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Abstract: Skin plays a crucial role in protecting the human body agamst the nfections, environment and
dehydration. Skin contains two main layers: a keratinized, stratified epidermis and an underlymg thick layer of
collagen-rich dermal connective tissue. Loss of large portions of skin integrity from wounds, burns or disease
may result in sigmficant disabilities or even death. So, treatment of skin imjuries by wound management, skin
transplantation and stem cell therapy can largely protect the patient from various bad outcomes. However,
treatment of skin mjuries has been a challenging task for surgeons because of multiple limitations. Allogenic
and autologous keratinocyte grafts, accellular biological matrices and cellular matrices including biclogical
substances are different forms of tissue-engineering skin injuries treatments.
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INTRODUCTION

The World Health Organization (WHO) estimates that
over 300,000 deaths are attributable to fire-related bum
injuries with millions more suffering from the partly
devastating physical and emotional consequences
thereof, anmually (Burke ef af,, 1981). A further 6.5 million
mdividuals suffer from chromic skin ulcers caused by
prolonged pressure, venous stasis or diabetes mellitus
(Jones et al, 2002). The holistic goals of modern
cutaneous wound care consist of rapid wound excision
and closure with a functionally mtact and aesthetically
pleasing outcome. Currently, available treatment options
are lacking in establishing both functional and cosmetic
satisfaction. Wound contracture and scarring, properties
that can misleadingly be thought accountable for faster
wound healing should be avoided in terms of wound
regeneration. Skin wounds are a major social and financial
burden. However, current treatments are suboptimal. The
gradual comprehension of the fmely orchestrated nature
of intercellular communication has stimulated scientists
to investigate Growth Factor (GF) or Stem Cell (SC)
incorporation into suitable scaffolds for local delivery into
wound beds mn an attempt to accelerate healing. Min and
colleagues carried out a series of studies to investigate
the potential of silk electrospun matrices for accelerating
early stages wound healing (Min ef al., 2004, 2006). The
spreading and adhesion of normal human fibroblasts and
keratinocytes on methanol-treated silk fibroin nanofibers

alone or precoated with BCM proteins (collagen type T,
fibronectin and laminin) was evaluated. For keratinocytes
but not fibroblasts by coating with collagen I, cell
spreading and cell adhesion were promoted. Lammin
coating stimulated cell spreading but not cell attachment.
Cell adhesion and spreading on fibronectin-coated silk
matrices different from that on BSA-coated
matrices (Min ef al., 2004). In wound healing studies with
electrospun microfibers, silk nanofibers and films,
nanofibrous matrices promoted human oral keratinocyte
adhesion and spreading, especially when collagens
type I coating was included (Min ef al., 2004). Fibroblast
spreading was also sigmficantly improved when silk

was

matrices were treated with water vapor rather than
methanol (Min et al., 2006). Thus, electrospun silk
nanofibrous matrices treated with water vapor followed by
collagen T coating was the best candidate for a skin tissue
template or wound dressing,.

In another study, due to the wound healing effects of
chitin it was blended with silk fibroin to fabricate
compaosite fibrous scaffolds for skin tissue engineering
(Okamoto et al., 2002). The chitin/silk fibroin blends at
varied ratios were electrospun into nanofibrous matrices
and evaluated for initial cell attachment and spreading
(Park et al, 2006). Adhesion of keratinocytes was
increased on chitin/silk blend matrices compared to pure
chitin matrices although, the same result was aclhieved for
fibroblasts. Yoo et al. (2008) also, fabricated chitin/silk
hybrid matrices at various blend ratios using side by side
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electrospinning and compared these to chitin/silk blend
matrices for keratinocyte adhesion and spreading. In
Another study, Yoo ef al (2008) investigated the
potential of collagen/silk blend electrospun matrices for
skin tissue engineering. Surprisingly, pure collagen and
pure silk fibroin matrices exhibited better results in terms
of human keratinocyte attachment and spreading than
collagen/silk blend or hybrid matrices urespective of the
mixing ratios. On the other hand all matrices had similar
effects on human fibroblast attachment and spreading.
When collagen/silk hybrid matrices and collagen/silk
blend matrices with equal component ratios were
compared, hybrid matrices consistently supported better
cell attachment and spreading (Wang et al., 2006).

In this study, researchers stress the inportance of a
bottom-up approach 1 scaffold fabrication and
electrospinning to enable controlled factor incorporation
as well as production of complex scaffold micro and
nanostructures resembling that of natural extracellular
matrix. Also, this review provides a critical evaluation of
the status quo of current research into GF and SC therapy
and subsequent future prospects including benefits and
possible long-term dangers associated with their use.

TISSUE ENGINEERING AND NANO SCAFFOLDS
FOR TREATMENT OF THE SKIN LESIONS

A 3D supporting framework should provide a
template for tissue regeneration while simultaneously
preventing wound bed contraction throughout the first
stages of healing (Chevallay and Herbage, 2000). The
framework or scaffold should further serve as a platform
for cellular adhesion, localization and differentiation
(Kim and Mooney, 1998). A focus on the multitude of
different scaffold materials and fabrication techniques but
has been extensively reviewed elsewhere and 15 beyond
the scope of this study (Edalat ez al., 2012).

Scaffold materials can be of natural, composite or
synthetic origin and engineered using a multitude
of approaches including electrospinning, molecular
self-assembly, porogen leaching and phase separation.
The mixing of materials from different classes to obtain
best composite scaffolds seems particularly promising
because mdividual limitations of single material scaffolds
(e.g., poor mechanical properties) are often overcome by
the composite nature (Kannan ez al., 2007). The ideal skin
regeneration scaffold should actively direct tissue
formation and prevent scarring. Thus, much focus has
been channeled into creating suitable biomimetic surface
micro and nanostructures that can act as delivery vehicles
for Growth Factor (GFs) or SCs. The synergistic tissue
regenerating effects of a smart scaffold cocktail
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comprising, favourable scaffold surface patterns, GFs and
SCs have the realistic potential of overcoming current
barriers and enabling fast and complete skin regeneration.

During natural wound healng, dynamic and
reciprocal interactions between components of the Extra
Cellular Membrane (ECM) and surrounding cell-signaling
molecules are responsible for the expression of Growth
Factor (GFs) and cytokines. These interactions elicit
cellular responses that ultimately lead to new tissue
generation. Overwhelming activation of the inflammatory
system and prolific recruitment of contractile cells is
thought to stem from prehistoric adaptations of human
skin to close iregular and often contaminated wounds as
rapidly as possible to prevent microorganism invasion
and potentially lethal mfections (Thome, 2007).
Unfortunately, tlus response typically leads to scar
formation often resulting in disfigurement and functional
disability.

Regenerative medicine aims at recuperating lost
tissues by guiding cell growth and restoring original
tissue architecture. This requires the presence of a
scaffold because isolated cells are unable to re-establish
their native structures due to a lack in extracellular
guidance. Bioactivation is one of efforts for increasing
their effectiveness and a simple structural framework to a
delivery vehicle for Gfs, cytokines orgenes (Yang ef al.,
2011; Barrientos ef al., 2008). So, tissue regeneration
can be actively promoted. This should however, not
discourage suitable scaffold
architectures because accumulating evidence highlights
the mmportance of biocompatible scaffold materials,

research into more

appropriate pore sizes and cell growth promoting
surface topographies (Wong et af., 2010, Yildirimer ef af.,
2011). On the other hand, cells cultured on nano fibrous
structures, demonstrated a phenotype resembling that
of cells growing within natural environments perhaps
because of the close architectural approximation of nano
fibrous materials to natural ECM and collagen fibrils
which themselves exhibit nanometer dimensions. Thus, a
natural cell environment can be feigned and cells guided
along normal morphogenic lines.

The burden of cutaneous wounds is immense in
both personal and financial terms. Clinically effective
and feasible treatment strategies still lacking
despite various skin substitutes being under thorough
investigation (Yildirimer e# al., 2012).

The cooperation of nanotechnology combined with
the SC technology and the ever-increasing appreciation
of cell-signaling pathways in both fetal and adult

are

wound healing models have opened up new avenues to
accelerated healing for precise biotechnological wound
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bed manipulations. Approved treatment strategies for skin
wounds mostly aimm to replace lost tissues rather than
support intrinsic self-healing mechamsms. Technological
advances has helped scientists to manipulate precisely
scaffold materials and engineering strategies within
nanometer dimensions to create nano topographies that
mimic the natural ECM.

The mcorporation of SCs, GFs and nanoparticles into
scaffolds promotes the intricate interplay between
naturally occurring cell-signaling factors to achieve full
tissue regeneration. With such fast and current
developments in nanotechnology and biomedical
sciences, researchers are continuously improving skin
regeneration and repair. The future trend of regenerative
medicine m general and tissue-engineering of skin n
particular lies 1 the comprehension of intricate
intercellular biochemical communications; the engineering
of scaffold structures on a micro and nanodimension and
the integration of GFs and SCs into such scaffolds to
obtain a bioactive cocktail capable of active guidance in
skin regeneration. Despite the presence of realistic
benefits and dangers associated with GF or SC
supplementation, ongoing research into their exploitation
is fundamental if regenerative medicine is to have a future.

In choosing the material to be used for a scaffold, a
wide range of options exists-matural and synthetic
materials and composites of two or more from the same
class or different classes of materials; the advantages and
disadvantages of using that material must be known in
addition to its suitability for the desired application.

Naturally-derived materials are often purified
Extracellular Matrix (ECM) proteins (collagen, gelatin
(Chen et al., 201 2), laminin, hyaluronic acid) or a mixture
(Matrigell). Other sources may be from plant and animal
constituents (sill, agarose and chitosan). Alternatively,
decellularized organs that retain the ECM and architecture
of tissues have been used to engineer blood vessel
(Qumnt et al, 2011), heart (Ott et al, 2008), lung
(Petersen et al., 2010), liver (Uygun et al., 2010) and bone
(Grayson et al., 2010). The advantages of natural materials
are their biological activity and biocompatibility. Synthetic
materials, on the contrary, overcome the disadvantages
posed by their natural counterparts-mainly their
manufacturing and processing variability and mability to
control their physico-chemical properties. Additionally,
synthetic materials provide a blank slate with absence of
biological activity that may be modified through
biochemical means (discussed in Biochemical modulation
of materials section) (Zhu, 2010). Overall, researchers
support the argument that a bottom-up approach: enables
tight control over important micro and nanostructures
within scaffold architecture and facilitates incorporation
of appropriate concentrations of bioactive factors as well
as 5Cs.

246

More often than expected, single-component
materials do not meet the requirements needed for a
cellular scaffold. For instance, they may lack the desired
mechanical properties, electrical activity or cell-matrix
interactions. Composite materials may be used to
overcome these limitations. While mixing materials from
the same class (Shin ef al., 2011) will provide a degree of
modulation combining materials from different classes will
generate a greater measure of control over its properties.
For stance bone is composed of collagen (a polymer)
and hydroxyapatite Nano crystals (a ceramic) hence,
polymer/ceramic composites have been widely used in
bone tissue engineering (Zhang et al., 2009). Hydrogels
are another case in point they are a cross-linked network
of monomers, oligomers or polymers that contain 90-95%
water in volume and structurally resemble the ECM
(Tibbitt and Anseth, 2009). However, they often lack the
mechanical strength needed for certain tissue engineering
applications. In a research by Shin ef af. (2012) gelatin
methacrylate hydrogels which favor cell attachment and
spreading but lack strong mechanical properties were
reinforced with carbon nanotubes which resulted m a
composite with mcreased compressive modulus while
material pore size and cell adhesiveness remained the
same. Furthermore, carbon nanotube based composites
have been used to direct differentiation of mesenchymal
stem cells toward the osteogenic lineage (Namgung et al.,
2011) increase connexin 43 expression of cardiac
constructs (You et al., 2011) and enhance the electrical
activity of neural tissues (Cellot et al., 2008) given the
electrical conduction properties of carbon nanotubes.

In desigmng a scaffold, it 1s ideal that the scaffold,
over an mtended period of time should degrade and be
replaced with naturally deposited ECM and the newly
formed tissue. In this regard, linear aliphatic polyesters
such as poly (lactic acid) and poly (glycolic acid) have
been routinely used owing to their biodegradability given
the susceptibility of their ester bonds to hydrolysis and
ability to fine-tune their degradation rate. Alternatively,
non-biodegradable materials such as Poly Ethylene Glycol
(PEG) can be incorporated with Matrix Metalloproteinase
(MMP) sensitive peptides to make them physiologically
degradable. The addition of such peptides has been
shown to directly affect gene expression as shown by the
increased maturation of cardio progemtors via increase in
myosin heavy chain-positive cells when grown on
MMP-sensitive gels (Kraehenbuehl et al., 2008). Another
important consideration in cellular scaffold fabrication 1s
scaffold structure. In the past, emphasis was placed on
macro porous structures to facilitate mass transfer of vital
molecules. These scaffolds were often fabricated with
microspheres, salt leaches or gas foams (Annabi e af.,
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2009). However, the micron-scale dimensions of
these material structures do not recapitulate the
nanometer-scale fibrillar aspect of the structure of ECM.
To generate these nano fibers, techniques such as
electrospinning (Sill and Recum, 2008) molecular
self-assembly (Hartgerink et al., 2001, Cui et al., 2010) and
phase separation (Liu and Ma, 2009) have been employed.
Hydrogels, discussed previously are a class of materials
that have proven to be particularly biomimetic and are
now widely used in the biological and medical fields
(Slaughter ef al., 2009).

SKIN, NANO SCAFFOLDS AND
GROWTH FACTORS

Epidermal Growth Factor (EGF): EGF is implicated
m  keratinocyte migration, fibroblast proliferation
and differentiation and granulation tissue formation.
EGF  significantly  enhances  wound  healing
(Alemdaroglu et al., 2008) as well as the tensile strength
of the resultant ECM (Throm et af., 2010). Prolonged
exposure to EGF yielded a 200% increase m tensile
strength when liposome-encapsulated EGF was delivered
into murine dorsal cutaneous wounds (Brown et al., 1988).
Similarly, EGF contained within a gelatine sheet applied to
dorsa of hairless dogs accelerated wound closure and
healing of superficial and partial-thickness wounds
(Tanaka et al., 2005). Current challenges regarding the
delivery of EGF at physiologically relevant concentrations
and durations still prevail due to its rapid breakdown
within the wound environment, encouraging research into
effective immobilization and delivery techniques. For
example, biodegradable microspheres that contain EGF
provide sustained EGF delivery and hence more effective
wound healing in a rabbit dorsal skin wound model
(Ulubayram et al, 2001). Despite such encouraging
results, supplemental EGF has a mitogemc effect upon
cells and has been implicated in the spread of epithelial
malignancies (Hardwicke et al., 2008). However, the
beneficial effects of EGF in the wound healing process
should not be denied thus requiring further research.

Basic Fibroblast Growth Factor (BFGF): FGF comprises
a large family of mitogens that are actively involved in the
processes of wound healing, embryonic development,
anglogenesis and tumor progression (Thisse and Thisse,
2005, Dailey et al., 2005; Beenken and Mohammadi, 2009).
Both acidic Fibroblast Growth Factor (aFGF) and bFGF are
found within the wound fluid at the earliest stages of
healing (Nissen et af., 2003). aFGF like bFGF 18 a potent
mitogen and chemo-attractant for vascular endothelial
cells, dermal fibroblasts and epidermal keratinocytes. In
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the initial phases of wound healing, bFGF participates by
activating local macrophages and can still be identified
within the healing tissue during the remodeling phase that
occurs several weeks after injury (Nissen et al., 2003).
bFGF accelerates neovascularization as shown in a rabbit
ear wound healing model in which wounds supplemented
with exogenous bFGF Thealed significantly faster
compared to untreated controls (Komori et al.,, 2005).

Vascular Endothelial Growth Factor (VEGF): The VEGF
family encompasses VEGF-A, VEGF-B, VEGFC, VEGF-D
and PIGF. During wound healing, VEGF-A 15 highly
expressed by Lkeratinocytes within the wound bed
to promote new blood vessel formation essential
for tissue regeneration (Drinkwater et al., 2002)
and re-epithelialization of wounds (Wise ef al, 2012;
Brem et al, 2009). VEGF is the major angiogenesis-
promoting GF due to its combined ability to stunulate
endothelial cell proliferation and migration (Ferrara and
Henzel, 1989) basement membrane degradation
(Unemori et al, 2005), tubular and luminal structure
formation (Koolwik et al, 1996) mcreased vascular
permeability (Bates and Curry, 1996) and new vessel
formation (Connolly et al., 1989). In a diabetic mouse
model, minicircle plasmid DNA encoding VEGF was
successfully transfected into proliferating cells within
wounded tissue, resulting in a high level of VEGF
expression (Kwon ef al., 2012). Wound healing rates were
significantly accelerated in plasmid-exposed injuries
compared to those exposed to empty vehicles. Sumilarly,
vector-mediated VEGF transfer onto experimental murine
burmn wounds increased angiogenesis as well as epithelial
proliferation and ECM maturation (Galeano et al., 2003).

Keratinocyte Growth Factor (KGF): KGF 1s expressed
within the dermis and hypodermis below the wound
whereas the KGF receptor is predominantly found on
epithelial cells of the epidermis, suggesting a paracrine
mediation of epithelial cell growth. Several animal and
clinical studies have demonstrated the cytoprotective and
epithelial regenerative properties of KGF (Wu et al., 2011;
Yazbeck ef al, 2011, Spielberger et al., 2004). Such
favourable effects depend on several mechanisms
including cell proliferation, migration, differentiation,
survival, DNA repair and detoxifying enzyme induction
which collectively act to strengthen the integrity of the
epithelium (Finch and Rubin, 2004). During the initial 24 h
of normal human wound healing, KGF expression 1s up
regulated 100 fold and remains elevated for several days
(Marchese et al, 1995). This up regulation m KGF
is  significantly dampened in genetically diabetic
and glucocorticoid-treated mice (Brauchle et af, 1995,
Werner et al., 1994).
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Tnsulin-like Growth Factor-1 (IGF-1): High levels of
IGF-1 found within cutaneous wounds have been shown
to accelerate epidermal wound healing and inhibit
apoptosis pathways (Dasu ef al., 2003, Spies ef al., 2001)
whereas reduced expression of TGF-1 is associated with
retarded wound healing (Gartner ef af., 1992). For example,
IGF-1 receptor knockout mice (IGF-1r") exhibited skin
hypotrophy with fewer and smaller hair follicles
(Liu et al., 1993). Wound healing by re-epithelialization
was accelerated by local overexpression of IGF-1 whereas
no effects were observed on the underlying dermis
(Semenova et al., 2008). In vitro studies however have
found evidence for the stimulatory effects of IGF-1 on
collagen and ECM production (Daian et af., 2003).

Platelet-Derived Growth Factor (PDGF): PDGF is
involved throughout all stages of normal wound healing.
PDGF 1s released by degranulation platelets and
activated macrophages within the wound fluid. Later in
the proliferative stage, PDGF 1s responsible for the
differentiation of fibroblasts into their contractile
phenotype, the myofibroblasts which  through
attachments of their filopodia to components of the ECM,
drag or contract the tissues together (Clark, 1993). Several
animal studies have demonstrated accelerated wound
closure 1n normal and pathophysiological states when the
wound bed was supplemented with exogenous PDGF
(Uhl et al., 2003).

Transforming Growth Factor-b(TGF-b): TGF-bexists in
three isoforms TGF-bl, TGF-b2 and TGF-b3 which are all
mvolved in the process of wound healing. After acute
injuries, TGF-bl is highly expressed by keratinocytes,
platelets, monocytes, fibroblasts and macrophages
(Uhl et ai., 2003). TGF-b acts m both autocrine and
paracrine manners, nducing its own synthesis by target
cells and activating nearby cells to synthesize and release
other Gfs mvolved m the healing process (Murphy ef al.,
2011). The autocrine action of TGF-bl by fibroblasts
sustains their activity beyond the mmitial mflammatory
stimulus (Schmid et al., 1998) and is postulated to play a
key role in myofibroblast differentiation (Tomasek et al.,
2003). TGF-b2 expression is related to wound contracture
and excessive collagen deposition but has also been
demonstrated to be a causative factor in scar formation
(Shah et ai., 1995).

CONCLUSION

The ultimate purpose of tissue-engineered skin grafts
is to enable complete and natural, albeit accelerated,
wound regeneration. Here, researchers review and
critically appraise current research efforts concerned with
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dermal regeneration scaffolds incorporating bioactive
elements to promote neovascularization and tissue
regeneration. Researchers also, touch upon the most
recent advances in the field of nano-scaled tissue
engineering because cellular behavior is significantly
influenced by the surface nano topography of the
scaffold that promotes cellular adherence, differentiation
and proliferation, mimicking natural Extra Cellular Matrix
(ECM).
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