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Introduction: Full-thickness wounds lead to delayed wound healing and scarring. Adipose-derived stem
cell (ADSC) grafting promotes wound healing and minimizes scarring, but the low efficiency of grafting
has been a challenge. We hypothesized that loading ADSCs onto a clinically widely used dermal
regeneration template (DRT) would improve the efficacy of ADSC grafting and promote full-thickness
wound healing.
Methods: ADSCs from human adipose tissue were isolated, expanded, and labeled with a cell tracker.
Labeled ADSCs were loaded onto the DRT. The viability, the location of ADSCs on the DRT, and the
abundance of ADSCs in the wound area were confirmed using CCK8 and fluorescence microscopy. Full-
thickness wounds were created on Bama minipigs, which were applied with sham, ADSC, DRT, and
ADSC-DRT. Wounds from the four groups were collected at the indicated time and histological analysis
was performed. RNA-seq analysis was also conducted to identify transcriptional differences among the
four groups. The identified genes by RNA-seq were verified by qPCR. Immunohistochemistry and western
blotting were used to assess collagen deposition. In vitro, the supernatant of ADSCs was used to culture
fibroblasts to investigate the effect of ADSCs on fibroblast transformation into myofibroblasts.
Results: ADSCs were successfully isolated, marked, and loaded onto the DRT. The abundance of ADSCs in
the wound area was significantly greater in the ADSC-DRT group than in the ADSC group. Moreover, the
ADSC-DRT group exhibited better wound healing with improved re-epithelialization and denser collagen
deposition than the other three groups. The RNA-seq results suggested that the application of the in-
tegrated ADSC-DRT system resulted in the differential expression of genes mainly associated with
extracellular matrix remodeling. In vivo, wounds from the ADSC-DRT group exhibited an earlier increase
in type III collagen deposition and alleviated scar formation. ADSCs inhibited the transformation of fi-
broblasts into myofibroblasts, along with increased levels of CTGF, FGF, and HGF in the supernatant of
ADSCs. Wounds from the ADSC-DRT group had up-regulated expressions of CTGF, HGF, FGF, and MMP3.
Conclusion: The integral of ADSC-DRT increased the efficacy of ADSC grafting, and promoted full-
thickness wound healing with better extracellular matrix remodeling and alleviated scar formation.
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1. Introduction

Full-thickness wounds refer to skin defects in which the skin
and its appendages are completely missing, and incapable of skin
regeneration, resulting in delayedwound healing and scarring [1,2].
Autologous skin grafting is a gold-standard treatment to complete
the full-thickness wound healing process [3]. Other aspects include
wound dressing and debridement, infection control, nutritional
support, and pain management [4]. Despite these comprehensive
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treatments, about 10% of these skin defects could not achieve
closure due to extensive skin damage and limitations of donation
skin sources, such as extensive deep burns [5]. Besides, autologous
skin grafting is a painful surgery associated with complications,
including infection, non-healing, and scarring [6]. In addition,
scarring is unavoidable in full-thickness wounds bringing patients
pain, itching, reduced range of motion, and psychosocial impair-
ments [7,8]. Hence, treatments that ensure closure and minimize
scar formation remain urgent needs.

Regenerative medicine has emerged as a promising approach to
improving wound healing and reducing scarring [5,9,10], particu-
larly cell therapy using adipose-derived stem cells (ADSCs) [11,12].
ADSCs grafting can promote the formation of new blood vessels,
enhance the production of extracellular matrix components, and
reduce inflammation [11,13], resulting in improved scar quality and
wound healing [14]. ADSC grafting has been approved for clinical
use in burn wounds [15]. However, its low survival rate, poor
cellular retention, and engraftment after grafting have limited its
use as a regular clinical therapy [16]. Therefore, determining the
most effective route for ADSC administration remains an ongoing
challenge [17].

Dermal regeneration templates (DRTs) are widely used artificial
dermal substitutes clinically [18]. DRTs have good biocompatibility
and low immunogenicity, promote angiogenesis and collagen depo-
sition, guide dermal regeneration, and reduce scar formation [19].
Many clinical trials have also suggested that DRTs can be safely and
effectively used in combination with other therapies [12,15,20], such
asADSCs [15], to enhance their regenerative properties. Therefore,we
hypothesize that incorporating ADSCs with a DRT could improve the
efficacy of ADSC grafting and enhance the regenerative properties of
DRT, thereby promoting full-thickness wound healing. Here, we
demonstrated that ADSCs can be loaded onto DRTs. Integral ADSC-
DRT can increase the efficiency of ADSC grafting in vivo. Integral
ADSC-DRT promotes the full-thickness wound healing process by
enhancing extracellular matrix remodeling.

2. Methods

2.1. ADSC isolation and expansion

Human adipose tissue was obtained via surgical resection during
full-thickness skin grafting at RuijinHospital from September 2021 to
May 2023. The protocol was approved by the Ruijin Hospital Ethics
Committee, Shanghai JiaoTongUniversity School ofMedicine, and the
ID of ethics approval number was (2021) Linlunshen No. 171. The
three participants were fully informed and provided their consent
before taking part in the experiment. We made sure that their
participationwould not have any impact on their health. ADSCswere
isolated as previously described [21]. Briefly, the adipose tissue was
manually cut into 0.5 mm3 pieces in phosphate-buffered saline (PBS)
under sterile conditions, digested at 37 �C for 30 min with 0.075%
collagenase, and then neutralized by the addition of Dulbecco's
modified Eagle's medium (DMEM, Gibco) supplemented with 10%
FBS (GIBCO), after which the cell suspension was centrifuged at
1000 g for 10 min. After red blood cell lysis, the cell suspension was
filtered through 70 mm nylon mesh to remove undigested tissue
fragments and incubated overnight at 37 �C and 5% CO2 in a control
medium (DMEM, 10% FBS, 1% antibiotic/antimycotic solution). The
adherent cells were kept under standard culture conditions.

2.2. Flow cytometry

The adherent cells were cultured until the cell density exceeded
70% (about 48 h), and cells were detached with trypsin and
resuspended. Fluorescence staining of human ADSCs was
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performed using the following antibodies: FITC-conjugated anti-
human CD44 antibody (Biolegend, 338803), FITC-conjugated anti-
human CD105 antibody (Biolegend, 323203), FITC-conjugated anti-
human CD73 antibody (Biolegend, 344015), FITC-conjugated anti-
human CD29 antibody (Biolegend, 350107), and FITC-conjugated
anti-human CD45 antibody (Biolegend, 368507). FITC-conjugated
anti-human CD11b antibody (Biolegend, 101205) and FITC-
conjugated anti-human CD34 antibody (Biolegend, 343503) were
used as negative controls. After incubation for 30 min at 4 �C, the
cells were washed, resuspended, and analyzed using a flow cy-
tometer (CytoFLEX Beckman Coulter). The data were analyzed us-
ing FlowJo.

2.3. Addition of ADSCs to the DRT

The DRT used in this paper is PELNAC (8cm � 12 cm, GUNZE,
KYOTO, JAPAN), which consists of two layers (a porcine tendon
derived atelocollagen sponge layer, approximately 3 mm in thick-
ness, and a thin reinforced silicone film layer) [22]. The DRT was cut
into 2cm � 2 cm, and placed on the bottom of 6 well plates, with
the atelocollagen sponge layer on the top. The cultured ADSCs were
digested, centrifuged, resuspended in a 20 mMDeep Red cell tracker
(Thermo Fisher), and incubated for 30 min at 37 �C. The marked
cells were cultured and expanded. A total of 2 � 106 labeled ADSCs
were added to the 2cm� 2 cmDRT. ADSCs in the DRTwere cultured
for the following in vitro and in vivo experiments.

2.4. Immunofluorescence

The DRT with ADSCs was embedded and sectioned. The deep
red-labeled ADSCs within the DRT were observed using a Zeiss 710
(Carl Zeiss) microscope with ZEN software (Carl Zeiss) and pro-
cessed using ZEN software (Carl Zeiss).

2.5. Cell viability assay

2 � 106 ADSCs were cultured on DRT in 2 ml of culture medium
in 6-well plates for 48 h, with ADSCs cultured without DRT as
control. 200 ml of CCK-8 reagent (Beyotime) was added to each well,
and the plates were incubated for 1 h. Finally, 100 ml of culture
medium was added to a 96-well plate, with 5 replicates for each
well. The absorbance was measured at 450 nm.

2.6. Animals and full-thickness wounds

Animal experiments were carried out following the regulations
outlined in the Guide for the Care and Use of Laboratory Animals
issued by the Ministry of Science and Technology of the People's
Republic of China. The protocol was approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University
School of Medicine (20200301). Male Bama minipigs, aged 5e7
months and weighing 30e35 kg, were purchased from Shanghai
Jiagan Experimental Animal Co., Ltd. The animals were housed in a
barrier facility that meets national standards (GB 14925-2001). All
efforts were made to minimize suffering during the procedures,
including adequate anesthesia and pain relief treatment. Briefly,
the pigs were given an intramuscular injection of succinylcholine
(5 mg/kg) to induce anesthesia, followed by an intravenous injec-
tion of suxin II (0.1 ml/kg) to maintain anesthesia. If the surgery
required an extended anesthesia time, 1/2 of the initial dose was
injected every 30e40 min to maintain the anesthesia effect ac-
cording to the veterinarian's decision. All animals were given car-
profen (2 mg/kg) for pain relief after surgery.

The anesthetized pigs were secured on the surgery table, and a
vein catheter was placed in the ear for drug administration, with
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the heart rate and blood pressure monitored. The backs of the Bama
minipigs were shaved, disinfected, and draped before full-thickness
wounds were created. A total of 24 2 cm � 2 cm full-thickness
wounds in three columns were created on each pig (n ¼ 4). The
wounded pigs were then randomly divided into four groups (Sham,
ADSC, DRT, and ADSC-DRT), and the wounds were covered with
compression bandages for 7 days post-surgery. At 7, 14, 21, 28, and
56 days post-surgery, thewounds were photographed after the pigs
were anesthetized. At 7, 14, 21, and 56 days post-surgery, the
wounds and an additional 1 cm of the surrounding normal skin
tissue were collected. The samples were divided into two parts and
stored separately in 4% paraformaldehyde or at �80 �C.

2.7. Histology and immunohistochemistry

Wounds were fixed in 4% paraformaldehyde overnight, dehy-
drated, and embedded as previously described [23]. Five-
micrometer sections were subjected to H&E and Masson staining
following the standard staining methods. Briefly, dewaxed paraffin
skin sections were subjected to heat-mediated antigen retrieval
(citrate buffer; pH 6), followed by blocking of endogenous peroxi-
dase activity with peroxidase blocking solution containing 3% H2O2.
The membranes were blocked with antibodies against CD31
(1:1000, Abcam, ab281583), collagen III (1:1000, Abcam, ab7778),
and collagen I (1:1000, Abcam, ab138492) and incubated overnight.
The slides were incubated with secondary antibody followed by
peroxidase activity. Nuclei were counterstained with hematoxylin.
All sides were scanned by a 3DHISTECH digital slide scanner or
imaged by microscopy. All images were analyzed by an indepen-
dent researcher who was blinded to the treatment groups using
ImageJ software.

2.8. RNA isolation and qPCR

Total RNAwas isolated fromwound tissue using Trizol and cDNA
was synthesized using HiScript III All-in-one RT SuperMix Perfect
for qPCR (Vazyme, R333-01). The cDNA samples were subjected to a
real-time quantitative polymerase chain reaction (RT-qPCR) using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02)
performed on a LightCycler 480 System (Roche). The primer se-
quences are listed in Table 1.

2.9. Immunoblotting (IB)

The wound tissue (0.1 mg) collected from each of the four
groups was lysed in RIPA buffer (Beyotime, P0013B) containing
ProtLytic Phosphatase Inhibitor Cocktail (NCM Biotech, P002) and
Table 1
The primers sequences used in this study.

Genes Primer sequences (50e30)

FBLN1 Forward CTGTGGATGGCAGGTCATGT
Reverse CGGACCGTGTCTGTCTTCTC

COL3A1 Forward AATCAGGTAGACCCGGACGA
Reverse CTCCTGGGATGCCATTTGGT

CTGF Forward GGAGTCTGCACAGCTAAGGG
Reverse CTTTCACCCCCTCTTTAGGGC

FGF Forward CTGCTGGTGATGGGAGTTGT
Reverse CTGCTGGTGATGGGAGTTGT

HGF Forward ACACAGCTTTTTGCCTTCGAG
Reverse ATTGACAGTGCCCCTGTAGC

MMP3 Forward TGAGGACACCAGCATGAACC
Reverse ACTTCGGGATGCCAGGAAAG

ACTB Forward GCCTCGCCTTTGCCGAT
Reverse AGGTAGTCAGTCAGGTCCCG
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ProtLytic Protease Inhibitor Cocktail (NCM Biotech, P001). Total
protein was extracted and measured using the BCA assay. Immu-
noblotting (IB) was performed using standard methods as previ-
ously described [23], with a total of 25 mg of protein loaded per lane
on a 6% polyacrylamide gel with a prestained protein ladder
(Thermo Scientific). The gel was run at a constant voltage of 90 V
until the gel was separated and then switched to 120 V until the
bands were close to the bottom of the gel. The proteins were then
transferred onto a PVDF membrane (5 cm � 9 cm) at 90 V for
90 min. After blocking with 5% nonfat milk for 1 h at room tem-
perature, the membrane was cut according to the protein ladder
and incubated with primary antibodies overnight at 4 �C, followed
by incubation with secondary antibodies at room temperature for
1 h. The following antibodies were used: anti-collagen III (1:1000,
Abcam, ab7778), anti-collagen I (1:1000, Abcam, ab138492), and
anti-tubulin (Proteintech, 11224). After incubation with a chemi-
luminescent substrate (Thermo Scientific), the blot was imaged.
Image J was used to analyze the gray value intensity of bands.

2.10. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0
(Aspire Software International), and all the results are presented as
the means ± SDs. Differences between two groups were evaluated
using unpaired t-tests or multiple t-tests, while differences among
multiple groups were assessed through one-way analysis of vari-
ance (ANOVA). A p-value of <0.05 was considered to indicate sta-
tistical significance.

3. Results

3.1. Identification of ADSCs

The isolated cells were cultured and observed. These cells
proliferated well with the same morphology of adipose-derived
stem cells (ADSCs), as shown previously [21] (Fig. 1A). To verify
that these cells were mainly human ADSCs, flow cytometry was
used to verify the typical surface molecules of human ADSCs as
previously [24]. The results showed that more than 90% of the
cultured cells were CD73 þ CD105 þ CD29 þ CD44 þ CD45 - CD11b
- CD34 - (Fig.1B), which is consistent with the expression pattern of
surface markers of human ADSCs [21]. These results suggested that
the cultured cells were ADSCs with high purity. We further inves-
tigated the differentiation potential of these ADSCs. Adipogenic
differentiation medium was added to the ADSCs, and oil-red O
staining revealed that the ADSCs gradually transformed into adi-
pocytes, the number of oil-red O-positive cells gradually increased,
and the number of fat droplets gradually increased (Fig. 1C). In
addition, osteogenic differentiation medium was added to the
medium, and the formation of calcium nodules gradually increased,
as shown by alizarin red staining, indicating that the ADSCs grad-
ually transformed into bone cells (Fig. 1D). The above results
showed that the human ADSCs were successfully isolated and
expanded with the ability to differentiate.

3.2. Loading ADSCs onto the DRT

To explore whether ADSCs can be loaded onto the DRT, ADSCs
were marked with a deep red cell tracker to visualize their
viability and location. As shown in Figure A, 2� 106 marked ADSCs
were resuspended in 300 mL culture medium and added to DRT,
followed by 30 min incubation until the cell suspension infiltrated
in the DRT. Then the culture medium was added to a volume of
2 mL, the cells were cultured on DRT (Fig. 2A). The viability of
ADSCs loaded onto the DRT was assessed using the CCK-8 assay.



Fig. 1. The identification of Adipose-derived stem cells (ASDCs). (A) The isolated cells were cultured and observed under a microscope. The representative images were shown. (B)
The cells were digested, marked with the indicated antibodies, and tested by flow cytometry. (CeD) ADSCs were seeded into 6-well plates and cultured in adipogenic differentiation
medium or osteogenic differentiation medium for specific durations, after which the cells were stained with oil red O (C) or alizarin red (D). Scale bars, as indicated in the figures.
Data are representative of three independent experiments.

J. Xu, X. Chen, J. Wang et al. Regenerative Therapy 26 (2024) 800e810
The results showed that the viability of ADSCs on the DRT was
comparable with that of ADSCs not on the DRT (Fig. 2B), indicating
that ADSCs can grow and proliferate on the DRT. To verify the
location of ADSC on the DRT, the ADSC-DRT slices were observed.
The results showed that substantial cell-tracker positive cells
could be observed on the DRT, indicating that the ADSCs survived
well on the DRT (Fig. 2).

To explore whether the integrated ADSC-DRT system could
function in vivo, a full-thickness wound model was established,
and ADSC or the ADSC-DRT was applied to the wounds. Seven
days post-surgery, wounds from the two groups were collected.
The results showed that cell-tracker positive cells could be
observed in the ADSC-DRT group at 7 days post-surgery, while no
positive cells were detected in the wounds from the ADSC group
(Fig. 2D). The above results confirmed that the integrated ADSC-
DRT system can increase ADSC survival in wound areas after
grafting in vivo.
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3.3. The integrated ADSC-DRT system promotes full-thickness
wound healing

To evaluate the in vivo effect of the integrated ADSC-DRT system
on wound healing, wounds were made on Bama minipigs, and the
integrated ADSC-DRT system was applied to these wounds, with
sham, ADSC, and the DRTwas applied to thewounds as controls. All
wounds were subjected to compression bandaging, as shown in
Fig. 3A. The dressings used for all four groups of wounds were
removed on day 7. Wounds from the integrated ADSC-DRT system
group showed fresh granulation tissue, with no necrotic tissue or
adherent secretions, and the thickness of the granulation tissuewas
moderate and level with the wound edges (Fig. 3B). At 7 and 21
days post-surgery, wounds from the ADSC-DRT system group
showed visualized smaller wound areas, as indicated by an
increased wound closure rate, compared to the sham, ADSC, and
DRT groups (Fig. 3C).



Fig. 2. Loading of ADSCs onto a dermal regeneration template (DRT). (A-C) ADSCs were stained with a cell tracker and cultured. Cells (2 � 106) were loaded and cultured on a
2 cm � 2 cm dermal regeneration template (DRT) in 6 wells plate (A); ADSCs were cultured on DRT for 48 h, with ADSCs cultured not on DRT as control, CCK-8 assay was used to
detect the viability of ADSCs in the DRT or control group (B); after being cultured for 48 h, DRT with ADSCs was frozen and sectioned, followed by observation under a fluorescence
microscope (C). (D) Six full-thickness wounds were made on Bama minipigs (n ¼ 1), which were divided into 2 groups: the ADSC group and the integrated ADSC-DRT group. ADSCs
or the integrated ADSC-DRT system were applied to the wounds. Wounds were collected at 7 days post-surgery for fluorescence observation (D). Scale bars, as indicated in the
figures. Data are shown as means ± SD. Data are representative of three independent experiments (A, B, C). ns p ¼ 0.7218, unpaired t-test (B).

J. Xu, X. Chen, J. Wang et al. Regenerative Therapy 26 (2024) 800e810
Moreover, histology of wounds from 7 to 21 days post-surgery
was observed to assess the quality of wound healing. HE staining
of day 21 wounds showed that the number of epidermal append-
ages increased in the integrated ADSC-DRT group, with well-
constructed epidermal and dermal junctions (Fig. 3D). At 7 days
post-surgery, wounds from the integrated ADSC-DRT group
showed significantly decreased wound diameter, compared with
those of sham, ADSC, and DRT groups (Fig. 3E). Wounds from the
integrated ADSC-DRT group also showed an increased epidermal
thickness, compared to those from the control groups (Fig. 3F).
Masson staining revealed that wounds from the ADSC-DRT group
had a denser deposition of collagen (Fig. 3G). Compared to the
sham, ADSC, and DRT groups, the wounds from the ADSC-DRT
group also showed a significantly increased thickness of granula-
tion tissue, indicating improved wound granulation maturation
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(Fig. 3H). The results above suggested that the integrated ADSC-
DRT system enhanced the full-thickness wound healing process.

3.4. The integrated ADSC-DRT system resulted in the differential
expression of genes mainly associated with extracellular matrix
remodeling

The above results have demonstrated the role of the ADSC-DRT
system in improving wound healing. Next, we further explored the
mechanisms of the combined system to promote wound healing by
accessing the transcriptional differences. Three wound samples
from each of the 4 groups were subjected to RNA-seq. Correlation
analysis revealed genes with similar expression patterns in the
samples from each group, except for only one sample from the
ADSC-DRT group (Fig. 4A). Therefore, the sample was excluded



Fig. 3. The integrated ADSC-DRT system promotes full-thickness wound healing. (A) The process of surgery. Full-thickness wounds were made on Bama minipig and subjected to
integrated ADSC-DRT, with the sham, ADSC, and DRT as control. The wounds were subjected to compression bandaging. (BeC) Photographs of wounds from the four groups were
taken at the indicated time and representative pictures were shown (B); statistical analysis of relative wound area (fold change of the wound on Day 0) (n ¼ 3) (C). (DeE) Wounds
were collected on 7 and 21 days post-surgery and subjected to hematoxylin HE staining (n ¼ 3) (D); diameter acquired from HE staining of each wound (n ¼ 3) (D); statistical
analysis of epidermal thickness measured in images from HE staining (n ¼ 3), the arrow indicated the epidermal appendages (E). (GeH) Masson staining of the wounds from day 7
and day 21 and the representative pictures were shown (n ¼ 3) (G); statistical analysis of the granulation tissue maturation measured in images from Masson staining (n ¼ 3), the
arrow indicated the thickness of granulation tissue (H). Scale bars, as indicated in the figures. Data are shown as means ± SD. Data are representative of two independent ex-
periments (AeH). ****p < 0.0001, ***p < 0.001, **p < 0.01, two-way ANOVA (C, E). ****p < 0.0001, ***p < 0.001, **p < 0.01, one-way ANOVA (F, H).
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from the following analysis. Differentially expressed genes (DEG)
analysis revealed more upregulated and downregulated genes in
the ADSC-DRT group compared with the ADSC and DRT group
(Fig. 4B).

Inflammation, re-epithelialization, angiogenesis, and matrix
remodeling are key processes to achieve wound closure [25]. It is
known that ADSCs can promote angiogenesis and extracellular
matrix remodeling to promotewound healing [26]. Further analysis
using GO ORA enrichment analysis revealed that the processes of
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extracellular matrix organization and extracellular structure orga-
nization were enriched in the set of genes with significant differ-
ential expression between the sham group and the ADSC-DRT
group (Fig. 4C). Although there were also differences in the
pathway related to keratinization, and inflammation, the number
of enriched genes was less than that in the extracellular matrix
remodeling (Fig. 4C). Besides, pathways involved in angiogenesis
and stem cell differentiation did not show any differences between
the sham and the ADSC-DRT groups (Fig. 4C). We further analyzed



Fig. 4. The integrated ADSC-DRT system resulted in the differential expression of genes mainly associated with extracellular matrix remodeling. (AeD) Three wounds from each of
the four groupsdthe sham, ADSC, DRT, and integrated ADSC-DRT groupsdwere collected 14 days post-surgery and subjected to RNA-seq. Correlation analysis of the three group
samples (A); statistics of the differentially expressed genes (DEGs) in the ADSC, DRT, and integrated ADSC-DRT groups compared to the sham group (B); GO ORA enrichment analysis
to identify significantly enriched genes of wounds from the sham group and the integrated ADSC-DRT group (C); heat map of differential gene expression involved in the
extracellular matrix and structure organization of wounds from the sham, ADSC, DRT, and integrated ADSC-DRT groups (D). (EeF) The mRNA of wounds treated with the sham,
ADSC, DRT, and integrated ADSC-DRT was extracted (n ¼ 3) to test FBLN1 (E) and COL3A1 expression (F). Scale bars, as indicated in the figures. Data are shown as means ± SD. Data
are representative of two (EeF). ***p < 0.001, **p < 0.01, one-way ANOVA (E, F).
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the genes involved in extracellular matrix remodeling [11]. The
results showed that the ADSC-DRT-treated wounds had enriched
expressions of genes, such as FBLN1, COL3A1, MMP8, and MMP3,
MMP2 (Fig. 4D). It is known that FBLN1 and COL3A1 are important
extracellular matrix protein genes [27]. The expression of the
FBLN1 and COL3A1 was quantified by real-time PCR. The results
showed a significantly increased expression of FBLN1 and COL3A1
(Fig. 4E and F), which are extracellular matrix protein genes [27].
These results suggested that the application of the integrated
ADSC-DRT system resulted in the differential expression of genes
involved in extracellular matrix remodeling.

3.5. The integrated ADSC-DRT system improved extracellular matrix
remodeling to alleviate scar formation

Collagen III is typically found in early-stage wound healing, and
collagen III helps to provide initial structural support to the healing
tissue and undergoes remodeling over time, which is gradually
replaced by collagen I [28]. Collagen III and collagen I expression in
the wounds of the four groups on days 7 and 21 were evaluated.
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The results showed that on day 7, there was more collagen III and
less collagen I in the wounds of the four groups. Compared with the
other three groups, the ADSC-DRT group exhibited increased type
III collagen (Fig. 5A), and the Western blotting results showed a
similar trend (Fig. 5B). On the 21st day, there was a gradual increase
in type III and type I collagen in the wounds of all four groups. At
this time, the ADSC-DRT group had more type I collagen than the
other groups (Fig. 5C), which was consistent with the Western
blotting results (Fig. 5D). We also analyzed the collagen III/I ratio
using the Western results, and the results showed a significant
increase in collagen III/I ratio in the ADSC-DRTgroup at 7 days post-
surgery, with a decreased collagen III/I ratio at 21 days post-surgery
(Fig. 5E). These results suggested that integrated ADSC-DRT resul-
ted in an earlier increase in type III collagen deposition followed by
an earlier replacement by collagen I, indicating an accelerated
extracellular matrix remodeling process in the ADSC-DRT group
[29].

It is known that ADSCs can induce angiogenesis and extracel-
lular matrix remodeling to promote wound healing [26]. However,
immunohistochemistry of CD31 in the wounds from the four



Fig. 5. The integrated ADSC-DRT system promotes improved extracellular matrix remodeling. (AeF) Three wounds from the four groupsdthe Sham, ADSC, DRT, and integrated
ADSC-DRT groupsdwere collected on 7, and 21 days post-surgery. Collagen I, collagen III, and CD31 expression in the four groups was assessed by immunohistochemistry and
Western blotting. Collagen I and collagen III expressions in wounds on day 7 (A, B); collagen I and collagen III expressions in wounds on day 21(C, D); statistical analysis of collagen
III/I ration of western; statistical analysis of the CD31(þ) area (F); CD31 expression in wounds on days 7 and 21 (G). (H, I) The wounds from the four groups were observed until 56
days post-surgery. The images of scars at the indicated time (H); HE, Masson, and Sirius Red staining of the wounds from day 56 post-surgery (I). Scale bars, as indicated in the
figures. Data are shown as means ± SD. Data are representative of two independent experiments (AeI). ns p > 0.05, two-way ANOVA.

J. Xu, X. Chen, J. Wang et al. Regenerative Therapy 26 (2024) 800e810
groups showed that the CD31(þ) area/total area ratio was compa-
rable (Fig. 5G and H). These results indicated that the four group
wounds showed comparable angiogenesis.

Better extracellular matrix remodeling always results in
improved scar quality [27]. To validate the results, wounds were
observed until 56 days post-surgery. As shown in Fig. 5H wounds
from the ADSC-DRT group exhibited alleviated scar formation.
Masson and Sirius Red staining revealed that collagen was more
densely distributed in the integrated ADSC-DRT group than in the
other three groups, which were more like the normal skin group
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(Fig. 5I). These results suggested that the integrated ADSC-DRT
system promoted extracellular matrix remodeling and alleviated
scar formation.

3.6. The integrated ADSC-DRT system improved extracellular matrix
remodeling by paracrine secretion

Previous research has demonstrated that ADSCs possess the
capability for paracrine signaling [30]. ADSCs enhance wound
healing by secreting a wide range of growth factors and Matrix



J. Xu, X. Chen, J. Wang et al. Regenerative Therapy 26 (2024) 800e810
metalloproteinases (MMPs) [31]. Therefore, we tested the protein
level of growth factors in the supernatant of ADSCs using ELISA. The
results showed that connective tissue growth factor (CTGF), fibro-
blast growth factor (FGF), and hepatocyte growth factor (HGF)
significantly increased in the supernatant of ADSCs, compared to
the control culture medium (Fig. 6AeC).

The presence of myofibroblasts in tissues is associated with the
deposition of extracellular matrix components, particularly
collagen [32]. While myofibroblasts play a crucial role in wound
healing by promoting tissue contraction and collagen I production,
excessive or prolonged activation of myofibroblasts can contribute
to excessive scarring and tissue remodeling [28]. To explore
whether ADSCs affect the transformation of fibroblasts into myo-
fibroblasts, the fibroblasts were cultured with the supernatant of
ADSCs. The results showed that the supernatant of ADSCs inhibited
the secretion of type I collagen by fibroblasts while promoting the
secretion of type III collagen (Fig. 4DeF), indicating that the su-
pernatant of ADSCs could inhibited the transformation of fibro-
blasts into myofibroblasts.

To verify the paracrine effect of ADSCs within the wound envi-
ronment, wounds from day 7 post-surgery were used to access the
expression of growth factor and MMPs. The results suggested
increased expressions of CTGF, HGF, and FGF in the wounds of
ADSC-DRT group compared with the sham, ADSC, and DRT groups
(Fig. 6GeI). It has been reported that MMP-3 and MMP-9 are
expressed by ADSCs [33]. Our RNA-seq results also indicated
different expressions of MMP3 among the sham, ADSC, DRT, and
ADSC-DRTgroups. The expression of MMP3 in the wounds was also
accessed. The results showed that wounds from the ADSC-DRT
group also had increased expression of MMP3 compared to the
other three groups (Fig. 6J). The above results suggested that the
ADSC-DRT improved the growth factors and MMP3 which could be
expressed and paracrine secreted by ADSCs.
Fig. 6. The integrated ADSC-DRT system improved extracellular matrix remodeling by parac
stem cell culture medium used as a control. The levels of CTGF (A), HGF (B), and FGF (C) were
cocultured with fibroblasts Collagen III and I expression was assessed by Western blotting (D
expression. (GeI) The mRNA of days 7 wounds treated with the sham, ADSC, DRT, and integr
FGF (I). (J) The mRNA of days 21 wounds treated with the sham, ADSC, DRT, and integrat
means ± SD. Data are representative of three independent experiments (AeJ). ***p < 0.001
*p < 0.05, one-way ANOVA (GeJ).
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4. Discussion

In the present study, ADSCs were successfully loaded onto a DRT,
and the integrated ADSC-DRT system increased ADSC survival in
the wounds. More importantly, the integrated ADSC-DRT system
alleviated scar formation and promoted extracellular matrix
remodeling by paracrine secretion.

Despite the promising therapeutic effect of ADSCs in tissue
regeneration, the efficacy of ADSC grafting remains a challenge
[34]. Some studies have shown that the low efficiency of ADSC
grafting may be due to various factors, such as the method of
isolation and culture, the age and health of the donor, and the
quality of the host tissue [11]. In addition, precise localization of
ADSCs within burn wounds is crucial for achieving optimal out-
comes [13]. Studies have attempted various strategies to improve
the efficacy of ADSC grafting [12,16,35,36]. Herein, we showedmore
ADSCs in the wound tissue of the integrated ADSC-DRT group than
in the ADSC-only group at 7 days post-surgery. The results showed
that DRT can increase the abundance of ADSCs in the wound tissue
after grafting. ADSC-DRT not only improves the efficacy of ADSC
grafting but also enhances the regenerative properties of DRT. The
present study provided us with an easily available strategy to
improve the efficacy of ADSC grafting by loading ADSCs onto a
widely used DRT clinically.

Despite advancements in burn management and care, the
treatment of severe burns remains a clinical challenge due to
limited skin sources and inevitable scar formation [7]. There is a
pressing need for treatment methods that can promote the overall
healing process and reduce scar formation in burn patients.
Treating burn injuries with ADSCs has emerged as a promising
approach for improving the regeneration of burn wounds and
reducing scarring [28]. Here, we show that the integrated ADSC-
DRT system enhances granulation tissue formation, improves
rine secretion. (AeC) The culture supernatant of ADSCs was collected after 24 h, with a
assessed by ELISA. (DeF) The culture supernatant of ADSCs was collected after 24 h and
); statistical analysis of collagen III (E) and collagen I (F) expression normalized to actin
ated ADSC-DRT was extracted (n ¼ 3) to test the expressions of CTGF (G), HGF (H), and
ed ADSC-DRT was extracted (n ¼ 3) to test MMP3 expression (F). Data are shown as
, **p < 0.01, *p < 0.05, unpaired t-test (AeF). ****p < 0.0001, ***p < 0.001, **p < 0.01,
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extracellular matrix remodeling, and alleviates scarring. This pro-
vides a preliminary experimental basis for the clinical application
of ADSCs. For example, patients with deep and extensive burns
often require full-thickness or split-thickness skin grafts for
important functional areas to reduce scarring and maintain func-
tion, while severe burn patients have limited donation skin sources
for full-thickness or split-thickness skin grafts [15]. After debride-
ment, the wound can be covered with ADSC-DRT to enhance
granulation tissue formation and wound bed for the following skin
grafting. ADSC-DRT following transplant split-thickness thin skin
grafts may achieve similar effects as transplanting full-thickness or
split-thickness skin grafts [37]. Deep and extensive burn patients
may be included in clinical trials initially. However, there are
important issues that should be addressed before clinical applica-
tion. Procedures for harvesting, culturing, and storing ADSCs need
to be standardized and optimized [30,38]. A recent study reported
that ADSC transplantation may increase the risk of tumor growth
and metastasis [39]. Hence, we would extend the duration of
observation following the administration of ADSC-DRT in future
work.

ADSCs have paracrine activity and secrete a broad spectrum of
growth factors [30]. The paracrinemechanism plays a crucial role in
various therapeutic effects [30]. Our results suggested increased
expressions of CTGF, HGF, FGF, and MMP3 in the wounds of the
ADSC-DRT group compared with the sham, ADSC, and DRT groups,
indicating that the ADSC-DRT promoting wound healing at least in
part can be attributed to paracrine secretion by ADSCs.

However, some aspects need further clarification in the present
study. Our results showed that the cell viability and proliferation of
ADSCs were not inhibited by co-culturing with DRT. We did not
investigate if the DRT affects the secreting function or differenti-
ating phenotype of ADSCs. Hence, the effects of DRT on ADSCs need
further study.

Besides, ADSCs differentiate to repair cells to complete the
wound healing process [30]. It is interesting and important to
explore the differentiation fate of ADSCs within the wound envi-
ronment [40]. We tried to explore the question using the RNA-seq
analysis. Disappointingly, we did not identify any different tran-
scriptional expression involved in stem cell differentiation. This
may be attributed to that wounds from day 14 post-surgery were
used for the RNA-seq analysis. At this time of the healing process,
grafted ADSCs may have completed their biological role. Therefore,
the differentiation fate of ADSCs needs further clarification. For
example, wound tissue could be collected at an earlier stage or at
continuous time points, and sectioned to be co-stained with
markers for cells involved in the repair process to explore the
possibilities of differentiation.

Previous studies have found that ADSCs or DRT can promote
wound angiogenesis [41]. However, our results suggest that
CD31 cells in the four groups are comparable, indicating compa-
rable angiogenesis [42]. We speculate that the species, time points,
and the method accessing angiogenesis may all influence the re-
sults. To better understand the role of ADSC-DRT in angiogenesis in
wound healing, comparative studies including more time points,
across species, and more methods should be conducted. Therefore,
mechanisms of the ADSC-DRT system promoting wound healing
need further clarification.

In conclusion, this study provided us an easily acquired
approach to improve the efficiency of ADSC grafting, and integrated
ADSC-DRT system can promote full-thickness wound healing.
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