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EGCG modified small intestine submucosa promotes wound healing 
through immunomodulation 
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A B S T R A C T   

Decellularized porcine small intestinal submucosa (SIS) has shown promising therapeutic efficacy as a functional 
wound dressing. Nevertheless, its limited anti-oxidative and immunomodulatory capacities have restricted its 
application for the treatment of complex skin wounds. Herein, epigallocatechin gallate (EGCG), a polyphenolic 
compound, was employed for the modification of the SIS to overcome such shortcomings. The EGCG-modified 
SIS (E-SIS) has shown excellent biocompatibility and improved hydrophilicity for cell adhesion. Notably, in 
vitro studies showed that the E-SIS could effectively alleviate oxidative stress and facilitate the M1-to-M2 
phenotype transition of macrophages, thereby creating a favorable immune microenvironment for cell prolif-
eration, migration, collagen synthesis as well as angiogenesis. A full-thickness skin defect model, combined with 
macrophage depletion, has further confirmed that the E-SIS could accelerate skin wound repair through 
immunomodulation in vivo. This suggested that the EGCG modification could provide a facile yet effective 
method to broaden the applications of the SIS for skin wound management.   

1. Introduction 

As the largest organ covering the body’s surface, the skin serves a 
variety of functions including defense, sensing, endocrine and exocrine, 
temperature regulation as well as stress responding [1]. Even though the 
skin possesses an inherent self-repair capacity, when damage has 
exceeded a certain threshold, delayed and/or impaired wound healing 
may result, which is typically accompanied by hyperinflammation, 
impaired angiogenesis, and/or diffuse infection necessitating further 
intervention [2]. As estimated, over 50 billion dollars are spent annually 
on the treatment of skin wounds in the United States alone [3]. Conse-
quently, it is crucial to investigate effective treatment methods for 
accelerating wound healing processes. 

Wound healing progresses through a series of successive yet over-
lapping stages, which comprise hemostasis, inflammation, proliferation, 

and remodeling [4,5]. Notably, the substantial role of immune response 
that partakes throughout the whole healing process has garnered 
increased attention over the past decade. Upon injury, a robust inflam-
matory response is promptly initiated to eliminate pathogenic micro-
organisms and remove necrotic tissues. Subsequently, with the 
resolution of the inflammatory response, immune cells will transition to 
secreting various cytokines which can promote tissue repair and 
regeneration. A timely transition of the immune response is therefore 
essential for wound healing; conversely, excessive and/or prolonged 
inflammation may result in further tissue damage and intractable 
complications. 

The macrophages are a major participant in immune response and 
have heterogeneous phenotypes [6]. They can be categorized into 
classically activated M1 and alternatively activated M2 types [7]. 
Generally, M1 macrophages, characterized by a de novo or increased 
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iNOS and CD86, are recruited to the wound site within 24–48 h 
following the initial insult and may participate in both acute and chronic 
inflammation with a high phagocytic capacity and secret substantial 
amounts of inflammatory factors and reactive oxygen species [8]. By 
contrast, CD163 or CD206 positive M2 macrophages contain 
anti-inflammation factors and can promote healing, tissue remodeling 
and fibrosis though a regulatory and anti-inflammatory phenotype [9]. 
They are also highly phagocytic and can produce extracellular matrix 
(ECM) components and angiogenic factors. M1 and M2 macrophages 
play crucial roles at various stages of tissue repair. M1 macrophages will 
eliminate necrotic tissue and pathogenic microorganisms and initiate 
the early recruitment. M2 macrophages, by contrast, possess 
anti-inflammatory properties and can significantly contribute to the 
promotion of tissue repair. However, a disordered immune response 
may lead to continuous activation of M1 macrophages, causing a 
widespread of inflammatory responses and subsequent tissue damage. 
The failure to transit smoothly to M2 macrophages may hinder the pace 
of wound healing, leading to chronic non-healing wounds. Therefore, 
the regulation of a timely M1-to-M2 macrophage transition through the 
adjustment of scaffold physicochemical properties or administration of 
immunomodulatory drugs or bioactive components to create a favorite 
immune microenvironment, has been widely adopted as an effective 
strategy to expedite wound healing [2,10–13]. 

Decellularized ECM has proven to be a promising scaffold with 
excellent biocompatibility and bioactivities to accelerate tissue repair 
and regeneration. During the last decade, our group has developed a 
series of biomaterials based on decellularized porcine small intestinal 
submucosa (SIS). By effectively eliminating immunogenicity and pre-
serving the integrity of the original structure and composition, these 
biomaterials have exhibited significant therapeutic efficacy and are 
applied for various clinical scenarios including the urethra, dura mater, 
bladder and digestive tract etc. [14–18]. Particularly, when the SIS patch 
is directly used as a dressing for skin wounds, it has displayed unique 
advantages over other forms of materials. On the one hand, the SIS can 
function as a barrier to prevent excessive evaporation of body fluids, 
ensuring a moist environment for the wound, which is essential to faster 
tissue regeneration and better wound healing outcomes. In addition, it 
can also prevent the intrusion of pathogenic microorganisms. Mean-
while, the SIS patches can be easily trimmed to fit the shapes of various 
wounds and directly adhere to the wound surface, reducing the sec-
ondary damage caused by frequent dressing changes. Besides, the rich 
functional groups in the SIS may facilitate the modification, allowing for 
further adjustments based on various needs. Therefore, the SIS patches 
may provide an ideal dressing for skin wounds, especially when the SIS 
is used as wound dressing. Nevertheless, as demonstrated by previous 
experiments, the SIS itself does not possess sufficient capability to 
handle the oxidative stress and immune microenvironment surrounding 
the wound sites [19]. How would augmenting the SIS with additional 
relevant functions may affect its therapeutic effects still requires more 
compelling evidence. 

Epigallocatechin gallate (EGCG) is a green tea-derived polyphenolic 
compound. Owing to the abundant naphthol and resorcinol functional 
groups, the EGCG has inherently displayed remarkable properties for 
free radical scavenging, thereby presenting exemplary anti-oxidative 
and anti-inflammatory abilities. Moreover, the EGCG has shown 
remarkable crosslinking and adhesion capabilities across a variety of 
materials, irrespective of their types or morphology, and is therefore 
extensively employed for the modification of diverse materials [20]. In 
the field of biomedicine, the EGCG has confirmed to have a high affinity 
to diverse biomacromolecules through both covalent and non-covalent 
interactions, and can produce a range of unique pharmacological im-
pacts by modulating signal transduction and/or enzymatic activities. 
Particularly, studies have demonstrated that the EGCG can effectively 
induce macrophage polarization towards the M2 type, which is essential 
to the tissue repair [21]. Herein, a novel EGCG-modified SIS patch 
(E-SIS) was developed for skin wound management and has displayed a 

more compact and dense topological structure, as well as enhanced 
hydrophilicity compared with the SIS (Fig. 1). Meanwhile, the E-SIS 
could effectively scavenge the ROS in the environment and promote the 
M1-to-M2 transition of the macrophages, thereby providing a beneficial 
environment for cell proliferation, migration, collagen synthesis, and 
angiogenesis to support wound healing. In vivo, full-thickness skin defect 
model of rats combined with macrophage depletion further revealed 
that the E-SIS could expedite wound healing through 
immunomodulation. 

2. Materials and methods 

2.1. Materials 

Fresh porcine small intestines were purchased from slaughterhouses, 
while the EGCG was procured from Nanjing Kasaisi Medical Technology 
Co., Ltd. Lipopolysaccharide (LPS) was purchased from Solarbio 
(China). Live-dead staining was performed using materials from Sigma 
(USA), while the Cell Counting Kit-8 (CCK-8) was sourced from Dojindo 
Molecular Technologies (Japan). The ELISA kits utilized in this study 
were procured from Ruixinbio Quanzhou in China. Supplementary 
Materials contain information regarding the other reagents employed in 
this study. 

2.2. Preparation of the E-SIS 

The SIS was obtained as previously described [22]. Briefly, after 
thorough washing, the mucosa, serosa, and muscularis were removed by 
physical scraping. Thereafter, the SIS has undergone degreasing, and 
decellularization processes by sequentially immersing in methanol and 
chloroform mixture, 0.05% trypsin, 0.05% sodium dodecyl sulfate (SDS) 
for 12 h each. Finally, the SIS was thoroughly washed and lyophilized 
(LPHA 1–2 LD plus, CHRIST, Germany). For E-SIS preparation, the SIS 
was immersed in the EGCG solution with various concentrations (0.1%, 
0.25%, 0.5%, 1%, and 2%, wt%) for 24 h. Similarly, after complete 
washing, the derived E-SIS was lyophilized for the subsequent experi-
ments. Of note, pristine SIS was used as the control in the subsequent 
experiments. 

2.3. Characterization of the E-SIS 

The topological structure was analyzed by scanning electron mi-
croscope (SEM). Briefly, both sides of the SIS or E-SIS were individually 
coated with gold and subsequently scanned under an SEM (EVO 10, Carl 
Zeiss AG, Germany) at an accelerating voltage of 20.0 kV. Meanwhile, 
the crosslinking degree of the E-SIS was measured using an OPA method. 
Detailed operation methods are described in the Supplementary Mate-
rials. Fourier-transform infrared (FTIR, Nicolet iS50, Thermo Fisher 
Scientific, USA) test with a measurement range of 500–4000 cm− 1 was 
also carried out to determine the physical characteristics of the E-SIS. In 
addition, to investigate the influence of EGCG on wettability, the water 
contact angle (WCA) was measured with a goniometer (DSA25, Kruss, 
Germany) at room temperature with three repetitions. 

To evaluate the EGCG release characteristics, the E-SIS were cut into 
rectangles with a surface area of 3 cm2 and immersed in 500 μL of PBS 
with continuous oscillation at 37 ◦C. At pre-scheduled time points, the 
supernatant was collected and replaced by an equal volume of fresh PBS. 
The content of EGCG was measured with a spectrophotometer (SYN-
ERGY H1, BioTek, USA) at 275 nm [23]. The release profile of the EGCG 
was calculated according to the standard EGCG samples. 

2.4. Cell culture 

All cells used in the present study were obtained from the Cell Bank 
of the Chinese Academy of Sciences. Human umbilical vein endothelial 
cells (HUVECs) were cultured in Dulbecco’s modified eagle medium 
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(DMEM)/F12 supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotics. The NIH-3T3 cells were cultured in DMEM supplemented 
with 10% FBS and 1% antibiotics. The RAW264.7 cells were cultured in 
α-MEM supplemented with 10% heat-inactivated FBS and 1% antibi-
otics. All cells were cultured at 37 ◦C with saturated humidity. When 
confluence had reached 80%, cells were passaged at a ratio of 1 : 3. 

2.5. Extraction and conditioned medium preparation 

The extraction of the E-SIS was carried out in adherence to GB/T 
16886.1/ISO 10993-1 guidelines. In brief, the extractions were procured 
by immersing the E-SIS in a comprehensive medium with a volume-to- 
surface ratio of 1 : 6 at 37 ◦C for 72 h. 

For conditioned medium (CM), RAW264.7 cells were exposed to 100 
ng/mL LPS for 6 h prior to culture with various patch extractions. After 
48 h, the supernatant was collected, filtered, and mixed with the fresh 
complete medium of each cell with a ratio of 1 : 1 to obtain CM for 
subsequent use. 

2.6. Evaluation of biocompatibility and cell adhesion 

The cytocompatibility of the E-SIS patches was determined by live- 
dead staining and cell proliferation assay by following manufacturers’ 
protocols. For live-dead staining, cell viability was observed under a 
confocal laser scanning microscope (CLSM, A1RMP＋Nikon, Japan) 
after 48 h seeding onto various patches. For the cell proliferation assay, 
the cells were cultured with the extraction of various patches as 
described above. At pre-scheduled time points, cell proliferation was 
measured with a CCK-8. Cell relative survival rate (RSR) was calculated 

with: RSR (%) = ODe / ODtn × 100% (ODe and ODtn indicated the optical 
density of various patches groups and negative control group, respec-
tively). Meanwhile, a medium containing 1% phenol was set as a posi-
tive control. According to GB/T 16886.1/ISO 10993–1, a material is 
regarded as non-toxic when the RSR for 100% extract is over 70%. 
Additionally, the hemocompatibility of the SIS and E-SIS was evaluated 
with a hemolysis test and SEM. 

To evaluate cell adhesion, the NIH-3T3 cells were directly seeded 
onto the various patches. After 24 h of cultivation, the cells were fixed 
with neutral formaldehyde. Subsequently, they were permeabilized and 
stained with phalloidin for cytoskeleton observation, or underwent 
gradient dehydration with alcohol and CO2 critical point drying for SEM 
testing. 

2.7. Evaluation of immunomodulatory property 

Likewise, the RAW264.7 cells were pre-treated with 100 ng/mL LPS 
for 6 h prior to culturing with extractions derived from various patches 
for another 48 h. The polarization of cells was measured with flow 
cytometry, immunofluorescence staining as well as real-time quantita-
tive PCR (qPCR). Primers are given in Table S1. Meanwhile, the 
expression of cytokines, including tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and inducible nitric oxide synthase (iNOS), was 
evaluated with enzyme-linked immunosorbent assays (ELISA) by 
following the manufacturers’ protocols. 

Furthermore, the overall transcriptional characteristics of the 
RAW264.7 after aforementioned treatments were analyzed with high- 
throughput RNA sequencing. The differentially expressed genes 
(DEGs) were first filtered and submitted to the gene ontology (GO) 

Fig. 1. Schematic overview of the E-SIS patches to accelerate wound healing by regulating macrophage polarization to M2 type as well as reducing oxidative stress to 
promote wound collagen deposition and angiogenesis. 
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function and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis. 

2.8. Evaluation of anti-oxidative property 

1,1-Diphenyl-2-picrylhydrazyl (DPPH) assay was carried out to 
evaluate free radical scavenging ability of the E-SIS. Briefly, various 
patches were immersed into 100 μM DPPH with continuous rotation for 
30 min. DPPH scavenging rate was calculated with: DPPH Scavenging 
rate (%) = (OD0 - ODt) / OD0 × 100% (where OD0 and ODt respectively 
denoted the initial and final absorbance at 519 nm). For cellular ex-
periments, the NIH-3T3 cells were cultured with various CM containing 
100 nM H2O2 for 24 h. Intracellular ROS was measured with a 2, 7- 
dichlorofluorescein diacetate (DCFH-DA) probe. Meanwhile, other 
oxidative indicators including lipid peroxidation level and catalase 
(CAT) activity were also analyzed by following the manufacturer’s 
protocols. 

2.9. Evaluation of immunomodulatory effects on the HUVECs and NIH- 
3T3 cells 

Transwell and scratch assays were performed to assess the immu-
nomodulatory effects of various patches on the HUVECs and NIH-3T3 
cells. For transwell assay, the cells were seeded in the upper chamber, 
while the lower chamber was filled with CM from various patches. After 
24 h of culture, the cells were fixed and stained with crystal violet for 
observation. As for the scratch test, when cell confluence has exceeded 
90%, medium with 1% FBS was replaced overnight. On the next day, a 
scratch was made with a 200 μL pipette tip, and the cells were cultured 
with CM containing 1% FBS for an additional 36 h. The healing rate was 
calculated as follows: Healing rate (%) = (S0-Sm)/S0 × 100% (Where S0 
represents the original scratch area; Sm represents the scratch area at the 
pre-scheduled time point). 

qPCR and immunofluorescent staining were performed to assess the 
immunomodulatory effects of various patches on the collagen synthesis 
by the NIH-3T3 cells. In short, the NIH-3T3 cells were cultured with CM 
derived from various patches. The expression of collagen type I alpha 1 
chain (Col1a1) and collagen type III alpha 1 chain (Col3a1) was evalu-
ated with qPCR and primers given in Table S2. In addition, the intra-
cellular protein level of COL1A1 and COL3A1 were also evaluated by 
immunofluorescent staining. 

qPCR, ELISA, and immunofluorescent staining were carried out to 
assess the immunomodulatory effects of various patches on the angio-
genic capacity of the HUVECs. Likewise, the HUVECs were cultured with 
various CM. The expression of vascular endothelial growth factor (Vegf), 
hypoxia-inducible factor 1(Hif-1α), and Notch were evaluated by qPCR 
with primers given in Table S3. Meanwhile, intra- and extra-cellular 
protein levels of VEGF were measured with immunofluorescent stain-
ing and ELISA, respectively. Furthermore, a tube formation assay was 
performed to assess the angiogenesis with various CM. Details are shown 
in the Supplementary Materials. 

2.10. In vivo animal study 

To further evaluate the in vivo therapeutic efficacy of the E-SIS, a full- 
thickness skin defect model on the Sprague Dawley rat (SD rat) was 
constructed. The study protocol was approved by the Animal Care and 
Use Committee of Sichuan University (No.20221128006) and has con-
formed to the principles of laboratory animal care issued by the National 
Medical Research Association. Briefly, the dorsal of the rats was shaved 
and thoroughly disinfected after anesthetizing. Thereafter, 10 mm full- 
thickness wound defects were made symmetrically on both sides of 
the back and fixed with metal rings to prevent the contraction of dorsal 
muscles, so that the defects could only be healed by granulation and re- 
epithelization to mimic the healing process in humans. The SIS or E-SIS 
patches were simultaneously sutured onto the wound area with the 

metal rings. Additionally, a macrophage depletion model was imple-
mented for assessing the immunomodulatory effects of the E-SIS on 
wound healing. Detailed information can be found in the Supplementary 
Material. 

At pre-scheduled time points, the appearance of skin defect was 
photographed. Thereafter, the SD rats were euthanized for histological 
analysis. The samples were successively fixed, dehydrated, and 
embedded in paraffin blocks. Tissue sections with a thickness of 4 μm 
were prepared from the central area for Hematoxylin and Eosin (H&E) 
staining, Masson staining, and Sirius Red staining. Meanwhile, immu-
nofluorescence staining was carried out to further evaluate the inflam-
mation, macrophage polarization, and angiogenesis in the regenerative 
area. 

2.11. Statistical analysis 

All experiments were performed in at least triplicate. Data were 
presented by the mean ± standard deviation (SD) and analyzed by one- 
way analysis of variance (ANOVA) in conjunction with Tukey’s multiple 
comparison tests for pairwise comparison. All analyses were carried out 
with GraphPad Prism 8.0.2 software. p ＜ 0.05 was considered statisti-
cally significant. 

3. Results and discussion 

3.1. Characteristic of the E-SIS 

Digital images of various patches were presented in Fig. 2A. After 
EGCG crosslinking, the color of the SIS underwent a concentration- 
related transition to brown. Typically, pigmentation may result from 
the oxidative polymerization of polyphenolics, which can lead to for-
mation of colored compounds such as quinonoids. Besides, the topo-
logical structure of the SIS observed by SEM revealed a heterogeneous 
change on the two sides. The mucosal side of the SIS has naturally dis-
played a loose structure, with collagen fibers confoundly arranged. 
Under the strong cross-linking effect of the EGCG, the collagen fibers 
have become neater and denser, and some have aggregated together, 
which may be attributed to the formation of hydrogen bonds between 
the EGCG and the SIS alongside the mutual adhesion amongst the 
nanofiber bundles [24]. By contrast, the muscular layer of the SIS has 
exhibited greater smoothness and density, showing no discernible 
collagen fiber-like structure. Consequently, the EGCG has primarily 
adhered to the surface, conferring a negligible effect on surface 
morphology (Fig. S1). 

The crosslinking rate was then evaluated with an OPA assay, which 
could reflect the content of the free amino group on various patches. As 
shown in Fig. 2B, the crosslinking rate has significantly increased to 
40.69 ± 1.57% and 62.09 ± 1.88% when the concentration of EGCG 
had reached 0.5% and 2%, respectively. Meanwhile, FTIR was used to 
further elucidate the physicochemical attributes of the E-SIS. Trans-
mittance result has shown a significant decrease at 1645 cm− 1 and 1544 
cm− 1, which could be respectively attributed to the C––O and stretching 
vibrations coupled with N–H bending from amide linkage (Fig. 2C). 
Although the FTIR spectra of the E-SIS showed no new shifts compared 
with the SIS spectrum, the O–H and N–H stretching vibration peak at 
3306 cm− 1 has decreased dramatically and even vanished completely. 

The hydrophilicity of each patch was subsequently assessed. Fig. 2D 
and E demonstrated that the Water Contact Angle (WCA) of the SIS was 
approximately 82.16 ± 3.0◦, which has diminished by nearly 20◦

following the EGCG crosslinking. The marked reduction in WCA has 
indicated enhanced hydrophilic characteristics of the unprocessed SIS 
patch. This enhancement could be ascribed to the presence of a 
considerable number of hydrophilic groups in the phenolic building 
blocks of the EGCG molecule. Meanwhile, since the surface hydrophily 
plays a key role in cell proliferation and adhesion, such improvement 
may foster a more conducive environment to promote cell adhesion 
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when implanted in vivo [25,26]. The EGCG release profile was also 
measured. In vitro experiments showed that the release of EGCG could 
last for 9 days or even longer (Fig. 2F). Interestingly, the 0.1%–0.5% 
E-SIS attained the highest release on the first day, while 1% and 2% 

E-SIS attained the maximum release on the third day, the release of each 
group has then decreased with time. These demonstrated that the SIS has 
successfully crosslinked with the EGCG. The modified SIS patch 
exhibited a denser microstructure, improved hydrophily, and a 

Fig. 2. Characterization and biocompatibility of the E-SIS: (A) Surface morphology of the mucosal side; (B) Degree of crosslinking; (C) FTIR; (D–E) Water contact 
angles represent photographs and quantitative statistics; (F) Release profile of EGCG; (G&I) Live and dead staining and semi-quantitative analysis; (H) NIH-3T3 cells 
viability was measured by CCK8; (J) SEM image of red cells; (K) SEM images of NIH3T3 cells. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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sustained EGCG release. The influence of such alterations on its thera-
peutic efficacy for wound healing was systematically evaluated in sub-
sequent experiments. 

3.2. Evaluation of biocompatibility and cellular adhesion 

Good biocompatibility is a prerequisite for the application of wound 
dressings. Herein, both cytocompatibility and hemocompatibility were 

Fig. 3. Evaluation of immunomodulatory effects A&E: Flow cytometry results for CD86 expression. B&F: Flow cytometry results for CD206 expression. C&G: Results 
of immunofluorescence staining of iNOS. D&H: Results of immunofluorescence staining for CD163. I–L: Expression of Il-10, Arg-1, IL-1β, Tnf-α. M–N: The levels of IL- 
6 and iNOS in RAW264.7. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001, ****p ＜ 0.0001. 
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first assessed in vitro. Live/dead staining illustrated that both the NIH- 
3T3 cells and the HUVECs had sustained a satisfactory survival status 
on the surface of various E-SIS, with negligible evidence of dead cells 
(Fig. 2G and I and Fig. S2). Meanwhile, the viability of cells, as measured 
by a CCK-8 assay, indicated that the RSRs of NIH-3T3 cells, cultured in 
extracts from the E-SIS at various concentrations, have exceeded 70%. 
This has complied with the national standards for the biocompatibility 
requirements of implanted scaffolds (Table S4). Furthermore, we have 
found that the E-SIS extraction could promote the proliferation of the 
NIH-3T3 cells (Fig. 2H). Additionally, no rupture of red cells on the 
surface of the E-SIS was detected by SEM (Fig. 2J), and no significant 
hemolysis was observed when in contact with the E-SIS (Fig. S3). In fact, 
the SIS itself is comprised of a large amount of collagen and bioactive 
molecules, which are inherently nontoxic for cells [27–29]. Besides, the 
heparin and heparin sulfate on the SIS also endowed it with intrinsic 
anticoagulant activity as well as blood compatibility [30]. 

Additionally, cell adhesion was observed by SEM and cytoskeleton 
staining. As shown in Fig. 2K and S4A, fewer pseudopodia were 
extended when the NIH-3T3 and RAW264.7 were seeded onto the SIS 
patch in comparison to various E-SIS patches. Cytoskeleton staining also 
confirmed an increase in the cell adhesion area on the EGCG-modified 
SIS patches (Fig. S4B). These indicated that the presence of EGCG did 
not affect on the fibronectin, laminin, and RGD sequences in the SIS. And 
the enhancement in hydrophily could further improve cellular adhesion. 
Moreover, the catechol groups in the EGCG may also interact with the 
amino and thiol groups on the cytomembrane to promote adhesion [31, 
32]. Taken together, the above results demonstrated that the E-SIS has 
possessed superior biocompatibility and adhesion ability, which are 
favorite for its use in biomedical applications. 

3.3. Evaluation of the immunomodulatory properties of the E-SIS 

It has been widely recognized that a favorable immune microenvi-
ronment, characterized by timely and proper transition from inflam-
mation to proliferation and remodeling phases as aforementioned, plays 
a significant role in the process of tissue repair [33–35]. Given the 
outstanding immunomodulatory effects of the EGCG, we anticipated 
that its modification could equip the SIS patches with corresponding 
functions to promote the shift of M1-to-M2 polarization of macrophages. 

To verify this, the RAW264.7 were transiently treated with LPS to 
simulate the inflammatory response prior to the culturing with extrac-
tions from various patches [36,37]. Flow cytometry revealed that the 
LPS treatment could trigger the M1 polarization of the macrophages, as 
evidenced by the rapidly increasing expression of CD86 (Fig. 3A and E). 
The CD86-positive cells in the SIS group were slightly reduced to 52.58 
± 1.94%. When the concentration of the EGCG exceeded 0.25%, the 
E-SIS started to suppress the CD86 expression, with the 2% E-SIS 
showing the most potent anti-inflammation capacity (23.39 ± 5.41%). 
Accordingly, the percentage of CD206-positive M2 macrophages has 
increased with the concentration of EGCG. Likewise, the 2% E-SIS 
showed the highest efficacy to promote the M2 macrophage polarization 
(74.38 ± 2.39%) (Fig. 3B and F). Other biomarkers of the M1 and M2 
macrophages were further analyzed with immunofluorescence staining. 
As shown in Fig. 3C and G, the LPS treatment has effectively increased 
the expression of M1-related iNOS [38]. By contrast, the E-SIS effec-
tively reversed such an increase while up-regulated the M2-related 
CD163 expression (Fig. 3D and H) [39]. 

Expression of the gene encoding macrophage-secreted cytokines was 
subsequently evaluated by qPCR. Along with the M1 polarization 
induced by the LPS, expression of pro-inflammatory intermediates like 
Il-1β and Tnf-α has dramatically increased (Fig. 3K and L). Both the SIS 
and E-SIS could significantly suppress LPS-triggered up-regulation of 
inflammatory intermediates (except Tnf-α for pristine SIS), while 
inducing the expression of pro-healing cytokines including Il-10 and Arg- 
1 (Fig3. I and J). Furthermore, as revealed through the ELISA assay, the 
E-SIS displayed superior regulatory effects on the protein levels of IL-6, 

iNOS, and TNF-α, compared with the SIS (Fig. 3M and N and Fig. S5). 
Inflammation serves a pivotal role in the process of tissue repair. 

Particularly, a specific extent of inflammation is advantageous for tissue 
repair, encompassing the eradication of pathogenic microorganisms to 
the initiation of early recruitment. Studies have confirmed that the 
depletion of macrophages during the inflammation phase can signifi-
cantly reduce the formation of vascularized granulation tissue and 
impair the epithelialization [40]. Nevertheless, any dysfunction of this 
may significantly impede the repair process [41]. Excessive activation of 
inflammation may disrupt the function and activity of multiple cells 
implicated in the tissue repair. Moreover, it may directly trigger the 
expression of matrix metalloproteinase proteins and serine proteases 
and damaging of the local extracellular matrix, thereby accentuate the 
tissue injury [42]. The seemly shift to M2 macrophage-dominated im-
mune microenvironment not only could confine the inflammatory to an 
appropriate range but may benefit wound healing through various 
pro-healing growth factors [43,44]. Of note, our study showed that 
pristine SIS also showed certain immunomodulatory effects, which may 
be attributed to the intrinsic component of the SIS. Decellularization has 
allowed the SIS to retain substantial amounts of collagen, glycosami-
noglycan, and proteoglycan, as well as a variety of bioactive molecules 
which may stimulate cell adhesion, proliferation, and differentiation 
[45]. Such stimulation in turn may influence the immunomodulatory 
behaviors of the macrophages, thereby affecting their immunomodula-
tory behaviors [46]. Previous studies have established that decellular-
ized membranes can trigger type 2 immune responses, and macrophages 
found at the SIS implantation site predominantly exhibited an M2 
phenotype [47–50]. However, our study additionally uncovered that the 
immunomodulatory impacts of pristine SIS were deficient, implying the 
necessity for further modifications. The above results suggested that the 
EGCG modification could dramatically enhance the immunomodulatory 
effects of the SIS patches to promote the M1-to-M2 transition of the 
macrophages, along with regulation of the expression of relevant cyto-
kines, thereby providing a favorable immune environment for wound 
healing. In consideration of the equivalent immunomodulatory effects 
demonstrated by the 0.5%–2% E-SIS, we have selected 0.5% E-SIS for 
the subsequent experiments. 

3.4. Transcriptome analysis 

To further elucidate the mechanism underlying the immunomodu-
latory effects of the E-SIS, RNA-seq was carried out to evaluate the 
transcriptional profiles of the RAW264.7 cultured with various extrac-
tions. Principal component analysis has suggested benign intragroup 
homogeneity (Fig. 4A). Meanwhile, we have identified 931 differentially 
expressed genes (DEGs) (378 up-regulated and 553 down-regulated) 
between the SIS and control groups, as well as 972 DEGs (including 
341 up-regulated and 631 down-regulated) between the E-SIS and 
control groups (Fig. 4B and C). Intriguingly, most DEGs were found 
between the SIS and E-SIS groups (including 900 up-regulated and 1223 
down-regulated), indicating that the EGCG in the E-SIS was the major 
factor driving the differential gene expression (Fig. 4D). 

Heat map indicated an up-regulation of chemokine-related genes in 
the E-SIS group such as Chemokine CC-Ligand 2 (Ccl-2), Chemokine CC- 
Ligand 7 (Ccl-7), and Chemokine CXC Ligand 10 (Cxcl-10) (Fig. 4E). A 
further functional enrichment analysis was conducted using the GO and 
KEGG databases. Several signal axes related to immune response 
including TNF signaling pathway, JAK-STAT pathway and Toll-like re-
ceptor signaling pathway etc. were all regulated by the EGCG (Fig. 4F 
and G). By such means, the EGCG may exert its immunomodulatory 
effects. In conclusion, the E-SIS has the potential in mitigating local 
inflammation during the inflammatory stage, thus fostering an 
improved environment for tissue repair and regeneration. Therefore, we 
have subsequently examined how such immunomodulatory effects on 
the macrophages may influence the healing process in subsequent ex-
periments [19]. 
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Fig. 4. Correlation of gene expression among various samples and analysis of differential gene expression and antioxidant capacity of the NIH-3T3 treated with 
various CM: (A) Principal component analysis; (B–D) Differential gene analysis between the groups. (E) Heat map of DEGs. (F) GO analysis. (G) KEGG analysis. (H&J) 
Intracellular ROS content. (I) DPPH scavenging ratio. (K) Intracellular MDA content. (L) Intracellular CAT activity. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 
0.001, ****p ＜ 0.0001. 
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3.5. Evaluation of the antioxidant properties of the E-SIS 

At the initial stage of inflammation, the localized enrichment of ROS 
has exhibited substantial bactericidal effects. However, the resultant 
oxidative stress could inadvertently lead to tissue damage and impede 
tissue repair [51–53]. As a naturally occurring polyphenol, the abundant 
phenolic hydroxyl groups can endow the EGCG with outstanding free 
radical scavenging ability [54]. 

To confirm whether the E-SIS possess the specific properties of the 
EGCG, we have evaluated their antioxidative capacity. As shown in 

Fig. 4I, the DPPH assay showed that the E-SIS has displayed robust free 
radical scavenging ability. When the concentration of EGCG exceeded 
0.5%, the clearance rate surpassed 75% and further increased to 86.83 
± 0.39% for 2% E-SIS. To further validate the anti-oxidative stress 
ability in vitro, the NIH-3T3 cells were cultured with CM containing 
H2O2 for simulating the local environment. As demonstrated by a DCFH- 
DA probe, intracellular ROS has significantly accumulated in the control 
group (Fig. 4H and J). Whereas when the concentration of the EGCG 
reached 0.25%, the E-SIS has successfully relieved the oxidative stress of 
the NIH-3T3 cells and emitted weak fluorescence, with 2% E-SIS 

Fig. 5. Effect of immunomodulation on NIH3T3 cells A–D: Images of cell migration and quantitative analysis; E: Proliferation of NIH-3T3 cells; F–G: Gene ex-
pressions of Col1a1 and Col3a1; H–J: Immunofluorescence expression and quantification of COL1A1 and COL3A1. Scale bar = 100 μm. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 
0.01, ***p ＜ 0.001, ****p ＜ 0.0001. 
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showing the best ROS scavenging ability yet with no significant differ-
ence with 0.25% E-SIS. The level of lipid peroxidation, as measured by 
MDA, also showed a dramatic increase after H2O2 treatment while 
maintaining a relatively low level in each E-SIS group (Fig. 4K). In 
addition, CAT activity was also evaluated. Compared with the control 
group, the enzyme activity of CAT showed no difference between the SIS 
and 0.1% E-SIS groups. Nevertheless, when the concentration of EGCG 
reached 0.25%, CAT activity within the E-SIS group has markedly 
increased, indicating that an E-SIS concentration exceeding 0.25% could 
prevent oxidative stress damage (Fig. 4L). 

As a small molecule, the ROS is easy to diffuse into the tissue envi-
ronment. It is worthy noting that, in addition to the direct damage to 
normal tissues, the ROS is also a key participant to the inflammatory 
response and plays an important role in various signal transductions 
[55]. Untimely intervention of the oxidative stress will inevitably lead to 
persistent inflammation and bring great obstacles to the wound repair 
[56]. Even though pristine SIS had exhibited some DPPH scavenging 
ability, which may be attributed to certain anti-oxidative peptides 
and/or polysaccharides, such effect could reduce the MDA level and/or 
up-regulate the CAT activity after H2O2 treatment which, as demon-
strated by previous studies, may play significant roles in wound healing 
[57–59]. Our results suggested that the EGCG modification could 
dramatically enhance the free radical scavenging property and protect 
the cells from oxidative stress. Meanwhile, the E-SIS can also activate the 
endogenous antioxidant system to further counteract the detrimental 
effect of local ROS. In further experiments, we have explored how the 
improvement in both immune and oxidative microenvironments could 
influence the behavior of the NIH-3T3 cells and HUVECs in vitro. 

3.6. Effects of immune microenvironment on the NIH-3T3 cells 

Fibroblasts are the most dominate cellular component of skin tissue 
and responsible for the production and remodeling of ECM. A substantial 
body of evidence has elucidated the complex and dynamic relationship 
between the fibroblasts and immune microenvironment [60]. In short, 
the macrophages can modulate the behavior of fibroblasts by secreting 
cytokines like TGF-β, which in turn may stimulate the proliferation of 
fibroblasts and ECM production. Furthermore, the macrophages not 
only can phagocytize apoptotic fibroblasts but also maintain the balance 
between the ECM production and degradation [61]. Given the intricate 
interactions between the macrophages and fibroblasts, we have assessed 
how the improvement of immune microenvironment may affect the 
migration, proliferation, and collagen deposition of the NIH-3T3 cells. 

As evidenced by the transwell assay, the inflammatory microenvi-
ronment was not conducive to cell migration. Only a mean of 14 ± 4 
cells has crossed the membrane (Fig. 5A and C). By contrast, the number 
of migrated NIH-3T3 cells in the 0.5%–2% E-SIS have shown a nearly 
ten-fold increase. Similarly, the scratch assay revealed that the healing 
rates in both the control and the SIS groups were less than 70%, but had 
surged to approximately 85% in various E-SIS groups (Fig. 5B and D). 

Another significant factor influencing the tissue repair is collagen 
synthesis. Collagens surrounding nascent cells can stimulate the for-
mation of new blood vessels and epithelial coverage, thereby fostering 
wound healing [62]. Hence, we have analyzed the impact of the immune 
microenvironment shaped by various patches on the production of 
collagens. On one hand, the escalation of collagen types I and III has 
hinged on the number of fibroblasts [62]. The proliferation assay indi-
cated that, compared with the control group, the cell count in the SIS 
group only registered a slight increase. However, when the concentra-
tion of EGCG had exceeded 0.5%, a significant cell count increment was 
observed (Fig. 5E). On the other hand, alongside the expected increase 
in cell numbers, qPCR results also showed that, compared with the 
control group, expression of the Col1a1 gene in the NIH-3T3 cells did not 
increase in the SIS group. By contrast, with the 0.1%–2% E-SIS, there 
was a significant increase by 1.9–5.6 times (Fig. 5F). Similarly, the 
expression of Col3a1 gene also showed a similar trend (Fig. 5G). 

To confirm the collagen expression at the protein level, immuno-
fluorescence staining was carried out. As shown in Fig. 5H-J, there was a 
notable up-regulation of the fluorescence signals in both COL1A1 and 
COL3A1 within the 0.25%–2% E-SIS groups. Likewise, the immune 
microenvironment moderated by the SIS group appeared to influence 
the fibroblasts through its inherent bioactive factors. Nevertheless, it is 
important to note that these results had little or no statistical signifi-
cance, suggesting that the SIS has not contributed positively to the 
wound repair in an inflammatory environment. By contrast, our results 
demonstrated that the immune microenvironment regulated by the E- 
SIS group showed a beneficial effect by positively influencing the 
migration, proliferation, and collagen deposition of the fibroblasts, 
thereby promoting the skin repair effectively. 

3.7. Effects of the immune microenvironment on the HUVECs 

Apart from fibroblasts, vascular endothelial cells also play a critical 
role in wound healing, particularly through their participation in 
angiogenesis from the initial skin injury through to the final phase of 
tissue remodeling [63,64]. During the stage of tissue repair, new capil-
laries emerged within the wound bed together with the granulation 
tissue, initiating the establishment of a temporary matrix [65]. A pro-
fusion of these new capillaries had quickly proliferated in the wound 
bed, forming an extensive capillary network that provided essential 
nutrients and oxygen to the cells within the wound [65]. 

Likewise, factors produced by the macrophages have also exerted a 
great influence on angiogenesis [66]. Herein, the CM derived from 
various patches was utilized to assess the effect of the E-SIS on angio-
genesis through immunomodulation. The transwell assay has demon-
strated that the HUVECs had migrated more effectively in the E-SIS 
compared with the SIS, reaching nearly 400 cells when the E-SIS con-
centration was 0.5% (Fig. 6A and C). Similarly, by the scratch assay, the 
0.5% E-SIS exhibited nearly 100% of mobility after 36 h, surpassing the 
control, the SIS, and other E-SIS groups (Fig. 6B and D). Moreover, the 
effect of the E–SIS–induced immune microenvironment on angiogenesis 
was determined from the transcriptional level. qPCR suggested a pre-
dominant up-regulation of Vegf, Notch, and Hif-1α gene expression pri-
marily in the 0.5% E-SIS group (Fig. 6E-G). The protein expression of the 
VEGF mirrored such findings, with 0.5% E-SIS demonstrating the 
strongest induction effects, as revealed by ELISA and immunofluores-
cent staining (Fig. 6H-I and K). Furthermore, as revealed by the tube 
formation assay (Fig. 6J and L), in comparison to the control group, the 
CM derived from the SIS had exhibited superior angiogenic properties, 
which may be attributed to the retention of bioactive components such 
as VEGF, bFGF, and EGF among others [67]. However, the presence of 
the EGCG had assisted the improvement of the immune microenviron-
ment, thereby further enhancing angiogenesis. Of note, the angiogenesis 
had paramount when the concentration of the EGCG reached 0.5%, and 
a further increase in the concentration had led to a decrease in the 
expression of angiogenesis-related genes. 

Existing research has elucidated that the EGCG could deter tumor 
angiogenesis and metastasis through a dose-dependent reduction of 
VEGF receptor expression without affecting cell viability [62,63]. 
Furthermore, the EGCG can curtail angiogenesis via multiple mecha-
nisms such as miRNA, suppression of angiogenic factors, inhibition of 
receptor phosphorylation, and prevention of VEGF binding with its re-
ceptors [64]. Taken together, these suggested that the SIS patches 
modified with a certain amount of EGCG could foster a beneficial im-
mune microenvironment for angiogenesis. 

3.8. Evaluation of in vivo efficacy 

Through in vitro experiments, we have confirmed that the E-SIS 
possessed satisfying biocompatibility and immunomodulatory effects to 
facilitate the M1-to-M2 transition of the macrophages. Given that the 
0.5% E-SIS has exhibited the best angiogenic effects, whilst, for the other 
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Fig. 6. Effect of immunomodulation on the HUVECs: (A–D) Images of cell migration and quantitative analysis; (E–G) Gene expression of Vegf, Notch and Hif-1α; 
(H&K) Immunofluorescence expression and quantification of VEGF, Scale bar: 400 μm; (I) The levels of VEGF in the HUVECs. (J&L) Images of tube formation and 
quantitative analysis. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001, ****p ＜ 0.0001. 
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perspectives 0.5–2% E-SIS demonstrated equivalent impacts, 0.5% E-SIS 
was selected for the evaluation of in vivo efficacy within a full-thickness 
skin defect model of SD rats and treated with the SIS and E-SIS patches. 
Those with no additional treatment were set as the control. Meanwhile, 
to ascertain the role of macrophages in wound healing, especially from 
the aspect of collagen deposition and angiogenesis, and the 

immunomodulatory effect of the E-SIS patches on these phenomena, a 
macrophage-depletion model was also constructed with liposomal 
clodronate for each treatment (marked as the D-control, D-SIS and D-E- 
SIS groups, respectively). The injection process is shown in Fig. 7A. The 
findings from both the immunofluorescence staining of the spleen and 
flow cytometry of peripheral blood samples suggested that over 70% of 

Fig. 7. Establishment of macrophage depletion in SD rats: (A) Schematic overview of macrophage depletion model establishment; (B–C) Immunofluorescence 
expression and quantitative analysis of CD68 in the spleen of SD rats; (D-E) FC results of SD rat blood CD11b expression and macrophage clearance statistics. , ****p 
＜ 0.0001 
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pan-macrophages (indicated by CD68 and CD11b markers) were 
depleted. This has indicated the successful establishment of the macro-
phage depletion model (Fig. 7B–E). Meanwhile, H&E staining of vital 
organs from each group did not reveal any noticeable pathological 
changes, indicating a favorable in vivo safety profile of both the patches 
and liposomal clodronate (Fig. S7). 

The digital images and trajectory map of the wound at each time 
point are shown in Fig. 8A and C. Although there was no significant 
difference in the healing rate among the groups on day 3, the defect rate 
of the E-SIS group was nearly 30%, while it remained over 50% for the 
other groups by the 7th day (Fig. S8). By day 14, the E-SIS group had 
continued to show superior repairability. Notably, the group without 
macrophage depletion had presented a lower defect rate compared with 
the group with depletion at this point, underscoring the pivotal role of 
the macrophages in the repairing process. To enhance the precision of 
our experimental data analysis, we have adjusted the total defect rate for 
all groups at each time point to one and normalized the data of each 
group by this total. Likewise, the E-SIS group showed a superior healing 
rate compared with the control and the SIS groups (Fig. 8B). 

A histological evaluation was carried out to further clarify the 
healing process. By day 3, H&E staining had shown that inflammatory 
cells were present in all groups. Despite the presence of such cells in the 
macrophage-depleted group, this suggested that other inflammatory 
cells are also involved in the skin repair process (Fig. 8D). By day 7, there 
was minimal epithelial regeneration observed in the E-SIS patch group. 
Re-epithelialization was evident in all groups until 14 days. Remarkably, 
the epithelialization of the patches in the E-SIS group has exhibited 
lower levels compared to both the control and SIS groups (Fig. S9). We 
have postulated that, during the wound healing process, the thickness of 
the epithelium will gradually increase and then decrease, whilst the 
other groups were still at the stage of epidermal thickening. Seven days 
post-surgery, granulation tissue was identified in all groups. The wound 
site of the normal SD rats exhibited more granulation tissue as compared 
with the macrophage depletion group. Among all, the E-SIS group had 
the thickest granulation tissue, measuring over 2000 μm (Fig. 8E). By 14 
days after the surgery, the regeneration of accessory organs was 
observed under high power fields. The count had exceeded 15 in the E- 
SIS group and was approximately 10 in the SIS group, and fewer than 5 
in the control group. Nevertheless, the regrowth of accessory organs was 
hardly perceptible across all macrophage depletion groups (Fig. 8F). 
And only minimal epidermal presence was detected in the depletion 
groups, whereas normal rats only demonstrated regenerated dermis. 

Local inflammation was assessed through immunofluorescent stain-
ing. As shown in Fig. 8G and H, the expression of IL-6 was greater in 
normal rats compared with the macrophage-depleted groups, with the 
exception of the E-SIS group on both 3 and 7 days post-repair. Addi-
tionally, it was observed that the IL-6 expression was highest in the 
control group, which was followed by the SIS group. The E-SIS group 
registered a lower IL-6 expression, implying that the E-SIS has played a 
significant role in anti-inflammatory capacity. By contrast, the expres-
sion of CD163 was lower in macrophage-depleted rats compared with 
normal rats. On day 3, the SIS and E-SIS groups exhibited higher CD163 
expression than the control group, with no discernible difference be-
tween the SIS and E-SIS groups. This suggested that the SIS has a certain 
influence on the polarization of macrophages to the M2 type. However, 
on day 7, the E-SIS group demonstrated the highest CD163 expression, 
surpassing that of the SIS and control groups (Fig. 9A and B). Above 
findings suggested that the E-SIS can effectively promote the phenotypic 
transition of the macrophages and foster a favorable immune 
microenvironment. 

To assess the impact of the immune microenvironment created by 
the E-SIS on wound healing, we have conducted further studies to 
measure the collagen synthesis in each group. Masson staining suggested 
that, on day 7, collagen deposition was scarce among all groups, with the 
normal rat group outpacing the macrophage depletion group (Fig. 9C 
and D). Among the normal rats, those in the E-SIS group have shown 

superior collagen deposition compared with the other groups. By day 14, 
both the normal and macrophage-depleted rats exhibited increased 
collagen deposition. Again, the normal rat group showed more collagen 
deposition than the macrophage depletion group, with the E-SIS group 
emerging as the most dominant. Furthermore, Sirius red staining was 
employed to identify the collagen components (Fig. 9E and F). On days 7 
and 14, no significant difference was found in the ratio of COL III/COL I 
between the control and SIS groups. However, a significant difference 
was observed with the E-SIS group, which displayed a higher ratio of 
COL III expression compared with the other groups. Conversely, all 
groups of macrophage-depleted rats showed a lower COL III expression. 
With regard to angiogenesis, CD31 staining immunofluorescence indi-
cated a higher count of neovascularization in normal rats compared with 
the macrophage-depleted group on days 7 and 14 (Fig. 9G and H). 
Furthermore, the E-SIS group had consistently shown optimal angio-
genesis at each time point. Simultaneously, a gradual increase in lumen 
size was observed in normal rats. This has contrasted with macrophage- 
depleted group which has shown no significant vessel enlargement. 

Collectively, in the present study, a novel E-SIS patch was fabricated 
to improve its therapeutic efficacy as a wound dressing for the treatment 
of skin wounds. The modified E-SIS patch not only preserved original 
features such as biocompatibility, bacterial barrier, moisture retention, 
and bioactivities, but also presented ease of application and provided a 
reduction in secondary damage caused by recurring dressing changes. 
Remarkably, the introduction of the EGCG has conferred the patch with 
antioxidant and immunoregulatory capabilities. Moreover, by 
improving the microenvironment, the patch has expedited collagen 
deposition and angiogenesis, thus accelerated the restoration of the skin. 
Nevertheless, this study also has some limitations. Firstly, the color of 
the E-SIS has become deeper after modification, which has impeded 
real-time observation of wound healing. Secondly, the poor water ab-
sorption of the E-SIS was not conducive to the healing of wounds with 
high exudate. Additionally, treatment of special wounds with the E-SIS 
membrane may demand specific techniques to ensure adequate adhe-
sion and coverage, which may present a challenge for healthcare pro-
viders who are unfamiliar with its usage. Finally, although we indirectly 
reflected the antioxidant capacity of E-SIS through immunological in-
dicators in vivo experiments, local oxidative stress levels were not tested. 

4. Conclusion 

The application of SIS benefits from its high inducible biological 
activity and mechanical support. Nevertheless, the use of an SIS has been 
restricted due to its inadequate immunomodulatory properties. To 
overcome this, we have incorporated EGCG into the SIS. The E-SIS not 
only exhibited improved hydrophily for effective cell adhesion but also 
governed a sustained release of EGCG. In vitro, experiments further 
revealed that E-SIS can suppress the inflammatory response and pro-
mote the transition of macrophages from M1 to M2 types. Moreover, the 
E-SIS exhibited remarkable anti-oxidative stress capability, which alle-
viates oxidative stress damage. Through the enhancement of the local 
microenvironment, the E-SIS significantly promotes proliferation, 
migration, and collagen synthesis as well as angiogenesis during tissue 
repair. The critical roles of an E–SIS–induced immune microenviron-
ment in tissue repair and regeneration were further validated through in 
vivo experiments. Depletion of macrophages notably affected the tissue 
repair process, diminished the therapeutic efficacy of the E-SIS, and 
impeded skin regeneration. In conclusion, through this study, we have 
presented a simple yet effective method to equip the SIS with immu-
nomodulatory capabilities, thereby expanding its applications in wound 
care. 
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Fig. 8. Evaluation of the therapeutic effect of the E-SIS in vivo: (A–C) Wound healing and quantitative analysis; (D) HE staining and (E) thickness of granulation tissue 
and (F) Regeneration of appendages, yellow arrow indicated inflammatory cells and yellow star indicated appendages, Scale bar = 1 mm (upper panel) and 400 μm 
(lower panel); (G) Results of immunofluorescence staining and (H) quantitative analysis of IL-6 around the wound. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 
0.001, ****p ＜ 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Abbreviations 

SIS Small intestinal submucosa 
EGCG Epigallocatechin gallate 
ECM Extracellular matrix 
ROS Reactive oxygen species 
LPS Lipopolysaccharide 

Fig. 9. Evaluation of the therapeutic effect of the E-SIS in vivo: (A) Results of immunofluorescence staining and (B) quantitative analysis of CD163 around the wound; 
(C) Results of Masson staining and (D) quantitative analysis; (E) Results of Sirius red and (F) quantitative analysis; (G–H) Number and quantification of CD31 during 
the wound healing. ns: p ≥ 0.05, *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001, ****p ＜ 0.0001. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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CCK-8 Cell counting kit-8 
SDS Sodium dodecyl sulfate 
OPA O-Phthalaldehyde 
WCA Water contact angle 
HUVECs Human umbilical vein endothelial cells 
DMEM Dulbecco’s Modified Eagle Medium 
F-12 Nutrient Mixture F-12 
FBS Fetal bovine serum 
CM Conditioned medium 
qPCR Real-time quantitative PCR 
ELISA Enzyme linked immunosorbent assay 
DPPH 1,1-Diphenyl-2-picrylhydrazyl 
CAT Cathepsin 
MDA Malondialdehyde 
DCFH-DA 2,7-dichlorofluorescein diacetate 
CAT Catalase 
Col1a1 Collagen type I alpha 1 chain 
Col3a1 Collagen type III alpha 1 chain 
Vegf Vascular endothelial growth factor 
Hif-1α Hypoxia-inducible factor 1α 
H&E Hematoxylin and Eosin 
PBS Phosphate buffer saline 
Il-10 Interlekuin-10 
Arg-1 Arginase-1 
Il-1β Interlekuin-1β 
Il-6 Interlekuin-6 
iNOS Inducible nitric oxide synthase 
Tnf-α Tumor necrosis factor-α 
ANOVA Analysis of variance 
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