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Abstract
Continuous wound healing micro-environment regulation and timely angiogenesis modulation are crucial for preventing 
excessive collagen accumulation and promoting scarless wound healing. Herein, a bilayer silk fibroin (SF)-based Janus 
adhesive dressing (SCE) was developed, featuring a lower layer of Ca2+/Zn2+-modified silk fibroin (SCZ) and an upper layer 
of silk fibroin core–shell electrospun fibers with epigallocatechin gallate (EGCG) encapsulated in the core (SE). The Ca2+/
Zn2+ modification induced decrystallization of the SF, thereby conferring strong tissue adhesion to the lower SCZ layer and 
providing rapid hemostasis and initial anti-inflammatory effects upon wound contact. The macro (double layers) and micro 
(core–shell) dual design enabled EGCG to be slowly released during the early healing stage, exerting both antioxidant and 
synergistic anti-inflammatory effects in conjunction with Zn2+. With complete absorption of the lower layer and degradation 
of the shell of the upper layer, substantial amounts of EGCG were continuously released to inhibit angiogenesis during the 
later healing stages. In vivo studies employing both rat full-thickness skin wound models and rabbit ear scar models further 
confirmed the potential of SCE to promote scarless wound healing by combining early-stage hemostatic, antimicrobial, anti-
oxidant, and anti-inflammatory properties with late-stage angiogenesis braking to reduce vascular density and blood supply, 
thereby allowing extracellular matrix remodeling and preventing collagen overproduction and deposition.
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1  Introduction

Various forms of fibrosis, including tissue thickening and 
scarring, are involved in approximately 40% of deaths world-
wide [1–3]. In particular, major skin injuries resulting from 
trauma, burns, or surgery frequently lead to hypertrophic 

scars (HS) during the healing process, characterized by stiff 
bulges with reduced tensile strength and impaired pigmenta-
tion [4, 5]. These scars can cause itching, chronic pain, and 
loss of limb mobility and contribute to anxiety and depres-
sion, thereby severely affecting the lives of approximately 
100 million patients [6–8]. Although numerous studies 
have explored strategies for the prevention and treatment of 
scars, which are characterized by excessive dermal fibroblast 
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proliferation and abnormal extracellular matrix (ECM) dep-
osition during wound healing, HS remains a significant chal-
lenge in post-traumatic wound management [4, 9]. While 
various surgical and nonsurgical approaches, including 
laser therapy, radiotherapy, cryosurgery, silicone dressings, 
and topical drug application, have been widely used to treat 
the existing scars [10, 11], the outcomes remain unsatisfac-
tory due to high recurrence rates and low efficacy [9, 12]. 
Consequently, early wound healing interventions aimed at 
preventing scar formation have garnered significant attention 
and have been proven to be effective approaches for scar 
treatment [13, 14].

Currently, numerous tissue engineering strategies and 
bioactive wound matrices have been developed to accelerate 
wound healing and inhibit scar formation, including strate-
gies based on the targeted management of bacterial infections, 
elimination of reactive oxygen species (ROS), modulation 
of the inflammatory microenvironment within the wound, 
promotion of angiogenesis, regulation of the macrophage 
phenotype and quantity, and modulation of ECM production 
[15–20]. Collectively, these methods aim to facilitate wound 
healing by mitigating adverse factors that hinder rapid wound 
recovery. Although some strategies for scar prevention target-
ing specific stages of wound healing have shown partial effec-
tiveness, most of these therapies focus on a single or a few iso-
lated targets of wound healing, failing to sequentially regulate 
the various stages of wound healing and connect the cascade 
of biological processes involved in wound healing. Thus, the 
potential impact of the entire wound healing process on scar 
formation is frequently neglected [21, 22]. While the intrinsic 
mechanisms underlying post-traumatic HS formation have not 
been fully elucidated, the precise coordination of the hemo-
stasis, inflammation, proliferation, and remodeling phases in 
the early wound healing process is essential to ensure effective 
wound healing and minimal scar formation [23, 24].

Notably, the regulation of angiogenesis by tissue com-
ponents is ubiquitous across all four wound healing phases 
and plays a critical role at each developmental stage [25, 26]. 
During the hemostasis phase, while angiogenesis has not yet 
been directly initiated, platelet aggregation and the coagula-
tion cascade triggered by vascular injury cause the release of 
multiple growth factors (e.g., vascular endothelial growth fac-
tor, VEGF, and platelet-derived growth factor, PDGF), which 
establishes the foundation for subsequent angiogenesis [27]. 
Upon entering the inflammation phase, cytokines (e.g., VEGF 
and fibroblast growth factor, FGF) secreted by inflammatory 
cells such as macrophages pave the way for angiogenesis 
[28, 29]. In addition, the local hypoxic environment, through 
the activation of hypoxia-inducible factor 1 alpha (HIF-1α), 
further stimulates the expression of pro-angiogenic factors 
such as VEGF, providing a critical signal for angiogenesis in 
the proliferation phase [30]. During the proliferation phase, 
neovascularization represents a critical biological process. 

These neovessels deliver adequate oxygen and nutrient sup-
plies to fibroblasts, epithelial cells, and immune cells, thus 
supporting cellular proliferation and migration processes [31]. 
Simultaneously, these neovessels deliver key growth factors 
(e.g., epidermal growth factor, EGF, and transforming growth 
factor-β, TGF-β) that facilitate granulation tissue generation, 
collagen synthesis, epithelialization, and the restoration of 
cellular metabolism and functionality [32, 33]. During the 
remodeling phase, tissues undergo optimization of vascular 
density and functionality through neovasculature maturation 
and the degradation of redundant blood vessels, thus estab-
lishing the foundation for the organized arrangement of col-
lagen fibers and the functional remodeling of tissues [34, 35]. 
Therefore, precisely regulated angiogenesis and epithelializa-
tion constitute the essential prerequisites for proper collagen 
deposition and organization within the wound matrix [36]. 
Traditionally, early angiogenesis generally exerts beneficial 
effects in wound healing, whereas reduced or inhibited angio-
genesis negatively impacts the healing process [37]. How-
ever, emerging evidence has demonstrated that excessive 
vascularization is not always beneficial, especially during the 
proliferation and remodeling phases of the wounds [38, 39]. 
Sustained overexpression of angiogenesis-related signaling 
molecules during late healing stage frequently leads to HS or 
keloid formation [5]. Notably, studies have confirmed that scar 
tissue exhibits a highly vascularized structural composition 
[40], suggesting that the stage-specific regulation of angio-
genesis represents a crucial strategy for optimizing wound 
healing outcomes [41, 42]. Therefore, an innovative material 
design strategy that facilitates wound repair through sustained 
modulation of the healing microenvironment to eliminate del-
eterious factors, while dynamically regulating inflammation, 
neovascularization, collagen deposition, and matrix remod-
eling, may represent an optimal approach for achieving scar-
less wound healing [34].

To achieve sustainable modulation of the wound healing 
microenvironment and phased pro- and anti-angiogenesis, silk 
fibroin (SF), a well-recognized biocompatible natural polymer 
with minimal inflammatory response [43, 44], was chosen to 
develop a bilayer Janus adhesive dressing (SCE) composed of a 
Ca2+/Zn2+-modified SF lower layer and a SF-based core–shell 
electrospun fiber upper layer (Scheme 1). Meanwhile, to con-
trol the disordered growth of neovasculature, EGCG, a plant 
polyphenol with anti-inflammatory and anti-angiogenic prop-
erties [45, 46], was encapsulated within the core of the upper 
layer through coaxial electrospinning with SF. The SCE Janus 
adhesive dressings provided effective exudate management 
capabilities through its unique Janus structure. The Ca2+/Zn2+ 
modification not only induced silk fibroin decrystallization, 
endowing the lower layer with strong tissue adhesiveness, but 
also imparted rapid hemostatic capability and anti-inflammatory 
properties. The macro (double layers) and micro (core–shell) 
dual design enabled the slow release of EGCG during the early 
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stage of wound healing, exerting antioxidant ability and anti-
inflammatory activity synergistic with Zn2+. Following rapid 
and complete absorption of the lower layer, the core–shell elec-
trospun fiber layer directly contacted with the wound. Possess-
ing a high surface area-to-volume ratio and favorable cell adhe-
siveness [11], the upper layer can not only promote fibroblast 
migration and granulation tissue formation, but also accelerate 
epithelialization, thereby significantly promoting wound heal-
ing. Subsequently, along with the degradation of the shell of 
the core–shell electrospun fibers, a substantial amount of anti-
angiogenetic EGCG was continuously released from the core 
of the core–shell electrospun fibers, effectively regulating neo-
vascularization during the proliferation and remodeling phases 
of wound healing. This process effectively inhibited excessive 

angiogenesis and collagen deposition while regulating ECM 
degradation and remodeling, ultimately achieving scarless 
wound healing. In vivo studies utilizing both rat full-thickness 
skin wound and rabbit ear scar models further validated the scar-
less wound healing efficacy of SCE.

2 � Results and Discussion

2.1 � Fabrication and Characterizations of Silk 
Fibroin‑Based Janus Adhesive Dressings

A series of silk fibroin-based adhesive dressings with 
different lower and upper layers were developed via 

Scheme 1   Development of a Janus adhesive dressing with macro/micro dual design enabling sequential microenvironment regulation for scar-
less wound healing
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electrospinning. The nomenclature and composition ratios 
of SF with calcium ions (SC), zinc ions (SZ) or calcium/
zinc ions (SCZ) in the adherent lower layer are detailed in 
Table S1, and Table S2 summarizes the EGCG-incorporated 
core–shell SF fibers (SEx, x means x% of EGCG) in the 
upper layer. Table S3 details the upper and/or lower layer 
architectures for different experimental groups (SF, SCZ, 
SE5, SCE1, SCE5, and SCE10). As shown in Fig. 1a, the 
uniform calcium/zinc (Ca2+/Zn2+) modified SF adhesive 
film (SCZ) was prepared by electrospinning, followed by 
the preparation of the hydrophilic SF core–shell electro-
spun fibers (SE) with EGCG encapsulated in the core via 
coaxial electrospinning based on the SCZ film, to form an 
all-in-one silk fibroin-based Janus adhesive dressing (SCE). 
The core–shell structure of the EGCG-loaded SF nanofibers 
was characterized using transmission electron microscopy 
(TEM) and confocal laser scanning microscope (CLSM). As 
shown in Fig. 1b, compared with the uniform contrast of the 
SF electrospun fiber on TEM image, the contrast between 
the core and the shell of the SE fibers revealed its coaxial 
core–shell structure. Moreover, the core and shell layers 
of the electrospun silk fibroin-based fibers were fluores-
cently labeled with rhodamine B and calcein, respectively. 
The CLSM images shown in Fig. 1c exhibit that the core 
layer emitted red fluorescence and that the shell layer emit-
ted green fluorescence, further confirming the successful 
fabrication of the core–shell structure by coaxial electro-
spinning. Compared with single-phase electrospun fibers, 
the core–shell structure formed by coaxial electrospinning 
allows for the slow release of the loaded drug in the early 
stage to meet the phased anti-angiogenetic drug release 
requirement during wound healing [21, 47].

Next, the morphology of the SCE Janus adhesive dress-
ings was characterized using scanning electron microscope 
(SEM). The cross section of nanofibers in the upper layer is 
shown in the upper panel of Fig. 1d, and the vertical views 
of the upper and lower layer of SCE are shown in Fig. 1e. It 
can be seen that the nanofibers possess uniform morphology 
and smooth surface, with average size of nanofibers approxi-
mately 1 μm. The lower layer of the SCE Janus adhesive 
dressings was densely stacked adhesive film enriched with 

uniformly distributed Ca2+ and Zn2+ (Fig. 1d). Almost no 
intact electrospun fibers were observed in the lower layer, 
which is further supported by the overlay SEM image of 
SCZ shown in the lower panel of Fig.  1e. Meanwhile, 
Fourier transform infrared spectroscopy (FTIR) was also 
employed to characterize pure SF, SCZ, and SEx (Fig. 1f 
and g). As shown in Fig. 1f, the characteristic amide I peak 
at 1636 cm−1 and amide II peak at 1514 cm−1 for SF, repre-
senting C = O stretching and N–H bending respectively, con-
firming its predominant β-sheet crystalline structure. In con-
trast, for SCZ, owing to the complexation of Ca2⁺/Zn2⁺ with 
carboxyl (–COO−), amino (–NH2), and amide (–CONH–) 
groups in the SF, the amide II peak in the Ca2⁺/Zn2⁺-
modified SF shifted to 1535 cm−1. X-ray diffraction (XRD) 
analysis further confirmed the structural influence of metal 
ions on SF. As shown in Fig. S1, significant differences were 
observed between the XRD patterns of the pure SF and SCZ 
dressing. Compared with pure SF, SCZ exhibited markedly 
reduced characteristic diffraction peak intensity, indicating 
decreased crystallinity and confirming successful molecular-
level interactions between SF and metal ions. The interaction 
of SF and metal ions destroys the crystalline structure of SF, 
thus conferring SCZ with tissue adhesiveness. As shown 
in Fig. 1g, after being loaded with EGCG, the character-
ized peak at 824 cm−1 from EGCG appeared in the FTIR 
spectra for all the core–shell electrospun SF with EGCG 
(SE1, SE5, and SE10). The C–N stretching and N–H bending 
vibrations shifted from 1513 to 1523 cm−1. Concurrently, 
compared with that of SF, the intensity of the vibrational 
peak at 1447 cm−1, representing the HO–C stretching peak 
in SF–EGCG, decreased. These findings suggest that EGCG 
can interact with SF through hydrogen bonding and hydro-
phobic interactions, and thus can be firmly incorporated into 
the inner layers of the core–shell structure, further support-
ing the gradual and phased release of EGCG. The thermal 
resistance and stability of silk fibroin-based dressings were 
characterized using differential scanning calorimetry (DSC) 
under a nitrogen atmosphere (Fig. 1h). The DSC data reveal 
that the endothermic peak of SE5 shifted to 116.22 °C from 
101.98 °C for SF, while SCZ exhibited a more obvious shift 
of 24.05 °C (from 101.98 to 126.03 °C), implying the for-
mation of hydrogen bond network between EGCG's phe-
nolic hydroxyl groups and SF chains. This, along with the 
incorporation of metal ions, collectively altered the internal 
structure of SF and significantly enhanced its thermal stabil-
ity. Furthermore, these thermodynamic properties ensure the 
structural integrity of the dressing during ambient storage 
(25 °C) and ethylene oxide sterilization (< 60 °C), providing 
experimental evidence for the temperature tolerance of silk 
fibroin-based Janus adhesive dressing.

Fig. 1   Characterization of silk fibroin-based Janus adhesive dressing. 
a Preparation process of the Janus adhesive dressing by electrospin-
ning. b TEM and c CLSM (rhodamine B in the core layer and calcein 
in the shell layer) images of core–shell/non-core–shell SF electrospun 
fibers. d SEM images of the cross section of the Janus adhesive dress-
ing, and the corresponding EDS elemental mapping of Ca and Zn. e 
SEM images of the surface morphology of the upper layer (SE) and 
the lower layer (SCZ). f FTIR spectra of SF and SCZ. g FTIR spectra 
of SF, EGCG, and SE series (SEx, x means x% of EGCG). h DSC 
curves of SF, SE5, SCZ, and SCE5

◂
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2.2 � Physical, Mechanical, and Release Properties 
of Silk Fibroin‑Based Janus Adhesive Dressing

The water contact angle and water vapor permeability are 
important indices for evaluating the fluid absorption rate 
of wound dressings, especially in the context of exudative 
wounds. The water contact angle and water vapor transmis-
sion rate (WVTR) of SF, SCZ, SE5, SCE1, SCE5, and SCE10 
were measured (Fig. 2a–c). As shown in Fig. 2a and b, both 
the SF film and SE5 film (EGCG-loaded core–shell electro-
spun film) exhibited considerable hydrophilicity, with initial 
water contact angles of (63.98 ± 11.97)° and (74.65 ± 4.70)°, 
respectively. After 80 s, the water contact angles for SF and 
SE5 films stabilized at (44.43 ± 5.44)° and (47.60 ± 7.13)°, 
respectively. Previous studies have shown that water con-
tact angles between 40° and 70° are more conducive to the 
adhesion of epidermal cells and fibroblasts [48]. Therefore, 
the prepared SCE dressings may support cell adhesion, 
facilitating cellular ingrowth and wound healing. Further-
more, water droplets were added to the lower layer of the 
SCE1, SCE5, and SCE10 bilayer Janus dressings to study 
the water transport behavior of the film (Fig. 2a). The Ca2+/
Zn2+-incorporated SCZ films displayed intrinsic hydropho-
bicity with initial contact angles of (109.43 ± 16.47)°. This 
property created a lower hydrophobic/upper hydrophilic 
structure for SCZ, allowing water to permeate the SE layer 
through siphon effect, enabling the self-pumping feature of 
the bilayer Janus dressings. Thus, as a wound dressing, SCE 
can absorb and transport liquids, promoting wound heal-
ing through the absorption of excess exudate. The WVTR 
measurement reflects the film's ability to allow vapor trans-
mission, which would regulate wound moisture balance. 
Too high WVTR could lead to excessive wound dehydra-
tion, whereas too low WVTR may potentially cause wound 
pain, bacterial growth, tissue maceration, and dressing 
detachment. The ideal WVTR value for wound dressings is 
typically between 2000 and 2500 g/m2/d (day) to maintain 
appropriate wound hydration [49]. As illustrated in Fig. 2c, 
the electrospun nanofiber films, with their high surface area 
and porosity, led to rapid moisture evaporation, resulting in 
a WVTR of (5968.12 ± 1032.30) g/m2/d for SF. During the 
experiment, the SCZ film ruptured due to its water solubility, 
resulting in a WVTR as high as (8972 ± 1845.58) g/m2/d. 
SE5 film exhibited significantly reduced WVTR compared to 
SF film. The SCE bilayer architecture effectively regulated 
water vapor permeation, and the reduced hydrophilicity of 
the SE film also hindered water vapor transmission. As the 
EGCG content increased, the WVTR gradually decreased. 
The WVTR of SCE5 was (2221.5 ± 465.42) g/m2/d, provid-
ing favorable conditions to maintain a moist microenviron-
ment for the wound.

Tissue adhesion represents another important feature 
of dressing, which enables the dressing to adhere stably to 

the skin defect to protect the wound from external environ-
mental contaminants and hazards, and ultimately facilitate 
wound repair. The adhesive performance was systematically 
verified through lap shear and peeling tests. As shown in 
Fig. 2d, vacuum-dried SCZ exhibited effective and exten-
sive adhesion to substrates such as metal, plastic, glass, and 
rubber with applied weights up to 100–120 g. The influence 
of the metal ion content on the adhesive properties of SF 
was also evaluated. As shown in Fig. 2e, pure SF exhib-
ited negligible tissue adhesiveness, while the incorporation 
of calcium ions (Ca2+) significantly enhanced the tissue 
adhesive performance. The SF/Ca2+ weight ratio of 70:30 
(SC30% group) led to an optimal lap shear strength against 
porcine skin as high as (93.48 ± 18.51) kPa. Notably, the 
SCZ25%/5% group with partial substitution of Ca2+ with Zn2+ 
preserved comparable adhesive performance comparable to 
that of the SC30% group, with a tissue adhesion strength of 
(94.46 ± 19.47) kPa. Furthermore, peeling tests using the SE 
upper layer as the substrate and SC films with various SF/
Ca2+ weight ratios and SCZ as adhesives revealed that under 
specific humidity, the peel strength initially increased and 
then decreased as the SF/Ca2+ ratio increased from 50:50 
to 90:10 (Fig. 2f). The SC30% group consistently showed 
superior performance across all concentration gradients, 
achieving a peel strength of (113.5 ± 17.52) N/m (Fig. 2f), 
well agreed with the lap shear measurement results. At lower 
concentrations of Ca2+ in SC films (SF/Ca2+ ratio > 70:30), 
amino acids tend to bind with Ca2+ rather than form com-
plexes with water molecules [50]. When the SF/Ca2+ ratio 
was in the range of 85:15 to 70:30, the increase in metal 
complexes and water molecules imparted appropriate vis-
coelasticity to the SC films, maintaining high energy dis-
sipation and mechanical interlocking, thus leading to high 
peel strengths. For films with higher concentrations of Ca2+ 
(SF/Ca2+ ratio < 70:30), excessive water molecules shielded 
Ca2+ ions, hindering their coordination with amino acids and 
causing deformation in the structure of SF, reducing both 
tissue adhesion and peel strength. Notably, when Ca2+ was 
partially substituted by Zn2+ (at constant SF/metal weight 
ratio), the SCZ group exhibited no significant reduction in 
adhesion or peel strength under the same test conditions. 
More importantly, the incorporated Zn2+, which serves as 
an essential component in multiple enzyme systems (includ-
ing carbonic anhydrase, protein kinase, respiratory enzyme, 
lactate dehydrogenase, superoxide dismutase, alkaline phos-
phatase, and DNA/RNA polymerase systems), exerts mul-
tifaceted biological effects during wound healing, including 
antibacterial activity, promotion of fibroblast proliferation, 
acceleration of ECM synthesis and secretion, and reduction 
of free radical generation [51]. Consequently, this Ca2+/Zn2+ 
dual-ion modification not only preserves favorable adhe-
sive properties, but also integrates the synergistic biologi-
cal effects of Ca2+ (critical coagulation factor, extracellular 
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signaling molecule, and intracellular second messenger in 
wound healing) and Zn2+ [52], potentially enabling signifi-
cant enhancement of the dressing film's pro-healing effi-
cacy and endowing it with superior potential for scarless 
wound healing. Thus, SCZ, which incorporated both calcium 
and zinc ions (denoted as SCZ), was selected as the lower 
layer of the Janus dressing. The bilayer dressing film was 

subsequently applied to the back of the hand and subjected 
to various external forces, such as stretching, compression, 
and twisting. The SCE dressing film maintained its posi-
tion without delaminating, tearing, or falling off (Fig. 2g), 
demonstrating clinical potential for mobile wound sites like 
joints where conventional dressings fail.

Fig. 2   Physical, mechanical, degradation, and EGCG releasing prop-
erties. a Photographs and b quantitative water contact angle–time 
curves of different groups (n = 3). c Water vapor transmission rates 
(WVTRs) of different dressings after 24  h (n = 3). d Adhesion per-
formance of SCZ adhesive against different substrates. e Adhesion 
strengths (measured by lap shear test) against porcine skin of SCZ 
adhesives with different metal ion ratios (n = 5). f Peel strengths 
against SE of SCZ adhesives with different metal ion ratios (n = 5). g 

Photographs of Janus adhesive dressing firmly adhering to the back of 
the hand under tensile, compressive and torsional forces. h The repre-
sentative stress–strain curves and i tensile strengths of different dress-
ings (n = 5). j The setup simulating the phased release of EGCG in 
practical wound healing application. k EGCG releasing curves of dif-
ferent dressings (n = 3) and l Ca2+, Zn2+,and EGCG releasing curves 
for SCE5 (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
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The mechanical properties of the Janus adhesive dress-
ing were studied through tensile stress–strain testing. The 
results show that the mechanical strengths of the bilayer 
dressing films were significantly higher than that of the 
single-layer films (Fig. 2 h and i). The tensile strengths 
of single-layer films, including pure SF, SCZ, and SE5, 
were (420.11 ± 109.25)  kPa, (595.29 ± 146.79)  kPa, 
and (748 ± 159.24) kPa, respectively. While, the tensile 
strengths of the bilayer Janus adhesive dressings, includ-
ing SCE1, SCE5, and SCE10, significantly increased to 
(1312.45 ± 121.4)  kPa, (1537.12 ± 161.22)  kPa, and 
(1743.12 ± 151.67) kPa (Fig. 2i), respectively. As the EGCG 
content increased, the interaction between EGCG and SF 
became stronger, resulting in higher strain at break for the 
SCE Janus adhesive dressings. In addition, obvious frac-
tures in the middle were observed because the lower SCZ 
layer was more brittle than the upper SE layer (Fig. 2h). In 
summary, the SCE Janus adhesive dressings showed appro-
priate tensile strength (1000–2000 kPa) and flexibility for 
the application as wound dressing in all parts of the body, 
including areas of dynamic movement and high tension (e.g., 
knees and elbows).

The sustained and controlled release of bioactive com-
ponents from wound dressing films is crucial for achieving 
sequential wound healing microenvironment regulation. 
According to the design principle, the lower layer of the 
bilayer dressing film first contacts with the wound tissue and 
rapidly degrades, followed by the release of active ingre-
dients from the upper layer. First, the degradation of the 
dressing film was measured by soaking it in PBS. As shown 
in Fig. S2, SF, and SE films curled up rapidly after con-
tact with the PBS, while the SCZ and SCE films basically 
maintained their shape. Over time, the solution in the SE 
group gradually became turbid and appeared to contain film 
fragments. Meanwhile, the SCZ films gradually degraded, 
the solution slowly became cloudy, and no film-like sub-
stance appeared to be present by the 4th day. However, as 
the combination of SE and SCZ, SCE initially maintained 
its basic shape. As the lower SCZ gradually degraded, the 
entire SCE film began to become transparent, and the solu-
tion became turbid. However, unlike in the SCZ group, in the 
SCE group, the curled-up film structure could be observed 
on day 7. Therefore, the silk fibroin-based Janus adhesive 
dressings demonstrated gradient degradation wherein the 
lower adhesive layer degraded in 3 days, while the upper 
layer continued degradation, providing the possibility for 
sequential gradient release of EGCG. Moreover, the Tran-
swell chamber was used to simulate wound interface condi-
tions and evaluate Ca2+, Zn2+ and EGCG release behavior 
(Fig. 2j). Firstly, the release behaviors of the Ca2+ and Zn2+ 
from SCZ and SCE (using SCE5 as the representative) films 
were measured. As shown in Fig. S3a and b, both SCZ and 
SCE exhibited synchronous rapid release profiles of Ca2+ 

and Zn2+. Notably, although both SCZ and SCE achieved 
cumulative release percentages of Ca2+ and Zn2+ exceed-
ing 93% by day 3, SCZ demonstrated a significantly faster 
overall release rate than SCE, suggesting that the reverse 
capillary action of the bilayer dressing might have partially 
delayed the rapid active ion release from the lower layer. 
The release kinetics of EGCG from four structurally dis-
tinct dressings (monolayer non-core–shell S/E5, monolayer 
core–shell SE5, bilayer non-core–shell Janus adhesive SCZ/
E5, and bilayer core–shell Janus adhesive SCE5) were sys-
tematically determined using UV–vis spectrophotometry. As 
shown in Fig. 2k and S3c, comparative analysis between 
representative SE5 and S/E5 dressings demonstrated that the 
non-core–shell S/E5 nanofibers exhibited characteristic sin-
gle-phase rapid release, resulting in (92.32 ± 6.48)% EGCG 
release within 24 h. In contrast, the core–shell SE5 nanofib-
ers displayed distinct biphasic release behavior, consist-
ing of an initial rapid release phase (69.18 ± 8.23% EGCG 
released within 24 h) followed by a sustained slow-release 
phase, ultimately reaching a cumulative release exceeding 
(93 ± 4.97)% by day 7. These findings clearly demonstrate 
the regulatory role of core–shell architecture in modulat-
ing EGCG release behavior. Release behavior studies of 
bilayer dressing systems demonstrated that both bilayer non-
core–shell fiber dressings (SCZ/E5) and bilayer core–shell 
fiber dressings (SCE5) exhibited significantly delayed EGCG 
release because of the effective water penetration barrier pro-
vided by the lower SCZ layer. During the initial phase, only 
a small amount of EGCG physically adsorbed or weakly 
bound to SF nanofibers was released, resulting in less than 
26% cumulative release within 48 h. As the experiment pro-
gressed, degradation of the lower SCZ layer enabled direct 
contact of the upper EGCG-loaded layer with the degra-
dation medium, resulting in accelerated release rate. How-
ever, the EGCG release from SCZ/E5 dressings persisted 
for approximately 14 days due to diffusion limitation effects 
and inherently slow degradation kinetics of SF nanofibers. 
Notably, the SCE5 dressing, with the core–shell structure, 
displayed a significantly prolonged EGCG release duration 
(exceeding 18 days) owing to its unique drug encapsulation 
core–shell architecture, conclusively demonstrating the reg-
ulatory role of material structural design in controlling drug 
release kinetics. Meanwhile, comparative analysis of the 
release kinetics among the three active components (EGCG, 
Ca2⁺, and Zn2⁺) in SCE5 dressings revealed that both Ca2+ 
and Zn2+ achieved cumulative release rates exceeding 85% 
by day 2, while EGCG started its rapid release phase from 
day 2 (Fig. 2i). This differential release behavior further 
demonstrated that the dressing can achieve stage-specific 
functional regulation through the sequential release of differ-
ent active components. In summary, the above results dem-
onstrate that by using the macro bilayer and micro core–shell 
dual design, the initial burst release of EGCG is reduced and 
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the sustained EGCG release curve is extended, allowing the 
release of EGCG to be controlled for more than 14 days. 
This enables an initial slow and phased release of EGCG, 
supporting the early-phase small amount of EGCG release to 
exhibit anti-inflammatory and antioxidant effects beneficial 
for wound healing, followed by the continuous release of 
a substantial amount of EGCG in the later wound healing 
phases to prevent excess angiogenesis.

2.3 � Biocompatibility of Silk Fibroin‑Based Janus 
Adhesive Dressing

Ideal skin wound dressings often need to possess high bio-
compatibility [53]. The cytotoxicity of EGCG was firstly 
evaluated using both mouse fibroblasts (L929) and human 
umbilical vein endothelial cells (HUVEC) as cell models 
(Fig. S4). It can be seen that L929 still maintained a high 
cell viability of (91.30 ± 4.49)% at an EGCG concentration 
up to 200 μg/mL. While, compared with that of L929 cells, 
the cell viability of HUVEC cells at 200 μg/mL EGCG sig-
nificantly decreased to (67.13 ± 6.84)%. The cytotoxicity 
tests using extracts of the core–shell SE at various ratios 
were also conducted. As shown in Fig. S5, the results of the 
CCK-8 assay reveal that the survival rate of L929 cells in 
the SE10 group exceeded 80%, which was greater than that 
in the other groups. Compared with L929 cells, HUVEC 
cells exhibited higher dose-dependent sensitivity to EGCG.

Subsequently, based on the results of the adhesion 
and peeling experiments (Fig. 2 e and f), the SF/metal 
ion ratio (70:30) with the best adhesive performance was 
selected for adjusting Ca2+/Zn2+ ions ratios at different 
formulations. The results in Fig. S6 show that excessively 
elevated Zn2+ ratios severely compromised cell viability, 
while the 25:5 Ca2+/Zn2+ ratio optimized Zn2+ bioavail-
ability while maintaining (105.00 ± 7.54)% cell viability. 
Therefore, an SF/Ca2+/Zn2+ ratio of 70:25:5 was selected 
for the adhesive layer and SE1, SE5, and SE10 for the 
core–shell layer in the preparation of the Janus adhesive 
dressings. Following GB/T 16886.1–2022 "Biological 
Evaluation of Medical Devices", extracted leachates from 
SF, SCZ, SE5, SCE1, SCE5, and SCE10 were subjected to 
CCK-8 cytotoxicity tests using L929 and HUVEC cells. 
As depicted in Fig. 3a and b, none of the groups exhibited 
significant toxicity, and the SCE Janus adhesive dressings 
promoted cell proliferation. After co-culturing the material 
extracts with L929 cells, the CCK-8 assay and Live/Dead 
cell staining revealed continuous and steady cell prolifera-
tion across all the groups over time (Fig. 3c and d). Only 
SCE10 exhibited partial cytotoxicity with cell prolifera-
tion rate of (489 ± 61.74)% on day 3. The cell prolifera-
tion rates were lower in the SCZ (891.75 ± 114.81%) and 
SE5 (841.61 ± 45.51%) groups than in the control group 
(937.81 ± 71.32%), but the proliferation rate in the SCE1 

(1021.75 ± 128.43%) and SCE5 (960.96 ± 84.05%) was 
greater than that in the control group. In summary, the 
dressings demonstrated excellent biocompatibility, signifi-
cantly promoting cell proliferation. The dressings did not 
induce cytotoxicity or adverse effects on the target wound. 
On the contrary, the SCE Janus adhesive dressings were 
more conducive to cell proliferation.

The cell scratch assay is currently the most commonly 
used method for evaluating cell migration and repair capa-
bilities. In vitro scratch assays (Fig. 3e and f) demonstrated 
significantly different cell migration rates between SCE5 
and the control group after 48 h (p < 0.05). The cell migra-
tion rates in the SCE1 and SCE5 groups were notably higher 
than those in the blank group, reaching approximately 
(64.28 ± 3.57)% and (65.00 ± 7.63)%, respectively, within 
48 h. Although the migration rates in the SF, SCZ, and SE5 
groups were also greater than those in the control group, 
which showed only a (46.83 ± 3.79)% migration rate. In 
contrast, the cell migration rate in the SCE10 group, with a 
high EGCG content, was significantly inhibited (p < 0.05), 
suggesting that a higher EGCG load may adversely affect 
cell activity and consequently impair cell migration. To 
further validate the migration-promoting properties of the 
Janus adhesive dressings, the Transwell experiment was con-
ducted. As shown in Fig. 3 g and h, the results of crystal vio-
let staining of cells on the lower surface of the chamber were 
consistent with the results of the scratch assay. Significant 
differences in cell migration rates were observed between 
the SCE5 and the control group (p < 0.05). Both SCE1 and 
SCE5 significantly promoted directional cell migration, with 
SCE5 showing maximal efficacy. Among all the Janus adhe-
sive dressings, the bilayer Janus adhesive dressings showed 
higher cell migration than the single-layer Janus adhesive 
dressings, likely due to the complementary properties of the 
layers and the controlled release of metal ions and EGCG 
during extraction. However, as the EGCG ratio in the bilayer 
Janus adhesive dressing increased to 10 mg/mL, the cytotox-
icity of the dressing also increased. Direct cytotoxicity tests 
of EGCG, as shown in Fig. S4, revealed that cell activity was 
significantly inhibited at concentrations above 200 μg/mL. 
Consistent with this, based on the EGCG content measured 
in the release experiments (Fig. S7), the total concentration 
in the SCE10 group was significantly higher than 200 μg/
mL in the same area of the dressing, further confirming that 
EGCG is effective only within specific concentration ranges.

2.4 � Anti‑inflammatory and Antioxidant Properties 
of Silk Fibroin‑Based Janus Adhesive Dressings

At the wound site, excessive accumulation of ROS often 
leads to oxidative stress, resulting in lipid peroxidation, 
DNA damage, and enzyme inactivation, which are detrimen-
tal to wound healing. Reducing the level of oxidative stress 
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in wounds favors the prognostic outcome [54]. The antioxi-
dant capacity of the Janus adhesive dressings was evaluated 
by assessing their ability to scavenge stable 1,1-diphenyl-
2-picrylhydrazyl (DPPH) free radicals (Fig. 4a), intracel-
lular ROS, and inflammatory factors (Fig. 4b). Quantita-
tive analysis in Fig. 4c and d demonstrates that SF and SCZ 
films exhibited limited DPPH radical scavenging capacity, 
with < 20% free radical clearance efficiency. After loading 
with EGCG, the DPPH absorption peak at 516 nm signifi-
cantly reduced. Within 30 min, the SCE1 group achieved 
a (46.10 ± 7.90)% scavenging rate. Dose-dependent scav-
enging kinetics were observed, with the SCE5 and SCE10 
films showing scavenging rates of (69.02 ± 1.31)% and 

(84.75 ± 4.02)%, respectively. The efficiency of the SCE5 
film in scavenging free radicals was then measured over dif-
ferent periods. Results demonstrate that despite the initial 
core–shell structure hindered the release of EGCG, the SCE5 
still achieved a scavenging rate of (85.80 ± 0.79)% for DPPH 
within 60 min (Fig. 4 e and f). Furthermore, the intracellu-
lar ROS scavenging capacity of the dressings was assessed 
using H2O2-induced oxidative stress model in L929 cells. 
As shown in Fig. 4g, after being treated with EGCG-loaded 
dressings, including SE5, SCE1, SCE5 and SCE10, the L929 
cells with high intracellular ROS exhibited much weaker 
2',7'-dichlorodihydrofluorescein (DCF) fluorescence (green) 
compared to the control, SF, and SCZ groups. The SCE1, 

Fig. 3   Cytocompatibility evaluation. Cell viability of a L929 and b 
HUVEC cells after co-culturing with the extraction solutions of dif-
ferent samples at different dilutions for 24  h (n = 4). c The CCK-8 
absorbances and d the Live/Dead staining images of L929 cells after 
proliferation for 1, 3, and 5 days in the presence of the 1 × extraction 
solutions of different samples (n = 3). e Typical microscopic images 

of L929 cells in a scratch assay (1 × extraction solution) and f quan-
titative migration rates for different groups (n = 3). g Photographs 
of the transwell migration of crystal violet-stained L929 cells in the 
presence of 1 × extraction solution of different samples and h the 
quantitative OD values (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4   Antioxidant and anti-inflammatory activity. a Schematic dia-
gram of the reduction reaction of DPPH. b Schematic diagram of 
the anti-inflammatory effect of SCE and possible mechanism. c UV–
Vis curves and d corresponding DPPH scavenging percentages after 
30  min incubation with different samples (n = 3). e UV–Vis curves 
and f the dynamic change of DPPH scavenging percentages for SCE5 

(n = 3). g The fluorescence images and h relative fluorescence inten-
sities reflecting intracellular ROS levels of L929 cells after being 
treated with the 1 × extraction solution of different samples (n = 3). 
The i IL-1β and j IL-6 immunofluorescence staining images and the 
relative fluorescence intensities of k IL-1β and l IL-6 for different 
samples (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
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SCE5, and SCE10 groups showed fluorescence intensities of 
(8.29 ± 4.26)%, (0.63 ± 0.55)% and (0.80 ± 0.62)% of that in 
the control group respectively (Fig. 4h), further confirming 
the excellent antioxidant activity of the silk fibroin-based 
Janus adhesive dressing. Then the anti-inflammatory activ-
ity of the dressings was evaluated by measuring the levels of 
inflammatory factors in fibroblasts stimulated with lipopoly-
saccharide (LPS). Interleukin-1β (IL-1β) and interleukin-6 
(IL-6) are potent pro-inflammatory cytokines that affect 
various cell types and are produced by T cells, macrophages, 
and fibroblasts [55]. As shown in Fig. 4i and j, the addition 
of LPS significantly increased the expression levels of IL-1β 
and IL-6 in fibroblasts. Due to the anti-inflammatory activ-
ity of Zn2+, the fluorescence intensity of IL-1β and IL-6 
was weaker in the SCZ group than in the control and SF 
groups, with the relative fluorescence intensity of IL-1β and 
that of IL-6 being (68.60 ± 6.38)% and (58.32 ± 12.40)% to 
that in the control group (Fig. 4k and l), respectively. The 
presence of the main anti-inflammatory agent EGCG sig-
nificantly reduced the intracellular levels of IL-1β and IL-6. 
For the SCE1 group, which contained only a small amount 
of EGCG, the relative fluorescence intensity of IL-1β 
decreased to (28.55 ± 3.76)%, and that of IL-6 decreased to 
(22.91 ± 7.48)% of that in the control group (Fig. 4k and l). 
For SE5, SCE5, and SCE10 with higher levels of EGCG, the 
relative fluorescence intensity of IL-1β was less than 5%, 
and the relative fluorescence intensity of IL-6 was less than 
13% of that in the control group. These findings demonstrate 
that EGCG-incorporated dressings potently scavenge intra-
cellular ROS and suppress pro-inflammatory cytokine secre-
tion, collectively contributing to potent anti-inflammatory 
efficacy.

2.5 � Angiogenesis Regulation Properties of Silk 
Fibroin‑Based Janus Adhesive Dressings

During the wound healing process, neovascularization 
occurs in the proliferation phase to support tissue recon-
struction. However, in the remodeling phase, these blood 
vessels often undergo functional degradation and gradual 
occlusion and are eventually replaced by newly formed 
collagen fibers [56]. Mounting evidence indicates that 
uncontrolled angiogenesis due to excessive inflammatory 
responses, or the degeneration of damaged vessels, can 
affect wound healing, leading to scar formation and tissue 
dysfunction [38]. Properly regulating, rather than just pro-
moting, angiogenesis during wound repair may facilitate bet-
ter reconstruction of skin tissue and lead to more favorable 
long-term healing outcomes. The anti-angiogenic capacity 
of the Janus adhesive dressings was evaluated through the 
tube formation assay (Fig. 5a) and by detecting the expres-
sion of platelet endothelial cell adhesion molecule-1(CD31) 
and VEGF (Fig. 5b). As shown in Fig. 5 c and d, in the 

HUVEC cells tube formation assay, many mature tubular 
structures were formed in the control, SF, and SCZ groups, 
with no significant statistical differences in the relative tube 
length of tubular networks among these three groups. In 
the groups of films loaded with EGCG, as the amount of 
EGCG increased, the tubular structures became shorter and 
incomplete, with the relative tube length of SCE5 of only 
(34.07 ± 10.80)% (p < 0.001) compared to the control group. 
Subsequently, the anti-angiogenic ability of the Janus adhe-
sive dressings was assessed by detecting CD31 and VEGF 
expressions in HUVEC cells. As shown in Fig. 5e and f, high 
level expressions of both CD31 and VEGF were observed 
in the control, SF, and SCZ groups, while along with the 
increase of EGCG, the CD31 expression levels of the SE5, 
SCE1, SCE5, and SCE10 groups were significantly sup-
pressed to (12.17 ± 2.53)%, (73.92 ± 8.22)%, (9.80 ± 1.69)%, 
and (7.55 ± 1.54)% of that in the control group (Fig. 5g, p 
< 0.05), respectively, and the VEGF expression levels 
were also decreased to (10.31 ± 6.19)%, (63.13 ± 5.15)%, 
(7.58 ± 4.52)%, and (4.99 ± 3.36)% to that of the control 
group (Fig. 5h, p < 0.05), respectively. These results indicate 
that high-dose EGCG loading can significantly reduce pro-
angiogenic factor production, thereby inhibiting angiogen-
esis, which is conducive to preventing scar tissue formation 
in the late stage of wound healing [45].

2.6 � Antibacterial Activity of Silk Fibroin‑Based 
Janus Adhesive Dressing

Antimicrobial activity represents one of the critical prop-
erties of wound dressings that promotes wound healing 
by inhibiting bacterial proliferation and reducing infec-
tion risk. Representative Gram-positive (Staphylococcus 
aureus, abbreviated as S. aureus) and Gram-negative 
(Escherichia coli, abbreviated as E. coli) bacteria were 
selected to evaluate the antibacterial performance of SCE 
dressings. As shown in Fig. 6 a and b, the plate culture 
experiments demonstrated that the SCZ, SE, SCE1, SCE5, 
and SCE10 derssings exhibited gradually enhanced anti-
bacterial activity compared to that of the control and SF 
dressing groups. Specifically, as shown in Fig. 6c, the 
bacterial survival ratios of S. aureus were (39.39 ± 8.18)% 
for SCZ and (51.52 ± 9.35)% for SE5, while their combi-
nation SCE5 showed significantly enhanced antibacterial 
effect (bacterial survival ratio = 3.54 ± 1.27%). Figure 6d 
reveals a similar trend in antibacterial activity against E. 
coli, in that the antibacterial efficacy displayed a distinct 
dose-dependent enhancement with increasing EGCG con-
tent in the SCE formulations (SCE1, SCE5, and SCE10), 
unequivocally demonstrating the crucial role of EGCG 
in conferring antimicrobial ability to the materials. Con-
sequently, the SCE dressing demonstrated pronounced 
antibacterial properties attributable to the synergistic 
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coordination between Ca2⁺/Zn2⁺ ions and EGCG (Fig. 6e). 
This antimicrobial efficacy ensures that the dressing can 
effectively mitigate wound infection risks while estab-
lishing a pro-regenerative microenvironment to enhance 
repair of full-thickness skin wounds.

2.7 � In Vivo Hemostatic Capacity of Silk 
Fibroin‑Based Janus Adhesive Dressing

Full-thickness skin wounds often cause unavoidable bleed-
ing. Dressings possessing rapid hemostatic capacity play a 
crucial role in the initial phase. Rat liver incision model and 

rat tail model was established to evaluate the hemostatic 
ability of the SCE Janus adhesive dressings. As shown in 
Fig. 6 f and g, the blood loss from the liver in the control 
group reached approximately (0.53 ± 0.15) g, while the 
blood loss in the SCZ group was (0.21 ± 0.09) g. In contrast, 
the blood loss was only (0.18 ± 0.08) g in the SCE5 group, 
indicating significant differences in blood loss among the 
groups. In the rat tail model of Fig. 6 h and i, the bleed-
ing volume of the blank group was significantly higher than 
that in the SCE5 group, with blood losses of (0.28 ± 0.08) g, 
(0.09 ± 0.04) g, and (0.09 ± 0.03) g in the control, SCZ, and 
SCE5 groups, respectively. These results indicate that the 

Fig. 5   Angiogenesis inhibition effect evaluation. a Schematic dia-
gram of tube formation assay, and b angiogenesis inhibition effect 
of SCE by releasing EGCG. c Fluorescent images of tube formation 
assay and d the relative tube lengths after HUVEC cells being treated 
with the 1 × extraction solution of different samples (n = 3). e CD31 

and f VEGF immunofluorescence staining images and the relative 
fluorescence intensities for g CD31 and h VEGF after being treated 
with the 1 × extraction solution of different samples (n = 3). *p < 0.05, 
**p < 0.01, ***p < 0.001
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Fig. 6   Antibacterial activity and hemostatic properties. The photo-
graphs of survival bacterial colonies of a S. aureus and b E. coli. The 
bacterial survival ratios of c S. aureus and d E. coli (n = 3). e Sche-
matic diagrame of the possible antibacterial mechanism of the SCE. 
f Schematic diagram and hemostatic photographs using rat liver inci-

sion model, and g blood loss amounts for different groups (n = 3). h 
Schematic diagram and hemostatic photographs using rat tail ampu-
tation model, and i blood loss amounts for different groups (n = 3). 
*p < 0.05, **p < 0.01, ***p < 0.001
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SCE Janus adhesive dressings exhibit effective hemostatic 
capacity in vivo, which might be attributed to the high con-
centration of Ca2+ in its adhesive layer.

2.8 � Verification of Rat Full‑thickness Wound 
Healing Effect in Rats

To further assess the application of the bilayer Janus adhe-
sive dressings in wound healing, a full-thickness skin 
wound repair experiment was conducted in rats to confirm 
the potential of the SCE Janus adhesive dressings in pro-
moting wound healing and inhibiting scar formation. SF, 
SCZ, SE5, SCE5, and SCE10 were chosen as the material 
groups, with an untreated group served as the control. As 
shown in Fig. 7a and b, serial wound healing progression 
was evaluated through photographic documentation of rat 
wounds and quantitative analysis of dorsal wound diam-
eters on days 0, 3, 7, 14, and 21. In terms of the overall 
trend, the SCE5 group showed a faster wound contraction 
than that of the control groups (p < 0.05). By day 7, the 
wound healing rate in the SCE5 group was (56.40 ± 5.77)%, 
already showing a significant healing promotion ability 
compared with other groups. By day 14, the wounds in the 
SCE5 group almost completely healed, with a wound heal-
ing rate of (86.81 ± 1.19)%. In contrast, the wounds in the 
other five groups showed varying sizes, among which the 
control group having the largest unhealed wound area with 
a wound closure ratio only of (53.36 ± 4.44)%. By day 21, 
all groups showed nearly completely wound healed except 
for the control group, the wound closure rate of which was 
only (80.59 ± 8.47)%. These results indicate that the applica-
tion of the SCE Janus adhesive dressings can improve and 
accelerate wound healing.

To better evaluate the effects on wound healing, a histo-
logical analysis of the rat wounds was conducted. As shown 
in Fig. S8, all groups exhibited various degrees of inflamma-
tory cell infiltration and fibroblast migration and prolifera-
tion, along with some degree of re-epithelialization on day 
7. Compared with the other five groups, the SCE5 group pre-
sented a more extensive epithelial tongue extension, fibro-
blast migration and angiogenesis. By day 14, the control, 
SF, and SCZ groups lacked complete dermal tissue forma-
tion, whereas the SE5, SCE5, and SCE10 groups showed full 
epidermal coverage and complete dermal tissues formation. 
Among them, the SCE5 group showed the highest degree of 
re-epithelialization, with a few skin appendage structures 
observed in the skin tissue. By day 21, with the exception 
of the control group, all the other groups showed complete 
re-epithelialization. The wounds in the SCE5 group most 
closely resembled normal skin tissue, with hair follicles and 
sebaceous glands visible in the newly formed tissue at the 
wound site (Fig. 7c). The wounds in the other groups and 
the control group mostly exhibited collagen fiber deposition 

and occasional incomplete appendage structures, indicating 
that their skin tissue outcome was scar healing without sig-
nificant regeneration. Quantitative measurements of scar 
width for each group on day 21 (Fig. 7d) reveal that the 
scar widths for the control, SF, SE, SE5, and SCE10 groups 
were (5.22 ± 0.87) mm, (3.63 ± 0.95) mm, (3.00 ± 0.94) mm, 
(2.13 ± 0.66) mm, and (2.51 ± 0.43) mm, respectively. Nota-
bly, the SCE5 group exhibited the narrowest scar formation 
(0.62 ± 0.15 mm). These results further demonstrate that 
SCE5 significantly inhibited scar formation.

Collagen deposition is a key factor determining the 
strength and appearance of the skin. Thus, Masson's tri-
chrome staining (MTS) was used to evaluate collagen 
deposition and fibrosis extent. As shown in Fig. 7e, f and 
S8, collagen metabolism continuously changed throughout 
the healing process. On day 7, based on the intensity and 
area of blue MTS staining, there were no significant differ-
ences in collagen depositions among the six groups. From 
day 7 to day 14, the collagen content gradually increased 
in each group, with the highest value in the control group, 
which reached (54.14 ± 2.39)% of collagen volume fraction. 
In contrast, the EGCG-loaded groups, including the SE5, 
SCE5, and SCE10 groups, presented significantly less colla-
gen depositions than that of the control group (p < 0.05). By 
day 21, the difference intensified, with the lowest collagen 
content in the SCE10 group, followed by the SCE5 group. 
This difference could be attributed to EGCG, which inhib-
its angiogenesis during the later stages of wound healing, 
thereby further suppressing collagen deposition. Addition-
ally, Sirius Red staining was used to assess the anti-scarring 
potential of the SCE Janus adhesive dressings. Type I col-
lagen is typically considered a prominent component of 
the extracellular matrix in HS, with a higher proportion of 
type I/III collagen in HS than in normal skin. As shown in 
Fig. 7 g, h and S9, the ratio of type I (red) to type III (green) 
collagen showed little variation among the groups on day 
14. After 21 days, the ratio of type I/III collagen was lower 
in the SCZ, SE5, SCE5 and SCE10 treatment groups than 
in the control group (p < 0.05), with the lowest ratio in the 
SCE5 group (Fig. 7h). This finding indicates that the SCE5 
group exhibited the minimal scar formation, with Sirius Red 
staining images most closely resembling those of normal 
skin tissue. Concurrently, quantitative analysis of collagen 
fiber alignment was conducted in rat wound repair tissues. 
The results (Fig. S10) revealed significant inter-group varia-
tions in collagen fiber organization: both the control and SF 
groups exhibited an unidirectional alignment pattern, but the 
SCE-treated group demonstrated spatial distribution charac-
teristics that more closely approximated the multidirectional 
basket-weave architecture characteristic of normal skin tis-
sue. In addition, hydroxyproline was used as an additional 
indicator to evaluate healed skin tissue. Hydroxyproline is 
an important component of collagen fibers, with a constant 
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mass fraction in collagen at 13.4% [57]. Therefore, hydroxy-
proline is widely used to assess the content and quality of 
collagen fibers. The deposition of collagen in the skin tissue 
after wound healing was assessed in each group by measur-
ing the hydroxyproline content. As shown in Fig. 7i, the 
hydroxyproline content in the SE5, SCE5, and SCE10 groups, 
containing EGCG, was significantly lower than that in con-
trol group (p < 0.05). This result is consistent with the trend 
of the results shown in Fig. 7e and f. Together, these results 
demonstrate that the SCE Janus adhesive dressings reduce 
excessive collagen deposition during the late wound heal-
ing phase, resulting in a healed skin tissue texture that more 
closely resembles normal skin tissue.

2.9 � Expression of Inflammatory Factors, 
Transforming Growth Factors, 
and Vascular‑Related Expression Factors 
in Wound Healing

To further confirm the anti-inflammatory, angiogenesis 
modulating, and regenerative effects of the silk fibroin-based 
Janus adhesive dressings on rat wounds, histological stain-
ing was performed for IL-1β, Interleukin-10 (IL-10), TGF-β 
and platelet endothelial cell adhesion molecule-1/α-smooth 
muscle actin (CD31/α-SMA). Interleukins play important 
roles in the inflammatory response by signal transduction, 
immune cell activation and regulation, and T/B cell activa-
tion, proliferation, and differentiation [58]. IL-1β is over-
expressed in local tissues, leading to fever, inflammation, 
and pathological changes in certain diseases. As shown in 
Fig. 8 a and b, the control group presented the highest IL-1β 
expression level (set as 100 ± 10.47%) on day 7, while the 
SCE5 group exhibited significantly lower IL-1β expres-
sion (35.85 ± 5.78%, p < 0.001). The other experimental 
groups also displayed varying degrees of IL-1β downregu-
lation, with values at (91.89 ± 3.59)%, (70.56 ± 11.89)%, 
(43.19 ± 10.91)% and (62.35 ± 5.31)% in the SF, SCZ, SE5 
and SCE10 groups, respectively. By day 14, although IL-1β 
expression decreased across all groups compared with 
that on day 7, the control group still maintained the high-
est expression levels (Fig. S11a). Notably, IL-1β expres-
sion in the SCE5 group decreased to nearly undetectable 

levels, indicating that the SCE dressing film significantly 
reduced pro-inflammatory cytokine expression and exerted 
sustained anti-inflammatory effects. IL-10 is a classic anti-
inflammatory and immunosuppressive factor that regulates 
cell growth and differentiation and modulates inflammatory 
and immune responses [59]. Assessment of IL-10 expres-
sion in the treated wound tissues would further validate the 
anti-inflammatory efficacy of the Janus dressing. As shown 
in Fig. 8 c and d, IL-10 expression exhibited an inverse trend 
compared with IL-1β on day 7 post-surgery. The SCE5 group 
presented the highest IL-10 levels (242.44 ± 20.03% of the 
control, p < 0.001), followed by the SE5 group, while the 
control group showed the lowest IL-10 expression. By day 
14, the control group maintained persistently elevated IL-10 
levels without significant reduction (Fig. S11b), indicating 
a sustained inflammatory status in these wounds. Notably, 
the SCE5 group showed no significant IL-10 expression, 
suggesting the successful transition from the inflammation 
phase to the proliferation phase in SCE5 treated wounds. 
Combined with the results of IL-1β expression (Fig. 8 a, b 
and S11a), these findings suggest that SCE5 attenuates the 
inflammatory response by decreasing the expression of pro-
inflammatory factors and increasing the expression of anti-
inflammatory factors. This facilitates a faster transition from 
the inflammation phase to the proliferation phase, promot-
ing wound re-epithelialization. The better anti-inflammatory 
effect of SCE5 than that of SE5 may be due to the synergis-
tic effect of Zn2+ in the adhesive layer enhancing the anti-
inflammatory effect. In the SCE10 group, excessive EGCG 
may exhibit biotoxicity, potentially delaying tissue repair.

TGF-β is widely regarded as a key regulatory factor in 
skin wound repair. It promotes the recruitment of inflam-
matory cells and increases the expression of genes related 
to ECM formation (including fibronectin) to initiate granu-
lation tissue formation, thereby promoting fibroblast pro-
liferation, migration, and wound healing [60]. However, 
excessive expression of TGF-β can increase fibrosis, alter 
the progression of wound healing, and promote scar for-
mation [6]. As shown in Fig. 8 e and f, TGF-β expression 
in the SCE5 group peaked (21.02 ± 3.61%) on day 7 and 
then gradually decreased on days 14 and 21. TGF-β expres-
sion in the control group was initially low (2.21 ± 1.69%), 
increased on day 14, and then decreased on day 21, show-
ing a trend almost opposite to that in the SCE5 group. The 
SCZ and SCE10 groups presented similar trends in terms of 
TGF-β expression, with higher expression than in the SF 
and control groups on day 7 but lower expression than in 
the SCE5 group, followed by an initial increase and subse-
quent decrease. The trend in the SE5 group was similar to 
that in the SCE5 group, but the expression of TGF-β was 
higher than that in the SCE5 group on days 14 and 21. TGF-β 
exhibits time-dependent effects, with stage-specific expres-
sion patterns that influence final healing outcomes. Thus, 

Fig. 7   In vivo assessment using a full-thickness wound model on SD 
rats. a Representative photographs of the wounds treated with differ-
ent samples on days 0, 3, 7, 14, and 21, and b the calculated wound 
closure rates (n = 5). c H&E staining images of skin tissue on day 21 
of the treated wounds (black dotted line: edge of wound scar), and 
d the measured scar widths (n = 5). e Masson's trichrome staining 
images of the treated wound tissues on day 21 and f the collagen vol-
ume fractions of different groups on day 7, 14, and 21 (n = 5). g Sirius 
Red staining images of the treated wound tissues on day 21, and h 
the calculated collagen I/III ratios (n = 5). i Hydroxyproline (HYP) 
contents of the treated wound tissues on day 21 (n = 5). *p < 0.05, 
**p < 0.01, ***p < 0.001

◂
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SCE5 promotes TGF-β expression in the early stages of 
wound healing, enhancing wound healing, while reducing 
its expression in later stages to minimize scar formation.

Angiogenesis during the inflammation and proliferation 
phases is crucial for ensuring the delivery of nutrients and 
oxygen to the wound site, maintaining fibroblast proliferation, 
and promoting collagen synthesis and re-epithelialization. 
However, uncontrolled angiogenesis can stimulate scar for-
mation and promote pathological processes such as fibrosis, 
tumor progression, and various hyperproliferative diseases 
[38]. CD31 is highly expressed in endothelial cells and is com-
monly used to identify newly formed blood vessels. α-SMA, 
a typical actin isoform in smooth muscle cells, is often used 
as a marker for newly formed blood vessels. Therefore, vas-
cular formation during wound healing was evaluated using 

immunofluorescence for the detection of CD31/α-SMA. As 
shown in Fig. 8 g and h, the SCE5 group possessed the highest 
expression levels of CD31/α-SMA on day 7 (22.76 ± 3.51%), 
and the expression levels of CD31/α-SMA gradually decreased 
for the SE5, SCZ, SF and control groups, with the control group 
presenting levels of (2.76 ± 1.23)%, which was consistent with 
the natural wound healing process. However, on day 14, due 
to the extensive release of EGCG, angiogenesis was inhib-
ited for the SE5, SCE5, and SCE10 groups, with the expression 
levels of CD31/α-SMA being decreasing to (13.26 ± 3.22)%, 
(8.29 ± 3.59)%, (8.52 ± 2.72)%, respectively. Whereas, for the 
control, SF, and SCZ groups without EGCG, new blood vessel 
formation was not obviously suppressed as the natural wound 
healing process progressed. By day 21, near-complete wound 
healing was observed in all the groups, characterized by the 

Fig. 8   Immunohistochemical and immunofluorescence staining 
results. a Representative IL-1β immunohistochemical staining images 
and b relative expression levels of IL-1β (n = 5). c Representative 
IL-10 immunohistochemical staining images and d relative expres-
sion levels of IL-10 on day 7 (n = 5). e Representative TGF-β immu-

nohistochemical staining images and f their relative expression lev-
els of TGF-β on days 7, 14, and 21 (n = 5). g CD31 (green)/α-SMA 
(red) immunofluorescence colocalization staining images and h their 
relative expression levels on days 7, 14, and 21 (n = 5). *p < 0.05, 
**p < 0.01, ***p < 0.001
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regression of non-functional vasculature, which consequently 
reduced the expression levels of CD31/α-SMA in all experi-
mental groups. Notably, the SCE5 group exhibited the lowest 
expression levels of CD31/α-SMA of (7.08 ± 3.34)%. Combin-
ing the degree of vascularization in the final healed skin tissue 
and collagen deposition, the SCE5 group showed the lightest 
degree of vascularization and the best outcome in terms of 
skin tissue regeneration. SCE5 effectively inhibited pathologi-
cal angiogenesis and subsequent scar formation through an 
EGCG-mediated mechanism. As the most abundant natural 
bioactive component in tea, EGCG demonstrates not only 
excellent biocompatibility, but also unique multi-target regula-
tory capacities during wound healing [61]. Studies have shown 
that this polyphenolic compound possesses diverse biological 
activities including antioxidant/free radical scavenging, anti-
inflammatory, and antimicrobial properties, all of which col-
lectively facilitate cutaneous wound healing [62]. Importantly, 
in the appropriate concentration range, EGCG induces dose-
dependent G1-phase cell cycle arrest in vascular endothelial 
cells without compromising cell viability, thereby significantly 
inhibiting their proliferative potential [63]. Moreover, the 
underlying molecular mechanism of angiogenesis inhibition 
involves the suppression of extracellular regulated protein 
kinases (ERK) and protein kinase B (Akt) phosphorylation, 
leading to inhibition of the HIF-1α-VEGF regulatory axis and 
the consequent downregulation of VEGF expression [64, 65]. 
Although current widely used anti-angiogenic drugs, such 
as bevacizumab and ranibizumab, also target VEGF inhibi-
tion, they are limited by high treatment cost, potential adverse 
effects (e.g., wound healing complications, systemic toxicity, 
etc.), and easy to develop drug resistance in long-term use 
[66]. Histological analysis reveals no significant differences or 
abnormal pathological alterations in the major organs (heart, 
liver, spleen, lung, and kidney) of SCE-treated rats compared 
with those of the control rats (Fig. S12), preliminarily suggest-
ing that the SCE dressing did not induce noticeable histopatho-
logical toxicity. Therefore, the SCE5 dressing incorporating 
EGCG sustained-release technology has significant clinical 
advantages and broad prospects for application in promoting 
scarless wound healing.

2.10 � Surface Microecology of Healed Skin Tissue 
Under SCE Intervention

In recent years, skin microbes have been found to play 
important roles in protecting the host from pathogen infec-
tion, modulating host skin immunity, and maintaining skin 
barrier homeostasis [67–69]. A healthy skin barrier typically 
features a stable and diverse microbial community. Disrup-
tion of skin microbial homeostasis often indicates patho-
physiological changes in the host skin, leading to various 
skin diseases [70, 71]. To investigate the effect of the SCE 
Janus adhesive dressings on the skin microbiota after wound 

healing, 16 s-rRNA sequencing of the skin microbes was per-
formed in the control and SCE groups and compared them 
with the original normal skin microbes of the rats (blank 
group) (Fig. 9). Compositional analysis at the microbial 
genus level revealed that the microbial community com-
position in the SCE group was more similar to that in the 
blank group. In contrast, the control group exhibited exces-
sive colonization of Staphylococcus, which tends to predict 
a homeostatic imbalance in the prognosis of wounded skin 
tissue (Fig. 9a). Genus-level principal coordinate (PCOA) 
analysis revealed greater consistency of skin microorgan-
isms in the SCE group after wound healing. In contrast, the 
microbial composition in the control group was significantly 
different from that in the normal skin group (Fig. 9b). The 
α-diversity of the three groups was further analyzed, and 
the results revealed that compared with the control group, 
the normal skin and SCE groups presented higher micro-
bial diversity in terms of the Chao1, Faith pd, Pielou_e, 
Shannon, and Simpson metrics, suggesting a healthier skin 
microbiome composition in the SCE group after the skin 
tissues healed (Fig. 9c). Several studies have shown that 
substances such as lipids and amino acids play important 
physiological functions in skin homeostasis. The functional 
metabolic pathways of skin microorganisms were character-
ized by PICRUSt2 analysis, which revealed the predominant 
enrichment of pathways related to "amino acid biosynthesis" 
and "fatty acid and lipid biosynthesis ". Amino acid analogs 
and lipid metabolites such as fatty acid analogs appear to 
be actively synthesized in the SCE group, potentially play-
ing important roles in maintaining skin barrier homeosta-
sis (Fig. 9d). Detailed differences in the skin microbiome 
between the control and SCE groups were identified by lin-
ear discriminant analysis (LDA, LDA > 2, p < 0.05, Fig. 9e). 
The results revealed that Brachybacterium spp, the Actino-
bacteria class, and others predominated in the SCE group, 
whereas the control group was enriched with Staphylococcus 
spp. and Staphylococcaceae (Fig. 9e). Overall, the surface 
of the healed skin tissue after the SCE Janus adhesive dress-
ing treatment exhibited better skin flora homeostasis, which 
usually predicts better quality of skin healing.

2.11 � Verification of the Scar Inhibition Effect 
on Rabbit Ears

Delayed healing of full-thickness wounds in rabbit ears 
can lead to excessive and disorganized collagen deposition, 
vascularization, and inflammation, phenotypically similar to 
HS in human skin [72]. Therefore, the rabbit ear HS model 
was employed to study the effect of the SCE Janus adhe-
sive dressings on scarless wound healing (Fig. 10a). New 
Zealand rabbits were randomly divided into three groups: 
(1) the untreated control group, (2) the SF group, and (3) 
the SCE5 group. As shown in Fig. 10b and S13, the SCE5 
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group exhibited near-complete epidermal re-epithelialization 
by day 7, resulting in a significantly higher wound closure 
rate (76.76 ± 5.87%; p < 0.001 vs. control), while the control 
wounds presented impaired healing with evident exudation 
and bacterial colonization. By day 14, untreated wounds 
remained unhealed (63.21 ± 19.72%) with pronounced pro-
trusion and an erythematous appearance, in stark contrast to 
the SCE5-treated wounds, which presented minimal scar pro-
trusion and near-complete healing (95.14 ± 1.58%). By days 
21 and 28, wounds in the control group presented visible 

scabs, and those in the SF group showed severe local pro-
trusions. In contrast, the wounds of the SCE5 group were 
flat with visible hair growth on the surface. Moreover, the 
Vancouver Scar Scale (VSS) was used to assess the scars 
on the ears of each group of rabbits on day 28, with results 
presented in Fig. 10c. The control group displayed typical 
characteristics of HS, with deep red coloration indicating 
severe local vascular proliferation, fibrotic elevation, pro-
nounced hyperplasia, and a harder texture. In contrast, the 
SF group showed localized surface elevations with reddish 

Fig. 9   Skin microbiota analysis after wound healing. a Skin micro-
biota composition at the genus level. b The principal coordinate 
analysis (PCOA) plots, and c α-diversity (Chao1, Faith_pd, Pielou_e, 
Shannon, Simpson) plots for the blank (B), control (C), and SCE5 
(SCE) groups on day 21 (n = 4). d Functional prediction of the dif-

ferential microbiota between SCE5 and the control group on day 
21. e Linear discriminant analysis (LDA) performed to compare 
the enriched taxa between SCE5 (SCE) and the control (C) group. 
*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 10   In vivo evaluation in preventing rabbit ear scar formation. a 
Schematic diagram of rabbit ear scar model establishment and treat-
ment. b Representative photographs of the wounds treated with dif-
ferent samples on days 0, 3, 7, 14, 21 and 28. c The rabbit ear scar 
scores evaluated according to the Vancouver Scar Scale (n = 6). 
d H&E staining images of rabbit ear scar tissues on day 28. e Epi-

dermal thickness indices (ETI), and f scar elevation indices (SEI) 
of rabbit ear scar tissues (n = 6). g Masson's trichrome and h Sirius 
Red staining images of rabbit ear scar on day 28, and i the collagen 
type I/III ratios obtained from the Sirius Red staining images (n = 6). 
*p < 0.05, **p < 0.01, ***p < 0.001
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discoloration at the elevated spots, while the SCE5 group 
presented much smoother scar surfaces, with more blurred 
scar boundaries, closely resembling normal skin. These 
findings demonstrate that SCE5 plays a significant role in 
preventing the formation of HS and in promoting skin recon-
struction following wound healing.

In addition to surface morphology, the impact of each 
group on rabbit ear wound tissue was also examined at the 
histological level. The H&E staining results (Fig. 10d and 
S14) revealed obvious hyperplastic characteristics in the 
control group, including tissue elevation and chronic inflam-
mation. Conversely, the SCE5 group presented relatively 
thin epidermal and dermal collagen layers than the control 
group. Quantitative assessment of the epidermal thickness 
index (ETI) and scar elevation index (SEI) across treatment 
groups reveals significant improvements in the SCE5 group 
by day 28 (Fig. 10e and f). The ETI and SEI values of the 
SCE5-treated wounds were (1.91 ± 0.29) and (1.63 ± 0.32) 
respectively, showing significant reduction compared to 
that of the control group (ETI: 5.34 ± 1.47, p < 0.01; SEI: 
2.75 ± 0.36, p < 0.05). Notably, the epidermal and dermal 
thickness of SCE5-treated wounds more closely resem-
bled those of normal rabbit ear skin (ETI: 1.00 ± 0.14 SEI: 
1.00 ± 0.14). Masson's trichrome staining revealed (Fig. 10g 
and S14) that, compared with those in the other two groups, 
the arrangement of collagen fibers in the healed skin after 
SCE5 treatment was more orderly and aligned. The ratio of 
type I/type III collagen was further analyzed using Sirius 
Red staining to observe the degree of collagen deposition 
after tissue healing (Fig. 10 h, i and S15). The results show 
that in normal skin and HS tissue in the control group, 
the ratios of type I (red)/type III (green) collagen were 
(6.25 ± 1.27) and (22.50 ± 5.88) (Fig. 10i), respectively. In 
contrast, after SCE5 treatment, the ratio of collagen I/III in 
the healed skin sharply decreased to (6.92 ± 1.44), closer to 
those of normal rabbit ears and significantly different from 
those of the control group (p < 0.05). These findings indi-
cate that SCE5 treatment effectively inhibited the excessive 
deposition of type I collagen and promoted the formation of 
type III collagen, as type I collagen is usually considered a 
prominent component of HS. Meanwhile, as shown in Fig. 
S16, analysis of collagen fiber alignment angles in Sirius 
Red-stained sections using ImageJ software revealed that 
the collagen fiber orientation in SCE-treated wound areas 
more closely resembled that in normal skin. This finding is 
consistent with the established histological characteristics 
of skin tissue: collagen fibers in the normal dermis exhibit 
a random basket-weave pattern (with wide angular distribu-
tion), whereas scar tissue typically shows unidirectional par-
allel alignment of collagen bundles (with highly consistent 
orientation angles, predominantly parallel to the epidermal 
surface) [73]. Current clinically prevalent scar-inhibiting 
dressings primarily include silicone gel sheets, hydrocolloids 

and among others [74]. Silicone gel sheets act through mul-
tiple mechanisms, including the creation of an occlusive 
barrier to minimize water evaporation and maintain wound 
hydration, the exertion of mechanical compression through 
tissue adhesion, and the release of silicone oils that penetrate 
the stratum corneum to chemically modulate scar formation 
[75]. Conversely, hydrocolloid dressings operate principally 
by establishing a moist wound environment that suppresses 
bacterial infection and inflammatory responses, thereby 
facilitating accelerated wound healing and reduced scar 
hyperplasia [76]. SCE dressings synergistically combine 
the predominant advantages of both dressing types, demon-
strating a unique capacity for temporally regulating wound 
healing progression while crucially targeting pathological 
angiogenesis during later healing stages to fundamentally 
disrupt scar formation pathways, ultimately leading to opti-
mal scarless wound healing.

2.12 � Temporal Characteristics of the Transcriptome 
of Wound Healing Tissues under SCE 
Intervention

To comprehensively assess the effects of the SCE Janus 
adhesive dressings intervention on wound healing at differ-
ent stages, rabbit ear skin tissues were collected on days 14, 
21, and 28 of the healing process for transcriptome sequenc-
ing (n = 3). As shown in Fig. 11a, the results of the gene 
clustering analysis showed that the rabbit ear tissues treated 
with the SCE Janus adhesive dressings were characteristi-
cally different from those in the control group at different 
time points, especially on day 28. Furthermore, the normal 
rabbit ear skin tissues were sequenced to determine gene 
expression in these rabbit ear skin tissues. Interestingly, 
the SCE Janus adhesive dressings-treated rabbit ear wound 
tissues showed greater transcriptome profile similarity to 
normal skin tissues by day 28 post-trauma, whereas they 
were significantly different from those in the control group 
(Fig. 11b). With respect to the KEGG pathways, the three 
stages of wound healing showed enrichment of pathways 
closely related to wound healing and scar formation, such 
as "cell adhesion molecules", "Wnt signaling pathway", 
"ECM–receptor interaction", and "focal adhesion" (Fig. S17-
19). To further understand the role of the SCE Janus adhe-
sive dressings in the microenvironment of rabbit ear skin 
wounds, a GO enrichment analysis was performed. The up-
regulated and down-regulated functional pathways in rabbit 
ear skin tissues were analyzed from the inflammation, pro-
liferation, and remodeling phases of the wound, respectively. 
In addition, the expression of key genes at different stages 
of rabbit ear wound healing was examined under the SCE 
Janus adhesive dressing intervention. Based on the gene 
expression results, representative cytokines were selected 
for immunohistochemical validation.



284	 Advanced Fiber Materials (2026) 8:262–288

During the inflammation phase of the wound, the "skin 
development" pathway, which is often a positive sign of 
wound epithelialization, was significantly up-regulated in 

the SCE group compared with the control group on day 
14. In contrast, inflammation-related pathways such as the 
"immune response", "inflammatory response", "interleukin-1 

Fig. 11   Transcriptome sequencing and immunohistochemical stain-
ing images of rabbit ear wound scar tissues. a Schematic diagram 
of sampling for transcriptome sequencing. b Transcriptome gene 
expression heatmaps in control, SCE, and normal skin tissues. c Tran-
scriptome GO pathway analysis results. d Heatmap for inflamma-
tion-related genes. e IL-1α and TNF-α immunohistochemical stain-
ing images of rabbit ear skin tissues on day 14. f Transcriptome GO 

pathway analysis. g Heatmap of angiogenesis-related genes. h CD31 
and VEGF immunohistochemical staining images of rabbit ear skin 
tissues on day 21. i Transcriptome GO pathway analysis. j Enlarged 
heatmap of collagen formation-related genes. k COL-4 and MMP9 
immunohistochemical staining images of rabbit ear skin tissues on 
day 28
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production" and other functional pathways closely related to 
inflammation were down-regulated in the SCE group. These 
findings suggest a significant anti-inflammatory effect of the 
SCE Janus adhesive dressings compared with the control 
(Fig. 11c). Notably, the SCE group demonstrated signifi-
cantly lower expression levels of key inflammation-related 
genes (including IL-1α, TNF-α, and IL-1β) than the con-
trol group (Fig. 11d). These findings were further corrobo-
rated by the immunohistochemical staining of rabbit ear 
wounds. The quantitative analysis results (Fig. 11e and S20) 
also revealed that the IL-1α (31.76 ± 6.06%) and TNF-α 
(45.83 ± 6.40%) expression levels of the SCE group were 
all significantly lower (p < 0.001) than the control group (set 
as 100%).

As the wound progressed to the proliferation phase, the 
SCE group significantly promoted the development, prolifer-
ation, and differentiation of rabbit ear skin tissues, as shown 
in Fig. 11f. The functional pathways of “keratinization”, 
“epidermal cell differentiation”, “skin development”, and 
“epidermal development” were significantly enriched dur-
ing this period. The proliferation phase represents a critical 
stage for neovascularization in wound healing. Application 
of SCE Janus adhesive dressings significantly inhibited neo-
vascularization, as evidenced by GO pathway analysis show-
ing downregulation of “vasculogenesis” and “angiopoietin” 
signaling pathways (Fig. 11f). Notably, the SCE group dem-
onstrated significantly lower expression of the key angio-
genic regulators (TIMP1, VEGFC, ANGPT1, etc., Fig. 11g). 
Quantitative immunohistochemical analysis further revealed 
markedly lower expression of VEGF (52.17 ± 12.03%, 
p < 0.01) and CD31 (47.47 ± 6.33%, p < 0.001) in the SCE-
treated wounds compared to the control group (Fig. 11h 
and S21). Collectively, these findings indicate that the SCE 
dressing can precisely modulate angiogenesis dynamics dur-
ing wound healing. As the wound heals, the final stage of 
remodeling begins with collagen deposition and degrada-
tion, after re-epithelialization of the wound is completed. 
As shown in Fig. 11i, the expression of collagen deposition-
related components, such as extracellular matrix components 
and collagen metabolism factors, was down-regulated in the 
SCE group compared with the control group, we found that 
in SCE vs control, the expression of collagen deposition 
components such as extracellular matrix components and 
collagen metabolism was down-regulated in the SCE group. 
The neovascularization component of the SCE Janus adhe-
sive dressings, represented by “tube development”, “tube 
formation” and “vascularization”, was also down-regulated. 
This finding suggests that the inhibitory effect of the SCE 
Janus adhesive dressings on vascularization continues until 
the final stage of wound healing and is closely related to the 
reduced scarring of the skin wounds in rabbit ears treated. 
Moreover, as shown in Fig. 11j, the SCE group showed low 
expression of genes related to collagen production, such 

as COL5α2, COL4α1, and COL4α2, in comparison with 
the control group. Postn has been found to be the key gene 
responsible for the difference between normal skin and 
keloid tissue, and Postn also demonstrated low expression in 
the SCE group. Notably, matrix metalloproteinase (MMP), 
particularly MMP9, which are associated with angiogenesis, 
were still highly expressed in the control group, suggesting 
that abnormal angiogenic activity still existed in the con-
trol group at this healing stage, whereas these two genes 
appeared suppressed in the SCE group. Then, COL-4 and 
MMP9 were subsequently selected for verification in rabbit 
ear tissue (Fig. 11k), and the results were consistent with 
those shown in Fig. 11j. Quantitative immunohistochemi-
cal analysis further revealed markedly lower expression of 
COL-4 (67.65 ± 10.35% of the control group, p < 0.05) and 
MMP9 (54.68 ± 6.54% of the control group, p < 0.01) in 
SCE-treated wounds than in control wounds (Fig. S22). In 
summary, the temporal characteristics of the transcriptome 
of rabbit skin tissues during wound healing under the SCE 
Janus adhesive dressing intervention included a decreased 
inflammatory response in the inflammation phase, inhibition 
of angiogenesis in the proliferation phase, and limited col-
lagen synthesis in the remodeling phase.

Given the excellent performance of the SCE Janus adhe-
sive dressings in scarless wound healing both in vitro and 
in vivo, these dressings demonstrated significant potential 
for clinical applications. However, the clinical translation 
of SCE dressings still needs to address four major chal-
lenges. Firstly, a self-designed large-scale electrospinning 
equipment is needed for the batch preparation of core–shell 
nanofibers. Alternative strategies such as coaxial wet 
spinning could be considered to replace electrospinning, 
in order to support large-scale production of core–shell 
micro-/nanofibers. Secondly, long-term stability testing 
and accelerated aging experiments should be conducted to 
determine the shelf-life of SCE Janus adhesive dressings, 
and necessary formulation adjustments might be needed to 
confer the dressing with a reasonable shelf-life in the range 
of 1–3 years. Additionally, although rat full-thickness skin 
wound and rabbit ear scar models have demonstrated their 
potential for scarless wound healing, standardized clinical 
trials are required to evaluate its safety and efficacy, along 
with establishing a complete risk control system to meet 
regulatory requirements. Finally, the classification and defi-
nition of medical devices by the National Medical Products 
Administration (NMPA) of China for the adhesive dress-
ing is needed before its registration license application, as 
it contains EGCG. If the dressing is defined not as a medi-
cal device, but as a drug–device combination product, its 
clinical translation needs a longer period. Addressing these 
translational challenges is critical to translating this product 
from the laboratory to the clinic.
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3 � Conclusions

In this study, the SCE Janus adhesive dressings are devel-
oped to target post-traumatic scarring, a key clinical 
challenge. The hydrophilic upper layer of this dressing is 
mainly composed of silk electrospun fibers with an EGCG 
core, and the hydrophobic lower layer is composed of silk 
electrospun film modified with Ca2+/Zn2+. Furthermore, 
the SCE Janus adhesive dressings are characterized by 
their adhesiveness, degradability, and biocompatibility. 
More importantly, they serve as a biological timer that 
regulates wound healing and prevents excessive post-trau-
matic scarring. Specifically, the SCE Janus adhesive dress-
ings exert their pro-healing and scarless healing effects 
through anti-inflammatory effects during the inflammation 
phase of the wound, inhibition of excessive angiogenesis 
in the wound bed during the proliferation phase, and lim-
itation of excessive collagen deposition leading to scar 
formation during the remodeling phase. In the rat wound 
model, the SCE Janus adhesive dressings rapidly promoted 
wound healing. In the rabbit ear scarring model, the SCE 
Janus adhesive dressings significantly reduced scarring 
by exerting effects during different stages of wound heal-
ing. RNA-seq analysis of rabbit ear tissues showed that 
the SCE Janus adhesive dressings exerted their effects 
mainly by inhibiting inflammation in the inflammation 
stage, inhibiting angiogenesis in the proliferation phase, 
and modulating collagen deposition in the remodeling 
stage. In conclusion, the SCE Janus adhesive dressings 
have potential for a wide range of therapeutic applications, 
including the treatment of skin wounds and the prevention 
of scar formation.
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