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Development and introduction of new biotechnological analogues (equivalents) of tissues and organs into clinical practice, such as
human skin equivalents (SE), designed for temporal or permanent replacement of damaged or destroyed tissue, remains an urgent problem
of regenerative medicine. Currently, full-thickness SE as well as separate skin layers, which include living cells of different types, are being
created and investigated. Since the ideal skin substitutes have not been created, the efforts of researchers in many countries are aimed at
solving this problem.

In our review, we present a comparative analysis of existing SE, both commercial and those being at the stage of preclinical study,
analyze their structure and feasibility of application for solving experimental and clinical tasks. Characteristics of the three main variants of
SE have also been considered. Examples of stem cell application for creation of skin equivalents have been given. The main advantages of

using stem cells as a cell component of skin equivalents have been described.
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Skin is the largest organ of mammals serving as
a barrier at the interface between the human body
and environment. Due to its boundary location, the
skin is constantly affected by potentially detrimental
microbiological, thermal, mechanical and chemical
factors [1]. When skin is damaged, restoration of
the barrier properties becomes the main task of the
organism, which is primarily associated with the partial
or full regeneration of the skin structure, as the structure
and function of this organ are closely interconnected [2].

Impairment of the normal biological reaction to
the skin injury due to a disease, trauma or operation
inevitably leads to significant complications. Wound
healing is an extremely complex process and, in
case of chronic wounds, is often multifactorial [3].
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A regenerative capacity in humans is greatly limited: in
contrast to animals, the integument cannot recover by
primary intention, and marginal epithelization is difficult.
Currently, incomplete understanding of molecular,
cellular, and physiological mechanisms regulating
wound healing is often the cause of disappointing results
of treatment.

The most important and quickly developing direction
of the present regenerative medicine is application of
cellular technologies in the treatment of acute and chronic
wounds, diabetic ulcers, burns. The task of the cellular
technologies, in this case, is not only to transplant living
cells in the defect area but fully restore the structure and
function of the skin, stimulate regenerative processes
and create micro-environment to realize the potential
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of patient's own tissues and cells. Methods of tissue
engineering are used for solving these tasks.

The main trends in tissue engineering are isolation
and growth of cell and tissue cultures in vitro,
investigation of the stem cell properties, the role of
defect microenvironment, as well as feasibility of using
biologically compatible synthetic materials. The works
in this direction resulted in creation of histotypical
or functional analogues (equivalents) of tissue and
organs, such as, for example, human skin equivalents
(SE). Such equivalents are already being employed
for studying and modeling the biological processes.
Besides, they are also being applied in clinical practice
to speed up the healing of acute and chronic wounds,
and in pharmaceutical investigations as test-systems.

The structure of skin equivalents

Human skin equivalents are bioengineered constructs,
skin substitutes, consisting of a cellular component,
i.e. cultured human skin cells, and a substrate (matrix,
scaffold), being an analogue of the extracellular matrix [4].

The majority of tissue-engineered substitutes of a
living skin are created by culturing the skin cells in the
laboratory and combining them with a scaffold. SE
are used to restore the structure and, consequently,
the barrier function of the skin (the main goal of burn
patient treatment), and for the initiation of wound healing
(in chronic non-healing wounds). Employment of SE
hastens wound healing, reduces a pain syndrome,
inflammation, and prevent formation of scars,
contracture or pigment defects [4].

The main requirements to SE are their biological
and toxicological safety, efficacy, and absence of
immunogenicity. It is important to take into consideration
that any cellular material bears a risk of viral, bacterial
or other infection, and scaffolds may be individually
intolerant for patients or cause a strong inflammatory
reaction.

Besides, it is desirable for SE to be biodegradable
and to promote regeneration of the normal tissue with
similar physical and mechanical properties inherent
to the replaced human skin. Of great importance is
also economic efficiency of biomaterial production, its
availability and a long storage life [2, 5].

A cellular component

Fibroblasts and keratinocytes are the dominant types
of cells in the mammalian skin. Accordingly, in the vast
majority of investigations on wound healing one or both
types of these cells is used as a cellular SE component.

Epidermal keratinocytes represent the main part
of the skin cells. During keratinization, synthesis of
special proteins takes place in them: acidic and alkaline
types of keratins, filaggrin, involucrin, keratolinin and
others, resistant to mechanical and chemical actions
[6, 7]. Keratinocytes of the basal layer are capable of
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active division, and as differentiation proceeds, the
cells move from the basal layer to the superficial skin
layers. So, every 3—4 weeks, the epidermis is renewed
(physiologically regenerated) [8, 9].

The first keratinocyte culture was obtained in 1975
by Reinwatd and Green [10]. Initially, the keratinocytes
were cultured using feeder cells — murine fibroblasts of
3T3 Swiss line. Further on, feeder cells were replaced by
adding growth factors and extracellular matrix proteins to
the culture medium. Some of them turned out to facilitate
keratinocyte growth, and could be used as substrates for
culturing [11-13].

Dermal fibroblasts represent heterogeneous cell
population of mesenchymal type, and play a key role
in regulation of cell interactions and maintenance
of skin homeostasis. Dermal fibroblasts produce all
main components of intercellular matrix: collagen,
glycosaminoglycans, proteoglycans, and are also
responsible for the continuous process of matrix
remodeling [14]. Owing to these properties fibroblasts
are widely used for SE creation.

Melanocytes are one more numerous type of human
skin cells, an average number of which in relation to
keratinocytes in the epidermis amounts to 1:36. In a
human, epidermal melanocytes form a structural and
functional epidermal unit in the complex with the cells of
the basal and spinous layers of epidermis, keratinocytes.
By way of phagocytosis, these keratinocytes capture
melanosomes, synthesized by melanocytes, and
regulate thereby the speed of melanin synthesis,
the main pigment of the human skin, which provides
photoprotection of the skin from harmful sun radiation
[15]. Because of the uniqueness of these -cells,
melanocytes are used for creation of pigmented SE,
which are the model for investigating the regulation
of the skin pigment system work and mechanisms of
photoprotection from detrimental ultraviolet radiation
[16]. This type of cells may be also used to impart
pigmentation to SE. However, a high liability of the
melanoblasts to tumor formation should be taken into
account (melanomas).

Investigations on creation of prevascularized SE via
introduction of endothelial cells within its structure can
be found in the literature. In 2014 there was published a
work, in which a population of endothelial cells isolated
from a stromal vascular fraction of the adipose tissue
and cultured in the gel consisting of the collagen and
fibrin, was used for creation of the model of a full-layer
SE [17]. At the same time, a group of scientists under
the guidance of Marino [18] obtained a full-layer SE from
the cultures of dermal microvascular endothelial cells of
the human foreskin immersed in the three-dimensional
gel. Such cultures were composed of the mixture of
the lymphatic and endothelial cells of blood vessels.
Owing to this in vitro formation of functional blood and
lymphatic capillaries in the hydrogel were observed.
Further on, SE-containing keratinocytes, fibroblasts and
rudimental vascular network in the gel were transplanted
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on the artificially simulated wound of immunodeficient
rats. As a result, both teams of authors report positive
effects observed after transplantations of these SEs: in
the in vivo equivalent such layers as stratified epidermis
and vascularized derma are formed, formation of
anastomoses with the recipient vessels during four days
is observed. Equivalent contraction was absent owing,
most likely, to effective blood supply and substantially
rapid establishment of epidermal homeostasis.

One more concurrently evolving direction of
developing tissue-engineered constructions is
application of stem cells (SCs). These cells are
characterized by the capacity of a long-term self-
renewing, and differentiation into tissue-specific cells
by asymmetric division [19, 20]. It is this ability of
differentiation into the cells of various tissue types that
can help solving the problem with creation of such
skin components, which are absent in the traditional
equivalents and, thereby, improve their efficacy [21].

Immunocompetent cells are known to penetrate
via blood in the wound area during the inflammatory
phase of wound healing. There also exist data that
bone marrow SCs are present in the wound bed either
[22, 23]. Besides, heavy trauma was shown to result in
the increase of circulating SCs [24]. This phenomenon
was also confirmed in the experiments with simulated
injuries of various tissues. For example, Badiavas et
al. [25] used a model of the skin wound in mice, which
were transplanted a bone marrow labeled with a green
fluorescent protein (GFP). They found GFP-labeled
cells, which were differentiating into tissue-specific skin
cells, in the wound area. In the similar experiments of
Fathke et al. [26], bone marrow SCs are reported to
promote restoration of dermal fibroblast population in
skin damage. Such data testify the importance of SCs
migration in the process of wound healing, which is not
yet fully studied and demands further exploration.

Development of methods of trauma treatment and
wound healing using SCs is mainly associated with SCs
of adults, in particular, with multipotent stromal cells
or, as they are also called, mesenchymal stem cells
(MSCs). MSCs are of great importance for regenerative
medicine not only because of their multipotency, trophic
and immunomodulating properties but owing to their
stability during cultivation as well [27].

In in vitro studies, MSCs have demonstrated a number
of properties, which can facilitate tissue regeneration
and even accelerate this process, including synthesis
of some growth factors, cytokines, collagen and matrix
metalloproteinases, angiogenic factors [26, 28, 29].
Besides, they are capable of providing migration of other
skin cells such as keratinocytes [30].

Preclinical and clinical studies of MSCs effect on
tissue regeneration and wound healing showed a good
result. Thus, in one investigation the authors studied
the impact of bone marrow, placed on the collagen
matrix, on the wound healing in mice. As a result of their
research work, a substantial increase of angiogenesis
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has been found [31]. In the work of Falanga et al. [32]
a variant of this approach was applied consisting in
the use of polymer fibrin spray with autologous MSCs,
obtained from the bone marrow aspirate, to speed up
healing of acute and non-healing skin wounds in mice,
and thereafter in humans. Such approach represents
one more optional version of introducing cells into the
wound area. Badiavas and Falanga [33] published the
clinical results with application of autologous bone
marrow cells used for healing chronic skin wounds in
three patients resistant to standard therapy for more than
a year. Several days after cell introduction, improvement
of wound condition was observed in all patients, showing
a stable reduction of the wound size, increase of the
dermal layer thickness and wound vascularization.
Another investigation of diabetic foot chronic ulcers [34]
included 29-day treatment using a transplant composed
of autologous dermal fibroblasts in combination with
autologous MSCs inoculated on biodegradable collagen
substrates, which were applied directly on the wound,
injections of cell suspension to the wound margins were
also made on days 1, 7 and 17. As a result, diminishing
of the wound size, and increase of derma thickness
and vascularization were observed. Yoshikawa et al.
[35] employed autologous bone marrow MSCs to treat
20 patients with diverse non-healing wounds (burns,
lower limb ulcers, and pressure sores) with or without
autologous skin transplantation. In 18 of patients
wounds healed completely, and histological examination
showed that addition of MSCs contributed to more rapid
regeneration of the native tissue.

The results of MSCs application are fascinating, but
this approach to therapy requires, as a rule, a large
quantity of cellular material. It is not a problem if small
wounds are to be treated but it may become a challenge
in case of vast injury treatment.

Another type of cells can also be considered as one
of the SC components, i.e. dermal papilla (DP) cells,
which are a part of the skin hair follicles. These cells are
known to be one of the main cellular population of the
hair follicle determining its viability and functionality. For
the previous 20 years it has been found that the main
property and chief biological role of DP cells are their
ability to induce and regulate morphogenesis of a hair
follicle [36]. However, findings of the investigation [37]
demonstrated that DP are capable of differentiating in
osteogenic and adipogenic direction, therefore, they may
be referred to the classical mesenchymal fibroblast-like
cells with special functions. It is the reference of DP cells
to MSCs gives grounds to suggest that a skin equivalent
containing DP cells will speed up neoangiogenesis,
remodeling of extracellular matrix, formation of
granulation tissue and skin regeneration. This is proved
by the results presented in the work of Leirés et al.
[38]. The researchers created SE, in which they used
only SCs of hair follicles or SCs hair follicle together
with human DC cells as a cellular component. After
transplantation of SE to immunocompromised mice,
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they assessed the structure of the tissue-engineered
skin, SCs survival, hair follicle regeneration and graft
take. Presence of DP cells was shown to facilitate
formation of more structured, multilayer, stratified
epidermis with basal p63-positive cells and crests more
exactly mimicking the normal skin architecture. Besides,
presence of DP cells in SE contributes not only to a
good graft take and its remodeling after transplantation
but also to formation of new vessels and maturation of
the nonvascular network, which leads to the reduction
of the inflammatory process, effective healing with less
scarring and wound contraction. Interestingly, that only
DP-containing constructs showed rudiments of hairs,
precursors of epithelial cells, and expression of the
hair differentiation marker. Thus, these results have
assessed the important role of DP cells in the correct
skin repair.

Works are actively being carried out to study the
application of induced pluripotent stem cells (iPSCs) as
an alternative cell component.

Investigations of recent years have shown that
usage of iPSCs makes it possible to obtain effective
tissue-engineered products for regenerative medicine
including treatment skin wounds [39]. A good illustration
is the work of ltoch et al. [40] in which they elaborated
a protocol of IPSCs differentiation into keratinocytes
and dermal fibroblasts to be used in the treatment of
recessive dystrophic epidermolysis bullosa. Besides,
they created 3D equivalents of human skin consisting of
keratinocytes and fibroblasts obtained from iPSCs only.
Gledhill et al. [41] reported in their work the creation of
functioning pigmented 3D skin equivalent composed
of differentiated derivatives of iPSCs (keratinocytes,
fibroblasts, melanocytes) and containing functional
epidermal melanin units. For the first time, the process
of melanin synthesis by IPSCs derivatives was
described, as well as the process of melanin transferring
between melanocytes and keratinocytes. This study
is an important direction in the creation of more
complicated patient-specific skin models, which, among
other things, may become a useful tool for searching
novel pharmaceutical preparations in the epoch of
personalized medicine.

Biopolymer matrices

Biomaterials, acellular natural or synthetic substances,
are used as carriers for SE during creation of tissue-
engineered constructs. They imitate extracellular matrix.

Examples of natural substances are polypeptides,
hydroxyapatites, hialuronas, glycosaminoglycans,
fibronectin, collagen, chitosan and alginates.

Synthetic  fully degradable  substances are
polyglycolides, polylactides, poly(lactide-co-glycolide),
polytetrafluoroethylenes, polycaprolactones, polyethylene
terephthalates, and the most common nondegradable
matrix is polyurethane [42]. Current technologies of 3D
printing and electrospinning make it possible to produce
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biomaterials with exactly specified form, a definite
pore size and other necessary parameters. The main
drawback of synthetic materials is absence on them the
recognition signals for the cells. One way to overcome
this disadvantage is inclusion adhesion peptides in the
matrix using, for example, RGD-sequences. The so-
called friendly matrices consist of the materials capable
of controlling cellular metabolism and differentiation,
essentially accelerating regeneration [43]. For example,
hydrogels of polyethylene glycol, which acts as an inert
framework, are included in the substrate, since glycogen
hydrophilic is inert in regard to protein absorption. The
gel can be modified by attaching to it adhesion RGD-
sequences or functional domains. Besides, the degree
of biodegradability can be regulated including protease-
sensitive oligopeptides [44—46].

Not only the composition but also the shape of the graft
used influences material biocompatibility. Matrices for the
cells may be in the form of gels, micro- and nanospheres,
fibers, films, various 3D constructs [47, 48].

Matrices of the natural origin. Decellularized
derma or other stromal structures may be considered
to be similar to the native tissue to the most extent.
However, they have some limitations: availability of the
material, difficulty of standardization and manipulation
in the course of culturing (infeasibility of microscopy),
risk of infecting patients. The most familiar examples
of natural matrices, which are not only included in the
SE composition but produced as separate products,
are acellular lyophilized matrices of the human skin
(AlloDerm) and porcine skin (Permacol). These materials
are obtained by removing epidermis and intradermal
cellular elements preserving, at the same time, the
structure of the native derma. The advantage of these
materials is in their natural dermal porosity necessary
for rapid regeneration and vascularization of the graft.
Investigations in vitro showed that matrices from
decellularized derma promote adhesion, growth and
functioning of several cell types [49, 50]. Additionally,
during creation of these matrices the basal membrane
is partially preserved, which may help in epidermal
cell attachment [51]. Nevertheless, these products
are known to be expensive and to have the risk for
transmitting viral and other infectious agents [52].

Artificial collagen matrices. Collagen is the main
protein of the extracellular matrix of the dermal skin
layer. Medico-biological properties of the collagen, i.e.
the capacity to accelerate wound healing, enhance
thrombocyte adhesion and induce homeostasis, to be a
natural substrate for patient skin cell migration without
antigenicity, determined its wide application in the
reconstructive surgery [53].

There exist three forms of collagen used during
creation of SE: hydrogel, sponge, and mesh.

Collagen gel was used during creation of dermal
equivalent to study the effect of cells on collagen
contraction, which was later connected with wound
contraction [54]. However, researches showed the
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necessity of using collagen with higher viscosity and
strength in the form of meshes and sponges. A collagen
mesh, made of tightly twisted collagen fibers, represents
a natural supporting bionetwork, which is formed by
restructuring of collagen by fibroblasts. It was employed
for imitation of a dermal skin layer in vitro. But after
transplantation, a low degree of contraction of the
collagen mesh increased the time of wound closure.
Besides, the reduction of collagen synthesis due to cell
disunity was found [55, 56]. Collagen sponges, as a
rule, are obtained by lyophilization of collagen solution
or collagen gel [57]. Their important properties are
a specified mechanical strength, which provides the
possibility to use them as a base for tissue-engineered
constructs, and ability to biodegradation in the body.
Such equivalents on the sponge matrix are effectively
employed for skin regeneration in the experiments on
animals and in treating skin wounds in patients [58-60].

Various modifications of collagen substrates using
combinations of collagen with other natural or synthetic
polymers such as glycosaminoglycans, chitosan,
polycaprolactone and copolymer of the lactic and glycolic
acids are used to improve mechanical properties,
biostability, to prevent collagen matrix contraction in the
course of wound healing, and to prolong clinical life-time
of the graft [61, 62].

Chitosan matrices. Chitosan is one more natural
polymer most widely used alongside with collagen for
wound healing. It possesses numerous advantages
including biocompatibility with  biological tissues,
biodegradation, hemostatic activity and antibacterial
properties [63-65]. Chitosan can stimulate collagen
synthesis and bind to fibroblast growth factor, that
may increase the rate of wound healing [66, 67].
Materials from chitosan with diverse structure are easy
to produce. However, chitosan is easily degraded in
the human tissues, especially in the acid medium,
which is often formed in wound healing [68]. Different
chitosan modifications are used to enhance structural
stability, including a combination with other polymers,
e.g. with collagen, gelatin, and glycosaminoglycans
[69]. These modifications can increase biostability and
improve mechanical properties of the matrix. But such
disadvantages of chitosan as deformation and weak
biostability in the human tissues prevent its application in
the field of tissue engineering.

Other natural polymers, fibrin and gelatin, also
possess a high biocompatibility but are effectively used
only as an additional component with other polymers
for mutual supplementation or alteration of general
biological or mechanical properties of a biomaterial [70-
73].

Synthetic polymer matrices. As a rule, synthetic
polymers such as polyurethane and aliphatic polyethers
on the basis of lactide, glycolide, [J-caprolacton, have
less expensive and more reliable sources of primary
products. Using various methods of production, they
may be imparted different physical properties [4].
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Researches with application of synthetic polymers for
SE creation were directed to the possibility of combining
them with natural polymers. An example of such
combined matrix is Integra preparation, which consists
of bovine collagen and chondroitin-6-sulfate with a thin
silicon substrate serving as a temporary replacement
of epidermis. The preparation is reported to give good
esthetic and functional results in treating burns [74].
Nevertheless, infection still remains the most common
complication after using Integra [75-77]. A thorough
preparation of the wound bed prior to the usage of
this model (or a similar type of artificial biological
materials) and absence of infection after application of
the equivalent is of critical importance for a successful
healing. Nowadays, owning to new dressing means such
as Acticoat, which is applied over Integra as an additional
bandage [78], and other antiseptic technologies [79-81]
the risk of infection diminishes.

One more combined preparation, which has currently
been spreading widely, is MatriDerm. It consists of
bovine collagen and elastin hydrolysate. In contrast
to Integra, which has antigenic properties due to the
presence of chonroitin-6-sulfate, the combination
of collagen and elastin in MatriDerm is supposed
to spur vascularization facilitating cell ingrowth and
vessel generation, improving stability and elasticity of
regenerating tissue [78]. Besides, MatriDerm degrades
more rapidly than Integra [82].

Types of skin equivalents

Skin equivalent may represent a monoculture and
contain only a layer of epidermis, or only a layer of
derma, or have a full-layer structure depending on the
designation [2]. So, the existing types of SE can be
divided into three main groups: epidermal, dermal, and
full-layer.

An epidermal type of the equivalent

Keratinocytes are used to create this type of SE.
Depending on the origin of the obtained cells, these
equivalents may be autologous (the origin is patient’s
own skin) or allogeneic (cells are obtained from donor’s
skin). To isolate keratinocytes, it is enough to have
a skin flap 1-2 cm? in size. With the help of enzymes
and mechanical actions, epidermis is separated from
derma, and thereafter by means of additional enzymatic
treatment, suspension of separate keratinocytes
is obtained. Primary keratinocytes are cultured for
several weeks in the laboratory, and finally keratinocyte
sheets, the area of which is several times greater the
size of the donor skin flap, are obtained [1, 83]. Green
et al. were the first to use the sheets of cultivated
epithelium, created from autologous keratinocytes, for
transplantation to two patients with extensive burns
[84, 85]. Epidermal autografts (EA) were later used
for constant coverage of extensive burns of two other
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patients [85]. Transplantation of the grown epidermal
strata was successfully performed in Russia as well to
treat burn patients [86].

One of the chief drawbacks of EA is a weak graft
take, mainly, on the wounds lacking dermal elements,
even in case of correct keratinocyte culturing [87-89].
As early as in the middle of 1980s, Cuono et al. [90,
91] demonstrated the importance of dermal component
availability, they reported a good take for EA placed on
a healthy vascularized allogenic derma. But the method
suggested by them has its own disadvantages. Firstly,
in some countries, where transplantation of organs
and tissues is not practiced yet, skin allografts may
not be available [92, 93]. Secondly, flaps of allogenic
(cadaveric) derma bear the risks of infection or rejection.
Thirdly, it is difficult to coordinate two successive stages
of transplantation: first placement of derma allografts
on the wound and thereafter placement of EA. It was
noted that in case of allogenic derma rejection before
employment of cultured EA, this method of treatment
becomes impossible [94]. And finally, a high cost of EA
production is often indicated in many reviews as one of
the main impediments for a wide use [95-97].

A dermal type of the equivalent

As a rule, it represents the cells of the connective
tissue — fibroblasts together with collagen matrix
(scaffold). The cells can occupy the surface and/or
the entire substrate volume. Dermal equivalent can be
produced on the basis of other cells of the connective
tissue, MSCs, and practically any of the currently
existing 3D substrates can be used as an extracellular
matrix. According to the literature data, there are a
lot of commercially available dermal equivalents and
many of such products have been well analyzed and
tested at the level of preclinical and clinical trials [78,
98-101]. The majority of current biocompatible dermal
grafts are capable, to some extent, of simulating the
main properties of human skin connective tissue,
providing structural integrity, elasticity and presence
of the bloodstream. Fibroblasts are easy to isolate and
technologically culture, and at the same time, they are
an active cellular component, able to structure derma
collagen, stimulate wound granulation and secrete a
number of growth factors accelerating skin regeneration.
No wonder that dermal equivalents with fibroblasts are
so widely used over the world.

Nevertheless, in case of dermal equivalent application
a problem of epithelization of the large skin injuries
remains unsolved, and in the majority of cases usage
of such products is combined with application of skin
autografts for constant covering [102].

Development of dermal equivalents using synthetic
materials started in 1990s, but presently they are
not so commonly used. TransCyte can be referred to
these products. It is composed of allogenic fibroblasts,
derived from human neonatal foreskin, bound to a
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silicon membrane and cultured on the porcine collagen
covering a nylon mesh. Dermagraft, another equivalent,
consists of human cryopreserved allogenic fibroblasts
obtained from a foreskin of newborns, grown on a
biodegradable mesh from polyglactin (vicryl) [103].
At present, these products are not presented in the
market, but these technologies have been licensed
by Advanced BioHealing for further improvement
[78]. Unlike TransCyte, Biobrane has been in use until
now as a synthetic skin equivalent for healing second-
degree burns in many centers [104-106]. It is similar
in structure to TransCyte but contains a less number of
human neonatal fibroblasts. It is also used as a dressing
material together with autografts in complex wound
topology, as well as for keratinocyte culturing [105, 107].
Biobrane is popular owing to its multi-purpose application
and low cost in comparison with TransCyte, being at the
same time highly effective in treating second-degree
burns [108].

Original dermal equivalent has been developed in
Russia at the Koltzov Institute of Developmental Biology,
Russian Academy of Sciences. Fibroblasts, previously
grown on gelatin or collagen microcarriers, were
incorporated into 3D collagen gel. Microcarriers are a
specific three-dimension matrix in the form of tiny (50—
70 um) smooth or porous spheres with a longer period
of biodegradation relative to gel. Such equivalent fills
better full-layer deep defects of the connective tissue, for
example, fistulas [109].

A full-layer type of the equivalent

A full-layer SE type, called also a living skin
equivalent, consists of the epidermal and dermal layers.

A perspective autologous skin epidermal equivalent is
a composite cultured substitute developed in Cincinnati
(USA). This SE is composed of collagen-glucosamine
glycan substrate, which contains autologous fibroblasts
and keratinocytes. This product, known at present as
PermaDerm [2], can be produced within 30 days and
is able to provide constant replacement of dermal and
epidermal skin layers. It is indicated for a large skin
defect treatment, but has not been approved by FDA
(United States Food and Drug Administration) for clinical
applications [94, 110-114].

In 2009 a group of German scientists reported the
development of a composite autograft using MatriDerm
as a matrix for growing autologous fibroblasts and
keratinocytes [115]. This full-layer skin equivalent was
claimed to be homologous to a healthy human skin. The
grounds for such declaration were the characteristics of
the epidermal layer, comparison of differentiation and
proliferation markers, availability of the functional basal
membrane. Transplantation of this equivalent showed a
good result with a full closure of relatively small (about
9,6 cm) wounds [116, 117].

The best-known of full-layer SE is Apligraf. This is a
skin equivalent comprising a dermal component, matrix
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from bovine collagen, type 1, populated by human
neonatal fibroblasts, and epidermal layer generated
from cultured keratinocytes on the equivalent surface.
Several multi-center randomized clinical investigations
showed the efficiency of using Apligraf for treating slowly
healing wounds, venous and diabetic trophic ulcers [118,
119], and this preparation became one of the first tissue-
engineered equivalents approved by FDA for skin wound
treatment.

In Russia, investigations in the development and
application of living SE started from the end of the 90 s
of the last century [120]. The works were mainly carried
out in two directions: living SE with patient’s autologous
cells, which were incorporated into the damaged tissues,
and living SE with allogenic cells engrafted at the site of
transplantation for a short time sufficient for the normal
course of reparative process and stimulation of the
recipient tissue regeneration [121-123]. Such cellular
constructs are used for restoration of various epithelial-
mesenchymal defects. And their application is not limited
by skin wounds only [124].

Engraftment of the described full-layer SE may
be restricted by the absence of blood and lymphatic
vessels, as well as skin appendages. It is because of
these shortages that work at the level of preclinical trials
are actively being carried out to develop the equivalents
with the structure and properties similar to the normal
human skin [8, 125].

In spite of the fact, that the application of already
existing commercial SE has led to a significant progress
in the field of regenerative medicine, their use has not
yet become routine due to a high cost, limited efficiency,
and inability to generate skin appendages [126].

The list of the most common commercial SE products
having passed, fully or partially, clinical trials as
transplants is presented in Table 1.

Tissue equivalents for skin modeling in vitro

Another sphere of SE application is connected with
transdermal permeability study of the preparations and
toxicological analysis of substances. At present, trials
of cosmetic preparations on animals are forbidden in
the European Union, even if there are no alternatives
(Guidance Document for the Conduct of Skin Absorption
Studies). Traditionally, flaps of human cadaveric skin
or animal skin are used as models for evaluation
of substance permeability through the skin [160].
A disadvantage of the former is difficulty in obtaining
the material and great variability of sample-to-sample
results. Animal skin is an easily-available material, but
it is morphologically different from the human skin. This
situation determines commercial demand in SE, which
would serve as a suitable test-system for toxicological
investigations. In Table 2, the basic commercially
available equivalents being already used for testing
pharmaceutical and cosmetological products are
presented.

212 CTM [ 2017 —vol. 9, No.1

Conclusion

At present, as the presented data show, there is
no ideal commercially available skin equivalent for
wound healing. All epidermal and dermal products of
biocengineering require either multi-step application
procedure or autografts for complete wound
epithelialization.

However, rapid advances in tissue engineering and
the development of various approaches to creation of
human skin substitutes, including application of the stem
cells, give hope that such product will be constructed in
the near future.

Study Funding. The work was supported by the
Russian Foundation for Basic Research (Project No.15-
29-04851).

Conflicts of Interest. The authors have no conflicts
of interests.
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