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44.1 Introduction

Normal skin regenerates epidermis injury by
stem cells present in basal layer of epidermis [1].
In case of severe deep injury, self-renewal ability
is limited and a surgical intervention is needed.
Split-thickness grafts are the standard permanent
surgical treatment in case of deep wounds or
burns; however, skin grafts can be utilized only in
small areas of damaged skin. Autografts can be
associated with surgical complications such as
infections, scarring, and poor esthetic outcomes
[2]. In large skin injuries, allografts are a suitable
option but can be rejected due to the graft immu-
nogenicity [3].

Skin substitutes were introduced as an effec-
tive therapy to reduce skin grafts complications.
Bioengineered skin substitutes are advanced
medical devices, developed by a cooperation of a
multidisciplinary scientists and physician teams
[4]. Tissue engineering was described firstly in
1993 and genetically modified substitutes were
introduced in 2005 [5, 6]. The aim for appropri-
ate skin substitute is to heal or regenerate the
wound maintaining the function and structure of
normal skin. Skin equivalents should meet some
essential criteria: protective function, promoting
biological reactions, cost-effectiveness, minimiz-
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ing adverse events like toxicity and immunoge-
nicity. The skin equivalents structure should be
biodegradable, biocompatible, durable, mallea-
ble, flexible and provide an ideal environment for
cell proliferation, differentiation, migration, and
neovascularization [7, 8].

44.2 C(Classifications

Tissue-engineered skin substitutes can be classi-
fied using the biomaterial type, the scaffold
architecture, the content of cells and growth fac-
tors, and the substitute anatomical structure [9].

44.2.1 Biomaterial Type and Scaffold
Architecture

The biomaterial type can be biological (autolo-
gous, allogeneic, or xenogeneic) or synthetic
(biodegradable or non-biodegradable). In biolog-
ical biomaterial, the transmission risk of infec-
tious diseases should be evaluated.

Scaffolds are extracellular matrix analogs
with a tridimensional structure. The composition
includes natural, synthetic, or composite (the
combination of natural and synthetic) biomateri-
als. The scaffolds contribute to cell adhesion,
proliferation, differentiation, and neovasculariza-
tion [9]. Collagen, gelatin, elastin, hyaluronic
acid, chitosan, fibronectin, fibrin, pullulan,
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alginate, and laminin are the most commonly
biocompatible materials utilized as natural scaf-
folds in skin tissue engineering. Hydrocarbons
are the components of synthetic biomaterials
including polyhydroxyortho esters (POE), poly-
lactic acid (PLA), polylactic-co-glycolic acid
(PLGA), polyethylene glycol (PEG), poly-e-cap-
rolactone (PCL), poly-b-hydroxybutyrate (PHB),
poly vinyl alcohol (PVA), and polyurethane (PU).
Ideal tissue-engineered skin scaffold should
mimic the structure and function of the skin. The
combination of biocompatible natural structures
and mechanical resistance of synthetic polymers
shows the most efficient properties [10]. Some
example of composite scaffolds characterized by
a wide variety of materials are PLLA—collagen,
poly ethylene oxide—chitosan, carboxyethyl chi-
tosan/PVA, chitosan/collagen/PEO, and PCL-
collagen [11].

Scaffolds should have a solid 3D structure and
an appropriate pore size. 100 pm pores are ideal
to support cell migration and transportation.
Pores larger than 300 pm can increase capillary
formation and angiogenesis [12].

44.2.2 Growth Factors

Growth factors are necessary to create function-
ally advanced skin substitutes.

Growth factors like epidermal growth factor
(EGF), fibroblast growth factor (FGF), trans-
forming growth factor TGF-o/TGFp, vascular
endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), interleukin-1 (IL-
1), interleukin-6 (IL-6), and interleukin-8 (IL-8)
stimulate healing processes, cell migration and
proliferation, neovascularization and reduce
fibrosis and scars formation [9].

44.2.3 Cells

Different cell types are involved in the skin nor-
mal function such as keratinocytes, melanocytes,
fibroblasts, endothelial cells, Langerhans cells,
Merkel cells, and adipocytes that produce ECM
and a variety of growth factors [13].

Fibroblasts are the most important cells of the
dermis involved in a variety of functions: colla-
gen and fibronectin formation, release of angio-
genic agents, and stimulation of endothelial cells
[14]. Papillary fibroblasts control keratinocyte
migration and proliferation with keratinocyte
growth factor (KGF) [15].

Keratinocytes are the main cells in skin epi-
dermal layer that have principal roles in epitheli-
alization process and they secrete pro-angiogenic
growth factors VEGF and PDGF [16].

Melanocytes are located in the basal layer of
the epidermis and are necessary for skin pigmen-
tation in normal skin and to avoid hypopigmenta-
tion in skin equivalents [17].

Macrophages remove damaged matrix, release
growth factors and cytokines, promote angiogen-
esis [18] but can cause hypertrophic scarring also
in skin substitutes [19].

Langerhans cells are located in epidermis lay-
ers and are involved in processing and presenting
antigens to T lymphocyte of immune system. In
skin substitutes, they control skin immune
response and immune rejection.

Endothelial cells are the most important cells
of blood and lymphatic vessels. Using these cells
in 3D scaffold can accelerate blood capillary for-
mation and lymphatic drainage [20].

44.2.4 Cellular and Acellular Skin
Substitutes

Skin substitutes can be divided in two distinct
groups including either synthetic acellular mate-
rials or natural with different cell types and can
be utilized as temporary or permanent wound
dressing [21].

Acellular substitutes are used as protections
and temporary coverage against environmental
contamination and fluid loss and they can include
dermal matrix components, cytokines, and
growth factors to promote wound healing [22].
Acellular substitutes include a nylon mesh or col-
lagen as dermis and silicon membrane as epider-
mis. The cellular substitutes are composed of one
or two layers of scaffold (mesh or 3D matrix),
with autologous or allogeneic cells. The majority
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of skin substitutes contain only fibroblasts and
keratinocytes. Warm/hot sensation, immune reg-
ulation, pressure sensation, and pigmentation are
altered due to the absence of immune cells, mela-
nocytes, and nerve cells.

Cellular skin substitutes stimulate the healing
process with complete restoration of damaged
tissue and reduce the graft rejection [23, 24].

Two main types of cellular autologous skin
substitutes are available: cultured epithelial auto-
graft (CEA) and cultured skin substitutes (CSS)
[8]. Biomaterial can be natural (collagen, chito-
san, HA) and synthetic (PEG, PLA, PLGA and
their combinations) [25]. CEAs are cultured
autologous keratinocytes obtained from patient’s
skin biopsy or from cadaveric skin [26].
Epidermis is separated from dermis and then
keratinocytes are enzymatically isolated and cul-
tured in vitro [27]. Possible complications are
scar formation, contraction, and hyperkeratosis
and incomplete healing of deeper wounds.
Autologous keratinocytes suspension can be
directly sprayed on the wound injury [28]. CSS is
an autologous bilayered skin substitute suitable
for permanent wound coverage but is time-
consuming and expensive [8].

44.2.5 Anatomical Structure
of Substitutes

The structure of the substitutes is similar to the
anatomy of the skin, which is composed by three
layers: avascular epidermis, vascularized der-
mis, and hypodermis [29]. The skin substitute
can serve as a replacement for epidermal, der-
mal, or composite bilayer dermoepidermal tis-
sues [13]. Epidermal substitutes are utilized in
superficial wounds and second degree burns. The
possible limitations are the high costs, fragility,
long preparation, and poor esthetic outcomes
[23, 30].

Dermal substitutes can be cellular or acellular
and have allogeneic, xenogeneic, or synthetic ori-
gin [21]. The first step of a dermal substitute is to
provide a dermis-like structure that is replaced by
fibroblasts, endothelial cells, and inflammatory

cells. The scaffolds are engineered to support cell
growth, migration, revascularization, and neoder-
mis formation. Neodermis (new cells and vascu-
larization) is formed in 3 to 4 weeks after grafting
[31]. Secondly the substitute can be covered by
skin grafts or different tissue-engineered skin
substitutes [20]. Dermal substitutes are not
always cost-effective procedure and can be asso-
ciated with pain and complications [32].
Dermoepidermal (composite) substitutes were
manufactured since 1990 by association of epi-
dermal and dermal layers and are indicated for
full thickness wounds [33]. An ideal dermoepi-
dermal skin substitute provides a suitable skin
barrier and is non-immunogenic. The bilayered
skin analogs contain autologous or allogeneic
keratinocytes and fibroblasts seeded on 3D scaf-
folds and are indicated for temporary use [34].
Autologous cells are obtained from skin biopsy
after 4 weeks of cultivation and insert to collagen-
GAG based structure [35]. The possible compli-
cations are poor elasticity, graft contraction, and
alteration of pigmentation [13].

44.3 Commercially Available Skin
Substitutes

44.3.1 Epidermal Substitutes

BioSeed-S® is autologous keratinocytes re-
suspended in an allogeneic fibrin sealant [21].

CellSpray is a suspension of non-cultured
autologous keratinocytes [27].

EpiDex is a CEA composed by autologous
keratinocytes derived from hair follicles and sili-
cone membranes [13].

Epicel® is composed by autologous keratino-
cyte sheets attached and petrolatum gauze sup-
port. It was the first CEA autologous skin
substitute to become commercially available
[36]. 3 to 4 cm? of donor skin are expanded to
5000- to 10,000-folds in 3—4 weeks. The petrola-
tum gauze support is removed one week after
Epicel transplantation [37].

MySkin™ is composed by autologous kerati-
nocytes with a synthetic silicone layer [27].
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44.3.2 Dermal Substitutes

Alloderm® is an acellular poor immunogenic
cadaveric dermal substitute, composed of a col-
lagen scaffold. The scaffold allows the migration
of fibroblasts and endothelial cells and can be
covered by thin grafts [38].

Biobrane® is an acellular synthetic bilayer
skin substitute composed of dermal layer of por-
cine collagen type I around a 3D nylon filament
and an epidermal layer of thin semipermeable
silicone film. Biobrane® is utilized as temporary
coverage in pediatric and adult wounds [39].

Dermagraft™ is a monolayer allogenic der-
mal equivalent formed by culturing human fibro-
blasts in polyglactin mesh scaffold. The
fibroblasts produce dermal matrix proteins, col-
lagen, growth factors, and cytokines. The indica-
tions are chronic wounds and in particular
diabetic foot ulcers [27].

GraftJacket is a cellular cryopreserved allo-
genic dermal collagen [40].

Integra™ is an acellular non-immunogenic
dermal substitute contained a dermal layer of
porous crosslinked bovine collagen and
chondroitin-6-sulfate GAG and an epidermal
layer of synthetic silicone polymer. The silicon
layer provides a temporary coverage of the
wound and can be covered secondly by a thin
autograft. The dermal scaffold allows the migra-
tion of dermal cells such as fibroblasts and other
cells that synthesize endogenous matrix compo-
nents [41, 42].

Matriderm® is an acellular bovine collagen
type I matrix and a-elastin hydrolysate lyophi-
lized dermis [39].

TransCyte is a porcine dermal type I collagen
coated with bio-absorbable polyglactin and with
a silicone film, covered to nylon mesh containing
allogenic neonatal foreskin fibroblasts [40].

44.3.3 Dermoepidermal (Composite)
Substitutes

Apligraf ™ is a bilayer allogenic skin equivalent
composed by epidermal and dermal equivalent
layers. The dermal layer is formed by culturing

human neonatal fibroblasts and bovine collagen I
and provides matrix proteins, growth factors, and
cytokines. The epidermal layer is composed by
human neonatal keratinocytes cultured on top of
the dermal layer and secondly incubating the
bilayer substrate in an air-liquid interface to
induce keratinocyte cornification [29].

OrCel™ is a bilayer substitute composed of
bovine type I collagen matrix, fibroblasts, and
cultured neonatal keratinocytes. Fibroblasts
release cytokines and growth factors like TGF-a,
fibroblast growth factor-1 (FGF-1), and keratino-
cyte release growth factor-1 (KGF-1, 43).

PolyActive: It is a synthetic polyethylene
oxide terephthalate and polybutylene terephthal-
ate (PEO/PBT) scaffold with fibroblast and
autologous keratinocytes [15, 22].

TissueTech Autograft System (Laserskin
and Hyalograft 3D): Hyalograft® is a dermal
substitute, Composed by hyaluronic acid mem-
brane and autologous fibroblasts. Laserskin is
an epidermal substitute of autologous keratino-
cytes [43].

Tiscover™ (A-Skin) is an autologous full
thickness cultured skin, composed of a pigmented
epidermis on fibroblast dermis [23].

44.4 Conclusions

The function of skin substitutes is to regenerate
partial or full thickness wounds and can be used
as temporary or definitive coverage. They can be
composed by different biomaterial, scaffolds,
cells, and growth factors. Bioactive living cells
produce growth factors and cytokines that help
recruit host cells into the matrix. The process is
often time-consuming and can take about
3—4 weeks in composite substitutes. The possi-
ble limitations are scar formation, poor integ-
rity, and high price [44]. Cost analyses showed
that despite high initial costs, skin substitutes
can improve wound healing and reduce morbid-
ity, compared with standard therapy [45, 46].
Innovations in cell tissue culture approaches
and large-scale production will reduce in the
future the cost and will produce higher quality
skin analogs [47].
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