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Abstract 

Split thickness skin graft (STSG) implantation is one of the standard therapies for full thickness 
wound repair when full thickness autologous skin grafts (FTG) or skin flap transplants are 
inapplicable. Combined transplantation of STSG with dermal substitute could enhance its 
therapeutic effects but the results remain unsatisfactory due to insufficient blood supply at early 
stages, which causes graft necrosis and fibrosis. Human mesenchymal stem cell (hMSC) sheets are 
capable of accelerating the wound healing process. We hypothesized that pre-vascularized hMSC 
sheets would further improve regeneration by providing more versatile angiogenic factors and 
pre-formed microvessels. In this work, in vitro cultured hMSC cell sheets (HCS) and 
pre-vascularized hMSC cell sheets (PHCS) were implanted in a rat full thickness skin wound model 
covered with an autologous STSG. Results demonstrated that the HCS and the PHCS 
implantations significantly reduced skin contraction and improved cosmetic appearance relative to 
the STSG control group. The PHCS group experienced the least hemorrhage and necrosis, and 
lowest inflammatory cell infiltration. It also induced the highest neovascularization in early stages, 
which established a robust blood micro-circulation to support grafts survival and tissue 
regeneration. Moreover, the PHCS grafts preserved the largest amount of skin appendages, 
including hair follicles and sebaceous glands, and developed the smallest epidermal thickness. The 
superior therapeutic effects seen in PHCS groups were attributed to the elevated presence of 
growth factors and cytokines in the pre-vascularized cell sheet, which exerted a beneficial 
paracrine signaling during wound repair. Hence, the strategy of combining STSG with PHCS 
implantation appears to be a promising approach in regenerative treatment of full thickness skin 
wounds. 
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Introduction 
Burns are one of the major causes of full 

thickness skin wounds. There are approximately 
15,000–20,000 hospitalizations per year for acute burn 
injuries in the U.S., as recorded by the American Burn 

Association [1]. Despite the fact that numerous 
approaches and skin substitutes have been developed 
for burn treatment, the current golden standard 
consisting of autologous skin full thickness grafts 
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(FTG) or skin flap transplantation is still considered a 
safe, effective, and economically viable method for 
restoring permanent coverage [2]. FTG and skin flaps 
have numerous advantages over engineered 
materials, including immunological acceptance as 
well as color and texture match. However, an 
inadequate supply of donor skin and the unavoidable 
donor site injury seriously limit their potential to treat 
extensive and severe wounds.  

 One promising solution is the application of an 
autologous split thickness skin graft (STSG). 
Although donor sites need re-epithelialization and 
have an ongoing wound therapy requirement until 
repaired, these sites may be harvested repeatedly to 
resurface large wounds. STSG can be used under 
unfavorable conditions, such as a recipient's wound 
having moderate infection or less vasculature, where 
FTG would fail [3]. However, STSG are more fragile 
than FTG and can contract significantly during the 
healing process. Combined transplantation of STSG 
with engineered dermal substitutes could overcome 
the disadvantages of STSG transplantation, such as 
contracture, poor cosmetic outcome, physical 
disability, and reduced pliability [4]. Nevertheless, 
due to an insufficient blood supply at early stages of 
the transplantation, these skin grafts suffer a 
relatively long hypoxic and ischemic period after 
surgery and suffer from degeneration and necrosis 
[5]. While bio-engineered products such as natural 
substitutes - human allograft, Oasis wound matrix®; 
synthetic substitutes - Biobrane™; permanent skin 
substitutes - Epicel®, and Integra® have been 
commercially available for years, major problems still 
exist with material sources, manufacturing 
techniques, material compatibility, and therapeutic 
effects [6]. Hence, a new strategy with better 
therapeutic effects is still critically needed. 

 Cell-based therapies, especially those using stem 
cells, for improving survival and the therapeutic effect 
of skin grafts, have emerged as a new approach in 
recent years [7]. Mesenchymal stem cells (MSCs) 
exhibit excellent potential for accelerating wound 
healing due to their self-renewal ability, secretion of 
paracrine factors, and ability to differentiate into 
different cell lineages [8]. Numerous studies reported 
positive results when utilizing MSCs for various 
wound regeneration applications [9-12]. Local 
delivery of rat adipose-derived MSCs to an excisional 
wound healing model showed enhanced 
epithelialization and granulation tissue deposition 
[13]. Human MSCs (hMSCs) grafted in impaired 
healing diabetic mice significantly improved healing 
by recruiting large amounts of host mouse MSCs to 
the wound bed, producing signals such as vascular 
endothelial growth factor (VEGF) and 

platelet-derived growth factor receptor-α (PDGFR-α) 
[14]. Compared to traditional cell delivery strategies, 
such as cell injection or spraying, cell sheet 
engineering techniques enhance the cell delivery 
efficacy to injured tissue [15]. The cell sheet preserves 
cell-cell junctions, extracellular matrix (ECM), and 
cell-matrix connections thus restricting the cells to the 
wound bed [16]. The rat adipose-derived MSC sheet 
demonstrated beneficial effects in diabetic wound 
healing when combined with artificial skin, where the 
cells accelerated wound healing directly by 
functioning as pericytes and indirectly through the 
secretion of paracrine signaling factors [17].  

 Whether or not the skin graft has a sufficient 
blood supply is the primary factor that influences the 
quality of transplanted STSGs [18]. During the first 48 
hours of transplantation, the graft is engorged by 
plasmatic fluid and a poorly vascularized bed hinders 
plasmatic diffusion [18]. In addition, newly formed 
blood vessels in the wound bed can deliver oxygen, 
nutrients, and essential growth factors to hypoxic and 
ischemic STSGs at early stages after placement [19]. 
Pre-formation of microvessels on cell sheets may 
enhance angiogenesis as well as further improve 
tissue function by supporting cell survival and 
accelerating its integration with host tissues. For 
example, a pre-vascularized bone graft implanted 
subcutaneously in nude mice demonstrated a much 
higher density of microvessels in vivo than a 
non-vascularized bone graft. In addition, more bone 
matrix was found in the pre-vascularized samples 
[20]. A pre-vascularized cardiac patch grafted to a rat 
heart showed an increased number of new patent 
blood vessels than its avascular counterpart. These 
new microvessels consisted of both donor and 
host-derived vasculatures [21]. Among all cell types 
used for angiogenesis and neovascularization, the role 
of endothelial cells (ECs) has been studied 
extensively. They are able to initiate postnatal 
neovascularization and express a series of growth 
factors and cytokines including platelet derived 
growth factor (PDGF), transforming growth factor 
(TGF)-β, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), interleukin-1 (IL-1), IL-5 and IL-6, 
which are beneficial for wound repair [22]. When 
co-cultured with hMSCs, the formation of a 
microvessel network is promoted due to the 
supporting and stabilizing functions of hMSCs [23]. 
Cross-talk between ECs and hMSCs up-regulates the 
expression of genes such as von Willebrand factor 
(vWf), platelet/endothelial cell adhesion molecule-1 
(PECAM-1), and cadherin 5 [24]. Furthermore, 
EC/hMSC cross-talk has been shown to improve 
angiogenesis via synergistic effects [25]. Therefore, an 
hMSC cell sheet (HCS) co-cultured with ECs may 
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facilitate neovasculature formation and improve skin 
graft survival. 

 The purpose of this work was to evaluate the 
efficacy of a novel engineered pre-vascularized hMSC 
cell sheet (PHCS) transplanted in combination with an 
autologous STSG to promote vascularization and 
healing in a rat full thickness wound model. The 
hMSC sheets were first cultured under hypoxic 
conditions (2% O2) and then co-cultured with ECs 
under normoxic conditions (20% O2) in order to 
improve the uniformity of cell sheet and microvessel 
network formation [26]. Human umbilical vein 
endothelial cells (HUVECs), typical ECs that are 
normally used as model cells in studies of microvessel 
assembly in vitro, were selected to examine the effect 
of the PHCS on skin wound healing. The amount of 
various growth factors in both HCS and PHCS were 
quantified. The function and multi-potency of hMSCs 
in the cell sheets were analyzed. The wound healing 
effects of cell sheets/STSG grafts were evaluated at 
different time points up to 28 days by characterizing 
wound contraction, epidermis thickness, collagen 
deposition, neovasculature density, and skin 
appendage recovery. We aimed to establish a new 
cell-assisted and pre-vascularized method to improve 
the STSG repairing effects. 

Materials and Methods 
Preparation of hMSC cell sheet (HCS) and 
pre-vascularized hMSC cell sheet (PHCS)  

 Cell sheet culture followed the method in our 
previous publication [26]. The culture conditions of 
hMSC sheet and pre-vascularized hMSC sheet were 
optimized in order to enhance the cell sheet strength 
and microvessel length and branch. Briefly, passage 3 
to 5 hMSCs (Texas A&M University Health Sciences 
Center) were seeded on cover glasses coated with 20 
µg/mL collagen I (BD Biosciences, San Jose, CA) at a 
density of 10,000 cells/cm2. The hMSCs were cultured 
under a hypoxic condition (2% O2) for 4 weeks to 
obtain HCS in α-minimum essential medium with 
20% fetal bovine serum, 1% L-glutamine and 1% 
penicillin/streptomycin (Life Technologies, Rockville, 
MD). The hMSC sheets with a diameter of 2 cm were 
harvested by gently peeling the cell layers off the 
cover glass [26]. The thickness of detached hMSC 
sheets and ECM scaffolds (fixed using 4% 
paraformaldehyde (PFA)) was measured using an 
Olympus FV1000 confocal microscope. Six samples 
were used for the measurement. To prepare the 
pre-vascularized hMSC sheet, HUVECs (Lonza, 
Walkersville, MD) were seeded on top of hMSC sheets 
at a density of 20,000 cells/cm2 and cultured under a 
normoxic condition (20% O2) for 1 week to obtain 

PHCS in endothelial cell growth medium (EGM-2, 
BulletKit, Lonza). The medium was changed every 
other day.  

Immunofluorescence staining and microvessel 
quantification 

 The microvessel formation on hMSC sheets was 
examined by immunofluorescence staining. The cell 
sheets were washed with phosphate-buffered saline 
(PBS), fixed with 4% PFA, permeabilized with 0.2% 
Triton X-100 in PBS, blocked with 1.0% bovine serum 
albumin (Thermo Fisher Scientific, MA) in 0.2% Triton 
X-100, and incubated with the primary CD 31 
antibody (Abcam, Cambridge, MA). Then the samples 
were incubated with DyLight 488 secondary antibody 
(VECTOR Laboratories, CA). The 4′, 
6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, 
MO) solution was used to stain the cell nuclei. Images 
were visualized under an Olympus BX-51 
fluorescence microscope. The microvessels were 
quantified following the method in our previous 
publication [26]. The average diameter of 
microvessels and the length of microvessels per unit 
area were calculated using ImageJ. Six 
low-magnification (20X) images of microvessel 
networks on three individual samples in each group 
were used for calculation. 

Growth factor assay  
 The angiogenic growth factor amount present in 

the cell sheets was analyzed using an enzyme-linked 
immunosorbent assay (ELISA). Growth factors 
embedded in the HCS were extracted as previously 
described [27]. Briefly, each cell sheet was soaked in 1 
mL urea-heparin extraction buffer consisting of 2 M 
urea and 5 mg/mL heparin in 50 mM Tris with 
protease inhibitors [1 mM Phenylmethylsulfonyl 
Fluoride (PMSF), 5 mM Benzamidine, and 10 mM 
N-Ethylmaleimide (NEM)] at pH 7.4. The extraction 
mixture was rocked at 4 °C for 24 h and then 
centrifuged at 12,000 g for 30 min at 4 °C and the 
supernatants were collected. Microvessel formation 
related growth factors TGF-β1, VEGF, Angiopoietin 1 
(ANG1), Angiopoietin 2 (ANG2), and basic fibroblast 
growth factor (bFGF) were determined using ELISA 
kits (R&D Systems, Minneapolis) according to the 
manufacture’s instruction. In each experiment, three 
identical samples of each condition were examined 
and all samples and standards were measured in 
duplicate.  

Colony-forming unit-fibroblast (CFU-F) assay  
 To determine CFU-F numbers, hMSCs were 

harvested aseptically from 4-week HCS using a 
solution containing 0.5% trypsin - 0.25% collagenase-1 
mmol/L EDTA in PBS. Cells were filtered using a cell 
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strainer to ensure cell separation, and 800 cells were 
plated into a 10 cm petri dish (14 cells/cm2). The cells 
were grown for 12–14 days at 37 °C and 5% CO2 in a 
humidified incubator. Cells were washed with PBS 
and stained with a 0.5% crystal violet solution for 10 
minutes at room temperature. Cells were washed 
twice with PBS and imaged with a digital camera. The 
visible, intensely stained colonies with more than 40 
cells were counted. hMSCs before seeding were 
employed as control. Six identical petri dishes were 
employed for calculation in each condition.  

Multi-lineage differentiation assays 
 To examine the multi-differentiation ability of 

hMSCs inside the cell sheet after long-term co-culture 
with ECs, differentiation was performed on the HCS 
and PHCS. The cell sheets were cultured in 
osteogenic-inducing medium or adipogenic-inducing 
medium for 14 days following a method reported 
previously [28]. The osteogenic-inducing medium is 
composed of hMSC culture medium supplemented 
with 10 nM dexamethasone, 20 mM 
β-glycerolphosphate, and 50 µM L-ascorbic acid 
2-phosphate. The adipogenic-inducing medium is 
composed of hMSC culture medium supplemented 
with 0.5 µM dexamethasone, 0.5 µM 
isobutylmethylxanthine, and 50 µM indomethacin. 
Von Kossa staining and calcium deposition were 
performed to characterize the mineralization of ECM 
in osteogenic-induction culture according to 
previously published methods [29]. At the same time 
points, the lipid vacuoles in adipogenic-induction 
culture were stained by Nile red and quantified by oil 
red o assay as described previously [30]. The 
quantitative results were obtained by analyzing three 
identical samples in each condition.  

Animals  
 All experimental procedures were approved by 

the First Affiliated Hospital of Sun Yat-sen University 
Institutional Animal Care and Use Committee. The 
Sprague Dawley (SD) rats (weighing 180-200g) were 
obtained from the Experimental Animal Center of Sun 
Yat-sen University. All efforts were made to minimize 
animal suffering and the number of rodents utilized 
in this study. The animals were divided into three 
groups according to the different grafts applied to the 
wound bed: STSG, STSG with HCS, and STSG with 
PHCS. SD rats were randomly assigned to one of the 
three groups, with 30 rats in each group. 

Full thickness excision wound creation and 
graft transplantation 

 All rats were anesthetized with inhaled gas 
anesthesia (O2, 2 L/min; isoflurane, 2%) prior to 
surgery. The dorsal skin of the rat was scrubbed with 

Betadine Veterinary Surgical Scrub and 70% alcohol, 
and a round full-thickness excisional wound with a 
diameter of 20 mm was created on the rat dorsum by 
using iris scissors under sterile surgical conditions. 
The STSG graft was obtained by removing the deep 
partial dermis as well as panniculus carnosus away 
from the excised skin [31, 32]. Evenly spaced 
fenestrations were made on the grafts by use of a 
sharp tipped scalpel for secretion drainage. After 
transplanting three cell sheets on each wound, the 
autologous STSG was laid on top of the cell sheet. The 
STSG transplantation without a cell sheet was used as 
control. The grafts and adjacent wound margin were 
approximated and sutured with interrupted stitches. 
A padded bolster was then applied on top of the skin 
grafts to provide appropriate pressure and prevent 
scratching. All animals were housed in individual 
cages after surgery. Dressings were changed on 
postoperative day 3 and removed on day 7. The 
wounds were observed at days 0, 3, 7, 14, 21, and 28 
post-surgery. The skin grafts contraction were 
measured by gravitational planimetry and expressed 
as a percentage of the remaining skin graft size to its 
original wound size by using the following formula:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 g𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 %

=
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

×100% 

Tissue collection  
 Rats were sacrificed at predetermined time 

points (six rats in each group for each time point). The 
grafts and surrounding tissues were harvested and 
divided into two parts along the centerline. All 
samples were fixed in 10% formalin at room 
temperature, followed by dehydration through a 
graded series of ethanol wash, and then embedded in 
paraffin. 

Pathology analysis: staining, imaging, and 
analysis  

 After dewaxation and rehydration, tissue 
sections with 5 μm thickness were used for staining. 
Hematoxylin and eosin (HE) staining, Masson’s 
Trichrome staining, and Toluidine blue staining were 
performed following the manufacturer’s (Sigma) 
standardized protocols. Immunohistochemistry (IHC) 
Ki67 and NM95 staining was proceeded using 
established methods [33]. Measurements of epidermal 
thickness [34], collagen index [35], and microvessels, 
hair follicles and cell counting [36-38] in high-power 
field (HPF) were performed with ImageJ software. 
The vessel area, which is defined as the sum of all 
vessel segments/HPF, was quantified by ImageJ 
using the technique described previously [39]. Five 
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stained sections in each group for each time point 
were visualized using an Olympus IX71 microscopy, 
and three random views in each section were selected 
for quantitative assay. 

Statistics/data analysis 
 The results were reported as mean ± standard 

deviation. Statistical comparisons between conditions 
were performed using either one-way ANOVA or 
Student’s t-test when appropriate. Results were 
considered statistically significant for p < 0.05.  

Results 
Characterization of hMSC cell sheets (HCS) 
and pre-vascularized hMSC cell sheets (PHCS) 

 After 4-weeks of culture under hypoxic 
conditions (2% O2), a HCS with a thickness of 10.71 ± 
0.16 μm was formed. ECs were then seeded on top of 
the HSC and co-cultured at 20% O2 for 1 week to form 
the PHCS. Branched microvessels on the cell sheets 
are shown in Figure 1A. The average diameter of the 
microvessels was 11.9 ± 0.89 µm. The average length 
of the microvessels was 12.5 ± 0.88 mm per cm2. Both 

HCS and PHCS contained various growth factors. 
Regarding our research objective, the total levels of 
cytokines in the cell sheet were characterized since the 
entire cell sheet was implanted. As shown in Figure 
1B, different angiogenic growth factors were assayed 
including VEGF, bFGF, TGF-β1, ANG1, and ANG2. 
Both VEGF and bFGF are capable of stimulating new 
blood vessel formation [40]. TGF-β1 is reported as a 
pro-angiogenic factor that improves EC migration and 
proliferation or vessel maturation [41]. ANG1 is 
recognized in promoting vessel stabilization and 
tightness through stimulating mural coverage and 
basement membrane deposition [42]. ANG2 is mainly 
secreted by ECs at sites of active vascular remodeling 
[43]. The VEGF amount in HCS was around 4.4 times 
higher than that in PHCS (p < 0.05). The bFGF amount 
in both cultures was comparable (p > 0.05). The 
TGF-β1 amount in PHCS was slightly higher than 
HCS, but there was no significant difference (p > 0.05). 
The ANG1 amount in PHCS was around 2.6 times 
higher than in HCS (p < 0.05). The ANG2 amount in 
PHCS was also high, but there was no detectable level 
of ANG2 in HCS. 

 

 
Figure 1. Characterization of hypoxic HCS and PHCS. (A) Morphology of microvessels on PHCS at different magnification. Blue: nucleus stained by DAPI; green: 
microvessels stained by CD31. (B) Growth factor expression in HCS and PHCS. *p < 0.05. PHCS group had more growth factors than HCS. 
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Progenitor population and multi-lineage 
differentiation ability of hMSCs 

 By measuring the colony-forming ability of the 
cells, we were able to determine the proportion of 
primitive cells in the cell sheet. As indicated by Figure 
2A, the hMSCs before seeding were able to form much 
more colonies (98 ± 6 colonies) than the hMSCs 
extracted from HCS (46 ± 2 colonies). Although the 
progenitor population significantly decreased (p < 
0.01), around half of the hMSCs maintained 
self-renewal capacity after extended periods of 
culture. Osteogenic and adipogenic differentiation 
assays were performed to determine whether the cells 
in HCS or PHCS maintained multi-lineage 
differentiation capabilities. In osteogenic 
differentiation medium, both cell cultures produced 
mineralized ECM stained positively by von Kossa 
(Figure 2B), and quantitative calcium deposition assay 
showed that PHCS contained much higher calcium 

than HCS (p < 0.05). In adipogenic differentiation 
medium, both cell cultures contained lipid droplets, 
stained green by Nile red (Figure 2C), and 
quantitative oil red o assay showed that HCS and 
PHCS had comparable adipogenic differentiation 
capacity (p > 0.05).  

Skin grafts contraction 
 Skin graft contraction in rats treated with STSG, 

HCS, or PHCS was studied over 28 days. The 
representative images of skin grafts at different time 
points are shown in Figure 3A. While PHCS skin 
grafts became flat, furry, and colored, grafts in the 
STSG and HCS groups were still reddish, exhibiting 
un-desquamated crusts, a sign of local ulceration and 
unstable, immature graft take. The relative skin graft 
size was expressed as the percentages of remaining 
skin graft size to its original size. Small remaining skin 
graft size indicated severe graft contraction causing 
skin constriction and abnormal morphology which 

 
Figure 2. Progenicity and multi-lineage differentiation ability of hMSCs in HCS and PHCS. (A) Morphology and quantification of colonies formed by hMSCs before 
seeding and cells extracted from HCS. *p < 0.05. (B) Von Kossa staining of mineralized ECM and calcium deposition in osteogenic-differentiated HCS and PHCS. (C) 
Nile red staining of lipid vacuoles and oil red o quantification in adipogenic-differentiated HCS and PHCS. The cells in HCS and PHCS maintained a certain degree 
of progenicity and multi-lineage differentiation ability. 
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may affect normal skin function. Although partial 
skin grafts necrosis or ulcers were noticed in some of 
the STSG or HCS rats, there were no significant 
differences among the groups at day 3 and day 7 after 
surgery (p > 0.05). The PHCS significantly inhibited 
the contraction of grafts relative to the control or the 
HCS (p < 0.05, Figure 3B), as proved by a much larger 
skin graft in PHCS treated rats compared with the 
control and HCS groups on day 14 (80.14 ± 2.56% vs. 
63.72 ± 3.79% and 72.72 ± 0.60%, respectively, p < 
0.05). The greatest difference in the relative graft size 
was observed at day 28 and the relative graft size of 
the PHCS group (67.64 ± 3.69%) was 2.55-fold larger 
than that of the STSG group (26.58 ± 1.98%, p < 0.05) 
and 1.44-fold larger than that of the HCS group (47.11 
± 2.62%, p < 0.05). 

Skin graft survival and alterations of skin 
appendages 

 HE analysis was performed to evaluate 

microstructural and cellular changes within the grafts. 
As shown in Figure 4A, at day 3, the grafts from STSG 
and HCS groups were thin with many necrotic foci, 
and sebaceous glands were missing. The grafts from 
PHCS groups preserved most skin appendages and 
supporting loose connective tissues. In addition, large 
areas of hemorrhage were observed in the STSG 
group. The HCS group showed moderate 
hemorrhage. No obvious hemorrhage was observed 
in the PHCS group (Figure S1). Besides hemorrhage, 
inflammatory cells were observed to have infiltrated 
into the grafts of the STSG group and surrounding 
degenerate or coagulation necrosis hair follicles, 
forming a ribbon-shaped structure in the dermis of 
the grafts. Whereas the HCS and PHCS groups 
showed fewer inflammatory cells (Figure S1). The 
inflammatory response in STSG grafts was decreased 
at day 14 and a large number of fibroblasts and 
conglomerate scar tissue were found in the dermal 
layer. By day 14, the inflammatory response in HCS 

 
Figure 3. Contraction of different skin grafts: STSG, HCS, and PHCS. (A) Morphology of skin grafts over 28 days post surgery. (B) Quantification of relative skin 
graft size. *p < 0.05. Grafts of STSG groups had contracted to 27% of their original size by day 28, whereas PHCS group remained 68% of the initial graft size. 
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and PHCS grafts was reduced significantly. The 
prolonged recruitment and presence of mast cells and 
macrophages at the site of tissue repair could result in 
fibrosis [44]. Toluidine blue staining was used for 
detection of mast cells (Figure S2). At day 3, the 
number of mast cell in HCS (10.40 ± 0.51/HPF) and 
PHCS (7.00 ± 0.71/HPF) groups was much higher 
than that of STSG (3.60 ± 0.51/HPF, p < 0.05). While at 

later stages the mast cell number dramatically 
increased in the STSG (day 14: 15.20 ± 0.66/HPF; day 
28: 10.40 ± 1.33/HPF), which was significantly higher 
than the other two groups (p < 0.05). The mast cell 
number in HSC and PHCS groups gradually 
decreased from day 3 to day 28, with the PHCS group 
having the lowest mast cell number.  

 

 
Figure 4. The alteration of skin appendages in different grafts. (A) HE staining of epidermis section showing hair follicles (indicated by yellow arrows), sebaceous 
glands (black stars), and neutrophils (yellow dashed rectangles). (B) Quantification of hair follicles. *p < 0.05. The PHCS group better preserved and recovered skin 
appendages. 
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 The hair follicles in the dermal layer were 

counted as shown in Figure 4B. Only a few hair 
follicles (3.00 ± 0.58) were seen in the STSG group at 
day 14. On the contrary, the distribution of hair 
follicles in the PHCS group was more even than in the 
HCS grafts. The number of hair follicles/HPF was 
also significantly higher than that of HCS grafts (p < 
0.05). While sebaceous glands and hair follicles were 
still rare in STSG at day 28, HSC and PHCS grafts 
preserved significantly higher amounts of skin 
appendages. The number of hair follicles/HPF in 
PHCS grafts (65.33 ± 2.96) was significantly higher 
than that in the STSG (16.00 ± 1.15) and HCS grafts 
(39.00 ± 1.73) (p < 0.05). 

Epidermis morphological changes in skin grafts 
 The morphology and thickness of the epidermis 

were characterized in Figure 5. At day 3, the 
epidermis of the STSG group was atrophic and thin. 
While HCS and PHCS groups had a thicker epidermis 
layer with more epithelial cells. At day 14, the 
epidermal wound repair was completed in all 
experimental groups. A noticeable increase was found 
in the epidermal thickness of all grafts (STSG: 114.39 ± 
6.33 μm, HCS: 74.20 ± 3.29 μm, PHCS: 61.16 ± 2.84 
μm). From day 14 to day 28 the epidermis thickness 
did not change significantly, with that of the PHCS 
grafts (55.24 ± 0.79 μm) being closest to the normal 
skin (37.34 ± 1.68 μm). The epidermis thickness of 
STSG group is much higher than all the other groups 
at both day 14 and day 28. 

 
 

 
Figure 5. Characterization of epidermis in different grafting groups and normal skin (NS). (A) HE staining of epidermis. Yellow arrows show the position of 
epidermis. (B) Thickness of epidermis on day 14 and 28. *p < 0.05. The PHCS group had the least amount of skin fibrosis and the epidermis thickness was close to that 
of normal skin. 
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Cellularity and vascularization of skin grafts 
 NM95 staining was applied to determine 

whether implanted human cells (hMSCs and ECs) 
actually participated in the process of skin wound 
healing after grafting. NM95-postive cells were only 
found at day 3 in the HCS group (Figure S3). A small 
percentage of NM95 positive cells were found 
incorporated into the epidermis, hair follicles, and 
microvessel like structures. Therefore, most of the 
cells present in the wound area were originated from 
rats. The cell proliferation in the granulation tissue 
was accessed by staining Ki67, a nuclear antigen 
expressed in proliferating cells, shown as a brown 
color in Figure 6 A and B. During the three stages of 
wound healing - inflammation, proliferation, and 
maturation, different types of cells are involved and 
proliferating at different stages, including 
inflammatory cells, fibroblasts, endothelial cells, and 
keratinocytes [45]. Composed largely of inflammatory 
cells and fibroblasts, STSG grafts showed a much 
higher number of proliferating cells at day 3 
compared to HCS and PHCS grafts (STSG: 128.80 ± 
2.96/HPF, HCS: 92.40 ± 2.87/HPF, PHCS: 74.20 ± 

3.65/HPF). A significant drop in cell proliferation was 
seen at day 14 (STSG: 73.20 ± 2.33/HPF, HCS: 39.20 ± 
2.06/HPF, PHCS: 25.40 ± 3.44/HPF) (p < 0.05), with 
the lowest number of proliferating cells being found 
in the PHCS group.  

 The HE staining of the granulation tissue 
showed the microvessel morphology, numbers, and 
area (Figure 6 C, D and E). The microvessels were 
clearly seen in all grafts with the presence of blood 
cells inside the lumen. At day 3, the microvessel 
number in the STSG group (6.80 ± 0.97/HPF) was 
much lower than HCS (16.00 ± 0.71/HPF) and PHCS 
groups (22.00 ± 1.30/HPF) (p < 0.05). While the vessel 
number significantly increased in the STSG group up 
to day 14 (30.20 ± 1.59/HPF) and day 28 (32.00 ± 
1.58/HPF) (p < 0.05), the number of vessels in HSC 
and PHCS grafts increased slightly at day 14 (23.00 ± 
1.41/HPF vs. 24.20±1.32/HPF) but decreased at day 
28 (20.60 ± 0.75/HPF vs. 11.40 ± 1.03/HPF). The 
decreasing trend was more evident in the PHCS grafts. 
By day 28, the vessel numbers in HCS and PHCS 
groups were significantly lower than the STSG group 
(p < 0.05). The microvessel area quantification also 
showed the degree of graft vascularization from 

 
Figure 6. Characterization of granulation tissue underneath the skin graft. (A) Ki 67 staining of proliferating cells. Blue: cell nucleus; brown: Ki67 positive cell 
nucleus. (B) Quantification of proliferating cells at day 3 and 14. *p < 0.05. (C) HE staining displaying microvessels indicated by yellow arrows. (D) Quantification of 
microvessels at day 3, 14, and 28. *p < 0.05. (E) The total area of the microvessels in the grafts at day 3, 14, and 28. *p < 0.05. At early stages, the PHCS group showed 
less proliferating cells but higher microvessel number and area. 
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another side. At day 3, the total area of vessels in 
STSG grafts (2.68±0.49/HPF) was significantly lower 
than that in HCS (8.09±0.72/HPF) and PHCS grafts 
(13.75±0.20/HPF) (p < 0.05). While the vessel area 
increased in the STSG group overtime (p < 0.05), it 
decreased significantly in PHCS grafts at day 14 (p < 
0.05) and reached a fairly stable status at day 28. 
Although the vessel area in HCS grafts was increased 
at day 14 (10.70±0.68/HPF) (p < 0.05), the growth 
trend was not pronounced at day 28 
(12.97±0.97/HPF). 

Collagen deposition and maturation  
 Masson’s trichrome staining and analysis was 

applied in order to depict collagen deposition and 
organization in the skin grafts (with the blue shaded 
area representing the collagen). As shown in Figure 
7A, immature collagen (light blue, thin, and loosely 
packed) surrounded the fibroblasts in STSG grafts at 
day 28. While the collagen in HCS grafts was still in 
an admixed dysplastic state, mature collagen (bright 
blue, and densely packed) fibers were present in 
PHCS grafts at day 28. Quantitative image analysis 
(Figure 7B) demonstrated that the intensity of 
collagen deposition in STSG grafts (0.65 ± 0.01) was 
significantly lower than normal skin (0.71 ± 0.01) and 
HCS grafts (0.85 ± 0.02) (p < 0.05). Furthermore, the 
collagen level in PHCS grafts (0.70 ± 0.01) was closest 
to the normal skin collagen level. 

Discussion 
 In plastic and reconstructive surgery for 

treatment of deep burns, STSG transplantation is 
frequently chosen for a variety of situations when 
simple non-surgical wound care and skin flaps are 
inapplicable. However, partial or complete graft 
necrosis is a common problem of this surgical 
technique because it tends to induce severe 
contraction and fibrosis [46, 47]. Thus, the resulted 
scar tissue does not function like normal skin, as it 

does not contain the native skin structure such as hair 
follicles, sebaceous glands, and sensory nerve 
receptors [48]. Although various approaches for 
improving skin graft survival and decreasing 
contraction have been tried [49-54], problems still 
exist in promoting early vascularization of grafts and 
alleviating inflammation [55, 56] to regenerate 
durable and functional skin. hMSCs have been 
employed for treatment of full thickness wounds in 
different animal models. It was proposed that hMSCs 
participate in wound healing by functioning as: 1) 
trophic mediators to modulate T-cells, neutralize 
reactive oxygen species, and inhibit fibrosis; 2) 
progenitor cells transdifferentiating into multi-types 
of skin cells to promote tissue regeneration [7]. Many 
hMSC related studies have been conducted in 
immune compromised rodents [57-59], in which 
multiple skin transplantation models have been tried 
[60]. However, due to the importance of the immune 
system in wound healing [61, 62], an immune 
competent rat model was chosen in this study for the 
purpose of simulating healing processes in human 
wound repair [63]. Full-thickness excisional wounds 
with 20 mm diameter were created in the area 
between rats’ scapular angles. Following full 
thickness skin excision, the HCS and PHCS samples 
were incorporated into the wound beneath the skin 
autograft. Skin graft contraction started around day 7 
post surgery. Excess fibrosis, characterized by skin 
constriction and abnormal morphology, was found in 
the STSG group. The PHCS group had the lowest 
contraction ratio through 28 days, with morphology 
closest to the surrounding normal skin (Figure 3). This 
phenomenon is a reasonable result of a sequence of 
overlapping wound healing events including 
inflammatory response, neovascularization, 
proliferation, collagen deposition, and remodeling 
[64]. 
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Figure 7. Collagen deposition in the skin graft and normal skin. (A) Masson’s trichrome staining on post operational day 28. (B) Quantification of collagen intensity 
in the image. *p < 0.05. The morphology and intensity of collagen fibers in PHCS groups are closest to that of normal skin. 

 After implantation, the survival and status of 
grafts are critical to skin repair. The survival of skin 
grafts relies mainly on nutrient diffusion from the 
wound bed at the early stage of implantation [49, 65]. 
A large amount of various growth factors were 
preserved in the HCS grafts. Co-culture of ECs 
provided additional cytokines and growth factors that 
were also contained in the PHCS grafts (Figure 1). The 
presence of angiogenic factors in HCS and PHCS 
grafts can further stimulate the development of 
long-lasting functional neovasculature. The 
accumulation of red blood cells in the lumen of 
capillaries indicated the establishment of an 
efficacious blood circulation (Figure 6B), which 
supplies nutrients and removes waste from the grafts. 
The PHCS group had the highest vascularization level 
on day 3, which corresponded to the highest 
angiogenic factor levels. Significantly higher 
microvessel numbers and area in HCS and PHCS 
groups at this early stage was associated with an 
enhanced maintenance and viability of skin grafts. As 
opposed to its early stage, the high microvessel 
number and low microvessel area in the STSG group 
at a later stage implied that the vasculature was thin 
and immature. This phenomenon could be attributed 
to a persistent inflammation provoked by necrotic 
cells [66].  

 Inflammation is one of the critical wound 
healing phases. During this stage, inflammatory cells 
including neutrophils, macrophages, and mast cells 
arrive at the wound site to clear out dead cells, 
bacteria, and debris. However, the inflammation can 
lead to tissue damage if it lasts too long [67]. The acute 
inflammation stage usually lasts 72 hours. The 
disappearance of neutrophils in PHCS group at day 3 
indicated limited tissue necrosis after implantation 
and on-going normal healing processes; whereas, the 
profuse presence of neutrophils in STSG and HCS 
groups suggested an excessively activated 
inflammatory response (Figure 4A and Figure S1), 
which may hinder the regeneration progress. Prior 
studies have shown that mast cells can release 
histamine, arachidonic acid metabolites, angiotensin 
II [68, 69], and cause hypertrophic scar contraction 
[70, 71]. At day 14 and 28 the mast cell number is 
significantly higher in the STSG group than in HCS 
and PHCS groups. Therefore, one of the reasons for 
significantly faster graft contraction rates of the STSG 
group was their much higher degree of mast cell 
infiltration compared to the other two groups (Figure 
S2).  

 Hair follicles, skin glands, and dermal collagen 
are important components for reconstitution of skin 

structure and function. Three days after implantation, 
the number of skin appendages, especially sebaceous 
glands, significantly decreased in STSG and HCS 
grafts. Simultaneously, collagen fibers were either 
degraded or went through necrosis, with slight 
hemorrhage. These phenomena were probably caused 
by surgical operation and insufficient blood supply 
[72]. The PHCS group had significantly improved 
performance compared to the other two groups. The 
graft structure and components (hair follicles and 
sebaceous glands) were better maintained from the 
beginning. At day 14, new skin appendages gradually 
appeared in STSG and HCS grafts but the recovery 
was much slower than in the PHCS group (Figure 4). 
These processes occurred along with the deposition 
and remodeling of collagen fibers.  

At the end of our observation period (day 28), 
the histological appearance was significantly altered 
among the three groups. While the STSG group was 
the most fibrotic with thin, immature collagen 
deposition (Figure 7) and significant contraction, the 
HCS and PHCS groups showed much better recovery 
with the PHCS group returning to an approximately 
normal appearance. Dermis is mainly composed of 
collagen I, elastin, and fibrillin. The base membrane 
between dermis and epidermis is mainly composed of 
collagen IV, heparan sulfate proteoglycans, and 
fibronectin. It has been highlighted that the optimal 
composition of skin substitute scaffolds should mimic 
that of normal skin in order to enhance clinical 
effectiveness [73]. Both HCS and PHCS contain large 
amounts of ECM molecules including collagen I, 
collagen III, collagen IV, elastin, fibronectin, and 
laminin [26]. The pre-existing ECM components can 
accelerate the regeneration of dermal tissue. Our 
results suggest that imbedded cell sheets, especially 
PHCS, might have mitigated cellular processes 
associated with graft fibrosis and contraction. 

 Abnormal keratinocyte differentiation and their 
abnormal cytokine secretion are two factors 
demonstrated to contribute to tissue fibrosis and 
contraction by activating fibroblasts [74-76]. The 
epidermis maintained its original appearance in the 
PHCS group, and epidermal ulcers were soon covered 
with new, thin epidermis within 3 days in the HCS 
group; while the STSG group showed less recovery 
(Figure 5). The thickness of the neoepidermis in the 
STSG group increased significantly over time due to 
epidermal hyperplasia, a common response of dermal 
wounds characterized by overdevelopment of the 
epithelial cell layer. In contrast, HCS and PHCS 
epidermis maintained a below-trend change and 
quickly returned to their normal morphology. Since 
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the epidermis is the outmost layer of skin, a quick 
recovery of this layer can provide a barrier to infection 
from environmental pathogens and maintain water 
homeostasis inside the skin. However, excess 
epidermal hyperplasia results in dermal fibrosis and 
interferes with normal skin function [77]. The 
epidermis thickness was correspondent to the 
proliferating cells (Figure 6A) and neovasculature 
within dermal layer of the grafts. Proliferation and 
sufficient blood supply are necessary to rebuild new 
and healthy granulation tissue. However, in many 
cases the inflammatory stimulus tends to over-drive 
the proliferation leading to a pro-fibrotic response. 
The initial high cell proliferation and low vascularity 
in the STSG group were probably due to the fact that 
there was a greater need to replace necrotic cells in the 
tissue grafts that had less vascular support. The high 
cell proliferation in STSG persisted through the end of 
observation that corresponds to the high microvessel 
number in the tissue graft. The enhanced dermal cell 
proliferation level and hyperplastic STSG epidermis 
could play a role in grafts fibrosis and contraction 
[78]. Whereas, the presence of various cytokines and 
growth factors in the integrated cell sheet mediated 
the inflammation response in HCS and PHCS groups, 
which prevented the cell over-proliferation and 
microvessel over-growth. 

 Although we provided evidence to demonstrate 
the higher therapeutic efficiency of PHCS combined 
with autologous STSG implantation, some limitations 
still exist. Many studies support cell-replacement 
theory according to the observation that the 
transplanted hMSCs can respond to chemotactic 
signals in vivo [79] and transdifferentiate into 
correspondent cells such as endothelial cells, 
pericytes, and keratinocytes [80] to form new vessels 
or skin appendages through cellular reprogramming 
[32]. The hMSCs in cell sheets maintain a certain 
degree of progenicity and multi-lineage 
differentiation ability (Figure 2). It is possible that 
hMSCs responded to the in vivo environment and 
assumed a phenotype that resembles the resident skin 
cells including fibroblast, keratinocytes, and 
microvascular endothelial cells. Nonetheless, we only 
observed a small portion of surviving human cells 
(hMSCs/ECs) within HCS grafts at day 3 (Figure S3). 
Thus, the proliferating cells and microvessels we 
observed were mainly composed of rat cells. This 
finding is consistent with previous reports [81, 82] 
that the existence of hMSCs or ECs may not be 
necessary for the promotion of the healing process, 
but rather these cells appear to exert their therapeutic 
effects critically through the paracrine signaling 
molecules released by themselves [83-85]. In our 
study, the therapeutic result of different grafts was 

consistent with the growth factor levels in the cell 
sheets, suggesting that the paracrine activity may 
dominate the healing process in our full thickness 
wound model. Further studies are required to confirm 
this hypothesis and longer implantation time points 
are necessary to evaluate the complete remodeling 
process of the grafts. 

Conclusions 
 In conclusion, this study demonstrated that 

transplantation of autologous STSG along with HCS 
and PHCS significantly accelerated wound healing in 
a rat full thickness wound model. Both groups 
secreted angiogenic growth factors to regenerate the 
damaged tissue and support the construction of new 
blood vessels. Since ECs can secret more growth 
factors (ANG1 and ANG2), the PHCS group 
displayed the most effective paracrine activity. The 
PHCS group showed the smallest contraction, best 
preservation of skin appendages, highest number and 
area of microvessels, lowest inflammatory reactions, 
and a morphology that more closely resembles 
normal skin. The HCS and PHCS combined with 
STSG exhibited markedly enhanced therapeutic value 
in this rat model and may be useful for facilitating the 
healing of full thickness wound. 
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