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Single-stage transplantation combined 
with epidermal stem cells promotes the survival 
of tissue-engineered skin by inducing early 
angiogenesis
Zhiyong Wang1†, Hailin Xu1†, Hao Yang1†, Yi Zhang3, Xiaoyan Wang1, Peng Wang1, Zhongye Xu1, 
Dongming Lv1, Yanchao Rong1, Yunxian Dong4, Bing Tang1, Zhicheng Hu1*, Wuguo Deng2* and 
Jiayuan Zhu1*   

Abstract 

Background The composite transplantation of a split-thickness skin graft (STSG) combined with an acellular dermal 
matrix (ADM) is a promising repair method for full-thickness skin defects. Due to delayed vascularization of the ADM, 
no currently available engineered skin tissue is able to permanently cover full-thickness skin defects via a single-stage 
procedure. Epidermal stem cells (EpSCs) have been found to promote angiogenesis in the wound bed. Whether 
EpSCs can induce early angiogenesis of dermal substitutes and promote the survival of single-stage tissue-engi-
neered skin transplantation needs to be further studied.

Methods In vitro, rat vascular endothelial cells (RVECs) were treated with the supernatant of EpSCs cultured in 
ADM and stimulated for 48 h. RVECs were analysed by RNA sequencing and tube formation assays. For the in vivo 
experiment, 75 rats were randomly divided into five groups: ADM, ADM + EpSCs (AE), STSG, ADM + STSG (AS), and 
ADM + STSG + EpSCs (ASE) groups. The quality of wound healing was estimated by general observation and H&E and 
Masson staining. The blood perfusion volume was evaluated using the LDPI system, and the expression of vascular 
markers was determined by immunohistochemistry (IHC).

Results The active substances secreted by EpSCs cultured in ADM promoted angiogenesis, as shown by tube forma-
tion experiments and RNA-seq. EpSCs promoted epithelialization of the ADM and vascularization of the ADM implant. 
The ASE group showed significantly increased skin graft survival, reduced skin contraction, and an improved cosmetic 
appearance compared with the AS group and the STSG control group.
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Background
Full-thickness skin defects caused by burns and wounds 
can lead to pathogen invasion, body temperature disor-
ders, and dehydration, which can be life-threatening in 
severe cases. Achieving rapid healing of full-thickness 
wounds is a critical need and remains a great clinical 
challenge [1]. There is no doubt that autologous full-
thickness skin grafts (FTSGs) are the most appropri-
ate treatment for skin injuries [2]. Although FTSGs can 
replace the full thickness of the skin, their application 
remains limited due to insufficient donor skin sources 
and wound bed contamination. Autologous split-thick-
ness skin grafts (STSGs) are currently the most com-
monly used method in clinical practice due to the 
advantages of repeated collection from donor sites. How-
ever, STSGs lack dermal components; thus, these grafts 
are more fragile and undergo significantly more shrink-
age compared with FTSGs, and these features affect cos-
mesis during the healing stage.

Acellular dermal matrix (ADM) is a cell-free three-
dimensional reticular biological scaffold that can not 
only induce cell recolonization to promote regeneration 
in vivo, but also implant the recipient site to provide suf-
ficient dermal tissue to the wound surface and greatly 
reduce the degree of scar formation and wound con-
tracture. Therefore, ADM grafts can be combined with 
autologous STSGs to overcome the drawbacks of STSGs 
alone [3]. Currently, at least two approaches are needed; 
the dermal matrix is first implanted into the wound bed; 
the STSGs are then implanted until the ADM is fully 
revascularized by attracting cells and growth factors; and 
the interval between cycles is generally 2 to 4 weeks [5], 
which leads to a lengthy repair time and increased finan-
cial costs. Nevertheless, no currently ADM and STSGs 
can permanently cover full-thickness skin wounds via a 
single-stage transplantation. These composite transplants 
may undergo degeneration and necrosis due to early 
hypervascularity followed by a long period of ischae-
mia and hypoxia in single-stage procedures [4]. Acquir-
ing permanent regenerative repair in full-thickness skin 
defects remains a clinical challenge.

Delayed vascularization is a significant barrier to 
developing and applying dermal substitutes to the skin. 
Various methods have been established to promote 
rapid vascularization of dermal substitutes, and these 
include thinning, structural optimization [5–7], and 

the introduction of vasoactive factors [8, 9]. Undoubt-
edly, a thicker ADM is associated with the need for a 
longer vascularization time. A thinner dermal scaffold 
achieves survival of superficial STSGs, whereas degra-
dation occurs before collagen deposition and neovas-
cularization [10]. Scaffold-induced vascularization is 
limited by alterations in the ADM structure (i.e. pore 
size, porosity, and connectivity). Introduced vasoactive 
factors also undergo degradation exceptionally rapidly 
within a short period, which leads to the need for mul-
tiple doses. From angiogenesis to maturation, the vas-
cularization process in the dermal substitute is tightly 
regulated by various cellular and bioactive factors [11]. 
Therefore, enhancing the vascularization of tissue-engi-
neered skin via the delivery of cells and the release of 
bioactive factors is an emerging strategy for the promo-
tion of wound healing [12, 13].

Stem cells are considered ideal seed cells for promot-
ing wound healing [14–16]. Stem cells have multilineage 
differentiation capacity and secrete various bioactive fac-
tors according to the microenvironment [17, 18]. Many 
studies have used stem cells for the treatment of skin 
wounds. Stem cells can be applied directly to wounds or 
combined with dermal substitutes. At present, there are 
many reports in the literature that adipose-derived mes-
enchymal stem cells (ASCs) and dermal-derived mes-
enchymal stem cells (DSCs) promote vascularization in 
wounds [19, 20]. These cells can promote the vasculariza-
tion of wound tissue and dermal substitutes. Epidermal 
stem cells (EpSCs) distributed in the basement layer of 
the epidermis in tissue-engineered skin are relatively rare 
[4]. The more EpSCs that remain on the wound skin, the 
faster the wounds heal, and less scarring occurs. Theoret-
ically, any skin wound can rely on EpSCs for physiological 
healing. However, residual skin stem cells cannot usu-
ally differentiate for more extensive full-thickness skin 
wounds to complete the skin’s anatomical structure and 
functional repair due to the loss of skin stem cells. The 
healing process may be uncontrolled, which can eventu-
ally lead to the formation of scar tissue without hair and 
sweat glands [4, 21]. Furthermore, new studies have uti-
lized native ECM culture systems to model the stem cell 
niche, which is essential for the maintenance of EpSC 
homeostasis [22]. Thus, many recent studies have utilized 
natural biopolymers as matrices for the delivery of stem 
cells in vivo.

Conclusions In summary, our findings suggest that EpSCs promote the formation of new blood vessels in dermal 
substitutes and support one-step transplantation of tissue-engineered skin, and thereby provide new ideas for clinical 
application.
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Our previous study showed that EpSCs could prolifer-
ate and differentiate in the wound bed and observed that 
EpSCs form new blood vessels in the wound bed [23]. We 
hypothesized that the vascularization process inside the 
dermal substitutes implanted into the wound was simi-
lar to that in the site of damage. This study investigated 
whether EpSCs could rapidly promote vascularization of 
the ADM and promote wound healing. We then innova-
tively constructed a novel tissue-engineered skin using 
a combination of ADM, an STSG, and EpSCs (ASE) for 
a single-stage procedure to cover a full-thickness skin 
wound in  vivo. Improvements in the healing rate and 
quality of the wound skin and a shortened treatment 
cycle were observed. Moreover, the specific mechanism 
through which this construct promoted healing and vas-
cularization was explored to provide a preliminary scien-
tific basis for its clinical application.

Materials and methods
Material preparation
The ADM sheets of HEAL-FULL® was provided by 
Yantai Zhenghai Biotechnology Co. (20,143,462,108, 
Shandong, China). Briefly, the epidermal layer and sub-
cutaneous fat were first removed from skin obtained 
from healthy bovines. The 0.4-mm split-thickness skin 
graft was manufactured. Sodium hydroxide and trypsin 
were used to remove cell components, which were 
washed with in purified water until the water was com-
pletely clear. The ADM sheet was then lyophilized and 
sterilized with Co (15  kGy) before packaging for future 
use. The ADM sheet is un-cross-linked. The ADM sheets 
were cut into discs with a diameter of 6  mm using a 
punch (Deli, China) in vitro and discs with a diameter of 
25 mm in vivo.

Gross view and scanning electron microscopy (SEM)
To observe the morphology of the ADM, we recorded the 
gross characteristics of the material with a single reflec-
tion camera (Nikon, Japan). The surface morphology of 
the dried samples was scanned by scanning electron 
microscopy (Zeiss Gemini 300, Germany).

Fourier transform infrared (FTIR) spectroscopy
The ADM was characterized by FTIR (TENSOR27 FTIR 
Spectrometer). In a dry atmosphere at room tempera-
ture, the transmission mode was intervals of 4   cm−1 in 
the wavelength range of 600–4000 cm −1.

Tensile strength
The tensile strength of the materials (n = 3) was meas-
ured using a mechanical analyser (model 1007–1601, 
Ningbo Weiheng, China). The ADM had a length of 
100 mm, a width of 10 mm, and a height of 0.4 mm. The 

sample was stretched at a speed of 25  mm/min until it 
broke. The maximum load value at which the specimen 
broke was recorded.

Isolation and culture of rat EpSCs
Three two-day-old rats were killed by cervical disloca-
tion. The skin of the rats was collected, rinsed in 1% 
phosphate-buffered saline (PBS; 10,010,023; Gibco), and 
then placed on ice. The skin with the subcutaneous fas-
cia removed was cut to a size of 1 × 1  cm2 and placed in 
a cell sorter (Guangzhou Myseed Medical Technology 
Co., Ltd.), and 2  mL of 10 × TrypLE (A1217702; Gibco) 
was added for digestion at 37 °C for 20 min such that the 
epidermis could be scraped off using a sterile scalpel. 
Moreover, several T25 culture flasks were evenly coated 
with 1  mL (0.5  mg/ml) of fibronectin (FN; 5  μg/cm2; 
Shanghai Fibronectin Biotechnology, Shanghai, China) 
solution before planting of the basal cell suspension and 
then incubated at 37  °C for 20  min. The epidermis was 
then collected and digested in 0.25% trypsin–EDTA solu-
tion for 5  min. The digested cell suspension was subse-
quently filtered into a 50-mL centrifuge tube using a 
100 μm-mesh filter (BS-100-CS, Biosharp) at 1000 r/min 
for 10  min. The basal cell suspension was resuspended 
in keratinocyte serum-free medium (K-SFM; 17,005,042; 
Gibco), transferred into precoated culture flasks, and 
incubated at 37  °C for 20  min to replace the medium. 
EpSCs were cultured at 37  °C in a 5%  CO2 atmosphere, 
and adherent cells were then cultured and expanded with 
K-SFM every 2-days. Cells at passage three were used for 
all experiments.

Identification of rat EpSCs
Approximately 5,000 EpSCs per sample were seeded in 
cover-glass-bottomed dishes (801,002, NEST) and sub-
jected to three 5-min washes with PBS after cell adhe-
sion. After 24  h, the cell samples were fixed with 4% 
paraformaldehyde for 20 min at room temperature. The 
samples were washed three times with PBS, and then 
incubated with 0.5% Triton X-100 (P0096-500–50  mL; 
Beijing Biotechnology Company, China) for 20  min at 
room temperature. The samples were washed three times 
with PBS, 5% goat serum (C0265; Beijing Biotechnol-
ogy Company, China) was then added to glass-bottomed 
dishes for blocking, and the samples were then incubated 
at room temperature for 40 min. Subsequently, the cells 
were incubated with p63 (1:200; ab735; Abcam), ITGα6 
(1:200; ab235905; Abcam), and CK15 (1:200; ab80522; 
Abcam) at 4 °C overnight and then with the correspond-
ing fluorescent secondary antibodies, namely Alexa 
Fluor 488-labelled goat anti-rabbit IgG (1:200; ab150077; 
Abcam), Alexa Fluor 594-labelled goat anti-mouse 
IgG (1:200; ab150116; Abcam), and goat anti-rat IgG 
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HampLDyLight® 594 (1:200; ab96889; Abcam) at room 
temperature for 60  min. DAPI (D9542; Sigma-Aldrich) 
was used for nuclear counterstaining for 10  min in the 
dark. The samples were then subjected to three 5-min 
washes with PBS, fixed by dropwise addition of an anti-
fluorescence quencher, and observed under a fluores-
cence microscope.

Flow cytometry
EpSCs at passage 3 from three samples were harvested by 
centrifugation and then resuspended in 0.1  mL of PBS. 
Cell aliquots (1 ×  106 cells/mL) were stained with pri-
mary antibodies (K10, Novus, NBP2-61,736, 1:50; ITGα6, 
Abcam, ab77906, 1:50) on ice for 30 min. The cells were 
then rinsed with incubation buffer, centrifuged, and 
then incubated for 30  min on the ice with fluorescently 
labelled secondary antibodies diluted in incubation 
buffer as recommended by the manufacturer. The cells 
were subsequently rinsed with incubation buffer, centri-
fuged, resuspended in 0.5 mL of PBS, and then subjected 
to flow cytometry analysis.

Lentivirus transfection
To trace the epidermal stem cells in  vitro and in  vivo, 
third-generation EpSCs at 50% confluency were labelled 
with enhanced green fluorescence protein (EGFP) using 
lentiviruses (MOI: 20) or an empty control (GeneChem, 
Shanghai, China) following the manufacturer’s instruc-
tions. Forty-eight hours after transfection, stable clones 
were selected using puromycin at a concentration of 
2 µg/ml for 1 week. The EGFP expression level was deter-
mined by immunofluorescence.

Cell viability and adhesion
In this study, 5 ×  104 EpSCs expressing EGFP were seeded 
on 6-mm-diameter round ADM fragments in 96-well 
plates and cultured for 24 h. The cells were gently rinsed 
with PBS to remove dead and nonadherent cells and 
counted as N for use in the following formula: cell adhe-
sion rate on the scaffold = (total cell number-N)/total 
cell number × 100%. Moreover, the expression of EGFP 
in the ADM was visualized by fluorescence microscopy. 
To determine the viability of EpSCs in the ADM scaf-
folds, the cell viability and activity were assessed using 
the 3-(4,5-dimethyl methyl thiazole-2-yl)-2–5-diphenyl 
bromo tetrazolium method (MTT; Promega) according 
to the manufacturer’s instructions. After 1, 4, and 7 days 
of incubation, the absorbance was read using a plate 
reader (Tecan Infinite M200) at a wavelength of 490 nm.

RNA sequencing analysis
Rat vascular endothelial cells (RVECs) (Jiangsu Sitai 
Experimental Equipment Co., LTD.) were stimulated with 

the supernatant (1 mL) of EpSCs cultured under different 
conditions (ADM sheets or control) for 48 h. Total RNA 
was extracted from RVECs using an RNA purification kit 
(R4013-03, Magen) following the manufacturer’s instruc-
tions. The transcripts per million reads were used for 
the calculation of gene expression, and genes with |log2 
(fold change)|≥ 1 and p value < 0.05 were considered sta-
tistically significant. Kyoto Encyclopedia of Genes and 
Genomes (KEGG; http:// www. genome. jp/ kegg/) analyses 
were performed to elucidate the functions and enriched 
pathways of statistically significant genes.

Tube formation assays
Matrigel matrix (356,234, Corning) was plated in 48-well 
culture plates (150 μL/well) and incubated at 37  °C 
for 20  min. RVECs were then inoculated at a density 
of 3 ×  104 cells/well with 1  mL of conditioned culture 
medium (Fig. 3A). Matrigel cultures were imaged at 8 h 
with a Nikon microscope. Images from each group were 
analysed using ImageJ software (Angiogenesis package). 
The number and length of branches were used for the 
quantitative analysis of angiogenesis.

Surgical procedures in vivo
All experiments were conducted out in accordance 
with the Institutional Animal Care and Use Commit-
tee of the First Affiliated Hospital of Sun Yat-sen Uni-
versity (Ethics number 2020–448). Seventy-five adult 
male Sprague‒Dawley rats (200–220  g) were purchased 
from Zhuhai Bestest Biotechnology Co., Ltd. (Zhuhai, 
China). After being adapted to laboratory conditions for 
1  week, the rats were anaesthetized by the inhalation 
of 1.5–3% isoflurane (INH). After the rats were shaved, 
scrubbed, disinfected, and covered with sterile drap-
ing, a 25-mm-diameter round full-thickness skin defect 
was made on the dorsal side of each rat. The defects 
were randomly divided into five groups and repaired 
with ADM, ADM + EpSCs (AE), STSG, ADM + STSG 
(AS), or ADM + STSG + EpSCs (ASE). The STSGs were 
obtained from the abdominal skin of autologous rats. The 
STSGs were obtained from the abdominal skin of autolo-
gous rats and yielding a final thickness of approximately 
0.3  mm (Additional file  1: Fig. S1A, B). One millilitre 
of EpSCs expressing EGFP at a cell density of 1 ×  106/
mL was evenly sprayed on the ADM bed in the AE and 
ASE groups (Additional file 1: Fig. S1F, G). The implants 
were fixed without tension by interrupted, nonresorbable 
packing via pressurized fixation with intermittent sutures 
of 5–0 nylon silk thread (Additional file  1: Fig. S1H–J). 
After recovery, each rat was returned to its cage and 
given free access to food and drinking water. Sutures in 
each group were uniformly removed at 1 week.

http://www.genome.jp/kegg/
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Evaluation of skin wounds and blood perfusion
The rats and wounds were observed, and photographs of 
the dorsal skin were taken at the same location using a 
digital camera at each postoperative time point. Rats with 
poor damage due to fighting or wound infection were 
excluded. The wound photographs were blindly evalu-
ated by two surgeons after comparing the patch colour 
changes, eschar, and epithelialization areas. At each sam-
pling time point, ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) was used to measure the 
total surface area and unhealed wound area, and the 
wound healing and contraction were calculated accord-
ing to the following formulas: healing wound area rate 
(%) = [(the area at n weeks-unhealed area at n weeks)/
(the area at n weeks)] × 100% and wound contraction rate 
(%) = [(the area at 0 weeks- the area at n weeks)/the area 
at 0 weeks] × 100%. Rats in each group were killed at the 
indicated time, the wound tissue was harvested, and the 
centre was divided into two portions: One-half was used 
for histology and immunohistochemistry analysis, and 
the other half was snap-frozen in liquid nitrogen for fur-
ther analysis.

Simultaneously, the skin’s blood perfusion volume 
was evaluated using the LDPI system (PeriScan PIM3, 
Perimed, Stockholm, Sweden). The probe scanned the 
dorsal skin surface for at least 30 s, and the results were 
recorded as the blood relative perfusion unit (RPU) 
value. Contrast images were processed to display a col-
our-coded real-time flux image. To accurately quantify 
the range of the blood supply region, the latter was deter-
mined as an RPU value < 300.

Immunohistochemical analysis
Three rats in each group were killed through the inhala-
tion of excessive amounts of isoflurane at predetermined 
time points (3, 7, 14, 21, and 42 days). The grafts and sur-
rounding tissues were harvested and divided into two 
parts along the centreline. All samples were fixed in 10% 
formalin at room temperature. Paraffin-embedded for-
malin-fixed tissue sections  (5  μm) were dewaxed, dehy-
drated, and rehydrated with xylene and gradient ethanol. 
Haematoxylin and eosin (HE) staining and Masson tri-
chrome staining were performed according to the manu-
facturer’s guidelines. Antigen repair was performed using 
a proteinase K solution (20 μg/mL) at 37  °C for 15 min. 
After blocking with Boxall, the sections were blocked 
with goat serum for 30 min and then incubated with anti-
SMA (1:100; D4K9N; Stone CST) overnight at 4 °C. After 
washing with PBST, the sections were incubated with 
the HRP-bound secondary antibody (1:2000; ab97051; 
Abcam) for 1 h at room temperature. The cells were fur-
ther counterstained with 3,3′-diaminobenzidine (DAB) 
and haematoxylin and visualized by microscopy.

Tissue immunofluorescence analysis
Formalin-fixed and paraffin-embedded tissue sections 
were dewaxed with xylene and rehydrated by a gradient 
ethanol series. Antigen repair was performed in a 95  °C 
pressure cooker for 30  min using citrate buffer. Each 
section was blocked with 10% goat serum (16,210,064; 
Gibco) at 37  °C for 30 min and then incubated with the 
rat K10 primary antibody (1:200; 3C2F5; Novus). After 
overnight incubation at 4  °C, the sections were washed 
with PBST and incubated for 1 h with a secondary anti-
body labelled with Alexa Fluor 594 (1:200; ab150116; rat 
IgG against Abcam). DAPI was added dropwise to the 
sections, and the sections were then incubated while 
protected from light for 5  min and then subjected to 
four 5-min rinses with PBS. The remaining liquid in the 
dish was aspirated, the plates were sealed with an anti-
fluorescence quencher, and the sections were taken using 
Zeiss  LSM880, and the setting channel was FITC and 
DAPI. The acquisition software was Zeiss ZEN (black 
edition).

Statistical analysis
Statistical comparisons between conditions were 
performed by one-way ANOVA or Student’s t test 
when appropriate. The results are presented as the 
means ± standard deviations, and differences were con-
sidered significant if P < 0.05: *P < 0.05, **P < 0.01, and 
***P < 0.001.

Results
Morphology and characterization of the non‑cross‑linked 
ADM
Decellularized freeze-dried non-cross-linked ADM is 
a milky white sponge that becomes soft after wetting 
(Fig.  1A). SEM scans of the basement membrane, and 
papillary layer of the ADM showed that the natural ADM 
had a multilayer pore structure and an irregular pore dis-
tribution with different pore sizes (Fig. 1B, G). The poros-
ity of the papillary layer was significantly higher than that 
of the basement membrane (P < 0.01), and trace amounts 
of mesh fibres and elastic fibres were detected (Fig. 1B). 
HE, Masson, and PI staining revealed no cellular com-
ponents, cell debris, or nuclei (Fig.  1D, E and F). FTIR 
revealed the main absorption bands of peptide bonds in 
collagen (Fig.  1H), which included the N–H stretching 
vibration of amide A at 3287   cm−1, the C=O stretch-
ing of amide I at 1630  cm−1, the N–H bending of amide 
II at 1540   cm−1, and the C–N stretching of amide III at 
1240  cm−1, which mainly derived from the H–N stretch 
vibration. Amide I, amide II, and amide III reflect the 
secondary structure (triple helix structure) of collagen, 
whereas amide A reflects hydrogen bond formation for 
stabilizing the triple-helical structure [24, 25]. The mean 
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tensile strength of the ADM samples obtained in PBS and 
K-SFM was 15.20 and 14.63 MPa, respectively (Fig. 1I).

Identification of EpSCs and engraftment of EpSCs in ADM
In our study, the isolated primary rat EpSCs had a cir-
cular shape, a small size and a robust refractive index. 
After 3 days of incubation in vitro, EpSCs formed clonal 
colonies and firmly adhered. After 7 days of culture, the 
cells proliferated significantly and became connected 

in paver-like sheets (Fig. 2A). EpSCs were passaged and 
amplified, and third-generation cells were analysed by 
immunofluorescence. Cells expressing p63, ITGα6, and 
CK15 were considered positive (Fig. 2B). Flow cytometry 
analysis showed that 95.04% of the cells were negative for 
K10 and positive for ITGα6 (Fig. 2C).

For lineage tracing, third-generation EpSCs were trans-
fected with EGFP lentivirus and stably expressed green 
fluorescence. After EpSCs were seeded on the ADM 

Fig. 1 Physicochemical properties of the non-cross-linked ADM. A Gross view of freeze-dried ADM and ADM soaked in PBS; scale bar: 5 mm. B 
Scanning electron micrographs of ADM. White scale bar:100 μm; red scale bar: 2 μm. C Histogram of the porosity of the basement membrane and 
papillary dermis of the ADM (n = 3). D–F HE, Masson, and propidium iodide staining of non-cross-linked ADM; scale bar: 100 μm. G Histogram 
of the pore diameter of the basement membrane and papillary dermis of the ADM. H Components of the ADM patch were identified by FTIR. 
Collagen structures can be analysed by amide A (3287  cm−1), which reflects the stable triple helix structure formed by hydrogen bonds and amide 
I (1630  cm−1), amide II (1540  cm−1), and amide III (1240  cm−1), which reflect the secondary structure of collagen (triple helix structure). I Tensile 
strength control of ADM in PBS and K-SFM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 Identification, lentivirus transfection, and activity of EpSCs. A Rat EpSC morphology on the 3rd and 7th days; scale bar: 100 μm. B 
Identification of third-generation cells using p63, ITGα6, and CK15; scale bar: 100 μm. C Flow cytometry detection of the proportion of K10- and 
ITGα6-positive cells. D EpSCs were transfected with lentivirus to stably express EGFP on Petri dishes and in ADM sheets, scale bar: 50 μm. E 
Nonadherent cells after 24 h of the plating of EpSCs on Petri dishes and in ADM sheets. F Cell activity assay (MTT) of EpSCs on Petri dishes and in 
ADM sheets. G Scanning electron micrographs of EpSCs cultured in ADM. Scale bar: 20 μm
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sheet, confocal microscopy showed that EpSCs were 
evenly distributed in the ADM structure and migrated 
to the deep layer (Fig. 2D). We showed that at 24 h, the 
ADM matrix supported EpSC adhesion and prolifera-
tion and retained approximately 87% of the seeded cells 
(Fig.  2E). When measuring the activity of cells that 
adhered to the ADM using MTT, both absorbance activi-
ties increased with increases in the incubation times. 
After 7  days, the EpSCs cultured with ADM scaffolds, 
exhibited significantly more activity than those cultured 
in flat dishes (Fig. 2F). Moreover, we determined whether 
ADM was an adequate scaffold for EpSC transplantation 
by seeding EpSCs on the biomaterial and observing them 
by SEM. After 7  days of the coculture of EpSCs with 
ADM, SEM showed a large number of cells inside the 
ADM, and EpSCs attached to the matrix via various focal 
adhesion contacts (Fig. 2G).

Effect of EpSCs on rat vascular endothelial cells
To assess the ability of the supernatant from EpSCs cul-
tured in ADM scaffolds and on Petri dishes to promote 
angiogenesis in  vitro, a tube formation assay was per-
formed (Fig.  3A). The ADM + EpSC group showed a 
greater number of branches per field and a longer length 
of tubules in networks of RVECs compared with the con-
trol and EpSC groups. Interestingly, supernatant from 
the EpSC group also exhibited increased sprouting com-
pared with that from the control group (Fig. 3B and C). 
Overall, the supernatant from EpSCs cultured with ADM 
had a more positive effect on angiogenesis than that from 
EpSCs alone.

To explore the mechanism through which EpSCs 
promote angiogenesis, we performed transcriptome 
sequencing to analyse the differentially expressed genes 
associated with endothelial cell function. Differential 
gene expression analysis revealed 349 significantly upreg-
ulated genes and 310 significantly downregulated genes 
in the EpSC group compared with the control group. 
However, the EpSC + ADM group had 3439 significantly 
upregulated genes and 3490 significantly downregulated 
genes compared with the control group (3D, E). To fur-
ther explore the pathways involving these differentially 
expressed genes, a Kyoto Encyclopedia of Genes and 
Genome (KEGG) pathway analysis was conducted. The 
DEGs in the EpSC group compared with the control 

group were mainly enriched in “cytokine‒cytokine recep-
tor interaction”, “IL-17 signalling pathway”, and “comple-
ment and coagulation cascades” (Fig.  3F). However, the 
DEGs in the EpSC + ADM group compared with the 
control group were mainly enriched in “TNF signalling 
pathway”, “regulation of actin cytoskeleton”, “endocytosis”, 
“FoxO signalling pathway”, “HIF-1 signalling pathway”, 
“TGF-beta signalling pathway”, and “longevity regulating 
pathway” (Fig. 3G).

Among the above-mentioned KEGG pathways, the “IL-
17 signalling pathway”, “FoxO signalling pathway”, “TGF-
beta signalling pathway”, and “HIF-1 signalling pathway” 
are reportedly involved in angiogenesis. These results 
indicate that the EpSC + ADM group showed more 
transcriptome-level changes in vascular endothelial cells 
than the EpSC group and that the differentially expressed 
genes were enriched in more pathways related to angio-
genesis, which partly explains the superior proangiogenic 
function of the EpSC + ADM group.

EpSCs improved wound healing and the survival 
of one‑step tissue‑engineered skin grafts
To observe the effect of EpSCs in  vivo, the AE group 
showed a faster epithelial healing rate and higher healing 
quality than the ADM group, as indicated by epidermal 
crawling and epithelial healing (Fig. 4A, B). However, sig-
nificant wound contractures of up to 50% were observed 
in both groups at 6 weeks after grafting (Fig. 4A, C). The 
one-step skin graft wound closure in the ASE group was 
significantly better than that in the AS group. The wound 
was almost unclosed, and some skin in the AS group was 
necrotic, with local ulceration and signs of instability 
and immaturity until 3 weeks (Fig. 4A, B). The skin graft 
remaining in the STSG group at 6 weeks indicated severe 
skin shrinkage. Nevertheless, no significant contractures 
were observed in either the AS or ASE group (Fig. 4C).

EpSCs improved wound proliferation, epithelialization, 
and collagen remodelling
The morphology and thickness of the epidermis and 
collagen changes within the graft were simultaneously 
assessed by HE and Masson staining. The AE group more 
rapidly approached the normal epidermis and granula-
tion tissue thickness (Fig.  5A, C, D) and showed more 
uniform collagen remodelling (Fig. 5B, F) and more skin 

(See figure on next page.)
Fig. 3 Proangiogenic effects and RNA-seq of KEGG pathways enriched in RVECs exposed to the supernatant of EpSCs. A Patterns of EpSCs under 
different culture conditions. The ADM + EpSCs group represents the EpSCs cultured in the ADM sheets, and the EpSCs group represents the EpSCs 
cultured on the dish. KFSM and ADM were used as the control groups. B Representative images of the tube formation ability of rat VECs stimulated 
with the supernatant under different conditions. Scale bar: 100 μm. C Quantification of tubule formation results. D Volcano plot of EpSCs vs. the 
control group. E Volcano plot of the EpSC + ADM group vs. the control group. F Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis of EpSCs vs. the control group. G Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the EpSC + ADM group vs. the 
control group
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Fig. 3 (See legend on previous page.)
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attachment than the ADM group (Fig.  5A, E). We also 
found that EpSCs expressing EGFP could be colonized in 
the rat wound as well as the ADM (Additional file 1: Fig. 
S2A, B) and differentiate into hair follicles (Fig. 5I), and 
promote wound epithelialization (Fig.  5G, H). The skin 
slices of the STSG group were significantly atrophic and 

thinner and presented many necrotic foci and missing 
sebaceous glands. The grafts of the ASE group retained 
most of the skin appendages and exhibited loose connec-
tive tissue. Moreover, the collagen remodelling volume in 
the ASE group was nearly average, indicating good heal-
ing of the skin sheets (Fig. 5A, B).

Fig. 4 Healing and contraction of different skin grafts. A Morphological changes occurring in the diverse types of skin grafts (i.e. ADM, 
ADM + EpSCs (AE), STSG, ADM + STSG (AS), ADM + STSG + EpSCs (ASE)) over six weeks postsurgery, scale bar: 10 mm. B Wound closure rates of 
different skin graft groups at postinjury weeks 0, 1, 2, 3, and 6 postinjury. C Rates of wound contracture in the different skin graft groups at weeks 0, 
1, 2, 3, and 6 postinjury. *P < 0.05, **P < 0.01 and ***P < 0.001
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Fig. 5 EpSCs improved ADM wound healing and promoted the survival of one-step tissue-engineered skin grafts. A, B HE and Masson staining of 
the skin. Scale bar: 1 mm. The black dotted line delimits its borders. A indicates acellular dermal matrix (ADM), N indicates normal skin, S indicates 
STSG skin, and W indicates wound skin.* indicates a hair follicle. C Ratio of the new epidermis thickness to the normal epidermis thickness. The 
red dotted line shows the thickness of the normal epidermis. D Skin thickness of each group at 3 weeks after surgery (n = 3). E Count of skin 
appendages/LPF. F Collagen volume fraction (CVF) of each group at 3 weeks after surgery (n = 3). G Comparison of K10 staining in AE and ADM 
groups 3 and 6 weeks after surgery. K10:red, DAPI: blue. Scale bar: 50 μm. H K10-positive area (%) of ADM and AE groups. I Representation of rat 
EGFP-EpSCs in the hair follicle structures. EpSCs Green, DAPI Blue. Scale bar: 10 μm
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EpSCs enhanced angiogenesis of dermal substitutes 
and vascularization of tissue‑engineered skin grafts
For the assessment of angiogenesis within the ADM, 
immunohistochemical staining for α-SMA in mature ves-
sels was performed. At 3 and 7 days, the AE group had 
more vessels in both the base and interior of the ADM 
than the ADM group. Mature angiogenesis was present 
within the almost full-thickness ADM at 7 days (Fig. 6A, 
B, C, D). These results suggested that EpSCs could pro-
mote rapid angiogenesis and vascular maturation in 
ADM in vivo.

Blood perfusion on the skin surface was observed at 
weekly intervals after skin grafting, and a weak blood 
flow signal was observed in the ASE and autologous 
STSG groups at 1 week. No significant differences in the 
blood perfusion signal were found between the ASE and 
autologous STSG groups at 2 weeks and 3 weeks postsur-
gery in rats. Nevertheless, the two groups were signifi-
cantly different from the AS group. The above-mentioned 
results macroscopically showed that the blood supply 
of skin slices in the ASE group within 3 weeks after sur-
gery was better than that found for the AS group, which 
indicated that EpSCs promoted the survival of STSG 
skin slices on the surface of the ADM (Fig. 6E, F). These 
findings suggest that the visible colour may be related to 
angiogenesis. For the assessment of angiogenesis, immu-
nohistochemical staining for α-SMA was performed 
3 weeks after surgery, and the number of vessels in both 
the ADM base and interior in the ASE group was signifi-
cantly higher than that in the AS group (Fig. 6G, H).

Discussion
EpSCs maintain skin homeostasis and participate in 
repair following injury. Recently, the use of EpSCs for 
wound healing has attracted the attention of research-
ers. In addition, advances in tissue engineering have 
increased the interest in applying EpSCs in tissue-engi-
neered scaffolds to reconstitute injured tissues. The 
combination of biomaterial scaffolds with stem cells is a 
potential strategy for engineering tissues, delivering cells, 
and regenerating native organs [26]. In this study, EpSCs 
were extracted, and native non-cross-linked ADM sheets 
were prepared. These materials had structurally porous 
structures while retaining the basement membrane sur-
face; thus, these materials retained cell adhesion sites and 

did not release cytotoxic degradation products, which 
facilitates the adhesion and homing of epidermal stem 
cells for subsequent expression and repair. This study 
used ADM sheets as the culture microenvironment for 
EpSCs and thus creates a dynamic microenvironment of 
cell-to-matrix interactions.

We subsequently validated the effects on wound repair 
in  vivo. Many stem cell-related studies have been per-
formed in rodents [27] , where multiple skin graft models 
have been used. In this study, a large wound (approxi-
mately 5 square centimetres in area) was designed to 
observe the effect of tissue engineering skin grafts on 
wound repair to mimic the healing process of wound 
repair in humans, and a rat model with immune charac-
teristics and a larger volume was selected. However, full-
thickness skin defect wounds in rats without skin grafting 
treatment healed through contracture of the subcuta-
neous flesh membrane, which is inconsistent with the 
wound healing process in humans, so STSGs were used 
as a control group for wound skin grafting repair, and 
the negative control group evaluated the natural rate 
of wound healing and was not considered in this study. 
Full-thickness excisional wounds with a diameter of 2.5 
cm were created in the study. For similar large wounds, 
EpSCs can promote ADM wound epithelial healing and 
the growth of skin appendages and hair follicles. Never-
theless, the wound healing time was unfortunately longer 
than 3 weeks, and contracture was severe. The toughness 
of the appearance of epithelialized skin differed signifi-
cantly from that of the surrounding normal skin, which 
is far from the standards for clinical application. Many 
studies using stem cells for wound therapy have achieved 
promising results [5, 6, 28–31]. As skin tissue-specific 
stem cells, EpSCs are closely related to skin regeneration. 
Our previous study found that EpSCs could promote 
wound healing and increase the number of wound blood 
vessels [23]. However, further mechanistic studies have 
not yet been conducted. Here, we observed increased 
biological activity, particularly concerning vasculari-
zation effects, in the EpSC + ADM group. To further 
explore the mechanism, the active substances produced 
during angiogenesis were secreted by EpSCs in the ADM 
environment, as revealed by tube formation experiments 
and transcriptome sequencing analysis. The active fac-
tors secreted by EpSCs cultured in ADM structures can 

Fig. 6 EpSCs enhanced the vascularization of dermal substitutes and novel tissue-engineered skin. A, B Representative area and analysis of wound 
tissue sections subjected to α-SMA staining on postinjury day 3 revealed microvascular regeneration in rat wounds in the ADM group and AE 
group. C, D Representative area and analysis of wound tissue sections subjected to α-SMA staining on postinjury day 7 in the ADM group and AE 
group. E Representative blood perfusion images of different skin graft groups at 1, 2, and 3 weeks after surgery. F Relative perfusion unit values at 
1, 2, and 3 weeks (n = 3). G, H Representative area and analysis of wound tissue sections subjected to α-SMA staining at week 3 postinjury show 
microvascular regeneration in rat wounds of the ASE, AS, and STSG groups. A indicates acellular dermal matrix (ADM), N indicates normal skin, and S 
indicates STSG skin. The arrows indicate the microvasculature. Red scale bar: 1 mm, white scale bar: 50 μm

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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affect the “FoxO signalling pathway”, “TGF-beta signal-
ling pathway”, and “HIF-1 signalling pathway” of vascular 
endothelial cells, which are some of the main pathways 
affecting angiogenesis [32, 33]. Therefore, we suggest that 
the complex interplay between EpSCs within the skin and 
the ADM niche provides important ideas for skin regen-
eration and reconstruction.

To date, no engineered skin tissue can permanently 
cover full or deep dermal wounds during one-stage 
surgery. Furthermore, most available skin alternatives 
include only fibroblasts and keratinocytes and are insuf-
ficient to recapitulate the complexity of natural skin. 
Plastic and repair surgery for ADM and STSGs are often 
selected in the clinic, particularly for wounds near func-
tional sites such as joints. A dermal stent is used first to 
cover the injury, and after 2 to 4 weeks, the dermal stent 
allows the wound to establish sufficient blood transport 
before the second phase of STSG transplantation; this 
is a common approach for two-step skin grafting. Two-
step skin grafting in a patient requires a long time in the 
hospital and has high costs. Moreover, the lack of natural 
skin accessory structures, such as hair follicles, sebaceous 
glands, and sensory nerve receptors, is also a problem 
for clinicians and patients [11, 34–36]. A lack of early 
and appropriate vascularization causes graft necrosis or 
loosening of implanted skin substitutes, which ultimately 
leads to poor skin implantation [37, 38]. We found that 
rat EpSCs promoted vascularization at the base and inte-
rior of the ADM in rats. By 1 week after surgery, mature 
vessels were entirely generated within a 4-mm thickness, 
which significantly shortened the time of 2-4 weeks for 
complete vascularization compared with conventional 
ADM implantation. The transplanted STSGs could sup-
ply nutrients and oxygen through the plasma within 1 
week, which can maintain the survival of the skin graft 
[39].

The above-described findings prompted us to attempt 
to construct new tissue-engineered skin using a com-
bination of ADM, EpSCs, and STSGs for a single-stage 
procedure to repair full-thickness wounds in rats. The 
survival of skin slices in the ASE group was significantly 
superior to that in the AS group and close to that in 
the STSG group. This finding may have been obtained 
because the initial superficial STSG survival largely 
depended on nutrient diffusion from the implanted 
early wound bed and timely reconstruction of func-
tional blood vessels after 1 week to supply nutrients 
and oxygen. Moreover, non-invasive detection of blood 
perfusion in skin grafts was performed at the early 
stage. The results indicated that a blood flow signal had 
appeared in all the skin graft areas of rats successfully 
transplanted 1 week after surgery, and the blood flow 

of the rats in the ASE group was better than that in the 
AS group at 2 and 3 weeks. Through vascular staining, 
we found that the number and area of microvessels was 
significantly increased in the ASE group at the early 
stage. Therefore, a more significant number of vessels is 
critical for enhancing the maintenance and survival of 
the graft, particularly at the initial phase.

Regarding skin patch shrinkage, the STSG group 
began to show skin graft shrinkage approximately 7 
days after surgery, and excessive fibrosis, character-
ized by skin shrinkage and abnormal morphology, was 
observed. The ASE group had the lowest shrinkage rate 
at 42 days, with only a 13% reduction, and appeared 
close to the surrounding normal skin. The contraction 
rate of AS skin pieces was significantly greater than 
that of the ASE group starting from 14 days after sur-
gery. This effect may cause necrotic contracture due 
to suboptimal healing of skin pieces. EpSCs are simul-
taneously able to improve the quality and survival of 
skin sheets, possibly due to a series of wound healing 
events, including the inflammatory response, neovas-
cularization, proliferation, collagen deposition, and 
remodelling [40]. Our results suggest that timely vascu-
larization of the embedded ADM sheets can reduce the 
contracture of superficial STSGs.

Hair follicles, sebaceous glands, and dermal colla-
gen are essential components for the reconstruction of 
skin structure and function. Seven days after implanta-
tion, the number of skin appendages, particularly seba-
ceous glands, in the AS grafts was significantly reduced. 
Moreover, degradation of implanted collagen fibres 
or necrosis occurred, and these phenomena may have 
been caused by an insufficient blood supply. The per-
formance was significantly improved in the ASE group 
compared with the other groups. This result may be 
related to the ability of vascularization promoted by 
EpSCs to improve the blood supply and the fact that 
EpSCs can differentiate to form skin attachments such 
as hair follicles.

This study has some limitations. Although the new 
tissue-engineered skin achieved one-step transplan-
tation and the skin graft survived satisfactorily after 
transplantation, the obtained EpSCs require a long time 
of culture in vitro, and this step is followed by alloge-
neic EpSC transplantation. In addition, the proangio-
genic effects may be mainly derived from the paracrine 
activity of EpSCs, which dominated the healing pro-
cess in our experiments. Further studies are needed to 
confirm this hypothesis. The observation period in the 
study was only 6 weeks, and longer implantation time 
points are needed to evaluate the complete remodelling 
process of dermal substitutes in vivo.
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Conclusion
Our study shows that rat EpSCs can promote neovascu-
larization in dermal replacement because rat EpSCs can 
promote neoangiogenesis through paracrine activities 
such as secreted vasoactive factors. In this study, a new 
type of tissue-engineered skin was further constructed. 
Autologous STSGs combined with EpSCs and ADM real-
ized one-step repair of a full-thickness wound with mini-
mal skin shrinkage, skin accessories were generated, and 
the morphology was close to that of normal skin. The use 
of a combination of EpSCs, ADM scaffolds, and STSGs 
provides a promising regenerative strategy for skin engi-
neering, stem cell delivery, and regeneration of damaged 
skin tissues. This conclusion offers a theoretical basis for 
the mechanism through which EpSCs promote the sur-
vival of transplanted dermal substitute skin grafts and 
provides a new idea for clinical one-step compound skin 
grafting.
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Additional file 1: Fig. S1. A A 25-mm-diameter round of STSGs was 
obtained from the abdominal skin of autologous rats. The diameter is 
equal to the size of the dorsal wound. B The thickness of STSGs removed 
from the abdomen of rats was 0.27 mm as measured by a Vernier calliper. 
C The thickness of ADM sheets was 0.36mm as measured by a Vernier 
calliper. D A 25-mm-diameter round full-thickness skin defect was made 
on the dorsal side of the rat. E A 25-mm-diameter round ADM sheet was 
implanted to cover the wound defects. F, G Epidermal stem cells were 
sprayed on both sides of the ADM. H, I The ADM and STSG were fixed 
with intermittent sutures of 5-0 nylon silk thread in the wound. J The 
transplanted ADM and STSG were fixed by packaging and compression. 
Fig. S2. Representation of different magnifications of rat EGFP-EpSCs in 
the rat wound as well as the ADM at 3 weeks after surgery in vivo. A ADM 
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EpSCs-EGFP: green; DAPI: blue. Scale bar: 200 μm. B The red arrows indi-
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