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Abstract
Full-thickness skin defect is one of the main clinical problems, which cannot be repaired spontaneously. The aim of this study was
to evaluate the feasibility of combining nanofibers with ADM as a bilayer scaffold for treatment of full-thickness skin wounds in
a single-step procedure. The nanofibrous polycaprolactone/fibrinogen scaffolds were fabricated by electrospinning.
Subsequently, mesenchymal stem cells were isolated from rat adipose tissues and characterized by flow cytometry. Cell adhesion,
proliferation, and the epidermal differentiation potential of adipose-derived stem cells (ADSCs) on nanofibrous scaffolds were
investigated by scanning electron microscopy (SEM), alamarBlue, and real-time PCR, respectively. In animal studies, full-
thickness excisional wounds were created on the back of rats and treated with following groups: ADM,ADM-ADSCs, nanofiber,
nanofiber-ADSCs, bilayer, and bilayer-ADSCs. In all groups, wounds were harvested on days 14 and 21 after treatment to
evaluate re-epithelialization, blood vessel density, and collagen content. The results indicated that ADSCs seeded on ADM,
nanofiber, and bilayer scaffolds can promote re-epithelialization, angiogenesis, and collagen remodeling in comparison with cell-
free scaffolds. In conclusion, nanofiber-ADSCs showed the best results for re-epithelialization (according to histological scor-
ing), average blood vessel density (92.7 ± 6.8), and collagen density (87.4 ± 4.9%) when compared to the control and other
experimental groups.
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Introduction

Full-thickness skin wounds caused by various kinds of inju-
ries, such as acute trauma, chronic ulcers, and extensive burns
develop many physiological and functional problems (Wang
et al. 2015). In full-thickness wounds when both epidermis
and dermis are lost, the skin cannot regenerate spontaneously
(Ma et al. 2011). The standard treatment for wound coverage
is thin split-thickness skin autografts (Wang et al. 2013).
However, the scar formation and donor site availability are
the main disadvantages of split-thickness skin (Foubert et al.
2015; Ryssel et al. 2008). Thus, to reduce scar contraction and
improve the quality of the grafted area, the application of
dermal substitutes is a suitable option (Haslik et al. 2010).
Normally, in a two-step procedure, the dermal substitutes are
covered by an autologous split-thickness skin graft after
21 days (Philandrianos et al. 2012). This delay in two-step
procedures is essential for the integration of the matrix and
sufficient ingrowth of the vasculature into the dermal substi-
tute to avoid autograft loss (Philandrianos et al. 2012; Wang
et al. 2013). The main disadvantage of this method is the
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relatively long time of healing and unnecessary secondary
operations. Therefore, a simple one-step procedure was pro-
posed to decrease the time to heal and improve the outcome
(Wang et al. 2013; Wood et al. 2007). In the one-step proce-
dure, the dermal substitute and a split-thickness skin graft
were simultaneously used in one operation to close the
wounds (Wang et al. 2013). Numerous studies have used acel-
lular dermal matrix (ADM), Integra, or Matriderm covered by
an autologous split-thickness skin graft in a one-step proce-
dure (Demiri et al. 2013; Ryssel et al. 2008; Soejima et al.
2006; Wang et al. 2013; Wood et al. 2007). However, there is
no study evaluating the feasibility of nanofiber as an alterna-
tive for split-thickness graft. Electrospun nanofibers have been
widely used as tissue engineering scaffold due to the similarity
of structure to the natural extracellular matrix (ECM) (Mirzaei
et al. 2016). Nanofibrous scaffolds have been presented as a
suitable substrate for tissue engineering of damaged skin since
they offer some advantages, such as possessing high surface
area-to-volume ratio, promoting cell proliferation, and remov-
al of exudates from the wound bed (Hosseinzadeh et al. 2017;
Sundaramurthi et al. 2014). Stem cell-based therapy is another
approach to improve skin regeneration in cutaneous wounds
(Wang et al. 2015). Adipose-derived stem cells (ADSCs) are
known to significantly decrease the wound size and accelerate
the re-epithelialization process (Jin et al. 2013). Accordingly,
in the current study, ADMwas covered by a layer of nanofiber
containing ADSCs to treat full-thickness skin defects.
Moreover, the effectiveness of ADM and nanofiber scaffold
with or without ADSCs were evaluated in full-thickness
wound healing.

Material and methods

Fabrication of nanofibers

The nanofibrous scaffolds were prepared and characterized
according to our previous study. Briefly, polycaprolactone
(PCL) and fibrinogen (Fbg) were dissolved at a ratio of
50:50 (wt%) in nine parts 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP; Hangzhou Dingyan, China) and one part Dulbecco’s
modified Eagle medium (DMEM, Inoclon, Iran) to obtain
10% (w/v) solution. The electrospinning process was per-
formed using electrospinning equipment (Electroris, FNM,
Tehran, Iran). The prepared solution was filled in a 5-ml sy-
ringe attached to a blunt steel needle at a flow rate of 1.0 ml/h
with a high voltage of 20 kV. The distance was set for 12 cm
from the needle tip.

Preparation of ADM

ADM from rat was prepared by Iranian Tissue Bank &
Research Center (Imam Khomeini Hospital, Tehran, Iran).

Preparation of bilayer scaffolds

For bilayer scaffolds, the nanofibers were attached to ADM
with collagen solution (2 wt%). After freeze-drying, the bilay-
er scaffolds fixed with absorbable surgical sutures for in vivo
transplantation.

Isolation and culture of ADSCs

Mesenchymal stem cells (MSCs) were isolated from adipose
tissue of Wistar rats. Briefly, adipose tissue was harvested and
washed three times with PBS and 2% antibiotics (Pen/Step,
Gibco) then chopped in a sterile tissue culture plate (TCP).
This tissue was digested in a collagenase type I (1 mg/ml,
Invitrogen) for 40 min, at 37 °C. After incubation, DMEM/
F12 containing 10% FBS (Gibco) was added to stop the en-
zymes’ activity followed by filtrations using 70-μm cell
strainer. The suspension centrifuged at 200 ×g for 5 min and
the cell pellet was re-suspended in erythrocyte lysing buffer
(160-mM NH4Cl) for 10 min at room temperature. Finally,
the cell pellet was re-suspended in DMEM/F12 medium sup-
plemented with 10% FBS and 1% P/S and kept at 37 °C under
5% CO2. After 48 h, the culture media were replaced to re-
move non-adhered cells.

Stem cell characterization

MSCs were characterized by flow cytometry after three cell
passages. The antibodies used were as follows: PerCP/Cy5.5
anti-rat CD90.1 (Biolegend), FITC anti-rat CD45.2, FITC
anti-rat CD44H (Biolegend), purified mouse anti-rat CD73,
and PE rat anti-mouse IgG1 supplied from BD PharMingen.
Cells were incubated for 30 min and analyzed by
FACSCalibur (BD Biosciences) f low cytometer.
Subsequently, acquired data were analyzed by utilizing the
Flowjo7.6 software.

Culture of ADSCs on the scaffolds

Electrospun nanofibrous scaffolds was cut out with a punch,
sterilized by gamma irradiation (25 kGy), and then placed in a
24-well culture plate (Nunc, Denmark). The cells in cell cul-
ture flasks were harvested by treating with 0.25% trypsin-
EDTA (Invitrogen, USA) and seeded at a density of 6000
cells/well.

Differentiation of ADSCs toward the epidermal
lineage

The stem cells were seeded on the PCL/Fbg scaffolds in a 24-
well plate using DMEM/F12medium supplementedwith FBS
(5%), 1× insulin–transferrin–selenium (ITS, Sigma),
0.5-μg/ml hydrocortisone (Sigma), 10-ng/ml epithelial
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growth factor (EGF, Peprotech), 10-ng/ml keratinocyte
growth factor (KGF, Peprotech), and 50-μg/ml L-ascorbic ac-
id (Sigma). The induction medium was changed every 2 days
and continued for 9 days.

Morphology of differentiated and undifferentiated
ADSCs

The morphology of ADSCs on the nanofibrous scaffolds was
investigated using normal growth and epidermal induction
media at the end of 6 and 9 days, respectively, by SEM. The
cell-scaffold constructs were washed with PBS and fixed with
Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutaral-
dehyde) for 30 min, followed by washing with deionized wa-
ter. They were then dehydrated through a graded series of
ethanol solutions (30, 50, 70, 90, and 100%) for 5 min and
allowed to dry on a clean petri dish. Finally, the samples were
observed by SEM (Philips XL-30) after sputter-coated with
gold.

Cell viability and proliferation

The viability and proliferation of ADSCs on the nanofibrous
scaffolds and TCP as a control were investigated using
alamarBlue reagent reduction assay. At time points of 1, 3,
and 7 days, medium on the cell-seeded scaffolds was removed
and replaced with alamarBlue working solution (10%,
Invitrogen, USA) and then incubated for 3 h at 37 °C. Then
100 μl of solution from each well was transferred into a 96-
well plate. The absorbance was measured at 570 and 600 nm
using a microplate reader. Results are presented as mean ±
standard deviation of experiments performed in triplicate.

Real-time PCR

The stem cells were seeded at a density of 6 × 103 on
nanofibrous scaffolds in a 24-well plate for 9 days. Total cel-
lular RNA was extracted using RNX—Plus kit (Sinaclon,
Iran). The isolated RNA was quantified using a NanoDrop
spectrophotometer (Thermo Scientific). RNA samples were
reversely transcribed to obtain complementary DNA
(cDNA) using primescript™ RT Reagent kit (Takara Bio,
Inc.) according to the manufacturer’s recommendations. All
specific primers sets for studied genes including keratin 10
(Krt 10), filaggrin (Flg), involucrin (Ivl), and also glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as internal con-
trol were listed in Table 1. The PCR was performed in tripli-
cate according to the standard program: 95 °C for 6 min,
40 cycles of 95 °C for 40 s, 63 °C for 40 s, and 72 °C for
35 s and a final extension step of 72 °C for 10 min. All the
melting curves contain single peaks, conforming specific PCR
amplification. After evaluating the PCR efficiency by LinReg

PCR software, the relative expression levels were measured
by 2−ΔΔct method.

Preparing ADSC-loaded scaffolds for in vivo
transplantation

Pieces of ADM and nanofibrous scaffolds with the average
thickness of 350 ± 100 and 160 ± 50 μm, respectively, were
placed in 12-well TCP and seeded with ADSCs at a density of
3 × 105/well. Then the plate was kept in a 37 °C with 5%CO2.
After 48 h, the cell-scaffolds were ready to transfer and sutures
on the wound of rats.

Wound model and scaffolds implantation

Fifty-six Wistar rats weighing 180 ± 20 g were used in this
study. Animals were anesthetized with an intraperitoneal in-
jection of ketamine (50 mg/kg) and xylazine (10 mg/kg),
shaved, and sterilized with iodine and ethanol 70% prior to
surgery. A full-thickness wound of 2 cm × 2 cm was created
with scissors on the back of each animal. The wounded rats
were divided into the following seven groups. (a) Control (no
graft), (b) ADM, (c) ADM containing ADSCs, (d) nanofiber,
(e) nanofiber containing ADSCs, (f) bilayer scaffold, and (g)
bilayer scaffold containing ADSCs (each group consisting of
eight animals). Each group is divided into 14 and 21 days. All
animal experiments were approved by the local Animal Care
Committee of Tehran University of Medical Sciences.

Histopathological study

Four animals from each groupwere euthanized 14 and 21 days
post-treatment, and the skin tissues were harvested and imme-
diately fixed in the 10% neutral buffered formalin (pH 7.26)
for 48 h. Then the fixed tissue samples were processed, em-
bedded in paraffin, and sectioned to 5-μm thickness. Finally,
the sections were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (MT). The histological slides were
evaluated by the independent reviewer, using light microsco-
py (Olympus BX51 ; Olympus , Tokyo , Japan ) .
Epithelialization, inflammatory cell infiltration, fibroplasia,
and granulation tissue formation have been assessed in differ-
ent groups, comparatively.

Immunohistochemical analysis

CD31 immunohistochemical staining was performed in order
to investigate the angiogenesis during wound healing process.
To do so, tissue sections from the injured area were analyzed
for expression of the following primary antibodies: CD31
(ab119339, Abcam, MA, USA). For heat-induced epitope re-
trieval (HIER), the slides were incubated in citrate buffer
(Dako, Glostrup, Denmark) solution at 60 °C overnight. The
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slides were then blocked with 1% hydrogen peroxide/
methanol (Sigma-Aldrich, St. Louis, MO, USA) at RT for
30 min, followed by an overnight incubation with primary
antibodies at 4 °C. The color reaction was developed with
ready to use 3,3′-diaminobenzidine (Dako liquid DAB color
solution), and the slides were then counterstained with
hematoxylin.

Histomorphometry analysis

Epithelialization in day 21 was assessed semiquantitatively on
5 point scale: 0 (without new epithelialization), 1 (25%), 2
(50%), 3 (75%), and 4 (100%). For these parameters, results
were validated by comparative analysis of one independent
observer blinded to the treatment groups. In addition, for
histomorphometric analysis, neovascularization and collagen
density were calculated and analyzed, using computer soft-
ware Image-Pro Plus® V.6 (Media Cybernetics, Inc., Silver
Spring, USA).

Statistical analysis

Statistical analyses were performed using the SPSS software,
version 20.0 (SPSS, Inc., Chicago, USA). Normality test was
done by the Shapiro-Wilk test. The groups were compared by
student’s t-test for the normally distributed data or Mann-
Whitney U test for the nonparametric data. ANOVA and
Kruskal-Wallis tests were used for the comparisons of quan-
titative variables between three or more groups, depending on
whether the data were normally distributed. Results with P
values of less than 0.05 were considered statistically
significant.

Results

ADSC characterization

Flow cytometry analysis was performed in order to detect the
surface markers of ADSCs. As shown in Fig. 1, the results

show that cells were negative for the marker of hematopoietic
cells (CD45) and strongly expressed CD44 (100%), CD73
(98.5%) and CD90 (100%).

Proliferation of ADSCs on the electrospun
nanofibrous scaffolds

The viability and proliferation capacity of ADSCs on
nanofibrous scaffolds was determined using alamarBlue as-
say. According to the results, there is a significant difference
in the cell proliferation between PCL and PCL/Fbg except for
the first day. On days 3 and 7, the cell proliferation on PCL/
Fbg showed enhanced proliferation compared with cells cul-
tured on PCL nanofibers (P < 0.05). On day 7, the percentage
reduction of alamarBlue reagent, which is proportional to the
cell viability and proliferation of ADSCs on the electrospun
nanofibrous, was 88 ± 2.8 and 98 ± 5.6% for PCL and PCL/
Fbg, respectively (Fig. 2).

Morphology of differentiated ADSCs into epidermal
lineage

The morphology of differentiated ADSCs toward epidermal
lineage was studied on TCP and nanofibrous scaffolds. The
spindle-shaped, fibroblastic morphology of undifferentiated
ADSCs (Xu et al. 2008) can be observed in Fig. 3a, b.
However, when ADSCs were exposed to epidermal induction
medium containing EGF, KGF, ITS, hydrocortisone, and L-
ascorbic acid, the phenotypical features of stem cells were
changed into polygonal or round morphologies (Fig. 3c, d).
The normal human epidermal keratinocytes (NHEK, Lonza)
was used as positive control. As shown in Fig. 3e, f, NHEK
cells have round morphologies.

Real-time PCR

To confirm the epidermal differentiation of ADSCs cultured
on the nanofibrous scaffold with induction media, RT-PCR
analysis was used to evaluate the expression of specific
markers for keratinocytes, such as Krt 10, Flg, and Ivl after

Table 1 Forward and reverse
primers sequences used for real-
time PCR

Gene Sequence (5→ 3′) Primer length Tm Product length

Krt 10 F-AAGGTGACCATGCAGAACCT

R-GTGCTTCTCGTACCACTCCT

20

20

59.23

59.111

117

Flg F-GCCACTCCGACTACTCAGAA

R-CGTCCTCGGTTTCTTCTACAC

20

21

58.83

58.41

147

Ivl F-CAGGAGCTGGATGACTCACA

R-GTCAGGTTCTCCAATTTGTG
CT

20

22

59.10

59.11

122

Gapdh F-CCATCACTGCCACTCAGAAG

R-TTCAGCTCTGGGATGACCTT

20

20

58.26

58.34

136
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9 days of cell seeding. Undifferentiated cultured ADSCs on
nanofibrous scaffolds were considered as the control group.
Our results revealed that the expression levels of Krt10, Flg,
and Ivl in differentiated cells were approximately 2.52-, 2.17-,
and 9.22-fold higher in comparison to the control group
(P < 0.05) (Fig. 4).

Gross wound observation

Gross wound observation was performed to investigate the
wound closure rate and wound healing. The appearance of
wound site in different groups (control, ADM, ADM-
ADSCs, nanofiber, nanofiber-ADSCs, bilayer, and bilay-
er-ADSCs) was shown in Fig. 5. In some groups, the sur-
rounding hair was re-shaved to show the wound margin
clearly. Re-epithelialization had progressed well in wounds
treated with nanofiber-ADSCs and bilayer-ADSCs in

comparison with the other groups. In the control group even
on day 21, the wounds were little re-epithelialized and not
fully closed. By the day 21, significant differences were
observed among all experimental and control groups
(P < 0.05). The wound closure rate for ADM, nanofiber,
and bilayer were 75 ± 3, 87 ± 1.6, and 80 ± 1.7%, respec-
tively. However, when the ADSCs seeded onto these scaf-
folds, the wound areas decreased and the healing process
was significantly accelerated and reached to 83 ± 2.9, 96 ±
2, and 90 ± 1.4%, respectively (the curve for wound closure
rate is shown in Fig. 6).

Histological analysis

Histological analysis of the skin wounds was performed by
H&E staining as it is shown in Fig. 7. In control group, the
wounds were left without any treatment and the histopatho-
logical evaluation of this group at 14 and 21 days post-
treatment showed polymorphonuclear inflammatory cell
(PMN) infiltration and granulation tissue formation; however,
the epidermal layer has not been formed and the wound was
covered by a crusty scab. Histopathological evaluation of
ADM group at day 14 revealed a close similarity with the
control group; a crusty scab covered the wound area without
epidermal formation and the presence of inflammation in
wound area was evident. On day 21, although a narrow layer
of epithelial cells was formed, inflammation was evident in
defect site and the number of inflammatory cells decreased
compared to the control group at the same time.
Micrographs of the ADM-ADSCs group at 14 and 21 days
post-treatment showed severe infiltration of inflammatory
cells into defect area; however, the number of inflammatory

Fig. 1 Flow cytometric analysis
of the isolated adipose-derived
stem cells. a The cells were gated
for stem cells (FSC-H vs SSC-H)
and then were analyzed for ex-
pression of surface markers. The
cells were positive for CD73 b,
CD90 b′, CD44 b″, and they were
negative for CD45 b‴ which is
demonstrated the presence of
mesenchymal stem cells. The
gray peaks represent the cell sur-
face staining with fluorescent-
conjugated antibodies; the white
peaks represent the unstained
cells

Fig. 2 Proliferation of ADSCs on PCL/Fbg nanofibrous in comparison
with PCL by using alamarBlue assay on days 1, 3, and 7. Data are
presented as mean ± SD, n = 3 (*P ˂ 0.05). Abbreviations: PCL
(polycaprolactone), Fbg (fibrinogen), TCP (tissue culture plate)
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cells decreased when compared to ADM group. On day 21,
epidermis and dermis started to form. The rejuvenation of hair
follicles was also evident in this group at 21 days post-treat-
ment. Histopathology of wounds treated by nanofiber scaf-
folds showed epidermal proliferation and increasing the

epidermal layer at 14 days post-treatment. The inflammatory
response and granulation tissue were gradually decreased dur-
ing 21 days of treatment with this scaffold. Micrographs of
this group showed the rejuvenation of the other skin append-
ages, such as sebaceous glands. Histopathological evaluation
of nanofiber-ADSCs showed a considerable inflammation re-
duction at day 14 in comparison to the others. This group
showed more resemblance to normal skin, with a thin epider-
mis and presence of normal rete ridges, and normal thickness
of skin layers. Micrographs of the bilayer group at 14 days
post-treatment showed the granulation tissue characterized by
neovascularization in a background of inflammatory cell in-
filtration and fibroplasia. On day 21, wounds in this group
demonstrated epithelialization without regeneration of skin
appendages. Histopathological evaluation of bilayer-ADSCs
group showed a considerable inflammation reduction at day
14 in comparison to the cell-free bilayer group. The hair fol-
licles and other skin appendages were also regenerated in this
group at 21 days post-treatment. Overall, the results indicate
that the scaffold incorporated with ADSCs leads to inflamma-
tion reduction and better re-epithelialization when compared
to control and other cell-free scaffold groups.

Fig. 3 The morphology of ADSCs, epidermally differentiated ADSCs,
and NHEK cells on TCP and electrospun nanofibrous scaffolds.
Morphology of ADSCs on TCP (a) and on nanofibrous scaffold (b).
Morphology of epidermally differentiated ADSCs on TCP (c) and on

nanofibrous scaffold (d). Morphology of NHEK cells on TCP (e) and
on nanofiber scaffold (f). Abbreviations: NHEK (normal human
epidermal keratinocytes), ADSCs (adipose-derived stem cells), TCP
(tissue culture plate)

Fig. 4 Comparison of Krt 10, Flg, and Ivl expression levels between
ADSCs, which were cultured on nanofibrous scaffolds in induction
media (treated) and normal media (untreated) as the control. (*P < 0.05)
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Histomorphometric analysis

The histomorphometric analysis was conducted in order
to assess the epithelialization, neovascularization, and the
collagen density. Among all groups, re-epithelialization
in ADM and control groups was minimum, and it was
mostly filled with immature granulation tissue (P < 0.05).
The best re-epithelialization was seen in bilayer and
nanofiber scaffolds incorporated with ADSCs (the data
is shown in Table 2). Wound healing process is heavily
dependent on collagen synthesis. Therefore, to further
investigate the effect of different treatments on wound
healing, sections of animal skin tissues were stained with
MT staining (Fig. 8). This staining was used to recognize
the progress of collagen synthesis during granulation tis-
sue formation and matrix remodeling. Collagen fibers

were stained blue-green in MT staining method since
the intensity of such a color corresponds to the relative
amount of deposited total collagen and reflects the ad-
vancement of collagen synthesis and remodeling. The re-
sults indicated that among the experimental groups,
ADSCs-seeded groups had the greatest collagen synthe-
sis. The collagen density for nanofiber-ADSCs was ob-
tained 87.4 ± 4.9%. In contrast, the rate of collagen fiber
synthesis and deposition in wounds was the lowest in
control group (8.3 ± 1.6%) and ADM group (35.8 ±
4.4%). The blood vessel density was evaluated by
immunohistological staining of wound sections for the
endothelial protein CD31 (Fig. 9). At day 14, the average
blood vessel density for ADM-ADSCs, nanofiber-
ADSCs, and bilayer-ADSCs were 79.5 ± 4.7, 92.7 ± 6.8,
and 88.2 ± 5.9, respectively, which was significantly

Fig. 5 Appearance of wound healing process in different groups on days 14 and 21 post-treatment. Control group (a–c), ADM group (d–f), ADM-ADSCs
group (g–i), nanofiber group (j–l), nanofiber-ADSCs group (m–o), bilayer group (p–r), bilayer-ADSCs group (s–u). Scale bars represent 1 cm

Fig. 6 Analysis of wound closure
rates of different groups on the
day 21. Data is presented asmean
± SD with n = 4 for each group.
(*P < 0.05) versus control group

Cell Tissue Res (2019) 375:709–721 715



Fig. 7 H&E stained microscopic sections of healed incisions in the
different treatment groups on days 14 and 21. Control group a–b′,
ADM group c–d′, ADM-ADSCs group (e–f′), nanofiber group (g–h
′), nanofiber-ADSCs group (i–j′), bilayer group (k–l′), bilayer-

ADSCs group (m–n′). Thick arrows: crusty scab, thin arrows: reju-
venation of skin appendages, asteroid: accumulation of inflammatory
cells, arrowhead: epidermal layer
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higher in wounds treated with cell-free scaffold including
ADM (40.3 ± 2.1), nanofiber (58.4 ± 4.5), bilayer (53.8 ±
3.6), and control (25.2 ± 3.4). The collagen density and
average vessel density were summarized in Table 3.

Discussion

Nanofibers have been widely investigated in the area of skin
tissue engineering. Nanofibers are attractive for wound healing
applications due to the numerous inherent properties. The high
surface area to volume ratio and microporous structure of the
nanofibers provides cell adhesion, proliferation, and differen-
tiation and also allows for fluid accumulation and oxygen per-
meability (Arasteh et al. 2016; Pilehvar-Soltanahmadi et al.
2016). Nanofibers from synthetic or natural polymers can be
fabricated by electrospinning technique (Esnaashari et al.
2014). PCL, FAD approved polymer, has some properties such
as biodegradability, biocompatibility, and appropriate mechan-
ical properties. However, the in vivo application might limited
due to hydrophobicity with no bioactive fragments (Bahrami
et al. 2016; Karuppuswamy et al. 2015). In our previous study,
it was shown that blending fibrinogen with PCL will improve
the hydrophilicity and cytocompatibility of the PCL nanofi-
bers. It has been reported that the hydrophilic surface would
lead to higher cell adhesion than the hydrophobic surface
(Meng et al. 2010). The results showed that ADSCs had a
significant better proliferation rate on the blended scaffold

Fig. 8 MT stained microscopic
sections of healed incisions in
different groups on the day 21
post-treatment. a Control, b
ADM, c ADM-ADSCs, d
nanofiber, e nanofiber-ADSCs, f
bilayer, g bilayer-ADSCs. All
stained sections were visualized at
magnification ×400

Table 2 Epitheliogenesis scores of different experimental groups on the
day 21 post-treatment

Group Epitheliogenesis score
(N = 4)

Control 1,0,0,0

ADM 2,0,2,1 *

ADM-ADSCs 3,3,2,3 **

nanofiber 3,4,4,2 ***

nanofiber-ADSCs 4,4,4,4 ***

bilayer 3,3,3,2 **

bilayer-ADSCs 4,4,4,3 ***

*, **, ***: values indicate treatment group versus un-treatment group
(control)

*P < 0.05

**P < 0.01

***P < 0.001
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compared to PCL scaffold. It has been shown that fibrinogen
scaffolds support cell proliferation and promote cell interaction
(Carlisle et al. 2009). MSCs can be isolated from bone marrow,

cord blood, and adipose tissue. However, adipose tissue has a
significantly higher stem cell density than bone marrow with
several advantages including, lower donor morbidity, and rel-
ative abundance and also have higher proliferation potential in
comparison to bone marrow stem cells (BMSC) (Jin et al.
2013; Ravichandran et al. 2013; Shokrgozar et al. 2012).
Several studies have shown the capacity of ADSCs in epider-
mal differentiation using different medium inductions or dif-
ferent nanofiber substrates (Gaspar et al. 2016; Jin et al. 2013;
Pilehvar-Soltanahmadi et al. 2017; Ravichandran et al. 2013;
Shokrgozar et al. 2012). Younes Pilehvar et al. demonstrated
that electrospun EO-PCL/PEG nanofibrous mat can act as a
scaffold for differentiation of ADSCs to epidermal linage and
suggest this scaffolds as a candidate for wound dressings and
skin bioengineered substitutes with ADSCs (Pilehvar-
Soltanahmadi et al. 2017). Rajeswari Ravichandran indicated
that ADSCs can adhere, proliferate, and further differentiate
into epidermal lineage on PVA/gelatin/azide nanofibers
(Ravichandran et al. 2013). Guorui Jin et al. prepared blended
and core-shell nanofibers containing epidermal induction fac-
tors (EIF) to evaluate the epidermal differentiation potential of
ADSCs. They found that core-shell nanofibers have higher

Fig. 9 Immunostaining of the
healed incisions in different
treatment groups for angiogenesis
on the day 14 post-treatment.
Immunohistochemical analysis of
the CD31 genes was used to
determine the angiogenesis in
samples. The brown color
represents positive staining for
CD31. a Control, b ADM, c
ADM-ADSCs, d nanofiber, e
nanofiber-ADSCs, f bilayer, g
bilayer-ADSCs. All stained
sections were visualized at
magnification ×400

Table 3 Number of blood vessels and collagen density of different
experimental groups

Group Blood vessels/5 HPF (×400) Collagen density (%)
(14D) (21D)

Control 25.2 ± 3.4 8.3 ± 1.6

ADM 40.3 ± 2.1* 35.8 ± 4.4*

ADM-ADSCs 79.5 ± 4.7*** 63.4 ± 6.2**

Nanofiber 58.4 ± 4.5** 69.1 ± 3.4**

Nanofiber-ADSCs 92.7 ± 6.8*** 87.4 ± 4.9***

Bilayer 53.8 ± 3.6** 51.0 ± 5.3*

Bilayer-ADSCs 88.2 ± 5.9*** 74.5 ± 3.1***

*, **, ***: values indicate treatment group versus un-treatment group
(control)

*P < 0.05

**P < 0.01

***P < 0.001
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percentage of differentiation of ADSCs to epidermal lineages
compared to blended nanofibers (Jin et al. 2013). In this study,
ADSCs were differentiated to keratinocytes using new culture
medium including KGF, EGF, insulin-transferrin-selenium
(ITS), hydrocortisone, and L-ascorbic acid. ITS is cocktail
which is extensively used in chondrocyte engineering.
However, C. Mainzer et al. showed the ability of ITS medium
to promote the expression of keratinocyte proliferation and
differentiation markers (Mainzer et al. 2014). For cells differ-
entiating toward epithelial lineage, keratin 10 is an early dif-
ferentiation marker which is expressed in all suprabasal layers
of the epidermis. Filaggrin and involucrin are intermediate and
late epidermal differentiation makers, respectively. Filaggrin is
expressed in well-differentiated keratinized epithelial cells,
while involucrin is expressed in the upper spinous and granular
layers of human skin (Jin et al. 2011; Pilehvar-Soltanahmadi
et al. 2017). To confirm epidermal differentiation of ADSCs on
nanofibrous scaffolds at the gene level, real-time PCR was
performed to investigate the expression of Krt 10, Flg, and
Ivl. The real-time PCR results showed a significant increase
in expression of all three genes for ADSCs cultured on scaffold
with inductionmedium compared to ADSCs cultured scaffolds
in normal growthmedium (P < 0.05). Skin wounds are divided
into superficial, partial-thickness, or full-thickness wounds.
Healing of full-thickness wound is more difficult than the su-
perficial or partial-thickness wounds due to the lack of dermal
tissue (Chen et al. 2017b; Guo et al. 2014). To optimize full-
thickness wound repair, the development of an artificial dermis
is necessary as a replacement to autografts (Wood et al. 2007).
Numerous experiments have shown that ADM and
nanofibrous scaffolds can be considered as a skin substitute.
ADM, mostly obtained from human or animal skin dermal
ECM, is inactivated immunologically by removing the epider-
mal and dermal cells. This scaffold has been recently used
successfully to promote full-thickness cutaneous wound repair
(Chen et al. 2017a; Sahin et al. 2014). ADM is resistant to
infection, nonimmunogenic, and integrated rapidly into the
recipient tissues (Orbay et al. 2011). QiannanWang et al. found
that ADM-seeded MSCs has great potential as a scaffold for
the treatment of full-thickness skin wounds. They realized that
MSCs seeded ADM lead to promote neovascularization, ECM
remodeling, and complete skin regeneration (Wang et al.
2015). Huang Sheng-Ping attempted to evaluate the synergic
effects of ADSCs seeded on an ADM to treat full-thickness
defects in a murine model. They revealed that seeding ADSC
on ADM can enhance wound healing, promote angiogenesis,
and increase the rate of re-epithelialization compared to the
ADM (Huang et al. 2012). Ismail Sahin et al. improved the
neo-vascularisation of ADM by using MSCs and negative
pressure wound therapy (NPWT) simultaneously (Sahin et al.
2014). Kun Ma et al. used nanofibers as a carrier for local
delivery of BMSC. They showed that nanofiber scaffolds with
sufficient amount of BMSC can enhance healing of full-

thickness skin wounds (Ma et al. 2011). Neovascularization
is important for wound healing due to facilitating nutrient ex-
change and delivery of cells to the wound size (Yao et al.
2017). Almost all growth factors take part in normal wound
healing, such as KGF, epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), fibroblast growth factor-2
(FGF-2), hepatocyte growth factor (HGF), and platelet-derived
growth factor secrete by ADSCs (Toyserkani et al. 2015). In
this study, similar results were obtained. It was demonstrated
that neovascularization and a large number of endothelial cells
were present in wounds treated with bilayer-ADSCs, nanofi-
ber-ADSCs, and ADM-ADSCs groups in comparison to the
cell-free scaffolds and control group. Moreover, loaded
ADSCs on nanofiber, ADM, and bilayer can enhance wound
healing and re-epithelialization. There is a significant differ-
ence between nanofiber-ADSCs, bilayer-ADSCs with ADM-
ADSCs (P < 0.05), and also a significant difference was found
between ADM and nanofibers (P < 0.01) in the rate of re-
epithelialization or wound healing. On the basis of these re-
sults, there is no significant difference between nanofiber-
ADSCs and bilayer-ADSCs; however, the nanofiber-ADSCs
showed the best results. This can be attributed to the role of
nanofibers in accelerated wound healing. Paul P. Bonvallet
suggested that microporous electrospun scaffolds are effective
substrates for skin regeneration (Bonvallet et al. 2014).

Conclusion

In the current study, nanofibers have been developed and eval-
uated for their potential to support proliferation and differen-
tiation of ADSCs to epidermal lineage. Real-time PCR con-
firmed the expression of epidermal markers of Krt 10, Flg, and
Ivl. To our knowledge, there is no study evaluating the effec-
tiveness of nanofiber-ADM containing ADSCs in the closure
of full-thickness wound by a single-step procedure. Further
investigations are needed in order to optimize this technique
to produce bilayer scaffolds as an alternative for split-
thickness grafts. This study revealed that ADSCs seeded onto
ADM, nanofiber, and bilayer scaffolds can promote regener-
ation, re-epithelialization, angiogenesis, and collagen remod-
eling in comparison to the cell-free scaffolds and control.
Also, ADM can be integrated into wound bed or enhanced
wound healing when covered with nanofibers or seeded with
ADSCs. However, the nanofiber-ADSCs have the best cos-
metic appearance with a normal thickness of epidermal layer
and rejuvenation of the hair follicles and skin appendages and
have the potential to be a suitable dressing for treatment of
full-thickness skin wounds.
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