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Abstract

Background: Urine-derived stem cells (USCs) are a valuable stem cell source for tissue engineering because they
can be harvested non-invasively. Small intestine submucosa (SIS) has been used as scaffolds for soft tissue repair in
the clinic. However, the feasibility and efficacy of a combination of USCs and SIS for skin wound healing has not
been reported. In this study, we created a tissue-engineered skin graft, termed the SIS+USC composite, and
hypothesized that hypoxic preconditioning would improve its wound healing potential.

Methods: USCs were seeded on SIS membranes to fabricate the SIS+USC composites, which were then cultured in
normoxia (21% O2) or preconditioned in hypoxia (1% O2) for 24 h, respectively. The viability and morphology of
USCs, the expression of genes related to wound angiogenesis and reepithelialization, and the secretion of growth
factors were determined in vitro. The wound healing ability of the SIS+USC composites was evaluated in a mouse
full-thickness skin wound model.

Results: USCs showed good cell viability and morphology in both normoxia and hypoxic preconditioning groups.
In vitro, hypoxic preconditioning enhanced not only the expression of genes related to wound angiogenesis (VEGF
and Ang-2) and reepithelialization (bFGF and EGF) but also the secretion of growth factors (VEGF, EGF, and bFGF). In
vivo, hypoxic preconditioning significantly improved the wound healing potential of the SIS+USC composites. It
enhanced wound angiogenesis at the early stage of wound healing, promoted reepithelialization, and improved
the deposition and remodeling of collagen fibers at the late stage of wound healing.

Conclusions: Taken together, this study shows that hypoxic preconditioning provides an easy and efficient strategy
to enhance the wound healing potential of the SIS+USC composite.
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Background
Large skin wounds caused by trauma, burns, or chronic
diseases remain a significant clinical challenge worldwide
[1]. Autologous skin grafts have been frequently used in
the clinic, but have some disadvantages, such as limited
availability. Therefore, tissue-engineered skin grafts have
been developed to repair skin defects [2]. These cell-
based therapies have been regarded as promising treat-
ments, since they have improved wound healing in many
preclinical studies [3]. However, the search for an ideal
cell source is still of great interest because most cell
sources, including bone marrow and adipose-derived
mesenchymal stem cells (MSCs), require invasive sam-
pling and are impeded by limited supply.
As a relatively new type of adult stem cell, urine-

derived stem cells (USCs) were first identified by
Zhang et al. in 2008, showing robust proliferation and
multilineage differentiation potential [4]. USCs have
many advantages for tissue engineering applications:
they share biological characteristics with MSCs [5];
can be isolated from autologous urine via a simple,
noninvasive, and low-cost approach [6]; and can be
obtained from donors regardless of gender, age, or
health condition (except for urinary tract infection or
anuria) [7]. These features make USCs particularly at-
tractive for creating personalized grafts for tissue re-
generation, and as such, a few studies have reported
the use of USCs for wound healing [8, 9].
As the main component of the extracellular matrix of

human tissues, collagen is broadly used for cutaneous
wound healing since it can create a biomimetic micro-
environment for tissue regeneration [10]. Small intestinal
submucosa (SIS) is a decellularized collagen-based mem-
brane that also contains many other components of an
extracellular matrix, especially a variety of growth fac-
tors. It has been regarded as a good scaffold for soft tis-
sue regeneration because of good biodegradability,
biocompatibility, and the ability to enhance cell adhe-
sion, proliferation, and migration [11, 12].
After injury, the microenvironment of skin wounds is

hypoxic due to the disruption of blood vessels and the
high consumption of oxygen by the cells around the
wounds [13, 14]. The hostile microenvironment of
wounds can lead to poor healing outcomes [15–17],
such as abnormal structure, disability, and scar forma-
tion [18, 19]. Furthermore, it hinders the function of
seed cells in tissue-engineered skin grafts, impairing
their wound healing ability [20, 21]. Thus, it is necessary
to develop easy and applicable methods to improve the
repair function of seed cells.
Hypoxic preconditioning has been considered as a

simple and effective approach to promote the repair po-
tential of stem cells [22]. It has been shown that short-
term exposure of MSCs to hypoxia enhanced cell

survival, inhibited cell apoptosis [23], and promoted
the expression of growth factors [24]. Furthermore,
hypoxia preconditioning has been shown to enhance
the therapeutic effects of MSCs in several diseases,
such as cerebral ischemia [25] and femoral head
osteonecrosis [26]. However, it is still unknown
whether hypoxic preconditioning improves the skin
wound healing potential of USCs. Herein, we used
USCs as seed cells and SIS as a scaffold to create a
tissue-engineered skin graft, namely the SIS+USC
composite, and determined the effect of hypoxic pre-
conditioning on its wound healing potential in a
mouse full-thickness skin wound model.

Material and methods
Isolation and culture of human USCs
USCs were obtained from five healthy male adult donors
(20–35 years old) using methods described previously [4,
5]. Two hundred milliliters of fresh urine was collected
from each donor. The samples were treated with 1% peni-
cillin and streptomycin (Gibco, USA) and centrifuged for
10min at 1500 rpm. The supernatant was discarded and
the sediment was washed twice in phosphate-buffered sa-
line (PBS, ZSGB-BIO, China). The cells from the pellet
were seeded in 6-well plates and cultured in cell culture
medium comprised of 50% Keratinocyte Serum-Free
Medium (KSFM, Gibco, USA), 33.75% Dulbecco’s modi-
fied Eagle medium (DMEM, Gibco, USA), 11.25% Ham’s
F-12 Nutrient Mixture (Gibco, USA), and 5% fetal bovine
serum (FBS, Gibco, USA) supplemented by 5 ng/mL epi-
dermal growth factor (EGF, Gibco, USA), 50 ng/mL bo-
vine pituitary extract (Scienceu, USA), 0.4 μg/mL
hydrocortisone (Sigma, USA), 5 μg/mL transferrin (Sigma,
USA), 5 ng/mL bovine insulin (Sigma, USA), 0.18mM ad-
enine (Sigma, USA), 2 nM 3,3,5-triiodo-L-thyromine
(Sigma, USA), 100 units/mL penicillin (Gibco, USA), and
100 μg/mL streptomycin (Gibco, USA). The medium was
first changed 7 days after cell seeding and the non-
adherent cells were removed. Culture medium was
refreshed twice per week. When the cells reached 80%
confluence, they were passaged at a ratio of 1:3. Cells at
passage 3 were used in the following experiments.

Characterization of human USCs
Osteogenic differentiation
The cells were grown to 80% confluence in a 6-well plate
and incubated with osteogenic induction medium (Gibco,
USA), which was refreshed every 3 days. After 28 days of
induction, the cells were stained with Alizarin Red S
(Sigma, USA) to detect calcified extracellular matrix.

Adipogenic differentiation
The cells were grown to 80% confluence in a 6-well plate
and incubated with adipogenic medium (Gibco, USA)
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that was changed every 3 days. After 21 days of induc-
tion, the cells were stained with Oil Red O (Sigma, USA)
to visualize lipid vacuoles.

Flow cytometry analysis
The cells were incubated with 3% bovine serum albumin
(Sigma, USA) for 30 min to block nonspecific antigens.
Then, they were incubated with the following monoclo-
nal antibodies (BD, USA) for 30 min: CD29-APC, CD34-
APC, CD44-FITC, CD45-PE, CD73-PE, CD90-FITC, and
HLA-DR-FITC. After incubation, the cells were washed
with PBS and analyzed in a flow cytometry analyzer
(Beckman Cytomics FC500, Beckman Coulter, USA).

Preparation of the SIS+USC composites
The SIS membranes were prepared according to the
method described in our previous studies [27, 28].
Briefly, fresh porcine jejunums were harvested from
market pigs (around 100 Kg at 6 months) within 3 h of
sacrifice, cut into pieces of approximately 10 cm in
length, and washed thoroughly with a saline solution.
The serosa, tunica muscularis, and tunica mucosa were
mechanically removed, and then the submucous mem-
branes were degreased by immersing the samples in an
organic solution containing methanol and chloroform
(1:1, V/V) for 12 h. After degreasing, the membranes
were decellularized by sequential incubation in 0.05%
trypsin for 12 h and 0.5% sodium dodecyl sulphate for 4
h. Then, the samples were disinfected by soaking in 0.1%
peracetic acid, rinsed with a saline solution, and freeze-
dried at − 70 °C for 48 h by using a lyophilizer (CHRIST,
GAMMA 2–16 LSC, Germany). Finally, the obtained SIS
membranes were cut into circular membranes with a
diameter of 10 mm, sealed into hermetic packages, and
sterilized by using ethylene oxide gas.
Before cell seeding, the SIS samples were washed twice

with cell culture medium. Then, 1 × 106 USCs were seeded
on the surface of each SIS membrane, and the SIS+USC
composites were divided into the following groups: (1) the
SIS+USC (N) group, in which the composites were cultured
in a normoxia incubator (21% O2, 5% CO2) (Thermo, USA)
for 24 h and (2) the SIS+USC (H) group, in which the com-
posites were cultured in a hypoxia incubator (1% O2, 5%
CO2) (Thermo, USA) for 24 h.

Characterization of the SIS+USC composites
Live/dead staining
The SIS+USC composites were incubated with 1 μM cal-
cein AM (Sigma, USA) and 1 μM propidium iodide
(Roche, USA) for 30 min in the dark, washed 3 times
with PBS, and then visualized in a confocal microscope
(A1RMP+, Nikon, Japan).

Hematoxylin and eosin (H&E) staining
The SIS+USC composites were fixed in 4% paraformal-
dehyde (PFA, Beyotime, China) for 24 h. All samples
were washed 3 times with PBS, dehydrated using graded
ethanol, and embedded in paraffin. Sections (4 μm thick)
were mounted on slides for H&E staining, and the stain-
ing results were observed with a fluorescence micro-
scope (Zeiss, Germany).

Scanning electron microscope (SEM) observation
The specimens were fixed in 2.5% glutaraldehyde
(Sigma, USA) for 24 h at 4 °C, dehydrated with graded
ethanol, lyophilized at − 80 °C for 24 h, and vacuum-
dried overnight. Then, they were sputtered with gold
and observed with a scanning electron microscope
(JEOL, Japan).

Real-time polymerase chain reaction (RT-PCR)
RNA samples from each group (n = 4) were extracted
using TRIZOL reagent (Life Technologies, USA), and
cDNA was synthesized using an RNA PCR kit (Life
Technologies, USA). The primers for RT-PCR are listed
in Additional file 1: Table S1. The reaction conditions
were as follows: 2 min at 95 °C, followed by 50 cycles of
95 °C for 15 s and 60 °C for 30 s. Gene expression was
calculated by comparative ΔΔCq method. Briefly, mean
Cq values were normalized to the internal GAPDH and
the difference was defined as ΔCq. The comparative
gene expression level was expressed as 2−ΔΔCq.

Enzyme-linked immunosorbent assay (ELISA)
The cell culture supernatants of each group (n = 4) were
separately aspirated for the measurement of EGF, vascular
endothelial growth factor (VEGF), and basic fibroblast
growth factor (bFGF) using the ELISA kits according to
the manufacturer’s instructions (Ray biotech, USA).

Wound healing potential of the SIS+USC composites
in vivo
CM-Dil labeling
To track the fate of USCs in vivo, the cells were labeled
with CM-Dil (C7000, Invitrogen, USA), which can be
retained in the labeled cells throughout the fixation of
tissue samples, permeabilization, and paraffin embedding
[29, 30]. After labeling, the cells were used to prepare
the SIS+USC composites, as described in the above sec-
tion. Then, the SIS+USC composites were used for the
following animal studies.

Animal experiments
Thirty-two male BALB/c nude mice weighted at 18–24 g
were anesthetized with pentobarbital sodium at a dose
of 75 mg/kg. Two full-thickness excisional skin wounds
with an 8-mm diameter were created on the back of
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each mouse. The wounds were divided into one of the
following groups: (1) the control group, in which the
wounds were treated with saline; (2) the SIS group,
where the wounds were covered with SIS membrane
alone; (3) the SIS+USC (N) group, in which the wounds
were treated with the SIS+USC (N) composites; and (4)
the SIS+USC (H) group, in which the wounds were
covered with the SIS+USC (H) composites (n = 16 wounds
per group). In groups 3 and 4, the SIS+USC composites
were applied on the wounds directly, and the cell sheets
formed on the surface of composites were in direct contact
with the wound beds. A silicon splint ring (inner diameter,
10mm; outer diameter, 16mm) was placed on the skin
around the wound to prevent skin contraction [31].
On days 0, 4, 7, 14, and 21 post-treatment, the wound

area was calculated by tracing the wound margins of
each mouse. The wound healing rate was calculated with
the following formula:

Wound healing rate ¼ initial wound area−residual wound areað Þ
=initial wound area� 100%:

Histological analysis
At each time point, eight mice were euthanized by over-
dose injection of 8% (w/v) chloral hydrate on days 4, 7,
14, and 21 after surgery. Skin samples were harvested
for HE and Sirius red staining.
Briefly, the samples were fixed in 4% PFA for 24 h be-

fore being embedded in paraffin. Sections (4 μm thick)
were mounted on slides for histological staining. To
visualize the formation of new tissue, H&E staining was
performed, and the staining results were captured using
a fluorescence microscope (Zeiss, Germany).
Sirius red staining was performed to observe the de-

position of collagen fibers in the wound beds. The re-
sults were observed in a polarized microscope (Leica,
Germany), followed by quantitative evaluation with a
digital image analysis software (Image-Pro plus software
6.0, Bethesda, USA). The randomly selected images (3
images per specimen) with a general amplification of ×
400 were digitalized in 3264 × 2448 pixels and a reso-
lution of 300 dpi. The areas occupied by types I and III
collagen were measured, and their ratios to the total area
of the image were analyzed.

Immunofluorescence staining
Paraffin-embedded samples were dewaxed with xylene,
endogenous peroxidase was blocked with 3% hydrogen
peroxide, and sections were rinsed with PBS and blocked
with 10% goat serum (Beyotime, China) for 20 min. Sub-
sequently, primary antibodies of rabbit monoclonal anti-
cytokeratin 14 antibody (ab181595, 1:1000, Abcam) or
goat monoclonal anti-CD31 antibody (AF3628, 1:100,

R&D) were incubated with the samples at 4 °C overnight.
The slides were then washed with PBS and incubated
with goat anti-rabbit secondary antibody (1:250, Jackson
ImmunoResearch) or rabbit anti-goat secondary anti-
body (1:250, Jackson ImmunoResearch) for 1 h at 37 °C.
Staining results were observed with a fluorescence
microscope (Zeiss, Germany), and the images were
quantitatively evaluated by a digital analysis software
(Image-Pro plus 6.0, Bethesda, USA). For each specimen,
3 randomly selected images were used to analyze the
vascularization and reepithelialization of wounds.

Statistical analysis
Statistical analyses were conducted using SPSS 20.0 soft-
ware (Chicago, IL, USA). Data was presented as the
mean ± standard deviation. Normal distribution of all
variables was tested, and if all variables met normal dis-
tribution, the statistical trends were analyzed by one-way
ANOVA with a post hoc Tukey’s test; otherwise, the
Kruskal-Wallis test was used. Statistical significance was
set at p < 0.05 versus the indicated group.

Results
Characterization of human USCs
As shown in Fig. 1a, USCs had a “rice grain” appearance
and robust proliferation capability. Similar to our previ-
ous study [5], they can undergo osteogenic and adipo-
genic differentiation after induction in vitro, as indicated
by positive staining for Alizarin Red and Oil Red O, re-
spectively (Fig. 1b). Furthermore, the phenotype of USCs
was similar to that of MSCs [5]: positive for CD29,
CD44, CD73, and CD90 but negative for CD34, CD45,
and HLA-DR (Fig. 1c).

Characterization of the SIS+USC composites
Twenty-four hours after cell seeding, a good cell viability
was recorded in the SIS+USC (N) and SIS+USC (H) groups
(Fig. 2a). USCs formed a multilayer cell sheet in both
groups (Fig. 2b), and according to SEM observation (Fig.
2c), the cells spread well with a flattened morphology.
To explore whether hypoxic preconditioning influ-

enced the gene expression of USCs related to cell stem-
ness, angiogenesis, and reepithelialization, RT-PCR was
performed to assess the gene expression of NANOG,
SOX-2, Oct-4, HIF-1, VEGF, KDR, Ang-2, bFGF, and
EGF in the SIS+USC (N) and SIS+USC (H) groups. The
results showed that hypoxic preconditioning did not
change the expression of stemness factors, including
NANOG, SOX-2, and Oct-4 (Fig. 3a). However, the ex-
pression of genes related to angiogenesis (VEGF and
Ang-2) and reepithelialization (bFGF and EGF) were ob-
viously enhanced in the hypoxic preconditioning group
(Fig. 3b). Additionally, the SIS+USC (H) group showed
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more secretion of growth factors (VEGF, EGF, and
bFGF) than the SIS+USC (N) group (Fig. 3c).

Hypoxia preconditioning enhances the wound healing
potential of the SIS+USC composites
Gross observation
At predetermined time points, all wounds from each
group were photographed to evaluate the wound healing
rate. As shown in Fig. 4a, the wounds in the SIS+USC
(H) group healed faster than that in other groups. Inter-
estingly, in the SIS+USC (H) group, some new hair was
observed at the center of the wound beds on day 21.
Comparing with the SIS group, a combination of SIS

and USCs resulted in a higher healing rate and particu-
larly, a superior healing rate was observed in the
SIS+USC (H) group when compared with the SIS+USC
(N) group (Fig. 4b).

Granulation tissue formation
H&E staining was performed to observe granulation tis-
sue formation in each group (Fig. 5). The H&E staining
of normal nude mouse skin is shown in Additional file 2:
Figure S1A.
On day 4 after implantation, continuous granulation

tissue with plenty of inflammatory cells was noted in

each group; interestingly, the control group did not form
any clots, which was consistent with the results of gross
observation (Fig. 4a).
On day 7, all groups formed a clot and the number of

fibroblasts and deposition of extracellular matrix in-
creased greatly. On day 14, some skin appendages were
observed in the SIS+USC (H) group, while they were ab-
sent in other groups (Fig. 5).
On day 21, more skin appendages were observed in

the SIS+USC (H) group and some new skin appendages
were also noted in the SIS+USC (N) group. However, in
the control group and the SIS group, no skin appendages
were observed (Fig. 5).

Neovascularization
To determine whether hypoxic preconditioning en-
hanced the neovascularization of the SIS+USC compos-
ites in vivo, CD31 staining was conducted.
On days 4 and 7, new blood vessels in the SIS+USC

(H) and SIS+USC (N) groups were more abundant and
more mature than that of the control and SIS groups,
featuring bigger lumen structures (Fig. 6a). On days 14
and 21, blood vessels in the SIS and control groups be-
came more mature, as seen by more intact vessel walls
and bigger lumens (Fig. 6a).

Fig. 1 Characterization of human USCs. a The morphology and proliferation of USCs. Scale bar, 200 μm. b The osteogenic and adipogenic
differentiation of USCs. Scale bar, 100 μm. c The cell surface marker expression of USCs
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The detection of CM-Dil dye was performed to track
the fate of labeled USCs in vivo. The results showed that
USCs distributed in the wound bed on days 4 and 7 but
only a few of them participated in vascular formation
(Fig. 6a). However, from day 14 onwards, no labeled
USCs were observed in these groups.
Quantitative analysis of the number of blood vessels and

their occupied areas revealed that hypoxic preconditioning
significantly enhanced the angiogenesis of the SIS+USC
composites at an early stage of wound healing (Fig. 6b, c).
In the SIS+USC (H) and SIS+USC (N) groups, the blood
vessel numbers and vessel occupied areas achieved the
highest levels on day 7 and then decreased gradually as the
vessels matured. In contrast, in the control and SIS groups,
neovascularization continued to increase on days 14 and 21

(Fig. 6b, c). On day 21, when comparing with other groups,
the vascularization of the SIS+USC (H) group (vessel num-
ber 18.33 ± 6.76, vessel occupied area rate 0.38 ± 0.18%) was
closer to that of normal nude mouse skin tissue (vessel
number 17.32 ± 2.33, vessel occupied area rate 0.28 ±
0.10%, Additional file 2: Figure S1B–D).

Reepithelialization
Reepithelialization is essential to restore the elasticity
and strength of epidermis in skin wounds [12]. In nor-
mal nude mouse skin, both of the epithelium and skin
appendages are positive for CK14 staining (Additional
file 2: Figure S1E) [32]; thus, this marker is used to
evaluate the reepithelialization of wounds.

Fig. 2 Viability and proliferation of USCs seeded on SIS membranes. a Live/dead staining of the SIS+USC composites cultured in normoxia (i.e.,
the SIS+USC (N) group) or preconditioned in hypoxia (i.e., the SIS+USC (H) group). Green fluorescence, live cells; red fluorescence, dead cells; scale
bar, 50 μm. b H&E staining of the SIS+USC composites. Scale bar, 50 μm. c SEM observation of the SIS+USC composites. Scale bar, 10 μm
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As shown in Fig. 7a, complete reepithelialization was
achieved on day 14 in all groups. The SIS+USC (H)
group showed better reepithelialization than other
groups, as shown by more epithelial cell layers and bet-
ter organization of the epidermis. On day 21, the

epithelium thickness of the SIS+USC (H) group (19.0 ±
4.2 μm) was closest to normal nude mouse skin (19.6 ±
4.2 μm, Additional file 2: Figure S1F) (Fig. 7b). Interest-
ingly, grafted USCs did not differentiate into epithelial
cells, and they disappeared on days 14 and 21 (Fig. 7a).

Fig. 3 Gene expression and growth factor secretion of the SIS+USC composites. a, b Gene expression of the SIS+USC composites; *p < 0.05. c
Growth factor secretion of the SIS+USC composites; *p < 0.05

Fig. 4 Macroscopic analysis of wound healing. a Gross view of the wounds; black arrows indicate regenerated hair in the wound area. b The
healing rate of wounds in all groups; *p < 0.05
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Collagen deposition and remodeling
As a critical parameter of the quality of wound heal-
ing [33], the deposition of collagen fibers was
determined by Sirius red staining. Due to the bi-
refringence property under polarized light, type I

collagen showed a red or yellow color, while type III
collagen showed a green color [34]. In normal nude
mouse skin tissue, mature collagen fibers formed a
densely packed and basket weave-like network (Add-
itional file 2: Figure S1G).

Fig. 5 Representative images of H&E staining of the wounds. Black lines indicate the boundaries of wound healing areas. Black arrows indicate
new skin appendages. Red rectangles represent the corresponding magnification images on the right column of images at each time point. Scale
bar in the left column of images at each time point is 2000 μm. Scale bar in the right column of images at each time point is 50 μm

Fig. 6 Neovascularization of the wounds. a Immunofluorescence staining. The blood vessels were stained with CD31 (red), the nucleus was
stained with DAPI (blue), and the implanted USCs were stained with CM-Dil (green). Scale bar, 50 μm. b Quantitative analysis of the number of
blood vessels; *p < 0.05. c Quantitative analysis of the rate of vessel occupied area; *p < 0.05
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In this study, all groups deposited immature collagen
fibers (fragmentary, thin, and loosely packed) on days 4
and 7; however, more collagen was noted in the
SIS+USC (H) group than in other groups (Fig. 8). On
day 14, a mixture of mature and immature collagen fi-
bers was recorded in all groups, while on day 21, colla-
gen fibers in the control group were arranged in a
parallel wavy pattern, which was similar to a hyper-
trophic scar [35]. In the SIS and SIS+USC (N) groups,
collagen fibers remodeled into a nodule-like structure
that was markedly different from normal skin. In con-
trast, in the SIS+USC (H) group, mature collagen fibers
with structures similar to normal skin were observed
(Fig. 8).

Discussion
Stem cell-based therapy holds great potential for treating
difficult-to-heal skin wounds [36]. In this study, we cre-
ated a tissue-engineered skin graft, termed the SIS+USC
composite, by using a combination of a relatively new
type of adult stem cell (i.e., USCs) and a widely used bio-
material for soft tissue repair (i.e., SIS membranes). The
effect of hypoxic preconditioning on its wound healing
potential was investigated in vitro and in vivo. According
to our results, the SIS+USC composites showed superior
wound healing outcomes when comparing with SIS
alone. Notably, hypoxic preconditioning obviously en-
hanced the wound healing potential of the SIS+USC
composite, as evidenced by the enhanced secretion of

growth factors, accelerated neovascularization, facilitated
reepithelialization, and promoted skin appendage regen-
eration in vivo.
Although stem cells have been considered beneficial

for wound healing, their therapeutic effect is always im-
peded by poor cell survival at the wounds. It has been
reported that 90% of grafted cells die on the first day
after implantation, and less than 1% of transplanted cells
remain detectable after a short period of time [37, 38].
In this study, the number of USCs at the wounds de-
creased dramatically after implantation, with grafted
cells disappearing on day 14 and afterwards. Therefore,
it is generally believed that the paracrine effect of cells,
rather than their differentiation, is the main underlying
repair mechanism for stem cell-based therapy [39, 40].
As such, several cell-free methods using the secretion of
MSCs, such as their condition medium [41, 42] or exo-
somes [43, 44], have been introduced to treat skin
wounds. Chen et al. demonstrated that exosomes de-
rived from human USCs can effectively improve skin cell
functions in vitro and obviously enhanced wound heal-
ing in diabetic mice [8].
Hypoxic preconditioning has been proposed to im-

prove the therapeutic potential of stem cells, mainly by
increasing their paracrine activities [45]. It has been re-
ported that hypoxic conditioned medium from bone
marrow- or amniotic fluid-derived MSCs accelerated
skin wound healing in mice, primarily because of signifi-
cant higher amounts of growth factors in the condition

Fig. 7 Reepithelialization of the wounds. a Immunofluorescence staining. The epithelia were stained with CK14 (red), the nucleus was stained
with DAPI (blue), and USCs were stained with CM-Dil (green). Scale bar, 50 μm. b Quantitative analysis of the epithelia thickness on day 21
post-surgery; *p < 0.05
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medium [41, 46]. Following hypoxia pretreatment, Tong
et al. observed that bone marrow-derived MSCs seeded
in a collagen-chitosan sponge scaffold upregulated their
expression of pro-angiogenic factors; furthermore, hyp-
oxia pretreatment of the skin substitute accelerated
wound healing in diabetic rats [47]. Similarly, in this
study, hypoxic preconditioning of the SIS+USC compos-
ite upregulated the expression of growth factors. More
importantly, in vivo results revealed that the SIS+USC
(H) group exhibited better neovascularization, reepithe-
lialization, collagen deposition, and skin appendage re-
generation than other groups.
The formation of new blood vessels is crucial to

wound healing, because it is responsible for nutrient dif-
fusion and the removal of metabolic waste [48–50].
MSCs have been widely regarded as a promising tool to
enhance wound angiogenesis [51]. As a relatively new
type of adult stem cells, USCs share a great deal of simi-
larity with MSCs, thereby attracting considerable interest
in the potential application for therapeutic angiogenesis.
Previous studies have shown that USCs can secrete pro-
angiogenetic factors [52–54], stimulate the proliferation
of endothelial cells [52, 55], and differentiate into func-
tional endothelial cells in vitro and in vivo [56].
When comparing with the untreated wounds, the in-

jection of USCs suspension greatly improved skin wound
healing by promoting angiogenesis [55, 57]. Interestingly,
a combination of USCs with scaffolds, such as

polycaprolactone/gelatin (PCL/GT) nanofibrous mem-
branes or bacterial cellulose membranes, has showed
better wound healing than that of the cell only or the
scaffold only groups [9, 57]. In this study, we observed
that USCs seeded on SIS membranes secreted a large
amount of angiogenic factors, of which the expression
was further stimulated by hypoxic preconditioning.
Therefore, the SIS+USC (H) group showed the best
vascularization at the early stage of wound healing, and
this group resulted in a more rapid wound closure than
other groups.
Upon skin injury, keratinocytes at the wound edge will

receive the damage signals and reepithelialize the
wounds [58, 59]. As a common response to dermal
wounds, the thickness of epidermis increases at the early
phase of wound healing, which is characterized by over-
development of epithelial cell layers [60]. The ability of
USCs to improve wound reepithelialization has been ob-
served in animal studies [8, 9, 55, 57]. For instance, Fu
et al. reported that transplantation of USCs loaded PCL/
GT membranes showed enhanced wound reepithelializa-
tion as compared with the PCL/GT membrane group
[9]. Likewise, Cao et al. demonstrated that treatment
with a combination of USCs and surface-structured bac-
terial cellulose membranes resulted in thicker and better
arranged neonatal epithelium than the membrane-only
group [57]. In this study, we found that hypoxic precon-
ditioning of the SIS+USC composites enhanced the

Fig. 8 The structure of collagen fibers deposited in the wounds. White triangles represent flatter collagen fibers arranged in a parallel wavy
pattern. White stars represent nodule collagen fibers. Scale bar, 50 μm
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secretion of growth factors favoring wound reepitheliali-
zation in vitro. Notably, at the early stage of wound heal-
ing, the SIS+USC (H) group showed more epithelial cell
layers than other groups. This might also be due to bet-
ter angiogenesis in the SIS+USC (H) group, because suf-
ficient nutrients are necessary for the regeneration of a
new and healthy epidermis.
The dermis of rodent skin is mainly composed of types I

and III collagen and elastic fibers [61]. It is well known
that collagen fibers of normal skin are different from that
of scar tissue. According to our results, except for the
SIS+USC (H) group, none of the repair tissues showed
collagen deposition similar to normal skin. Instead, they
demonstrated collagen fibers similar to hypertrophic scar
tissue [35, 62–64]. These results suggest that hypoxic pre-
conditioning of the SIS+USC composite improved the
quality of collagen deposition at the wounds.
Furthermore, skin appendages, such as hair follicles,

sweat glands, and sebaceous glands, are critical for the
function of normal skin. In this study, new skin append-
ages were first observed in the SIS+USC (H) group on day
14. Afterwards, they were also observed in the SIS+USC
(N) group on day 21. These results may be attributed to
the improved neovascularization at the early stage of
wound healing [65]. Interestingly, USCs did not differenti-
ate into skin appendages, indicating the crucial role of en-
dogenous cells in the regeneration of skin appendages.

Conclusions
This study demonstrates that hypoxic preconditioning of
the SIS+USC composite enhances its wound healing po-
tential. The secretion of growth factors related to angio-
genesis and reepithelialization was greatly increased after
hypoxic preconditioning. Compared with the SIS+USC
(N) group, the SIS+USC (H) group showed better neo-
vascularization at the early stage of wound healing, more
abundant and earlier regeneration of skin appendages,
faster wound closure, and better deposition of collagen
fibers. Taken together, the SIS+USC composite holds
great potential for skin wound healing, and importantly,
hypoxic preconditioning provides a simple and effective
method to improve its wound healing potential.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13287-020-01662-2.

Additional file 1: Table S1. Primers for RT-PCR.

Additional file 2: Figure S1. Histology of normal nude mouse skin. (A)
H&E staining. (B) CD31 immunofluorescence staining. (C) The occupied
area rate of vessels in normal nude mouse skin was 0.28 ± 0.10%. (D) The
number of blood vessels per field in normal nude mouse skin was
17.32 ± 2.33. (E) CK14 immunofluorescence staining. (F) The thickness of
epithelia in normal nude mouse skin was 19.6 ± 4.2 μm. (G) Sirius red
staining.

Abbreviations
bFGF: Basic fibroblast growth factor; EGF: Epidermal growth factor;
ELISA: Enzyme-linked immunosorbent assay; H&E: Hematoxylin and eosin;
MSCs: Mesenchymal stem cells; PBS: Phosphate-buffered saline;
PFA: Paraformaldehyde; SIS: Small intestine submucosa; RT-PCR: Real-time
polymerase chain reaction; SEM: Scanning electron microscope; USCs: Urine-
derived stem cells; VEGF: Vascular endothelial growth factor

Acknowledgements
Not applicable.

Authors’ contributions
XRZ, YZH, HWG, YLJ, JGH, JKP, AJC, YZ, and LZ conducted the experiments.
XRZ performed most of the experiments, analyzed the data, and drafted the
manuscript. YZH designed the study, analyzed the data, and drafted the
manuscript. HQX supervised the study, reviewed the manuscript, and
provided financial support. All authors read and approved the final
manuscript.

Funding
This work was financially supported by the National Natural Science
Foundation of China (grant nos. 31600792 and 31771065); Post-Doctor Re-
search Project, West China Hospital, Sichuan University (no. 2018HXBH053);
1.3.5 project for disciplines of excellence, West China Hospital, Sichuan Uni-
versity (ZYJC18002); and Sichuan Science and Technology Program
(2019JDRC0020).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
This study was approved by the Ethical Review Board of West China Hospital,
Sichuan University. Human urine samples were collected from donors after
receiving written informed consent. All animal experiments were approved
by the Animal Ethics Committee of West China Hospital and were
conducted following the Principles of Laboratory Animal Care formulated by
the National Society for Medical Research.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Laboratory of Stem Cell and Tissue Engineering, Orthopaedic Research
Institute, State Key Laboratory of Biotherapy and Cancer Center, West China
Hospital, Sichuan University and Collaborative Innovation Center of
Biotherapy, No.1 Ke-Yuan-Si-Lu, Gao-Peng-Da-Dao, Chengdu 610041,
Sichuan, China. 2Department of Orthopaedics, West China Hospital, Sichuan
University, Chengdu 610041, China. 3Surgery of Spine and Spinal Cord,
Henan Provincial People’s Hospital, Zhengzhou 450000, China.

Received: 8 January 2020 Revised: 27 February 2020
Accepted: 23 March 2020

References
1. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, et al. Human skin

wounds: a major and snowballing threat to public health and the economy.
Wound Repair Regen. 2009;17:763–71.

2. Han G, Ceilley R. Chronic wound healing: a review of current management
and treatments. Adv Ther. 2017;34:599–610.

3. Jackson WM, Nesti LJ, Tuan RS. Mesenchymal stem cell therapy for
attenuation of scar formation during wound healing. Stem Cell Res Ther.
2012;3:20.

4. Zhang Y, McNeill E, Tian H, Soker S, Andersson KE, Yoo JJ, et al. Urine
derived cells are a potential source for urological tissue reconstruction. J
Urol. 2008;180:2226–33.

5. Chen AJ, Pi JK, Hu JG, Huang YZ, Gao HW, Li SF, et al. Identification and
characterization of two morphologically distinct stem cell subpopulations

Zhang et al. Stem Cell Research & Therapy          (2020) 11:150 Page 11 of 13

https://doi.org/10.1186/s13287-020-01662-2
https://doi.org/10.1186/s13287-020-01662-2


from human urine samples. Sci China Life Sci. 2019. https://doi.org/10.1007/
s11427-018-9543-1.

6. Bharadwaj S, Liu G, Shi Y, Wu R, Yang B, He T, et al. Multipotential
differentiation of human urine-derived stem cells: potential for therapeutic
applications in urology. Stem Cells. 2013;31:1840–56.

7. Chun SY, Kim HT, Lee JS, Kim MJ, Kim BS, Kim BW, et al. Characterization of
urine-derived cells from upper urinary tract in patients with bladder cancer.
Urology. 2012;79:1186 e1–7.

8. Chen CY, Rao SS, Ren L, Hu XK, Tan YJ, Hu Y, et al. Exosomal DMBT1 from
human urine-derived stem cells facilitates diabetic wound repair by
promoting angiogenesis. Theranostics. 2018;8:1607–23.

9. Fu Y, Guan J, Guo S, Guo F, Niu X, Liu Q, et al. Human urine-derived
stem cells in combination with polycaprolactone/gelatin nanofibrous
membranes enhance wound healing by promoting angiogenesis. J
Transl Med. 2014;12:274.

10. Huang C, Fu X, Liu J, Qi Y, Li S, Wang H. The involvement of integrin β1
signaling in the migration and myofibroblastic differentiation of skin
fibroblasts on anisotropic collagen-containing nanofibers. Biomaterials. 2012;
33:1791–800.

11. Liu Y, Ma W, Liu B, Wang Y, Chu J, Xiong G, et al. Urethral reconstruction
with autologous urine-derived stem cells seeded in three-dimensional
porous small intestinal submucosa in a rabbit model. Stem Cell Res Ther.
2017;8(1):63.

12. Wan Q, Xiong G, Liu G, Shupe TD, Wei G, Zhang D, et al. Urothelium
with barrier function differentiated from human urine-derived stem cells
for potential use in urinary tract reconstruction. Stem Cell Res Ther.
2018;9(1):304.

13. Rezvani HR, Ali N, Nissen LJ, Harfouche G, de Verneuil H, Taïeb A, et al. HIF-
1α in epidermis: oxygen sensing, cutaneous angiogenesis, cancer, and non-
cancer disorders. J Invest Dermatol. 2011;131:1793–805.

14. Tang D, Yan T, Zhang J, Jiang X, Zhang D, Huang Y. Notch1 signaling
contributes to hypoxia-induced high expression of integrin β1 in
keratinocyte migration. Sci Rep. 2017;7:43926.

15. Scheid A, Wenger RH, Christina H, Camenisch I, Ferenc A, Stauffer UG, et al.
Hypoxia-regulated gene expression in fetal wound regeneration and adult
wound repair. Pediatr Surg Int. 2000;16:232–6.

16. Sen CK, Khanna S, Gordillo G, Bagchi D, Bagchi M, Roy S. Oxygen, oxidants,
and antioxidants in wound healing: an emerging paradigm. Ann N Y Acad
Sci. 2002;957:239–49.

17. Tandara AA, Mustoe TA. Oxygen in wound healing--more than a nutrient.
World J Surg. 2004;28:294–300.

18. Celeste CJ, Deschene K, Riley CB, Theoret CL. Regional differences in wound
oxygenation during normal healing in an equine model of cutaneous
fibroproliferative disorder. Wound Repair Regen. 2011;19:89–97.

19. Wood FM. Skin regeneration: the complexities of translation into clinical
practice. Int J Biochem Cell Biol. 2014;56:133–40.

20. Griffiths M, Ojeh N, Livingstone R, Price R, Navsaria H. Survival of Apligraf in
acute human wounds. Tissue Eng. 2004;10:1180–95.

21. Price RD, Das-Gupta V, Harris PA, Leigh IM, Navsaria HA. The role of
allogenic fibroblasts in an acute wound healing model. Plast Reconstr Surg.
2004;113:1719–29.

22. Theus MH, Wei L, Cui L, Francis K, Hu X, Keogh C, et al. In vitro hypoxic
preconditioning of embryonic stem cells as a strategy of promoting cell
survival and functional benefits after transplantation into the ischemic rat
brain. Exp Neurol. 2008;210:656–70.

23. Tsai CC, Yew TL, Yang DC, Huang WH, Hung SC. Benefits of hypoxic culture on
bone marrow multipotent stromal cells. Am J Blood Res. 2012;2(3):148–59.

24. Ohnishi S, Yasuda T, Kitamura S, Nagaya N. Effect of hypoxia on gene
expression of bone marrow-derived mesenchymal stem cells and
mononuclear cells. Stem Cells. 2007;25:1166–77.

25. Wang JW, Qiu YR, Fu Y, Liu J, He ZJ, Huang ZT. Transplantation with
hypoxia-preconditioned mesenchymal stem cells suppresses brain injury
caused by cardiac arrest-induced global cerebral ischemia in rats. J Neurosci
Res. 2017;95:2059–70.

26. Fan L, Zhang C, Yu Z, Shi Z, Dang X, Wang K. Transplantation of hypoxia
preconditioned bone marrow mesenchymal stem cells enhances
angiogenesis and osteogenesis in rabbit femoral head osteonecrosis. Bone.
2015;81:544–53.

27. Luo JC, Chen W, Chen XH, Qin TW, Huang YC, Xie HQ, et al. A multi-step
method for preparation of porcine small intestinal submucosa (SIS).
Biomaterials. 2011;32:706–13.

28. Da L, Gong M, Chen A, Zhang Y, Huang Y, Guo Z, et al. Composite
elastomeric polyurethane scaffolds incorporating small intestinal submucosa
for soft tissue engineering. Acta Biomater. 2017;59:45–57.

29. Brandt R, Leger J, Lee G. Interaction of tau with the neural plasma
membrane mediated by tau’s amino-terminal projection domain. J Cell Biol.
1995;131:1327–40.

30. Andrade W, Seabrook TJ, Johnston MG, Hay JB. The use of the lipophilic
fluorochrome CM-DiI for tracking the migration of lymphocytes. J Immunol
Methods. 1996;194:181–9.

31. Galiano RD, Michaels J, Dobryansky M, Levine JP, Gurtner GC. Quantitative
and reproducible murine model of excisional wound healing. Wound Repair
Regen. 2004;12:485–92.

32. Chantre CO, Campbell PH, Golecki HM, Buganza AT, Capulli AK, Deravi LF,
et al. Production-scale fibronectin nanofibers promote wound closure and
tissue repair in a dermal mouse model. Biomaterials. 2018;166:96–108.

33. Henwood A. Current applications of orcein in histochemistry. A brief review
with some new observations concerning influence of dye batch variation
and aging of dye solutions on staining. Biotech Histochem. 2003;78:303–8.

34. Junqueira LC, Bignolas G, Brentani RR. Picrosirius staining plus polarization
microscopy, a specific method for collagen detection in tissue sections.
Histochem J. 1979;11:447–55.

35. Verhaegen PD, van Zuijlen PP, Pennings NM, van Marle J, Niessen FB, van
der Horst CM, et al. Differences in collagen architecture between keloid,
hypertrophic scar, normotrophic scar, and normal skin: an objective
histopathological analysis. Wound Repair Regen. 2009;17:649–56.

36. Dixit S, Baganizi DR, Sahu R, Dosunmu E, Chaudhari A, Vig K, et al.
Immunological challenges associated with artificial skin grafts: available
solutions and stem cells in future design of synthetic skin. J Biol Eng.
2017;11:49.

37. Zou D, Zhang Z, Ye D, Tang A, Deng L, Han W, et al. Repair of critical-sized
rat calvarial defects using genetically engineered bone marrow-derived
mesenchymal stem cells overexpressing hypoxia-inducible factor-1alpha.
Stem Cells. 2011;29(9):1380–90.

38. Lee TJ, Bhang SH, Yang HS, La WG, Yoon HH, Shin JY, et al. Enhancement of
long-term angiogenic efficacy of adipose stem cells by delivery of FGF2.
Microvasc Res. 2012;84:1–8.

39. Kearns-Jonker M, Dai W, Kloner RA. Stem cells for the treatment of heart
failure. Curr Opin Mol Ther. 2010;12(4):432–41.

40. Stabler CT, Lecht S, Lazarovici P, Lelkes PI. Mesenchymal stem cells for
therapeutic applications in pulmonary medicine. Br Med Bull. 2015;115:45–56.

41. Chen L, Xu Y, Zhao J, Zhang Z, Yang R, Xie J, et al. Conditioned medium
from hypoxic bone marrow-derived mesenchymal stem cells enhances
wound healing in mice. PLoS One. 2014;9(4):e96161.

42. Fui LW, Lok MPW, Govindasamy V, Yong TK, Lek TK, Das AK. Understanding
the multifaceted mechanisms of diabetic wound healing and therapeutic
application of stem cells conditioned medium in the healing process. J
Tissue Eng Regen Med. 2019;13(12):2218–33.

43. Gao S, Chen T, Hao Y, Zhang F, Tang X, Wang D, et al. Exosomal miR-135a
derived from human amnion mesenchymal stem cells promotes cutaneous
wound healing in rats and fibroblast migration by directly inhibiting LATS2
expression. Stem Cell Res Ther. 2020;11(1):56.

44. Wang X, Jiao Y, Pan Y, Zhang L, Gong H, Qi Y, et al. Fetal dermal
mesenchymal stem cell-derived exosomes accelerate cutaneous wound
healing by activating notch signaling. Stem Cells Int. 2019;2019:2402916.

45. Haider H, Ashraf M. Preconditioning and stem cell survival. J Cardiovasc
Transl Res. 2010;3:89–102.

46. Jun EK, Zhang Q, Yoon BS, Moon JH, Lee G, Park G, et al. Hypoxic
conditioned medium from human amniotic fluid-derived mesenchymal
stem cells accelerates skin wound healing through TGF-β/SMAD2 and PI3K/
Akt pathways. Int J Mol Sci. 2014;15(1):605–28.

47. Tong C, Hao H, Xia L, Liu J, Ti D, Dong L, et al. Hypoxia pretreatment of
bone marrow-derived mesenchymal stem cells seeded in a collagen-
chitosan sponge scaffold promotes skin wound healing in diabetic rats with
hindlimb ischemia. Wound Repair Regen. 2016;24(1):45–56.

48. Auger FA, Gibot L, Lacroix D. The pivotal role of vascularization in tissue
engineering. Annu Rev Biomed Eng. 2013;15:177–200.

49. Novosel EC, Kleinhans C, Kluger PJ. Vascularization is the key challenge in
tissue engineering. Adv Drug Deliv Rev. 2011;63:300–11.

50. Lesman A, Koffler J, Atlas R, Blinder YJ, Kam Z, Levenberg S. Engineering
vessel-like networks within multicellular fibrin-based constructs. Biomaterials.
2011;32:7856–69.

Zhang et al. Stem Cell Research & Therapy          (2020) 11:150 Page 12 of 13

https://doi.org/10.1007/s11427-018-9543-1
https://doi.org/10.1007/s11427-018-9543-1


51. Hu MS, Borrelli MR, Lorenz HP, Longaker MT, Wan DC. Mesenchymal stromal
cells and cutaneous wound healing: a comprehensive review of the
background, role, and therapeutic potential. Stem Cells Int. 2018;2018:
6901983.

52. Zhu Q, Li Q, Niu X, Zhang G, Ling X, Zhang J, et al. Extracellular vesicles
secreted by human urine-derived stem cells promote ischemia repair in a
mouse model of hind-limb ischemia. Cell Physiol Biochem. 2018;47(3):1181–92.

53. Ouyang B, Sun X, Han D, Chen S, Yao B, Gao Y, et al. Human urine-derived
stem cells alone or genetically-modified with FGF2 improve type 2 diabetic
erectile dysfunction in a rat model. PLoS One. 2014;9(3):e92825.

54. Jiang ZZ, Liu YM, Niu X, Yin JY, Hu B, Guo SC, et al. Exosomes secreted by
human urine-derived stem cells could prevent kidney complications from
type I diabetes in rats. Stem Cell Res Ther. 2016;7:24.

55. Zhang Y, Niu X, Dong X, Wang Y, Li H. Bioglass enhanced wound healing
ability of urine-derived stem cells through promoting paracrine effects
between stem cells and recipient cells. J Tissue Eng Regen Med. 2018;12(3):
e1609–22.

56. Liu G, Wu R, Yang B, Deng C, Lu X, Walker SJ, et al. Human urine-derived
stem cell differentiation to endothelial cells with barrier function and nitric
oxide production. Stem Cells Transl Med. 2018;7(9):686–98.

57. Cao YM, Liu MY, Xue ZW, Qiu Y, Li J, Wang Y, Wu QK. Surface-structured
bacterial cellulose loaded with hUSCs accelerate skin wound healing by
promoting angiogenesis in rats. Biochem Biophys Res Commun. 2019;
516(4):1167–74.

58. Besson JCF, Hernandes L, Campos JM, Morikawa KA, Bersani-Amado CA,
Matioli G. Insulin complexed with cyclodextrins stimulates epithelialization and
neovascularization of skin wound healing in rats. Injury. 2017;48:2417–25.

59. Shatirishvili M, Burk AS, Franz CM, Pace G, Kastilan T, Breuhahn K, et al.
Epidermal-specific deletion of CD44 reveals a function in keratinocytes in
response to mechanical stress. Cell Death Dis. 2016;7:e2461.

60. Chen L, Xing Q, Zhai Q, Tahtinen M, Zhou F, Chen L, et al. Pre-
vascularization enhances therapeutic effects of human mesenchymal stem
cell sheets in full thickness skin wound repair. Theranostics. 2017;7:117–31.

61. Campelo MBD, Santos JAF, Maia Filho ALM, Ferreira DCL, Sant'Anna LB,
Oliveira RA, et al. Effects of the application of the amniotic membrane in
the healing process of skin wounds in rats. Acta Cir Bras. 2018;33:144–55.

62. Ferguson MW, O'Kane S. Scar-free healing: from embryonic mechanisms to
adult therapeutic intervention. Philos Trans R Soc Lond Ser B Biol Sci. 2004;
359:839–50.

63. Xue M, Jackson CJ. Extracellular matrix reorganization during wound healing
and its impact on abnormal scarring. Adv Wound Care (New Rochelle).
2015;4:119–36.

64. Markeson D, Pleat JM, Sharpe JR, Harris AL, Seifalian AM, Watt SM. Scarring,
stem cells, scaffolds and skin repair. J Tissue Eng Regen Med. 2015;9:649–68.

65. Wu H, Li F, Shao W, Gao J, Ling D. Promoting angiogenesis in oxidative
diabetic wound microenvironment using a nanozyme-reinforced self-
protecting hydrogel. ACS Cent Sci. 2019;5:477–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Zhang et al. Stem Cell Research & Therapy          (2020) 11:150 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Material and methods
	Isolation and culture of human USCs
	Characterization of human USCs
	Osteogenic differentiation
	Adipogenic differentiation
	Flow cytometry analysis

	Preparation of the SIS+USC composites
	Characterization of the SIS+USC composites
	Live/dead staining
	Hematoxylin and eosin (H&E) staining
	Scanning electron microscope (SEM) observation
	Real-time polymerase chain reaction (RT-PCR)
	Enzyme-linked immunosorbent assay (ELISA)

	Wound healing potential of the SIS+USC composites in�vivo
	CM-Dil labeling
	Animal experiments
	Histological analysis
	Immunofluorescence staining

	Statistical analysis

	Results
	Characterization of human USCs
	Characterization of the SIS+USC composites
	Hypoxia preconditioning enhances the wound healing potential of the SIS+USC composites
	Gross observation
	Granulation tissue formation
	Neovascularization
	Reepithelialization
	Collagen deposition and remodeling


	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

