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A B S T R A C T

Chronic hard-to-heal wounds pose a significant threat to patients’ health and quality of life, and their clinical 
management remains a challenge. Adipose-derived stem cell exosomes (ADSC-exos) have shown promising re
sults in promoting diabetic wound healing. However, effectively enhancing the retention of exosomes in wounds 
for treatment remains a key issue that needs to be addressed. There is a pressing need to develop new materials or 
methods to improve the bioavailability of exosomes. Porcine pericardium, an extracellular matrix-rich tissue, is 
easily obtainable and widely available. Decellularized porcine pericardium removes cellular components while 
retaining an extracellular matrix that supports cellular growth, making it an ideal raw material for preparing 
wound dressings. In this study, we developed porcine pericardial decellularized matrix bilayer patches loaded 
with ADSC-exos, which were transplanted into diabetic mouse skin wounds. Histological and immunohisto
chemical analyses revealed that these bilayer matrix patches accelerate wound healing by promoting granulation 
tissue formation, re-epithelialization, stimulating vascularization, and enhancing collagen production. In terms 
of the underlying biological mechanism, we found that decellularized extracellular matrix bilayer patches loaded 
with ADSC-exos enhanced the proliferation and migration of human dermal fibroblasts (HDFs) and HaCaT cells 
in vitro, and promoted tube formation in human umbilical vein endothelial cells (HUVECs). This research 
demonstrated that the porcine pericardial decellularized matrix is well-suited for exosome delivery and that 
these bilayer patches hold great potential in promoting diabetic wound healing, providing evidence to support 
the future clinical application of ADSC-exos.

1. Introduction

Chronic hard-to-heal wounds threaten patients’ health and quality of 
life, and their clinical management remains challenging [1]. Among 
them, due to diabetic wounds in the inflammatory stage of stagnation or 
infection, the wound will evolve into a chronic diabetic hard-to-heal 
wounds [2], seriously affecting the patient’s daily life, and in severe 
cases even lead to amputation and death. Currently, wound dressings, 
debridement surgery, laser therapy, negative pressure wound therapy 
[3], and hyperbaric oxygen are used for symptomatic management of 
wounds in clinical practice [4], but there are many drawbacks, such as 
limited supply, high manufacturing costs, severe inflammatory 

reactions, various disease risks, and the quality of wound healing is not 
high enough [5], and the ideal wound dressing has not yet been devel
oped [6].

As an emerging therapeutic approach in regenerative medicine, stem 
cell-based tissue regeneration research has received widespread atten
tion. The goal of stem cell therapy is to restore or replace dysfunctional 
tissues and organs through stem cell pluripotency, self-renewal, and 
regenerative cytokine secretion [7]. Compared with the direct use of 
stem cells, the use of exosomes for wound treatment has the advantages 
of low immunogenicity, easy storage and quantification [8]. However, 
how to optimize its extraction protocol and use effect has been a difficult 
problem in the study of exosomes [9], so there is a need to develop new 
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materials or methods to improve the yield and bioavailability of exo
somes to maximize their therapeutic effects. Adipose stem cell-derived 
exosomes (ADSC-exos) contain a variety of proteins and genetic mate
rial associated with tissue regeneration and wound healing [10]. Several 
studies have shown that ADSC-exos can accelerate cutaneous wound 
repair by participating in inflammation [11], angiogenesis [12,13], cell 
proliferation and extracellular matrix remodeling [14], as well as alle
viating oxidative stress in the wound microenvironment [15]. In our 
previous study, we found that ADSC-exos can promote wound healing by 
regulating apoptosis and autophagy [16].

Decellularization is an emerging biomaterial preparation method in 
tissue engineering [17], which involves the removal of cellular com
ponents from biological tissues or organs to obtain a protein matrix for 
cell growth [18], which is ideal raw material for the preparation of 
wound dressings [19]. In many current studies on tissue regeneration, 
decellularized matrices of cardiac origin are attractive because they 
retain key molecules for wound healing, such as collagen, elastin, 
fibronectin and pro-angiogenic factors (ANG-1, ANG-3, CCN1, FGF-1, 
FGF-2, leptin, MMP-9, NOV, SDF-1 and VEGF -β) [20], which not only 
accelerates wound re-epithelialization to accelerate wound closure [21], 
but also improves healing quality by increasing collagen deposition and 
maturation. Porcine pericardium is an extracellular matrix dense tissue 
that is easily accessible and widely available [22,23]. Studies have 
shown that one of the major advantages of pericardium in the devel
opment of decellularized biomaterials is the high content of type I 
collagen, which is about 47 % [24]. In addition, the pericardium portion 
is sparsely populated with cells, a feature that allows for easy removal of 
biologic factors, such as DNA, from the tissue [25].

In this study, we prepared a porcine pericardial decellularized ma
trix, extracted adipose-derived stem cell exosomes by ultracentrifuga
tion, and then combined collagen containing adipose-derived stem cell 
exosomes to form a bilayered patch, which exhibited good physical 
properties and biocompatibility. In skin cells, the patch could slowly 
release exosomes and promote cell proliferation, migration and tube 
formation. Next, we evaluated the therapeutic effect of the bilayer patch 
on wounds in diabetic mice. Overall, we provide a promising strategy for 
the application of exosomes in wound healing, and our patch can 
effectively promote angiogenesis, collagen deposition, re- 
epithelialization, cell proliferation and migration, and ultimately 
accelerate wound healing.

2. Materials and methods

2.1. Clinical specimen and animal ethics

6-8-week-old C57BL/6J male mice were provided by the Laboratory 
Animal Center of Peking University Third Hospital. Human subcutane
ous fat aspirates were obtained from healthy females undergoing lipo
suction at the Third Hospital of Peking University after written informed 
consent was obtained, and all protocols were approved by the Ethics 
Committee of the Third Hospital of Peking University (Ethical approval 
number: M2022400). All animal experiments were approved by the 
Institutional Animal Care and Use Committee of the Third Hospital of 
Peking University and were performed according to the guidelines of the 
National Health Medical Research Council (Ethical approval number: 
A2022057).

2.2. Extraction and characterization of adipose stem cells and their 
exosomes

Fat aspirates obtained during liposuction were digested with 1 mg/ 
mL of type I collagenase (Cellvis, 200110-50, USA) for 30 min at 37 ◦C in 
a shaking incubator. After digestion, the sample was filtered through a 
200-mesh cell filter, and the resulting adipocyte suspension was 
centrifuged at 800 g for 5 min. The cell pellet at the bottom was then 
resuspended in PBS. After an additional centrifugation for 5 min, the cell 

pellet was resuspended in culture medium (DMEM/F12; Hyclone) sup
plemented with 10 % fetal bovine serum (FBS, C04001-050X10, Lab
lead, China) and 1 % penicillin-streptomycin (Hyclone). The cells were 
incubated at 37 ◦C with 5 % CO2. Upon reaching 80 % confluence, the 
adipose-derived stem cells (ADSCs) were passaged, and cells from pas
sages 3 to 5 were used in this study.

The extracted stem cells were tested for pluripotency via flow 
cytometry and their ability to undergo tri-lineage differentiation. Adi
pose stem cells from the 3rd generation were used, and after digestion, 
the cells were resuspended in an appropriate amount of PBS (FG701-01, 
Transgen Biotech, Beijing, China). The cells were divided into five 1.5 
mL EP tubes at a concentration of 1 × 10⁶ cells per tube. The tubes were 
centrifuged at 1000 g for 3 min, and the supernatant was discarded. The 
cell pellets were incubated for 30 min at 4 ◦C, protected from light, in 
100 μL of PBS. Next, 100 μL of PBS containing CD29, CD44, CD73, CD34, 
CD14, and CD45 antibodies was added to each tube. The samples were 
thoroughly mixed and incubated for 30 min at 4 ◦C in the dark. After 
incubation, the cells were centrifuged at 1000 g for 3 min, the super
natant was discarded, and the cells were washed twice with PBS. After a 
final centrifugation at 1000g for 3 min, the supernatant was removed. 
The cells were resuspended in 200 μL of PBS and analyzed using a flow 
cytometer (CytoFLEX S, Beckman). For the identification of adipogenic, 
osteogenic, and chondrogenic differentiation, 70–80 % confluent 3rd- 
generation adipose stem cells were seeded in 6-well plates. The cells 
were induced using lineage-specific induction media, stained for 10 min, 
and subsequently observed and photographed under a microscope.

Isolationand characterization of ADSC-exos: ADSCs were cultured in 
serum-free medium for 48 h to collect the cell supernatant. The super
natant was centrifuged at 1000 g for 10 min to remove dead cells. The 
remaining supernatant was then centrifuged at 6000 g for 6 min to 
eliminate cellular debris, followed by centrifugation at 12,000 g for 30 
min to remove macromolecules. Finally, the sample was centrifuged at 
100,000 g for 120 min. Exosomes were pelleted at the bottom of the 
ultracentrifuge tubes, and the supernatant was carefully aspirated. The 
exosome pellet was resuspended in 300 μL of PBS. The suspension was 
aliquoted into small centrifuge tubes and stored at − 80 ◦C for later use. 
Before use, the exosomes were filtered through a 200 nm microporous 
membrane. The size of the purified exosomes was determined using a 
nanoparticle tracking analyzer (NS300, Malvern). The presence of 
CD63, CD81, and TSG101 proteins in the exosomes was confirmed by 
Western blot analysis. ADSC-exos were labeled with PKH26 Red Fluo
rescent Cell Linker Kit, according to the manufacturer’s instructions 
(D0030, Beijing Solarbio Science & Technology Co., Ltd. China). The 
protein concentration of the exosomes was quantified using the Bicin
choninic Acid (BCA) Assay Kit (Beyotime, China). The ultrastructure of 
the extracellular vesicles was observed using transmission electron mi
croscopy (TEM) with a Libra 120 instrument (Zeiss).

2.3. Cell proliferation, migration and tube formation experiments

Human keratinocytes (HaCaT), human umbilical vein endothelial 
cells (HUVECs), and human dermal fibroblasts (HDFs) were obtained 
from the Peking Union Medical College Cell Bank. All cell types were 
cultured in DMEM supplemented with 5 % fetal bovine serum (FBS, 
Shanghai Lian Shuo Biotechnology Co., Ltd.) and 1 % penicillin- 
streptomycin (Hyclone) at 37 ◦C in a 5 % CO2 atmosphere.

For the cell proliferation assay, HaCaT and HDF cells were seeded at 
a density of 5 × 10³ cells per well in 96-well culture plates, with 100 μL 
of the culture medium added to each well. The cells were stimulated 
with 0, 10, 30, or 50 μg/mL of ADSC-exosomes (ADSC-exos) for 1, 3, or 5 
days, respectively. Cell proliferation activity was measured using the 
Cell Counting Kit-8 (CCK-8, AKCE001-1, Beijing Boxbio Science ＆ 
Technology Co.,Ltd., China), and absorbance at 450 nm was recorded 
using a microplate reader.

For the Transwell experiments, cells were seeded at a density of 2 ×
10⁵/mL. A total of 600 μL of complete medium containing 0, 10, 30, or 
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50 μg/mL of exosomes was added to the lower chamber of a 24-well 
plate (AXYPCR24B, Corning, China). The Transwell insert (KTA5010, 
Abbkine, Wuhan,China) was carefully placed into the 24-well plate 
using tweezers, and 200 μL of the cell suspension was added to the upper 
chamber. The plate was then incubated for 48 h. After incubation, cells 
in the upper chamber were carefully removed by blotting them with 
tweezers.

To assess migration, the chambers were carefully removed, and the 
medium from the upper chamber was aspirated. The cells in the Matrigel 
and upper chamber were gently wiped away with a cotton swab. The 
chambers were then transferred to a new 24-well plate containing 600 
μL of 4 % paraformaldehyde for fixation for 20–30 min. After fixation, 
the chambers were moved to wells containing approximately 800 μL of 
0.2 % crystal violet solution for staining, which was pre-added to the 
wells. The chambers were stained for 30 min. Excess crystal violet was 
removed, and the upper side of the chambers was gently wiped with a 
cotton swab to eliminate non-specifically bound dye, facilitating cell 
counting in subsequent microscopic examinations.

Tube formation was assessed using the Matrigel method. Briefly, 50 
μL of Matrigel matrix (BD Biosciences, San Jose, CA, USA) was added to 
each well of a 96-well plate and incubated at 37 ◦C to allow the gel to 
form. After 24 h of serum starvation, cells were seeded into the 96-well 
plate at a density of 5000 cells per well, and 100 μL of medium was 
added to each well. The cells were then stimulated with 0, 10, 30, and 
50 μg/mL of ADSC-exosomes (ADSC-exos) for 24 h, and tube formation 
was observed under a microscope. The number of nodes, junctions, and 
meshes formed by the tubes in each field was quantified using ImageJ 
software.

2.4. Preparation of exosome-containing collagen-bound porcine 
pericardial decellularized extracellular matrix (dECM) bilayer patches

The lower layer of the composite patches was prepared using the 
decellularized extracellular matrix (dECM) from porcine pericardium as 
follows: The pericardium was carefully removed from the surface of 
fresh porcine hearts and soaked in Neosporin broad-spectrum disinfec
tant for 15 h. After soaking, the pericardium was treated with 3.0 % (by 
mass) acetone for 24 h to remove fat and fat-soluble impurities. It was 
then decellularized using 0.1 % (by mass) Triton X-100 (Cat 
No.1271889, Leyan, Shanghai, China) and pepsin under ultrasound at 
30 kHz for 48 h to remove cells and cellular debris from the tissue. The 
decellularized pericardium was then treated with an amide active re
agent at pH 7 for 48 h, followed by guanidine hydrochloride (8 mol/L) 
for 24 h to disrupt hydrogen bonds in collagen molecules and further 
remove fat and fat-soluble impurities. Collagen in the pericardium was 
crosslinked using polyethylene glycol (0.5 % by mass) at pH 7 for 48 h. 
The collagen-treated pericardium was freeze-dried at 10 Pa for 72 h. 
After drying, the decellularized pericardium matrix was sterilized using 
γ-radiation at a dose of 30 kGy.

The upper layer of the patches was made using rat tail type I 
collagen, either encapsulating or not encapsulating 50 μg of adipose 
stem cell exosomes. The following items were placed on ice: collagen I, 
sterile 10 × PBS, sterile distilled water, and sterile 1 M NaOH. Following 
the reagent instruction manual, NaOH and 10 × PBS were added to the 
collagen I to adjust the pH to 7. The collagen mixture was then applied to 
the lower decellularized pericardial membrane and allowed to solidify 
at room temperature for 30 min.

2.5. DNA content testing and H&E staining

The DNA content of the porcine pericardium before and after 
decellularization was measured using the Tissue DNA Kit (AA0901-A, 
Shandong Sparkjade Biotechnology Co., Ltd., China). Hematoxylin and 
eosin (H&E) staining was performed to verify the complete removal of 
cells from the decellularized pericardium.

2.6. Scanning electron microscope (SEM)

The microstructure of the decellularized pericardium and the pre
pared bilayer patches was observed using scanning electron microscopy 
(SEM, EVO 10, Zeiss). Additionally, exosomes were loaded onto circular 
bilayer matrix patches with a diameter of 1 cm, and the presence of 
exosome particles on the patches was subsequently detected by SEM.

2.7. Tensile modulus testing

The prepared bilayer matrix patches, which incorporated decellu
larized pericardium, were trimmed into rectangular shapes measuring 
10 mm in length and 5 mm in width. The tensile modulus of the patches 
was evaluated using a biomechanical testing machine (MX 0580, 
Moshin). An initial force of approximately 0.1 N was applied to each 
sample, with a tensile speed of 2 mm/min. The resulting loads and 
displacements were recorded and plotted as stress-strain curves. Each set 
of samples consisted of six parallel groups to ensure reproducibility of 
the experiments.

2.8. Swelling ratio and degradation rates

For the swelling ratio assay, 15 mg of each bilayer matrix patch and 
decellularized pericardium were weighed and incubated in PBS at 37 ◦C 
for 4 h. Measurements were taken at time intervals of 0, 3, 9, 12, 15, 18, 
24, and 27 h to assess the water absorption capacity of the patches. For 
the degradation rate assay, the patches were incubated in a collagenase 
solution (50 mg/mL collagenase I in 1 × PBS, pH 7.4) at 37 ◦C for 0, 2, 4, 
6, 12, and 24 h, and in vitro degradation was observed. The patches were 
removed at each time point, dried, and weighed.

2.9. In vitro release of exosomes

The micro BCA kit (BioWorks, C503061-1250, China) was used to 
determine the encapsulation rate and release of exosomes in the bilayer 
patches, with bilayer patches without exosomes serving as the control. 
The protein concentrations for the standard curve were prepared ac
cording to the kit instructions. The average A562 value for each tube in 
the standard group was plotted on the vertical axis, and the corre
sponding protein concentration on the horizontal axis, to create the 
standard curve, either on graph paper or using Microsoft Excel. Based on 
the average A562 values from two dilutions of the same sample, the 
protein concentration of the diluted sample was calculated using the 
standard curve. The final protein concentration of the original sample 
was then determined by factoring in the appropriate dilution factor.

2.10. Cell growth and adhesion

Confocal microscopy was used to observe the growth of cells on the 
bilayer patches. Human skin fibroblasts, keratinocytes, and human 
umbilical vein endothelial cells (HUVECs) were cultured in serum-free 
medium for 1, 3, and 7 days. The cells were stained with FITC-Ghost 
Pen Cyclic Peptide and DAPI. Human skin fibroblasts, keratinocytes, 
and HUVECs were added to the matrix patches at a density of 2 × 10⁵ 
cells/well. Cell adhesion was assessed by counting the cells attached to 
the matrix patches after incubation in serum-free medium for 4, 6, 8, 12, 
and 24 h. The adhesion of the cells to the patches was observed.

HUVECs and human skin fibroblasts were lysed using RIPA lysis 
buffer supplemented with a protease inhibitor cocktail (P8340, Sigma, 
USA). The wound and surrounding skin tissue were also lysed using 
RIPA lysis buffer. After suspension in SDS loading buffer and heating at 
95 ◦C for 10 min, 25 μL of the samples were loaded onto an SDS-PAGE 
gel and electrotransferred to PVDF membranes (E802-01, Vazyme, 
Vazyme Biotech Co.,Ltd, China). The membranes were blocked with 
TBST containing 5 % nonfat dry milk at room temperature for 1.5 h, 
followed by incubation with primary antibodies at the indicated 
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dilutions overnight at 4 ◦C. The primary antibodies used were as follows: 
Ki67 (13180-T48, Sino Biological Inc, China), 1:500; VEGF (ab32152, 
Abcam, USA), 1:2000; Atp1a2 (ab166888, Abcam, USA), 1:2000; Calm4 
(CSB-PA004454GA01HU, Cusabio), 1:1000; Gngb1 (PA5-101543, Invi
trogen), 1:1000; GAPDH (#2118S, CST), 1:1000. After incubation with 
HRP-linked mouse anti-rabbit secondary antibody (#ab99697, Abcam) 
for 1 h at room temperature, the PVDF membranes were visualized using 
an ECL chemiluminescence kit (E1050, LabLead, China) and imaged 
using the TANON 5200 Multi (TANON, Beijing, China).

2.11. Construction of wounds model in diabetic mice

C57BL/6J mice were divided into five groups of six mice each. After 
one week of acclimatization, the mice were fed a high-fat diet for one 
week and then intraperitoneally injected with streptozotocin (60 mg/ 
kg) to induce a diabetes model. Mice with blood glucose levels ≥16.8 
mmol/L, maintained for two weeks, were considered diabetic and used 
for subsequent experiments. Prior to wound creation, the mice were 
injected with the catalase inhibitor 2-amino-1,2,4-triazole (ATZ) at 1 g/ 
kg and allowed to rest for 20–30 min. The dorsal skin of each mouse was 
sterilized, and a circular wound with an average diameter of 10 mm was 
created using a skin punch. The wounds were photographed immedi
ately after formation, then topically treated with the glutathione 
peroxidase inhibitor mercaptosuccinic acid (MSA). After 5 min, the 
defects were gently wiped with sterile gauze, rinsed with 5 mL of sterile 
saline, and covered with dressings. Body weight and blood glucose levels 
were monitored two weeks before and throughout the experiments. This 
procedure was used to establish a mouse model of difficult-to-heal 
wounds.

The mice were divided into non-diabetic and diabetic groups. 6 non- 
diabetic mice in the normal group were not subjected to diabetic model 
construction. Wounds were prepared as follows: 24 diabetic mice were 
divided into four groups (n = 6 per group). In the PBS group, wounds 
were washed with PBS. In the exosomes group, wounds were treated 
with adipose stem cell-derived exosome suspensions applied to the skin 
around the wounds. In the bilayer matrix patches group, wounds were 
covered with bilayer matrix patches that did not contain exosomes. In 
the exosome-containing bilayer matrix patches group, wounds were 
covered with bilayer matrix patches that contained exosomes. Wound 
regeneration was observed on days 0, 3, 7, 10, and 14 after treatment. 
During the experiment, wounds were treated with exosomes or bilayer 
matrix patches every two days. At the end of the experiment, the wound 
area was measured and recorded, and the wound closure index was 
calculated.

2.12. Intra-tissue delivery efficiency and biodistributions of exosomes

According the previous study’s method [26], adding 2 μL of PKH-26 
to 500 μL of Diluent C, mix thoroughly by pipetting with 100 μL of 
ADSCs-Exo at a concentration of 1 μg/μL, and stain at room temperature 
for 5 min. Add 500 μL of 1 % BSA to stop the staining reaction, then add 
10 mL of sterile PBS, centrifuge at 120,000 g for 2 h at 4 ◦C to remove 
excess dye. Resuspend the PKH-26-labeled ADSCs-Exo in 100 μL of 
sterile PBS. Next, load 50 μg of PKH-26-labeled ADSCs-Exo and 50 μg of 
FITC-labeled liposomes onto a bilayer membrane patch, and transplant 
it onto the skin defect of diabetic mice. The mice will be sacrificed on 
days 1, 3, 7, and 14. The liver, kidneys, spleen, and full-thickness skin, 
extending 5 mm around the wound, will be completely excised, fixed in 
4 % paraformaldehyde, embedded in OCT, and sectioned into 5 μm thick 
frozen sections. The sections will be mounted with anti-fluorescence 
quenching mounting medium containing DAPI, and observed under a 
fluorescence microscope for imaging and documentation.

2.13. Antibacterial assay of pericardial decellularized matrix bilayer 
patch

The disc diffusion test was used to obtain the antibiogram of the 
pericardial decellularized matrix bilayer patch. This test was performed 
on both native pericardial tissue and dECM. Staphylococcus aureus was 
cultured on Müller-Hinton agar, following the method described in a 
previous study [27]. The native pericardial tissue and dECM were placed 
in the culture medium using sterile forceps, and the plates were incu
bated at 37 ◦C for 24 h. Subsequently, the clear zone of inhibition was 
measured.

To determine whether the pericardial decellularized matrix bilayer 
patch exhibits antibacterial effects in vivo, on the days 10, we 
completely removed the wound from the back of the mice. First, the 
wound was washed with saline to remove surface impurities and scabs. 
Then, bacteria from the interior of the wound were extracted using ul
trasonic vibration and cultured on Müller-Hinton agar at 37 ◦C. After 24 
h, the number of bacterial colonies from different groups was counted on 
the culture plates.

2.14. Histology and immunohistochemical staining

The wound area, including the surrounding skin, was collected at 7 
and 14 days postoperatively. The samples were fixed in 4 % para
formaldehyde, dehydrated, embedded in paraffin, and cut into 5 μm 
sections. These sections were stained with hematoxylin and eosin (H&E) 
and Masson’s trichrome according to the manufacturer’s instructions. 
H&E staining was used to assess inflammatory cell infiltration, while 
Masson’s trichrome staining was utilized to evaluate collagen content 
and maturation in the wound bed. Granulation tissue thickness and 
epithelial formation length were measured on postoperative days 7 and 
14 using image analysis software, and the area positive for collagen 
synthesis was quantified.

To further examine wound vascularization, blood vessel formation 
was identified by immunohistochemical staining for CD31. Additionally, 
to evaluate dECM production and remodeling during the wound healing 
process, collagen expression was assessed by immunohistochemical 
staining for collagen III and collagen I. For immunohistochemistry, 
sections underwent antigen retrieval, followed by overnight incubation 
with the primary antibody. The sections were then incubated with the 
secondary antibody for 30 min, stained with diaminobenzidine and 
hematoxylin, dehydrated, cleared, and sealed.

2.15. RNA sequencing (RNA-seq)

RNA samples from wound skin’s cell suspension of three mouse in 
the PBS group, three in the exosomes group, three in the dECM +
collagen group and three in the dECM + collagen + Exo group, were 
prepared for general transcriptome RNA sequencing data. The RNA 
samples were extracted by the Trizol method. RNA-seq was performed 
by PTM BIO Services (Beijing, China). RNA-seq was performed on the 
Illumina NovaSeq 6000 platform. The edge package in R package 
DESeq2 was used to screen out the diferently expressed genes with the 
threshold: p-value <0.05 and Log2 Fold Change (FC) ≥ 1.

2.16. Western Blotting

The wound and surrounding skin tissue were also lysed using RIPA 
lysis buffer. After suspension in SDS loading buffer and heating at 95 ◦C 
for 10 min, 25 μL of the samples were loaded onto an SDS-PAGE gel and 
electrotransferred to PVDF membranes (E802-01, Vazyme, Biotech Co., 
Ltd, China). The membranes were blocked with TBST containing 5 % 
nonfat dry milk at room temperature for 1.5 h, followed by incubation 
with primary antibodies at the indicated dilutions overnight at 4 ◦C. The 
primary antibodies used were as follows: Atp1a2 (ab166888, Abcam, 
USA), 1:2000; Calm4 (CSB-PA004454GA01HU, Cusabio), 1:1000; 
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Gngb1 (PA5-101543, Invitrogen), 1:1000; GAPDH (#2118S, CST), 
1:1000. After incubation with HRP-linked mouse anti-rabbit secondary 
antibody (#ab99697, Abcam) for 1 h at room temperature, the PVDF 
membranes were visualized using an ECL chemiluminescence kit 
(E1050, LabLead, China) and imaged using the TANON 5200 Multi 
(TANON, Beijing, China).

2.17. Immunofluorescence staining

At day 7, the wound were excised to prepared paraffin sections. 
sections were incubated with Rabbit polyclonal or monoclonal anti
bodies against CD206 (orb4941, Biorbyt), iNOS (ab283655, Abcam, 
UK), F4/80 (ab300421, abcam, USA) at 4 ◦C overnight, and then incu
bated with species-matched 488-conjugated secondary (#ab150077, 
abcam, USA), 647-conjugated secondary antibodies (#ab150115, 
abcam, USA), and the nuclei were counterstained with DAPI at room 
temperature for 15 min.

2.18. Quantitative real-time polymerase chain reaction (RT-qPCR)

Total RNA was extracted using commercial reagent (AC0205-B, 
Shandong Sparkjade Biotechnology Co., Ltd). Complementary DNA was 
reverse-transcribed using a ReverTra Ace qPCR kit (Toyobo, Osaka, 
Japan). RT-qPCR was performed using TransStart® Tip Green qPCR 
SuperMix (AG11732, ACCURATE BIOTECHNOLOGY(HUNAN）CO., 
LTD, ChangSha, China) for the following genes:

cd86, forward 5′-ACGTATTGGAAGGAGATTACAGCT-3′ and reverse 
5′-TCTGTCAGCGTTACTATCCCGC-3’;

arg-1, forward 5′-CATTGGCTTGCGAGACGTAGAC-3′ and reverse 5′- 
GCTGAAGGTCTCTTCCATCACC-3’;

il-6, forward 5′-TACCACTTCACAAGTCGGAGGC-3′ and reverse 5′- 
CTGCAAGTGCATCATCGTTGTTC-3’;

cd163, forward 5′-GGCTAGACGAAGTCATCTGCAC-3′ and reverse 5′- 
CTTCGTTGGTCAGCCTCAGAGA-3’; Relative gene expression was 
normalized to the housekeeping gene glyceraldehyde-3-phosphate de
hydrogenase (gapdh) by the 2-ΔΔCt method.

2.19. Statistical analysis

GraphPad Prism v9 (GraphPad Software, San Diego, USA) was used 
to perform statistical analyses and create graphs. Ordinary one-way 
ANOVA, including multiple comparison tests, and t-tests were used for 
statistical analysis. p < 0.05 *, p < 0.01 ** and p < 0.001 *** were 
considered to be statistically significant, and ns represented non- 
significance.

3. Results

3.1. Characterization and in vitro effect of adipose stem cell exosomes

3.1.1. Characterization of adipose stem cells and their exosomes
The adipose stem cells isolated from the P3 generation using enzy

matic digestion were purer and more stable in proliferation, and most of 
the cells showed a long shuttle shape (Fig. 1A). During the process of 
induced differentiation of ADSCs to adipocytes, the cells gradually 
shifted from a long shuttle shape to an ovoid shape, and the number of 
lipid droplets increased with the prolongation of the incubation time. On 
the 14 day of induction, these oval-shaped cells were stained red using 
oil red O staining, confirming that the isolated ADSCs had a propensity 
to differentiate into adipocytes. ADSCs were also cultured in a chon
drogenic differentiation-inducing solution for 21 days. After staining 
with alcian blue, a typical oval chondrocyte morphology was observed 
under the microscope, with all cells stained blue, indicating that the 
isolated ADSCs could also differentiate into chondrocytes. Furthermore, 
ADSCs were cultured in an osteogenic differentiation induction solution 
for 21 days. Upon microscopic observation after alizarin red staining, 

extracellularly deposited calcium nodules were evident, appearing 
crimson (Fig. 1A), which confirmed that the isolated ADSCs had the 
potential to differentiate into osteoblasts. These results highlight the 
multidirectional differentiation potential of the isolated adipose stem 
cells.

ADSCs of the third generation were selected and the expression of 
ADSCs surface markers was examined by flow cytometry. The results 
showed that almost all ADSCs highly expressed MSC markers (CD73, 
CD166, CD44, with 98.24 %, 98.18 %, and 99.10 %, respectively, while 
the expression of hematopoietic stem cell markers (CD34, CD14, and 
CD45) was only 1.60 %, 5.73 %, and 1.14 %, respectively, suggesting 
that the isolation of the highly pure of ADSCs (Fig. 1B).

Transmission electron microscopy (TEM) of adipose stem cell- 
derived ADSC-exosomes isolated by ultracentrifugation revealed that 
the exosome particles had a cup-shaped appearance, exhibited a round 
vesicle-like structure, and possessed a lipid bilayer membrane (Fig. 1C). 
Western blot analysis showed significant expression of the trans
membrane proteins CD63, CD81, and TSG101 in the exosomes (Fig. 1D). 
Particle size analysis of the supernatants from ADSC cells indicated that 
the highest concentration of particles measured 120 nm, with an average 
particle size of 85 nm and a concentration of 3.2 × 107 particles/mL 
(Fig. 1E). These findings confirm the high purity of our extracted 
exosomes.

3.1.2. In vitro effects of adipose stem cell exosomes on fibroblasts, 
keratinocytes and umbilical vein endothelial cells

The CCK-8 kit was used to assess the effects of different concentra
tions of exosomes on the proliferative abilities of human skin fibroblasts 
and keratinocytes at various time points. Concentrations of 30 μg/mL 
and 50 μg/mL of exosomes demonstrated significant pro-proliferative 
effects in both fibroblasts (Fig. 2A) and keratinocytes (Fig. 2B). This 
indicates that higher concentrations (50 μg/mL) of adipose stem cell- 
derived exosomes have beneficial effects on skin regeneration. In the 
wound healing process, the migration of fibroblasts and keratinocytes 
plays a crucial role in determining the healing speed. The pro-migratory 
effects of different concentrations of exosomes on these two cell types 
were evaluated using Transwell assays. The results showed that both 30 
μg/mL and 50 μg/mL of exosomes significantly promoted the migration 
of fibroblasts (Fig. 2C and D) and keratinocytes (Fig. 2C and E).

3.2. Preparation and characterization of bilayer patches

3.2.1. Characterization of pericardial decellularized matrix bilayer patches 
containing adipose stem cell exosomes

The porcine pericardial tissue before decellularization appeared red, 
while the pericardium after decellularization turned white (Fig. 3A–C). 
The lower DNA content indicated that the decellularization treatment 
was more effective. The DNA content test is commonly used to evaluate 
the degree of decellularization, with a general threshold of ≤50 ng/mg 
considered indicative of complete decellularization [28]. The DNA 
content of the pericardium before and after decellularization was 
assessed using a tissue DNA extraction kit (n = 3). Compared to the 
tissue prior to decellularization, the DNA content after decellularization 
was significantly reduced, falling below the 50 ng/mg threshold 
(Fig. 3D). Paraffin sections of H&E-stained porcine pericardium before 
and after decellularization displayed numerous cellular structures, with 
blue nuclei and pink cytoplasm alongside fibrous tissue components 
under the microscope. In contrast, no nuclei were visible in the peri
cardium after decellularization; however, the fibrous components were 
well preserved, and the scaffolding structure remained intact. There was 
no significant difference from natural adipose tissue, aside from the 
absence of nuclei, indicating that the decellularization treatment was 
thorough (Fig. 3E).

Matrix patches experience contraction stress during the wound 
healing process and require appropriate mechanical properties to 
withstand compressive forces while maintaining structural stability. We 
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Fig. 1. Characterization of adipose stem cells and their exosomes. (A) morphology of P3 generation adipose-derived stem cells under inverted microscope (left); 
graph of the results of oil red O staining of adipose stem cells into lipid-induced differentiation (second from left); graph of the results of Alisin blue staining of 
adipose stem cells into cartilage-induced differentiation (second from right); graph of the results of Alizarin red staining of adipose-derived stem cells into bone- 
induced differentiation (right). (B) Flow cytometer to identify the expression of adipose-derived stem cell surface markers (CD73, CD166, CD44, CD14, CD34, 
CD45). (C) Transmission electron microscopy (TEM) photographs of adipose-derived stem cell exosomes; scale bar: 50 nm. (D) Western blot to detect the expression 
of CD63, CD81, and TSG101 proteins; (E) Nanoparticle tracking analyzer to detect the diameter distribution of adipose stem cell-derived exosomes.
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conducted tensile experiments on single-layer decellularized pericardial 
membranes and bilayer matrix patches containing collagen, plotting the 
compression-stress-strain curves (Fig. 3H). The results indicated that the 
bilayer matrix patches had a lower tensile modulus than the monolayer, 
but they still exhibited sufficient mechanical properties to inhibit the 
expansion and contraction of the wound to some extent, thereby 
providing a favorable mechanical environment for cell attachment and 
tissue regeneration.

Scanning electron microscopy revealed that the decellularized ma
trix of the monolayer porcine pericardium exhibited a loose micro
structure (Fig. 3F, left). The collagen layer of the bilayer matrix patches, 

prepared after coating with rat tail collagen, displayed a collagen fiber 
structure (Fig. 3F, right). The SEM lateral view illustrated the structures 
of the prepared monolayer and bilayer matrix patches (Fig. 3G). The 
extracellular matrix formed an interconnected fibrous network, with 
loosely arranged fibers and non-uniform pore sizes. This structure pro
vides an optimal environment for the migration and growth of fibro
blasts and keratinocytes during the wound healing process. 
Additionally, the collagen fibrous structure of the rat tail collagen layer 
offers structural support for the attachment of exocytotic cells, and this 
collagen-rich bilayer structure is conducive to collagen remodeling in 
the later stages of healing.

Fig. 2. In vitro effects of adipose-derived stem cell exosomes on fibroblasts, keratinocytes and umbilical vein endothelial cells (HUVEC). (A) CCK-8 results after co- 
incubation of adipose-derived stem cell exosomes and human skin fibroblasts. (B) CCK-8 results after co-incubation of adipose-derived stem cell exosomes and human 
skin keratinocyte-forming cells. (C) Images of Transwell experiments in which exosomes promoted the migration of human skin fibroblasts (top) and keratinocytes 
(bottom); scale bar: 200 μm. (D) statistical analyses of cell migration numbers of fibroblasts, n = 5–6, statistical significance was obtained by one-way ANOVA, **p <
0.01, ***p < 0.001. (E) Statistical analysis of cell migration number of keratinocytes, n = 5, statistical significance was obtained by one-way ANOVA, **p < 0.01, 
***p < 0.001.
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The water absorption of the bilayer matrix patches at 0, 3, 9, 12, 24, 
and 27 h was examined. The results of the dissolution rate experiments 
are presented in the figure (Fig. 3I). It can be observed that the swelling 
rate of the bilayer matrix patches in both water and PBS increased 
rapidly during the first 3 h, reaching swelling equilibrium at approxi
mately 12 h, with better performance in water. This indicates that the 
bilayer matrix patches have superior moisturizing properties, making 
them ideal for use as wound dressings. Collagenase I is an important 
degrading enzyme in the skin. The weight loss of the bilayer matrix 
patches soaked in 50 mg/mL collagenase I is shown in the graph 
(Fig. 3J). The degradation rate is faster during the initial 2 h and then 
slows down, which may be related to the rapid degradation of the 
collagen layer. The bilayer matrix patches can be completely degraded 
within 24 h, demonstrating their effectiveness as a biomaterial.

Exosomes, as an important component of the wound dressing in this 
study, play a crucial role in determining the effectiveness of wound 
treatment through their encapsulation and release efficiency. The 
double-layer matrix patches were prepared after exosome encapsula
tion, and their distribution was observed using confocal microscopy 
(Fig. 3K). The results showed that a large number of exosomes were 
distributed within the collagen layer of the double-layer matrix patches. 
To assess in vitro release, the exosome-containing bilayer matrix patches 
were immersed in PBS, and the results are presented in the figure 
(Fig. 3L). The exosomes in the matrix patches reached equilibrium in 
their in vitro release within 100 h, indicating that the exosomes 
encapsulated in the patches can be released continuously to play a 
therapeutic role during the inflammatory stage of wound healing.

Fig. 3. Characterization of porcine pericardial decellularized matrix (dECM) bilayer patches containing exosomes. (A–C) Diagram of the process of decellularized 
matrix in isolated porcine pericardium. (D) Comparison of DNA content between porcine pericardium (native) and dECM. (E) H&E staining of native pericardial 
membranes and decellularized porcine pericardium; (F) SEM picture of monolayer and bilayer decellularized porcine pericardium material (dECM + collagen + Exo). 
(G) SEM lateral view of dECM and bilayer matrix patches, scale bar: 10 μm. (H) Tensile modulus assay of dECM and bilayer matrix patches. (I) Determination of 
swelling rate (J) and degradation of bilayer matrix patches in water and PBS (n = 3). (K) Confocal maps of exosome distribution on the surface (left) and profile 
(right) of bilayer matrix patches, scale bar: 25 μm. (L) Exosomes releasing rate from the bilayer matrix patches (n = 3).
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3.2.2. Cellular effects of porcine pericardial decellularized matrix bilayer 
patches containing adipose stem cell exosomes

To assess cell growth and adhesion on the bilayer matrix patches, 
human skin fibroblasts, keratinocytes, and umbilical vein endothelial 
cells were inoculated onto the patches and cultured separately. Confocal 
microscopy (Fig. 4A) revealed that all three cell types maintained 
normal growth morphology on the patches, with an increasing cell count 
(Fig. 4B). This promotes the proliferation of cells that migrate during the 
wound healing process, reflecting the good biocompatibility of the 
bilayer matrix patches.

The migration of fibroblasts was enhanced when both factors (exo
somes and the porcine pericardial decellularized matrix) were present 
together. Further Western blot experiments showed that the Ki67 pro
tein level was highest in the dECM + collagen + Exo group. Ki67 is an 
indicator of cell proliferation and migration rates (Fig. 4C and F). 
Cardiac-derived matrices have been shown to have favorable pro- 
angiogenic effects [29]. To verify the angiogenic effect of the pericar
dial decellularized matrix, an in vitro tubule formation assay was con
ducted using umbilical vein endothelial cells with extracts from the 
matrix patches. The results from both the tubule formation assay and 
Western blot analysis indicated that the culture medium containing the 
decellularized matrix could also promote tubule formation in umbilical 
vein endothelial cells (Fig. 4D–F).

3.2.3. Antibacterial assay of pericardial decellularized matrix bilayer patch 
in vitro

To verify whether dECM + collagen + Exo has antibacterial prop
erties in vitro, we co-cultured dECM + collagen + Exo with Staphylo
coccus aureus (a common pathogen in chronic wounds), using native 
pericardial tissue as a control. As shown in Fig. S1, no significant inhi
bition zone was observed around either material, suggesting that dECM 
+ collagen + Exo does not inhibit the proliferation of Staphylococcus 
aureus in vitro.

3.3. Treatment of diabetic wounds in mice

3.3.1. Treatment of diabetic wounds in mice
The healing of wounds in mice reflects the healing-promoting ability 

of wound dressings. Statistics on the wound area at different time points 
(Fig. 5A) revealed that the wounds of mice in the Normal group (without 
diabetic model construction) healed significantly within 14 days. In 
contrast, the wounds of diabetic mice in the PBS group were more 
challenging to heal. The addition of exosome drops (Exosomes) pro
moted a reduction in the wound area of the mice. Furthermore, the 
wounds of mice treated with the double-layer matrix patches (dECM +
collagen group) also healed significantly compared to the PBS group. 
When both factors were present (dECM + collagen + Exo group), wound 
healing in the mice approached normalization, achieving healing effects 
similar to those observed in the Normal group (Fig. 5B).

3.3.2. H&E staining
H&E staining was used to assess the effects of granulation tissue and 

epithelialization at the healing site. After 7 days, all groups exhibited 
signs of healing. The skin at the wounds of the dECM + collagen-treated 
mice demonstrated effective granulation tissue regeneration and re- 
epithelialization. The addition of exosomes significantly enhanced tis
sue regeneration. After 14 days, the wounds in the Normal group and the 
group treated with double-layer matrix patches containing exosomes 
were nearly closed (Fig. 6A). Furthermore, granulation tissue regener
ation (Fig. 6B) and epithelial thickness (Fig. 6C) were superior in these 
groups compared to the others.

3.3.3. Masson staining
Masson staining was conducted to detect the retention of collagen 

components in skin tissue, with results shown in Fig. 7A. In the PBS 
group, collagen fibers in the skin tissue appeared loose. In contrast, the 

groups treated with exosomes or patches displayed blue-stained, aligned 
collagen fibers. Notably, in the dECM + collagen + Exo group, collagen 
fibers were intact and tightly aligned, indicating a strong collagen 
regeneration effect. Statistical analysis of the positive area from Masson 
staining revealed that the double-layer matrix patches-treated group 
had a significantly larger positive area, suggesting that exosomes and 
double-layer matrix patches effectively promote collagen synthesis in 
treated wounds (Fig. 7B).

3.3.4. Immunohistochemical staining
CD31, also known as platelet-endothelial cell adhesion molecule, is 

primarily used to identify the presence of endothelial cells and assess 
tissue angiogenesis [30]. Vascular regeneration in the skin directly in
fluences healing speed and outcomes. Immunohistochemical staining of 
mouse skin at the healing site was conducted at 7 and 14 days for CD31, 
along with statistical analysis of the number of angiogenic events 
(Fig. 8A). The results showed that both the exosome and bilayer matrix 
patch groups promoted CD31 expression. Notably, the expression in the 
dECM + collagen + Exo group was significantly higher than in the other 
groups (Fig. 8B), indicating that bilayer matrix patches containing 
exosomes effectively promote angiogenesis during the healing process.

Collagen type I (COL 1) is thicker and provides support for skin 
stiffness. However, excessive amounts can lead to scar formation after 
wound healing (Fig. 8C). In contrast, collagen type III (COL 3) is thinner 
and contributes to skin suppleness, making the skin delicate and elastic 
(Fig. 8D and E). The ratio of COL 3 to COL 1 reflects the quality of skin 
healing and influences scar formation. Immunohistochemical staining of 
both collagen types indicated an increase in the dECM + collagen + Exo 
treatment group, with particularly high expression of COL 3 promoting 
skin healing and inhibiting scar formation (Fig. 8F).

3.3.5. Antibacterial assay of pericardial decellularized matrix bilayer patch 
in vivo

The antibacterial properties of the material can help prevent the 
formation of biofilms by bacteria in the wound, which is a key factor in 
the persistence of hard-to-heal wounds. To verify whether dECM +
collagen + Exo inhibits bacterial proliferation in vivo, we collected 
bacteria from the wounds of different treatment groups and cultured 
them in vitro for 24 h. The number of bacterial colonies formed on the 
surface of the culture medium reflected the number of bacteria present 
in the wounds of different treatment groups. As shown in Fig. S2, the 
number of bacterial colonies in the dECM + collagen group and dECM +
collagen + Exo group was significantly reduced compared to the PBS 
group, indicating that the decellularized pericardial matrix material has 
a certain antibacterial effect in vivo. Considering the in vitro antibac
terial test results (dECM + collagen + Exo did not inhibit bacterial 
proliferation), we speculate that dECM may exert its antibacterial effect 
by activating the immune system in vivo.

3.3.6. Intra-tissue delivery efficiency and biodistributions of exosomes
To explore the intra-tissue delivery efficiency of exosomes, we first 

loaded PKH26-labeled ADSCs-Exo onto the dECM and then transplanted 
it into the skin wounds of diabetic mice. We observed the localization of 
the ADSCs-Exo using immunofluorescence microscopy at 1, 3, 7, and 14 
days post-transplantation. As shown in Fig. S3, on day 1, the exosomes 
were confined to the dermis layer, and by day 3, exosomes were 
observed below the dermis layer. The maximum concentration and 
depth of exosome delivery were reached on day 7, with exosomes even 
appearing in the muscle tissue. Over time, the exosome content in the 
subdermal layer gradually decreased, but significant exosome presence 
was still observed within the dermis layer (on day 14).

Additionally, by comparing the duration of ADSCs-Exo with other 
lipid nanoparticles (LNPs), especially those already used in clinical 
settings, we can explore the translational potential of ADSCs-Exo 
further. We loaded an equal amount of FITC-labeled commercially 
available liposomes into the decellularized pericardium and then 
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Fig. 4. Effects of porcine pericardial decellularized matrix bilayer patches containing exosomes (dECM + collagen + Exo) on cells in vitro. (A) Morphological 
observations of three cell types after 1, 3, and 7 days of growth on the surface of bilayer matrix patches, (green: cytoskeleton, blue: DAPI). (B) Cells’ viability after co- 
incubation of dECM + collagen + Exo and human skin fibroblasts, keratinocytes and HUVEC. (C) Transwell images of human skin fibroblasts when co-cultured with 
dECM + collagen + Exo bilayer patches. (D) dECM + collagen + Exo bilayer patches induced HUVEC formation tubes. (E) Statistical analysis with tube-forming 
branches (n = 5). (F) Western Blott evaluation of proliferation-related proteins (Ki67) and angiopoiesis-related proteins (VEGF) expressed by fibroblasts and 
HUVEC, respectively, n = 3, statistical significance was obtained by one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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transplanted it onto the skin wounds of diabetic mice. We observed the 
localization of green fluorescence using immunofluorescence micro
scopy at 1, 3, 7, and 14 days post-transplantation. Additionally, to clarify 
the in vivo distribution of ADSCs-Exo and liposome, we collected the 
liver, kidneys, and spleen from both groups of animals to determine the 
distribution of ADSCs-Exo and liposome in these organs at different time 
points. As shown in Fig. S3, the distribution of liposome in the wound 
skin peaked on day 3. Starting from day 7, the FITC fluorescence in
tensity in the skin gradually decreased, and by day 14, liposome were 
virtually undetectable in the wound skin. Combined with the distribu
tion of ADSCs-Exo in the skin on day 14, these results suggest that the 
decellularized pericardium has the ability to slowly release ADSCs-Exo. 
The use of the decellularized pericardium for exosome release to the 
wound may increase the bioavailability of the exosomes, possibly 
because ADSCs-Exo can bind to the collagen within the decellularized 
pericardium matrix, while liposomes cannot.

Moreover, we observed the distribution of the two LNPs in vivo, as 

shown in Fig. S3. Throughout the treatment period (14 days), ADSCs- 
Exo were distributed in the spleen, liver, and kidney, indicating that 
the body can clear ADSCs-Exo through these organs. However, lipo
somes were only detected in the kidneys on day 3, and in the liver and 
spleen on day 7. By day 14, liposomes were no longer detectable in the 
kidney, spleen, and liver tissues. This suggests that liposomes may be 
primarily cleared through the kidneys, with the clearance efficiency of 
the kidneys surpassing that of ADSCs-Exo. From a biosafety perspective, 
rapid clearance from the body may indicate reduced harm to the or
ganism, reflecting a higher safety profile for the biomaterials.

3.4. Mechanisms of decellularized pericardial membrane bilayer patches 
promote wound healing

To further clarify the potential biological mechanisms by which 
decellularized pericardial membrane bilayer patches promote the heal
ing of refractory diabetic wounds, we conducted conventional tran
scriptome sequencing on wound tissue (including the wound and 5 mm 
of surrounding skin) on the days 7 of treatment with different materials. 
By comparing the transcriptome data with the PBS group, we identified 
differentially expressed genes in the other three groups, followed by 
gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analyses of these genes, as shown in Fig. 9.

Fig. 9A presents the volcano plot of differentially expressed genes in 
the exosomes group, totaling 17,439 differentially expressed genes. The 
GO analysis in Fig. 9B indicates that the main biological processes (BP) 
include “chemotaxis”, “leukocyte migration”, and “immune system 
activation”, as well as biological processes related to “epidermis devel
opment” and “skin development” associated with skin regeneration. The 
most prominent cellular component (CC) is the “collagen-containing 
extracellular matrix”, while molecular functions (MF) such as “extra
cellular matrix structural constituent” and “glycosaminoglycan binding” 
are related to extracellular matrix formation. Additionally, KEGG anal
ysis (Fig. 9C) reveals that during the process of exosome-enhanced 
wound healing, signaling pathways such as the “PI3K-Akt signaling 
pathway”, “Rap1 signaling pathway”, and “MAPK signaling pathway” 
are activated. Previous research has demonstrated that exosomes can 
promote wound healing by increasing the expression levels of proteins 
such as ANG1, FILK1, and VEGF, thereby activating the Akt signaling 
pathway [31] and reducing ROS levels in wounds under high-glucose 
conditions [31]. Other studies have also found that exosomes can 
deliver miR-144-3p, linc00511, and miR-106a-5p to activate the MAPK 
signaling pathway, promoting angiogenesis of endothelial cells in the 
wound and ultimately accelerating wound healing [32].

Fig. 9D–F illustrate the differentially expressed genes and GO and 
KEGG analyses in the dECM + collagen group. The GO analysis in Fig. 9E 
indicates that the main biological processes (BP) include those related to 
immune system activation, such as “leukocyte migration”, “leukocyte 
cell-cell adhesion”, “regulation of inflammatory response”, and “cell 
chemotaxis”, as well as biological processes related to skin regeneration, 
including “epidermis development”, “epidermal cell differentiation”, 
and “skin development”. The most prominent cellular component (CC) is 
also the “collagen-containing extracellular matrix”. Molecular functions 
(MF) such as “immune receptor activity”, “structural constituent of skin 
epidermis”, and “glycosaminoglycan binding” are associated with im
mune system activation and extracellular matrix formation. KEGG 
analysis (Fig. 9F) shows the activation of signaling pathways such as the 
“NF-kappa B signaling pathway”, “IL-17 signaling pathway”, and “TNF 
signaling pathway”, which are classic pathways involved in immune 
activation and other biological processes. Although there is currently no 
research exploring the potential molecular mechanisms of decellular
ized pericardial membrane in wound treatment, our results suggest that 
future research on molecular mechanisms could focus on these signaling 
pathways.

Fig. 9G–I illustrate the differentially expressed genes and GO and 
KEGG analyses in the dECM + collagen + Exo group. The GO analysis in 

Fig. 5. Wound healing images and statistical analysis of mice in each group 
after treatment. (A) Gross view of each group’ wound on day 3, 7, 10 and 14. 
(B) Wound area of each group on day 3, 7, 10 and 14, n = 6, statistical sig
nificance was obtained by one-way ANOVA, **p < 0.01, ***p < 0.001, 
compared with PBS group, while #p < 0.05, ##p < 0.01, ###p < 0.001, 
compared with dECM + collagen + Exo group.
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Fig. 6. Statistical results of re-epithelialization and granulation tissue and epithelial thickness of mouse skin assessed by H&E staining. (A) H&E staining of the skin at 
the healing site at 7 and 14 days after treatment in each group of mice. (B) Statistical analysis of granulation tissue and (C) epithelial thickness based on H&E staining 
results, (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant, compared with PBS group, while ###p < 0.001, compared with dECM + collagen +
Exo group.
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Fig. 9H shows that the main biological processes (BP) include those 
related to immune system activation, such as chemotaxis, leukocyte 
migration, and cell chemotaxis, as well as biological processes associ
ated with skin regeneration and vascular formation, such as “extracel
lular structure organization”, “regulation of angiogenesis”, and 
“vascular process in the circulatory system”. The most prominent 
cellular component (CC) is “collagen-containing extracellular matrix”. 
Molecular functions (MF) such as “extracellular matrix structural con
stituent” and “glycosaminoglycan binding” are related to extracellular 
matrix formation. KEGG analysis shows the activation of pathways such 
as “Cytokine-cytokine receptor interaction”, “Calcium signaling 
pathway”, “cAMP signaling pathway”, and “PI3K-Akt signaling 
pathway” (Fig. 9I). Previous studies have reported that the PI3K-Akt 
signaling pathway is a key pathway through which exosomes reduce 
ROS levels in the wound microenvironment, preventing cell apoptosis. 
In addition, the Cytokine-cytokine receptor interaction, Calcium 
signaling pathway, and cAMP signaling pathway have not been previ
ously reported, which may suggest a potential biological mechanism by 
which the decellularized pericardial membrane loaded with adipose- 
derived stem cell exosomes promotes wound repair. This mechanism 
might differ from the biological mechanisms by which exosomes or 
decellularized pericardial membrane alone promote wound healing.

To reveal the biological mechanisms by which exosome-loaded 
bilayer patches promote the healing of refractory wounds, we com
bined the analysis results from the RNA-seq data (Fig. 9). First, we 
conducted phenotypic identification of macrophages in the wound and 
surrounding skin tissue on day 7 across all groups (as reported in the 
literature [33,34], the active time window for macrophages during tis
sue repair is approximately one week); Therefore, we chose day 7 as the 
time point for our study to clarify how the biomaterials regulate the local 
immune microenvironment. The results are shown in Fig. 10A, where 
we used F4/80 (green fluorescence) as a marker for M0 macrophages, 
and iNOS (green fluorescence) and CD206 (green fluorescence) as 

markers for M1 and M2 macrophages, respectively. For M1 macro
phages, higher fluorescence intensity of iNOS was observed in the PBS 
and Exosome groups, while the average fluorescence intensity of iNOS 
significantly decreased in the dECM + collagen group, a trend that was 
more pronounced in the dECM + collagen + Exo group. Conversely, the 
CD206 red fluorescence intensity was low in the PBS and Exosome 
groups, gradually increasing in the dECM + collagen group, with the 
highest expression level in the dECM + collagen + Exo group (Fig. 10A). 
These results indicate that the bilayer patch material can modulate the 
polarization of macrophages from M1 to M2 in the local microenvi
ronment. Generally, M1 macrophages are pro-inflammatory, while M2 
macrophages are anti-inflammatory, and multiple studies have shown 
that M2 macrophages significantly promote the repair of various tissues 
[35]. Next, we also assessed the gene transcription levels of cytokines 
secreted by different macrophages in the tissue to further confirm the 
important role of macrophages in wound healing. The results, shown in 
Fig. 10B, from RT-qPCR experiments indicated that in the dECM +
collagen + Exo group, the expression levels of M1 macrophage-related 
genes (cd86, il-6) were the lowest, showing a significant statistical dif
ference compared to the PBS group. In contrast, the expression levels of 
M2 macrophage-related genes (cd163, arg-1) were significantly 
increased in the dECM + collagen + Exo group, suggesting that activated 
M2 macrophages play a crucial role in the wound healing process.

Furthermore, based on the GO and KEGG analysis results from the 
RNA-seq data (Fig. 9), after excluding the overlapping signaling path
ways and biological processes associated with the Exosome and dECM +
collagen groups, we ultimately focused on the cAMP signaling pathway 
(Fig. 9I). To verify the activation of this signaling pathway during the 
healing process facilitated by the bilayer patches, we first determined 
the expression levels of genes such as Atp1a2, Calm4, and Cngb1 in the 
RNA-seq data (Atp1a2, Calm4, and Cngb1 are key participants in the 
cAMP signaling pathway [36]). We then extracted proteins from the 
wound and surrounding skin, using Western Blotting to further clarify 

Fig. 7. Masson staining to assess the effect of collagen synthesis in mice skin. (A) Masson staining of the skin at the healing site at 7 and 14 days after treatment in 
each group of mice. (B) Statistical analysis of collagen deposition based on Masson staining results, (n = 5), **p < 0.01, ***p < 0.001, compared with PBS group, 
while ###p < 0.001, compared with dECM + collagen + Exo group.
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the protein expression levels of Atp1a2, Calm4, and Cngb1 to confirm 
whether the cAMP signaling pathway was activated and involved in the 
wound repair process. The Western Blotting results are shown in 
Fig. 10C and D. Compared to the expression levels of Atp1a2, Calm4, 
and Cngb1 proteins in the PBS group, there was a slight increase in the 
Exosome and dECM + collagen groups, but no statistical significance 
was observed (except for Cngb1 in the dECM + collagen group). In 
contrast, the expression levels of Atp1a2, Calm4, and Cngb1 proteins in 
the dECM + collagen + Exo group were significantly elevated, higher 
than in all other groups, with significant statistical differences 
(Fig. 10D). This result suggests that the cAMP signaling pathway was 
indeed activated during the process of wound repair facilitated by the 
bilayer patches and played a significant role.

In summary, we have revealed that exosome-loaded decellularized 
pericardial bilayer patches may participate in the repair process of re
fractory wounds by modulating the polarization of M2 macrophages in 
the local microenvironment and activating the cAMP signaling pathway. 
However, we are currently unable to determine whether the activation 
of the cAMP signaling pathway is related to the activation of M2 mac
rophages. While some studies have demonstrated that the activation of 
M2 macrophages is mediated through the cAMP signaling pathway 
under other disease or cell culture conditions [37], the relationship 
between these two factors requires further investigation in our 
experiments.

4. Discussion

Currently, the potential application of adipose-derived stem cell 
exosomes in the field of wound healing has been extensively explored 
[38]. However, a current challenge is the low efficiency of local exosome 
delivery, making it difficult to fully leverage their therapeutic effect on 
non-healing wounds [9]. To address this, researchers have indeed 
developed various biomaterials for delivering exosomes to improve their 
therapeutic efficacy on wounds [39], such as dermal matrices, synthetic 
hydrogels, and other ECM-based materials. The vast majority of these 
delivery materials are presented in the form of hydrogels. For example, 
both simple dermal matrix hydrogels and other ECM-based hydrogels 
exhibit high exosome loading rates. However, due to the rapid degra
dation rate of ECM-based hydrogels in vivo, along with their low shear 
resistance, this inevitably leads to the release of loaded exosomes within 
a short period, preventing maximum utilization of the exosomes [40]. 
Furthermore, although some studies have applied other methods for 
delivering exosomes to wounds, such as microneedles, the process of 
fabricating microneedles often requires the addition of other substances 
to enhance their mechanical strength, with GalMA being a common 
example. The introduction of such materials can inadvertently increase 
the local immune response at the wound site, which may be detrimental 
to wound healing [41]. In this study, we developed bilayer patches 
composed of collagen derived from adipose stem cell exosomes and 

Fig. 8. Immunohistochemical staining results of wound skin tissue. (A) CD31 immunohistochemical staining for assessing angiogenesis in wounds; (B) Statistics on 
the number of blood vessels; (C) Immunohistochemical staining of COL 1 and statistical analysis of positive area (D), n = 6. (E) Immunohistochemical staining of COL 
3 and statistical analysis of positive area (F), n = 6, **p < 0.01, ***p < 0.001, compared with PBS group, while ##p < 0.01, ###p < 0.001, compared with dECM +
collagen + Exo group.
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Fig. 9. Mechanisms of decellularized pericardial membrane bilayer patches promote wound healing. (A) Volcano plot of differentially expressed genes (DEGs) in 
exosomes group. (B) Top-ranked biological processes (BP), cellular component (CC), Molecular functions (MF) revealed through GO analysis in exosomes group. (C) 
The Top-ranked signal pathway analyzed by the KEGG platform in exosomes group. (D) Volcano plot of DEGs in dECM + collagen group. (E) Top-ranked BP, CC, MF 
revealed through GO analysis in dECM + collagen group. (F) The Top-ranked signal pathway analyzed by the KEGG platform in dECM + collagen group. (G) Volcano 
plot of DEGs in dECM + collagen + Exo group. (H) Top-ranked BP, CC, MF revealed through GO analysis in dECM + collagen + Exo group. (I) The Top-ranked signal 
pathway analyzed by the KEGG platform in dECM + collagen + Exo group.
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porcine pericardial decellularized matrix to investigate their therapeutic 
effects on skin regeneration-related cells and wounds in diabetic mice. 
This work provides a reference for utilizing related biomaterials to 
enhance the treatment of difficult-to-heal wounds.

In recent years, researchers have attempted to use decellularized 
matrix scaffolds in non-hydrogel forms to load and deliver exosomes. 
Unlike decellularized matrix hydrogels, these scaffolds exhibit signifi
cantly slower degradation rates in vivo, ensuring a sustained release of 
adsorbed exosomes [42,43]. Moreover, decellularized matrix scaffolds 
do not require the introduction of additional synthetic components, 
which helps maintain low immunogenicity. Although there are currently 
no reports comparing the advantages and disadvantages of other 
decellularized matrix scaffolds (such as decellularized dermal matrix 
scaffolds) with decellularized pericardial scaffolds regarding exosome 

loading, several studies provide some insights: (1) Most studies currently 
employ co-incubation methods to anchor exosomes onto the collagen 
components of decellularized matrix scaffolds [44]. However, due to the 
considerable thickness of large decellularized matrix scaffolds, 
co-incubation may not ensure a uniform distribution of exosomes 
throughout the scaffold. In contrast, decellularized pericardial mate
rials, which are thinner, allow exosomes to bind uniformly within their 
pores during co-incubation [43,45]. Consequently, after implantation, 
the exosomes carried by decellularized pericardial materials can be 
released slowly and uniformly, whereas thicker decellularized matrix 
scaffolds struggle to release exosomes evenly, which may reduce their 
bioavailability. (2) Decellularized matrix scaffolds loaded with exo
somes serve two primary functions: first, exosomes recruit 
adipose-derived stem cells or epithelial progenitor cells, promoting their 

Fig. 10. The exosome-loaded bilayer decellularized pericardial patches promote the healing of diabetic refractory wounds by enhancing the activation of M2 
macrophages in the wound and activating the cAMP signaling pathway. (A) On day 7, dual immunofluorescence staining for F4/80 (M0 marker), iNOS (M1 marker), 
and CD206 (M2 marker) was performed to assess the numbers of activated M1 and M2 macrophages in the wound and surrounding skin tissue, scale bar = 50 μm. (B) 
On day 7, RT-qPCR was used to detect the expression levels of M1 (cd86, il-6) and M2 (cd163, arg-1) macrophage-related genes in the wound tissue of each group. (C) 
On day 7, Western Blotting experiments were conducted to measure the expression levels of key proteins in the cAMP signaling pathway (Atp1a2, Calm4, and Cngb1) 
in the wound tissue of each group, with quantitative analysis of protein density, n = 3 (D). *, p < 0.05, **, p < 0.01, and ***, p < 0.001, compared with the 
PBS group.
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proliferation and differentiation [46]; second, the decellularized matrix 
scaffold provides a venue for these cells to exert their biological func
tions. Recent studies have shown that decellularized matrix scaffolds of 
significant volume or thickness can create an ideal microenvironment 
for adipose-derived stem cells or epithelial progenitor cells, yet cell 
distribution tends to be concentrated at the edges of the large-volume 
scaffolds, with little evident recellularization in the core [42]. Another 
study found that thinner, membrane-like decellularized pericardial 
membranes achieve rapid recellularization on both their surface and 
interior after implantation, which offers another advantage of 
combining with exosomes: they can provide a more favorable scaffold 
(microenvironment) for cells involved in wound repair [47]. (3) The 
release of exosomes is primarily related to the degradation of their 
attachment structures, specifically the collagen in the scaffold. Due to 
the unique arrangement of collagen and elastin within decellularized 
pericardial membranes, they exhibit high resistance to degradation, 
which also provides strong mechanical properties [48]. Therefore, when 
an equivalent amount of exosomes is bound to either decellularized 
pericardial scaffolds or other decellularized matrix scaffolds, the exo
somes released from the decellularized pericardial materials tend to be 
released more slowly and persistently over the same time period [27]. 
This characteristic can further enhance the bioavailability of exosomes.

In tissue repair and regenerative surgery, the insufficient availability 
of graft sources remains a significant clinical challenge. Decellularized 
materials eliminate biological factors such as cells that may lead to 
allogeneic tissue rejection while retaining proteins related to tissue 
regeneration, making them highly sought-after biomaterials in the field 
of tissue regeneration. The porcine pericardial decellularized matrix, 
commonly used in research, offers unique advantages as a wound 
dressing. In our study, the porcine pericardial decellularized matrix 
treated with a combination of Triton X-100 and pepsin digestion 
demonstrated effective decellularization, successfully removing the 
cellular structure from the pericardium. Other studies have shown that 
the structure, mechanical properties, and other characteristics of 
animal-derived xenograft decellularized pericardium closely resemble 
those of human pericardium [49]. Additionally, it fulfills all the char
acteristics of biomimetic materials and surpasses other materials in 
terms of mechanical strength, swelling behavior, and degradation 
properties [50]. Our experimental results indicate that the bilayer 
patches, which incorporate a collagen layer containing adipose stem cell 
exosomes, retained these beneficial properties, making them suitable for 
wound dressing applications. Cytocompatibility of biomaterials is 
another critical aspect; thus, decellularized matrices treated with 
chemical or biological agents must ensure the complete removal of re
sidual reagents to guarantee their biocompatibility [51].

Currently, the effectiveness of other acellular matrix biomaterials in 
treating refractory wounds has been confirmed by numerous studies 
[52], several acellular matrix biomaterials products have already been 
marketed and applied in clinical practice, such as the acellular dermal 
matrix [53]. This is not only due to the fact that acellular dermal matrix 
is derived from natural tissue and has low immunogenicity, but also 
because it provides a favorable microenvironment for the biological 
functions of fibroblasts, keratinocytes, and vascular endothelial cells. 
However, recent studies have found that due to the inherent thickness of 
the dermal matrix, it is difficult to completely remove the internal cells 
and their contents, and residual substances (such as nucleic acids) may 
trigger a local immune response, leading to transplant failure [25]. In 
addition, although the thicker acellular dermal matrix can effectively 
cover the wound, its dense pores make it difficult to provide a conve
nient channel for wound exudate drainage and are not conducive to 
vascular ingrowth into the scaffold [54]. Moreover, the low collagen 
content of the acellular dermal matrix makes it more susceptible to 
degradation by enzymes in the body, reducing its tensile strength and 
increasing the risk of the wound rupture under significant mechanical 
stress.

Compared to acellular dermal matrix materials, acellular pericardial 

membrane materials have a higher collagen content (approximately 47 
%) [48] and stronger tensile properties, with an elastic modulus closer to 
that of normal skin (1–5 MPa) [55]. In contrast to the degradation time 
of up to 4 weeks for acellular dermal matrix, the degradation rate of 
acellular pericardial membrane is significantly slower. Studies have 
shown that even 4–8 weeks after transplantation, the acellular pericar
dial membrane still retains considerable mechanical strength [47]. 
Additionally, the acellular pericardial membrane is thinner than the 
acellular dermal matrix and has larger pores, which facilitate wound 
exudate drainage and the formation of surrounding blood vessels [27]. 
More importantly, the loose and wide pores ensure thorough removal of 
cells and nucleic acids during the decellularization process, reducing the 
immunogenicity of the material [54]. Moreover, acellular pericardial 
membrane materials are also advantageous due to their low cost and 
easy availability [44].

In this study, the decellularized matrix we prepared not only 
demonstrated no cytotoxicity but also exhibited favorable properties 
that support cell proliferation, migration, and tube formation, thereby 
facilitating the growth of skin-associated cells (e.g., fibroblasts and 
keratinocytes) at the wound site. This, in turn, promoted the formation 
of granulation tissue and re-epithelialization. Additionally, the decel
lularization process increased the pore size of the tissue, and the cardiac- 
derived decellularized material retained natural pro-angiogenic factors, 
which enhance cell adhesion and angiogenesis. The natural structure of 
the extracellular matrix supports the exchange of important cellular 
signals during cell growth, further promoting blood vessel formation 
and tissue regeneration. We utilized porcine pericardial decellularized 
matrix combined with adipose stem cell exosomes for the first time to 
treat difficult-to-heal wounds. The loose structure of the decellularized 
matrix facilitated the distribution and release of exosomes. The combi
nation of exosomes and decellularized matrix derived from porcine 
pericardium proved effective in treating difficult-to-heal wounds. This 
synergistic approach allowed for a relatively slow and sustained release 
of therapeutic agents compared to the use of exosomes alone.

Regarding why the decellularized pericardium can release exosomes 
relatively slowly and continuously exert therapeutic effects, we 
reviewed the literature and found that exosomes can anchor onto 
collagen in the extracellular matrix via cell adhesion molecules or 
integrin receptors [56–58]. Since the collagen content in decellularized 
pericardium (approximately 47 %) [48] is significantly higher than that 
in other decellularized matrix materials of the same mass, the decellu
larized pericardium has a greater drug-loading capacity for exosomes. 
Additionally, the decellularized pericardium is relatively loose with 
large pores, and studies have shown that such loose and wide pores can 
further increase its drug-loading capacity and facilitate the slow release 
of exosomes [27]. Moreover, the release of exosomes depends on en
zymes in the body’s microenvironment; only when collagenase contin
uously degrades the ECM can exosomes be gradually released. 
Therefore, the collagen content also determines the duration and rate of 
exosome release [59]. Research shows that commonly used wound 
healing materials, such as decellularized dermal matrix, degrade within 
4 weeks in vivo [60], while the decellularized pericardium remains 
intact for 4–8 weeks, still exhibiting strong tensile strength, which 
demonstrates its excellent anti-degradation properties [47]. In conclu
sion, the large and loose pores, strong anti-degradation ability, and high 
collagen content of the pericardium contribute to its greater 
drug-loading capacity and longer release time, enabling the composite 
material to exert long-lasting therapeutic effects.

The decellularized matrix and exosomes exerted a simultaneous role 
in promoting wound healing. In this study, the pericardial decellularized 
matrix-collagen patches alone had significant effects in promoting cell 
proliferation migration, tubule formation, and collagen synthesis, and 
the exosome-loaded bilayer patches improved the rate and quality of 
wound healing by promoting granulation tissue formation, reepitheli
alization, angiogenesis, and collagen synthesis, which resulted in the 
convergence of mouse wounds to the normal non-diabetic healing 
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process. In recent years, in many studies of exosome-carrying bio
materials, the focus is not only on the carrying and release of exosomes, 
but also on the improvement of the materials to achieve better syner
gistic therapeutic purposes. The material used in this study not only 
releases exosomes, but also plays a role in promoting cell proliferation, 
migration and collagen synthesis. In our future research, we will focus 
on the fate of bilayer matrix patches and their material modification 
pathways, such as antimicrobial properties.

The innovation of this article is reflected in the following aspects: (1) 
Although the combination of exosomes and decellularized porcine 
pericardial matrix has been applied in myocardial regeneration [29], 
there is currently no research using the same biomaterials to treat dia
betic refractory wounds.Our study preliminarily explores the effect of 
exosome-loaded bilayer patches on difficult-to-heal wounds, thereby 
expanding their application context. (2) As you mentioned, the concepts 
and research methods in this paper are similar to previous studies; 
however, we have clearly outlined the fundamental biological processes 
by which the patches promote wound healing, including granulation 
tissue regeneration, angiogenesis, epithelial cell migration, and collagen 
deposition. Additionally, we screened the dose of exosomes delivered by 
the decellularized porcine pericardial matrix to optimize these biolog
ical effects, which distinguishes our work from previous studies. (3) 
Investigating the potential mechanisms of biomaterials in treating re
fractory wounds not only enhances the readers’ confidence in their 
therapeutic effects but also represents an innovation in the study. After 
clarifying the therapeutic effects of exosome-loaded bilayer patches on 
refractory wounds, we employed transcriptome sequencing technology 
to analyze the regenerated tissue, initially hypothesizing potential mo
lecular mechanisms or signaling pathways that facilitate tissue repair. 
Further studies, including immunohistochemical staining, confirmed 
that the bilayer patches regulate macrophage polarization in the wound 
microenvironment, increasing the proportion of anti-inflammatory M2 
macrophages and promoting tissue repair and regeneration. Addition
ally, molecular biology techniques clarified that the bilayer patches 
promote tissue re-epithelialization and collagen deposition by activating 
the cAMP signaling pathway, elucidating the molecular mechanisms and 
signaling pathways through which these patches treat refractory 
wounds.

Moreover, although our study has demonstrated the therapeutic ef
fect of bilayer patches composed of collagen from adipose stem cell- 
derived exosomes and decellularized matrix from porcine pericardium 
on wounds in diabetic mice, the underlying mechanisms remain to be 
explored. Regarding the mechanism by which ADSC-exos promote 
angiogenesis, collagen deposition, and re-epithelialization in wound 
healing, studies have shown that ADSC-exos enhance the proliferation 
and migration of HUVECs, fibroblasts, and HaCaT cells by delivering the 
active component [61]. Additionally, they regulate the expression of 
VEGFA [62], HIF1α [63], and FGF4 in HUVECs through signaling mol
ecules such as miR-204-3p [61], miR-146a-5p [62], miR-21 [16,38,64], 
circ-Astn1 [65], miR-144-3p [66], linc00511 [67], miR-106a-5p [68], 
and activate the p38 MAPK pathway, thereby enhancing the angiogenic 
capacity of HUVECs [32,63]. Moreover, ADSC-exos protect and enhance 
the functions of fibroblasts and HaCaT cells [69]. ADSC-exos also 
regulate the expression levels of HSP90, SIRT3, ANG1, FILK1, and VEGF 
proteins in cells, activate the AKT/ERK signaling pathway, inhibit the 
levels of reactive oxygen species (ROS) in a high-glucose environment, 
and reduce cell apoptosis [69,70]. Lastly, ADSC-exos can modulate the 
levels of IL-6, IL-1β, and TNF-α in the microenvironment, suppress in
flammatory responses, and promote the polarization of macrophages 
toward the M2 phenotype [63]. In summary, ADSC-exos promote the 
healing of diabetic wounds by influencing biological processes such as 
angiogenesis, fibroblast and keratinocyte proliferation and migration, 
reducing apoptosis in these cells, and promoting M2 polarization of 
macrophages, as shown below figure [32].

In addition, regarding the mechanism by which decellularized peri
cardium materials promote angiogenesis, collagen deposition, and re- 

epithelialization in wound healing: (1) After the decellularized peri
cardium is transplanted into the wound, it recruits macrophages to 
infiltrate the wound area [71]. During the first 3 days, the infiltrating 
macrophages are predominantly pro-inflammatory M1 types. From days 
3–7, the decellularized pericardium rapidly induces the polarization of 
M1 macrophages into anti-inflammatory M2 macrophages. The latter 
can secrete cytokines such as IL-10 and VEGF, promoting the prolifer
ation and migration of keratinocytes and fibroblasts, thus accelerating 
early wound closure [54]. Fibroblasts further synthesize and secrete 
mature elastin and type I collagen, facilitating the formation of vascu
larized granulation tissue and providing the wound with tensile 
strength, helping prevent wound re-rupture [54]. (2) The decellularized 
pericardium promote keratinocytes and mucosal epithelial cells express 
β-defensin-1, S100A9, and antimicrobial peptides (AMPs), which 
directly or indirectly eliminate bacterial microorganisms and prevent 
the formation of bacterial biofilms [54]. Among these, β-defensin-1 is an 
atypical chemokine that mediates the activation of dendritic cells and T 
cells, thereby clearing microorganisms from the wound [72]. AMPs, 
secreted by keratinocytes, directly disrupt bacteria and viruses [72], 
while S100A9 is a calcium-binding protein with antibacterial properties, 
inhibiting the growth of various bacteria inside and outside cells and 
supporting leukocyte recruitment to the injury site to enhance the im
mune response [73]. (3) The decellularized pericardium has a loose and 
porous structure, which not only facilitates the drainage of wound 
exudate and nutrient exchange but also provides a favorable microen
vironment for angiogenesis, fibroblast proliferation, and keratinocyte 
migration [27].

5. Conclusion

We have investigated a natural wound dressing that effectively de
livers adipose-derived stem cell exosomes while gradually releasing 
them. Additionally, the decellularized matrix itself contributes to pro
moting wound healing. Based on this study, we anticipate that these 
dressing products can be clinically translated and applied to the treat
ment of chronic, hard-to-heal wounds. This approach aims to address the 
challenges of frequent dressing changes, poor clinical outcomes, and 
unfavorable prognoses associated with these conditions, providing a 
theoretical foundation for solving the issues related to the treatment of 
chronic hard-to-heal wounds.
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