Fig. 4(a).
The perforations treated with PG-S hydrogel stop bleeding
within 26 s, while bleeding in the commercial adhesive group
persists beyond 150 s. Additionally, the starch layer on the
hydrogel’s surface prevented unwanted adhesion to surround-
ing tissues, minimizing secondary damage. In contrast, the
commercial adhesive causes undesired adhesion to adjacent
tissues, as shown in Fig. 4(a). The hardened, warped edges of
the commercial adhesive indicate poor mechanical compatibil-
ity and instability in soft tissue environments.
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Figure 3. Water absorbents improve the wet adhesion performance of hydrogels. (a) The effect of starch on the rapid formation of adhe-
sion between the hydrogel and the muscle tissue of rabbits. (b) The difference in adhesion energy of hydrogel with or without starch
measured at 1 h. (c) The effect of starch on the long-term stable adhesion between the hydrogel and rabbit muscle tissue. (d) The
photographs of the burst pressure measurement of the hydrogel after adhesion to the ovine aorta tissue at different stages. (e) The burst
pressure measured using PBS injection of PG-S hydrogel adhered to the ovine aorta tissue as a function of time. All data are presented as
mean + standard deviation. In (a)—(c) n=5 independent experiments. In (e) n=3 independent experiments.

PG-S hydrogel maintains robust adhesion to the liver tissue,
with the interface remaining stable under pulling force after
5 min of adhesion [Fig. 4(b)]. Total blood loss during the pro-
cedure is summarized in Fig. 4(c). The commercial adhesive
group lost 1.31+0.37 g of blood, whereas the PG-S hydrogel
group shows significantly less blood loss, at 0.54+0.10 g. These
results demonstrate desirable hemostatic performance, dynamic
tissue adaptability, and reliable wound closure capability of
PG-S hydrogel compared to conventional 508 adhesives.

Conclusion

In summary, we demonstrate the morphology, mechanical
properties, wet adhesion performance, and in vivo hemostatic
capability of a biodegradable, starch-loaded PG-S hydrogel
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as an effective strategy to enhance prolonged wet adhe-
sion. With a control of water content and swelling ratio, the
PG-S hydrogel achieves excellent wet adhesion energy of
1829+73 J/m? and a high burst pressure of 318+ 12 mmHg
at short term, and allows robust long-term adhesion with a
burst pressure of around 200 mmHg at day 21. The biodeg-
radability eliminates retrieval surgical process and therefore
significantly reduces potential infection risks. /n vivo hemo-
stasis tests in rodents demonstrate rapid bleeding control,
highlighting the superior performance of the hydrogel com-
pared to commercial 508 adhesives. This strategy offers a
promising approach to modulate water content and swelling
behavior in biodegradable adhesive hydrogels, with broad
potential applications for hemostasis, wound healing, and
bioelectronic interfaces.
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