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Abstract

Skin wounds are considered as the most critical, and widespread problems due to the high rate of
accidents or burn worldwide. Full-thickness skin loss could be chronic or acute wounds, which
found difficulty in medical treatment, because of taking a long time in healing. Therefore,
exposure to the infection, which delays the healing process and causing disordered healing, ends
with distortion or incomplete closure, which might lead to a fatal complication. Thus, the need
for skin grafting is a necessary and critical decision although its side effects and rejection
possibilities. This review put a spotlight on one of the latest therapeutic techniques in
regenerative medicine “tissue engineering”. It is an up-to-dates field in applications of stem cells
and cells culture to replace the traditional tissue or organs transplantation techniques. We
discussed the skin organ scaffolding as a simple example of tissue engineering applications in
accelerating wound healing using stem cells cultured with chitosan scaffold. The latter is
characterized by several medical properties especially in skin regeneration, for fabrication of
artificial skin, which mimics the natural skin tissue and applying it in chronic or acute wounds
therapy.
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Introduction aids the damaged organ to regenerate into neo-
tissue organs. It is considered a potential
therapeutic advantage to avoid the defects
resulted from organs transplantations such as

immune rejection [3].

Organ transplantations take increased
attention in recent years, throughout
reconstructive surgery and prosthetics for
treating damaged organs or tissues and also
post amputation and surgical resection [1]. The scaffold is a three-dimensional (3D)
structure where cells are seeded in it to mimic
the natural environment, estimate cellular
adhesive and proliferative properties, cells
migration, and gas exchange. In addition, one
of most potential features of the 3D structure is
the rate of degradation, which is proportional
with tissue formation rate [4].

The disadvantages of traditional techniques
drive the scientists for striving towards tissue
engineering therapy (TE). It is a novel
advanced technique that combines the
engineering and cell biology field to
manufacture a biological scaffold. This mimics
the living organ’s function and anatomical

structure to be suitable for transplantation The scaffold could be manufactured from

instead of damaged organs or tissues, such as
heart, kidney, bone, and skin [2]. The basic
tools of tissue engineering techniques are
considered as cells and substance making the
scaffold with additional enhancer tools such as
growth factors. Tissue-engineered organs are
manufactured of autologous cells, which are
biocompatible and keep tissue function that

natural polymers such as chitosan, cellulose,
collagen, and gelatin [5- 9] or synthetic
polymers such as poly caprolactone (PCL),
poly L-lactic acid (PLLA), poly glycolic acid
(PGA), and poly lactic-co-glycolic acid
(PLGA) [10, 11].
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Several techniques could be applied for
scaffold fabrication such as freeze-drying,
electrospinning, decellularization, and 3D
printing [12].

Chitosan is a derivative of chitin, which is
considered the second most abundant
biopolymer after cellulose in nature. Chitin is
the main content of the exoskeleton of
crustaceans and insects [13].

Chitosan has several medical applications
due to the positively charged amino groups,
such as immobilization of cells and enzymes,
drug carrier, biodegradable films and fibers,
contact lenses, wound suture, and artificial
skin [14, 15]. Chitosan is non-toxic,
biodegradable, with anti-microbial activity,
and biocompatibility, and due to its medical
properties. Moreover, chitosan enrolled in
many applications in accelerating wound
healing [16].

Stem cells are considered non-
differentiated cells, which exist in embryonic
tissues, and in various adult tissues of the
body. These cells could be differentiated
into several cell types, and are characterized
by self-renewal [17] and potency, which is the
ability and tendency to differentiate into
several types of cells [18]. Stem cells can be
obtained from various sources such as
embryonic tissue, adipose tissue, and umbilical
cord blood [19, 20].

The wound is a cut or damage that induces
injury on the skin. Wound healing is a process
of cascaded series of the following phases:
hemostasis, inflammation, proliferation, and
remodeling, which end with recovering skin
integrity. In chronic wounds, it was noticed
that the healing cascade phases are not
completed, therefore the wound is more
exposed to tissue necrosis through the second
infection, which results in an increased
number of exudates and pus cells number [21]

In this review, we will discuss the use of
scaffolds as biological substitutes and stem
cells in skin tissue regeneration.

Skin role as a barrier
complications

and wounds

The skin acts as a barrier and protects
the body from penetration of foreign
organisms, harmful substances, and

water loss, regulates the temperature,
and connects the living body with the
surrounding environmental conditions.
The skin can be exposed to damage
caused by chemical or mechanical damage
and microorganisms [22].

Wounds have got great attention because
they risked causing infections, high cost of
treatment by drugs, and sometimes causing
death in severe cases. Wound infection or
inflammation can come from surgical
interventions, abrasions, trauma, or burns, and
if not properly treated can trigger sepsis and
cause death [23, 24].

Skin anatomy and structure

The skin is an integument, which is
considered as the largest organ that covers the
whole external surface of the body. It is
divided into thin and thick skin; thin skin
contains dermal appendages. In general, the
skin consists of three layers, the epidermis,
dermis, and hypodermis. The epidermis is
composed of five layers (stratum basale,
stratum  spinosum, stratum  granulosum,
stratum lucidum, which is absent in thin skin
type, and stratum corneum) from the
innermost up to the superficial layer,
respectively. The interdigitation of epidermis
with the dermis forms epidermal papillae and
dermal ridges throughout the basement
membrane. While the dermis is divided into
two layers of connective tissue, the upper
papillary layer, and the deeper layer, which is
the reticular layer that contains skin
appendages (hair follicles, sebaceous gland,
sweat gland, pili muscle, blood vessels, and
sensory corpuscles). Finally, the hypodermis,
which is the innermost layer beneath the
dermis that is known as the subcutaneous
fascia containing adipose tissue [25]

Wound healing stages

Wound healing represents a natural
morphogenic response involving inflammatory
cells, immune cells, and biochemical factors

gathering for recovering the skin layers
including cellular structure, restoring the
anatomical shape  and physiological

function [26, 27].

Wound healing stages was demonstrated in
Figure 1 as following: haemostasias, which
occurs immediately after the injury, followed
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by clot formation by triggering the release of
platelet granules. Then the inflammation phase
is triggered by inflammatory mediators, which
recruit polymorphonuclear cells in the wound
site. The proliferative phase occurs with the
formation of blood vessels, production of
fibroblasts and collagen deposition for
granulation tissue development and finally, the
remodeling phase in which granulation tissue
maturation occurs and replaced by similar or
close structure to the original tissue [26].

Growth factors and wound healing

Sebaceous

Platelet + Fibrin

Pibroblasts

Proliferation

Growth factors have a critical role in
improving the healing process. Epidermal
growth factor (EGF) and hepatocyte growth
factor (HGF) induce epithelial cells to grow,
proliferate and migrate [28, 29]. While
angiogenesis and vascularization processes are
enhanced by a vascular endothelial growth
factor (VEGF) and a platelet-derived growth
factor (PDGF) [30]. The role of various
growth factors included in wound healing
mechanism was described in Table 1.

Neutrophils

Macrophages

Sweet gland

Inflammation

Healed with matrix
remodeling

Remodeling

Fig. 1: Wound healing includes four stages, haemostasias, inflammation, proliferation and remodeling.

Table 1: Some important growth factors that play an essential role in wound healing.

Growth factor Function
EGF Stimulating fibroblasts proliferation, which responsible
for producing collagen and accelerating wound healing
[31, 32].
KGF Inducing keratinocyte growth [33].
TGF-B1 Inducing migration and growth of fibroblasts and
keratinocytes [34].

TGF-p2 Stimulating angiogenesis and vascularization [35].
HGF, TGF-B3 Enhancing healing progress and reducing scar
formation [36, 37].

VEGF Inducing angiogenesis [38].

PDGF Directing fibroblasts and macrophages to the wounded
region [39].

bFGF Enhancing and accelerate wound healing, promoting

collagen fibers deposition and extracellular matrix
remodeling [40].

Growth factors participate in wound healing; EGF: epidermal growth factor, KGF: keratinocyte growth factor, TGF-
fB: beta-transforming growth factor, HGF: hepatocyte growth factor, VEGF: vascular endothelial growth factor,
PDGF: platelet-derived growth factor and bFGF: basic fibroblast growth factor.
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Types of wounds

Wound degree could be acute such as burn,
abscess, unhealed surgical wound, open
wound trauma, or could be chronic wounds
such as diabetic ulcer, pressure ulcer, arterial
leg ulcer, and venous leg ulcer [41, 42].

According to Jeschke et al. [43], dermal
wounds can be classified based on the depth of
the wound into superficial in epidermis layer,
partially-thickness wounds up to the dermis,
deep partially-thickness wounds, and full-
thickness cutaneous wounds; the last type are
characterized by the full damage of the
epithelial layer. This type of wound heals by
contracting wound  edges and  re-
epithelialization, resulting in  functional
disorder and morphological distortion.

Acute wounds establish normal wound
healing stages, ended with a satisfied and well-
organized restoration of skin tissue layers [44].
In contrast, chronic wounds take a long time
for healing and might lead to healing disorder
[45]; therefore, the delayed healing makes
open wounds to be exposed to microbial
infection because the prolonged inflammatory
phase leads to interrupting the healing process
[46]. This results in a prolonged release of
inflammatory growth factors and cytokines
such as platelet-derived factors, transforming
growth factor-beta (TGF-p), interleukin-1
(IL-1B) and tumor necrosis factor a (TNFa),
which lead to an increase in proteases levels
more than the inhibitors, which by the way
lead to inflammation and proliferation delay
hence scar formation [47].

The prolonged inflammatory stage in
chronic wounds resulted in upregulation of the
inflammatory cells, which in turn raised the
reactive oxygen species (ROS) in the
extracellular matrix (ECM) of the wounded
tissue [45]. It was detected that when the
wound is combined with reduced immunity, it
may lead to bacterial infection, which affects
the healing quality by causing scar formation
and may be associated with severe pain.
Hence, a need for a therapeutic scaffold with
pain calming properties is desired [48].

It is necessary to modulate the environment
during healing stages to remain natural healing
process by controlling the interaction of
inflammatory cells, the extracellular matrix,

and the cytokines by applying dressings. This
prevents infections and dehydration, which
may be compatible with other topical
therapeutic agents [22, 49], such biological
materials  must be  non-toxic, non-
immunogenic, or do not induce inflammation,
and should be protectable against disease
transmission [50].

Kaasi et al. [51] reported that the maximum
wound size needed for spontaneous healing
and well-organized tissue regeneration without
special treatment is one cm in diameter, so it
was claimed that the wound measuring two cm
or more in diameter would need medical
curing.

In veterinary medicine, the wound healing
process is more complicated due to each
species has its special characteristics; wounds
in large animals such as horses, usually heal
more slowly with the development of
exuberant granulation tissue [52].

Stem cells as a promising technique for
organs relief

Stem cells can be extracted from bone
marrow stroma and other tissues such as
umbilical cord blood, adipose tissue, with
phenotypic heterogeneity [20, 21, 53].

Stem cells are characterized by self-renewal
and the ability to differentiate into specific
different types of cells, as the pluripotent stem
cells are considered one of the chief classes of
stem cells that can differentiate into any type
of cells including embryonic cells. While the
multipotent class of stem cells is restricted in
differentiation into limited types of adult cells
[54]. Multipotent stem cells exist in almost
tissues and have the potency to differentiate
into different types of cells [55].

It was found that umbilical cord blood is
rich in hematopoietic stem cells (HSCs),
which is characterized by less risk of human
leukocyte antigen (HLA) matching since these
cells can be cryopreserved for various future
needs such as transplantation. This is due to
special characteristics of umbilical cord blood
(UCB) stem cells that reduce the risk of graft-
versus-host-disease (GVHD) [56-59].

Mesenchymal stem cells (MSCs) are the
common source of multipotent cells and can
be derived from different tissues including
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bone marrow, umbilical cord blood, Wharton’s
jelly, bone, adipose tissue, and peripheral
blood. MSCs are characterized by plastic-
adherent ability when maintained in tissue
culture container, and are characterized by
specific surface cell markers CD105, CD90,
and CD73, while lacking surface markers of
CD45, CD34, CD14, CD11b, CD19, CD79,
and HLA-D. These cells are characterized by
the ability to differentiate into mesodermal
tissues such as adipose tissue, cartilage, bone,
and muscular tissue [60- 61].

Nakagawa et al. [62] reported that MSCs
could differentiate into neuronal-derived tissue
of the ectodermal origin, which is known as
the trans-differentiation phenomenon, where a
cell from one germ layer (mesodermal) tends
to differentiate  into  neuronal tissue
(ectodermal).

Stem cells applications in wound healing

MSCs have received considerable attention
for modulating wound repair in regenerative
medicine; these cells were to be applied in
tissue and organs restoration and curing of
GVHD and autoimmune diseases due to their
specific immune regulatory properties [63].

MSCs enhance the wound healing process,
even more, chronic wounds resulting from

diabetes mellitus, ischemia, or radiation
exposure [64].
It wasfound that inflammation and

oxidative stress generated during normal

wound healing attract mesenchymal stem cells
at the wound area and conduct to self-renewal;
proliferation and also support wound healing
through differentiation [65], re-
epithelialization, and tissue granulation, and
inducing vascularization [66]. It was found in
a previous study that human umbilical cord
blood (hUCB-MSCs) accelerated the healing
of diabetic wounds by stimulating
keratinocytes, fibroblast proliferation, and
neovascularization [67].

Stem cells applications in wound healing in
veterinary medicine

Spaas et al. [68] were the first who applied
peripheral blood stem cells isolated from horse
blood for treatment of adult horses with
wounds induced from three months without
any response to common therapies. After
injection with stem cells, tissue regeneration
was noticed within one month with the
formation of small scars in the center of the
wound and hair growth at the edges.

Also, it was reported that intradermal
injection of allogeneic MSC in the canine
model accelerated the closure of full-thickness
cutaneous wounds with increased cellular
proliferation, angiogenesis, and decrease
inflammatory response [69]. In recent few
years, a progress in stem cells applications in
veterinary medicine for wound therapy in
different large animals was noticed as
summarized in Table 2.

Table 2: Applications of different sources of stem cells in wound healing in different experimental large

animals.

Concept

Animal model

MSCs derived from fetal origin amniotic fluid and adult bone marrow for treatment full-

thickness wound [70].

MSCs isolated from peripheral blood applied for healing full-thickness wound [71].

ADSCs improved healing of full-thickness wound [72].

MSCs derived from bone marrow, attenuated hypertrophic scar formation in full-thickness

wound in ear skin [73].

Allogenic MSCs extracted from adipose tissue for treatment of chronic cutaneous wound

[74].

MSCs isolated from umbilical cord for treatment forelimb and thorax full-thickness wound

[75].

Capra hircus (goat)

Bergamasca sheep

Yorkshire pigs
Rabbit

Canine (dog)

Equine

MSCs: Mesenchymal stem cells; ADSCs: Adipose-derived stem cells.
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Biological membranes, skin substitutes, and
scaffolds

Biological membranes are biomaterials of a
polymeric nature that cover wounds to assist in
the acceleration of wound healing, which gives
mechanically protection and functionally
replaces the damaged skin permanently or
temporarily [76].

Skin substitute biological materials are
commonly identified by various terms, such as
biological skin substitutes, skin substitute, bio-
engineered skin, tissue-engineered skin, bio-
constructs, living dermal replacements,
artificial skin [77], and scaffolds; these are
applied in vivo for tissue or organs
regeneration. The polymeric type of the
substitute or the scaffold can be natural,
synthetic or semi-synthetic. The type and
structural properties of the substitute such as
biodegradation  rate, permeability, and
temporary mechanical support influence tissue

regeneration rate by regulating cellular
behavior [78].
Various techniques for scaffold

manufacturing: classical methods and up-
to-dates

Various wound dressings were developed
based on synthetic or natural polymers such as
chitosan, cellulose, and collagen [22, 23]. Here
we are going to describe in brief some
scaffolding techniques with different resulted
specific characteristics.

a) Solvent casting or salt leaching

This method is considered as a classic
technique for scaffolding. It depends on salt or
progens dispersion into a polymer solution
then left till solidification or cross-linked, and
then desolating the salt or progen, resulting in
a foam-like  structure  with irregular
arrangement pores and irregular microstructure
with pore size range from 50 to 600um; the
polymer must be non-toxic for cells [79].

b) Gas foaming

The gas foaming technique is established
by adding a foaming agent as sodium
bicarbonate, into the polymer solution, then
processed under high pressure to release
resulting gases and lyophilized [80]. This
technique was previously applied with stem

cells for bone regeneration with satisfying
results [81].

c) Melt molding

This technique depends on mixing the
polymer powder especially poly lactic glycolic
acid (PLGA) with gelatin microspheres under
heating conditions then the mold is placed in
water for dissolving gelatin spheres. This
resulted in a porous structure with irregular
pores size according to the size of the
microspheres, and the use of toxic solvent is
prevented to avoid cells death [82].

d) Freeze-drying

The polymer solution was frozen then
applied in freeze dryer to remove ice crystals
through sublimation process under high
pressure, leaving the porous spongy 3D
structure; this was is called the lyophilization
process. This method was applied in several
studies due to the ability to control porosity by
controlling the freezing temperature and
polymer concentration [83, 84].

e) Electrospinning

The concept of this technique depends on
the application of electrostatic power (10-
40kV) to the polymer solution in a syringe-like
instrument with a nozzle for forcing the
ionized polymer solution to pass through the
nozzle. Thereafter, it is precipitated on an
aluminum membrane to form a 3D woven
fibers structure in nanometric scale or
micrometric scale according to the voltage
used and polymer concentration [85, 86].

f) Three-dimensional
technology

printing

Three-dimensional printing technology was
developed for scaffolding by different
techniques, such as stereolithography and
rapid prototyping where their scientific
concept applied on the deposition of a thin
layer on the polymer over each other than
solidified by the ultraviolet [87, 88]. This
technique was modified in a particular
selective laser sintering to manufacture a 3D
structure by application of a powerful laser to
polymer powder [87]. 3D printing is the latest
technology in tissue engineering, using a
modified inkjet printer for regeneration of the
full-thickness skin in mice tissue by applying
fibroblasts and keratinocytes in the inkjet
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printer [89] and also stem cells derived from
amniotic fluid with the aid of specific software
[90].

Tissue-engineered skin application for
wound healing
A combination of MSCs  with

biodegradable scaffolds or membranes resulted
in a progressive decrease in wound size, highly
increased vascularity, and dermal thickness in
chronic ulcers [91].

The biomaterial for skin regeneration
should be biodegradable, with similar physical
and mechanical properties, and supportable for
normal tissue reconstruction and should be
analgesic,  antimicrobial, and  prevent
dehydration of tissue fluid, and heat regulation

o —
.»,

Stem cells isolation

Healed skin

in the wound region. It is important to possess
a long shelf life, cost-effective, the mechanical
stability of scaffold structure is important for

maintaining  cellular  proliferation  and
differentiation [92, 93].
Several previous studies demonstrated

different types of scaffolds and cells for
wound healing as shown in Figure 2. It was
found that nanofiber scaffold cultured with
UCB-MSCs in mice facilitated wound healing
ability [94].

A naturally derived chitosan bilayer porous
biopolymer scaffold has been developed for
skin tissue engineering with pore sizes ranging
from 50 to 150 um. It was biocompatible, as it
induced neither cytotoxicity nor irritation [95].

Scaffold

Wounded Rat implanted with tissue
engineered skin

Figure 2: Skin engineering required several steps, the isolated cells cultured in the scaffold then implanted in the
wounded region for accelerating wound healing and mimicking natural skin regeneration.

Skin engineering applications in veterinary
medicine

In the veterinary field, biological
membranes showed an important technical
feature, as they can be used in non-clinical
conditions [96].

The application of collagen bio-membrane
was reported in groups of skin wounded cats
and dogs with different causes for skin injury,
such as burns, surgical excisions, and traumas.

The wounds were of second or third-degree
burns, which are extending into the dermis or
subcutaneous layers of the skin. The treatment
with collagen bio-membrane resulted in
acceleration of wound healing about three
times more than the non-treated wound [51].
In addition, Kawamoto et al. [97] fabricated a
novel three-dimensional scaffold of collagen
and graphene oxide for wound healing in the
dogs.
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Chitosan and chitosan derivatives

applications

Chitosan is a polysaccharide glucose amine
polymer derived from the alkaline
deacetylation of chitin and this is the second
most abundant biopolymer after cellulose [98,
99]. Crustaceans are considered as the main
sources of chitosan then insects, and the cell
wall of fungi [24]. Chitosan has a good
solubilization rate, which allows for producing
various pharmaceutical formulations such as
films, powders, hydrogels, pastes, or
membranes [100, 101]. Chitosan was extracted
from two different sources, one from chitin
from shrimp shells, and the other was from a
Desert Locust. The study observed higher
efficiency in healing for chitosan extracted
from Desert Locust in contrast, minimal
healing was observed in the control group in
the same time [24].

Chitosan is considered an inexpensive
product; it has good antimicrobial, anti-
inflammatory,  analgesic, and  healing
activities, especially in cutaneous wounds [99,
101]. Chitosan has an analgesic effect when
applied to an open wound by blocking the
nerve endings and providing a calming effect.
In addition, chitosan triggers clotting by
binding to erythrocytes, stimulating the
secretion of platelet-derived growth factor
(PDGF) and transforming growth factor (TGF)
[102].

Chitosan approaches in wound healing

Several previous studies documented that
chitosan prevented wound infection during
wound repair, as well as many other
advantages such as an analgesic effect and
hemostatic activity [100]. Mezzana et al.
[103] studied the cytotoxicity of chitosan
hydrogel and found that the by-products
yielded after degradation are non-cytotoxic
and enhance cellular adhesion and
proliferation. In addition, chitosan could be
manufactured in different forms for wound
healing. It could be wused as scaffolds,
nanofibers, filaments, membranes, powders,
gels, granules, sponges, or as a composite.
Moreover, chitosan is characterized by
activation of the polymorphonuclear cell
(PMN) and fibroblasts, enhance the migration
of giant cells, production of cytokines, and
simulation of collagen IV synthesis, which led

to granulation tissue organization and reducing
in the number of inflammatory cells especially
in the chronic wound regions [103]. Chitosan
with a high degree of deacetylation (DDA) of
> 89% strongly stimulating fibroblasts
proliferation more than chitosan with lower
DDA, as chitosan induces early collagen
deposition in wounds induced in rats [104].

Histological examination confirmed that the
epithelialization rate was increased and the
deposition of collagen in the dermis was well
organized by covering the wounds with
chitosan [105]. Various animal studies on
using chitosan to treat or prevent different
types of wound infection had been carried out.
Jayakumar et al. [16] detected that chitosan
rapidly killed the microbial cells in wounds
and reduced the mortality of the animals in
cases of severe infections. Moreover, chitosan
sponge was preferred to be applied for wound
healing because they can absorb exudates
resulting from the wound and promoting tissue
regeneration since the structure of spongy
scaffold with open interconnected micro-pores
can absorb high amounts of fluids more than
twenty folds, which offer well cell interaction,
and keep scaffold flexibility [16].

Future directions in MSCs therapies

In recent previous few years, the future
research direction reported several studies held
and indicated a new concept which illustrating
MSCs therapeutic mechanism depending on
the MSCs extracellular vesicles (exosomes)
throughout local paracrine that trigger
migration and direction of MSCs into the
injured tissues [106, 107]. Chuo et al. [108]
reported that exosomes derived from MSCs
release specific regenerative factors, which
induce cell proliferation, stimuli immune
responses, and promote angiogenesis. The
direction of current research towards
investigations of MSCs derived exosomes in
different therapeutic aspects, due to the cell
senescence during in vitro preparations and
storage limitations leading to cellular loss and
decreasing viability, which considered as a
critical clinical challenge for therapeutic
applications of MSCs [109].

Conclusion

Since the umbilical cord is considered as
medical waste, as well as crustaceans shells
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results in a huge amount of waste. Science
investigated those waste products as an
applicable source for which considered a jump
in regenerative medicine. This is because
MSCs could be cultured in living body,
differentiate spontaneously into the targeted
cells, and regenerate the damaged tissue
without rejection complications. Hence, MSCs
is considered as a safe way for damaged tissue
treatment, while chitosan is a versatile and
multi-applicable natural product in the medical
field, agriculture, and industry. The
combination between chitosan, which is a
waste product from crustacean shells, and
MSCs extracted from umbilical cord blood
resemble a low cost and very available source
for tissue engineering applications by the
manufacturing of artificial organs to be applied
in therapies of organs transplantation fields,
especially in our research in treatment of
wound healing complications.
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