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Effective sealing of wet, dynamic and concealed wounds remains a formidable challenge in clinical practice.
Sprayable hydrogel sealants are promising due to their ability to cover a wide area rapidly, but they face lim-
itations in dynamic and moist environments. To address this issue, we have employed the principle of a ho-
mogeneous network to design a sprayable hydrogel sealant with enhanced fatigue resistance and reduced
swelling. This network is formed by combining the spherical structure of lysozyme (LZM) with the orthote-
trahedral structure of 4-arm-polyethylene glycol (4-arm-PEG). We have achieved exceptional sprayability by
controlling the pH of the precursor solution. The homogeneous network, constructed through uniform cross-
linking of amino groups in protein and 4-arm-PEG-NHS, provides the hydrogel with outstanding fatigue resis-
tance, low swelling and sustained adhesion. In vitro testing demonstrated that it could endure 2000 cycles of
underwater shearing, while in vivo experiments showed adhesion maintenance exceeding 24 h. Furthermore, the
hydrogel excelled in sealing leaks and promoting ulcer healing in models including porcine cardiac hemorrhage,
lung air leakage and rat oral ulcers, surpassing commonly used clinical materials. Therefore, our research pre-
sents an advanced biomaterial strategy with the potential to advance the clinical management of wet, dynamic
and concealed wounds.

1. Introduction surgical visuality, like oral ulcers, pulmonary leakage and posterior

cardiac anastomotic procedures [7-9]. In contrast, spraying emerges as

Hydrogel sealants are employed as noteworthy alternatives to
traditional surgical sutures and staples owing to their capacity to create
a moist environment, absorb tissue exudates, and act as a barrier against
microbial invasion [1-3]. Conventional methods of delivering hydrogel
to wounds typically involve injection [4,5] and patching [6]. Nonethe-
less, these techniques may be unsuitable for some practical treatments
that are challenging to swiftly pinpoint the wound and confined by
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an efficient approach to be applied in concealed wounds, which permits
the broad application of hydrogel across the wound area without precise
locations [10-12]. However, the effectiveness of sprayable hydrogel
sealants hinges on specific attributes. Foremost among these is the
imperative of a high fluidity in the precursor solution, facilitating
effective mixing and smooth spraying [13,14]. Moreover, fast gelation is
essential to ensure that the solution solidifies promptly upon contact

* Corresponding author. East China University of Science and Technology, No 130, Meilong Road, Shanghai, China.

** Corresponding author.

E-mail addresses: 454982313@qq.com (H. Tan), yinmengmdphd@163.com (M. Yin), quxue@ecust.edu.cn (X. Qu).

1Y. Zhang, Y. J. Pan contributed equally to this article.

https://doi.org/10.1016/j.bioactmat.2023.12.002

Received 26 September 2023; Received in revised form 14 November 2023; Accepted 1 December 2023
2452-199X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:454982313@qq.com
mailto:yinmengmdphd@163.com
mailto:quxue@ecust.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2023.12.002
https://doi.org/10.1016/j.bioactmat.2023.12.002
https://doi.org/10.1016/j.bioactmat.2023.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2023.12.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Zhang et al.

a Hydrogel Preparation

Bioactive Materials 34 (2024) 150-163

:é~ €. + = Rapid gelation
€. Ty
LZM  4-arm-PEG-NHS Homogeneous network -~ 9 - O_NH’
LP hydrogel o Lo - Iy
b Multiple Functions
Wide-area sprayable Anti-fatigue Low—swelling
~ ~
~ b
,ﬂ,,ﬁ W e -
i /e.,r ) Ty
j__?j:‘r i K Fast resilience lr = "M“?‘Rf‘;’ é
- = %ﬂﬂ W
-y = ' %.. s i
concealed wound : ':«;'v /‘E‘ ? '"mu(@’“\m“

¢ Clinical applications
Hemorrhage

J

Air leakage

Reduce water entry

Oral ulcer

'

Seal wet dynamic and concealed wounds

Scheme 1. Construction of Lysozyme/4-arm-PEG (LP) hydrogel sealant with homogenous network characteristics and its multiple functions and potential clinical
applications. (a) The LP hydrogel with a homogeneous network is prepared by crosslinking lysozyme with spherical structure and 4-arm-PEG-NHS with orthote-
trahedral structure (LZM’s 3D structure model sourced from the Protein Data Bank shows externally distributed amine groups originating from arginine). Rapid
gelation can be achieved by using an appropriate borax buffer solution to promote the deprotonation of amine groups. (b) The LP hydrogel exhibits wide-area
sprayable, anti-fatigue and low-swelling properties. The short gelation time imparts wide-area sprayability to the hydrogel for rapidly sealing concealed wounds.
The homogenous network eliminates imperfections network and evenly distributes stress among all chains, leading to the rapid resilience of hydrogel and imparting
anti-fatigue properties to it. The structure of the network remains stable during the swelling process, resulting in the low swelling characteristic. Consequently, (c) LP
hydrogel has great potential for clinical therapy for wet, dynamic and concealed wounds, including cardiac hemorrhage, lung air leakage, and oral ulcers.

with the target tissue, thereby averting off-target [15,16]. One practical
approach to accelerating the gelation of an amino bond-driven hydrogel
is elevating the solute concentration in the precursor solution [17].
Nonetheless, this method concurrently results in heightened viscosity,
potentially impeding the sprayability. In our prior investigations, a
straightforward technique was developed for accelerating gelation by
altering the pH of the precursor solution, all while keeping its compo-
sition and fluidity unchanged [18]. Although substantial progress has
been made in sprayable hydrogel sealants, revealing notable therapeutic
promise concerning external wounds [19,20], the consideration of fa-
tigue resistance and swelling resistance in these hydrogels is frequently
neglected [21,22]. The application of hydrogels with high hysteresis in
dynamic tissue may result in dislocation or complete detachment from
the wound due to frequent tissue deformation [23]. Additionally, severe
swelling compromises mechanical performance and adhesion, exacer-
bating the compression of adjacent tissue [24-26]. Therefore, the dy-
namic and wet environment imposes heightened expectations on the
overall performance of hydrogels, with particular emphasis on fatigue
resistance and swelling inhibition.

Currently, the strategies employed to enhance the fatigue resistance
of hydrogels include the introduction of micelles [27,28], chain entan-
glement [29,30], and the formation of a homogeneous network [31-33].
Micelles as dynamic macromolecular cross-linkers within hydrogels.
This integration imparts notable fatigue resistance to the hydrogels,
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primarily attributed to the swift reorganization and recuperation of the
micelles during deformation [34]. However, the inherent instability of
micelles contributes to the loosening of the hydrogel’s network structure
during the swelling, leading to excessive swelling [34,35]. Chain
entanglement arises when flexible molecular chains with high molecular
weights and low chemical cross-linking points, allowing external forces
to be transferred among the entangled chains [36]. However, a low
cross-linking density inevitably results in a high swelling, which is
considered undesirable for in vivo applications. Additionally, the
entanglement-induced viscous precursor solution poses a challenge to
spraying [37,38]. The presence of a homogeneous network serves to
alleviate stress concentration occurrences by eradicating microscopic
imperfections, consequently enhancing the hydrogel’s ductility [39].
Furthermore, hydrogels with a homogeneous network demonstrate fa-
tigue resistance, attributed to the swift absorption and release of energy
through the rapid conformational transitions within all constituent
chains and no network imperfection consumes energy [40,41]. Addi-
tionally, the structurally stable homogeneous network efficiently re-
stricts water entry, consequently leading to low swelling [42]. In
conclusion, the introduction of a homogeneous network has the poten-
tial to augment the fatigue resistance and swelling resistance of the
conventional hydrogel.

Early studies have proposed that the orthotetrahedral structure of
the 4-arm- poly (ethylene glycol) (PEG) plays a crucial role in
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establishing spatial homogeneity within PEG hydrogels [43]. This ho-
mogeneity is conducive to the creation of a network closely resembling
an ideal homogeneous network in which the chains connecting each
cross-linking point possess identical lengths and undergo simultaneous
extension and rupture [44-46]. However, despite the presence of such a
homogeneous network, full PEG hydrogels still demonstrate pronounced
swelling resulting from the combined effects of their flexible molecular
chains, hydrophilicity, steric hindrance effect, and molecular weight
[47]. Low swelling is crucial for the internal application of hydrogel
sealants [48]. Traditional strategies encompass enhancing crosslinking
density [4,49]. Nevertheless, the strategy may lead to heightened
hydrogel stiffness, thereby undermining its adaptability.

Lysozyme (LZM) is a type of enzyme protein that is naturally present
in many organisms and serves essential biological functions [50]. The
molecular conformation of lysozyme is relatively stable, enabling it to
maintain its functionality under various environmental conditions [51].
Lysozyme has been used in our hydrogel constructions, mainly aiming to
enhance the biological performance of hydrogels [52,53]. In this
investigation, we focus on the spherical protein structure characteristics
of lysozyme with evenly distributed reactive amine groups [51] and
anticipate that this may facilitate constructing a homogenous network
with the orthotetrahedral 4-arm-PEG-NHS. Additionally, due to the less
extensible molecular chains of globular proteins, the homogenous net-
works LZM participates in the building are anticipated more compact
than pure PEG hydrogel, which can further alleviate swelling in water.
Scheme 1 illustrates the material preparation and its multiple functions.
Scheme 1 (a) shows a homogenous network of LZM/4-arm-PEG (LP)
composing LZM and 4-arm-PEG-NHS can be prepared via amide groups
formation. Rapid gelation can be achieved by using an appropriate
buffer solution to promote the deprotonation of amine groups. Scheme 1
(b) depicts the multiple functions of the LP hydrogel. The precursor
solutions of LZM and PEG can be sprayed across a substantial area
without pinpointing, subsequently solidifying in situ upon wounds.
Secondly, the LP hydrogel exhibits commendable fatigue resistance,
owing to the introduction of a homogeneous network structure. Finally,
the notable synergy resulting from the interplay between the homoge-
nous network structure and the globular protein characteristics of LZM,
leading to a considerable reduction in swelling. The LP hydrogel sealant
with a homogeneous network exhibits considerable promise for clinical
applications in wet, dynamic and concealed wounds such as porcine
cardiac hemorrhage, lung leakage, and rat oral ulcers, as depicted in
Scheme 1(c). We conducted a series of in vitro and in vivo experiments
to demonstrate that the sprayable LZM/4-arm-PEG hydrogel, with a
homogeneous network, effectively seals leaks and promotes wound
healing, surpassing commonly used clinical agents. It emerges as a
promising solution for rapidly addressing wet, dynamic, view-restricted
or invisible wound closures within clinical therapy.

2. Experimental section
2.1. Materials

4-arm Poly (ethylene glycol) succinimidyl succinate (4-arm-PEG-
NHS), Mw = 10k/20k/40k Da, Mw/Mn = 1.03) was ordered from
SINOPEG. Lysozyme protein (LZM) was purchased from Beijing Solabao
Technology Co. Sodium tetraborate (AR), and borax (AR), were pur-
chased from Shanghai Ling Feng Chemical Reagent Co. Artificial saliva
(Bofimec) was purchased from Shanghai Genesis Technology Co. Mund-
heil gel® (SOS) was purchased from WINDSTARSOS, Germany. All re-
agents were of analytical grade and used directly without further
purification.

2.2. Hydrogel preparation

Before preparing hydrogel, the LZM was purified through a dialysis-
lyophilization process (3 days), and then Borax buffer solutions (20 mg/
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mL) of different pH values were achieved by adjusting the amounts of
boric acid and borax. Next, the prepared borax buffer solution was used
as the solvent to dissolve LZM (15 %, w/v) as the precursor A. At the
same time, the PBS (1x) was used to dissolve 4-arm-PEG-NHS of
different molecular weights (15 %, 10k/20k/40k, w/v) as the precursor
B. Finally, the LP hydrogels with different gelation times can be formed
in situ after mixing the two components with a double-cylinder syringe
(A: B = 1:1, v/v). Precursor B of LZM/2-arm-PEG-2k+20k hydrogel
consisted of 2-arm-PEG-NHS-2k (1.66 %, w/v) and 2-arm-
PEG-NHS-20k (13.4 %, w/v) dissolved in PBS. LZM/4-arm-
PEG-NHS-20k/PBS (LP-20k/PBS) was prepared by lysozyme and 4-
arm-PEG-NHS-20k dissolved in PBS.

2.3. Fourier transform infrared spectrum (FTIR) analysis

To study the gelation mechanism of hydrogels, Fourier transform
infrared (FTIR) spectra of the pure 4-arm-PEG-NHS-20k powder were
used as the control sample were obtained using a TENSOR-27 spec-
trometer (Bruker, German) scanned in the frequency range of 4000-400
cm ™! after the progress of the potassium bromide tableting.

The LP-20k hydrogel was made into a film by freeze-drying. Then
Fourier-transform infrared spectrum of LP-20k hydrogel films was ob-
tained on a Thermo Nicolet iS50 spectrometer with attenuated total
reflection (ATR) attachment.

2.4. Measurement of gelation time

In this experiment, the gelation time was measured using the vial
tilting method. Briefly, at room temperature (25 °C), gelling precursor A
and gelling precursor B were prepared in a double-barrel syringe ac-
cording to the method described above, and the liquid in the syringe was
injected into the vial immediately after the start of the timing, and the
timing was stopped when it was observed that the liquid in the vial could
not flow, and the time recorded was regarded as the gelation time of the
group.

2.5. Rheological properties analysis

The hydrogels were prepared as disc-shaped samples with a diameter
of 20 mm. The viscoelastic behaviors of the hydrogels were measured by
a Thermo Haake MARS rheometer. Before the tests, an amplitude sweep
was first performed to define the linear viscoelastic region (LVR) in
which the storage modulus is independent of the strain amplitude.
Oscillation frequency sweep tests from 0 Hz to 10 Hz were selected to
perform the rheological studies. The storage modulus G’ represents the
elastic property of the hydrogel, and the loss modulus G" represents the
viscous properties. Time sweep oscillatory tests were performed at 10 %
strain (CD mode) and 1 Hz with a 0.5-mm gap. The gel point was
determined as the time when the storage modulus (G') surpassed the loss
modulus (G") [54].

2.6. In vitro testing of the ability of the sprayable LP-20k hydrogel to seal
notches and withstand flushing

The LP-20k hydrogel was sprayed on pig skin that had been inten-
tionally notched to evaluate its capacity to seal the notches with 4 mm
width. The hydrogel was also sprayed on a moist heart surface and
rinsed with high-pressure water to observe the adhesion of the hydrogel.

2.7. Small-angle X-ray scattering (SASX) test

Small-angle X-ray scattering (SAXS) patterns were collected on
small-angle X-ray scatterer NanoStar SAXS (Bruker AXS, German) with
sample-detector-distance calibration before the measurements. The
wavelength of the X-ray irradiation is 0.1542 nm. SAXS patterns were
collected with identical exposure times of 300 s for all samples.
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The d spacing (a characteristic distance between LZM) was calcu-
lated using the following equation d = 2n/Q, where Q is the peak po-
sition at the highest scattering intensity.

2.8. Swelling properties test

To characterize the swelling behavior, the as-prepared hydrogels
were immersed in PBS (pH = 7.4) for 24 h on a constant temperature
shaker (37 °C, 80 rpm). We determined the weight of the initial sample
(W0) and the weight of the sample after swelling (W1), which allowed us
to calculate the swelling ratio as follows: Swelling ratio (%) =
(W1-W0)/WO0 x 100 %. (n = 4).

2.9. Tensile performance test

Hydrogels were prepared as dumbbell-shaped samples (5 x 16 x 2
mm), then stretched at a speed of 10 mm/min until fracture using an
ElectroForce® tester (Load Frame 3200 System, BOSE, American) after
clamping the samples, and the stress-strain curves were recorded for
each sample. For cyclic stretching, the number of machine cycles and the
strain of stretching were further set (50 cycles with 100 % strain) (n =
5).

2.10. Compressive performance test

Hydrogels were shaped into cylinders with a height of 6 mm and a
base diameter of 10 mm. Then compressed at a speed of 10 mm/min
until fracture using an ElectroForce® tester (Load Frame 3200 System,
BOSE, American), and the stress-strain curves were recorded for each
sample. For cyclic compressing, the number of machine cycles and the
strain of compressing were further set (50 cycles with 80 % strain) (n =
5).

2.11. Wet adhesion strength test

To evaluate the bioadhesive performance of the hydrogels, the lap
shear tensile stress test was performed according to the procedure of
ASTM standard (F2255-05). Briefly, the pig skin was cut into a regular
10 x 20 mm rectangle and immersed in PBS before use. The hydrogels
were sprayed between two pieces of pig skin for adhesion.

The skin was then rapidly adhered to the hydrogel to achieve an
overlapping area of approximately 10 mm x 10 mm. Methylene blue
was added to the prepolymer solution as an indicator to observe the
hydrogel residue on the skin surface interface after interfacial
separation.

The samples were tested using an Instron mechanical tester at a
constant extraction rate of 5 mm/min after 0 h and 24 h of immersion in
PBS, respectively (n = 4).

2.12. Adhesion performance in dynamic wet environments

To evaluate the adhesion capacity of LP hydrogels against shear
forces in a wet environment. The hydrogel was the formation on the
surface of pig skin, then the hydrogel was submerged in water, and the
hydrogel was bent 180° and experienced 2000 cycles of underwater
shearing at a frequency of 5 times/second to simulate the situation of the
hydrogel being flushed and sheared by the body fluids in vivo and being
squeezed by external forces. Commercial mouth ulcer gel (Mund-heil
gel) was selected as the control group.

2.13. Retention time testing in dynamic wet environments

To evaluate the mechanical and adhesion capacity of LP hydrogels
against shear forces in a wet environment. First, the rats were anes-
thetized with pentobarbital sodium (1 %, 40 mg/kg). The hydrogel
formed on the oral mucosa, and the rats were temporarily anesthetized
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with isoflurane every 30 min to observe hydrogel and record retention
time. Commercial mouth ulcer gel (Mund-heil gel) was selected as the
positive control group.

2.14. Degradation properties test

The biodegradation behavior of hydrogels was evaluated in a wet
state after the hydrogels reached swelling equilibrium. In brief, the
hydrogels were placed in a sealed tube containing PBS (pH = 7.4) at
37 °C to simulate the wet environment inside the body. The hydrogels
were removed at regular intervals and their mass was recorded after
wiping the PBS with filter paper and lyophilization, and the above
process was repeated till the hydrogels were completely biodegraded.
Finally, the biodegradation ratios of the hydrogels were calculated ac-
cording to the remaining weight of the hydrogel. The biodegradation
ratio was calculated using the following formula:

Weight remain ratio = Wt/Wb * 100% (n=4)

where Wt denotes the weight of the hydrogel following biodegradation
for a specific time, and Wb denotes the weight of the initial hydrogel
after freeze-drying.

2.15. Bursting pressure test

Bursting pressure test was measured according to previous methods
described by Azuma et al. [55]. The pig intestines were used in this
experiment. The intestines were linked to a syringe pump and filled with
PBS solution. A 1.67-mm hole was created on the intestine surface, and
then the hydrogel was formed in situ on the puncture site. The bursting
pressure was measured 10 min after the forming of the hydrogel. The
pressure at which it began to decrease was considered as the bursting
pressure. (n = 3).

2.16. Cytocompatibility testing

To study the cell affinity of the LP-20k hydrogel, murine-derived
L1929 fibroblast and Human Umbilical Vein Endothelial Cells (HUVEC)
cells purchased from the American Type Culture Collection (ATCC, VA,
USA) were used for evaluating the cytocompatibility of hydrogel. Cells
were incubated in Dulbecco’s modified Eagle medium (DMEM, Gibco)
supplemented with 10 % fetal bovine serum (Gibco) at 37 °C and 5 %
CO; in a humidified incubator. Cell proliferation and viability of LP-20k
hydrogel were assessed using CCK-8 (Beyotime, China) and Calcein-AM/
PI staining kits (Dojindo, Japan), respectively. First, 0.5 mL of precast
hydrogel samples were soaked in 3 mL of medium at 37 °C for 24 h. The
soaked medium was then aspirated and subsequently sterilized through
a 0.22 pm filter to obtain a conditioned medium.

For cell proliferation, L929 cells were inoculated into 48-well plates
at a density of 3 x 10* cells per well after adding conditioned medium
and cultured for 3 days. Cells cultured in a blank medium were used as a
control group. Fresh medium containing 10 % CCK-8 reagent was added
to the plates for 120 min at 1,2,3 day. Then, the OD of the solution at
450 nm was recorded to calculate cell proliferation.

Cellproliferation(%) = (AH-AC)/AC(n=3) Equation 1
In this equation, AH and AC correspond to the absorbance values of the
hydrogel group and control group, respectively.

Meanwhile, the Cell viability of the gel was assessed with L929 cells
cocultured with different hydrogel extracts using a Calcein AM/PI
Double Stain Kit (MKBio, Shanghai, MX3012) following the manufac-
turer’s protocols. After the preparation of the assay buffer and stain
buffer, cells were incubated with the stain buffer at 37 °C for 15 min.
Fluorescent images were captured on a confocal microscope (Leica,
DMi8) and live and dead cells were counted by Image J.
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Fig. 1. Preparation and characterization of sprayable LZM/4-arm-PEG-20k (LP-20k) hydrogel. (a) A hydrogel sealant is prepared through the amidation reaction of
the amino group of LZM with a reactive ester derived from 4-arm-PEG-NHS-20k. This hydrogel formulation offers the convenience of application through spraying
and is suitable for use on concealed wounds. (b) Infrared spectra of 4-arm-PEG-NHS—20k and LP-20k hydrogel. The appearance of the peak at 1525 cm ™! indicates
that the hydrogels are cross-linked by amide bonding. (c) Gelation time of LP-20k hydrogel at different pH of borax buffer solution (n = 4). (d) Optical photographs of
LP-20k hydrogel uniformly sprayed on the wet pig skin to seal four notches with a diameter of 4 mm. e) Optical photographs of the LP-20k hydrogel was uniformly
sprayed over a wide area onto a wet pig heart, and experienced water flushing.

Cell viability (%) = Alive/(Alive + Adead) (n=3) Equation 2

In this equation, Alive and Adead correspond to the number of living
and dead cells, respectively.

2.17. Hemolysis test

To verify the compatibility of hydrogel in blood, fresh rabbit blood
was used to verify biocompatibility with blood. The blood of the rabbit
was centrifuged at 1200 g for 15 min to remove the upper serum. The
obtained plasma was washed with PBS buffer (repeated 3 times), then 1
mL rabbit blood cells (40 %, v/v) in PBS buffer (pH 7.4) was incubated
with hydrogel (500 pL) for 1 h at 37 °C. At the same time, 500 pL PBS
buffer or 0.1 % Triton X-100 solution was added into rabbit blood cell
suspension as positive and negative controls, respectively. These tubes
were then centrifuged at 1200 g for 15 min and absorbance at 540 nm of
supernatant was measured by a microplate reader (SpectraMaxi, Mo-
lecular Devices). The ratio of hemolysis for LP-20k hydrogel was
calculated as:

Hemolysis(%) = (Ah-Ap)/(At-Ap) x 100% (n=3) Equation 3

In this equation, Ah, Ap, and At represent the absorbance of the hydrogel
group, positive group (PBS), and negative group (Triton X), respectively.
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2.18. Antimicrobial performance test

Staphylococcus aureus (S. aureus, ATCC 25923, acquired from the
Second Affiliated Hospital of Zhejiang University) was chosen as the
model of Gram-positive bacteria, and Escherichia coli (E. coli, ATCC
25922, acquired from the Second Affiliated Hospital of Zhejiang Uni-
versity) was chosen as the model of Gram-negative bacteria.

First, the bacteria were incubated in a liquid medium at 37 °C and
shaken overnight at 80 rpm. Before use, the bacteria were centrifuged
and resuspended in the liquid medium. Then, 1 mL of bacterial sus-
pension (1 X 10”7 CFU/mL™') was added to the surface of 2 mL of
hydrogel. And set the 0.9 % saline group was considered the control
group. After incubation at 37 °C for 12 h, the culture solution was blown
and resuspended. Its turbidity was tested at 600 nm to obtain the bac-
terial viability, which was calculated as follows:

Bacterial viability (%) = (OD of bacterial suspension in saline - OD of
bacterial suspension on the surface of hydrogel)/(OD of bacterial sus-
pension in saline) x 100 % (n = 3).

The resuspended bacterial suspension was transferred to a sterilized
tube, a series of dilutions were performed with saline, and 100 pL of the
bacterial suspension was spread on an agar plate.
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Fig. 2. Validation of LZM/4-arm-PEG-20k hydrogel homogeneity and its impact on the mechanical and swelling properties. (a) Schematic diagram of the network
structure and composition of heterogeneous network hydrogel (LZM/2-arm-PEG-2k+20k) and homogeneous network hydrogel (LZM/4-arm-PEG-20k). (b) SAXS
profiles of hydrogels of LZM/2-arm-PEG-2k+20k and LZM/4-arm-PEG-20k. (c) Schematic representation of when the hydrogel is stretched, the short chain breakage
in the LZM/2-arm-PEG-2k+20k, and the molecular chains being uniformly stretched in the LZM/4-arm-PEG-20k. (d) Tensile stress-strain curves and (e) optical
photographs of LZM/2-arm-PEG-2k+20k and LZM/4-arm-PEG-20k being stretched to different degrees. (f) Schematic representation of disruption of heterogeneous
network structure leads to rapid entry of water and intact, the homogeneous network structure restricts water entry during swelling. (g) Swelling ratios of the LZM/2-
arm-PEG-2k+20k and LZM/4-arm-PEG-20k and full 4-arm-PEG-20k after being submerged in PBS for 24 h, and (h) optical images of the hydrogel before and after

swelling (*p < 0.05, **p < 0.01 and ***p < 0.001; n = 4).
2.19. Heart hemorrhage and lung leakage in pigs

In vivo studies were performed in strict accordance with National
Institutes of Health (NIH) guidelines for the care and use of laboratory
animals (NIH Publication no. 85-23 Rev. 1985) and all procedures were
approved by the Research Center for Laboratory Animals of Shanghai
University of Traditional Chinese Medicine (Shanghai, China). To test
the ability of LP-20k hydrogel to seal wet dynamic wounds, we take the
extreme heart bleeding model and the lung-blowing model in pigs
(white pig, 60 kg). In the pig heart bleeding model, the pigs were first
anesthetized with pentobarbital sodium (3 %, 40 mg/kg) to perforate
the porcine heart with a punch with a diameter of 6 mm. Then the LP-
20k hydrogel was directly applied to observe the sealing condition
without the aid of a suture bag. Fibrin glue was selected as the positive
control group. Observe hydrogel retention after two weeks.

In the model of air leakage in the lung, first, use a scalpel to draw a
30 mm wide and 10 mm deep wound in the lung, then reduce the tidal
volume to 250 mL, spray LP-20k hydrogel, and gradually increase the
tidal volume (250 mL each time), hold for 1 min at each tidal volume,
inject the liquid with physiological saline to assist in observing whether
there is air leakage.

2.20. The therapeutic effect on oral ulcers in rats

To further test the ability of LP-20k hydrogel to seal wounds and
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promote healing, SD rats (male, age eight weeks, 250 g + 10 g) were
used for the experiments and were anesthetized intraperitoneally with
sodium pentobarbital (1 %, 40 mg/kg). The formation of oral ulcers was
first induced by placing circular filter paper (5*5 mm) soaked in 70 %
acetic acid solution for 3 min in the buccal membrane of the mouth.
Then, we compared the therapeutic effect of a commercial ulcer gel
(Mund-heil gel) with LP-20k. On the second day after the induction of
oral ulcer formation (day 0), LP-20k hydrogel and Mund-heil gel were
applied to the oral ulcers, and rats without treatment were set as the
control group (n = 5). The retention of the material was observed at 30
min, 1 h,3h, 6h,9h, and 12 h after application, and wound healing was
observed on days 1, 3, 5, and 7. Animals were sacrificed on days 1 and 7
after application of the material. Samples of the oral mucosa from the
ulcer were collected for paraffin sectioning and analyzed histologically
and immunohistochemically (HE staining), and the inflammatory
response was assessed with antibody CD-11b.)

2.21. Statistical analysis

All data were expressed with mean standard deviation (SD) and
analyzed using one-way ANOVA with post hoc tests. Significance was set
at p < 0.05 (***p < 0.001, **p < 0.01, *p < 0.05), while p > 0.05 was
considered to be statistically nonsignificant (N.S.).
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3. Results and discussion
3.1. Fabrication and characterization of PEG-LZM sprayable hydrogel

A facile one-step strategy was employed to prepare PEG-LZM
sprayable hydrogels. Specifically, a dual-syringe sprayer was
employed for the mixing and application of lysozyme (LZM) and 4-arm-
PEG-NHS (Mw = 20 kDa) precursors. Within this procedure, the amino
groups of LZM engaged in an amidation reaction with the active esters of
4-arm-PEG-NHS-20k, leading to in situ gelation directly on the wound
(Fig. 1 (a-b)). The resultant hydrogel is designated as LZM/4-arm-PEG-
20k (LP-20k). Thanks to the reaction can be gently conducted at room
temperature without causing harm to the tissue, the resultant LP-20k
hydrogel is envisaged for in situ application in clinical wound sealing
[56,57]. To ensure the rapid solidification of the hydrogel in situ, the
content of the PEG was adjusted to expedite gelation. As shown in
Figure S1, when the solid content of PEG was increased from 5 % to 15 %
(w/v) and the pH value of the borax buffer solution was kept at 8.12, the
gelation time progressively shortened. This outcome aligns with ex-
pectations, as higher polymer concentrations facilitate and expedite the
cross-linking reaction. It is worth noting that further increasing the
content of 4-arm-PEG-NHS-20k beyond 20 % (w/v) may cause chal-
lenges in dissolving PEG and cause entanglements between polymer
chains, deteriorating chain mobility and subsequently slowing down
gelation process [58]. Therefore, we selected a LP-20k hydrogel with a
15 % (w/v) PEG in the subsequent experiments to achieve an appro-
priate gelation time. Furthermore, as demonstrated in Figure S2 and
Figure S3, through the adjustment of the LZM’s solid content, we
observed that the hydrogel exhibited optimal mechanical performance
and resistance to swelling when the LZM’s solid content was set at 15 %
(w/v). This may be attributed to the hydrogel possessing an appropriate
cross-linking density at this particular ratio. Additionally, given that the
amidation reaction is nucleophilic, the pH of the borax buffer solution
for gelation is adjusted to promote the deprotonation of amine groups on
LZM to expedite the reaction [59]. In brief, this was accomplished by
adjusting the borax content in the borax buffer solution. It’s worth
noting that gelation occurs in approximately 2 s when the pH of the
borax buffer solution is set at 8.70 in Fig. 1(c). As depicted in Figure S4,
the storage modulus (G) curve intersects with the loss modulus (G")
curve at 2 s, providing further evidence that the transition from solution
to hydrogel occurs within 2 s.

To assess the efficacy of the sprayable LP-20k hydrogel in sealing
concealed wounds, a sealing performance test on multiple notches was
conducted. Four notches with a diameter of 4 mm were created to
simulate the concealed wounds. Visual examination of optical photo-
graphs revealed that LP-20k rapidly and simultaneously sealed multiple
small notches in Fig. 1 (d) and exhibited the ability to cover extensive
and irregular tissue surface of heart and keep adhesion while with-
standing flushing in Fig. 1 (e) and Video S1.

To investigate the degradation time required for the in vivo appli-
cation of sprayable LP-20k hydrogel, its degradation performance was
assessed in vitro. As shown in Figure S5, the LP-20k hydrogel was
completely degraded in vitro by the seventh day, confirming the mate-
rial’s potential for internal application.

These results show that the LP-20k hydrogel exhibits favorable
sprayability and is capable of achieving rapid gelation to effectively seal
concealed wounds, even within moist environments.

3.2. Verification of network homogeneity

To investigate the homogeneity of the network structure within
LZM/4-arm-PEG-20k hydrogel, two linear PEGs (2-arm-PEG-NHS-2k
and 2-arm-PEG-NHS-20k) were employed in the hydrogel formation,
simulating the formation of a heterogeneous network structure that
typically arises during the conventional cross-linking of polymers in
Fig. 2 (a). The number of chemical cross-linking points in the
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heterogeneous network hydrogel remained consistent with that of the
LP-20k hydrogel. These resultant hydrogels were labeled as LZM/2-arm-
PEG-2k+20k and LZM/4-arm-PEG-20k, respectively.

Since LZM can be seen as a cross-linking agent in hydrogels, the
homogeneity of the hydrogel’s network structure was directly verified
by using small-angle X-ray scattering (SAXS) to examine the distribution
of LZM [60,61]. As depicted in Fig. 2 (b), the LZM/4-arm-PEG-20k
hydrogel exhibits a prominent diffraction peak at ¢ = 0.661 nm ™,
indicating a periodic arrangement of LZMs within the hydrogel network
(d =9.511 nm). Conversely, the LZM/2-arm-PEG-2k-+20k hydrogel does
not display any discernible diffraction peaks but a broad plateau, sug-
gesting that the LZMs are disordered and lack a periodic arrangement
within the hydrogel system. Moreover, SAXS of the LZM/4-arm-PEG-20k
hydrogel from different positions was tested and we found that the SAXS
curves almost overlapped, which further demonstrated that the
LZM/4-arm-PEG-20k hydrogel exhibits a spatially homogeneous
network structure (Figure S6).

We next assess the tensile properties, rheological properties, and
swelling ratio of the hydrogels. The results presented in Fig. 2 (d-e)
demonstrate that the LZM/4-arm-PEG-20k hydrogel exhibits greater
deformation and superior mechanical properties compared with the
LZM/2-arm-PEG-2k+20k hydrogel. This phenomenon can be attributed
to the fact that during the stretching of hydrogels, a homogeneous
network tends to promote an even distribution of stress within all con-
stituent chains, whereas a heterogeneous network leads to premature
breakage of the shorter chains [62,63]. Consequently, a hydrogel with a
heterogeneous network experiences rupture before those with a homo-
geneous network.

The rheological testing of LZM/2arm-PEG-2k+20k hydrogel and
LZM/4arm-PEG-20k hydrogel provides their respective G’ (storage
modulus) and G (loss modulus) values, which, through the formula
tand® = G’’/G/, reflect the hydrogel’s elastic properties. G' represents the
energy stored due to elastic deformation (reversible) during hydrogel
deformation, while G” indicates the magnitude of energy dissipated due
to viscous deformation (irreversible). As depicted in Figure S7, the tan6
value of LZM/2arm-PEG-2k+20k hydrogel (0.26066) is significantly
higher than that of LZM/4arm-PEG-20k hydrogel (0.01367). This
discrepancy can be attributed to the energy consumption during defor-
mation, primarily arising from the presence of dangling chains and
entanglement-related network defects [41,64].

Fig. 2 (g-h) indicates that the LZM/2-arm-PEG-2k+20k hydrogel
exhibits a considerably higher swelling ratio than the LZM/4-arm-PEG-
20k hydrogel in 24 h. The observed outcome can be attributed to the
maintenance of stability in the homogeneous network, while the het-
erogeneous network experiences fracture as it undergoes swelling [42].
Furthermore, the swelling ratio of LZM/4-arm-PEG-20k hydrogel is
observed to be lower than that of full 4-arm-PEG-20k hydrogel which
was prepared using 4-arm-PEG-NH; and 4-arm-PEG-NHS, thereby con-
firming the structural stability advantages of the LZM.

In conclusion, our results demonstrate the LZM/4-arm-PEG-20k
hydrogel, composed of lysozyme with a spherical structure and 4-arm-
PEG with an orthotetrahedral structure, has a homogeneous network
structure. Additionally, the constructed homogeneous network hydro-
gels exhibit outstanding stretchability, minimal energy dissipation, and
reduced swelling properties in contrast to heterogeneous network
hydrogels.

3.3. Mechanical properties of LZM/4-arm-PEG (LP) hydrogels with
varying PEG molecular weight

We next evaluate the mechanical properties of homogeneous
network hydrogels with different PEG molecular weights. For this study,
4-arm-PEG-NHS-10k/20k/40k with mono-arm PEG Mw at 2.5, 5, and
10k respectively, were selected as the precursors, ensuring uniform
mixing with LZM and smooth spraying [37]. The resultant hydrogels are
designated as LP-10k, LP-20k and LP-40k, respectively.
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Firstly, the homogeneous network characteristics of the three
hydrogels were ensured through SAXS. The curves elucidate that LP-
10k/20k/40k hydrogels each exhibit pronounced diffraction peaks
without plateaus, thus affirming their periodic distribution of LZMs
(Figure S8). This phenomenon implies the presence of a homogeneous
network structure within these hydrogels. The distances (d) between
LZMs increase with the augmentation of molecular weight, potentially
attributed to chain elongation resulting in an extended separation be-
tween cross-linking points (LZM).

To examine the influence of varying PEG molecular weight on the
mechanical properties of the hydrogels, we conducted tensile perfor-
mance assessments. Notably, it becomes apparent that the extensibility
of the hydrogels increases proportionally with higher molecular weights
in Fig. 3 (a-b). This observed phenomenon can be ascribed to the
enhanced flexibility of polymer chains and their improved capacity to
store energy through conformational transitions, specifically tran-
sitioning from a coiled to an extended state, as the molecular weight
increases. However, it is worth noting that the LP-40k hydrogel, while
exhibiting an impressive stretchability of up to 450 %, concurrently
demonstrates a comparatively low modulus. This peculiarity can be
attributed to the relatively limited presence of chemical crosslinking
points within the hydrogel structure, as detailed in Figure S9. The low
modulus property, relative to the surrounding tissue, renders the
hydrogel susceptible to deformation, thereby potentially leading to
secondary wound damage and impeding the natural wound healing
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process [65]. Furthermore, the LP-20k hydrogel showcases an optimal
combination of ultimate stress and toughness among the tested variants.

The mechanical properties of the LP hydrogel through dynamic
compression testing were also investigated. It was observed that with
increasing molecular weight, the hydrogel displayed an improved ca-
pacity to endure higher degrees of compression (up to 90 %), as illus-
trated in Fig. 3 (d). As evident from Fig. 3 (e), LP-20k hydrogel
demonstrated superior compression stress and ratio. Therefore, the LP-
20k was selected for cyclic tensile and compressive testing, aimed at
evaluating its fatigue resistance.

The hydrogel exhibits remarkable fatigue resistance, maintaining
consistent mechanical properties even undergoing 50 repeated cycles of
loading and unloading in Fig. 3 (c-f). This phenomenon arises from the
absence of an imperfection network within the homogeneous hydrogel
structure, preventing energy loss during deformation and recovery [66].

In summary, the aforementioned findings affirm that the LP-20k
hydrogel showcases favorable properties, including a modulus that is
in accordance with various tissues (80 kPa) [65], significant extensi-
bility (350 %), fatigue resistance that maintains mechanical stability
undergoing 50 repeated cycles of loading and unloading, and high
toughness (400 kJ/m®). The hydrogel is well-suited for efficiently seal-
ing dynamic tissue wounds, mitigating adhesion failure resulting from
mechanical mismatch.
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3.4. Wet adhesion, swelling and retention performance of LZM/4-arm-
PEG (LP) hydrogels with varying PEG molecular weight

To investigate the influence of varying PEG molecular weights on the
wet adhesion properties of LP hydrogels, a procedure involving the
immersion of hydrogels in PBS for 24 h to induce swelling was carried
out, followed by subsequent testing of adhesive strength. A commer-
cially available Mund-heil gel which is mainly composed of hyaluronic
acid was used as a control. As depicted in Fig. 4 (a), it becomes evident
that the LP-20k hydrogel exhibits notably robust adhesion strength,
surpassing that of both LP-10k, LP-40k, and Mund-heil gel. Moreover, as
depicted in Figure S10, the burst pressure of LP-20k is significantly su-
perior to that of LP-10k and LP-40k hydrogels. The adhesive strength can
be attributed to the bond energy that establishes a connection between
the hydrogel and the tissue, as well as the internal cohesion of the
hydrogel [67]. Therefore, the exceptional adhesive performance of
LP-20k can be attributed to its heightened cohesion, which is linked to
its mechanical characteristics when compared to the LP-10k and LP-40k
hydrogels. In contrast to previous methods that relied on phenolic hy-
droxyl groups for wet adhesion through hydrogen bonding, this hydro-
gel uses a rapid covalent reaction between NHS of PEG and NH; of
tissue, effectively reducing the influence of the hydration layer on
hydrogel adhesion performance, while also enhancing the hydrogel’s
stable adhesion in wet environments [68-70].

Furthermore, it is noteworthy that the adhesive strength of both LP-
10k and LP-20k hydrogels experiences relatively minor changes during
the swelling process, whereas that of the LP-40k hydrogels demonstrates
a substantial decrease.

Fig. 4 (b) exhibits that LP-10k and LP-20k hydrogels manifest a lower
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swelling ratio in contrast to LP-40k hydrogel. The high swelling of LP-
40k may be attributed to as the molecular weight increases, the con-
tent of active esters decreases resulting in a lower cross-linking density
in the hydrogel. Interestingly, a correlation emerges between the vari-
ations in swelling ratio and changes in adhesive strength. This implies
that the slight reduction in adhesive strength observed in LP-10k and LP-
20k hydrogels may be attributed to their lower swelling ratios, which
contribute to the maintenance of their internal structure. Conversely,
the higher swelling ratio observed in LP-40k hydrogels leads to internal
structural impairment, consequently diminishing adhesive strength.

To assess the ability of wound closure retention under repeated
external shear forces, LP gels were initially applied to the surface of pig
skin and exposed to water shearing induced by deformation of the pig
skin. The retention status was closely monitored, as documented in
Video S2. As a positive control, Mund-heil gel was used for comparison.
As illustrated in Fig. 4 (c), after enduring 2000 cycles of underwater
shearing, cracks became apparent in the LP-10k hydrogel, and the
Mund-heil gel was washed away. In contrast, both the LP-20k and LP-
40k hydrogels remained structurally intact, exhibiting resilience
against the shearing forces. This outcome can be attributed to the
remarkable ductility and adhesive properties possessed by these
hydrogels.

Furthermore, an assessment of the hydrogels’ adhesive properties on
the dynamic and moist oral mucosa in vivo was conducted [54,71].
Fig. 4 (d) shows that the LP-10k hydrogel, LP-40k hydrogel, and the
commercial Mund-heil gel experienced detachment within 1 h. This
outcome is likely attributed to their inadequate adhesion performance
when subjected to mucosal deformation and salivary flushing. In
contrast, the LP-20k hydrogel remained tightly adhered to the oral

Pig heart bleeding

Apply sealant

Pig lung leakage

Spray LP-20k

Fig. 6. Sealing performance of LP-20k hydrogel in wet dynamic wound in pigs. (a) Pig heart puncture (6 mm) hemorrhage model, a series of photos demonstrating
the ineffectiveness of fibrin glue in wound sealing, contrasted with the rapid wound-sealing capability of LP-20k (the blue arrow points to the wounds). (b) Pig lung
large incision wound (3 cm width, 1 cm depth) model, a series of photos illustrating the rapid wound-sealing capability of LP-20k.
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Fig. 7. Therapeutic efficacy of different gels in oral ulcers. (a) The schematic diagram illustrated the surgery to create oral ulcers in rat oral mucosa by acetic acid
(70 %) patch. And the process of spraying LP-20k to seal oral wounds and kill bacteria. (b) Gross images of oral ulcers wound treated without treatment (control),
with the commercially available Mund-heil gel, with LP-20k at days 0, 1, 3, 5, and 7. (c) Analysis of wound healing traces on days 0, 1, 3, 5 and 7. And quantitative
analysis of the wound closure rate of the control, Mund-heil gel, and LP-20k groups (*P < 0.05; **p < 0.01 and ***p < 0.001; n = 4).

mucosa even after 12 h.

In conclusion, the LP-20k hydrogel sealants exhibit superior efficacy
in sealing wet and dynamic wounds. Consequently, the LP-20k hydrogel
was selected for subsequent investigations concerning its closure effi-
cacy and biological impacts in the ensuing experiments.

3.5. Biocompatibility and antimicrobial properties

The biocompatibility of the hydrogel sealants is evaluated, in this
study, Mouse fibroblasts (L929) were used to assess the cytotoxicity of
the hydrogel by staining the fluorescence of live and dead cells (Fig. 5 a).
The results indicate that both the hydrogel group and the control group
have a low count of dead cells, with a small difference in cell survival
rates between them in Figure S11. Evident from the fluorescence images
is the substantial cell proliferation observed over a three-day interval.
Subsequently, the quantitative data of L929 cell proliferation was ob-
tained by using the cell counting kit-8 (CCK-8). The results indicate that
by the third day, the proliferation rate in the hydrogel group (88.9 + 5.7
%) was comparable with that in the control group (100 + 0.517 %) in
Fig. 5 (b). This discovery implies that the borax buffer solution
demonstrated negligible cytotoxicity, thus affirming the favorable
cytocompatibility of the LP-20k hydrogel. Furthermore, we conducted
cell compatibility testing of the hydrogel using endothelial cells
(HUVEQC). As evident from Figure S12, the experimental results align
with those from L929, demonstrating no significant cytotoxicity.
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Hydrogels were subcutaneously implanted to assess their biocom-
patibility in vivo. As depicted in Figure S13, on the seventh day after
implantation, there were notably few inflammatory cells around the
hydrogel, indicating that subcutaneous implantation of LP-20k hydrogel
elicited a mild host inflammatory response. This evidence underscores
the excellent biocompatibility of the hydrogel.

Antimicrobial hydrogels are highly recommended for wound heal-
ing, given that bacterial infections frequently contribute to substantial
delays in the healing process [72,73]. To evaluate the antimicrobial
properties of hydrogels, Gram-positive Staphylococcus aureus (S. aureus)
and Gram-negative Escherichia coli (E. coli) were employed as bacterial
models and co-cultivation of bacterial fluid with the hydrogels for 18 h.
The results revealed substantial antimicrobial bioactivity of the LP-20k
hydrogel against both bacteria in Fig. 5 (c-d). To investigate the source
of the antimicrobial effect, we also tested the antimicrobial properties of
LZM/4-arm-PEG-NHS-20k/PBS (LP-20k/PBS) hydrogel and borax
buffer solution. As depicted in Figure S14, LP-20k/PBS hydrogel showed
no significant antimicrobial effect, while the borax buffer solution
exhibited antimicrobial properties. Hence, we can infer that the
hydrogel’s antimicrobial effect is derived from the borax buffer solution.

Given that bleeding frequently occurs before visualizing the wound,
it is imperative for wound closure materials to have minimal or no he-
molytic effects when exposed to blood. Both the LP-20k hydrogel and
the PBS supernatant exhibited clarity and demonstrated minimal he-
molysis (2 £ 0.91 %) in Fig. 5 (e-f).
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were stained with DAPI (*P < 0.05; **p < 0.01 and ***p < 0.001; n = 3).

3.6. Sealing capabilities in wet dynamic wounds models (heart bleeding,
lung leakage) in pigs

To evaluate the efficacy of the LP-20k hydrogel in sealing concealed
wounds under dynamic and wet conditions, a comprehensive range of
wet wound closure models was strategically employed, encompassing
pig heart bleeding to simulate heightened blood pressure and lung
leakage to simulate elevated air pressure.

For the experiments involving pig heart bleeding, a female white pig
with a weight of 60 kg was initially anesthetized using sodium pento-
barbital. Subsequently, a thoracotomy was performed while the pig was
in a supine position, aided by isoflurane anesthesia delivered through
the bronchus. In the porcine heart bleeding model, a 6 mm puncture was
created in the left ventricle of the heart, leading to an immediate release
of blood under high pressure. During the surgical procedure, as depicted
in Figure S15, a drainage tube was used to eliminate any leaked gel
solution promptly to prevent tissue adhesion. Following the puncture,
both fibrin glue and LP-20k hydrogel were applied in Fig. 6 (a). Notably,
Video S3 exhibited rapid and successful sealing of the wound by the LP-
20k hydrogel, even in the presence of high-pressure bleeding conditions.
In contrast, the conventional surgical sealant fibrin glue failed to seal,
even when assisted by a stitching bag (Video S4). Additionally, the LP-
20k hydrogel demonstrated sustained adherence to the heart’s surface
and underwent partial degradation over two weeks (Figure S16). Over
the two weeks, we monitored the cardiac function of the pig using ul-
trasound. As depicted in Figure S17, Ejection Fractions (EF) and Fraction
Shorting (FS) of the pig cardiac remained within the normal range,
showing no significant changes compared to pre-experiment levels. This
observation provides evidence that the LP-20k hydrogel exhibits effec-
tive and sustainable hemostatic effects without generating any adverse
effects.

In the lung leakage model, an incision measuring 3 cm in length and
1 cm in depth was made in the lung, leading to the release of gas from
the incision. Following this, the LP-20k hydrogel was applied to the

wound in Fig. 6 (b). Video S5 provides clear evidence of the hydrogel’s
ability to swiftly close the incision within a mere 5 s. Moreover, the LP-
20k hydrogel consistently and effectively sealed the incision even under
conditions of significant lung deformation and high pressure (the tidal
volume was increased to 1000 mL).

In summary, the successful closure achieved in the above-described
wounds implies that achieving closure for concealed wounds should
be attainable.

3.7. Therapeutic efficacy in concealed wounds model (oral ulcers)

To further investigate the capability of LP-20k hydrogel in sealing
dynamic, wet and concealed wounds and enhancing wound healing, oral
ulcers were induced using patches soaked in acetic acid (70 %) and LP-
20k hydrogel was applied to the wound. Mund-heil gel, a commercially
available product commonly used in the treatment of oral ulcers, was
used as a positive control in Fig. 7 (a).

The rats were observed to monitor the progression of wound healing
on days 1, 3, 5 and 7 after brief anesthesia. It is evident that the wound
area in all groups gradually decreased and LP-20k displayed the fastest
rate of healing among them in Fig. 7 (b-c). On days 1 and 7, mucosal
tissue samples were collected from the oral ulcer for Hematoxylin and
Eosin (HE) staining to evaluate epithelialization progress, and for CD11b
staining to assess the inflammatory response.

As shown in Fig. 8 (c), the LP-20k treatment group demonstrated
nearly complete epithelialization on the 7th day [74]. As depicted in
Figure S18 (a), the HE staining reveals that on the seventh day, the
thickness of the epithelial layer in the LP-20k group closely resembles
that of the normal epithelium. This notable acceleration in ulcer healing
by the LP-20k hydrogel can likely be attributed to its ability to provide
protection against external forces and bacterial infection at the wound.
Conversely, the Mund-heil gel displayed a minor enhancement in heal-
ing compared to the control group, resulting from brief retention of the
gel on the wound.
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Quantitative data obtained from the CD11b staining highlight that
the LP-20k hydrogel exhibited minimal inflammation on day 1 in Fig. 8
(b-d) and Figure S18 (b). This result can be attributed to the excellent
biocompatibility and effective wound closure, which prevents the
infiltration of external bacteria. Additionally, the antimicrobial prop-
erties of the LP-20k hydrogel may contribute to eliminating bacteria at
the initial wound, leading to mitigating inflammatory response. In
summary, the LP-20k hydrogel demonstrates effective wound sealing
and promotes healing within a wet, dynamic and concealed wound
environment.

4. Conclusion

This study introduces a homogeneous network for producing
sprayable PEG hydrogel sealants with remarkable anti-fatigue and low-
swelling characteristics, suitable for clinical applications of various
wounds in vivo. The homogeneous network is successfully formed by
combining the spherical structure of lysozyme (LZM) with the orthote-
trahedral structure of 4-arm-polyethylene glycol (4-arm-PEG),
providing the hydrogel with outstanding fatigue resistance, low swelling
and sustained adhesion. The rapid and simultaneous closure of multiple
small notches and wide-area spraying on irregular surfaces of tissues
demonstrate the potential capability of hydrogel for sealing multiple
concealed wounds. In vitro experiments substantiate the hydrogel’s
robust wet adhesion, enabling it to keep wound closure even under
cyclic underwater shearing. Furthermore, the hydrogel demonstrates
commendable biocompatibility and antimicrobial properties. Well-
established internal models of wet and dynamic wounds, such as
porcine cardiac hemorrhage, lung air leakage and rat oral ulcers,
demonstrate the hydrogel’s commendable capabilities to seal leaks and
promote the healing of oral ulcers, surpassing commonly employed
clinical agents. This investigation tackles the problems in conventional
strategies, wherein the concurrent attainment of heightened fatigue
resistance and low swelling remains a formidable challenge. We expect
that this study can provide a new strategy for developing advanced
hydrogel sealants for wet, dynamic and concealed wound closure within
practically clinical therapeutic applications.
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