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ABSTRACT
Purpose: Regenerative medicine provides many treatments for burn wounds, of which cell-seeded
substitutes are encouraging for large and deep burns. To assess the feasibility of mesenchymal stem
cell (MSC)-seeded small intestinal submucosa (SIS) to repair the deep partial-thickness burns, a rat
study was performed. Materials & Methods: The burn model was created by contacting the dorsal
surface directly with boiled water for 10 seconds. MSCs at passage 3 were seeded on the SIS before
implantation. Three days after burn injury, the grafts were implanted onto the burn area. At 3, 7, 14
and 21 days post implantation, gross observation and histological assessments were performed.
Results: SIS alone and MSC-seeded SIS were able to accelerate the burn wound closure by enhan-
cing granulation tissue formation, increasing wound maturity, improving revascularization, and
inducing the proliferation of neo-epidermal cells. Additionally, MSC-seeded SIS was much more
effective than SIS alone for the repair of deep partial-thickness burns. Conclusion: Both SIS andMSC-
seeded SIS were able to repair the large and deep burn wounds and the loaded MSCs possessed
positive effects to accelerate the wound closure in a rat model.
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Introduction

Graft-assisted healing is an important therapy for skin
wounds. Porcine small-intestinal submucosa (SIS), a col-
lagen-rich extracellular matrix, has been shown to be effec-
tive in the healing of excisional wounds (1). These SIS-
based regenerative approaches, either alone or seeded
with stem cells/growth factors, were able to enhance the
wound healing rate, to promote angiogenesis, and to sup-
press the local inflammation (1–5). The promising success
should be attributable to growth factors released from SIS
and its important component-glycosaminoglycans after
treatment (6,7), which jointly regulated the tissue develop-
ment and remodeling.

Nevertheless, these encouraging outcomes from the
excisional wound studies cannot be easily extrapolated to
the burn wounds which are more complicated in the
pattern of damage. Compared with the excisional wound,
burns are much more difficult to be healed because of the

extensive necrosis and the ischemic dermal environment
(8); in addition, the burn wounds are dynamic and can be
deepened over time to form hypertrophic scarring (9,10).
It was reported that the deep partial-thickness burn
wounds could lead to death within 7–10 days after injury
(11). Thus, early and effective therapies for burn wounds
are required. Definitely, animal investigations are needed
to be done if extending the SIS-based therapy from the
excisional wounds to the burn wounds.

Other approaches for wound healing involve implant-
ing active stem/progenitor cells and the aim is to replace
those lost during burn injuries after the implanted cells
can survive, differentiate and produce matrix macromo-
lecules. Mesenchymal stem cells (MSCs) are one of the
encouraging candidate cells. It was demonstrated that
MSCs implantation was able to improving the rate of
wound closure, increase granulation tissue formation
and to enhance revascularization (12–14). To increase
the anchoring rate of implanted cells, biomaterials, such
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as SIS and artificial substitutes, have been extensively
employed for cell delivering. Of recent years, it was
found that MSC-seeded SIS could suppress inflammation
of the excisional wounds and increase the expression of
skin regeneration-related growth factors, leading to rapid
recovery of the skin injury (5). But few researchers have
investigated the feasibility of combining MSCs with SIS
for burn wound repair and the potentially regenerative
mechanisms are still far from well understood.

In this study, it was thus hypothesized thatMSC-seeded
SIS was able to repair the burn wounds effectively. To test
this hypothesis, the rat deep partial-thickness burns model
was created and the burn wounds were covered by SIS and
MSC-seeded SIS after tangential excision, respectively.
Gross observation, histological and immunochemical stu-
dies were then performed accordingly.

Materials and methods

Experimental animals

Forty-nine adult male Spraguee–Dawley (SD) rats
(2-month old, 200–250 g) were purchased from the
Laboratory Animal Center of Southwest Medical
University, one of which was used for MSC isolation
and the others for wound healing assessment. All
the animal procedures were approved by the Animal
Care and Use Committees of Southwest Medical
University, following the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals.

Isolation of mesenchymal stem cells (MSCs)

The bone marrow was harvested by flushing the marrow
cavity of femurs and tibiae with phosphate-buffered saline
(PBS) after the rat was sacrificed. The solution that rich in
bone marrow cells was placed in a tube and rinsed twice
with PBS by centrifugation at 1000 g for 5 min. The fat
layer was discarded. The remaining cells were seeded at a
density of 2 × 105 cells/cm2 inDulbecco’s modified Eagle’s
medium (DMEM; HyClone, Logan, UT) supplemented
with 10% fetal bovine serum (FBS; Hyclone), 100 U/ml
penicillin and 100 mg/ml streptomycin (Beyotime,
Shanghai, China) at 37 °C in 5% CO2 and 95% air atmo-
spheric condition. The medium was replaced every 3 days
to remove non-adherent cells. After 10 days in culture,
spindle-shaped cells were trypsinized. MSCs were well
identified as described in our previous study (15,16).
The cells at passage 3 (Supplementary Figure 1A) were
used in this study.

Small intestinal submucosa (SIS) preparation

Porcine SIS was prepared according to the standard
procedures described previously (17). In brief, a segment
of proximal jejunum was obtained from pig cadaver
specimens. After carefully washing in a saline solution,
the intestine was everted. The tunica mucosa, the serosa
and tunica muscularis were removed by longitudinal
wiping motions with moistened gauze. The remaining
intestinal submucosa tube was split longitudinally
and each was cut in to approximately 6 cm in length.

Figure 1. Schematic drawings illustrating the experimental designs of this study. (A) MSCs seeded into the SIS. (B) After implantation
of SIS alone and MSC-seeded SIS in the rats, a series of tests was performed at 3, 7, 14 and 21 days.

2 X. GUO ET AL.

D
ow

nl
oa

de
d 

by
 [

21
8.

18
.1

05
.1

96
] 

at
 1

9:
22

 0
3 

A
ug

us
t 2

01
6 



After rinsed in 0.25% trypsin and vibrated in 0.1%
sodium dodecyl sulfate (SDS) for 12 h, respectively, the
resident cells were removed. The SIS sheets were
sterilized with 0.1% peracetic acid, washed again with a
saline solution and then freeze-dried at −55 °C for 48 h.
The resultant SIS was vacuum-sealed into hermetic
packaging and terminally sterilized by ethylene oxide
(Supplementary Figure 1B).

MSCs seeded into the SIS

The SIS sheet was taken out from the hermetic packaging
and cut into fragments with a diameter of about 3 cm. The
SIS fragments were rehydrated in six-well plates filled
with culture medium. After 24 h culturing, the culture
medium were removed and MSCs at passage 3 were
seeded on the SIS patches (5 × 105 cells/cm2) according
to our previous study (18). Patches were then cultured in
vitro for 5–7 days before implantation. SIS alone was
prepared following the same method. To observe the
morphology of MSCs on SIS, after 5–7 days incubation,
the patches were harvested and fixed in 10% paraformal-
dehyde for 20 minutes for H&E staining and scanning
electron microscopy (SEM; Cambridge Sensotec S-250,
Cambridge, UK) observation.

Animal burn model

A deep partial-thickness burn model was induced
according to the previous study with minor modifica-
tions (19) and validated by pathologic examination
(Supplementary Figure 2). Briefly, all animals were
anesthetized by the intraperitoneal injection of 3% pen-
tobarbital sodium solution at a dosage of 1.0 ml/kg. The
back hair was removed with 8% Na2S aqueous solution.
The opening position of a glass pipe with a diameter of
about 3 cm was placed on the dorsal skin. The duration
of dorsal surface contacting directly with boiled water
(100 °C) in the vitreous pipe was 10 seconds. Deep
partial-thickness burn wounds with a diameter of
3 cm were then created for experiments.

Skin grafts implantation

The overview of the experiment design is described in
Figure 1. Three days after burn modeling, 48 rats were
randomly divided into three groups: MSC-seeded SIS
group (n = 16), SIS alone group (n = 16) and the
control group without any treatments (n = 16). All
rats were anesthetized and the operating area was
pre-sterilized with 0.5% iodophor. After removal of

Figure 2. Both the SIS and MSC-seeded SIS enhanced the burn wounds repair. (A) Representative images illustrated the gross
appearance of burned wounds treated with SIS alone, MSC-seeded SIS and the untreated group on the days 0, 3, 7, 14 and 21. Scale
bar = 1 mm. (B) Statistical analysis of areas of burned wounds. (n = 4 per time point). *P < 0.05, vs. control group; **P < 0.01, vs.
control group; ##P < 0.01, vs. SIS group.
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the necrotic crusts, MSC-seeded SIS and SIS alone were
placed onto the burn area and sutured to the adjacent
skin, respectively (Supplementary Figure 3). Then each
rat received a pressure dressing (petrolatum gauze
and elastoplast). The wounds that only covered with
petrolatum gauze and elastoplast were served as con-
trol. Postoperatively, daily injections of ceftazidime and
buprenex intraperitoneally were applied for 7 days to
minimize discomfort experience and the opportunity of
infection.

General observation and specimen harvest

The wounds were monitored and photographed every
day. Wound area was calculated using the image
analysis software (Image-Pro Plus 6.0). Wound closure
rate was measured as the formula: (area of initial
wound – area of actual wound)/area of initial
wound × 100%. At the 3, 7, 14 and 21 days after
implantation, four rats from each group were scarified
under anesthesia and the full-thickness transverse
biopsies of the wounds were harvested.

Histopathological examination

The tissue specimens were fixed in 10% buffered for-
malin for 24 h, dehydrated with a series of graded
ethanol, embedded in paraffin, and then sectioned at a
thickness of 5 µm. Sections of 7 days after implanta-
tion were stained with H&E to measure the length of
neoepithelium, and to assess the granulation tissue
formation and maturity of the burn wound.
Additionally, Masson’s trichrome staining was
performed on days 7 and 21 for the evaluation of
collagen in the granulation tissue.

Assessment of granulation tissue formation and
wound maturity

Granulation tissue formation was evaluated according
to a scoring system described previously (20): score 1,
no/minimal granulation tissue; score 2, low granulation
tissue; score 3, moderate granulation tissue; score 4,
extensive granulation tissue; score 5, very extensive
granulation tissue. Besides, the scoring system for

Figure 3. After SIS patches grafting, better epithelialization, granulation formation and wound maturity were achieved. (A) Histological
images of the burned wounds in the control group, and after treatment with SIS alone and MSC-seeded SIS for 7 days. Black arrow indicated
the neoepithelium. (B) MSC-seeded SIS accelerated the epithelialization when compared with control group on days 7. MSC-seeded SIS and
SIS alone significantly accelerated the granulation formation (C) and wound maturity(D) at 7 days post implantation. (n = 12, 3 fields per
section and 4 sections per group were selected randomly). **P < 0.01, *P < 0.05.
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wound maturity was also performed as follows (20):
score 1, the number of cells appeared on the wound
bed was limited or all the cells here were almost all
inflammatory cells; score 2, predominantly inflamma-
tory cells; score 3, equivalence between inflammatory
cells and proliferative cells (fibroblasts, epidermal cells,
and vascular endothelial cells); score 4, predominantly
proliferative cells; score 5, almost all cells were prolif-
erative cells. All the slides were evaluated separately by
two pathologists in a blinded manner.

Immunohistochemistry

To assess the revascularization of tissue and the pro-
liferation of epidermic cells, immunohistochemistry
was performed for von Willebrand factor (vWF;
Bioss, Beijing, China) and Ki-67 (Bioworld,
Minneapolis, MN) antibodies. Briefly, the 5-µm thick
paraffin-embedded sections were deparaffinized, rehy-
drated, and blocked with 10% goat serum.
Subsequently, the slides were incubated with the
respective primary monoclonal antibody and second-
ary antibody (goat anti mouse or goat anti rabbit IgG
label with HRP, ZSGB-BIO, Beijing, China) according
to the manufacturer’s instructions.

Blood vessels quantification and assessment of
epidermic cells proliferation

Blood vessels were detected by the evaluation of
immunohistochemical-stained sections of 7 days post
implantation according to our previous study (18).
The vWF positive blood vessels were identified and
counted as brown lumens. Ten different fields limited
to the wounded area were randomly selected, and the
number of blood vessels was counted in each field
under light microscopy (magnification×400). The
number of blood vessels in each field was averaged
and blood vessel density was expressed as the number
of blood vessels per unit area (0.2 mm2). The counting
of Ki-67 positive epidermic cells in immunohisto-
chemical-stained sections of 21 days after implantation
was performed using the same method.

Statistical analysis

Quantitative data are expressed as mean ± SD.
Comparisons of experimental data in different groups
were performed with one-way ANOVA followed by
LSD-test (SPSS 19.0 Inc., Chicago, IL). Significance
was accepted at P < 0.05.

Results

SIS enhanced the burn wounds healing

MSCs maintained the fibroblast-like morphology after
cultured in the SIS (Supplementary Figure 1D). After
SIS and MSC-seeded SIS grafting, a serial of tests were
performed (Figure 1). All the rats survived well without
infection in the burn wounds. Compared to the untreated
control, both the SIS and MSC-seeded SIS enhanced the
burn wounds repair and the complete closure was seen at
the last follow-up (Figure 2). In detail, no significant
improvement of burn wound healing was found in the
first 3 days; after implantation of SIS for 7 days, both SIS
and MSC-seeded SIS significantly increased the burn
wound healing and the closure rates were 37.12 ± 6.05%
and 57.80 ± 7.17%, respectively, while that in the control
was 21.09 ± 4.97%. Interestingly, the animals treated with
MSC-seeded SIS showed higher wound closure rate than
those treated with SIS alone on day 7 (P < 0.01). At 14
and 21 days post implantation, enhancement of wound
closure by SIS and MSC-seeded SIS was recorded in
comparison to that in the control group. As shown in
Figure 2, the burn wound was almost closed after SIS
treatment for 21 days, while that in the untreated group
was not completed yet (P < 0.05).

To understand the mechanism of the repair potential
of SIS, histological analysis was performed after grafting
for 7 days. Based on the histological appearance of the
skins (Figure 3), scoring results indicated that both the
SIS with or without MSCs notably improved the gran-
ulation tissue formation, when compared with the
untreated control (P < 0.01). Additionally, the burn
wounds after the treatments with SIS and MSC-seeded
SIS illustrated significantly higher maturity than that in
the control group (P < 0.05). It was further found that
the maturity score in the MSC-seeded SIS group was
much higher than that in the SIS alone group (P <
0.05). Importantly, MSC-seeded SIS accelerating the
epithelialization was determined; as shown in
Figure 3, the neoepithelium length was 1006.62 ±
170.74 µm after MSC-seeded SIS treatment, which
was much higher than in the control group with the
value of 620.44 ± 253.74 µm (P < 0.05). This enhance-
ment was not found in the SIS alone group.

Although the SIS patches with or without MSCs can
be clearly noted on the surface of the burn wounds after
treatment for 7 days, they completely integrated with
dermal collagen fibers after 21 days (Figure 4). The SIS
integration ensured the regular arrangement and exten-
sive distribution of the regenerated collagen bundles,
while loosely packed collagen fibers were seen in the
control group.
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MSC-seeded SIS improved the revascularization

After MSC-seeded SIS grafting for 7 days, revascular-
ization of the tissue was assessed by blood vessels
density. Obvious blood vessels formation, positive for
vWF, was extensively identified in the dermis of the
burn wounds (Figure 5A). The number of vWF-posi-
tive blood vessels was measured in the burn wound of
the three groups (Figure 5B). Significantly increase of
the blood vessels density was seen after the treatment of
SIS alone and MSC-seeded SIS; and their values were
21.80 ± 7.00 and 27.50 ± 5.36, respectively, while that of
control was 15.40 ± 5.23. Furthermore, compared with
the SIS alone group, the mean numbers of blood vessels
density were much higher in the burn wounds after
treatment with MSC-seeded SIS (P < 0.05).

MSC-seeded SIS accelerated the proliferation of
neo-epidermal cells

After SIS substitutes were implanted for 21 days, a large
proportion of the burned area was re-epithelialized
(Figure 3A). Immunochemistry for Ki-67 was per-
formed and the proliferating epidermic cells could
then be identified accordingly. As shown in

Figure 6A&B, MSC-seeded SIS treatment led to a
higher number of Ki-67 positive cells (33.10 ± 6.52)
in the epidermal layers of burn wounds, and the num-
ber was much more than that in the control group
(24.10 ± 11.01) (P < 0.05). This enhancement was not
found in the SIS alone group.

Discussion

As a completely decellularized matrix, SIS has been
extensively applied for tissue regeneration; these applica-
tions include skin replacement, vascular repair and
the other soft tissues reconstruction (1,21–23). In our
previous study, SIS was used to repair the chronic myo-
cardial infarction in rabbits and it was found that SIS was
able to enhance myocardial regeneration (18). In this
study, the feasibility of SIS to repair the deep partial-
thickness burn wound in a rats was investigated. It
determined that SIS with or without MSCs was able to
accelerate the burn wound closure by enhancing the
granulation tissue formation, increasing the wound
maturity, and improving the revascularization. Similar
findings were reported in other studies using the animal
models with excisional wound models. For instance, SIS
sponge has been reported to enhance the excisional

Figure 4. Masson’s trichrome staining of the granulation tissue shows part of newly-formed collagen fibers distributed into the
granulation tissue in SIS alone and MSC-seeded SIS group on the 7th day of wound healing. On day 21, the SIS patch completely
integrated with the dermis; the regenerated collagen bundles of regular arrangement and extensive distribution were seen in SIS
alone and MSC-seeded SIS group, while loosely packed collagen fibers with irregular arrangement were seen in the control group.
The SIS patch on the epidermic surface was indicated by the black arrows and the newly formed collagen fibers in the dermal layer
were indicated by the red triangles. Scale bar = 100 um.
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wound healing by inducing the regeneration of dermal
collagen and the progress of granulous tissue formation
(4); wound healing enhancement was also found in a
rabbit model with full-thickness square wounds (24).
It is thus not surprising to observe the acceleration of

burn wound healing after SIS grafting, although the
pathological appearance of burn wounds was much
more complex than that of excisional wounds.

Beneficial effects were achieved after MSCs was seeded
on the SIS for implantation. The highly porous structure

Figure 6. (A) Immunohistochemical staining images of burn wounds for Ki-67 in control, SIS alone and MSC-seeded SIS group on 7th day
post implantation. The basement membrane is outlined using dashed lines. (B) Statistical analysis showed a significant increase in the
density of Ki-67+ epidermal cells in the MSC-seeded SIS group compared with that of control group (n = 10). *P < 0.05.

Figure 5. (A) Immunohistochemical staining images of burn wounds for vWF on 7 days post implantation. (B) Statistical
analysis showed that compared with the control group, a higher blood vessel density was observed in wounds after treatment
with MSC-seeded SIS and SIS alone; furthermore, the highest blood vessel density was observed in wounds treated with MSC-seeded
SIS (n = 10). **P < 0.01, *P < 0.05.
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of SIS supports the nutrients diffusion and enables the
adherence, growth and migration of seeded cells (25).
MSC-seeded SIS has been developed for tissue regenera-
tion (26,27). In this rat model, MSC-seeded SIS was
developed to cover the burn wounds because it was able
to promote angiogenesis, suppress the local inflamma-
tion, inhibit apoptosis and enhance the ECM deposition
for repair of the excisional wounds (5,28,29).
Nevertheless, this study was the first one to investigate
the possibility of MSC-seeded SIS for burn wounds heal-
ing. The advantage was that the blood vessel density in
the MSC-seeded SIS-treated burn wound was signifi-
cantly increased. Engraftment of MSCs enhanced the
revascularization of burn wounds, which was a crucial
approach for wound healing to ensure the delivery of
nutrient to the migrated cells in the epidermal and
dermal layers. It was demonstrated the implanted MSCs
may change the behaviors of the resident endothelial cells
by secretion of growth factors and cytokines, thus
induced the angiogenesis (16,30). The positive effect of
SIS could not be ignored as it can release several kinds
of angiogenic factors after degradation (17). Thus, the
combination of MSCs with SIS could produce synergistic
angiogenesis for promoting burn wounds repair.

The other advantage observed in this study was that the
implanted MSCs could enhance the re-epithelialization as
the density of Ki-67+ epidermal cells in the MSC-seed SIS
was increased significantly. Epithelialization is essential for
burn wound healing which provides a protective barrier to
avoid infections and to maintain the fluid balance (8). In a
human study, burn tissue treated with SIS presented good
epithelialization which may be related with the expression
of transforming growth factor-β3 (1). In this study, the
epithelialization was also found after SIS treatment but it
was not as good as that after MSC-seeded SIS treatment.
The enhancement of epithelialization was because MSCs
was able to increase the proliferation of differentiated epi-
dermal cells. However, other paracrine mechanisms could
not be neglected as increasing evidences indicated that
MSC-derived exosomes (MS-Ex) might stimulate the
wound healing (31–33). Recently, in a rat burn wound
model, it was found that MS-Ex not only promoted the
epithelialization and cell proliferation through the activa-
tion of Wnt4/β-catenin pathway, but also inhibited the
apoptosis of skin cells through the activation of AKT path-
way (34). Thus, further investigations are needed to fully
understand of the underlying mechanisms regarding the
positive role of MSCs in the SIS-based therapy for burn
wounds repair.

To be honest, some limitations in this study should
be acknowledged. First, the implanted MSCs were not
tracked in the real-time pattern to monitor the distri-
bution in the burn wounds over time. Second, the

MSCs seeded on the SIS patches were isolated from
one donor rat, variable therapeutic effect of MSCs on
the burn wound may be observed because of individual
variation. Further experiments to investigate the pro-
tein and gene expression profiles in the burn wounds
after MSC-seeded SIS treatments are underway.

In conclusion, SIS grafting was very effective for burn
wounds repair. It could enhance the burn wound healing
by increasing the granulation tissue formation, the
wound maturity and the tissue revascularization.
Importantly, MSCs seeding was able to enhance this
positive effect, because MSCs were able to improve the
re-epithelialization and the revascularization signifi-
cantly. Therefore, the current findings could support
the future treatment of large and deep burn wounds
with SIS and MSC-seeded SIS.
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Grafting of mesenchymal stem cell-seeded small intestinal submucosa 

to repair the deep partial-thickness burns   

 

Supplemental Figures  

Supplemental Figure 1 (A) Bone marrow MSCs at passage 3 possess the 
fibroblast-like morphology. (B) Gross observation of SIS. (C) H&E staining result 
showed that MSCs were observed in SIS. (D) SEM result showed that MSCs 
maintained the fibroblast-like morphology after seeding into SIS. 
 



Supplemental Figure 2 (A) The deep partial thickness burns were created by 
contacting the rat dorsal surface directly with boiled water (100°C) for 10 seconds. (B) 
A circular heat-induced tissue coagulation area was formed on the dorsal surface after 
the dorsal surface was burned. (C) Three days after burning, the burned tissue 
completely turned into a scar; and (D) H&E staining result showed the epidermal and 
superficial dermal layers were filled with necrotic tissues. Scale bars in (B) and (C) 
represent 1 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 3 After tangential excision, the burn wounds were covered by 
SIS or MSC-seeded SIS (A-C); after the skin grafts were sutured to the wound 
margins, each rat received a pressure dressing (D). 
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