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Abstract: Background and Aim: Bone marrow mesenchymal stem cells (MSC) are receiving increasing attention for
skin wound repair. However, the specific mechanisms underlying MSC-mediated improvement in wound healing
have not been fully elucidated. This study aims at testing whether epidermal growth factor (EGF) can promote MSC-
mediated wound healing and hair follicle regeneration. Methods: Excisional wounds in rats were transplanted with
different collagen-chitosan scaffolds: control, MSC, and MSC + EGF. Regenerated tissues were harvested 1, 3, or
5 weeks following transplantation, stained with hematoxylin and eosin and evaluated microscopically. The forma-
tion of sebaceous glands was examined by QOil red staining and the regeneration of hair follicles by immunohisto-
chemical staining and Western blot to test the expression of hair follicle-specific factors. Results: Gross observations
showed that the wounds were much smaller and the hairs grew faster in the MSC + EGF group. Histological analysis
demonstrated that there were more hair follicles, sebaceous glands, and newly formed blood vessels in the MSC +
EGF group compared with that in the MSC group. In addition, oil red staining showed that MSCs + EGF induced seba-
ceous gland regeneration. Finally, immunohistochemistry and western blot revealed that MSCs + EGF increased the
expression of hair follicle-specific factors. Conclusion: MSCs alone cannot achieve the regeneration of hair follicles

and EGF can promote MSC-mediated wound healing and hair follicle regeneration.
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Introduction

As skin is the largest organ of the body, skin
loss caused by trauma, burning, and chronic
diseases becomes one of the most serious
clinical problems. Millions of patients suffering
from skin loss require treatment with skin sub-
stitutes such as wound dressings, allografts,
and autografts. However, traditional autografts
are limited by their availability in terms of both
time and donor sites [1, 2]. Recent advances in
regenerative medicine and tissue engineering
have expanded our understanding of wound
healing and led to the development of diverse
methods for skin repair and regeneration. In
full-thickness skin defects, the absence of der-
mis prevents the operation of autonomous
repair mechanisms. In such cases, a proper
dermal equivalent, which can function as a
regenerating template for wound healing, is
highly required.

In the dermis, there are hair follicles, seba-
ceous glands, sweat glands, and other acces-
sory organs, in addition to blood vessels and
nerve tissues. These skin accessory organs
have many functions, such as body tempera-
ture regulation, tactile perception, and mainte-
nance of the body fluid and electrolyte balance.
Therefore, these accessory organs play impor-
tant roles in maintaining normal skin functions,
as well as during dermis regeneration and
wound healing [3-5]. Regeneration of accesso-
ry organs such as hair follicles and sebaceous
glands not only accelerates wound healing but
also improves the functionality of the regener-
ated skin. Although artificial skin materials
used for the treatment of full-thickness skin
defects can repair the structure of the epider-
mis and the dermis during the course of several
years, skin accessory organs such as hair folli-
cles and sebaceous glands still cannot be
regenerated [6, 7].
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Figure 1. Surgical transplantation of scaffolds into full-thickness skin wounds in rats.

Many studies have focused on wound healing
and hair regeneration [8-11]. The use of mes-
enchymal stem cells (MSCs) is one of the most
promising discoveries, which can contribute to
wound closure acceleration, improvement of
neovascularization, and reduction of scar for-
mation. In addition, Rustad et al. suggested
that MSC induced hair regeneration during
wound healing [1]. While the specific mecha-
nisms by which MSCs improve wound healing
have not been fully elucidated, it has been pro-
posed that MSC differentiation plays a signifi-
cant role. A suitable environment is necessary
for MSCs to differentiate into specific cells.
However, in a wound following skin damage, the
physiological environment of the skin is com-
promised, interfering with the differentiation
pathways of transplanted MSCs. Consequently,
hair and sebaceous gland regeneration is
impeded. Epidermal growth factor (EGF) has
been shown to induce differentiation of MSCs
into dermal papilla cells, and to promote hair
follicle regeneration during wound healing [12].
In this study, we generated three collagen-chi-
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tosan scaffolds coated with PBS, MSCs, or
MSCs + EGF respectively, and tested whether
the combination of MSCs and EGF could accel-
erate wound healing, improve neovasculariza-
tion, and promote hair regeneration.

Materials and methods
MSC isolation

Rat MSCs were isolated by short-term adher-
ence to plastic [11]. Briefly, following anesthe-
sia, the rat tibia was punctured with a needle.
Using a sterile tube, bone marrow (1-2 mL) was
aspirated into a 10-mL syringe containing 5000
U of heparin. The bone marrow was centrifuged
to remove fat and heparin. The precipitated
cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% v/v
fetal bovine serum (FBS), 100 mg/mL penicil-
lin, and 100 U/mL streptomycin until a conflu-
ent cell layer was formed. The cells from the
monolayer were detached with 0.25% trypsin
and were subsequently routinely passaged.
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Preparation of collagen-chitosan scaffolds

A porous collagen-chitosan scaffold was fabri-
cated as previously described [13-16]. Briefly,
collagen and chitosan were dissolved in 0.5 M
acetic acid to form a 0.5% (w/v) solution, in a
mass ratio of 9:1. The collagen-chitosan com-
posite was injected into homemade molds, fro-
zen at -20°C for 2 h, and lyophilized for 24 h to
produce a porous collagen-chitosan scaffold.

EGF, MSC, and MSC + EGF scaffolds were pre-
pared according to a multi-point injection meth-
od. MSC scaffolds were prepared by injecting
1.0 x 108-1.0 x 10" MSCs into the previously
prepared collagen-chitosan scaffold. MSC +
EGF scaffolds were prepared by injecting both
1.0 x 10°%-1.0 x 10" MSCs and ~40 g EGF into
the collagen-chitosan scaffold.

Excisional wound healing model

All animal studies conformed to the Guide for
the Care and Use of Laboratory Animals (NIH
Publication No. 85-27, revised 1996) and were
approved by the Institutional Animal Care and
Use Committee of Zhejiang University. Twenty-
seven male Sprague-Dawley (SD) rats (2 mon-
ths old, 250 + 12 g) were randomized into three
treatment groups: Control, MSC, and MSC +
EGF. Prior to the operation, the rats were anes-
thetized by intraperitoneal administration of 3%
pentobarbital sodium solution (Sigma) at a
dose of 1.0 ml/kg. An additional dose (0.5 ml/
kg) was administered as required to maintain
deep anesthesia. The back hair of the rat was
removed with 8% Na,S aqueous solution (Fig-
ure 1A). Three standardized full-thickness exci-
sional skin wounds (diameter = 2.0 cm) were
created at the rat dorsum with a distance of no
less than 2.0 cm from each other (Figure 1B).
The excised skin was trimmed into thin split-
thickness skin. The scaffolds were then extend-
ed on the wound bed and sutured to the adja-
cent skin (Figure 1C, 1D). The operative inci-
sions were sterilized with 2.5% povidone iodine,
the rats received a pressure dressing (petrola-
tum gauze and elastoplast) and were housed in
single cages. The rats were inspected every day
to ensure that the pressure dressings were
intact. One week post-surgery, the wounds
healed and the dressings were removed. The
animals were Killed in batches 1, 3, and 5
weeks post-surgery. Following imaging of the
wound sites, tissue specimens were harvested
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and were sectioned along the uniform direc-
tion, and maintained in 10% buffered formalin,
liquid nitrogen, and physiological saline solu-
tion for histological investigation and molecular
biology analysis respectively.

Macroscopic observation

Images of the wounds were acquired at differ-
ent time points and analyzed using the image
processing software package Photoshop (ver.
11.0.1; Adobe, San Jose, CA, USA). The wound
area was calculated from the images according
to a method previously described [10, 11].

Histology and oil red staining

Five-millimeter-thick sections were prepared
from paraffin-embedded tissue samples, and
were stained with hematoxylin and eosin (H&E)
according to standard protocols [6, 17, 18].
Sebaceous glands budding from the follicle epi-
thelial root are an accessory for hair follicle for-
mation. Therefore, the regeneration of seba-
ceous glands indirectly indicates hair follicle
regeneration. We investigated the regeneration
of sebaceous glands during wound healing by
oil red staining. Five-millimeter-thick sections
were prepared from paraffin-embedded tissue
samples, and were stained using oil red accord-
ing to standard protocols.

Immunohistochemistry

The expression of factors related to hair follicle
formation, such as alkaline phosphatase (ALP),
was investigated by immunohistochemistry.
ALP immunohistochemical staining was carried
out to identify newly hair follicle formation in
the transplanted scaffolds. Briefly, following
deparaffinization and hydration, the paraffin
sections were blocked in 5% goat serum for 30
min, exposed to rabbit anti-ALP primary anti-
body (1:100, Abcam, Cambridge, UK) at 4°C
overnight, incubated with goat anti-rabbit sec-
ondary antibody (1:200, Dako, Ely, UK) at 37°C
for 30 min, developed with 3,30-diaminobenzi-
dine tetrahydrochloride solution and counter-
stained using haematoxylin. Successful stain-
ing was ensured if the outline of the lumen of
blood vessels appeared brown.

Western blot analysis

Frozen regenerated tissue was homogenized
and lysed by radio immunoprecipitation assay
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Control MSC MSC+EGF

Figure 2. Images of regenerated skin following scaffold transplantation.

T, , \
Control MSC MSC+EGF
Figure 3. Images of wounds following scaffold transplantation. Wounds transplanted with empty scaffold (A, D, G),

MSC scaffold (B, E, H) and MSC + EGF (C, F, I) were imaged 1 week (A-C) 3 weeks (D-F) and 5 weeks (G-I) following
transplantation.

buffer (RIPA Lysis Buffer, Beyotime, China), con- mM phenylmethanesulfonyl fluoride (PMSF),
taining protease and phosphatase inhibitors (1 Beyotime, China). The homogenates were cen-
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Figure 4. H&E staining of wound sections. Wounds were transplanted with empty scaffold (A, D, G), MSC scaffold

(B, E, H) and MSC + EGF (C, F, I).

MSC

trifuged at 13,000xg for 5 min at 4°C and the
protein concentration in the supernatant was
determined by the bicinchoninic acid (BCA)
assay (BCA Protein assay kit, Beyotime, China).
The supernatant was mixed with 5% concen-
trated SDS sample buffer (Beyotime, China),
boiled for 5 min to ensure protein denaturation,
and subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).
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Figure 5. H&E staining of wound sections. Arrows indicate blood vessels.

The separated proteins were electrotransfer-
red to a polyvinylidene fluoride (PVDF) mem-
brane. The membrane was incubated consecu-
tively with blocking buffer for 30 min at room
temperature, with the primary antibody over-
night at 4°C and with a horseradish peroxidase-
linked secondary antibody for 1 h at room tem-
perature. Between the incubations in primary
and secondary antibody, the membrane was
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Figure 6. Oil red staining of wound sections. Wounds were transplanted with empty scaffold (A, D, G), MSC scaffold
(B, E, H) and MSC + EGF (C, F, I). Sebaceous gland positive aeras were stained red.

washed three times, 10 min each, with Tris-
buffered saline containing 0.1% Tween 20
(TBS-T). The membrane was treated with a
standard chemical Iuminescence reagent
(Beyotime, China). For signal detection, Kodak
X-Omat AR films were exposed to the mem-
brane, were scanned on a gel imaging and sys-
tem, and analyzed by the Quantity One 4.4 soft-
ware (Bio-Rad, Hercules, CA, USA).

Results

Gross observations of wound healing and hair
growth

Images were taken to record and analyze
wound size changes and healing (Figure 2).
Repaired wounds could be readily distinguished
from normal skin, owing to the naked appear-
ance of the skin on the wound site, displaying
little hair growth and attachment. At day 7, the
appearance of the skin on the wound sites of
the rat in the MSC + EGF group was more red
and fresh, and with more scales, compared to
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that of the rat in the control and MSC groups
(Figure 3A-C). These results suggest that MSC
+ EGF improved wound healing and promoted
vascularization. At day 21, the wound area in
the rat in the MSC + EGF group was much
smaller than in the other two groups (Figure
3D-F). At day 35, we found that the skin in the
wound area was nearly completely regenerated
in the MSC + EGF group whereas there were
still a few wounds unhealed in the control and
MSC groups (Figure 3G-I).

Furthermore, since hair growth indicates hair
follicle regeneration, we monitored hair regrow-
th in the regenerated wound area at day 35 and
we found more hair growth in the animals in the
MSC + EGF group compared to the those in the
control and MSC groups (Figure 3G-I).

Histology

Histological analysis was performed to evalu-
ate tissue regeneration, as shown in Figure 4.
On day 7, some messy and not-yet-mature folli-
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Control
Figure 7. ALP immunohistochemistry of wound sections. Wounds were transplanted with empty scaffold (A, D, G),
MSC scaffold (B, E, H) and MSC + EGF (C, F, I). ALP positive areas were stained yellow or brown.
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Figure 8. Western blot analysis of ALP, a-SMAs and
versican expression. *denotes statistical significance
(P<0.01).
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cles began to appear in the MSC + EGF group
(Figure 4A-C). On day 21, we clearly observed
hair follicles wrapped by sebaceous glands in
the MSC + EGF group, but no hair follicle or
sebaceous gland was found in the control and
MSC groups (Figure 4D-F). On day 35, mature
hair follicles and sebaceous glands could be
clearly identified in the MSC + EGF group,
whereas still no hair follicle or sebaceous gland
was observed in the control and MSC groups
(Figure 4G-I).

Newly formed blood vessels are necessary for
skin regeneration. At day 7, newly formed blood
vessels could be visualized in all three groups
(Figure 5). Compared with that in the control
group, blood vessel density in both the MSC
and MSC + EGF groups were much higher
(P<0.01).

Oil red staining

Oil red staining was performed to further inves-
tigate the ability of MSCs + EGF to induce seba-
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ceous gland formation. As shown in Figure 6,
there was no oil red-positive area in the control
and MSC groups during the entire observation
time. However, oil red-positive areas could be
clearly identified in the MSC + EGF group
already on day 7 (Figure 6C). With increasing
time, these oil red-positive structures were
gradually transformed into the sebaceous
glands (Figure 6F, 6l). These results further
indicate that MSCs + EGF can promote the for-
mation of sebaceous glands from the follicle
epithelial root, which can be accessory to hair
follicle regeneration.

Immunohistochemistry

In normal skin, ALP is a hair follicle-specific fac-
tor in dermal papilla cells, which is continuously
expressed throughout the development of the
hair follicle. ALP can be used as an important
indicator of hair follicle regeneration. Therefore,
in order to further identify hair follicle regenera-
tion during wound healing, we tested ALP
expression by immunohistochemistry in the
regenerated skin from the three experimental
groups. ALP positive cells were stained yellow-
brown. As show in Figure 7, few ALP-positive
areas could be found in the control and MSC
groups, while a large number of ALP-positive
areas could be observed in the MSC + EGF
group. These results indicated that MSC + EGF
promoted hair follicle regeneration.

Western blot analysis

The immunohistochemistry results were con-
firmed by Western blot analysis. As shown in
Figure 8, compared to the control and MSC
groups, the expression of ALP, a-SMA, and ver-
sican increased in the MSC + EGF group
(P<0.01).

Discussion

In this study, we utilized biomimetic hydrogel
scaffolds to effectively deliver MSC or MSC +
EGF into cutaneous wounds. Our results dem-
onstrate that delivery of MSCs + EGF acceler-
ated wound healing. Moreover, we found that
MSCs + EGF could promote hair growth, angio-
genesis, and sebaceous gland recovery.

Hair follicles are necessary accessory organs
of the skin. Hairs have physiological functions,
such as providing thermoregulation and protec-
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tion against extrinsic insults, and they act as
contact sensors through the elongation, con-
nection with surrounding muscle and nerve tis-
sues for piloerection, through the enduring hair
cycles. To achieve fully functional hair follicle
regeneration, many methods have been devel-
oped to reconstruct the variable region of the
hair follicle.

In previous studies, cells derived from acces-
sory organs were often used as seed cells for
organ regeneration owing to their ability to
maintain cell homology and differentiate into
various different cell types. Asakawa et al. iso-
lated epithelial and dermal cells from embry-
onic skin tissue and found that their transplan-
tation to the wound could facilitate hair follicle
regeneration [19]. Higgins et al. showed that
dermal hair follicle cells could induce human
hair-follicle growth [2]. In addition, Huang et al.
found that transplantation of cultured sweat
gland cells into the wound in biomimetic hydro-
gel scaffolds was a promising method for sweat
gland regeneration [20]. These studies suggest
that regeneration of the accessory organs
could be achieved by transplantation of acces-
sory organ-derived cells. However, it is not
straightforward to isolate these seed cells
because skin appendages are very small, and
the separation and purification processes are
complex and need to be performed under a
microscope [21]. Moreover, cells isolated from
an accessory organ often have low viability dur-
ing in vitro culture, and lose the ability to differ-
entiate into specific cells that are needed for
organ regeneration. Therefore, transplantation
of accessory organ-derived cells has not been
widely applied in the clinic.

Currently, the application of stem cells in skin
recovery is receiving increasing attention. Com-
pared with the accessory organ-derived cells,
stem cells have many advantages. They have
the potential to differentiate into a variety of
specific cell types and are much easily isolated.
Therefore, stem cells have been widely used for
the regeneration and repair of various tissues
and organs during regeneration and repair.
Recent studies have shown that a variety of plu-
ripotent stem cells, including embryonic stem
cells, epidermal stem cells, mesenchymal stem
cells, adipose-derived stem cells, and MSCs,
could be used in the regeneration of skin acces-
sory organs [22-26]. Among these, MSCs have
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received the most attention for hair follicle
regeneration. As seed cells, MSCs can differen-
tiate into multiple cell types and participate in
cutaneous wound healing. Transplantation of
MSCs into full-thickness burn wounds induces
epidermal thickening, increases the number of
dermal nerve fibers, accelerates wound heal-
ing, and greatly improves healing quality [27].
Moreover, MSCs participate in wound reepithe-
lialization and the regeneration of accessory
organs like hair follicles and sweat glands [10,
27]. However, there are studies reporting that
although transplantation of MSCs can promote
skin recovery, they have little effect on hair fol-
licle regeneration [28]. Our results are consis-
tent with those of these studies. We found that
MSCs could accelerate wound healing and
blood vessel formation, but had little effect on
hair follicle or sebaceous glands regeneration.

Hair follicle regeneration requires a variety of
different cell types and a suitable external envi-
ronment that is essential for MSC differentia-
tion [29]. When the skin is wounded, the physi-
ological environment under the skin is often
compromised. This might be the reason why
MSC transplantation fails to regenerate hair fol-
licle or sebaceous glands. Recent studies sug-
gest that MSCs must migrate to wound sites
before they can be involved in the repair pro-
cess, and the ability of MSCs to secrete biologi-
cally active substances, such as cytokines and
growth factors, play key roles in wound recov-
ery [30, 31]. Thus, to regenerate hair follicles
during skin wound recovery, it is very important
to both promote MSC migration and induce
MSC differentiation into dermal papilla cells.

A wide variety of growth factors and cytokines
are involved in the regulation of all phases of
wound healing. Yamazaki et al. and Jindo et al.
found that pHGF has a stimulatory effect on
hair growth in vivo and in vitro [32, 33]. Zhang
et al. showed that Activin B could promote MSC-
mediated cutaneous wound healing by regulat-
ing cell migration via the JNK-ERK signaling
pathway [27]. EGF is a multi-functional cell
growth factor, affecting physiological process-
es, such as epidermization, cell proliferation,
and migration [12, 34, 35]. Therefore, EGF may
play an important role in MSC-mediated skin
repair. In this study, we examined the impact of
combined administration of MSCs and EGF on
wound healing in a rat model. We found that
EGF did indeed promote MSC-mediated wound
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healing and hair follicle regeneration in vivo.
These results indicated that combined admin-
istration of MSCs and EGF might be a promising
therapeutic strategy for wound management.
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