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Abstract: The skin repair process is significantly influenced by the regulation of a dynamic mechanical microenvironment.
However, traditional single-layer scaffolds face limitations, including poor mechanical compatibility and weak interfacial
adhesion. These drawbacks stem from their inability to mimic the multilayer heterogeneous structure and functional synergy of
natural skin. In this paper, a biomimetic skin extracellular matrix (ECM) scaffold with a layered structure bio-polycaprolactone
(PCL) skin (BPS) is proposed, consisting of three layers: a surface layer (SL), a support layer (PL), and a base layer (BL). The
SL consists of a 3D-printed microporous PCL structure, which simulates the epidermal barrier’s antibacterial and breathable
properties. The PL, a surface-modified multilayer PCL scaffold, mimics the dermal layer and provides essential mechanical
support and elasticity. The BL, a hydrogel coated onto the surface of the PL, provides excellent biological properties. Genipin
serves as a crosslinker, and ethylenediamine is used for amination treatment of the PCL scaffold surface. This chemical
crosslinking strengthens interlayer connections, enhancing functional synergy and tripling the anti-swelling properties of the
hydrogel. Additionally, it improves the wet adhesion of the scaffold to skin tissue, ensuring stable adherence to the wound
surface. Compared to traditional scaffolds, this multilayer structure effectively integrates biological functions with mechanical
performance, providing sustained protection and support during wound healing.
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1 Introduction efficacy (Boateng and Catanzano, 2015). Although
structural optimization of single-layer scaffolds has

As the primary barrier against mechanical dam-
age, skin repair critically depends on the regulation of
a dynamic mechanical microenvironment (Trichet et al.,

2012; Hunter-Featherstone et al., 2021). While con-

enhanced mechanical adaptability (Dhandayuthapani
et al., 2011; O’Brien, 2011), the inherent homogeneity
of these designs fundamentally contrasts with the me-
chanical heterogeneity and functional synergy of the

ventional scaffolds provide basic protection (Drobnik
and Stebel, 2017), they fail to replicate the synergistic
interplay between the biomechanical properties and
biological functions of natural skin, limiting healing
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epidermis-dermis-subcutaneous tissue triad in human
skin. Consequently, these scaffolds exhibit weak adhe-
sion, poor biocompatibility, and mechanical mismatch
(Obagi et al., 2019; Barros Almeida et al., 2021; Maaz
Arif et al., 2021). Recently, biomimetic multilayer ar-
chitectures have emerged as a breakthrough strategy
(Yao et al., 2025). Similar multilayer or multi-region
biomimetic designs have also been successfully ap-
plied in cartilage tissue engineering (Chen Y et al.,
2025) and in dermal scaffolds fabricated by digital
light processing (DLP) 3D printing (Han et al., 2025),
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further supporting the rationale of our stratified ap-
proach. Building on this concept, a tri-layered biomi-
metic skin repair extracellular matrix (ECM) scaf-
fold bio-polycaprolactone (PCL) skin (BPS) was de-
veloped, integrating structural support and bioactivity
by replicating the hierarchical functions of epidermal,
dermal, and subcutaneous tissues (Brohem et al.,
2011). The multilayer ECM scaffold features func-
tional biomimicry: The surface layer (SL) is a mul-
tilayer composite PCL porous film mimicking the epi-
dermal antibacterial barrier and breathability (Barbu
et al., 2021). The support layer (PL) is a PCL scaffold
replicating dermal mechanical properties and structural
support (Arif et al., 2022), with surface-aminated PCL
enhancing interfacial crosslinking with the base layer
(BL) to resist horizontal swelling and delamination.
The BL is a gelatin hydrogel modified to address two
limitations of natural gelatin—rapid degradation mis-
matched with skin repair cycles (van den Bosch and
Gielens, 2003; Gronbeck and Feng, 2023) and a me-
chanical modulus significantly lower than that of
human subcutaneous tissue (Yazdi and Bagersad, 2022).
A salt-ion shielding effect (Huo et al., 2025) was used
to weaken intermolecular hydrogen bonds, enabling
the formation of free single-chain gelatin molecules.
Subsequent mechanical agitation produced a highly
entangled gelatin hydrogel network with biomimetic
mechanical adaptability and controlled degradation
(Nian et al., 2022) while maintaining cytocompatibility
comparable to subcutaneous tissue. Genipin, a natural
crosslinker, was used to covalently crosslink amino
groups on the scaffold with those on moist wound sur-
faces (Meng and Shen, 2018; Yu et al., 2021), ensur-
ing stable scaffold—wound interfacial integration.

Systematic evaluations of the mechanical behav-
ior, antibacterial activity, and cellular responses of BPS
demonstrated superior biomechanical similarity to
human skin, excellent biocompatibility, unidirectional
antibacterial properties, and degradation kinetics aligned
with skin repair timelines. The scaffold also showed
effective wet adhesion. Animal experiments further
confirmed enhanced repair efficacy compared to single-
layer scaffolds and controls. This study innovatively
establishes a multifunctional repair system integrating
mechanical adaptation, antibacterial regulation, biologi-
cal activity, and wet adhesion. It offers a modular de-
sign paradigm for biomimetic materials in tissue engi-
neering and a versatile scaffold platform for skin re-
pair ECM (Zhao et al., 2025).

2 Experimental

Materials: Gelatin (type B, bovine) was purchased
from Sigma-Aldrich, Germany. Phosphate-buffered
saline (PBS) was obtained from Meilum, China. Glyc-
erol, sodium citrate (SC) (dihydrate), genipin, ethyl-
enediamine (EDA), and sodium hydroxide (NaOH)
were acquired from Shanghai Aladdin Biochemical
Technology Co., Ltd., China. PCL and deionized water
(DI water) were supplied by Zhejiang University, China.
All reagents were analytical grade and used without
further purification.

Preparation of BL hydrogel: Gelatin granules
were dissolved in PBS at 50 °C, forming a 100 g/L
gelatin solution. Genipin (5 g/L) was then added and
stirred continuously until fully dissolved. SC (10 g/L)
was introduced and stirred at 800 r/min for 5 min to
enhance molecular entanglement. Finally, glycerol (2.5,
5.0, or 7.5 g/L) was added to produce hydrogel pre-
cursor solutions designated as low (LG), medium
(MGQG), and high (HG) glycerol groups. Solutions were
stored at 37 °C.

Preparation of SL and PL: A customized melt near-
field electrostatic direct-writing system (EFL-BP6601,
Suzhou Institute of Intelligent Manufacturing, China)
was used for printing. PCL pellets were loaded into
the printing barrel. For SL-layer nonwoven printing,
the barrel was heated to 100 °C for 15 min; the nozzle
diameter was 150 pum; the nozzle-to-substrate distance
was 5 mm; the extrusion air pressure was 30 kPa;
the voltage was 8 kV; and the substrate speed was
150 mm/min. After printing, the nonwoven mat was
heated briefly at 85 °C and stacked to form a three-
layer SL structure. The PL layer was directly deposited
onto the SL. In this step, the barrel was heated to
105 °C; the nozzle-to-substrate distance was 1.8 mm;
the voltage was 4.2 kV. After printing, samples were
designated as the PCL-p group, and an outer frame was
printed using fused deposition modeling (FDM) to fa-
cilitate collection. The PCL-p scaffolds were immersed
in 400 g/l NaOH solution for 1 h at room temperature,
rinsed three times with DI water, and designated as the
PCL-h group. Finally, PCL-h scaffolds were immersed
in 10% (volume fraction) EDA solution at room tem-
perature for 30 min, thoroughly rinsed with DI water,
air-dried, and labeled as the PCL-a group.

Fabrication of the BPS biomimetic skin: A hollow
rectangular mold (15 mmx=35 mm) was printed via



FDM. The amino-functionalized PCL-a scaffold was
positioned centrally within the mold cavity. Subse-
quently, 2 mL preheated BL-layer solution was slowly
added to completely cover the scaffold. The mold was
held at room temperature for 15 min to facilitate gela-
tion and minimize in-plane shrinkage. The composite
hydrogel and mold were freeze-dried at —50 °C under
vacuum (<10 Pa) for 24 h. The finished BPS was re-
moved and stored under vacuum.

Scanning electron microscopy (SEM): Freeze-
dried samples were sputter-coated with gold. SEM
(Oxford Instruments, UK) was conducted at 15 kV to
analyze the internal hydrogel morphology, surface to-
pography of PL/SL, and energy dispersive X-ray spec-
troscopy (EDS) elemental distribution of the modified
PL surfaces.

Fourier transform infrared spectroscopy (FT-IR):
Freeze-dried samples were analyzed using a Nicolet
NEXUS-470 spectrometer (Thermo Fisher Scientific,
USA) at 4 cm™ resolution with 32 cumulative scans.

X-ray photoelectron spectroscopy (XPS): Samples
mounted on metal stubs were Au-Pd-coated (Desc I,
Denton Vacuum, USA). Surface chemistry was ana-
lyzed via XPS (Escalab 250Xi, Thermo Fisher Scien-
tific, USA).

X-ray diffraction (XRD): XRD was performed
using a Gemini A OHra diffractometer to investigate
crystal structural changes in PL.

Mechanical testing: LG/MG/HG hydrogels were
molded into dumbbell-shaped specimens (20.0 mmx
4.0 mmx1.5 mm). Tensile tests (GB/T 1040.3-2006)
(AQSIQ, 2006) were performed using a UTM2102
universal testing machine at 5 mm/min. Melt elec-
trowriting (MEW)-printed PL (PCL-p, PCL-h, and
PCL-a) and BPS composites were tested for elastic
modulus under identical conditions.

Adhesion testing: Porcine skin (10 mmx10 mm
squares) was coated with BL solution and attached to
3D-printed tensile plates secured with adhesive tape.
Samples were immersed in PBS to simulate wet con-
ditions until fully crosslinked. Interfacial toughness
was measured via T-peel testing (ASTM, 2024) using
UTM2102 at 5 mm/min. Interfacial toughness was
calculated as the plateau force divided by twice the
sample width (Guo et al., 2023).

Degradation experiment: Hydrogels were prepared
according to the ASTM method (ASTM, 2016). Sam-
ples were cut into suitable shapes, weighed (W), and
incubated in 25 mL PBS (pH 7.4) at 37 °C for 15 d.
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Every three days, three independent samples were re-
moved, freeze-dried, and weighed (/7). Degradation
was calculated as the percentage weight loss (AW)
using the following equation (Liu et al., 2020):

A= (W, = W)W, (1)

Swelling experiment: Hydrogels were immersed
in PBS at 37 °C for 24 h to measure their swollen
mass (W,). Subsequently, the samples were freeze-
dried to obtain the dry mass (#,). The swelling ratio
(R,) was calculated using:

Ry= (W —W)/W.. 2)

Horizontal swelling experiment: Custom molds
(15 mmx10 mmx2 mm) were 3D-printed to prepare
control group (CG) and BPS samples. Samples were
freeze-dried under vacuum. The initial horizontal
length and width were recorded (W, , W, ). The hydro-

gels were immersed in PBS at 37 °C for 24 h, after
which their horizontal dimensions (W,, W) were re-

measured. The horizontal swelling ratio (R,,) was cal-
culated as:

Rys= (W,=W)/W.. 3)

BL and PL interface mechanical testing: PCL-p,
PCL-h, and PCL-a scaffolds with 300 and 500 um fi-
bers were vertically inserted into BL hydrogels. After
crosslinking, test specimens were prepared. Custom
3D-printed testing molds (Fig. S1 of the electronic sup-
plementary materials (ESM)) were used, and interface
mechanical testing was conducted using a UTM2102
universal testing machine at a tensile speed of 5 mm/min.

Air permeability test: A 50 mmx50 mm SL sam-
ple was prepared, and gas permeability was measured
using the pressure differential method. Measurements
were performed with a PAPT-B02 membrane air per-
meability tester, using air as the test gas.

Cell culture: Fibroblasts were cultured in
Dulbecco’s modified eagle medium (DMEM) (Hy-
Clone, USA) supplemented with 10% (volume frac-
tion) fetal bovine serum (10091-148, Gibco, USA) at
37 °C under 5% CO,.

Cell viability and proliferation assay: Cell proli-
feration was evaluated using a CCK-8 kit (CK001,
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Lablead, China). Cells (3x10* per well) were seeded
in Transwell-24 plates (NEST Biotechnology Co. Ltd.,
China), with test membranes placed in the upper
chambers. After 1, 3, 5, and 7 d, absorbance at 450 nm
was measured following a 2 h incubation with 10%
CCK-8 reagent. For live/dead staining, cells cultured for
5 d were stained using a Calcein-AM/PI kit (BB-4126,
Bestbio, China) for 40 min and imaged using an in-
verted fluorescence microscope (BZ-X800, KEYENCE,
Japan).

Bacterial isolation assay: Membranes were im-
mersed in 24-well plates containing 1 mL bacterial
suspension (1x10° CFU/mL of Escherichia coli or
Staphylococcus aureus, where CFU indicates the colony
forming unit) and incubated at 37 °C with shaking
for 2 h. After washing with PBS, samples were fixed
with 4% glutaraldehyde (4 °C overnight), dehydrated
through graded ethanol solutions (30%—-100%, 15 min
per step), and observed by SEM.

Quantitative polymerase chain reaction (qPCR):
total RNA was extracted using TRIzol (15596, Invit-
rogen, USA) and reverse-transcribed into cDNA using
PrimeScript RT Master Mix (RR036, Takara, Japan).
gPCR was performed with TB Green Premix Ex Taq
(RR420A, Takara, Japan) on a CFX384 Real-Time
Polymerase Chain Reaction System (RT-PCR) (Bio-
Rad, USA) under the following conditions: 95 °C for
30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C
for 32 s. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the internal control. Relative
mRNA expression was calculated using the compara-
tive threshold method (Table S1 of the ESM).

Immunofluorescence staining: Cells cultured on
membranes for 3 d were incubated with a primary
antibody against vinculin (VCL) (400:1, 26520-1-AP,
Proteintech) at 4 °C overnight, followed by incuba-
tion with a secondary antibody (400:1, Abcam). Fluo-
rescence signals were visualized using a fluorescence
microscope (BZ-X800, KEYENCE, Japan).

Rat skin defect model: Full-thickness skin de-
fects (1.5 cm in diameter) were created on Sprague—
Dawley rats, with approval from the Ethics Committee
for Animal Research at Zhejiang University, and con-
ducted in accordance with the guide for the care and
use of laboratory animals. Rats were anesthetized
with sodium pentobarbital (10 g/L, 0.4 mL per 100 g
body weight) and divided into control (untreated) and
experimental (membrane-implanted) groups. Three rats

per group were sacrificed on days 4, 7, and 14 post-
surgery for wound observation. On day 4, undegraded
materials were removed, and wound images were cap-
tured. Subsequently, wound tissues and adjacent nor-
mal skin were harvested for histological analysis.

Histological evaluation: Tissues were fixed in 4%
paraformaldehyde for 24 h, paraffin-embedded, sec-
tioned (5 um), and stained with hematoxylin and
eosin staining (H&E) and Masson’s trichrome. CD31
immunofluorescence and VCL immunohistochemistry
were performed to assess angiogenesis and cell adhe-
sion. The wound closure rate, collagen deposition, and
CD31/VCL-positive areas were semi-quantified using
Imagel] (NIH, USA).

Statistical analysis: Data are presented as mean+
SD (standard deviation). Intergroup differences were
analyzed using one-way ANOVA (SPSS 26.0), with
P<0.05 considered statistically significant.

3 Results and discussion
3.1 Design and fabrication of the BPS

The BPS consists of three components: the BL,
PL, and SL (Fig. 1). To ensure the efficacy of the bio-
mimetic skin in repairing skin defects, BPS should ex-
hibit excellent biocompatibility and mechanical prop-
erties matching human skin. The gelatin hydrogel dem-
onstrates favorable elasticity and biocompatibility, and
its abundant collagen closely resembles the skin com-
position (Tang et al., 2021). By incorporating genipin
to form a gelatin—genipin (Gel-GN) hydrogel, the BL
retains favorable biological properties. Additionally,
genipin’s nucleophilic ring-opening reaction promotes
crosslinking between amino groups (Meng and Shen,
2018), ensuring adhesion of biomimetic skin in wet
environments. However, the low mechanical strength
of gelatin hydrogels limits their application in tissue
repair. Studies indicate that adding high-strength fi-
brous materials to hydrogels can significantly enhance
their mechanical properties (Agrawal et al., 2013;
Chen YW et al., 2025). Therefore, a multilayer PCL
framework printed via MEW technology was em-
bedded into gelatin as a mechanical core to provide
structural support and mechanical stability.

Based on this, an innovative Gel-PCL preparation
process was developed to achieve long-lasting and
stable chemical crosslinking between the PL and BL.
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Fig. 1 Schematic illustration of BPS design and fabrication

First, PCL molecular chains are opened through sa-
ponification to introduce carboxyl groups (—COOH).
Subsequently, amino groups (—-NH,) are generated via
condensation reactions between carboxyl groups and
ethylenediamine. Genipin’s nucleophilic ring-opening
reaction in the hydrogel then promotes crosslinking
between amino groups, ultimately forming a stable
bio-PCL structure. Finally, using MEW technology
and the “whip effect” (Robinson et al., 2019), a po-
rous PCL nonwoven SL with an average pore size of
20 pm is fabricated. Three layers of this membrane
are superimposed, resulting in a surface film with ex-
cellent antibacterial and breathable properties. Multi-
layer integration yields the final BPS biomimetic skin.
All materials selected are biodegradable and FDA-
approved, demonstrating outstanding application
potential.

3.2 Physicochemical properties of the base layer

Gelatin and genipin were thoroughly mixed to
prepare the Gel-GN hydrogel BL, with its crosslink-
ing process proceeding slowly (Fig. 2a). Traditional
Gel-GN hydrogels exhibit poor mechanical properties,
often rupturing under external forces. Their modulus
significantly differs from that of skin tissue, compro-
mising recovery. Glycerol, an internal plasticizer, phys-
ically interacts with materials without forming cova-
lent bonds, enhancing plasticity and fluidity (Patel
et al., 2013). To improve the mechanical performance,
glycerol is incorporated and uniformly dispersed into
the Gel-GN solution. The cross-sectional morphology
of freeze-dried Gel-GN films with variable glycerol
concentrations was observed via SEM (Fig. 2¢). The
analysis revealed phase separation of glycerol within
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Fig. 2 Preparation mechanism and characterization of the base layer: (a) Gel-GN crosslinking mechanism; (b) XPS and
FT-IR spectra; (¢c) SEM and EDS characterization of Gel-GN films; (d) cation shielding mechanism diagram; (e) gel
degradation with increased entanglement; (f) gel swelling with increased entanglement; (g) elastic modulus of BL with
varying glycerol content; (h) interfacial toughness of the BL; (i) SEM surface scan of Gel-GN films (g and h: mean+SD,
** P<0.01, *** P<0.001, n=3). PAA: polyacrylic acid; PVA: polyvinyl alcohol; CNF: cellulose nanofiber; TA: tannic acid

the Gel-GN solution and formation of numerous micro-
cavities. These microcavities effectively dissipate stress,
thereby enhancing the mechanical properties of the
Gel-GN films.

To identify the optimal glycerol concentration,
Gel-GN solutions containing 2.5, 5.0, and 7.5 g/L
glycerol (LG, MG, and HG) and a CG were prepared.
Chemical analysis (Fig. 2b) confirmed the regulatory



role of glycerol in genipin crosslinking within the Gel-
GN solution. FT-IR spectra showed a —NH, vibration
peak at 3300 cm™ and an amide bond absorption peak
near 1643 cm™. Gradual addition of glycerol up to
5.0 g/L resulted in the narrowest full width at half
maximum (FWHM). Higher glycerol concentrations
reduced the crosslinking density. The absorption peak
at 3300 cm™', smaller and flatter than that of pure
gelatin, indicated crosslinking of —NH, groups. Concur-
rently, the amide bond absorption peak at 1643 cm’™
showed the narrowest FWHM at a glycerol concentra-
tion of 5.0 g/L. Further XPS analysis of C—O bonds
near the 288 eV peak (calibrated against carbon at
285 eV) revealed the lowest C—O bond signal in the
MG group. This confirmed increased genipin—gelatin
reactions and loss of carboxyl groups, aligning with
FT-IR results and validating glycerol’s regulatory ef-
fect on Gel-GN crosslinking.

Human skin typically requires 2—4 weeks for com-
plete healing after severe trauma. However, gelatin-
based materials degrade rapidly (in approximately 10 d),
mismatching tissue regeneration timelines. Studies sug-
gest that hydrogel degradation can be controlled by op-
timizing molecular chain entanglement (Li and Gong,
2024). Leveraging this, hydrogel molecular chain en-
tanglement was adjusted to regulate degradation. SC,
selected via the Hofmeister effect for its biocompati-
bility, weakens gelatin intermolecular hydrogen bonds
through salt-ion shielding (Fig. 2d) without inducing
protein denaturation, forming free single chains. Me-
chanical agitation then reconstructs these into a highly
entangled network, with entanglement quantified by
rheology (Nian et al., 2022) (Fig. S2 of the ESM).

To demonstrate SC’s effect, three groups (CG,
CG-10 g/L SC, and CG-20 g/L SC) were evaluated for
degradation and swelling (Figs. 2e and 2f). The data
showed that SC significantly enhanced the anti-swelling
capability and degradation stability of the Gel-GN com-
posites. Although the CG-20 g/L SC group exhibited
stronger anti-swelling properties, its degradation rate
was too slow for human skin repair cycles (Singer and
Clark, 1999). Thus, a 10 g/L SC concentration was se-
lected to construct the BL structure.

Mechanical testing revealed glycerol’s dual regu-
latory effect on BL behavior: moderate glycerol in-
creased the hydrogel elastic modulus to 108 kPa
(Fig. 2g) and fracture stress to 882.36 kPa (Fig. S3 of
the ESM), meeting subcutaneous tissue mechanical
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demands. Excessive glycerol, however, suppressed
genipin crosslinking and reduced overall performance.
Porcine skin was selected as a model for adhesion evalu-
ation due to its mechanical robustness and similarity
to human skin. Gel-GN films crosslinked with por-
cine skin in PBS exhibited an interfacial toughness of
101.72 J/m* (Fig. 2h) and a shear strength of 26.69 kPa
(Fig. S4 of the ESM). These values surpassed those of
commercial bioadhesives and reported degradable hy-
drogels (Guo et al., 2023; Park et al., 2023; Zhang
et al., 2023; Wu et al., 2024) (Fig. 2i). Although glyc-
erol slightly weakened the interfacial strength, the CG
group failed prematurely due to insufficient mechan-
ical strength, resulting in lower interfacial toughness
compared to the MG group. Considering mechanical
compatibility and interfacial stability, the MG formu-
lation was ultimately selected for BL fabrication.

3.3 3D printing of the support and surface layers

Three-dimensional random networks were fabri-
cated using the “whipping effect” with non-directional
fiber deposition under high voltage via MEW technol-
ogy (Fig. 3a). These networks were thermally fused
to form porous membranes, with three superimposed
layers serving as the SL. Ultramicropores in the SL
provided excellent bacterial retention and breathability.
A highly aligned PL fiber bundle was printed on the
SL surface to enhance structural support and mechan-
ical performance, with an optimized fiber diameter of
15 um (Liu et al., 2025). To achieve a low-porosity
SL, the relationship between printing speed and poros-
ity under different air pressures was systematically in-
vestigated, resulting in multilayer nonwoven structures
with optimized pore sizes of approximately 20 um
(Fig. 3b). In the hierarchical design of BPS, the inter-
face stability between the PL and BL critically affects
mechanical force transmission and functional integra-
tion. Although traditional mechanical interlocking strat-
egies allow preliminary bonding (Zussman et al., 2018),
interfacial slippage frequently leads to delamination
or mechanical failure. To address this, a covalently
crosslinked PCL-hydrogel interface was developed
through surface chemical modification. Amino groups
were grafted onto PL surfaces to establish covalent
bonds with the genipin crosslinked BL. PCL surface
modification was performed via a two-step process
(Fig. 3c). Prefabricated PL-SL bilayer scaffolds were
first etched with 400 g/L NaOH solution to hydrolyze
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ester bonds, generating reactive carboxyl (—-COOH)
and hydroxyl (-OH) groups. After rinsing with DI
water, amino modification was carried out using 10%
(volume fraction) EDA solution (Zhou et al., 2005).
Three experimental groups were prepared: pristine
PCL (PCL-p), NaOH-treated PCL (PCL-h), and ami-
nated PCL (PCL-a). SEM analysis revealed smoother
surfaces in the PCL-a group after EDA treatment, pre-
serving the 3D network topology. Elemental mapping

demonstrated significantly increased nitrogen signals
in the PCL-a group (Fig. 3d), confirming successful
amino grafting. FT-IR spectroscopy (Fig. 3f) further
verified chemical modifications: the characteristic car-
bonyl (C=0) peak at 1727 cm™ remained in the PCL-h
group but weakened in the PCL-a group, with new ab-
sorption peaks at 1625 and 3300 cm™. XRD analysis
(Fig. 3g) showed lattice distortion characteristic peaks
at 21.4° and 23.7° in the PCL-a group, induced by



amino modification, consistent with FT-IR results. Ten-
sile testing (Fig. 3e) confirmed that PCL surface modi-
fication preserved mechanical integrity while impart-
ing chemical activity.

3.4 BPS hydrogel membranes

In this study, we successfully constructed aminated
PCL fibers (PCL-a scaffolds) whose surface amino
groups could crosslink with genipin (Fig. S6 of the
ESM). The scaffolds were embedded into 3D-printed
customized hollow molds, followed by uniform spray-
ing of Gel-GN precursor solution and incubation at
room temperature. After the hydrogel solution com-
pletely filled the mold through self-levelling, vacuum
freeze-drying terminated the crosslinking process, ulti-
mately forming BPS hydrogel membranes (Fig. 4a).
Interface shear testing demonstrated that compared

% Gel-GN

Self-evaporation

Vacuum lyophilization
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with the unmodified PCL-p/PCL-h groups, the PCL-a
group showed a significantly enhanced anti-slippage
capability at fiber-hydrogel interfaces (Fig. 4d). Addi-
tionally, the elastic modulus of BPS reached 5.11 MPa
(Fig. 4c¢), fully covering the mechanical spectrum of
human skin (Oomens et al., 2017). Traditional freeze-
dried hydrogels typically undergo intense isotropic swell-
ing during rehydration, causing potential mechanical
damage to wounds (Li and Gong, 2024). Here, the
anisotropic grid topology of PL scaffolds effectively
suppressed horizontal swelling: the orthogonal grid
structure limited the transverse swelling ratio of BPS
to 6.0%*1.6% while maintaining the longitudinal
swelling ratio at 9.0%+2.5% (Fig. 4b).

To evaluate the adaptability and integration ca-
pacity of BPS for skin wounds, we observed its physi-
cal matching and adhesive behavior in a porcine ex
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vivo tissue model. The BPS precisely conformed to
full-thickness skin defects and formed stable adhesion
to the wound edge tissue through genipin-mediated in-
terfacial covalent crosslinking (Fig. 4e). The BPS also
showed good conformability and adhesive perfor-
mance in a simulated linear incision closure scenario,
indicating its ability to adapt to wounds of different
geometric shapes.

3.5 Experiments on different cell components

The designed BL hydrogel should exhibit excel-
lent biocompatibility and low cytotoxicity. Live/dead
cell staining and CCK-8 assays were performed to
evaluate the clinical applicability of BL materials
(Pan et al., 2023). Multiple control groups were estab-
lished, including PCL-p, PCL-h, and PCL-a, to sys-
tematically compare material properties, with the aim
of verifying the fundamental biosafety of the material
system at each stage and providing a comparative basis
for the overall performance of the subsequent BPS.
Using a pure PCL group as a control, live/dead stain-
ing after 3 d coculture (Fig. 5b) showed normal cell
morphology in the modified PCL and BPS groups,
with significant proliferation observed in all groups.
CCK-8 analysis revealed no significant differences
among the groups (Fig. 5a). These results collectively
demonstrate the excellent biocompatibility of BPS
materials for biomedical applications.

As a skin repair scaffold, the SL was biomimeti-
cally designed with pore structures resembling the skin
epidermal layer. Multilayer, densely stacked PCL non-
woven fabric effectively prevented bacterial invasion,
demonstrating robust antibacterial performance and
breathability (Fig. S5 of the ESM) to both prevent
and treat wound infections (Peng et al., 2022). To
evaluate the antibacterial efficacy of the SL, in vitro
antimicrobial tests were conducted to assess its inhibi-
tory effects against E. coli and S. aureus (common
wound pathogens). SEM observations (Fig. 5c¢) re-
vealed substantial bacterial adhesion on membrane
materials lacking dense porous layers. The dense layer
significantly reduced the bacterial penetration, dramati-
cally decreasing the inner-layer bacterial colonization.

Effective adhesion properties enhance initial sta-
bility and promote cell attachment and growth (Guarino
et al., 2007). RT-PCR results showed that, compared
with other groups, BPS significantly upregulated the
expression of Col I, VCL, Fnl, and ITGB, which are

key mediators of ECM remodeling and cell-matrix
adhesion, whereas no significant differences were ob-
served in the levels of a-SMA and Ki67 markers of
myofibroblast differentiation and cell proliferation, re-
spectively (Fig. 5d). Immunofluorescence analysis
further confirmed significantly upregulated VCL pro-
tein expression in the BPS group compared to the
other groups, effectively promoting early cell adhesion
(Fig. Se). Overall, the multilayer design provided BPS
composite membranes with superior biocompatibility,
antibacterial performance, and active regulation of cell
adhesion, demonstrating significant clinical potential.

3.6 Histological and immunohistochemical evaluation

To evaluate the repair capacity of BPS scaffolds,
a rat full-thickness skin defect model was established
for in vivo efficacy assessment (Fig. 6a). Given no
significant differences between the PCL-h and PCL-a
groups in vitro, three animal groups were established:
untreated control, pure PCL membrane (PCL-p), and
BPS. Macroscopic observations revealed scab formation
and wound contraction initiation by day 4 (Figs. 6b
and 6c). Undegraded materials were removed to clearly
observe wound contraction trends, with the BPS group
showing the most significant wound shrinkage. By
day 7, all wounds showed considerable reduction with
visible neo-skin tissue, and the BPS group maintained
optimal repair efficacy. On day 14, the scaffold had
fused with the skin tissue and mostly degraded. Mac-
roscopic evaluation indicated significant repair across
all groups, with BPS wounds almost completely healed
and exhibiting the highest healing rate, confirming its
intrinsic repair capacity based on its biocompatibility.

To assess skin regeneration processes, histologi-
cal examinations were subsequently performed, in-
cluding H&E staining, Masson’s trichrome staining,
CD31 immunofluorescence, and VCL immunohisto-
chemistry (Fig. 6a). On day 4, all wounds were filled
with granulation tissue rich in new capillaries (Yang
et al., 2023). The BPS group exhibited significantly
thicker granulation tissue than the control group
(Fig. 6d), indicating advantages in early-stage repair.
Collagen fiber remodeling, a critical step in wound
healing (Doillon et al., 1985), began by day 7. Mas-
son staining revealed that collagen deposition was ap-
proximately 1.6-fold higher in the BPS group than in
the control group (Fig. 6g), with denser and more
ordered fiber alignment, providing a foundation for
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subsequent structural reconstruction. By day 14, the
BPS group achieved wound closure with intact neo-
epithelial tissue and epidermal thickness close to that
of normal skin (Fig. 6d), attaining a wound closure
rate of 92.5% (Fig. 6¢) and demonstrating superior
final repair outcomes. Wound healing and angiogene-
sis were evaluated by immunofluorescence and immu-
nohistochemical analyses. On day 4, defect areas con-
sisted mainly of capillary-rich granulation tissue. By
day 7, maturing neovessels ensured oxygen and nutri-
ent supply, reaching the maximum CD31-positive area.
Day 14 showed nearly complete repair with reduced
neovascularization. Notably, the BPS group showed
the highest vascular density at all time points (Figs. 6¢
and 6h), indicating significant proangiogenic effects.
Additionally, the BPS group exhibited peak VCL ex-
pression as early as day 4, indicating effective en-
hancement of cell adhesion by gelatin components.
Throughout the repair process, the BPS group main-
tained persistently elevated VCL expression, gradually
developing into mature tissue (Figs. 6f and 61). Over-
all, the BPS scaffold improved the wound microen-
vironment by promoting angiogenesis, cell adhesion,
and collagen deposition. Thus, it accelerated the tran-
sition from the inflammatory phase to the prolifera-
tive and maturation phases, optimizing the repair of
full-thickness skin defects.

4 Conclusions

In this study, we successfully developed a wet-
adhesive skin-repair ECM scaffold with a biomimetic
multilayer structural design, effectively integrating bi-
ological function and mechanical property regulation.
To address the limitations of traditional scaffolds in
replicating the skin’s multilayer dynamic barrier, an
innovative epidermal-dermal-hypodermal bionic sys-
tem was constructed: the SL achieves directional anti-
bacterial and breathable functions through precisely
regulated porous topology; the PL forms stable cova-
lently crosslinked interfaces via chemical modifica-
tion strategies, significantly enhancing interlayer me-
chanical transfer efficiency; the BL optimizes degra-
dation using molecular chain reconstruction technology,
precisely matching tissue regeneration cycles. Experi-
mental validation confirmed that this biomimetic ECM
scaffold exhibits excellent mechanical properties and
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biocompatibility, accelerating epithelialization in ani-
mal models. Its modular design overcomes the func-
tional singularity of single-layer materials, achieving
unified wound conformability, stability, and biologi-
cal activity through synergistic effects of amino-active
sites and dynamic crosslinking networks. This re-
search provides a novel solution for complex wound
repair. The structure—function coupled design can be
extended to other tissue engineering applications, and
integration with drug delivery systems holds promise
for personalized precision therapy, offering transfor-
mative strategies in translational medicine.
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