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Skin wound healing remains challenging due to high infection rates and inefficient repair, with traditional
dressings lacking mechanical durability and antibacterial control for dynamic wound environments.
Herein, an active wound dressing (AWD) was fabricated using fish skin gelatin and chitosan via synergistic
covalent (MBAA-PNIPAm) and ionic (Ca®*-FSG) crosslinking, integrated with silver nanoparticles (AgNPs),
and optimized by finite element modeling. Studies have demonstrated that AWD exhibits outstanding
mechanical properties: a tensile strain of 600.05% £ 25.32% and a maximum fracture energy of 2000.47
+ 150.67 J m~2. It also demonstrates efficient thermal responsiveness, with a volume shrinkage rate of
22.17% + 2.34% at 37 °C over 3 hours. Additionally, it exhibits potent antibacterial activity, achieving an
antibacterial rate exceeding 89% against three pathogenic bacteria. Furthermore, it demonstrates
excellent biocompatibility, with a cell survival rate exceeding 85% and no significant Ag* accumulation.
In vivo experiments showed that the wound contraction rate in mice treated with AWD reached 68.67%
+ 4.56% within 8 days, significantly promoting granulation tissue formation and epithelial regeneration.
The prediction error between the finite element model and experimental results was only 6.61%. This
temperature-responsive  AWD combines mechanical robustness, antibacterial efficacy, and wound
contraction ability, expanding applications of fish-derived gelatin and chitosan. It offers a promising
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1 Introduction

The difficult healing of skin trauma and the problem of high
infection rate pose severe challenges to global public health.
According to relevant data, approximately 15% of patients with
chronic wounds face the risk of amputation due to secondary
infections.' Traditional skin trauma treatment methods (such
as gauze, cotton wool, etc.) alleviate symptoms through passive
moisturization and local drug administration, but their defects
such as poor mechanical properties and low antibacterial
controlled-release efficiency make it difficult to meet the
dynamic repair needs of complex wounds.> To improve the
curative effect of skin trauma, researchers have been focusing
on the study of traumatic hemostatic active substances, devel-
oping intelligent hemostatic active dressings that respond to
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strategy for intelligent trauma repair materials with clinical translation potential.

physiological signals such as local wound strains, temperature,
and pH, realizing self-intelligent regulation of skin trauma and
effectively promoting wound healing effects.®* Meanwhile,
significant progress has been made in the research of biomi-
metic adhesive dressings for tissue trauma repair, such as
mussel-inspired adhesive dressings,®> gecko-inspired adhesive
dressings,’ and adhesive dressings based on topological
design.” Furthermore, hydrogel dressing strategies for external
stimuli such as light, ionic strength, glucose, and pH have also
been reported,® and hydrogels designed through various strat-
egies for cell drug delivery have been developed to promote
active wound healing.” However, the above-mentioned intelli-
gent hemostatic active dressings generally suffer from problems
such as complex manufacturing processes, high costs, drug
toxicity and side effects, and difficulties in introducing and
controlling the release of active substances, which severely limit
their wide application in clinical practice.

Gelatin, as a natural absorbable biomaterial, owes its
hemostatic activity to the molecular mechanism of promoting
platelet aggregation and coagulation factor release.'® Currently,
gelatin hemostatic sponges derived from bovine or porcine
sources have been widely applied in surgical operations."* The
tilapia (Oreochromis mossambicus), as a globally important
economic fish, generates by-products such as fish skin and
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scales accounting for 20% to 30% of raw materials in its pro-
cessing industry. Therefore, the effective conversion of fish skin
into raw materials for gelatin production can not only achieve
efficient resource utilization and alleviate environmental
pollution but also create significant economic benefits.
However, pure gelatin sponges exhibit disadvantages such as
poor mechanical properties and easy breakage. Thus, to obtain
high-performance gelatin wound-healing products, it is neces-
sary to carry out composite modification by combining them
with other types of healing materials.* Studies have shown that
chitosan (CS) possesses excellent biocompatibility and biode-
gradability. CS forms a positive charge barrier at the wound site
through amino protonation, inhibiting bacterial adhesion." Its
degradation products can activate macrophage M2 polarization,
promote angiogenesis, and enhance the healing efficacy.*

Studies have reported that embryonic wound healing can
seamlessly join wound edges in a zipper-like manner through
wound contractile forces and adhesive forces, activating the
skin's self-repair mechanism to achieve perfect scarless regen-
eration of fetal skin.'*** Previous approaches for constructing
active tissue trauma repair materials mainly involved the
following methods: firstly, adding network cross-linked
degradable materials to orderly arranged poly (lactic-co-gly-
colic acid) (PLGA) nanofibers to disrupt the microstructures
responsible for catalytic functions in hydrogels, using magne-
tized iron oxide nanoparticle hydrogels;'® secondly, utilizing
ultrasound to break the ionic bonds of ionically cross-linked
hydrogels;'” finally, achieving material activation through
photothermal-driven poly(ethylene glycol) diacrylate (PEGDA)
hydrogels." However, these methods require external stimuli to
drive the activation of active tissue trauma repair materials, and
the applied stimuli belong to non-host environments.”
Currently, there are relatively few research reports on the
characteristics of active skin tissue trauma repair materials in
the development of active wound dressings.

This study developed an innovative temperature-responsive
and mechanically tunable active wound dressing (AWD) for
skin trauma healing based on the fish skin gelatin (FSG)-
chitosan cross-linked composite system, drawing inspiration
from the design concept of strong adhesives.*® By introducing
nano-silver and finite element model optimization technology,
this work overcomes the limitations of traditional dressings in
terms of cost, processing complexity, and single-functionality.
The innovativeness is embodied in three aspects: firstly,
combining the thermosensitive property of FSG with the
cationic characteristic of chitosan (CS), the “temperature-
mechanical” synergistic regulation is used to evaluate its impact
on skin regeneration—unlike Ranjbar et al. who only prepared
hemostatic sponges without thermoresponsive contraction,"
this work realizes body temperature-triggered wound closure
without external devices. Secondly, in vitro and in vivo experi-
ments are conducted to clarify how the mechanical forces
exerted by AWD on skin wounds affect the biological processes
of wound healing—compared with Diao et al. who used pH/
temperature co-response but lacked mechanical mechanism
verification,* this study links material mechanics to fibroblast
behavior (hypothesized via TRPV4 activation). Thirdly, the finite
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element model is employed to optimize and improve the
performance of AWD, enabling it to adapt to a broader
temperature range—this is the first study to integrate Ogden-
Flory theory for quantitative prediction of FSG-CS hydrogel-
induced wound contraction, which is not reported in previous
literature. The distinctive feature of this study lies in exploring
the temperature dependency of AWD contraction, which will be
a key focus for future research. Because using AWD in low-
temperature environments requires maintaining skin warmth,
it is essential to determine whether AWD can also generate
contraction in cold-body temperature areas. This study evalu-
ates the tensile properties, matrix toughness, adhesive perfor-
mance, temperature-sensitive  response,  antibacterial
characteristics, biocompatibility and in vitro/in vivo wound
healing capabilities of AWD. By investigating the contraction
ability of AWD under normal body temperature (35-37 °C) and
low-temperature conditions, this work provides strong support
and scientific evidence for the application of fish skin gelatin
and chitosan in skin trauma repair, promoting the development
of trauma repair materials toward intelligence and precision.

2 Materials and methods

2.1 Experimental animals

Forty 6-week-old C57BL/6] mice (half male and half female,
body weight 20-22 g) were provided by Guangxi Xiaoyanren
Biotechnology Co., Ltd (certificate no. SCXK(GX) 2018-0001).
The mice had free access to food and water and were main-
tained under a 12-h light/12-h dark cycle. After a 1-week accli-
matization period in the laboratory, they were used for the
experiment. Mice were randomly allocated to four groups via
a random number table (SI Table S1). All evaluators were blin-
ded to the group assignments during wound measurement and
histological scoring. Euthanasia was conducted when mice
presented with weight loss exceeding 15%, areas of redness and
swelling more than twice the wound size, or signs of exhaustion.
Given that no significant gender-related differences in wound
healing were detected (p > 0.05, two-way ANOVA), male and
female mice were pooled for statistical analysis.

2.2 Experimental instruments

Polydimethylsiloxane rubber splint (PDSRS), A8BP sterile biopsy
punch, TSJ-Q automatic closed tissue dehydrator, BMJ-III tissue
embedding machine, MR201 tensile strength tester, and
HM315R paraffin microtome were purchased from Guangxi
Xiaoyanren Biotechnology Co., Ltd. The MS 400 X UV/vis spec-
trometer was obtained from Magnettech, Germany, and the
2KBTES-55 freeze dryer was purchased from Shanghai Bioen-
gineering Equipment Company. Field Emission Scanning
Electron Microscope (FE-SEM, SU8010, Hitachi, Japan) was
used for microstructure observation; Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, NexION 350X, Perki-
nElmer, USA) was used for Ag" quantification. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectrometer
(Nicolet iS50, Thermo Fisher Scientific, USA) was used for
chemical structure characterization; differential scanning
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calorimeter (DSC 250) and thermogravimetric analyzer (TGA
550, TA Instruments, USA) were used for thermal property
analysis; electronic balance (ME204E, Mettler Toledo, Switzer-
land) was used for precise weighing; constant temperature and
humidity incubator (HWS-28, Shanghai Yiheng Scientific
Instruments Co., Ltd) was used for water vapor transmission
rate (WVTR) measurement.

2.3 Experimental materials

Chitosan (CS), N,N-methylenebisacrylamide (MBAA), N-iso-
propylacrylamide (NIPAm), calcium sulfate (CaSO,), nano-silver
(AgNP, diameter 30 nm), and acrylamide (AAm) were purchased
from Guangxi Xiaoyanren Biotechnology Co., Ltd. Hyaluronic
acid, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC), N-
hydroxysuccinimide (NHS), ammonium persulfate, tetra-
methylethylenediamine, and agar plates were obtained from
Beijing Bio-Top Technology Co., Ltd. Non-thermosensitive
adhesive dressing TA and polydimethylsiloxane
purchased from Beijing Jinclone Biotechnology Co., Ltd. Tilapia
skin was provided by Guangxi Luchi Agriculture Co., Ltd.
Commercial porcine gelatin sponge (CPGS) and commercial
hydrogel dressing (CHD) were used as reference materials for
mechanical property comparison. Staphylococcus aureus (ATCC
25923), Pseudomonas aeruginosa (ATCC 27853), and Serratia
marcescens (laboratory-preserved) were used for antibacterial
tests. Anhydrous calcium chloride (analytical grade, Sinopharm
Chemical Reagent Co., Ltd) was used for WVTR measurement;
anhydrous ethanol (analytical grade, Xilong Scientific Co., Ltd)
was used for porosity determination.

were

2.4 Experimental methods

2.4.1 Preparation of fish skin gelatin. After 1 kg of fresh
tilapia skin was thoroughly washed, it was soaked in 500 mL of
1% NaOH solution for 12 h. The skin was then rinsed with
distilled water and placed in 500 mL of 0.6% glacial acetic acid
to swell for 3 h. Following another thorough washing, the pH
was adjusted to neutral. Gelatin was extracted using the salt
extraction method,** 15 g of NaCl was dissolved in 500 mL of tap
water, and this solution was used to extract gelatin from 1 kg of
fish skin at an extraction temperature maintained at 90 °C for
2 h. Finally, the fish skin gelatin was obtained via vacuum
freeze-drying.

2.4.2 Preparation of AWD. The PNIPAm-FSG with a hybrid
network structure, namely AWD, was prepared by covalently
cross-linking NIPAm with MBAA, ionically cross-linking FSG
with CaSO,, and incorporating AgNP. The detailed preparation
method is as follows:

At room temperature, 100 mg of 1.06 M NIPAm and 20 mg of
0.083 M FSG solution were dissolved in 100 mL of phosphate
buffer (PBS). Then 60 mg of 0.28 mM MBAA, 50 mg of 0.02 M
CaS0,, 45 mg of 0.0065 M ammonium persulfate and 50 mg of
0.0037 M tetramethylethylenediamine were added sequentially.
We homogenized the mixture to synthesize the hydrogel
precursor in a tissue culture hood, followed by the addition of
4 mg AgNP. We prepared an activator with 20 mg of 2% (w/v)
medium molecular weight CS, 12 mg of 12 mg mL~ " EDC and
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12 mg of 12 mg mL~ " NHS. 100 uL of the prepared activator was
added to form an adhesive surface on the hydrogel surface.
Finally, the mixture was placed in a sealed glass dish and
allowed to gel overnight at 4 °C. After gelation, the hydrogel was
soaked in saline for 30 min, stored at 4 °C, and rinsed three
times before use. The molecular weight of the medium molec-
ular weight CS is 300 000 Da. FSG and CS were subjected to
sterile filtration, freezing and lyophilization for 1 week, and all
chemical agents were filter-sterilized before use. The schematic
diagram of AWD preparation process is shown in SI Fig. S1.

Control experiments were set up as follows: single-network
PNIPAm hydrogel (SN) is a hydrogel without CaSO, for ionic
cross-linking of FSG and AgNP; single-network FSG hydrogel
(SA) is a hydrogel without MBAA for covalent cross-linking of
NIPAm and AgNP; hybrid-network PNIPAmM-FSG (OAWD) is
AWD without AgNP; room temperature-responsive AWD (AWD-
RT) is AWD gelled at 20 °C (close to laboratory room tempera-
ture). The PNIPAm-free control group (PF) employed hydrogels
synthesized with the identical FSG-CS-AgNP composition as
that of the AWD group, yet devoid of PNIPAm, for the purpose of
independently assessing the impacts of the temperature-
sensitive PNIPAm network. The preparation procedures of
AWD-RT, OAWD, SN, SA, and PF all refer to the preparation
method of AWD. CPGS and CHD were used as reference mate-
rials for mechanical property comparison.

2.4.3 Microstructure characterization. Following freeze-
drying, AWD samples were subjected to a 10-nm gold coating
through sputtering. Subsequently, these samples were analyzed
using field emission scanning electron microscopy (FE-SEM) at
an acceleration voltage of 5 kV to investigate pore size and
distribution (five samples per group, with five randomly
selected fields of view). Samples were prepared as 70-nm ultra-
thin sections using a microtome. The determination of pore
fraction was carried out by means of the ethanol displacement
method, where V; denotes the volume of ethanol prior to
immersion and V, represents the volume after immersion.

Pore fraction = (V; — Vo)V, x 100% (1)

2.4.4 Shear test. The unidirectional strength of samples
(80 mm x 5 mm x 1.5 mm) was measured using a tensile
strength tester (with a maximum load capacity of 50 N).
Mechanical testing conditions: samples were fully hydrated in
PBS (4 °C, 24 h) before testing; gauge length 30 mm; strain rate 5
mm min~"; temperature 4 °C (controlled by a thermostatic
chamber); strain was measured by the tester's built-in
displacement sensor. The tensile ultimate strength was
defined as the ratio of the tensile strength at sample fracture to
that of the initial undeformed sample. The elastic modulus was
calculated as the tangent of the small strain region (<10%) on
the stress-strain curve, and the fracture energy was determined
based on the stress—strain curves of undamaged and damaged
samples. SA, SN, OAWD, AWD-RT, PF, CPGS, and CHD were set
as control groups to measure shear stress. A unidirectional
shear force was applied at a constant rate of 5 mm min " to
observe the inflection point between the elastic stage (strain <
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10%) and the plastic stage. For evaluating matrix toughness, an
additional group of AWD prepared with 2 M NIPAm (2M-AWD)
was included. All mechanical tests were repeated 5 times; data
were presented as mean + SD, and statistical analysis was
performed by one-way ANOVA with Tukey's post-hoc test (p <
0.05).

2.4.5 Peel adhesion test. A tensile strength tester was used
to perform 180° peel tests on AWD for evaluating its adhesive
properties, with 6-week-old C57BL/6] mice as experimental
subjects (gender differences were ignored). AWD and control
groups (SA, SN, OAWD, PF, non-thermosensitive TA, traditional
medical bandage (Band-Aid) were cut into rectangular speci-
mens (80 mm x 5 mm x 1.5 mm). One end of each specimen
was fixed to a mouse skin model (1.5 mm thickness), and the
other end was secured using a fixture. The experiment was
conducted under standard conditions (peel rate: 100 mm
min ). Ultimate tensile strain was defined as the percentage of
maximum elongation before fracture. For peel tests, fresh
mouse dorsal skin (24 h post-mortem) was used to ensure
consistent tissue properties, and each group was tested in
triplicate. After removing outliers, the mean value was calcu-
lated. The adhesive energy was calculated using the following
formula, where F,.x represents the maximum stable force (N)
during peeling, and W denotes the specimen width (mm).

Adhesive energy = 2 X Fy. /W @)

2.4.6 Thermosensitive response characterization. The
thermosensitive response of AWD was quantitatively charac-
terized by volume change. AWD samples with different acryl-
amide (AAm) contents (0%, 1%, and 5% AAm, referring to the
molar percentage of AAm in the total monomers (AAm +
NIPAm)) and control groups (SA, SN, OAWD, PF) were cut into
circular discs with a diameter of 10 mm and thickness of 1.5
mm. These discs were placed in 37 °C phosphate buffered saline
(PBS), and their volume changes were recorded at different time
points. Image] software was used for image analysis. At time
points 0, 0.5, 1, 2, 3, 4, 6, and 8 hours, the sample photos were
measured with a calibration ruler, and the volume was calcu-
lated according to formula (2), where r is the radius and 4 is the
thickness. The experiment was conducted in a thermostatic
chamber (£0.5 °C), with each group repeated three times. The
data were averaged after excluding outliers. The volume
shrinkage rate (S,) was calculated using the following formula,
where V, and V; represent the initial volume and final volume.

V = 1urth (3)
Sa=1—(VolVy) (4)

Data were presented as mean + SDj statistical analysis was
performed by two-way ANOVA (factors: time, AAm content) with
Tukey's post-hoc test (p < 0.05).

2.4.7 Antibacterial properties. Following the antibacterial
test protocol for contact wound dressings, the experiment
utilized laboratory-cultured strains of Serratia marcescens,
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Staphylococcus aureus (ATCC 25923), and Pseudomonas aerugi-
nosa (ATCC 27853). The bacterial strains were incubated in LB
broth at 37 °C for 12 hours at 180 rpm, with the final concen-
tration adjusted to 1 x 10° CFU per mL by colony-forming unit
(CFU) enumeration. Two experimental groups were established:
the OAWD group (AWD without AgNP) and the AWD group
(AWD containing AgNP), with the PF group and CHD as addi-
tional controls. A 100 pL bacterial suspension was applied to the
surface of AWD/OAWD/PF/CHD (10 mm diameter, 1.5 mm
thickness) with a contact area of 0.785 cm? After 24-hour
incubation at 37 °C, the dressings were transferred to 5 mL PBS
buffer and vortexed for 10 minutes to elute bacteria. The eluate
was then serially diluted (10" to 10~%). 100 uL of each diluted
bacterial suspension was plated on LB agar plates, incubated at
37 °C for 24 hours, and CFU counts were performed. The anti-
bacterial rate was calculated using the following formula, where
CFU, represents the absence of dressings:

Antibacterial rate =(CFU, — CFU,)/CFU, x 100% =0 (5)

2.4.8 AgNP release profile and tissue Ag" quantification.
The release profiles of silver species (AgNP and Ag") from AWD
were explored by integrating UV/vis spectroscopy and ICP-MS.
Standardized rectangular AWD specimens (15 mm x 10 mm
x 1.5 mm) were cut and immersed in 1 mL of DPBS in sterile
centrifuge tubes. Then, the tubes were put in a 37 £ 0.5 °C
constant-temperature incubator to mimic the human physio-
logical environment. The DPBS supernatant was collected,
replaced at set time points (0.5 h, 1 h, 2 h, 8h,24 h,48 h,and 7
d), and stored at 4 °C for subsequent detection. For AgNP
detection, a UV/vis spectrometer (MS 400 %) was used at 420 nm.
A calibration curve was established with gradient-concentration
standard AgNP solutions (0.03125, 0.0625, 0.125, 0.25, 0.5, and
1 mg mL '), and the AgNP concentration in the release medium
was calculated by substituting absorbance values into the curve
equation. For total Ag and Ag" detection via ICP-MS (NexION
350X), the release medium was directly analyzed for total Ag
based on a pre-established Ag standard curve (0.1-10 pg mL ™).
For Ag" determination, the medium was filtered through a 3
kDa ultrafiltration membrane, and the filtrate was analyzed by
ICP-MS. The cumulative release amount of silver species was
calculated using a formula.

Cumulative release = Z (C,xV)/S (6)

where C, is the detected concentration of target silver species
(AgNP, total Ag, or Ag") at time ¢ (ug mL™"), V is the volume of
DPBS (1 mL), and S is the surface area of AWD (1.5 cm?). To
determine total Ag content in AWD, fresh AWD specimens
without release treatment were digested with a 3 : 1 HNO3;-H,O0,
mixed solution at 95 °C until dissolved, diluted with ultrapure
water, and analyzed by ICP-MS, with the content normalized by
AWD surface area (ug cm ™). For Ag” detection in mouse tissues,
mice were euthanized 8 days after AWD treatment, and wound-
site skin, liver, and kidney tissues were collected. The tissues
were digested with the same 3 : 1 HNO3;-H,O, solution at 95 °C,
diluted, and analyzed by ICP-MS to quantify Ag". All detection
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experiments were triplicated, with results as mean + SD. The
Ag' concentration in mouse tissues was statistically analyzed by
t-test against the control group, and a p < 0.05 was significant to
ensure data reliability and reproducibility.

2.4.9 Cytotoxicity test on fibroblasts/keratinocytes. Mouse
embryonic fibroblasts (NIH/3T3, purchased from China General
Microbiological Culture Collection Center, CGMCC, catalog no.
GDC0073) and human keratinocytes (HaCaT, purchased from
China General Microbiological Culture Collection Center,
CGMCC, catalog no. GDC0151) were obtained from CGMCC.
Cells were seeded in 96-well plates at 1 x 10" cells per well in
DMEM medium containing 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. The cells were incubated at 37 °C
with 5% CO, for 24 hours. AWD extract was then added at
dilution ratios of 10%, 25%, 50%, and 100% to the medium,
followed by incubation for another 24 hours. CCK-8 reagent (10
puL per well) was added, and absorbance was measured at
450 nm. The cell viability was calculated using the following
formula:

OD, — 0D,

1= 0

x 100% (7)
OD,, denotes the absorbance of the experimental group; OD,
indicates the absorbance of the normal cell group; OD, repre-
sents the absorbance of the control group containing only
DMEM Complete Medium + CCK-8 without cells, used to correct
for reagent background absorption.

2.4.10 In vitro wound healing assay. Six-week-old mice
were selected as experimental subjects. A sterile scalpel was
used to incise the dorsal skin, creating a wound with a diameter
of 10 mm on the incised skin. AWD (15 mm x 15 mm X 1.5
mm) and control dressings (TA, PF, CHD) were placed over the
wound and gently pressed for 15 min at room temperature.
After treatment, the skin samples together with AWD were
incubated at 37 °C for 2 days. The samples were then removed,
subjected to freezing treatment in liquid nitrogen, and AWD
was removed to measure the wound size. The experiment
included an AWD group, the TA group (using the non-
thermosensitive dressing TA), the PF group (PNIPAm-free
control), the CHD group, and the CG group (non-treatment
control group). Wound size was measured by Image] software
(mean + SD, n = 5). Statistical analysis: one-way ANOVA with
Tukey's post-hoc test (p < 0.05). The wound contraction rate was
computed using the following formula: where W, representing
the initial wound size divided by W, representing the wound size
at 2 days.

Wound contraction ratio = (W, — W)/ Wy x 100% (8)

2.4.11 In vivo experiments. Six-week-old mice were anes-
thetized with 4% isoflurane, and subsequently, 1% isoflurane
was continuously administered to sustain anesthesia. The
dorsal skin was shaved, and residual hair was eliminated using
depilatory cream. A full-thickness skin defect with a diameter of
0.5 centimeter was generated on the dorsal region using an
A8BP biopsy punch. To preclude spontaneous wound closure,
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an annular hollow polydimethylsiloxane rubber splint (PDSRS)
was centered over the wound and fixed with cyanoacrylate
adhesive. An AWD with a diameter of 0.55 centimeter was
placed within the splint and compressed onto the wound using
a cryogenic spray gun for 2 minutes. The dressing was then
covered with Tegaderm and a bandage to prevent dehydration
and mechanical interference. After recovery from anesthesia,
mice were returned to their cages and monitored daily for
health status. Dressings and surrounding tissues were har-
vested on days 3 and 8 for histological analysis. A non-
thermosensitive dressing group (TA), a PNIPAm-free control
group (PF), a CHD group, and a blank control group (CG) were
included to ensure experimental rigor and reproducibility.

2.4.12 Skin histological evaluation. Skin tissue samples
collected from in vivo experiments were fixed in PBS containing
4% paraformaldehyde and stored at 4 °C overnight, followed by
three rinses with PBS to remove excess fixative. Tissues were
sectioned (5 um thickness), stained with hematoxylin and eosin
(H&E), and observed under a biological microscope. Blind
evaluation was performed by two independent pathologists
using a four-point scoring system for inflammation, and gran-
ulation tissue formation. The histopathological scoring criteria
for wound healing are shown in SI Table S2. Data are presented
as the mean =+ standard deviation (SD). Statistical analysis was
conducted using one-way analysis of variance (ANOVA) followed
by Tukey's post-hoc test, with statistical significance set at p <
0.05.

2.4.13 Finite element simulation. Finite element simula-
tions were performed using ABAQUS version 2017 software,
incorporating a user-defined subroutine module (UHYPER
subroutine) to model the thermoresponsive behavior of AWD.
The nonlinear thermoresponse of AWD was implemented using
the free energy function of the modified Flory-Rehner model
within the ABAQUS UHYPER subroutine. An Ogden elastic
model for skin was constructed based on relevant equations.
AWD thermoresponsiveness, modified Flory-Rehner model free
energy function F = Fyix + Felastic t Fthermal; X = 0.52, N = 1000, p
=1.05 g cm ™ (SI Table S3).

s = u(Aa — pal2) 9)

where A is the stretch ratio, « and u are Ogden coefficients (10 Pa
and 110 Pa, respectively), and s denotes nominal stress.
Nominal stress refers to the overall equivalent stress, rather
than the local force acting on the structure, defined as the stress
of the tested sample divided by the cross-sectional area of the
undeformed sample. The constants « and u were obtained by
fitting the stress-stretch curve of mouse skin, with the fitting
coefficients valid for stretch ratios less than 1.6. When 1 exceeds
1.6, the stress-stretch curve becomes serrated, indicating
rupture or wound debonding.
G=ER1-7) (10)
The shear modulus (G) of AWD was determined using eqn
(10), where E is the elastic modulus measured from tensile tests,
and V denotes Poisson's ratio (0.5). During simulation, a 2D

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05902j

Open Access Article. Published on 22 January 2026. Downloaded on 4/6/2026 4:39:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

system was constructed for the symmetric AWD and skin using
eight-node quadratic plane stress quadrilateral hybrid
elements. The mouse skin was modeled with a width of 100
mm, while the AWD and wound widths were set to 8§ mm and 4
mm, respectively. The left and right edges of the skin were fully
constrained, and the bottom edge was fixed in the horizontal
direction. The temperature range triggering the active response
of AWD was set to 280-310 K. The skin thickness was 0.5 mm,
and variations in the thickness, width, and shear modulus of
AWD were monitored.

R=1— (wWw? (11)

Eqn (11) defines the wound contraction ratio (R), where w
and W represent the wound size (mm) before and after
contraction, respectively.

2.4.14 Data processing. Data were presented as mean =+
standard deviation, finite element simulations were performed
using ABAQUS version 2017, statistical analyses were conducted
with Origin 2024, one-way ANOVA with Tukey's post-hoc test
was used for multi-group comparisons (mechanical properties,
wound contraction, histological scores), two-way ANOVA with
Tukey's post-hoc test for time-dressing interactions (Ag" release,
thermosensitive volume change), and independent samples ¢
test for pairwise comparisons (tissue Ag' concentration).
Statistical significance was defined as p = 0.05.

3 Results

3.1 Tensile properties

Cryogelation and the ordered arrangement of gelatin molecular
chains promote the formation of a porous network structure,
which endows the hydrogel with uniform architecture, high
stretchability, porosity, and superior toughnes.”® As depicted in
Fig. 1a, the stress—strain curve of AWD displays a notably larger
extension range in comparison to groups such as SA, SN, and
AWD-RT. In conjunction with Fig. 1b, the tensile strain of AWD
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Fig.2 Comparison of matrix toughness of various hydrogel matrices.
Different letters indicate significant differences between groups.

is 600.05% =+ 25.32%, which is significantly higher than that of
SN (280.12% =+ 18.45%), AWD-RT (250.67% =+ 20.11%), and PF
(320.45% =+ 22.68%) (p < 0.05), suggesting that AWD demon-
strates remarkably superior tensile extensibility and structural
robustness compared to the other tested dressings. Moreover,
the dispersion state of silver nanoparticles (AgNP) in AWD was
characterized via UV-vis spectroscopy, relying on the shape and
broadening of characteristic absorption peaks. As shown in SI
Fig. S2, AWD presents a single, symmetric characteristic
absorption peak at 420 nm without peak broadening, indicating
that the AgNP in AWD are non-aggregated and well-dispersed.

3.2 Matrix toughness

Matrix toughness, a critical indicator for measuring a material's
resistance to deformation and fracture, is such that an increase in
its value significantly enhances the mechanical properties of the

(b) 800

)

Fig. 1 Stress—strain curves (a) and tensile strain comparison (b) of AWD and control dressings (SA, SN, AWD-RT, OAWD, 2M-AWD, PF, CPGS,

CHD) at 4 °C.
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material** The quantitative analysis results based on shear tests
are shown in Fig. 2. The fracture energy of OAWD is 550.12 ] m ™2,
significantly higher than that of AWD-RT prepared at 20 °C (204.27
Jm™2). In contrast, both single-network systems SA and SN exhibit
fracture energies below 100 ] m™~>. The fracture energy of AWD was
1850.67 + 120.45 ] m™>, which was significantly higher than of
OAWD (550.12 + 45.32 ] m ?), PF (620.89 + 50.11 J m ?),
commercial porcine gelatin sponge (800.34 + 60.23 ] m™>), and
commercial hydrogel dressing (1200.56 = 75.45 J m ™) (p < 0.05).
The addition of AgNP had no significant effect on the matrix
toughness of AWD (p > 0.05), while increasing the NIPAm mono-
mer concentration to 2 M enhanced the fracture energy of 2 M-
AWD to 2000.47 + 150.67 J m ™2 Additionally, phase separation
between PNIPAm and FSG was observed at room temperature,
which we speculate is associated with the lower hydrophilicity of
NIPAm compared to acrylamide, whereas low temperature envi-
ronments safeguard the homogeneity of the hybrid network by
suppressing phase separation tendencies.”

3.3 Structural characterization

Field emission scanning electron microscopy (FE-SEM) was
additionally utilized to characterize the microstructural features
of the dressings. Statistical analyses of pore size, pore density,
and the coefficient of variation (CV) were conducted to assess
the uniformity of pore distribution (SI Table S4). The pore
distribution range of AWD (SI Fig. S3a) was 50-80 pum, whereas
that of OAWD (SI Fig. S3b) was 70-100 pm. AWD presented
a more regular pore morphology. The corresponding pore
structure parameters indicated that AWD had an average pore
size of 65 + 8 um, a pore density of 28 + 3 pores/100 um?, and
a CV of 0.18. In contrast, OAWD had an average pore size of 85 +
12 um, a pore density of 19 & 2 pores/100 um?, and a CV of 0.25.
These findings suggest that AWD possesses a more uniform
porous structure and a higher pore density.

To clarify the chemical structural characteristics of AWD,
Fourier Transform Infrared (FTIR) spectroscopy was employed to
analyze the functional groups of AWD, OAWD, PNIPAm, CS, and
FSG. The types of cross-linking were determined by the shifts,
additions, or broadening of characteristic peaks. As depicted in SI
Fig. S4, FSG, CS, and PNIPAm displayed their respective charac-
teristic functional group peaks. Compared with the pure compo-
nents, the FTIR spectra of AWD exhibited three crucial changes:
the shift of the amide I band of PNIPAm (1655 cm ') to
1648 cm™ ', the emergence of a Ca-O stretching vibration peak at
1030 cm ™', and the broadening of the N-H stretching vibration
peak at 3280 cm™". These results imply that AWD successfully
constructed a hybrid network structure with covalent-ion-
hydrogen bond synergistic cross-linking. Experimental results
demonstrated that the regulation of the network structure of FSG
through cryogelation at 4 °C promoted the uniform cross-linking
of the FSG-CS hybrid network, thereby synergistically enhancing
the extensibility and toughness of AWD.

3.4 Adhesive properties

Adhesion energy, a key parameter for evaluating the interfacial
bonding strength between wound repair materials and tissues,
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is such that an increase in this value significantly enhances the
functional durability of materials in dynamic physiological
environments.® Quantitative analysis via standard 180° peel
tests, revealed that hybrid network-structured AWD and OAWD
exhibited significantly higher adhesion energies than single-
network SA (15.09 J m™?), SN (17.22 ] m ?), non-
thermosensitive TA (22.37 J m 2), and traditional medical
bandage Band-Aid (10 J m™?) (Fig. 3a), indicating their
remarkable advantages in tissue adhesion. AWD showed an
adhesion energy of 173.85 + 12.67 ] m >, which was 38.5%
higher than OAWD (125.64 + 9.89 ] m™2), 2.1-fold higher than
PF (82.34 4 7.56 ] m~ %), and 3.5-fold higher than CHD (49.87 +
5.34 ] m~?) (p < 0.05) (Fig. 3a). Additionally, AWD containing
AgNP showed an adhesion energy of 173.85 ] m >, representing
a 38.5% increase compared to AgNP-free OAWD (125.64 ] m ™ ?)
(Fig. 3b), demonstrating that the incorporation of AgNP further
optimizes interfacial adhesion. This phenomenon is primarily
attributed to AgNP acting as nanoparticles, which enhance the
flexibility of gelatin molecular chains through a hydration effect
and promote the adhesive properties of gelatin.'**®

3.5 Water vapor transmission rate (WVTR)

For the testing method, the WVTR was calculated by weighing
the change in the mass of the moisture permeation cup before
and after testing, in accordance with the ASTM E96-00 standard
(cup method). The test results are shown in SI Table S5. The
WVTR value of AWD was 2652.38 + 58.45 g (m” 24 h)™", which
falls within the ideal WVTR range for wound healing (2000-
3000 g (m” 24 h)™") and is significantly higher than that of CHD
(1856.24 + 42.56 g (m? 24 h)™") (p < 0.05). The results indicate
that AWD not only effectively evaporates excess exudate from
the wound surface, prevents wound maceration and bacterial
growth, but also maintains adequate humidity to sustain
wound moisture. Both the OAWD group and PF group exhibited
higher WVTR values than the AWD group, which may be
attributed to the lack of AgNP and PNIPAm.

3.6 Antibacterial properties

Owing to their unique surface plasmon resonance effect and
quantum confinement properties, AgNP exhibit excellent
nanoscale antibacterial activity.”” This study systematically
evaluated the antibacterial performance of AWD and OAWD.
The experimental results are shown in Fig. 4. For Serratia mar-
cescens, the antibacterial rate of the AWD group was 92.03% =+
3.48%, significantly higher than that of the OAWD group (8.19%
+ 1.51%), PF group (18.94% =+ 3.09%), and CHD group (35.24%
+ 4.19%) (p < 0.05). For Staphylococcus aureus, the AWD group
achieved a remarkable 90.13% =+ 3.52% antibacterial efficacy,
significantly outperforming the OAWD group (15.62% =+
2.81%), PF group (18.92% =+ 3.13%), and CHD group (35.19% =+
4.21%) (p < 0.05). In the case of Pseudomonas aeruginosa, the
AWD group demonstrated 89.47% =+ 4.11% antibacterial effi-
cacy, showing significant improvement over the OAWD group
(12.31% =+ 2.52%), PF group (14.74% + 3.03%), and CHD group
(32.15% =+ 3.81%) (p < 0.05). The results showed that the anti-
bacterial rate of AWD was significantly higher than of other

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dressings for all three strains, indicating that AWD could
significantly inhibit bacterial growth.

A release experiment was conducted to investigate whether
AgNP content decreases over time. UV/vis results showed no
AgNP leakage absorbance at 420 nm < 0.01, while ICP-MS
results showed sustained Ag' release. Cumulative Ag" release
at 7 d was 15.67 4 1.23 pg cm ™2, with a release rate of about 0.95
ng cm > d ™', Total Ag content per AWD was 25.34 + 2.11 pg (SI
Table S6)., revealing no AgNP leakage from AWD and suggesting
that its antibacterial function relies on Ag" release.

3.7 Biocompatibility

3.7.1 Host cell cytotoxicity. Mouse embryonic fibroblasts
(NIH/3T3) and human keratinocytes (HaCaT) were used to

© 2026 The Author(s). Published by the Royal Society of Chemistry

evaluate AWD's cytotoxicity. AWD extract (10-100% v/v) showed
no significant toxicity: 100% extract concentration resulted in
88.53% = 4.21% viability for NIH/3T3 cells and 86.13% =+ 3.82%
viability for HaCaT cells, which was not significantly different
from the control group (p > 0.05) (SI Table S7). Low extract
concentrations (10-50%) showed >95% cell viability, confirm-
ing that AWD does not damage skin repair-related cells.

3.7.2 Tissue Ag" accumulation. ICP-MS analysis of mouse
tissues (8 d post-treatment) showed no significant Ag" accu-
mulation in AWD group: wound skin (0.89 & 0.12 pg g~ ), liver
(0.34 + 0.05 pug g ), kidney (0.28 £ 0.04 pg g~ '), which was
comparable to CG group (p > 0.05, SI Table S8). This indicates
that AWD's Ag" release does not cause systemic toxicity.

3.8 DSC/TGA

The DSC curves are shown in SI Fig. S5a. AWD exhibits a single
endothermic peak at 32.5 £+ 0.8 °C, which corresponds to the
lower critical solution temperature (LCST) of the PNIPAm
network. This temperature is slightly below the human physi-
ological temperature (37 °C), ensuring that AWD can rapidly
respond to body temperature and undergo phase transition
contraction upon wound contact, thereby providing mechanical
driving force for wound contraction. As a control, the PF group
without PNIPAm showed no significant endothermic peak
within the 0-80 °C range, confirming that the thermosensitive
response of AWD originates from the PNIPAm network.

The thermogravimetric analysis (TGA) curves are shown in SI
Fig. S5b. The thermal decomposition process of AWD is divided
into three stages: the first stage (30-100 °C) involves water
evaporation in both groups, with residual masses of 92.2%
(AWD) and 92.5% (PF) respectively, showing minimal difference
due to similar moisture content. Weight loss during this stage is
unrelated to PNIPAm. The second stage (100-280 °C) exhibits
more significant weight loss in the AWD group, with a residual
mass of 67.7%. The third stage (280-600 °C) is dominated by
main-chain thermal degradation in both groups, accounting for

RSC Adv, 2026, 16, 5064-5078 | 5071
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the largest weight loss. After 600 °C, the residual masses of both
groups stabilize without significant weight loss, indicating
complete degradation of the organic phase with only inorganic
filler remaining.

3.9 Swelling ratio

SI Fig. S6 shows the swelling kinetics curves of AWD at 25 °C
and 37 °C. At 25 °C (below the LCST), the swelling rate increased
continuously over time and was significantly higher than of
other groups (p < 0.05); the OAWD group and PF group exhibi-
ted swelling rates close to but lower than of the AWD group,
while the CHD group showed the lowest swelling rate with slow
growth. At 37 °C (above the minimum critical dissolution
temperature), the AWD group reached a peak swelling rate of
225.71 4+ 6.81% at 2 h, after which the swelling rate continued to
decline, reaching 110.23 + 5.21% at 24 h. The OAWD group and
PF group showed sustained increases in swelling rate over time,
consistent with the trend at 25 °C; the CHD group exhibited
a steady and slow increase in swelling rate.

3.10 Temperature-responsive triggering of skin contraction

This study was based on the hypothesis that AAm can regulate
the contraction behavior of AWD, investigating the
temperature-triggered contraction of adhesive hydrogels and
the modulation of their thermosensitivity by AAm addition. The
temperature-induced volume shrinkage and areal strain of the
skin-mimicking model were studied, where results indicated
that AWD exhibits significant temperature-triggered contrac-
tion at 37 °C. AWD volume shrinkage at 3 h was 22.17% =+
2.34%, significantly higher than of PF (3.56% =+ 0.89%), SA
(2.12% + 0.67%), and SN (1.89% =+ 0.54%) (p < 0.05). Areal
contraction tension of AWD was 54.82% = 4.56%, significantly
higher than that of PF (4.23% + 0.98%) (p < 0.05) (Fig. 5a and SI
Table S9). SI Fig. S7 shows representative images of AWD before
(A) and after (B) 37 °C treatment, with clear volume shrinkage

5072 | RSC Adv, 2026, 16, 5064-5078

observed. Further observations revealed that the areal contrac-
tion tension varied with the relative contents of AAm and
NIPAm, such that increasing AAm loading from 1% to 5%
induced a polarity reversal from contraction to expansion; the
5% AWD group showed an 11.67-fold higher expansion than the
1% group (Fig. 5b). This significant change indicated that the
thermosensitive components in the 5% AWD underwent
a drastic phase transition under the action of temperature,
inducing strong self-swelling of the material, thereby providing
a powerful mechanical impetus for triggering skin expansion.
Compared to mussel-mimetic, gecko-mimetic, and topology-
designed adhesive dressings,”” AWD exhibited superior
mechanical adaptability and dynamic responsiveness in its
contraction behavior.

3.11 In vitro wound contraction performance of AWD on
mouse skin

Wound size on mouse skin was measured to characterize the in
vitro wound contraction capability of AWD, presenting obser-
vation results from five groups (Fig. 6 and SI Table S10): the
AWD group (containing AgNP), non-treatment control group
(CG), non-thermosensitive dressing (TA) group, PF group
(PNIPAm-free control), and CHD group. Results showed that the
wound contraction ratio of the CG group remained at a low level
of only 2.01% =+ 0.56%, reflecting limited natural wound
contraction in the absence of intervention, while the TA group
exhibited an increased contraction ratio of 8.07% =+ 1.23% that
still lagged significantly behind that of the AWD group. The
AWD group demonstrated a wound contraction ratio of 50.12%
+ 4.89%, which was significantly higher than those of CG
(2.01% =+ 0.56%), TA (8.07% = 1.23%), PF (15.34% + 2.11%),
and CHD (22.56% = 3.45%) (p < 0.05).

This robust contraction ability may be attributed to struc-
tural changes within AWD at 37 °C, which induce a contraction
effect on the covered wound to exert contractile forces on wound
edges—mechanical stimulation that may promote collagen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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orientation by activating fibroblast TRPV4 ion channels (this is
a hypothesis to be verified in future studies)—thereby facili-
tating wound healing.”®** SI Fig. S8 shows the hypothesized
mechanism of AWD-induced wound healing via TRPV4
activation.
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3.12 In vivo wound contraction performance of AWD on
mouse skin

A mouse skin wound model was employed to mimic the natural
healing process of human and mammalian skin wounds with
enhanced precision by restricting the normal wound contrac-
tion process.*® Quantitative analysis of wound contraction ratios
over different time points was conducted via continuous
observation of wound healing in mice, including five groups:
non-treatment control (CG), non-thermosensitive dressing (TA),
AWD (temperature-responsive, AgNP-loaded), PNIPAm-free
control (PF), and CHD. At Day 3, the AWD group exhibited
a significantly higher contraction ratio (40.34% =+ 3.89%)
compared to TA (12.56% =+ 2.34%), PF (18.78% + 3.11%), CHD
(25.12% =+ 3.56%), and CG (8.97% =+ 1.89%) (all p < 0.05). By Day
8, the contraction ratio of the AWD group further increased to
68.67% =+ 4.56%, which remained substantially higher than the
values of TA (22.13% = 3.01%), PF (30.45% + 3.78%), CHD
(38.97% =+ 4.23%), and CG (40.05% + 4.89%) (all p < 0.05)
(Fig. 7a and SI Table S7). These results confirm that AWD
sustains efficient promotion of wound contraction throughout
the entire observation period.

Histological staining of wound tissues on Day 8 (Fig. 7b and
SI Table S11) revealed that the AWD-treated group had abun-
dant, orderly arranged fibroblasts, reduced inflammatory cell
infiltration, and continuous epithelial coverage (=70% of the
wound area). In contrast, the TA and CG groups showed

© AWD

3.0¢ 1 The inflammation score on day 3
dih ] The inflammation score on day 8

“TA

[ The granulation level on day 3
[ The granulation level on day 8

Fig.7 Comparison of wound contraction ability of various materials in mice. (a) Demonstrates the wound contraction rates of different groups at
various time points (time/d). (b) Presents the histological sections of wound tissues from different groups on day 8. (c) and (d) Respectively show
the inflammation scores and granulation tissue levels of different groups on day 3 and day 8.
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disorganized fibroblast alignment, persistent inflammatory cell inflammatory cell infiltration and granulation tissue formation
accumulation, and sparse epithelial coverage (<30% and =<25% (Fig. 7c, d and SI Table S11) further demonstrated that AWD
of the wound area, respectively). Quantitative analyses of promoted granulation tissue development and wound epithelial
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regeneration without severe inflammatory responses: the Day 8
inflammation score of the AWD group (1.2 £ 0.4) was signifi-
cantly lower than that of TA (2.5 £ 0.6), PF (2.1 + 0.5), CHD (1.8
+ 0.5), and CG (2.8 £ 0.7) (all p < 0.05), while its granulation
tissue score (3.5 + 0.5) was significantly higher than that of TA
(2.1 +0.4), PF (2.4 £+ 0.5), CHD (2.8 & 0.6), and CG (2.0 & 0.4) (all
p < 0.05). Collectively, these findings illustrate that AWD
synergistically enhances wound healing quality at multiple
levels, including accelerating contraction, regulating inflam-
mation, and promoting tissue regeneration.

3.13 Finite element simulation of AWD-induced wound

The finite element simulation analysis diagram of AWD wound
contraction is shown in Fig. 8, which is used to present the highly
nonlinear thermosensitive response behavior of AWD and the
influence of mechanical parameters on wound contraction. The
skin is constructed as an Ogden hyperelastic material model,
which can accurately capture the initial toe modulus and hard-
ening effect of the skin when subjected to large tensile forces.” The
finite element model is parameterized to characterize the
mechanical properties of mouse skin and AWD, and the corre-
sponding values are extracted to simulate the thermosensitive
response behavior of PNIPAm. Fig. 8a intuitively presents the
dynamic changes of AWD in treating mouse skin wounds. This
schematic diagram clearly shows the correlation among wound
size, skin temperature change, and tensile contraction before and
after treatment. When AWD is in an environment of 37 °C, it
contracts due to the thermosensitive effect, exerting a tensile force
on the injured skin, causing limited displacement of the injured
skin, and thus significantly promoting the healing of skin wounds.
Simulation results show that when AWD contracts due to the
thermosensitive effect, the injured skin produces limited
displacement and tensile force, which significantly promotes skin
wound healing (Fig. 8b). From the trend of the curve, it can be seen
that with the increase of shear force, the wound contraction rate
shows an upward trend. This indicates that appropriately
increasing the shear force can effectively improve the contraction
effect of AWD on wounds (Fig. 8c). Finite element models of
human and mouse skin wounds were constructed, with the same
initial wound parameters (such as width, length, AWD thickness,
etc.) set, and the action process of AWD under the same thermo-
sensitive conditions was simulated. With the increase of the
length/width ratio, the wound contraction rates of both human
and mouse models show an upward trend. The wound contraction
rate of the mouse model is 75.28% (Fig. 8d and SI Table S12),
which closely matches the experimental measurement of 68.67%
within an acceptable error margin, fully verifying the reliability
and accuracy of this finite element model (SI Table S8). Therefore,
further based on this reliable model, the influence of material
properties and geometric properties of AWD on wound contrac-
tion performance was studied in depth. Simulation prediction
results show that with the increase of AWD modulus, the
contraction force generated by it increases, thereby significantly
improving the wound contraction effect; at the same time, the
expansion of the bonding area between AWD and the skin can
make the stress transmission more uniform, effectively reducing
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stress concentration, and further enhancing the wound contrac-
tion performance.

4 Discussion

4.1 Synergistic “temperature-mechanics” effect of PNIPAm
phase transition and FSG ionic crosslinking for body
temperature-triggered wound contraction

This study constructed an FSG-CS hybrid network via a cry-
ogelation (4 °C) strategy, significantly enhancing the tensile
strength and fracture energy of AWD. The performance improve-
ment of AWD compared to single-network PNIPAm hydrogels can
be attributed to the regulation of molecular chain crosslinking
kinetics by low temperature, which delays the crosslinking rate
between FSG and NIPAm to promote ordered arrangement of
molecular chains and formation of a uniform hybrid network
structure®®—this mechanism is consistent with the low-
temperature-induced gelatin network optimization proposed by
Yu et al.** Additionally, AWD exhibits superior volume shrinkage
rate and areal contraction tension at 37 °C relative to traditional
materials like mussel-mimetic dressings, with AAm mediating
active responses that generate tensile forces at wound edges to
induce skin contraction.>” This “temperature-mechanics” synergy
originates from the coupling of PNIPAm phase transition prop-
erties with FSG ionic crosslinking networks, enabling body
temperature-triggered wound contraction without external stim-
ulation and providing an adaptive solution for dynamic wound
repair. Compared with previous FSG-CS composite studies: Ranj-
bar et al.™ prepared chitosan/gelatin sponges with hemostatic
function but no thermoresponsive contraction; Diao et al.* devel-
oped pH/temperature co-responsive CS/NIPAM hydrogels but
lacked finite element modeling for performance prediction and
mechanical mechanism verification. This work fills these gaps by
integrating thermoresponsive contraction, finite element optimi-
zation, and controlled Ag" release, providing a more comprehen-
sive solution for intelligent wound repair. In contrast to the
method reported by Zheng et al.** that achieves dynamic response
through magnetic field-regulated hydrogel crosslinking—a tech-
nique requiring external stimulation and complex procedures—
this study internally optimizes network structure via a cryogenic
process, enabling high ductility without additional equipment in
a simple and cost-effective manner.

4.2 AWD balances long-term antibacterial activity and
biocompatibility via Ag* controlled-release strategy

The antibacterial efficacy of silver nanoparticles (AgNP) primarily
relies on their nanoscale size effect and silver ion release.” Among
these, AWD demonstrates stronger antibacterial capacity, attrib-
uted to the small size of AgNP enabling penetration of bacterial
cell membranes, interaction with intracellular enzymes to inhibit
their activity, and disruption of bacterial metabolic processes.
Concurrently, slowly released silver ions (Ag") further bind to
bacterial DNA to suppress replication.”” Notably, no AgNP leakage
was detected in release experiments, indicating that AWD achieves
long-term antibacterial activity through sustained Ag" release to
avoid potential toxicity from direct nanoparticle release. While
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AgNP exhibit promising antibacterial efficacy, their biosafety
remains a concern, as Pryjmakova et al.*® showed that high-dose
nano-silver injections may affect mouse internal organs, body
weight, and tissue histology. In this study, in vivo experiments
confirmed that AWD neither triggered significant inflammatory
responses nor inhibited granulation tissue formation and
epithelial regeneration. Furthermore, cell cytotoxicity tests showed
>85% viability of NIH/3T3 and HaCaT cells exposed to 100% AWD
extract, and ICP-MS results showed no significant Ag" accumula-
tion in mouse liver and kidney. These results demonstrate that
AWD's controlled-release strategy balances antibacterial efficacy
and biocompatibility, providing a new paradigm for the regulated
application of AgNP in wound repair. Similar to the regulatory
effect of UVC-GA on intestinal microbiota**—a modified bioactive
substance that promotes the growth of beneficial bacteria (e.g,
Bifidobacterium longum, Lactobacillus plantarum) and inhibits
harmful bacteria (e.g,, Klebsiella pneumoniae)—AWD's Ag"
controlled release not only exerts targeted antibacterial activity but
also avoids disrupting the host's microbial homeostasis, which is
crucial for long-term in vivo safety.

4.3 Synergistic construction of dual networks via covalent-
ionic crosslinking enables order-of-magnitude enhancement
of AWD toughness

The matrix toughness of 2M AWD is enhanced by orders of
magnitude compared to single-network systems through the
synergistic construction of dual networks via covalent crosslinking
(MBAA-PNIPAm) and ionic crosslinking (Ca®>*-FSG), which origi-
nates from the energy dissipation mechanism of the bilayer
network: the covalent crosslinking network absorbs energy
through chain breaking, whereas the ionic crosslinking network
dissipates energy via reversible bond recombination. This dual-
network design enables synergistic interactions where the cova-
lently crosslinked PNIPAm network bridges crack tips in the
matrix to maintain overall structural integrity, while the ionically
crosslinked FSG network consumes energy under deformation.*
Given the same concentration of covalent crosslinkers, increasing
NIPAm monomer content extends the chain length of PNIPAm
between two covalent crosslinks, thereby enhancing crack
bridging effects and fracture energy—findings consistent with
other bilayer network hydrogels.”” Compared to single-network SA
and SN, AWD demonstrates significant advantages in adhesion
energy, indicating that the multi-scale adhesion sites (electrostatic
interactions, hydrogen bonds, etc.) provided by its hybrid network
are better adapted to the demands of complex physiological
environments.”” This design strategy effectively addresses the
bottleneck of insufficient mechanical properties in traditional
gelatin materials, expanding research directions for the high-value
utilization of marine biological resources.

4.4 Integrating Ogden-Flory theory to construct AWD
contraction model and elucidate mechanisms of modulus-
enhanced stress transfer and adhesion surface
homogenization damage reduction

This study constructed a quantitative correlation model between
AWD contraction behavior and skin mechanical response by
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integrating the Ogden hyperelastic model with Flory-Rehner ther-
modynamic theory, where simulation analysis showed that the
error between wound displacement caused by AWD contraction
and experimental measurements was only 6.61%, thereby vali-
dating the model's reliability. The model details include: (1)
constitutive equations: modified Flory-Rehner model for AWD
thermoresponsiveness, Ogden model for skin; (2) parameters: x =
0.52, N = 1000, ; = 10 Pa, o, = 110 Pa; (3) element type: CPESRH;
(4) boundary conditions: skin left/right edges fully constrained,
bottom edge fixed horizontally; (5) thermoresponsive imple-
mentation: UHYPER subroutine simulating volume shrinkage at
37 °C. Mesh convergence test confirmed that 1 mm mesh size
balances accuracy and efficiency. The model further elucidates that
an increase in AWD modulus enhances the transmission efficiency
of contraction stress, while an expanded adhesive area facilitates
stress distribution homogenization to reduce secondary damage
caused by local stress concentration.” However, the current model
has not incorporated the feedback effect of extracellular matrix
remodeling on the mechanical environment, and future research
should further optimize the model through multi-physics field
coupling methods (such as cell-matrix interactions).***

4.5 Critical role of physicochemical characterization in
validating AWD performance

The physicochemical characterizations (FTIR, DSC/TGA, swelling
behavior, WVTR, and degradation test) in this study comprehen-
sively validated the rationality of AWD's structure and the adapt-
ability of its functions. FTIR analysis directly confirmed the
construction of the covalent-ionic-hydrogen bond synergistic
crosslinked network, providing a structural basis for the material's
mechanical properties and thermosensitive response; the LCST
(32.5 £ 0.8 °C) determined by DSC ensures the material's rapid
response ability in the physiological environment; the synergistic
optimization of swelling behavior and WVTR solves the problem of
“imbalanced moisturizing and drainage” of traditional dressings;
the controlled degradation rate guarantees the safety and func-
tional sustainability of the material in vivo. In addition, the statis-
tical analysis of SEM pore structure reveals the correlation between
the material's microstructure and macro-mechanical properties,
providing a quantitative basis for subsequent material optimiza-
tion. The supplementation of these characterization data makes
the performance evaluation of AWD more comprehensive and
reliable, meeting the rigor requirements of biomaterial research.

5 Conclusions

This study successfully developed a temperature-responsive active
wound dressing (AWD) using fish skin gelatin (FSG) and chitosan
(CS) as matrices via a synergistic strategy of low-temperature
gelation and covalent-ionic crosslinking. Compared with
previous FSG-CS composites, this work innovates in three aspects:
(1) “PNIPAM-FSG” synergy for body temperature-triggered
contraction without external stimulation; (2) controlled Ag"
release balancing antibacterial activity and biocompatibility; (3)
finite element model based on Ogden-Flory theory for quantitative
prediction of wound contraction. The AWD exhibited outstanding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanical properties, including a tensile strength of 600.05%
and fracture energy of 2000.47 ] m~> at 4 °C, along with a 22.17%
volume shrinkage ratio at 37 °C within 3 h. Furthermore, it
demonstrated significant antibacterial activity and promoted
wound contraction by 45.28% in mice, validating its efficacy in
wound healing. The “temperature-mechanics” synergistic regula-
tion strategy integrates the thermosensitive property of FSG with
the cationic antibacterial activity of CS to achieve autonomous
body temperature response. At the same time, the introduction of
silver nanoparticles and finite element modeling to overcome the
functional limitations of traditional dressings, providing a new
paradigm for intelligent biomaterial design. Scientific contribu-
tions include elucidating the wound healing mechanism via
mechanical force-induced collagen orientation and verifying the
excellent biocompatibility of AWD. Practically, AWD enables high-
value utilization of aquatic by-products, reducing production
costs, and offers an adaptive solution for complex wound repair
without external stimulation. Future research may focus on
exploring the shrinkage mechanism of AWD in low-temperature
environments to expand its application in cold-region trauma
repair, and optimizing the mechanical adaptability between the
dressing and skin via multi-physics coupling models to facilitate
clinical translation. This study establishes a theoretical foundation
for the high-value application of fish skin gelatin and chitosan in
wound repair, paving the way for the precision development of
intelligent wound dressings.
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