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A B S T R A C T

Chronic wounds of diabetes are one of the serious complications that cause disability or death in patients with 
diabetes, posing a significant clinical challenge. Therefore, porous chitin nanofibers (CR) were prepared from silk 
and squid cartilage, and combined with adipose-derived stem cells (ADSCs) transplantation to promote wound 
healing in type 2 diabetes mellitus (T2DM) in this study. The results of scanning electron microscopy (SEM), 
fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) indicated that the CR had an obvious 
three-dimensional porous structure. The in vivo and in vitro degradation experiments showed that the CR had 
good degradability. The live/dead staining and hemolysis experiments demonstrated that the CR had good 
biocompatibility. The results of in vivo experiments indicated the results of H&E staining and masson staining 
indicated that the CR combined with the ADSCs transplantation significantly accelerated the wound healing of 
T2DM mice. Immunohistochemical staining indicated that the CR combined with the ADSCs transplantation 
significantly increased collagen deposition and cell proliferation, and regulated macrophage expression. In 
addition, the CR combined with the ADSCs transplantation can increase the expression of α-SMA and VEGF-A to 
promote angiogenesis. Proteomics sequencing and western blotting experiments revealed that the CR combined 
with the ADSCs transplantation accelerated wound healing by activating the PPAR-γ signaling pathway to 
regulate the expressions of MMP-1, SCD-1 and ACOX-2. To sum up, all these results suggested that the CR 
combined with the ADSCs transplantation could provide a promising method for wound healing in T2DM.

1. Introduction

Diabetic patients are in a state of hyperglycemia for a long time, 
which is prone to various complications, among which the difficulty of 
wound healing is a common and serious problem [1,2]. Hyperglycemia 
can affect the normal metabolic process of the body. The main causes 
involve microvascular lesions, oxidative stress, nerve damage, ulti
mately leading to a significant decrease in wound healing ability [3,4], 
and seriously reducing the quality of life of diabetic patients. At present, 
the conventional treatment methods for diabetic wounds include blood 
sugar control, debridement and anti-infection. However, there are many 
problems at the same time, such as long treatment time, unstable ther
apeutic effect and high medical and health care costs [5,6]. Meanwhile, 
the application of traditional wound dressings cannot provide a favor
able environment for tissue regeneration [7]. Therefore, seeking 

effective treatment methods to promote the healing of diabetic wounds 
has become an important research topic in the fields of clinical medicine 
and regenerative medicine.

Multiple studies have shown that stem cell transplantation therapy is 
a promising medical field, offering new possibilities for treating various 
complex wounds [8]. Adipose-derived stem cells (ADSCs), as a type of 
stem cell with the potential for self-renewal and multi-directional dif
ferentiation, have demonstrated great potential for wound repair [9]. It 
can differentiate into various cell types, including keratinocytes, endo
thelial cells, fibroblasts. These key cells are involved in all stages of 
wound repair [10]. In addition, the ADSCs can secrete a variety of 
growth factors, such as fibroblast Growth Factor, FGF), VEGF and 
epidermal Growth Factor (EGF), which can help the wound tissue to 
regenerate and repair [11,12]. The ADSCs, with their unique biological 
functions and high safety, have been widely applied in the treatment of 
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various types of wounds. However, the microenvironment of high 
glucose, high oxidative stress and high bacterial load in diabetic wounds 
significantly reduces the survival rate and function of ADSCs, limiting 
the clinical efficacy of cell therapy alone [13].

To overcome the key challenge of survival and functional limitations 
of ADSCs in the harsh microenvironment of diabetes, researchers are 
actively seeking strategies to enhance their efficacy by constructing 
suitable microenvironments through biomaterials. In recent years, the 
development of natural multifunctional materials has opened up new 
ideas for the treatment of diabetic wounds [14,15]. Chitin is a natural 
high-molecular polysaccharide extracted from the cell walls of crusta
ceans, insects and fungi. It has attracted much attention due to its 
excellent biocompatibility and ability to promote cell proliferation and 
differentiation [16–18]. Meanwhile, the natural anti-inflammatory and 
antibacterial components contained in chitin can alleviate inflammatory 
responses and reduce the risk of infection [19–20]. However, the 
application of a single component in wound dressings may be limited by 
poor mechanical properties and the lack of porosity. Due to its excellent 
mechanical properties, the modification of chitin by silk protein can 
enhance the overall mechanical strength and controllable pore structure 
of the composite material, making it an ideal material for the healing of 
diabetic wounds [21,22]. The preparation of porous nanofiber materials 
allows for gas exchange and secretion absorption, providing the neces
sary space for cell growth and angiogenesis [23,24], while also effec
tively blocking the invasion of microorganisms in the external 
environment. In previous studies, porous nanofiber materials, as an 
excellent dressing, can be directly applied to the wound surface or used 
in combination with stem cells, growth factors, antibacterial drugs to 
synergistically improve the efficiency of wound healing [25,26]. These 
materials have broad application prospects in clinical treatment, espe
cially showing great potential in dealing with refractory wounds such as 
chronic wounds, burns and diabetic foot ulcers. However, the synergistic 
effect and specific mechanism of action of porous nanofiber materials 

combined with the ADSCs transplantation in diabetic wounds remain 
unclear, especially in the key links of regulating inflammation regression 
and tissue remodeling, which lack in-depth research.

Based on this, the effect of the CR combined with the ADSCs trans
plantation in promoting the healing of diabetic wounds was explored 
(Scheme 1). The chemical structure and crystallization characteristics of 
the CR were characterized by fourier transform infrared spectroscopy 
(FTIR) and X-ray diffraction (XRD). The microstructure of the CR was 
observed by scanning electron microscope (SEM). The degradation 
ability of the CR was evaluated through in vivo and in vitro degradation 
experiments. The cytocompatibility of the CR was evaluated using the 
Calcein-AM/PI live and dead staining kit and the cell counting kit-8 
(CCK-8). The hemolysis test was conducted to calculate the hemolysis 
rate to evaluate the blood compatibility of the CR. In the vivo experi
ment, a wound model of type 2 diabetes mellitus (T2DM) was estab
lished to study the healing effect of the CR combined with the ADSCs 
transplantation on the wound. Proteomic methods were used to analyze 
the activation of the PPAR-γ pathway by CR combined with ADSCs 
transplantation, which synergistically regulates the local inflammatory 
microenvironment of diabetic wounds, promotes angiogenesis and or
dered collagen deposition, thereby accelerating wound healing. This 
study provides a novel biomaterial - cell composite strategy and theo
retical basis for the treatment of diabetic wounds.

2. Materials and methods

2.1. Material

The squid cartilage and silk were provided by Guangdong Jihua 
Laboratory. The 10 % Fetal Bovine Serum (FBS, 164210–500) was 
purchased from Wuhan Pricella Biotechnology Co., Ltd. The Calcein 
AM/PI dual staining kit (CA1630), Masson’s Trichrome Stain Kit 
(G1340) and Collagenase Type I (C8140) were purchased from Beijing 

Scheme 1. Mechanism diagram of porous chitin nanofibers combined with adipose-derived stem cells transplantation in promoting wound healing of T2DM.
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Solarbio Technology Co. The cell counting kit-8 (CCK-8, C0038) was 
purchased from Beijing Beyotime Biotech Inc. The Mammalian Protein 
Extraction Kit (FD0889) and BCA protein assay Kit (FD2001) were 
bought from Fdbio Science Biotech Co., Ltd. The Ki67 (ab15580), PPAR- 
γ (ab209350), ACOX2 (ab197808), and SCD-1 (ab236868) were pur
chased from Abcam Trading Co. Both CD86 (ab234000) and CD163 
(ab189915) were purchased from Abcam, USA. The Collagen Type I 
(14695–1-AP), Collagen Type III (22734–1-AP), α-SMA (14395–1-AP), 
VEGF-A (66828–1-Ig) and MMP-1 (10371–2-AP) were purchased from 
Proteintech Biotech. ADSCs (HUM-CYY-a009) were purchased from Xi 
‘an Chuyunyuan Medical Technology Co., LTD. Fibroblasts (L929, CL- 
0137) were provided by Wuhan Ponosi Life Technology Co., Ltd.

2.2. Preparation of the recombinant silk fibroin (RSF), the chitin 
nanofibers (CNF) and the CR

10 g of silk was placed in a 0.5 % sodium bicarbonate aqueous so
lution to remove sericin protein. After drying, it was dissolved in a LiBr 
aqueous solution and concentrated in a 15 % PEG-20000 solution. 
Eventually, a 10 % the RSF solution was obtained. The squid cartilage 
was respectively placed in 4 % sodium hydroxide solution and 2 % hy
drochloric acid solution for deproteinization and inorganic salt removal 
treatment to obtain purified β -chitin. 0.2 g of purified β -chitin was 
dispersed in 100 mL of deionized water and crushed to obtain the CNF 
with a concentration of 0.2 %. Then, the concentrated silk fibroin 
aqueous solution was diluted to 4 % with deionized water, and the CNF 
was added. 300 U/mL horseradish peroxidase and 0.5 % (v/v) hydrogen 
peroxide were added to the above mixed solution, and it was left to stand 
and cross-link at room temperature to obtain the CR.

2.3. Characterization of the RSF, the CNF and the CR

2.3.1. Infrared spectroscopy (FTIR)
The chemical composition and structural characteristics of the 

samples were analyzed by Nicolet 6700 Fourier Transform Infrared 
Spectrometer (FT-IR, Thermo Fisher, USA). The samples were tested in 
the transmission mode, with the resolution and scanning range set at 4 
cm− 1 and 4000–550 cm− 1 respectively.

2.3.2. X-ray diffraction (XRD)
The crystal structure of the sample was analyzed using the Rigaku 

SmartLab SE X-ray diffractometer (XRD, Science, Japan). The scanning 
speed and scanning range were set to 4◦/min and 5–70◦ respectively.

2.3.3. Scanning Electron microscope (SEM)
The morphology of the sample was observed by S4800 field emission 

scanning electron microscope (FE-SEM, Hitachi, Japan). After freeze- 
drying the samples, they were sliced and gold-plated, then fixed on 
the conductive sample stage. The SEM was used for observation and 
photography. Pore size was conducted on at least five SEM images from 
different fields of view through ImageJ.

2.3.4. Porosity test
CR and CNF were cut into regular shapes and then freeze-dried, and 

the drying mass was called m1, and the volume of the sample was 
measured as V. Subsequently, CR and CNF were completely immersed in 
anhydrous ethanol, and a vacuum pump was connected for 1 h to ensure 
that ethanol fully penetrated into the pore structure of the sample. After 
the completion, the sample was taken out and the residual ethanol on 
the surface was wiped off, and then the mass m2 of the sample soaked in 
ethanol was weighed. Porosity was calculated according to the following 
formula. 

Porosity (%) =
m2 − m1

ρethanol × V
×100 

2.3.5. In vitro degradation test
The in vitro degradation of the samples was analyzed using colla

genase I. The initial weight of the sample was W0. Next, it was mixed 
with 2 U/mL collagenase solution and the reaction was carried out under 
constant temperature shaking at 37 ◦C. At different time periods, the 
samples were taken out and the surface moisture was removed with 
filter paper. The weight of the samples was measured as Wt. The 
degradation rate is calculated by the following formula. 

In vitro degradation rate (%) =
Wt

W0 

Among them, W0 was the initial weight of the sample, and Wt was the 
weight of the sample at different time points.

2.3.6. In vivo degradation test
The Male SD rats, weighing 200 ± 10 g and aged 6–8 weeks, were 

provided by Beijing Huafukang Biotechnology Co., LTD. The animal 
experiment protocol of this study has been reviewed and approved by 
the Ethics Committee of Shenyang Medical College (No. 
SYYXY2023030501). The Rats were anesthetized with isoflurane, and 
the rat back implantation model was established to evaluate the in vivo 
degradation of the CR. On the 7th and 14th days, the rats were anes
thetized. The tissues around the samples were fixed in 10 % formalin 
fixative, paraffin sections were made, and the histopathological changes 
were evaluated by HE staining.

2.4. Biocompatibility evaluation

2.4.1. Staining of live/dead cells
L929 cells were inoculated into 6-well plates at a density of 5 × 105 

cells per well and cultured until adherent. 2 mL of the extract solutions 
of different groups of materials were used instead of the culture medium 
for continued culture for 24 h and 48 h. Adherent cells were collected 
and resuspended in Assay Buffer to make the cell count at 1 × 106 cells/ 
mL. For every 1 mL of cells, 2 μL of Calcein-AM staining solution (stained 
at 37 ◦C in the dark for 25 min) and 5 μL of PI staining solution (stained 
at room temperature in the dark for 5 min) were added successively to 
stain the cells. Finally, the cells were observed under a fluorescence 
microscope.

2.4.2. Cytotoxicity test
L929 cells were inoculated in 96-well plates at a density of 5 × 104 

cells per well and cultured for 24 h. Afterwards, 100 μL of the RSF, the 
CNF and the CR extracts were respectively used to replace the culture 
medium for continued culture for 24 h, while the control group was 
replaced with normal culture medium. 100 μL of 10 % CCK-8 solution 
was added to each well respectively and incubated at 37 ◦C for 4 h. Then, 
the absorbance of the solution was determined at 450 nm using an 
enzyme-linked immunosorbent assay reader. The cell activity was 
calculated using the following formula. 

Cell viability (%) =
Asample − Ablank

Acontrol − Ablank 

Among them, Asample represents the absorbance of the cells after 
adding the sample, Acontrol represents the absorbance containing only 
the cells, and Ablank represents the absorbance containing only the cul
ture medium.

2.4.3. Blood compatibility test
The whole blood of anticoagulant rats was collected and centrifuged 

for 15 min. After the supernatant was discarded, it was washed with PBS 
until colorless. The experimental groups were respectively added with 1 
mL of 2 % blood cell suspension containing 20 μg of nanomaterials. The 
positive control group and the negative control group were respectively 
added with 1 mL of 2 % blood cell suspension diluted with ultrapure 
water and PBS. After incubation at 37 ◦C for 4 h, the samples were 
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centrifuged at 3000 rpm for 15 min and photographed. The supernatant 
was aspirated and the absorbance was measured at 540 nm. The 
following formulas were used to calculate the hemolysis rate. 

Hemolysis rate (%) =
Asample − APBS

AddH2O − APBS 

Among them, Asample, APBS and AddH2O were the absorbance values of 
the experimental group, the negative control group and the positive 
control group, respectively.

2.4.4. Test of the binding rate of the CR to TNF-α and IFN-γ
The concentration changes of TNF-α and IFN-γ proteins before and 

after incubation with the gel were detected by ELISA kits to explore the 
ability of the hydrogel to capture them. The samples from the RSF group, 
the CNF group and the CR group were placed in 48-well plates, with 
three parallel samples in each group. TNF-α protein and IFN-γ protein 
solutions were added and incubated at room temperature with each 
group of samples. Meanwhile, a pure protein control group was set up. 
The supernatant was collected 24 h later and quantitatively detected 
using an ELISA kit.

2.5. Identification of ADSCs surface marker proteins by flow cytometry

The third-generation ADSCs were digested with trypsin and the cell 
precipitates were collected by centrifugation. The precipitates were 
resuspended in a staining buffer containing antibodies PE-CD73 (bsm- 
30,125 M-PE, Bioss, China)、APC-CD105 (FBA10971A, RD, China)、 
PE-Cy7-CD34 (BF00619, RD, China)、PerCP-HLA-DR (FBA4869C, RD, 
China) for detecting surface markers of mesenchymal stem cells and 
incubated at 4 ◦C in the dark for 30 min. After washing with PBS, the 
expressions of CD73, CD105, CD34 and HLA-DR were detected using the 
FACSCalibur (BD Biosciences) flow cytometer. The data were analyzed 
using FlowJo V10 software.

2.6. Establishment and sampling of wound models in type 2 diabetic mice

The 60 SPF-grade male C57BL/6 J mice (6–8 weeks old, body weight 
range 22 ± 2 g) used in the experiment were from Beijing Huafukang 
Biotechnology Co., LTD. The animal experiment protocol of this study 
has been reviewed and approved by the Ethics Committee of Shenyang 
Medical College (No. SYYXY2023030501). The mice in the control 
group (n = 8) were fed with normal feed, while the mice in the model 
group (n = 52) were fed with a high-fat diet (HFD). After 6 weeks, the 
model mice were intraperitoneally injected with 50 mg/kg streptozo
tocin (STZ) for 3 consecutive days. The fasting blood glucose (FBG) 
values of mice were measured at 72 h and 1 week after the injection of 
STZ, respectively. When the FBG values all exceeded 11.1 mmol/L, it 
indicated that the modeling of T2DM mice was successful. The mice 
were removed due to unsuccessful modeling, the successfully modeled 
mice were randomly divided into the T2DM group, the ADSCs group, the 
CR group, and the ADSCs+CR group, with 8 mice in each group [27]. 
Afterwards, the mice were anesthetized with isoflurane, and an 8 mm 
wound was induced in the middle of the lumbar vertebrae with scissors. 
The control group and the T2DM group received no treatment. The 
ADSCs (the injection dose was 1 × 106, 200 μL) were injected at multiple 
points around the wound surface, it will be conducted on days 0, 1 and 2. 
While the CR was placed on the wound surface and replaced at 0,3,6 and 
9 days respectively. The body weight and fasting blood glucose levels of 
the mice were monitored weekly. During the experiment, photos of the 
wound closure of mice were taken, and the skin around the wound was 
collected at the corresponding time points for subsequent experiments. 
The wound healing rate was calculated through the following formula. 

Wound closure rate (%) =
A0 − At

A0 

Among them, A0 was the initial wound area, and At was the wound 

area at a certain time point (days 0, 5, 9, and 13) [28].

2.7. Histopathological analysis

2.7.1. H&E staining and Masson staining
The skin tissues of mice on the 7th day were fixed with 4 % para

formaldehyde, then subjected to ethanol gradient dehydration and 
paraffin embedding, and the embedded blocks were cut into sections 5 
μm thick. According to the plan in the instruction manual, hematoxylin- 
eosin staining (H&E) and masson staining were performed on the sec
tions, and then they were observed under an optical microscope. The 
ImageJ software was used to analyze the proportion of collagen fiber 
area and calculate the volume fraction of collagen fibers in each group.

Collagen volume fraction (%) = blue area with positive collagen/ 
total tissue area ×100 %.

2.7.2. Immunohistochemical analysis
After antigen repair, peroxidase inactivation, and blocking of the 

slices, primary antibodies (Ki67, 1:1000. Collagen I, 1:1000. Collagen 
III, 1:1000. CD86, 1:500. CD163, 1:500) were added to the slices and 
incubated overnight at 4 ◦C. Then, HRP labeled secondary antibody was 
added to the slice and incubated at room temperature for 30 min. The 
sections were colored using diaminobenzidine (DAB), and the cell nuclei 
were stained with hematoxylin. Finally, the stained sections were 
captured using a microscope and analyzed with Image J software.

2.7.3. Immunofluorescence analysis
For immunofluorescence staining, primary antibodies (α - SMA, 

1:1600. VEGF, 1:400) were added to the sections and incubated over
night at 4 ◦C. Then, fluorescent secondary antibodies (the corresponding 
secondary antibody for α-SMA was Alexa Fluor® 488 labeled goat anti- 
rabbit IgG (H&L), and the corresponding secondary antibody for VEGF 
was Cy3 labeled goat anti-mouse IgG (H&L), with a dilution ratio of 
1:500 for both) were added and incubated at room temperature in the 
dark for 1 h. After staining was completed, anti-fluorescence attenuation 
mounting solution (containing DAPI) was added to the tissue sections 
and they were imaged using confocal microscopy.

2.8. Proteomics sequencing

The wound tissue samples of mice were taken out of a − 80 ◦C 
refrigerator. An appropriate amount of the sample was weighed and 
placed in a mortar pre-cooled with liquid nitrogen, and then thoroughly 
ground into powder with liquid nitrogen. Samples from each group were 
respectively added to four times the volume of the powder lysis buffer (1 
% Triton X-100, 1 % protease inhibitor) and subjected to ultrasonic lysis. 
The samples were centrifuged at 12,000 g at 4 ◦C for 10 min. The su
pernatant was transferred to a new centrifuge tube, and the protein 
concentration was determined using the BCA kit. Subsequently, the 
samples were processed through steps such as ethanol precipitation, 
protein resolubility/reduction/etherification, enzymatic hydrolysis, 
SDC removal, and peptide desalination, in preparation for subsequent 
testing. The peptides were dissolved in phase A of the liquid chroma
tography mobile phase and then separated using the NanoElute ultra- 
high performance liquid chromatography system. The peptides were 
labeled using iTRAQ/TMT technology and detected by LC-MS/MS to 
analyze the spectral information. Bioinformatics analysis was conducted 
through Hangzhou Jingjie Biotechnology co., LTD. (http://www. 
ptm-biolab.com.cn), including gene ontology (GO) annotation enrich
ment analysis, Kyoto Encyclopedia of Genes and genomes (KEGG) 
annotation enrichment analysis and functional enrichment analysis.

2.9. Western blotting

Tissue proteins were extracted using the mammalian extraction kit 
and the total protein concentration was determined using the BCA kit. 
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The samples were separated by sodium dodecyl sulfate - polyacrylamide 
gel electrophoresis (SDS-PAGE), and the proteins were transferred onto 
the polyvinylidene fluoride (PVDF) membrane and sealed with 5 % 
skimmed milk for 1 h. Then, the membrane was incubated with primary 
antibody (SCD-1, 1:1000. PPAR-γ, 1:1000. MMP-1, 1:1000. ACOX2, 
1:1000. GAPDH, 1:1000) at 4 ◦C overnight. After the membrane was 
washed, it was incubated with the corresponding secondary antibody. 
Finally, the strips were visualized using an ECL luminescence meter, and 
the gray values were calculated using Image J software.

2.10. Statistical analysis

Data were analyzed using GraphPad Prism 9.0 software, and the 
results were expressed as Mean ± standard deviation (Mean ± SD). 
Student’s t-test was used for the comparison between two groups of data, 
and One-way ANOVA or Multi-way ANOVA was used for the comparison 
among multiple groups of data. p < 0.05 was considered statistically 
significant.

3. Results

3.1. Preparation and characterization of the CR

The morphologies of the RSF, the CNF suspensions and the CR were 
shown in Fig. 1A. The RSF and the CNF were prepared from silk and 
squid cartilage as raw materials, and the CR was finally prepared 
through physical cross-linking. The microstructure of the CR was 
observed by SEM, and the results were shown in Fig. 1B-C. It can be seen 
that the CR was a typical 3D porous structure, the pore size was 106.68 
± 76.99 μm. As shown in Fig. 1D, both CR and CNF exhibited relatively 
high porosity. Among them, the porosity of CR was 89.1 %, which was 
higher than that of CNF at 70.6 %. Subsequently, the structure of the 
prepared CR was characterized by FTIR. It can be known from Fig. 1E 
that the characteristic peaks of the CNF were at 3435 cm− 1 and 3265 
cm− 1, which were attributed to the stretching vibrations of O–H and 
N–H respectively. In addition, since the molecular chains of β -chitin 
were arranged in the same direction and the hydrogen bond effect is 
relatively small, it was a unimodal peak at 1643 cm− 1, representing the 
stretching vibration of C––O (amide I band). After the introduction of 
the RSF, a characteristic peak of β - chitin amide I band appeared in the 
CR at 1643 cm− 1, and multiple absorption peaks at 1520 cm− 1 and 1228 
cm− 1 were caused by the overlapping of the stretching vibration ab
sorption peaks of various functional groups. The XRD pattern (Fig. 1F) 
demonstrated that the two main diffraction peaks of the CR were around 
9.0◦ and 19.5◦, respectively, showing wider and more dispersed 
diffraction peaks, and the main characteristic peaks remain unchanged. 
The above results suggested that the RSF and the CNF were physically 
crosslinked.

3.2. The biocompatibility of the RSF, the CNF and the CR

As shown in Fig. 2A, compared with the control group, the RSF 
group, the CNF group and the CR group all showed a large number of 
living cells (green) and a small number of dead cells (red). Moreover, 
compared with 24 h, the number of cells in each group was significantly 
increased after 48 h, and the morphology was clear, indicating that the 
cell growth and proliferation status was good. Subsequently, the cell 
viability of the material was further quantified through the CCK-8 
toxicity test. As shown in Fig. 2B, the cell viability of the RSF group, 
the CNF group and the CR group was all above 90 %. It indicated that the 
material had no obvious toxicity to cell growth. The appearance images 
and hemolysis rate statistics of the hemolysis experiment were shown in 
Fig. 2C-D. The appearance image in Fig. 2C displayed that compared 
with the ddH2O positive group, there was no obvious hemolysis in the 
other groups. Moreover, compared with the ddH2O positive group, the 
hemolysis rates of the RSF group, the CNF group and the CR group were 

0.88 %, 0.67 % and 0.7 % respectively, all of which were lower than the 
5 % hemolysis rate standard stipulated by ISO (Fig. 2D). As shown in 
Fig. 2E, compared with the RSF and the CNF, the CR group had a higher 
binding rate of TNF-α, and the clearance rate was about 70 %. Compared 
with the RSF and the CNF, the CR also showed excellent results in the 
clearance of IFN-γ, with a clearance rate of about 30 %, as shown in 
Fig. 2F. The H&E staining on the 7th and 14th days of the in vivo 
degradation experiment was shown in Fig. 2G. On the 7 th day after 
operation, there was some inflammatory reaction in the tissues around 
the CR embedding site, and the CR was gradually degraded. On the 14th 
day after the operation, the inflammatory response in the CR group was 
alleviated, and only a small amount of sample residue could be 
observed. Fig. 2H indicated the in vitro degradation results of the ma
terial. The weight of the RSF group and the CR group was slightly 
increased on the fourth day, and then the weight was gradually 
decreased. After 43 days, the weight of the RSF group and the CR group 
was reduced to less than 20 %.

3.3. Identification of ADCSs

As shown in Fig. 3A, CD73 was highly expressed, and its fluorescence 
intensity was concentrated between 104 and 105, while the expression 
level of CD34 was low, and its fluorescence intensity was below 103. In 
Q1 quadrant, the proportion of CD73− CD34+cells was 37.0 %, while in 
Q4 quadrant, the proportion of CD73-CD34-double negative cells was 
62.6 %. As shown in Fig. 3B, the fluorescence intensity of CD105 was 
concentrated in the 104 interval, and its expression was relatively uni
form, while the fluorescence intensity of HLADR was distributed in the 
101–103 interval, and its expression was relatively low. The proportion 
of CD105− HLA-DR+ cells in the Q1 quadrant was 60.8 %, and the pro
portion of HLA-DR− CD105− double-negative cells in the Q4 quadrant 
was 39.1 %. In a word, CD73 and CD105 were specifically highly 
expressed in ADSCs, while the expressions of CD34 and HLA–DR were 
relatively low, indicating that ADSCs could meet the mesenchymal stem 
cell phenotypic criteria defined by the International Society for Cell 
Therapy (ISCT).

3.4. ADSC transplantation combined with the CR promotes wound 
healing in T2DM mice

Fig. 4A was the experimental protocol of this study. The body weight 
of the mice was shown in Fig. 4B. Compared with the control group, the 
body weight of mice in the T2DM group was slightly decreased. 
Compared with the T2DM group, there was no significant change in 
body weight in the ADSCs group, the CR group and the ADSCs+CR 
group. As shown in Fig. 4C, compared with the control group, the FBG 
levels in the T2DM group, the ADSCs group, the CR group, and the 
ADSCs group +CR group were all higher than 11.1 mmol/L, and 
remained at a high level throughout the experiment. As shown in 
Fig. 4D, on the 5th day after surgery, there was no significant difference 
in wound healing among the groups. However, 13 days after the oper
ation, the wound area of each group was obviously decreased. 
Compared with the T2DM group, the healing effects of the control 
group, the ADSCs group and the CR group were better, while the healing 
effect of the ADSCs+CR group was the best. The result of the wound 
closure rate shown in Fig. 4E also indicated this. This indicated that the 
CR combined with the ADSCs treatment could effectively promote 
wound healing.

As shown in Fig. 5A-D, compared with the control group, the con
tents of TNF-α, IFN-γ, IL-1β and MDA in the T2DM group were signifi
cantly increased (p < 0.01). Compared with the T2DM group, the 
contents of TNF-α, IFN-γ, IL-1β and MDA in the ADSCs group, the CR 
group and the ADSCs+CR group were all evidently decreased (p < 0.01). 
Compared with the ADSCs group, the contents of TNF-α, IFN-γ, IL-1β and 
MDA in the ADSCs+CR group were obviously decreased (p < 0.01). 
Compared with the CR group, the contents of TNF-α, IFN-γ, IL-1β and 
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Fig. 1. Characterization of the RSF, the CNF and the CR. (A) Appearance images prepared by the CR. (B) SEM image of the CR (scale: 100 μm on the left, 20 μm on 
the right). (C) pore size analysis of CR. (D) Porosity of CR and CNF. (E) FTIR spectra of the RSF, the CNF and the CR. (F) XRD spectra of the RSF, the CNF and the CR.
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MDA in the ADSCs+CR group significantly decreased (p < 0.01). As 
shown in Fig. 5E-F, compared with the control group, the contents of 
SOD and CAT in the T2DM group were obviously decreased (p < 0.01). 
Compared with the T2DM group, the contents of SOD and CAT in the 
ADSCs group, the CR group and the ADSCs+CR group were significantly 
increased (p < 0.01). Compared with the ADSCs group, the content of 
CAT in the ADSCs+CR group was evidently increased (p < 0.01). 
Compared with the CR group, the contents of SOD and CAT in the 
ADSCs+CR group were sensibly increased (p < 0.05).

3.5. The CR combined with the ADSCs promotes the regeneration and 
repair of wound tissues in T2DM mice

The results were shown in Fig. 6A. Compared with the control group, 

the T2DM group showed certain signs of injury, and the newly formed 
tissue was very small. Compared with the T2DM group, after treatment 
with the ADSCs and the CR, the tissue structure gradually became clear, 
but tissue damage was still shown in some areas. However, compared to 
the T2DM group, at the edge of the regenerated tissue in the ADSCs+CR 
group, the formation of skin accessory structures such as hair follicles 
(red arrow) and sebaceous glands (black arrow) could be observed, and 
thicker granulation tissue was also observed. Subsequently, masson 
staining was used to observe the content and arrangement of collagen 
fibers at the wound site. As shown in Fig. 6B, compared with the control 
group, the collagen fibers in the T2DM group were sparse and irregular, 
and collagen synthesis was impaired. Compared with the T2DM group, 
the content of collagen fibers in the ADSCs group and the CR group was 
increased, but the arrangement was still uneven. Compared with the 

Fig. 2. In vitro biocompatibility experiment of the RSF, the CNF and the CR. (A) Staining diagram of living/dead cells (scale: 100 μm). (B) CCK-8 cytotoxicity test of 
the RSF, the CNF and the CR. (C) Visual images of the hemolysis test and (D) hemolysis rate. (E) In vitro binding rate of the RSF, the CNF and the CR to TNF-α. (F) In 
vitro binding rate of the RSF, the CNF and the CR to IFN-γ. (G) H&E staining image of the CR degradation in vivo (scale: 100 μm). (H) In vitro degradation rates of the 
RSF and the CR.
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ADSCs group and the CR group, the collagen fibers in the ADSCs+CR 
group were abundant and arranged in a more orderly manner.

As shown in Fig. 6C, compared with the control group, the collagen 
volume fraction in the T2DM group was significantly decreased (p <
0.05). Compared with the T2DM group, the collagen volume fractions of 
the ADSCs group, the CR group and the ADSCs+CR group were all 
significantly increased (p < 0.05). Compared with the ADSCs group and 
the CR group, the volume fraction of collagen in the ADSCs+CR group 
was obviously increased (p < 0.05). As shown in Fig. 6D-G, the immu
nohistochemical staining results of Ki67, collagen I and III on the 7th day 
were presented to evaluate cell proliferation and collagen production in 
vivo. Compared with the control group, the expression of Ki67 in the 
T2DM group was evidently decreased (p < 0.05). Compared with the 
T2DM group, the ADSCs+CR group showed the strongest positive 
expression of Ki67 (p < 0.01). In the immunohistochemical staining 
results of Collagen I and Collagen III, it was found that the expression 
levels of the two types of collagen in the ADSCs+CR group were 
significantly higher than those in the T2DM group (p < 0.01), followed 
by the ADSCs and the CR groups (p < 0.05).

3.6. The CR combined with the ADSCs regulates angiogenesis in wounds 
and the expression of macrophages

The results were shown in Fig. 7, the results of α-SMA staining 
indicated that the fluorescence intensity was lower in the control group 
and even worse in the T2DM. However, the fluorescence intensity 
increased after treatment with the ADSCs and the CR, and the highest 
expression of α-SMA was observed in the ADSCs+CR group. Compared 
with the control group, the expression of VEGF in the T2DM group was 
decreased. Compared with the T2DM group, the expression of VEGF was 
increased in the ADSCs group and the CR group. Compared with the 
ADSCs group and the CR group, the expression level of VEGF in the 
ADSCs+CR group was increased. These results indicated that the treat
ment of the CR combined with the ADSCs had the strongest effect in 
promoting neovascularization and could effectively accelerate the 
wound healing speed.

As shown in Fig. 8, compared with the control group, the expression 
of CD86 in the T2DM group was significantly increased (p < 0.01), while 
the expression level of CD163 was obviously decreased (p < 0.01). 
Compared with the T2DM group, the expression levels of CD86 in the 
ADSCs group, CR group and ADSCs+CR group were sensibly decreased 

(p < 0.05), while the expression levels of CD163 in the ADSCs group and 
ADSCs+CR group were significantly increased (p < 0.05). Compared 
with the CR group, the expression of CD86 in the ADSCs+CR group was 
evidently decreased (p < 0.05), and the expression of CD163 was 
significantly increased (p < 0.05). Compared with the ADSCs group, the 
expression of CD163 in the ADSCs+CR group was obviously increased 
(p < 0.05).

3.7. Results and analysis of proteomics in T2DM mice

As shown in Fig. 9A, the distribution length of the peptide segments 
is mainly 7 to 20 amino acids, which conforms to the general rule based 
on the fragmentation mode of enzymatic hydrolysis and mass spec
trometry. It can be seen from Fig. 9B that most proteins correspond to 
more than two peptide segments. It can be known from the results that 
the mass spectrometry data can meet the quality control requirements. 
As shown in Fig. 9C, the pearson correlation coefficient was calculated 
for the intensity values of all samples. The heat map showed that the 
samples within the group had a strong correlation, while there were 
differences among the samples between the groups. As shown in Fig. 9D, 
principal component analysis was conducted on the relevant quantita
tive values of all samples. The results indicated that the data within the 
groups were aggregated, while the data between groups were discrete, 
suggesting good sample repeatability. As shown in Fig. 9E, the heat map 
analysis of the differentially expressed proteins in the two groups 
revealed that there were significant differences in their relative 
expression levels. The differential proteins were screened with changes 
in differential expression levels >1.5 or < 1.5 (p < 0.05), among which 
581 proteins were up-regulated and 567 proteins were down-regulated 
(Fig. 9F).

In order to further describe the enrichment of KEGG pathway of 
differential proteins, up-regulated proteins and down-regulated proteins 
were enriched respectively, as shown in Fig. 9G and Fig. 9H. We found 
that asthma, viral myocarditis and PPAR signaling pathway were up- 
regulated, while down-regulated pathways included ribosomes, splices 
and staphylococcus aureus infection. Among the pathways obtained from 
the above enrichment analysis, we found that the PPAR signaling 
pathway was involved in processes such as inflammation regulation, 
angiogenesis, cell proliferation and differentiation. To further reveal the 
role of the PPAR signaling pathway in wound healing, it was visualized, 
as shown in Fig. 9I.

Fig. 3. Flow cytometry detection of surface antigen markers of the ADSCs. CD73 and CD105 represent the positive expression of surface marker proteins of the 
ADSCs. CD34 and HLA-DR represent negative expression of surface marker proteins of the ADSCs.
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3.8. The CR combined with the ADSCs promotes the expression of PPAR- 
γ, MMP-1, SCD-1 and ACOX2 in the wounds of T2DM mice

As shown in Fig. 10A-E, compared with the control group, the pro
tein expression levels of PPAR-γ and ACOX2 in the T2DM group were 
evidently decreased (p < 0.01), and the protein expression levels of 
MMP-1 and SCD-1 were sensibly increased (p < 0.01). Compared with 
the T2DM group, the expressions of PPAR-γ and ACOX2 were signifi
cantly increased in the CR and the ADSCs+CR groups (p < 0.05). 
Compared with the CR group and the ADSCs group, the expression of 
PPAR-γand ACOX2 was significantly increased in the ADSCs+CR group 
(p < 0.05). Compared with the T2DM group, the expression of SCD-1 
was significantly decreased in the ADSCs, the CR and the ADSCs+CR 
groups (p < 0.05). Compared with the T2DM group, the expression of 
MMP-1 was significantly decreased in the CR and the ADSCs+CR groups 
(p < 0.05). Compared with the CR group and the ADSCs group, the 

expression of MMP-1 was significantly decreased in the ADSCs+CR 
group (p < 0.05). Compared with the ADSCs group, the expression of 
SCD-1 was significantly decreased in the ADSCs+CR group (p < 0.01).

4. Discussion

Normally, when the human skin is damaged, the body will initiate a 
series of complex and orderly repair processes, including hemostasis, 
inflammation, proliferation, so as to achieve the purpose of wound 
healing [29]. However, due to its unique pathophysiological charac
teristics, such as decreased angiogenesis, changes in the composition of 
extracellular matrix (ECM), and destruction of tissue structure, the 
healing process of diabetic chronic wounds is often significantly delayed 
or even difficult to heal [30–32]. These pathological changes together 
constitute a complex background that chronic wounds of diabetes are 
difficult to heal, which poses a more severe challenge to traditional 

Fig. 4. Wound healing process and histological evaluation in T2DM mice. (A) Diagram of the experimental process. (B) The body weight of mice. (C) The FBG value 
of mice. (D) Representative images of wound closure in mice. (E) Wound closure rate at different time points after trauma (%). All data were expressed as mean ± SD. 
##p < 0.01, compared with the control group. **p < 0.01 and *p < 0.05, compared with the T2DM group. †p < 0.05, the ADSCs+CR group compared with the ADSCs 
group. ΔΔp < 0.01 and Δp < 0.05, the ADSCs+CR group compared with the CR group.
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treatment methods. The ADSCs have been increasingly widely applied in 
the current field of wound repair. The combination of biological dress
ings for various wound repairs can better avoid microbial infections in 
the external environment and maintain a moist environment on the 
wound surface. Therefore, the CR was prepared and combined with the 
ADSCs transplantation for the repair of chronic wounds in T2DM in this 
study. The feasibility of the combined application of the two in the 
repair of wounds in T2DM was studied and explored.

Multiple studies have shown that mesenchymal stem cells can be 
involved in multiple links of wound repair [33,34]. Among various types 
of stem cells, ADSCs have a simple extraction method, convenient ma
terial acquisition, abundant cell quantity, strong proliferation ability, 
low immunogenicity, and strong secretory function. They are the first 
choice for various basic research and clinical applications. In this study, 
the results of flow cytometry identification showed that our ADSCs 
positively expressed CD73 and CD105, and negatively expressed CD34 
and HLA-DR. The results were consistent with the characteristics of stem 
cells. However, the application of ADSCs alone in the treatment of 
chronic diabetic wounds still has significant limitations. The primary 
limiting factor lies in the survival rate and functional stability of ADSCs 
in the microenvironment of the target tissue after transplantation [35]. 
The pathological microenvironment specific to diabetic wounds, such as 
high glucose, hypoxia, excessive inflammation and accumulation of 
reactive oxygen species, can significantly reduce the survival rate and 
homing efficiency of ADSCs [36], thereby limiting their long-term effi
cacy. Studies have shown that the survival time of ADSCs in the local 
area of diabetic wounds is relatively short, usually only lasting for a few 
days, which makes it difficult to maintain their pro-angiogenic and 

immunomodulatory effects [37]. Secondly, the chronic inflammatory 
microenvironment and oxidative stress of the wound surface may inhibit 
the paracrine function and immunomodulatory activity of ADSCs [38].

In addition, the lack of effective carriers or scaffolds for support is 
also a key constraint factor [39]. This not only makes it difficult for 
ADSCs to remain in the wound for a long time and exert continuous 
effects, but also the exposed wound lacking physical barriers makes the 
transplanted cells vulnerable to the threat of bacterial colonization [40], 
further weakening their effect in promoting angiogenesis and tissue 
regeneration. It is worth noting that although the early-developed stem 
cell scaffolds provided cell vectors, they still had limitations. Insufficient 
mechanical performance can easily lead to premature collapse of the 
stent in a dynamic wound environment [41]. The natural materials 
commonly used in the early days, such as collagen, gelatin, and alginate, 
have good biocompatibility, but their degradation rate is difficult to 
accurately control and their sources are unstable [42]. The mechanical 
properties and degradation rate of synthetic polymer materials can be 
adjusted through chemical structure, but degradation products (such as 
lactic acid) may accumulate locally, triggering inflammatory responses 
or acidic microenvironments, and inhibiting cell functions [43]. The 
microstructure of early scaffolds is difficult to simulate the three- 
dimensional microenvironment of natural tissues, resulting in limited 
cell function and a lack of key biological functions such as active regu
lation of inflammation and elimination of excessive inflammatory fac
tors [44]. In contrast, the CR prepared in this study has excellent 
biocompatibility and controllable degradability, and its three- 
dimensional porous structure is conducive to cell infiltration and ma
terial exchange. In particular, CR can effectively isolate key pro- 

Fig. 5. The changes of inflammatory factors and oxidative stress in wound tissues of T2DM mice. (A–C) The changes in the levels of TNF-α, IFN-γ and IL-1β in wound 
tissues of T2DM mice. (D–F) The changes of SOD, MDA and CAT levels in wound tissues of T2DM mice. All data were expressed as mean ± SD. ##p < 0.01, compared 
with the control group. **p < 0.01, compared with the T2DM group. ††p < 0.01, the ADSCs+CR group compared with the ADSCs group. Δp < 0.05 and ΔΔp < 0.01, the 
ADSCs+CR group compared with the CR group.
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inflammatory factors, thereby improving the local microenvironment of 
transplantation and providing a better survival and functional platform 
for ADSCs. Zhang et al. also reported that intelligent responsive 
hydrogels can neutralize acidic microenvironments and reduce stem cell 
apoptosis [45]. Therefore, the combined application of CR and ADSCs is 
an important strategy in the field of wound repair. The limitation of this 
study is that the survival rate and retention of ADSCs were not tracked. It 
will continue to be tracked in subsequent experiments.

In this study, the RSF and the CNF were prepared from silk and squid 
cartilage, and then they were mixed and placed at room temperature for 
cross-linking to finally prepare the CR. Its physical and chemical prop
erties were characterized to understand the structure of the CR and its 
degradation ability in vivo and in vitro. The three-dimensional porous 
structure of the CR could be observed through SEM and the pore dis
tribution was uniform. This structure may enable the CR to both absorb 
wound secretions and maintain a moist environment, thereby main
taining a relatively favorable local moist environment for healing. In 
nature, the molecular chains of β-chitin are arranged in parallel, which 
has better reaction characteristics, swelling property and solvent affinity 
[46,47]. From the FTIR and XRD results, it can be seen that the com
posite material with added β-chitin exhibits an amorphous structure and 

lower crystallinity, which makes the CR have a good three-dimensional 
porous structure. Both in vivo and in vitro degradation experiments have 
demonstrated that the CR had good degradation ability. However, the 
different degradation times may be affected by physiological environ
ment, temperature and PH, and different enzymatic hydrolysations in 
vivo and in vitro.

Good biocompatibility is the foundation for the application of ma
terials in wound repair, which helps to achieve faster and more effective 
wound healing and reduce potential complications [48,49]. The 
biocompatibility results showed that there were a large number of living 
cells (green) and a very small number of dead cells (green) in each group 
at 24 h, and the growth and proliferation of cells in each group were 
good after 48 h. Subsequently, the toxic effect of the material on L929 
cells was further detected by CCK-8. According to ISO 10993-5:2009, 
when the cell viability exceeds 70 %, this material is recognized as 
having good biocompatibility [50]. Our results displayed that the cell 
viability of each group was all greater than 90 %, and it was considered 
that there was no obvious toxic effect. These results indicated that the 
material had good cell compatibility. In addition, the results of the he
molysis test showed that the hemolysis rate of each group of materials 
was below the biological safety standard of 5 %, indicating that there 

Fig. 6. Histopathological evaluation of wounds in T2DM mice. (A) On the 7th day, the wound surface of the mice was stained with HE, red arrow: hair follicle, black 
arrow: Sebaceous gland, (Scale: 1 mm, 100 μm). (B–C) Masson staining and statistical analysis of the wound surface of mice on the 7th day. (D-G) Immunohis
tochemical staining and statistical analysis of Ki67, Collagen I and Collagen III on the 7th day. (Scale: 50 μm). All data were expressed as mean ± SD. #p < 0.05, 
compared with the control group. **p < 0.01 and *p < 0.05, compared with the T2DM group. †p < 0.05, the ADSCs+CR group compared with the ADSCs group. Δp <
0.05, the ADSCs+CR group compared with the CR group.
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was no significant hemolysis reaction in the materials, thus confirming 
their good blood compatibility. This excellent biocompatibility is likely 
attributed to the fact that all the raw materials for preparation are 
sourced from nature and have no toxic effects on the human body, 
ensuring the safety and reliability of the material in clinical applications.

Wound repair is a dynamic and interactive process, which can be 
divided into three overlapping phases: the inflammatory phase, the 
proliferative phase and the remodeling phase [51]. Inflammation is an 
immune response process caused by the body’s exposure to harmful 
stimuli from the external environment. Chronic and excessive inflam
mation can delay the repair of wounds or even prevent them from 
healing. Therefore, good inflammation regulation can ensure wound 
repair. During the inflammatory response process, TNF-α is one of the 
earlier released pro-inflammatory response factors [52]. TNF-α plays an 
overall regulatory role in the inflammatory process by promoting the 
aggregation and activation of inflammatory cells and the secretion of 
inflammatory factors [53]. IFN-γ is an important cytokine, mainly 
secreted by activated T cells and natural killer (NK) cells, and plays a key 
role in immune regulation and inflammatory responses [54]. In this 
study, the biocompatibility and bioactivity of CR can be understood by 
detecting the binding rate of CR to TNF-α and IFN-γ. Subsequently, the 
binding experiments of TNF-α and IFN-γ were conducted in vitro, which 
proved that the RSF, the CNF and the CR all had strong isolation effects 
on TNF-α and IFN-γ, which was consistent with that reported in many 
literatures [55–57].

Under the condition of diabetes, oxidative stress caused by high 

blood sugar will continuously stimulate local tissues to release TNF-α 
and IFN-γ [58]. This is consistent with the findings of this study. TNF-α 
and IFN-γ can strongly induce macrophages to polarize towards M1 type 
[58]. M1-type macrophages not only further secrete a large amount of 
TNF-α and IFN-γ, but also release pro-inflammatory factors such as IL-1β 
and IL-6, forming an inflammatory cascade amplification effect of “pro- 
inflammatory factors inducing M1-type polarization - M1-type macro
phages secreting more pro-inflammatory factors” [59]. The results of 
this study also revealed abnormal changes in TNF-α, IFN-γ, IL-1β and IL- 
6. This effect can lead to a persistent local inflammatory response at the 
wound site. Excessive inflammation can disrupt the formation of new 
blood vessels, inhibit the proliferation of fibroblasts and the synthesis of 
collagen, and also degrade the extracellular matrix, hindering the 
normal healing process of the wound [60]. In addition, the persistent 
dominance of M1-type macrophages will also inhibit the polarization of 
M2-type macrophages, which play an important role in promoting tissue 
regeneration and anti-inflammation during the proliferation and 
remodeling stages of wound repair, and the inhibition of their functions 
further aggravates the delay of diabetic wound healing [61]. In this 
study, it was found that the expression of M1 macrophage marker CD86 
in the model group was significantly higher than that in the control 
group. The combined application of CR and ADSCs can not only effec
tively inhibit the polarization of M1-type macrophages induced by TNF- 
α and IFN-γ and its inflammatory cascade amplification effect, but also 
promote the polarization of M2-type macrophages, creating a suitable 
microenvironment for wound healing, thus accelerating the healing of 

Fig. 7. Immunofluorescence staining images of mouse wounds on the 7th day. (A-B) Representative immunofluorescence images and quantification images of α-SMA 
in the wound area of mice in each group on the 7th day. (C–D) Representative immunofluorescence images and quantification images of VEGF-A in the wound area 
of mice in each group on the 7th day. All data were expressed as mean ± SD. ##p < 0.01, compared with the control group. **p < 0.01, compared with the T2DM 
group. ††p < 0.01 and †p < 0.05, the ADSCs+CR group compared with the ADSCs group. Δp < 0.05, the ADSCs+CR group compared with the CR group.
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diabetic wounds. The combined application of CR and ADSCs still has a 
mechanism of synergistic enhancement. ADSCs injected alone are prone 
to apoptosis due to inflammatory factor stimulation and oxidative stress 
factors in the complex microenvironment of the wound surface, and will 
also significantly weaken the immunomodulatory function of ADSCs 
[36]. The dense pore distribution of CR can effectively block the pene
tration of bacteria and reduce the chance of bacterial colonization in 
wound tissue [62]. The CR may improve the local microenvironment, 
improve the survival rate of ADSCs and promote their retention, which 
may be one of the reasons why CR + ADSCs group has a better effect.

The experimental results showed that during the entire modeling 
period, compared with the control group, there was no significant 
change in the body weight of mice in the other groups. From the 
perspective of FBG levels, the FBG of mice in the control group was al
ways lower than 11.1 mmol/L, while the FBG levels of mice in other 
groups were significantly increased and remained at a high level 
throughout the experiment. The results showed that STZ combined with 
HFD successfully induced an increase in FBG in mice of the T2DM group, 
meeting the diagnostic criteria for diabetes. The reason for this result 
might be due to the damage or destruction of pancreatic β cells, resulting 
in insufficient insulin secretion and inability to effectively reduce FBG 
levels [63,64]. From the results of wound healing, the wound healing 
rate of mice in each group was similar on the fifth day, and there was no 

significant difference. On the 13th day, compared with the T2DM group, 
the ADSCs + CR group could effectively promote wound healing in 
T2DM mice. The wound closure rate of the ADSCs + CR group was 
higher than that of the CR group and the ADSCs group, and it almost 
completely healed on the 13th day. It was speculated that this result 
might be due to the simultaneous exertion of the synergistic effect be
tween the CR and the ADSCs, generating an effect of “1+1 > 2”.

Cell proliferation and wound reepithelialization are two stages in the 
wound healing process, which are of great significance for restoring the 
integrity and function of damaged tissues [65]. After activation, 
epithelial cells began to proliferate and move towards the wound sur
face, forming a new epithelial layer [66]. The proliferating fibroblasts 
secrete ECM near the wound surface, which provides support for the 
migration of epithelial cells and promotes the re-epithelization [67]. An 
in vitro study demonstrated that Rab37 promotes the proliferation, 
migration and endothelial differentiation of the ADSCs and accelerates 
the healing of diabetic wounds mediated by the ADSCs [68]. The ADSCs 
can also help repair the tissue structure of wounds by synthesizing and 
secreting ECM components. The results of HE staining showed that 
compared with the T2DM group, the ADSCs+CR group generated a large 
amount of granulation tissue and some skin appendage, and had the 
highest epithelial coverage rate. The masson staining results indicated 
that compared with the CR group and the ADSCs group, the collagen 

Fig. 8. The effect of CR combined with ADSCs on the expression of macrophages. (A) Immunohistochemical staining of CD86 and CD163 on the 7th day of the 
wound. (B) Statistical results of CD86 immunohistochemical staining positive cells. (C Statistical results of CD 163 immunohistochemical staining positive cells. All 
data were expressed as mean ± SD. ##p < 0.01, compared with the control group. **p < 0.01 and *p < 0.05, compared with the T2DM group. †p < 0.05, the 
ADSCs+CR group compared with the ADSCs group. Δp < 0.05, the ADSCs+CR group compared with the CR group.
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Fig. 9. Proteomic analysis of the control group and the T2DM group. (A) Protein peptide length profile. (B) Number distribution of protein peptides. (C) Pearson 
Correlation Coefficient (PCC) heat map. (D) Principal Component Analysis (PCA) graph. (E) Clustering heat maps of differential proteins in the control group and the 
T2DM group, with red representing up-regulated genes and blue representing down-regulated genes. (F) Quantitative analysis diagram of differential proteins. (G) 
Volcano plots of differentially expressed proteins, with red representing significantly differentially upregulated proteins and blue representing significantly differ
entially downregulated proteins. (H) Enrichment analysis of the upregulated protein KEGG pathway. (I) Visualization of the PPAR signaling pathway.
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fibers generated in the ADSCs+CR group had the richest content and 
were arranged in a more orderly manner. In this study, masson staining 
of wound tissue was not observed dynamically at multiple time points in 
order not to violate the “3R principle” of animal ethics. Furthermore, we 
also performed immunohistochemical staining on Ki67, Collagen I and 
Collagen III. The high positive rate of Ki67 indicates that the wound 
surface is in the active repair stage [69]. Compared with the CR group 
and the ADSCs group, the ADSCs+CR group had the most positive 
stained cells and the highest degree of cell proliferation activity. 
Collagen I and Collagen III are mainly distributed in the dermis and 
jointly constitute the collagen fiber network of the dermis. Compared 
with the CR group and the ADSCs group, the expression levels of 
Collagen I and Collagen III were the highest in the ADSCs+CR group. 
The ADSCs+CR may have a better ability to promote tissue regeneration 
and remodeling in wound repair, showing similar results with HE and 
masson. These results can explain that the CR combined with the ADSCs 
better promotes cell proliferation, re-epithelialization, and the genera
tion and reconstruction of collagen fibers to accelerate the healing of 
T2DM wounds. Meanwhile, it also indirectly proves that there was no 
contamination of ADSCs in the experiment.

The formation of new blood vessels during wound repair is crucial 
for wound healing, providing oxygen and nutrients to the wound and 
enhancing the tissue’s ability to resist infection [70]. One of the key 
factors for the difficulty in wound healing in diabetic patients is the 
reduction of angiogenesis. Due to long-term exposure to a hyperglyce
mic state, endothelial cells experience dysfunction and loss of integrity, 
which is the fundamental cause of local microvascular and macro
vascular complications. Eventually, it leads to a significant delay in 
wound closure by affecting angiogenesis [71]. Therefore, promoting 
vascular regeneration in the process of healing has become one of the 
key points. In this study, α-SMA and VEGF-A were stained by immu
nofluorescence to evaluate the angiogenesis during wound healing. The 
α-SMA is used to identify smooth muscle cells and myofibroblasts, and 
VEGF-A plays an important role in wound healing and angiogenesis. 
VEGF-A is the main subtype of VEGF and binds to the receptors on 
endothelial cells to promote vascular growth. The results demonstrated 
that compared with the CR group and the ADSCs group, the fluorescence 
intensities of vascular markers α-SMA and VEGF-A in the ADSCs+CR 

group were the highest. These results proved that the CR combined with 
the ADSCs could promote the regeneration of local blood vessels and 
provide more oxygen and nutrients for the rapid healing of wounds. 
According to previous reports, this effect of promoting angiogenesis is 
closely related to the secretion of various growth factors by the ADSCs 
[72]. The ADSCs have a good effect on enhancing angiogenesis, which 
can promote the formation of new blood vessels and improve local blood 
supply to wounds by stimulating the release of angiogenic factors, 
endothelial growth factor, and basic fibroblast growth factor [73].

However, the mechanism of the CR combined with the ADSCs on the 
healing of diabetic wounds remains to be studied. Therefore, proteomics 
sequencing was conducted, and it was found that among the differential 
proteins, 581 proteins were up-regulated and 567 proteins were down- 
regulated. Through the enrichment analysis of differential proteins, it 
was found that the PPAR signaling pathway plays an important role in 
multiple stages of wound healing. The decreased expression level of 
PPAR signaling pathway is related to the aggravation of inflammatory 
reaction, decreased angiogenesis and abnormal cell metabolism, which 
together lead to delayed wound healing in diabetes mellitus. This study 
found that the CR combined with the ADSCs can down-regulate the 
expression of MMP-1 by activating the PPAR-γ signaling pathway. MMP- 
1 is one of the main enzymes for degrading collagen and is crucial for the 
remodeling of ECM. Its excessive activation can lead to the destruction 
of ECM and delay the healing of diabetic wounds [74]. The combined 
treatment of the CR and the ADSCs can up-regulate PPAR-γ and signif
icantly reduce the expression of MMP-1, thereby protecting ECM from 
excessive degradation. SCD-1 is a key enzyme in fatty acid metabolism, 
catalyzing the conversion of saturated fatty acids into monounsaturated 
fatty acids, and is crucial for maintaining the fluidity and function of cell 
membranes [75,76]. Under the condition of diabetes, the increased 
expression of SCD-1 can lead to lipid metabolism disorders, thereby 
affecting wound healing [77]. The CR combined with the ADSCs treat
ment can significantly reduce the expression level of SCD-1. ACOX2 is a 
key enzyme involved in fatty acid oxidation and is involved in the 
metabolism of branched-chain fatty acids and bile acid intermediates 
[78]. In diabetic wounds, the expression of ACOX2 is decreased, which 
may be related to the reduction of fatty acid oxidation and energy 
metabolism disorders [79]. The combined treatment of the CR and the 

Fig. 10. Effect of ADSCs+CR on PPAR-γ signaling pathway protein expression. (A-E) Protein expression and quantitative analysis of PPAR-γ, MMP-1, SCD-1 and 
ACOX2 in mice wound on the 13th day. All data were expressed as mean ± SD (n = 3). ##p < 0.01, compared with the control group. **p < 0.01 and *p < 0.05, 
compared with the T2DM group. ††p < 0.01 and †p < 0.05, the ADSCs+CR group compared with the ADSCs group. Δp < 0.05, the ADSCs+CR group compared with 
the CR group.
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ADSCs significantly increased the expression level of ACOX2. This might 
promote the oxidation of fatty acids by increasing the expression of 
ACOX2, improve energy metabolism, and be beneficial to cell function 
and regeneration during the wound healing process. Chang et al. found 
that the activation of PPAR-γ could lead to expression changes of 
downstream targets similar to those in this study and exert anti- 
inflammatory effects [80]. Furthermore, the research also confirmed 
that the functional abnormality of PPAR-γ would significantly affect the 
changes of SCD-1 and ACOX2 [81,82], which is consistent with the re
sults of this study. These existing research results provide strong external 
support for the causal relationship between the PPAR-γ pathway and the 
core phenomenon in this study. In general, the expression of PPAR-γ in 
T2DM wounds was up-regulated after the ADSCs+CR intervention, thus 
regulating the expression of downstream molecules MMP-1, SCD-1 and 
ACOX2 to accelerate the healing process of diabetes wounds.

It is worth noting that there are gender differences in the wound 
healing process. Studies have shown that women usually heal faster than 
men, which may be related to hormone levels, immune response and 
metabolic characteristics [83]. In particular, estrogen has been proven 
to regulate multiple healing pathways, including inflammatory re
sponses, angiogenesis, and extracellular matrix remodeling [84]. As a 
key regulatory factor revealed in this study, the expression and activity 
of PPARγ are also significantly affected by estrogen [85]. Studies have 
shown that estrogen can positively regulate the expression and tran
scriptional activity of PPARγ through the estrogen receptor signaling 
pathway [86]. Therefore, endogenous estrogen may promote more 
effective inflammation resolution and tissue regeneration by synergis
tically enhancing the activity of the PPARγ pathway in female in
dividuals. Nevertheless, male mice still have significant advantages in 
the study of basic mechanism. On the one hand, its physiological state is 
relatively stable and less affected by the fluctuations of the hormone 
cycle, which can reduce the variables and contingency in the experi
mental process and ensure the reliability and repeatability of the 
experimental results. On the other hand, male individuals lack the 
“physiological promotion” effect of estrogen on the healing process, and 
the wound healing disorder in the state of diabetes can directly reveal 
the inhibitory effect of pathological microenvironments such as high 
glucose environment, chronic inflammation and oxidative stress on 
tissue repair. Under this background, we observed that the combined 
application of CR and ADSCs showed a remarkable healing effect by 
activating PPARγ pathway, which strongly proved that the therapeutic 
strategy could play an active repair role independently of endogenous 
estrogen. It also avoids the potential interference of endogenous estro
gen on the therapeutic effect.

5. Conclusion

In this study, the CR composite material was prepared. In vitro ex
periments indicated that the CR had a good three-dimensional porous 
structure, biocompatibility, and degradation performance in vivo and in 
vitro. In vivo experiment, the T2DM wound model was established 
through the induction of STZ combined with HFD. We found that the CR 
combined with the ADSCs transplantation therapy can promote the 
wound healing of T2DM mice, including promoting wound re- 
epithelization, collagen deposition, cell proliferation and angiogenesis, 
and regulating macrophage expression. Proteomic results indicated that 
CR combined with ADSCs transplantation may improve fat metabolism, 
alleviate inflammation and oxidative stress, and accelerate wound 
healing by activating the PPAR - γ signaling pathway. In conclusion, this 
study provides a solid experimental basis for the wide application of the 
CR combined with the ADSCs transplantation therapy in various 
wounds.
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