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Abstract

Backgroud:
Burns wound treatment remains a signi�cant clinical challenge around the world. Although stem cell-
based scaffold therapies are promising strategy for burn wounds, its clinical therapeutic effect is still not
satisfactory nowadays. Herein the aim of this study is to evaluate the therapeutic e�cacy of injectable
small intestinal submucosa (SIS) and rat adipose-derived mesenchymal stem cells (ADSCs) composite
gel to repair the deep partial thickness burns in rats.

Methods
The deep partial-thickness burns model in rats were made by contacting the dorsal surface SIS
memberance directly with boiled water for 10 seconds. After scalding, the wound edge and the central
area were injected for phosphate-buffered saline (PBS) solution, ADSCs, injectable SIS and injectable
SIS/ ADSCs composite gel, respectively. At 3, 7, 14 and 21 days post injection treatment, the burn wound
closure percentages were evaluated. Moreover, micro-vascular density and epidermal thickness
assessment in burn wound were performed by histopathology examination or immuno�uorescence.
Besides, the expression of genes related to wound angiogenesis and re-epithelialization were determined
in vitro.

Results
Our data revealed that that injectable SIS gel could provide a well-grown microenvironment for ADSCs in
vitro, and the ADSCs-SIS composite gel could synergistically promote the deep partial-thickness burn
repair via paracrine and differentiation mechanisms.

Conclusions
Taken together, this study shows the ADSCs-SIS composite gel is a promising candidate for burn wound
regeneration.

Intoduction
Burns have high morbidity and mortality rates around the world[1]. Burn wounds dynamically change that
can deepen over time and increase the risk of infection and water and electrolyte loss, leading to skin
dysfunction [2, 3]. Compared with mechanical injuries, the etiology of burns is somewhat complicated,
and they are di�cult to heal because of the extensive necrosis and the ischemic dermal environment[4].
Traditionally, the wound scab and damaged necrotic tissue should be surgically removed immediately
after the burn, followed by complete coverage of the wound [5, 6]. To the best of our knowledge, the
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coverage includes auto-grafts, xeno-grafts, and skin substitutes [6–8]. However, autologous skin source is
seriously inadequate, and auto-grafts exhibit insu�cient angiogenesis [9]. Moreover, the use of
xenografts is usually limited by antigenic rejection and the risk of infection. Consequently, the healing of
the burn wounds is not promising, and hypertrophic scarring is commonly formed over time. Thus, new
strategies are required to treat burn injuries.

Presently, stem cell-based scaffold therapies are research hotspots, of which mesenchymal stem cells
(MSCs) are the most studied [10, 11]. In particular, compared with other stem cells, adipose-derived stem
cells (ADSCs) have a wide range of easily obtained donors, fast expansion, low immunogenicity,
minimally invasive extraction and signi�cant proliferative capacity [12]. In addition, the ADSCs can
produce and secrete various growth factors, such as vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), transforming growth factor-β (TGF-β), and �broblast growth factor (FGF)
[13]. Therefore, ADSCs have recently been proposed as a potential dominant cell for treating burn wounds
[14–16]. In terms of the traditional stem cell-based therapies, the cell transplants are used either by
intravenous or direct injection into the wound area, where the transplanted cells can differentiate into
related epithelial cells and secrete various kinds of growth factors to promote wound healing.
Nevertheless, most studies have demonstrated that the clinical outcome of stem cell-based therapies are
lower than expected due to the low survival rate and poor bio-distribution in tissues [17]. Thus, given
these limitations in treatment, it is crucial to seek an effective cell micro-carrier to make transplanted cells
play their maximum role.

Small intestine submucosa (SIS), derived from the submucosal layer of the porcine intestine, is an
acellular, natural extracellular matrix (ECM) biomaterial[18]. SIS is rich in collagen, glycosaminoglycans,
and various growth factors[19]. Besides, it has good mechanical properties, histocompatibility, and low
immunogenicity [20]. Membrane SIS has been used in animal experiments and clinical practice to repair
and reconstruct different types of tissue defects, especially in hernia [21], cardiovascular disease[22],
urinary system diseases[23], refractory skin trauma[24], and burn injuries[25]. Currently, several
researchers have paid attention to the reconstruction of membrane SIS. Peter et al. demonstrated that SIS
gel could act as a potential scaffolding material for cardiac tissue engineering[26]. Choi JW et al.
successfully used MSCs-SIS composite gel to repair scarless vocal folds [27]. Unlike traditional solid
(including membranous) scaffold materials, injectable bio-scaffold material can be arbitrarily molded
and simply operated, quickly presenting the cells to the lesion area with smaller trauma and faster
recovery [28]. Although ADSCs seeding traditional solid SIS have been extensively used in soft-tissue
reconstruction [29–32], little attention has been devoted to combining ADSCs with SIS gel to repair burn
wounds.

Therefore, this study aimed to evaluate the therapeutic e�cacy of ADSCs-SIS composite gel to treat deep
partial-thickness burn wounds. The present study’s speci�c objectives were: 1) to evaluate whether the
membrane SIS could be transformed into injectable SIS and provide a well-grown microenvironment for
ADSCs in vitro, 2) to assess if the injectable SIS could promote the repair capacities of ADSCs in deep
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partial-thickness burns wounds, and 3) to elucidate the therapeutic mechanisms of promoting the burn
wound healing.

Materials And Methods

Isolation, culture, phenotype, differentiation, and labeling of
ADSCs
This study was approved by the China Ethics Committee and performed following the ethical standards.
The inguinal fat tissues from adult male Sprague-Dawley (SD) rats (200–250g) were washed with
phosphate-buffered saline (PBS) solution, followed by cutting into a paste by ophthalmic scissors. The
tissues were then digested with 0.1% type I collagenase (Sigma, USA) at 37°C for 60 min in a shaking
water bath. The adipose tissue suspension and cells were �ltered through a 70-µm �lter and added to the
cell medium, vortexed at 1500 rpm for 10 min, and the fat layer and media were discarded. The cell pellet
was resuspended in Dulbecco’s Modi�ed Eagle Medium-F12 glucose (DMEM-F12, Hyclone, USA) with
10% fetal bovine serum (FBS, Hyclone, USA) and 1% penicillin-streptomycin (Invitrogen, USA). The cells
were seeded at 5×105/mL in culture bottles and incubated at 37ºC in 5% carbon dioxide. The third-
generation cells were identi�ed by �ow cytometry using monoclonal antibodies speci�c for CD29-APC
(Biolegend), CD90-PE-Cy7 (Biolegend), CD34-PE (Biolegend), CD45-PerCP (Biolegend), and CD31-PE
(Biolegend), and their isotype controls. Meanwhile, the adipogenic and osteogenic differentiation
potential of the cells was identi�ed using Oil red O (Sigma) and Alizarin red (Sigma). The third-passaged
cells were harvested and labeled with CM-DiI (Molecular Probes, USA) for cell tracking according to the
manufacturer’s protocol.

Injectable SIS preparation
A standard procedure described previously [33] was used to prepare the injectable SIS. The proximal
jejunum was collected from a healthy fresh pig (around 100 kg at six months) within four h of sacri�ce.
Then the jejunum was washed by saline solution repeatedly. The porcine small intestine was obtained by
mechanically removing the tunica mucosa, serosa, and tunica muscularis, followed by careful washing
with saline solution. The membrane SIS was then freeze-dried at 80ºC for 48 h using a freeze-dryer (LGJ-
18C, China), followed by grinding into a powder of about 10–20 µm at -198°C using a freeze ball mill
(Retsch, Germany). The obtained SIS was continuously stirred in a medium containing 3% acetic acid and
0.1% pepsin of the aqueous solution for 48 h. The pH value was adjusted to neutral by sodium
bicarbonate. The neutralized solution was freeze-dried to yield the �nal SIS powder, followed by
sterilization with ethylene oxide gas. The �nal SIS suspension was dispersed in PBS to achieve a
concentration of 20% by weight of injectable SIS. Injectable SIS was evaluated by hematoxylin and eosin
(H&E) staining and observed under a scanning electron microscope.

Material extract of injectable SIS preparation
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According to the preparation method of GB/T16886.12-2000, the complete medium (extraction medium)
was added to an ori�ce plate containing the powdered SIS under sterile conditions, and the
material/extraction medium was set at a ratio of 0.1 g/mL. After incubation for 24 h at 37ºC in 5% carbon
dioxide, the material extract (100% w/v) in the ori�ce plate yielded a concentration of 100% by volume.

Co-culture of injectable SIS and CM-DiI-labelled ADSCs
The injectable SIS/cell culture medium was mixed at a ratio of 0.1 g/mL and incubated at 37°C in 5%
carbon dioxide using 6-well plates. After incubation for 24 h, CM-DiI-labelled ADSCs (1×106 cells) were
seeded on the injectable SIS as described previously [38]. The complexes were observed by �uorescence
microscopy (Olympus, Japan) and scanning electron microscopy (SEM, Cambridge, England).

Assessment of the proliferation and viability of ADSCs in
the injectable SIS
To evaluate the effect of injectable SIS on the proliferation of ADSCs, a CCK-8 (Tong Ren Chemistry,
Japan) assay was performed. The third-passaged ADSCs (5×104 cells/mL) were seeded onto 96-well
plates with cell culture medium and divided into an experimental group (injectable SIS/ADSCs) and
control group (only ADSCs). They were all incubated at 37°C in 5% carbon dioxide. On days 1, 3, 5, and 7
after cell incubation, the original medium was removed, and then the two groups were all added to 100 µL
of serum-free medium and 10 µL of CCK-8 reagent. After incubation for two hours, the absorbance values
(OD value) of the cells were measured at 450 nm.

To evaluate the effect of injectable SIS on the viability of ADSCs in injectable SIS, a live/dead assay was
performed. The third-passaged ADSCs (5×105 cells/mL) were seeded onto 6-well plates with 1 mL of cell
culture medium. After four hours, the cells were attached, and the original medium was removed. Then
100% material extract (experimental group) and fresh cell culture medium (control group) were added into
the three wells. The cells were incubated at 37°C in 5% carbon dioxide. On days 1, 3, 5, and 7 after cell
incubation, the original medium was removed, and the cells were washed with PBS gently. Each group
was then added a freshly prepared concentration of 4 µmol/L of Eth-d1 and two µmol/L of Calcein-AM,
and incubated for 30 min at 37ºC. Immediately, the luminescence of the cells was observed. Live cells
exhibited green �uorescence; dead cells exhibited red �uorescence. Under the three �elds of vision
(magni�cation ×100), the number of dead cells was observed randomly in the center and edge of the
ori�ce at each time interval, and the ratio of dead cells/total cells was calculated.

Rat skin burn model and surgical procedures
The deep partial-thickness burn model was established by applying directly boiled water (100°C) with a
heated, about 2.5 cm diameter round as previously described with minor modi�cation[34]. Thirty-two
adult male SD rats were anesthetized with pentobarbital sodium (50 mg/kg) by intraperitoneal
administration. The dorsal hair was removed with an 8% Na2S aqueous solution. A hollow plastic tube
measuring about 2.5 cm in diameter was placed close to the rat’s back, and then 10 mL of boiled water
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(100°C) was added into the tube by a 10-s direct contact. The deep partial-thickness burn wounds were
assessed by pathologic examination.

The ADSCs were labeled by CM-DiI as described earlier in the study. The burned rats were randomly
divided into four groups (n = 16): group A, control group (1 mL of PBS); group B, ADSCs only (1×107 cells
resuspended in 1 mL of PBS); group C, injectable SIS only (1 mL of 20% injectable SIS); group D,
ADSCs/SIS (1×107 cells mixed with 1 mL of 20% injectable SIS). After the burn, the rats were immediately
injected with medication: along the wound edge at six equidistant points and the wound center, four
points for multi-point intradermal injection (0.1 mL for each point) using a 1-mL syringe (25-G needle) as
previously described with minor modi�cation[35]. In the control group, 1 mL of PBS without ASCs or
injectable SIS was injected into the intradermal layer in the same manner. Then, vaseline gauze and
sterile gauze were used in turn to cover the wound in all the groups. Postoperatively, ceftazidime, and
buprenex were intraperitoneally injected for seven days.

Burn wound closure measurements, calculation of capillary
density and epidermal thickness
The rats were observed every day, and digital photographs of the wounds were taken on days 3, 7, 14, and
21 postoperatively. The wound area was measured by tracing the wound margin and calculated using
Image-Pro Plus 6.0 (IPP 6.0) software (Media Cybernetics, USA). The percentage of wound closure was
calculated as follows: Wound closure rate (%) = (wound area on the postoperative day 0 - wound area on
the postoperative day “X”)/ (wound area on the postoperative day 0) ×100.

To assess the capillary density, H&E staining of the tissue specimens was performed in all the groups on
postoperative day 7 to assess neoangiogenesis. Tissue specimens from each rat were made into a slice,
and three areas with the largest number of microvessels were selected under low magni�cation (×40);
subsequently, �ve non-repetitive �elds were randomly selected under high magni�cation (×100). The
number of microvessels was analyzed and counted using the image analysis software IPP 6.0. Only
mature vessels containing erythrocytes were counted.

To assess the epidermal thickness, H&E staining of the tissue specimens from all the groups was
performed on postoperative day 21. The tissue specimens from each rat were made into a slice, and �ve
high-power �elds per section were selected under high magni�cation (×100), followed by performing �ve
measurements of the epidermal thickness per �eld.

Molecular analysis: Real-time quantitative PCR
For in vivo RT-PCR, wound tissue specimens were harvested from all the groups on postoperative days 3,
7, 14, and 21 and stored in RNA stabilization solution (Thermo, America) at -20°C. RNA isolated from burn
wounds treated with ADSCs, injectable SIS, ADSCs/SIS, or PBS alone was used to determine the relative
changes in mRNA expression of rat VEGF, EGF, and bFGF. Total RNA of the burn wounds was extracted
with RNeasy Mini Kit (QIAGEN, Valencia, CA) according to the manufacturer’s protocol, and cDNA was
synthesized using a reverse transcription kit (ReverTra Ace qPCR RT Master Mix, TOYOBO, Japan). SYBR
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Green Real-time PCR Master (TOYOBO, Japan) was used to amplify the target cDNA. Mix Quantitative
PCR analysis was then performed on a StepOne real-time PCR system (Applied Biosystems, Alameda, CA,
USA). The primers targeting VEGF, EGF, bFGF, and the control glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were designed by Sango Biotech (Shanghai, China); the primer sequences are summarized in
Table 1. Cycling conditions were performed: 95ºC for 30 s, 40 cycles at 95ºC for 5 s, optimal annealing
temperature for 10 s, and 72ºC for 15 s. The relative expression levels of target genes were normalized to
the expression of the GAPDH gene. The expression of relative genes was determined using the 2−△△Ct

formula.

Immuno�uorescence
Fresh tissue specimens on postoperative days 7 and 21 were embedded in tissue-freezing medium with
optimum cutting temperature (OCT) (Leica) and immediately cut into 10-µm frozen sections each. To
identify dermal angiogenesis, the CD31 antibody level was determined on postoperative days 7. Frozen
sections were placed in cold acetone (4ºC) for 10 min and rinsed with PBS three times (5 min), followed
by incubation with monoclonal rat-anti-CD31 primary antibody (1:100, sc-53526- FITC; Santa Cruz, CA,
USA) at 37ºC for 30 min. To assay the neo-epidermis, the CK10 antibody level was determined on
postoperative days 21. The frozen sections were rinsed with PBS three times (5 min) and blocked with
10% goat serum for 30 min at 37ºC, followed by incubation with primary antibody CK10 (rabbit-anti-rat;
1:100; ab76318, Abcam, Cambridge, MA, USA) at 4ºC overnight. Then, the sections were rinsed with PBS
and incubated with secondary antibody (anti-rabbit IgG-FITC; 1:200; ab6717, Abcam, Cambridge, MA,
USA) for one h at 37ºC. Finally, DAPI (4,6-diamidino-2-phenylindole; 2.5 µg/mL) was used to stain nuclei
for 2 min. The slices were immediately observed and photographed under a �uorescent microscope.

Statistical analysis
The data were presented as means ± SD. SPSS 19.0 was used to analyze the experimental data. The
odds ratio between the two groups was compared using the t-test of two independent samples. A single-
factor ANOVA was used to compare the scores of multiple groups, and the difference between groups
was determined by further analysis with LSD tests. The difference was statistically signi�cant at P < 0.05.

Results

Characterization, labeling of ADSCs and co-culture with
injectable SIS
As shown in Fig. 1A, The third generation of ADSCs exhibited a long spindle shape, vortex-like growth,
and robust proliferation capability. The CM-DiI-labeled ADSCs showed red �uorescence and labeled only
the cell membrane and cytoplasm, without labeling the nucleus (Fig. 1B).The Oil Red O and Alizarin red
staining showed that these cells had the potential for adipogenic and osteogenic differentiation (Fig. 1C).
Moreover, the �ow cytometry data showed that the third-generation cells were positive for the phenotype
of MSCs: CD29 and CD90 and negative for CD34, CD45, and CD31 (Fig. 1D). Similar to the previous study
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[26], SEM micrographs showed that the injectable SIS had very different sizes of three-dimensional pores,
the �ber was complete (Fig. 1E), and the CM-DiI-labeled ADSCs attached to the material well, exhibiting
oval and cord-like growth by the SEM (Fig. 1F).

The injectable SIS gel had good biocompatibility and
improved the proliferation of ADSCs
As shown in Fig. 2A, a live/dead assay showed the number of cells in the experimental and control
groups increased over time. The ratio of dead cells/total cells was not different in the experimental group
on days 1 (1.8%), 3 (2.1%), 5 (2.5%), and 7 (3.9%) compared with the control group (1.5%, 1.6%, 2.4% and
3.6%, all P>0.05, respectively) (Fig. 2B). Besides, the OD value of the cells was also calculated by a CCK-8
assay to compare the proliferation rate of ADSCs seeded in the injectable SIS with the traditional 2D
culture (Fig. 2C). Not surprisingly, the OD value of the experimental and control groups increased
gradually on days 1, 3, and 5 after culturing, and on day 7, the OD value of the two groups decreased.
Speci�cally, there was an increase in OD value on day 1 (0.5004±0.1073, *P < 0.05) and day 5
(1.1032±0.0984, *P < 0.05) in the experimental group compared with the control group (0.3568±0.0577
and 0.9302±0.0864, respectively), suggesting that injectable SIS could improve ADSCs proliferation and
had good biocompatibility.

Enhanced effects of injectable SIS gel on potential of
ADSCs in rat burn wound healing
As shown in Fig. 3A, four groups of wounds decreased in size over time. Moreover, the wounds in the D
group (ADSCs/injectable SIS gel) healed faster than that in other groups. Form the results of Fig. 3B, it
was shown that compared with the B group (injectable SIS) and C group (ADSCs), the D group
(ADSCs/injectable SIS gel) leaded to a higher would closure rate at every time intervals.

ADSCs/injectable SIS gel had an enhanced effect on
angiogenesis in burn wound repair
HE staining revealed greater penetration of blood vessels in the wound bed of the four groups. Most of
the capillaries in D group showed clear blood vessel contours and red blood cells within the vessels
(Fig. 4D). However, only a small part of the capillaries was found in groups B and C; moreover, some of
the blood vessels were not clear, and the erythrocytes in the blood vessels were scattered (Fig. 4B, C).
Additionally, the capillaries in group A were not clear, and only scattered red blood cells were visible
(Fig. 4A). The capillary density in group D (39.2 ± 7.3 vessels per �eld) was higher than groups A (11.5 ± 
4.6 vessels per �eld), B (24.6 ± 6.3 vessels per �eld), and C (20.1 ± 9.7 vessels per �eld) (*P < 0.05)
(Fig. 4E). The capillary densities in groups B and C were both signi�cantly higher than that in group A (*P 
< 0.05), while no signi�cant difference was observed between groups B and C (P > 0.05) (Fig. 4E).

ADSCs/ injectable SIS gel had enhanced effects on
reepithelialization in burn wound repair
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Re-epithelialization of the wounds was observed in groups B, C, and D, while there was no apparent
epidermogenesis in group A (Fig. 5A, B, C, D). In addition, the Groups B, C, and D showed a signi�cantly
thicker (#P < 0.01) epidermis than group A (Fig. 5E). Moreover, group D exhibited a signi�cantly thicker
epidermis (*P < 0.05) than groups B and C, while no signi�cant difference was found between groups B
and C (P > 0.05) (Fig. 5E).

ADSCs/ injectable SIS gel improved the wound healing by paracrine the angiogenic and epidermal growth
factors

To elucidate the mechanisms of promoting the burn wound healing, the Real-time polymerase chain
reaction analysis showed that the gene expressions of VEGF, bFGF, and EGF were signi�cantly higher in
group D than groups A, B, and C at the four time intervals (P < 0.01 or P < 0.05 ) (Fig. 6). Speci�cally, the
expression levels of VEGF and bFGF genes were much higher in groups B and C than group A at some
time intervals (P < 0.01 or P < 0.05); in addition, VEGF and bFGF exhibited higher expression in group D
than groups B and C at some time intervals (P < 0.01 or P < 0.05), while VEGF gene expression on days 3
and 7 and bFGF gene expression at the four time intervals groups B and C were not signi�cantly different.
The EGF level was signi�cantly higher in group D than the other three groups on days 14 and 21 (P < 
0.01). Moreover, statistically signi�cant enhancement in EGF gene expression was detected in groups B
and C than group A on day 21 (P < 0.01 or P < 0.05), with no signi�cant difference between all the study
groups on days 3 and 7. Interestingly, the EGF level was signi�cantly higher in group D than in groups B
and C (P < 0.05). These �ndings indicated that ADSCs/SIS could signi�cantly improve growth factor
secretion from ADSCs or SIS and might be an enhanced strategy to promote ADSCs or SIS-assisted
wound repair.

Immuno�uorescent analysis
To elucidate the differentiation mechanisms of promoting the burn wound healing, the immune-staining
for CD31, CK10 endothelial protein were consequently performed. The staining showed CD31 vascular
endothelial cell marker in green �uorescence (Fig. 7A). The cluster-like CM-DiI-labeled ADSCs were
scattered and clustered at the wound bed and exhibited red �uorescence (Fig. 7B), parts of which were co-
localized with the vascular endothelial cell marker CD31 (Fig. 7C), with a dendritic vascular structure,
indicating that ADSCs can be spontaneously differentiated neovascularization in the wound bed.
Likewise, Immuno�uorescence staining of DAPI revealed the cell nuclei in blue (Fig. 7D); the red
�uorescent signal of CM-DiI-labeled ADSCs was distributed in the wound bed (Fig. 7E); the green
�uorescent signal of the clear epidermal structure was seen after CK10 immuno�uorescence staining
(Fig. 7F). The red �uorescence of ADSCs, cell nucleus stained by DAPI, and neoepidermis stained by
CK10 were well fused (Fig. 10G) [44], indicating that the ADSCs/SIS can be spontaneously differentiated
into neoepidermis.

Discussion
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In this study, we evaluated the therapeutic e�cacy of ADSCs-SIS composite gel in treating deep partial-
thickness burn wounds and whether SIS gel could enhance the capacities of ADSCs in burn wound repair
synergistically. The results showed that injectable SIS gel could provide a well-grown microenvironment
for ADSCs in vitro, and the ADSCs-SIS composite gel could synergistically promote the deep partial-
thickness burn repair via paracrine and differentiation mechanisms, suggesting their use as a promising
candidate for burn wound regeneration.

Although the MSC-based therapies have been reported to enhance wound healing[36], the poor bio-
distribution and low in vivo survival of the transplanted cells limit their applications, which is attributed to
the hypoxic environment in defect tissue[17]. Thus, optimizing an appropriate stem cell vehicle that
promotes stem cell survival and retention is an essential component in wound healing. Lots of natural
and synthetic injectable scaffolds have been proposed to support the attachment, proliferation, and
differentiation of ADSCs to provide an ideal environment for cell survival, including hyaluronic acid, ECM-
based natural materials, synthetic peptides, and polymer-based materials[27, 28, 37–39]. The injectable
hydrogels derived from natural ECM have been reported to have better biocompatibility and lower
immunogenicity than synthetic polymer-based hydrogels[40]. It is noteworthy to mention that SIS is
among the most commonly used non-immunogenic xenogenic ECM scaffolds that retain various growth
factors, cytokines, or other functional proteins and can be easily converted into injectable hydrogels [41,
42]. Liu et al demonstrated that ADSC-seeded scaffolds enhanced the proliferation, anti-apoptosis, and
angiogenesis compared with the non-seeded scaffolds in a murine skin injury model. Moreover, the SIS
and acellular dermal matrix promoted the vascularization capacity of ADSC than that of Co–CS–HA[43].
In similar studies, Jeong-Seok Choi recently reported that the injectable SIS hydrogels could promote
AdMSCs survival and enhance the remodeling e�cacy of adipose-derived mesenchymal stem cells in a
radiation-damaged salivary gland model[44]. Consistent with these studies, we also successfully isolated
and cultured ADSCs from inguinal fat tissues in vitro and combined it and injectable SIS gel in the
present study. From the SEM, CCK8, and �uorescence microscopy analysis results, the injectable SIS was
found to be an appropriate carrier with good biocompatibility to promote the adherence and proliferation
of the transplanted ADSCs.

This study also investigated the e�cacy of ADSCs-SIS composite gel in treating burn wounds in a rat
model. It was demonstrated that the injectable SIS and ADSCs composite gel could provide the cues for
better burn wound healing. The wound closure was obviously accelerated in the ADSCs, SIS, and
ADSCs/SIS gel groups compared to the control group. Additionally, the wound closure rate in the
ADSCs/SIS gel group was the highest. Besides, ADSC/SIS gel groups exhibited a signi�cantly thicker
epidermis than ADSCs, SIS groups, respectively. Likewise, several studies have reported similar capacity
of stem cells or SIS/stem cells in wound repair. IZhang et al reported that the nano-silver-modi�ed porcine
small intestinal submucosa could improve the healing of infected partial-thickness burn wounds [25]. In
the pig animal model, scars injected with ADSCs exhibited a reduction in surface area and improvements
in color and pliability compared with the control group[45]. Thus, it is not surprising to observe that the
injectable SIS scaffold could promote wound healing, and ASCs/SIS gel could enhance this effect in this
study.
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Besides, the therapeutic mechanisms of promoting the healing of burn wounds by the ADSC/SIS gel were
also explored in this work. The results showed that after the injection of ADSC or SIS gel into the burn
wounds, increased capillary density and promoted epidermis were observed by the HE assay compared to
the control group. Furthermore, among the four groups, the capillary density in the ADSC/SIS gel group
was the highest (39.2 ± 7.3 vessels per �eld). The results indicated that SIS gel could enhance the
angiogenic capacities of ADSC, consistent with the previous studies [34]. The critical factors are related
to the SIS containing massive ECM, which is very important for cells to respond to signals in the cellular
microenvironment and provides a supporting medium to form blood vessels [46]. Another vital reason
may lie in that the SIS can secret numerous growth factors, which improved angiogenic factor secretion
ability of the ADSCs. Interestingly, we found gene expressions of VEGF and bFGF were the highest in the
ADSCs/SIS gel group in this study. It was previously have been demonstrated that the VEGF, EGF, and
bFGF stimulated ADSCs migration, enhancing their residence seeding time onto SIS, with a co-stimulatory
effect on ADSCs endotheliogenesis[31]. In other words, it could be a mutual promotion in regulating
neovascularization after ADSCs were seeded on the injectable SIS. Similarly, injectable SIS and ADSCs
composite gel made the ADSCs and SIS synergistic in promoting re-epithelization by the paracrine
mechanism.

Furthermore, Immuno-�uorescent histology experiments demonstrated that CM-DiI-labeled ADSCs were
co-localized with staining for CD31 and CK10 in this study. We propose the vital role of ADSCs
differentiation in wound repair, including endothelial and epithelial lineages. However, this might still be
the result of cell fusion between ADSCs, vascular endothelial host cells, and epidermal host cells in rats,
with the cell fusion being considered a mechanism of newly formed functional cells[47]. Recently, other
mechanisms of promoting the wound burn were explored for the MSCs/SIS gel. Zhang et al. reported that
they created urine-derived stem cells/SIS gel composite and demonstrated that hypoxic preconditioning
would improve its wound healing potential [48]. Some other studies also demonstrated that exosomes
could effectively improve skin cell functions in vitro, enhancing wound healing via Wnt4/β-catenin
pathways [49]. It can also modulate the biological cell-cell interactions or endocrine mechanisms by
in�uencing distant cells via PI3K/Akt in a paracrine manner[50]. Meanwhile, the exosomes can also
enhance ATP levels and decrease oxidative stress levels[51]. Recently, ESC-derived miRNAs, such as miR-
291a-3p, exhibited an anti-aging action in human dermal �broblasts via the TGFβ receptor-2 pathway and
improved wound healing [52]. There are also some limitations in this research: 1) No immune-�uorescent
quantitative analysis was performed to evaluate the differentiation of ADSC/SIS composite. 2) The level
of immune and in�ammatory factors in burn tissues were not evaluated, which were important for burn
wound repair. 3) The gene-related mechanism of the ADSC/SIS composite in wound burn repair was not
explored, necessitating further investigations.

Conclusion
In this study, we successfully transformed the traditional membranous SIS into injectable SIS and
demonstrated that it could provide a well-grown microenvironment for ADSCs in vitro. Furthermore, our in
vivo data revealed that locally administered injectable SIS and ADSCs composite gel was superior to the
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un-seeded SIS or local injection of ADSCs in accelerating wound closure. Besides, injectable SIS and
ADSCs composite gel secreted more VEGF, bFGF, and EGF in comparison with only injectable SIS or
ADSCs, which were synergistic in promoting neovascularization and re-epithelialization. These �nal
�ndings suggest that injectable SIS and ADSCs composite gel promotes the deep partial-thickness burns
repair mainly via paracrine and differentiation mechanisms, suggesting their use as a promising
candidate for burn wound regeneration.
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SEM--------scanning electron microscopy

H&E--------hematoxylin and eosin

DMEM-F12----Dulbecco’s Modi�ed Eagle Medium-F12 glucose

GAPDH— glyceraldehyde-3-phosphate dehydrogenase

Declarations
Acknowledgements 

Not applicable.

Authors’ contributions

TMY and GX designed this study, revised the manuscript and analyzed the data. GJ and ZH conducted
the majority of the experiments and completed the manuscript. HDH and ZLF participated in the
experimental. All authors approved the �nal version of the manuscript.



Page 13/21

Availability of data and materials

The data that support the �ndings of this study are available from the corresponding author upon
reasonable request. All the data are presented in this study.

Funding

This work was �nancially supported by the National Science Foundation of China (grant no.
31271049). None of the authors had professional or �nancial a�liations that could potentially bias this
study.

Ethics approval and consent to participate

All animal experiments were approved by the Animal Ethics Committee of the A�liated Hospital of
Southwest Medical University Hospital and were conducted following the Principles of Laboratory Animal
Care of Southwest Medical University. No patients were participated in this study.

Consent for publication

Not applicable.

Disclosure of potential con�icts of interest 

The authors declare no con�icts of interest.

References
1. Yildirimer L, Thanh NT, Seifalian AM. Skin regeneration scaffolds: a multimodal bottom-up approach.

Trends Biotechnol. 2012;30(12):638–48.

2. Middelkoop E, van den Bogaerdt AJ, Lamme EN, Hoekstra MJ, Brandsma K, Ulrich MM. Porcine
wound models for skin substitution and burn treatment. Biomaterials. 2004;25(9):1559–67.

3. Reckhenrich AK, Kirsch BM, Wahl EA, Schenck TL, Rezaeian F, Harder Y, et al. Surgical sutures �lled
with adipose-derived stem cells promote wound healing. PLoS One. 2014;9(3):e91169.

4. Tiwari VK. Burn wound: How it differs from other wounds? Indian J Plast Surg. 2012;45(2):364–73.

5. Jeschke MG, Shahrokhi S, Finnerty CC, Branski LK, Dibildox M. Wound Coverage Technologies in
Burn Care: Established Techniques. J Burn Care Res. 2018;39(3):313–8.

�. Rowan MP, Cancio LC, Elster EA, Burmeister DM, Rose LF, Natesan S, et al. Burn wound healing and
treatment: review and advancements. Crit Care. 2015;19:243.

7. Martin P. Wound healing–aiming for perfect skin regeneration. Science. 1997;276(5309):75–81.

�. Fu X, Shen Z, Chen Y, Xie J, Guo Z, Zhang M, et al. Randomised placebo-controlled trial of use of
topical recombinant bovine basic �broblast growth factor for second-degree burns. Lancet.
1998;352(9141):1661–4.



Page 14/21

9. Auxenfans C, Lequeux C, Perrusel E, Mojallal A, Kinikoglu B, Damour O. Adipose-derived stem cells
(ASCs) as a source of endothelial cells in the reconstruction of endothelialized skin equivalents. J
Tissue Eng Regen Med. 2012;6(7):512–8.

10. Gaur M, Dobke M, Lunyak VV. Mesenchymal Stem Cells from Adipose Tissue in Clinical Applications
for Dermatological Indications and Skin Aging. Int J Mol Sci. 2017;18(1).

11. Xu Q, Shanti RM, Zhang Q, Cannady SB, O'Malley BW Jr, Le ADA. Gingiva-Derived Mesenchymal
Stem Cell-Laden Porcine Small Intestinal Submucosa Extracellular Matrix Construct Promotes
Myomucosal Regeneration of the Tongue. Tissue Eng Part A. 2017;23(7–8):301–12.

12. Frazier T, Alarcon A, Wu X, Mohiuddin OA, Motherwell JM, Carlsson AH, et al. Clinical Translational
Potential in Skin Wound Regeneration for Adipose-Derived, Blood-Derived, and Cellulose Materials:
Cells, Exosomes, and Hydrogels. Biomolecules. 2020;10(10).

13. Balistreri CR, De Falco E, Bordin A, Maslova O, Koliada A, Vaiserman A. Stem cell therapy: old
challenges and new solutions. Mol Biol Rep. 2020;47(4):3117–31.

14. Arif F. Implications of adipose derived stem cells (ASCs) in management of burns. Burns.
2019;45(6):1492–3.

15. Zhou X, Ning K, Ling B, Chen X, Cheng H, Lu B, et al. Multiple Injections of Autologous Adipose-
Derived Stem Cells Accelerate the Burn Wound Healing Process and Promote Blood Vessel
Regeneration in a Rat Model. Stem Cells Dev. 2019;28(21):1463–72.

1�. Oryan A, Alemzadeh E, Mohammadi AA, Moshiri A. Healing potential of injectable Aloe vera hydrogel
loaded by adipose-derived stem cell in skin tissue-engineering in a rat burn wound model. Cell Tissue
Res. 2019;377(2):215–27.

17. Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi S, Assmus B, et al. Assessment of the tissue
distribution of transplanted human endothelial progenitor cells by radioactive labeling. Circulation.
2003;107(16):2134–9.

1�. Dreger NZ, Fan Z, Zander ZK, Tantisuwanno C, Haines MC, Waggoner M, et al. Amino acid-based
Poly(ester urea) copolymer �lms for hernia-repair applications. Biomaterials. 2018;182:44–57.

19. Choi JS, Lee S, Kim DY, Kim YM, Kim MS, Lim JY. Functional remodeling after vocal fold injury by
small intestinal submucosa gel containing hepatocyte growth factor. Biomaterials. 2015;40:98–106.

20. Cao G, Wang C, Fan Y, Li X. Biomimetic SIS-based biocomposites with improved biodegradability,
antibacterial activity and angiogenesis for abdominal wall repair. Mater Sci Eng C Mater Biol Appl.
2020;109:110538.

21. Li S, Xiao H, Yang L, Hua L, Qiu Z, Hu X, et al. Electrospun P(LLA-CL) Nanoscale Fibrinogen Patch vs
Porcine Small Intestine Submucosa Graft Repair of Inguinal Hernia in Adults: A Randomized, Single-
Blind, Controlled, Multicenter, Noninferiority Trial. J Am Coll Surg. 2019;229(6):541 – 51.e1.

22. Wang L, Meier EM, Tian S, Lei I, Liu L, Xian S, et al. Transplantation of Isl1 + cardiac progenitor cells
in small intestinal submucosa improves infarcted heart function. Stem Cell Res Ther. 2017;8(1):230.

23. Chung YG, Algarrahi K, Franck D, Tu DD, Adam RM, Kaplan DL, et al. The use of bi-layer silk �broin
scaffolds and small intestinal submucosa matrices to support bladder tissue regeneration in a rat



Page 15/21

model of spinal cord injury. Biomaterials. 2014;35(26):7452–9.

24. Mostow EN, Haraway GD, Dalsing M, Hodde JP, King D. Effectiveness of an extracellular matrix graft
(OASIS Wound Matrix) in the treatment of chronic leg ulcers: a randomized clinical trial. J Vasc Surg.
2005;41(5):837–43.

25. Zhang Y, Xu J, Chai Y, Zhang J, Hu Z, Zhou H. Nano-silver modi�ed porcine small intestinal
submucosa for the treatment of infected partial-thickness burn wounds. Burns. 2019;45(4):950–6.

2�. Crapo PM, Wang Y. Small intestinal submucosa gel as a potential scaffolding material for cardiac
tissue engineering. Acta Biomater. 2010;6(6):2091–6.

27. Choi JW, Park JK, Chang JW, Kim DY, Kim MS, Shin YS, et al. Small intestine submucosa and
mesenchymal stem cells composite gel for scarless vocal fold regeneration. Biomaterials.
2014;35(18):4911–8.

2�. Zonari A, Martins TM, Paula AC, Boeloni JN, Novikoff S, Marques AP, et al. Polyhydroxybutyrate-co-
hydroxyvalerate structures loaded with adipose stem cells promote skin healing with reduced
scarring. Acta Biomater. 2015;17:170–81.

29. Ferdowsi Khosroshahi A, Soleimani Rad J, Kheirjou R, Roshangar B, Rashtbar M, Salehi R, et al.
Adipose tissue-derived stem cells upon decellularized ovine small intestine submucosa for tissue
regeneration: An optimization and comparison method. J Cell Physiol. 2020;235(2):1556–67.

30. Ma L, Yang Y, Sikka SC, Kadowitz PJ, Ignarro LJ, Abdel-Mageed AB, et al. Adipose tissue-derived stem
cell-seeded small intestinal submucosa for tunica albuginea grafting and reconstruction. Proc Natl
Acad Sci U S A. 2012;109(6):2090–5.

31. Khan S, Villalobos MA, Choron RL, Chang S, Brown SA, Carpenter JP, et al. Fibroblast growth factor
and vascular endothelial growth factor play a critical role in endotheliogenesis from human adipose-
derived stem cells. J Vasc Surg. 2017;65(5):1483–92.

32. Klinger A, Kawata M, Villalobos M, Jones RB, Pike S, Wu N, et al. Living scaffolds: surgical repair
using scaffolds seeded with human adipose-derived stem cells. Hernia. 2016;20(1):161–70.

33. 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(3):706–13.

34. Guo X, Xia B, Lu XB, Zhang ZJ, Li Z, Li WL, et al. Grafting of mesenchymal stem cell-seeded small
intestinal submucosa to repair the deep partial-thickness burns. Connect Tissue Res.
2016;57(5):388–97.

35. Xue L, Xu YB, Xie JL, Tang JM, Shu B, Chen L, et al. Effects of human bone marrow mesenchymal
stem cells on burn injury healing in a mouse model. Int J Clin Exp Pathol. 2013;6(7):1327–36.

3�. Nie C, Yang D, Xu J, Si Z, Jin X, Zhang J. Locally administered adipose-derived stem cells accelerate
wound healing through differentiation and vasculogenesis. Cell Transplant. 2011;20(2):205–16.

37. Zeng Y, Zhu L, Han Q, Liu W, Mao X, Li Y, et al. Preformed gelatin microcryogels as injectable cell
carriers for enhanced skin wound healing. Acta Biomater. 2015;25:291–303.



Page 16/21

3�. Kono H, Teshirogi T. Cyclodextrin-grafted chitosan hydrogels for controlled drug delivery. Int J Biol
Macromol. 2015;72:299–308.

39. Kwon JS, Yoon SM, Shim SW, Park JH, Min KJ, Oh HJ, et al. Injectable extracellular matrix hydrogel
developed using porcine articular cartilage. Int J Pharm. 2013;454(1):183–91.

40. Li Y, Rodrigues J, Tomás H. Injectable and biodegradable hydrogels: gelation, biodegradation and
biomedical applications. Chem Soc Rev. 2012;41(6):2193–221.

41. Okada M, Payne TR, Oshima H, Momoi N, Tobita K, Huard J. Differential e�cacy of gels derived from
small intestinal submucosa as an injectable biomaterial for myocardial infarct repair. Biomaterials.
2010;31(30):7678–83.

42. Kim K, Kim MS. An injectable hydrogel derived from small intestine submucosa as a stem cell carrier.
J Biomed Mater Res B Appl Biomater. 2016;104(8):1544–50.

43. Liu S, Zhang H, Zhang X, Lu W, Huang X, Xie H, et al. Synergistic angiogenesis promoting effects of
extracellular matrix scaffolds and adipose-derived stem cells during wound repair. Tissue Eng Part A.
2011;17(5–6):725–39.

44. Choi JS, An HY, Shin HS, Kim YM, Lim JY. Enhanced tissue remodelling e�cacy of adipose-derived
mesenchymal stem cells using injectable matrices in radiation-damaged salivary gland model. J
Tissue Eng Regen Med. 2018;12(2):e695–706.

45. Yun IS, Jeon YR, Lee WJ, Lee JW, Rah DK, Tark KC, et al. Effect of human adipose derived stem cells
on scar formation and remodeling in a pig model: a pilot study. Dermatol Surg. 2012;38(10):1678–
88.

4�. Moreno-Manzano V, Zaytseva-Zotova D, López-Mocholí E, Briz-Redón Á, Løkensgard Strand B,
Serrano-Aroca Á. Injectable Gel Form of a Decellularized Bladder Induces Adipose-Derived Stem Cell
Differentiation into Smooth Muscle Cells In Vitro. Int J Mol Sci. 2020;21(22).

47. Wang X, Willenbring H, Akkari Y, Torimaru Y, Foster M, Al-Dhalimy M, et al. Cell fusion is the principal
source of bone-marrow-derived hepatocytes. Nature. 2003;422(6934):897–901.

4�. Zhang XR, Huang YZ, Gao HW, Jiang YL, Hu JG, Pi JK, et al. Hypoxic preconditioning of human urine-
derived stem cell-laden small intestinal submucosa enhances wound healing potential. Stem Cell
Res Ther. 2020;11(1):150.

49. Zhang B, Wang M, Gong A, Zhang X, Wu X, Zhu Y, et al. HucMSC-Exosome Mediated-Wnt4 Signaling
Is Required for Cutaneous Wound Healing. Stem Cells. 2015;33(7):2158–68.

50. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for Cell-Free Therapy. Stem Cells.
2017;35(4):851–8.

51. Ong SG, Lee WH, Zhou Y, Wu JC. Mining Exosomal MicroRNAs from Human-Induced Pluripotent
Stem Cells-Derived Cardiomyocytes for Cardiac Regeneration. Methods Mol Biol. 2018;1733:127–36.

52. Bae YU, Son Y, Kim CH, Kim KS, Hyun SH, Woo HG, et al. Embryonic Stem Cell-Derived mmu-miR-
291a-3p Inhibits Cellular Senescence in Human Dermal Fibroblasts Through the TGF-β Receptor 2
Pathway. J Gerontol A Biol Sci Med Sci. 2019;74(9):1359–67.



Page 17/21

Supplementary Tables
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Figures

Figure 1

The characterization and labeling of ADSCs. A. The morphological observation of ADSCs. Scale bar, 200
μm. B. Representative �uorescence micrograph of CM-DiI labeled ADSCs. Scale bar, 200 μm. C. The
osteogenic and adipogenic differentiation of ADSCs were indicated by the alizarin red and Oil red O
staining, respectively. Scale bar, 200 μm. D. The phenotype of ADSCs by Flow cytometry analysis. E.
Scanning electron micrograph of injectable SIS. Scale bar, 10μm. F. Scanning electron micrograph of
injectable SIS/ADSCs composite.
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Figure 2

The viability and proliferation of ADSCs seeded in injectable SIS. A. The survival of cells in the material
extract and cell culture medium by Live/dead staining. B. Quantitative analysis of ratio of dead cell/ total
cells at 1, 3, 5 and 7 days. C. Assessment of effect of injectable SIS on the proliferation of ADSCs via
CCK8 assay at 1, 3, 5, and 7 days. *p < 0.05
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Figure 3

Evaluation of burn wound healing using the rat skin burn wound model. A. The gross observation of
wound healing at 3,7,14 and 21 days. B. Quantitative analysis of wound closure rate in all groups. *p <
0.05, #P < 0.05

Figure 4

Histological examination of angiogenesis in burn wound tissue on day 7 post-surgery. A. the
representative images of regenerated blood vessels in control group. B. the representative images of
regenerated blood vessels in ADSCs only group. C. the representative images of regenerated blood
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vessels in injectable SIS only group. D. the representative images of regenerated blood vessels in
ADSCs/SIS group. E. Quantitative analysis of the number of regenerated blood vessels. Black arrows
indicate regenerated blood vessels in the wound area. *p < 0.05

Figure 5

Histological examination of Re-epithelialization in burn wound tissue on day 21 post-surgery. A. the
representative images of regenerated epithelialization in control group. B. the representative images of
regenerated epithelialization in ADSCs only group. C. the representative images of regenerated
epithelialization in injectable SIS only group. D. the representative images of regenerated epithelialization
in ADSCs/SIS group. E. Quantitative analysis of thickness of regenerated epithelialization. *p < 0.05,
#P<0.01

Figure 6

The expressions of EGF, VEGF and bFGF mRNA were assayed by qRT-PCR on postoperative days 3, 7, 14,
and 21. *p < 0.05
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Figure 7

Immuno-�uorescent images of vascular endothelial cell on day 7 post-surgery and epithelialization cell
marker in burn wound tissue on day 21 post-surgery. A. Vascular endothelial cell marker CD31 showed
green �uorescence. B. CM-DiI labeled ADSCs showed red �uorescence. C. The exhibited red �uorescence
ADSCs were co-localized with the vascular endothelial cell marker CD31 (green �uorescence). D. The
nuclei of all the cells in the wound area showed blue �uorescence. E. CM-DiI labeled ADSCs showed red
�uorescence. F. Epidermal keratinocyte marker CK10 showed green �uorescence. G. The exhibited red
�uorescence ADSCs were co-localized with the epithelialization cell marker CK10.
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