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Abstract

As specific stem cells of skin tissue, epidermal stem cells (ESCs) have been proved to be closely related to
the wound repair. As a result, studying more targeted markers for a rapid acquisition of ESCs has
become a hot issue for TES. For server burn wound or ulcer, the creation of ideal scaffold as matrix for
cell proliferation and differentiation was needed for TES as useful ESCs being rare. In this review, the
common use of the markers for the isolation and identification of ESCs are summarized. Furthermore,
the research and development of tissue engineering skin scaffold during the past years were also
discussed.
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Introduction
It is well-known that the skin is composed of the epidermis and
dermis, which play an important role in protecting the body
from damage such as wounding. It has been proved that the
skin acts as an anatomical barrier from pathogens and any
damage between the internal and external environment in
bodily defence. Generally, the epidermis is a thin layer with
sufficient thickness, which is useful to provide vital barrier
function and protection from ultraviolet radiation [1,2].
Epidermal stem cells (ESCs) have self-renewal ability and are
the primary cells for keeping skin metabolism. Therefore, the
ESCs are closely related to wound repair and considered as the
basis of the regeneration and rebuilt of the skin. During the
past decades, the researches on epidermal tissue engineering
have made much progress due to its importance for the skin
regeneration and rebuilt [3-5]. This article will review the
recent advances on the epidermis engineering and the
application of epidermal stem cells in skin tissue engineering.

Epidermal Stem Cells Labelling
ESCs, including hair follicles stem cells, interfollicular
epidermal stem cells, sebaceous glands of somatic stem cells
and isthmus stem cells, generally located in epidermal basal
layer and hair follicles. The hair follicles stem cells were
studied most and showed to be located in hair follicle bulge,
which acted as the main location for skin stem cells and played
a critical role in hair follicle metabolism and wound healing
[6,7]. With the attention raised by tissue engineering, ESCs
were more widely applied in many research areas such as skin
tissue engineering, cell substitute therapy, gene engineering

and so on. Thus, the isolation and identification of epidermal
stem cells became a key issue to be solved.

Keratin family was proved to be related to the expression of
structural proteins in epidermal cells. In fact, the different
kinds of ESCs could be specifically labeled by different keratin
markers. The ESCs were expressed by keratin 19 and hair
follicle bulge stem cell was labeled by keratin 15 [8,9]. Ketin 5
and 14 were the markers of progenitor cells, and the keratins 1
and 10 were specifically expressed by the differentiated cells
[10]. Among these markers, Keratins 15 has been studied
mostly till recently. In basal keratinocytes, the expressions of
keratin K5/K14 heterodimers were found to be associated with
the expression of K15 [11]. In the bulge of hair follicles, K15
expression had been observed and a few studies implicated its
potential as a stem cell marker [9]. Shulan previously used a
keratin 15 promoter sequence to develop transgenic mouse.
These mice enabled us to trace the lineage of cells derived
from keratin 15 expressing cells during the hair growth cycle.
Then, these mice were subsequently used to trace the lineage
of keratin 15-expressing cells from the hair follicle into skin
tumors through the multistage model of skin
carcinogenesisouse [12].

Integrin are transmembrane receptors which acts as the bridges
for cell-cell and cell-extracellular matrix (ECM) interactions.
Besides, integrin are obligate heterodimers, meaning that they
have two different chains: α and β subunits. β1 and α4β6
integrins were part of the ECM architecture and play
regulatory roles in various cell types, including the epidermis
[13]. Because of integrin adhesions to the cytoskeleton playing
a critical role in the control of ECM deposition and
remodeling, integrin-linked kinase (ILK) was found to be a
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possible key regulator of the bulge extracellular matrix micro-
environment and stem cell activation and thereby skin
homeostasis [14]. Gene marker P63 was firstly discovered by
Yang [15] and considered as an important transcription factor
with pivotal functions in epidermal cell lineage commitment.
However, the function of P63 to the ESCs was still a debate
[16]. Additionally, Lgr6 as a new gene marker for the
epidermal stem cells was showed to be expressed in the earliest
embryonic hair placodes and marked the most primitive ESCs
[17]. Lim [18] also discovered Wnt target gene Axin2, which
was able to mark interfollicular epidermal stem cells.

Cadherins were critical components of adheren junctions (AJ)
[19]. The studies of Tinkle and colleagues showed that the
levels rather than cadherin subtypes were key factors to
keratinocyte stability and thus epidermal integrity [19].
Antibody-specific fluorescent staining was an important
method to determine keratinocyte populations in the basal layer
of the epidermis. The resultant fluorescent intensities were then
used to distinguish the population subtypes in the basal layer of
the epidermis. Less intensity of staining was observed in cells
with decreased proliferation capacities [20]. Antibody specific
staining of AJ complex subunits revealed higher staining
intensities for E-cadherin, β-catenin, and γ-catenin [21]. Thus,
the levels of cadherin with integrin may provide biomarkers for
the epidermal stem cell. So far, although there have been many
advances in biological marker of ESCs, the specificity of
current marker for ESCs has still being problems. Therefore,
the further work on identification of ESCs will mainly focus on
developing highly specific surface marker to identify and
separate ESCs rapidly.

Tissue Engineered Skin (TES)

Traditional strategies for TES
Tissue engineering is emerging as a newly and much
concerned treatment method for replacing diseased or damaged
tissues. Extracellular matrix provides an environment for cell
adhesion, growth, proliferation and metabolism, which acts as
a template for supporting and thus leads to tissue regeneration
and regulation. So, tissue engineering scaffold is usually
designed to be as artificial ECM. An ideal tissue engineering
scaffold has to meet following requirements. For materials
properties: (1) allowing the cell to adhere to its surface,
promote cell proliferation, and retain the function of the
differentiated cells; (2) being capable of degradation, and
degradation products are non-cellular toxicity and do not cause
inflammation; (3) good biocompatibility. For materials
structure: (1) being with high porosity to provide enough space
for cell adhesion, extracellular matrix regeneration and cell
distribution; (2) providing the appropriate 3D location for
growth factor storage and releasing and the cell anchorage.

Natural materials
The natural materials had the advantages of low toxicity and
low chronic inflammatory response included polypeptides,
hyaluronan, glycosaminoglycans (GAGs), fibronectin,

collagen, chitosan and alginates [22-24], and collagen had been
developed as the most mature product. Artificial skin, called
Apllgraf, was reported as the first active skin substitute
developed by Organogenes Ct. Lot [25]. This product was
made by collagen-gel scaffold, which was created by firstly
seeded with fibroblasts to form cellular collagen gel and then
incubated with epidermal cells. Compared to traditional gel,
Apllgraf showed faster healing rate for bullous epidermolysis
and no side effects during healing, reducing more pain from
wound at the same time.

As a newly tissue engineering materials, acellular dermal
matrix (ADM) was derived from full-thickness skin by
removing cells and cellular components rather than native
dermal structure and extracellular proteins. ADM was proved
to be capable for maintaining the skin basement membrane,
normal structure of collagen fibers and components of dermal
extracellular matrix after a series of treatments and thus can
significantly reduce the immunogenicity and accelerate
vascularization [26]. Such biological benefits indicate the
greater applications in skin wound healing, tissue filling,
reconstruction, cosmetic surgery and so on. However, its
clinical safety and long-term efficacy are still not clear. So how
to further improve the preparation process and stability of
acellular dermal matrix is still to be explored. Alloderm
produced by Life Cell was a composite scaffold made by intact
basement membrane and dermal extracellular matrix after
removing epidermis and cells. The previous research work
demonstrated application of laser drilling technology into the
whole drill process of acellular dermal matrix can improve the
interstitial fluid penetration and the regeneration of the
micrangium [27].

Synthetic materials
Due to good biocompatibility, controlling degradation rate and
designable mechanical properties, synthetic polymers were
widely applied in skin tissue engineering. Currently, researches
mostly focused on improving cell adhesion and hydrophilicity
of synthetic materials via surface modification. Polylactic acid
(PLA) was one of the earliest biodegradable materials
approved by Food and Drug Administration (FDA) due to its
non-toxicity and good biocompatibility. PLA was able to
degrade into lactate in human body and metabolized in forms
of water and carbon dioxide [28]. Dermagraft, as a mature
artificial skin substitute, was developed by Advanced Tissue
Sciences in 2000 [29]. This product was designed by seeding
fibroblasts on degradable PLA fiber nets to form an artificial
dermis with three parts (fibroblasts, extracellular matrix and
degradable biomaterials). Compared to traditional therapy,
Dermagraft showed faster cure on ulcers and lower
corresponding complications.

Hybrid scaffold
Was not limited to be made of one kind of natural materials or
synthetic materials. One applicable hybrid scaffold was the
gelatin and polycaprolactone (GT/ PCL) electrospun
membrane fabricated by Duan [30]. The presence of GT
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enhanced the biodegradability and biocompatibility of the
membranes. PCL improved the mechanical properties of the
sheets. This hybrid material was potential of being used in both
skin and nerve engineering. Monteiro [31] created a single
three-dimensional epidermal-dermal scaffold by taking
advantage of the properties of haluronic acid (HA) and Poly-L-
Lysine (PLL) to efficiently produce a stable membrane (the
epidermal component), which was adsorbed on top of a porous
HA scaffold (the dermal component). Another applicable
hybrid scaffold was the chitin membrane modified by cross
linked with type I collagen isolated from the rat tail [32]. This
scaffold was investigated to be with small pore size of 2-10
mm, and high adhesion to hair follicle ESCs. The rat skin
defect test showed that collagen-chitin biomimetic membrane
(C-CBM) was sufficient to achieve morphological, structural
and functional reconstruction of the full-thickness skin defects.

Nanofibrous scaffold
The scaffolds with more accurate structure and defined pore
size were needed to match surrounding tissues and provided a
better support for cell adhesion and growth. Thus, new
technologies were developed for meeting more strict
requirements, such as electrospinning [33]. Electrospinning of
nanofibers showed a novel approach to a completely new
dimension of biomaterials, which provided greater possibility
to match cell proliferation and differentiation. Jin [34]
investigated the potential of human BM-derived MSC for
epidermal cell differentiation in vitro on electrospun collagen/
poly(l-lactic acid)-co-poly(3-caprolactone) (Coll/PLLCL)
nanofibrous scaffolds with 209 ± 26 nm fiber diameters and
suggested such scaffold could mimic the native skin
extracellular matrix environment and can be used as the
promising substrates for advanced skin tissue engineering. The
previous studies showed the effects of Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) nanofibers on the support
dermal fibroblasts, keratinocytes, Schwann cells and
mesenchymal stem cells adherence and proliferation [35-37],
and based on previous findings, Sundaramurthi [38]
demonstrated the full-thickness wound healing efficiency and
biocompatibility of PHBV nanofibers fabricated by
electrospinning and found PHBV captured with bone marrow-
derived mesenchymal stem cells (BM-MSCs) can provide an
instantaneous coverage to deep wounds, burns and post-
traumatic wounds.

Advanced strategies for TES
Actually, due to the complexity in vivo micro-environment, the
traditional designs of TES are far from satisfying the needs in
skin damage treatment. Further research need to be extended in
TES to increase more possibilities in successful skin treatment.

Epidermal growth factor (EGF)
In human body, cells are exposed to a complex pattern of
molecular cues and signals, which trigger a series of events
that participated in control cell proliferation, differentiation and
death. Since these cues or signals are considered as the critical

components of early developmental pathways involved in cell
specification, incorporating them into TES matrix could lead to
a great advancement in skin regeneration. Epidermal growth
factor (EGF) has been reported to be effective in wound
healing and homeostasis in a number of tissues including
colon, skin, mammary gland and liver [39]. In 1999, the high
concentration of EGF was studied to have possibility of
accelerating healing of skin lesions in animal [40]. Within the
last few years, the novel strategies of skin regenerative
treatment were aimed at the development of biologically
responsive nanofibrous scaffolds which were capable of
delivering multiple bioactive agents and cells to the target
tissues. Mohammad [41] fabricated and evaluated the bioactive
hybrid nanofibrous scaffolds of gelatin and PLGA,
encapsulating recombinant human EGF, and such hybrid
scaffold exhibited excellent blood clotting and platelet
adhesion in comparison to the commercial wound dressing.
Moreover, human fibroblast showed an increased cell
proliferation on the PLGA/EGF/gelatin scaffold. Thus, the
scaffolds with capability of encapsulation and controlled
release of the protein exhibited their potential applications in
skin tissue engineering and wound dressing. In another study,
EGF was conjugated on the surface of electrospun poly (E-
caprolactone) nanofibers functionalized with amine groups and
it was reported that the EGF nanofibers improved the in vivo
wound healing processes significantly compared to the direct
application of EGF solutions [42].

Cultured epidermal autograft (CEA)
Many massive burns patients were usually bothered with
limited available donor site, which have driven the search for
alternative means to develop ideal split-thickness skin
autograft. Cultured epidermal autograft is a product applied
with basic method of tissue engineering, where the high
concentration of vitro cultured keratinocytes are cultured on
the artificial extracellular matrix with acceptable degradation
rate, to achieve cell expansion, then the artificial skin was
constructed and transplanted. Rheinwald and Green developed
a technology for producing graftable epidermal cells and such
method has become a widely-accepted technology applied in
CEA preparation [43]. The first commercialized cultured
epidermal autograft was Epicel that had been currently used as
a cover for full-thickness burns in the US and in Europe [44].
The advantages of CEA are as follow: (1) only a small number
of autologous epidermal cells can obtain a large area of wound
dressing; (2) donor site morbidity can be minimized; (3) the
cells can be frozen for storage; (4) the barrier function of skin
can be quickly recovered and aesthetic effect can be improved.
In 2009, Japan Tissue Engineering Co., Ltd. (Gamagori, Aichi,
Japan) marketed a CEA called ‘JACE’. JACE adopted a
procedure that the CEA was placed on the reconstructed
dermal layer using allograft or artificial skin, and this
procedure had been used for over 150 severe burn patients thus
far [45]. However, deficiencies still existed in current CEA
products: (1) the collection cycle of the epidermal cells was
relatively long (at least 3 weeks from biopsy to the layer); (2)
permanent survival was not satisfactory; (3) the cultured layer
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was too fragile to operate. (4) poor elasticity and poor wear
resistance of epidermal tissue was studied after healing.
Because of those limitations, more and more studies focused
on the recovery observation of patients that accepted CAE
treatment.

Bio-printing
Bio-printing is based on the existing technologies. It is layers
of biological structures, rather than that of plastic, being used
to create real living tissue in the 3D bio-printing, which is still
in the preliminary stage. In the last decade, printing techniques
have drastically been developed and resulted in TES moving
from 2D to 3D. The emergence of 3D bio-printing technology
solves the most stubborn problem faced in tissue engineering,
because 3D bio-printer can generate a complex 3D
microenvironment where the cells are integrated into hydrogel
to mimic natural ECM of a particular tissue [46]. The “ink” for
this printer is nothing but targeted cell medium and materials.
In order to develop more uniform and precise size for printed
products, the print head was constantly updated. Binder
designed a small-scale system which had two different
cartridges for fibroblast and keratinocytes, with spatial
resolution set up at 1.57 μm and pressure at 6.89 kPa. Cells
were embedded into the matrix and then implanted at the site
of the wound [47,48].

Gene therapy
Advances in understanding the biological responses at
molecular or cellular level involved in skin repair and
regeneration has led to creative development of gene therapy
for wound healing. Peng [49] designed a highly efficient gene
system for the transfection of ESCs. The gelatin/β-TCP
scaffold with CYD-PEI mediated 3D transfection system was
prepared to improve the transfection of ESCs. Such advanced
scaffold provided a basis for the transfected ESCs (TESCs) as
a promising therapeutic agent and gene delivery reservoir for
wound therapy.

Conclusion
Seeding cells is one of the critical parts of skin regeneration.
Although the exploration of biological markers of ESCs has
achieved great progress, the highly specificity is still a problem
in the research of markers for ESCs. To create full-thickness
skin products for improve patients’ survival rate and life
quality after injuries, many novel technologies were developed
in skin tissue engineering including the designed 3D printing.
But the current developed TES products or technologies are
limited to temporary substitutions. In order to develop
permanent and more desired TES, how to ensure adequate
nutrients supply and provide the blood circulation as the same
as the vivo environment are two urgent problems need to be
solved.
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