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Introduction

Cell culture is a well-established research tool in
biology and medicine [1]. The challenge of cur-
rent bioengineering efforts is to generate func-
tional organ systems from dissociated cells that
have been expanded under defined tissue culture
conditions [2].

Skin Histology and Physiology

Skin is formed by dermal and epidermal tis-
sues (Fig.1). Keratinocytes are the major com-
ponent of the epidermal tissue (more than
95%), with melanocytes and Langerhans cells
representing a minority population [4]. Human
keratinocytes derive from the epidermal stra-
tum basale [5-9] from hair follicles [10-13]
and, as recently suggested, also from eccrine
sweat glands [14].

As cells divide and differentiate through
the epidermal layers, their protein expression
changes [15]. Cell behavior is governed by
chemical messengers. Surface proteins attach to
various ligands, such as growth factors, and trig-
ger specific signaling pathways involved in stem
cell differentiation. Cells are also influenced by
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their surrounding ECM (extracellular matrix)
[16]. Each type of tissue has its own unique ECM
composition. Several studies have demonstrated
that ECM greatly influences cell development,
migration, proliferation, differentiation, shape,
and function [17-21]. ECM and surface pro-
teins perform the so-called mechanotransduc-
tion, which transmits mechanical signals to the
cell nucleus and alters gene expression [16].
It has been shown that despite the genetically
programmed cell expression, phenotype can be
changed by modifying the interaction with the
ECM. An example of the transformation that the
extracellular environment may generate is found
in embryonic cells [22].

Dermal tissue comprises a dense connective
tissue structure in which the major cellular com-
ponents are fibroblasts. The ECM and a variety
of cytokines are synthesized by fibroblasts to
induce epidermal and vascular endothelial cell
growth. ECM is made up of collagen, glyco-
proteins, and proteoglycans (chondroitin sul-
fate, HA, heparin, etc.). Fibroblasts produce
abundant extracellular proteins (especially col-
lagen and elastin). Collagen allows cell adhe-
sion, growth, proliferation, and differentiation
[23]. The dermis constantly renews itself via
the process of degradation, rebuilding, and
regeneration. Theoretically, the dermis cannot
regenerate like the liver, bone, and the epi-
dermis after being destroyed. Scarring is hard
to avoid during the process of natural healing
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Fig.1 Schematic
representation of human
skin (Reproduced from
Tavakolpour et al. [3])
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[24]. The scarless healing of fetal wounds is
an ideal healing method [25]. Tissue forma-
tion and healing mechanisms are still unclear
[26]. A lot can be learned about skin physiology
and cell-ECM interactions by studying wound
healing which involves cell migration, prolifer-
ation, differentiation, apoptosis, and the synthe-
sis and remodeling of the extracellular matrix
(ECM) [25]. Injuries involving the epidermis
alone or the superficial layer of the dermis
will re-epithelialize without surgical interven-
tion, provided there is a sufficient number of
keratinocyte stem cells in the remaining epi-
dermis or in the residual dermis. If epidermal
keratinocytes are missing, regeneration may be
achieved by epithelial stem cells derived from
hair follicles and/or sweat glands [26]. During
wound healing the cell is fully reprogrammed.
They have to de-differentiate and the genes and
proteins expressed change. The Wnt pathway
leads stem cell function and renewal and repro-
grams differentiated cells to have stem cell-like
properties [15]. Growth factors can be consid-
ered the engine of wound healing, but their use
as a monotherapy in clinical practice has not
worked well. Human serum (a soup of factors)
helps keratinocytes but is detrimental to fibro-
blasts [15, 27]. Aoki et al. [27] demonstrated
that dermal fibroblasts, bone marrow stromal
cells (BMSCs), and preadipocytes derived from
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subcutaneous adipose tissue promoted epider-
mal regeneration [27].

Fibroblasts are a heterogeneous population of
mesenchymal origin that can be found in numer-
ous tissues. Fibroblasts from different anatomical
sites have their own characteristic phenotypes,
synthesizing different extracellular matrix (ECM)
proteins and cytokines [28]. Dermal fibroblasts
release cytokines and growth factors that have
autocrine and paracrine effects [29]. Autocrine
activity promotes collagen synthesis and fibro-
blast proliferation [30]. Paracrine activity affects
keratinocyte growth and differentiation [31].
Dermal fibroblasts promote the development of
keratinocyte layers in addition to promoting kera-
tinocyte proliferation [32]. Human fibroblasts
regulate vascular and lymphatic endothelial cell
proliferation [33].

The adult hair follicle (HF) is composed of
mesenchymal cells that provide signals to regu-
late epithelial stem cell function during tissue
regeneration [34]. The HF is accessible to experi-
mental modulation and can be easily removed in
its entirety. Moreover, the HF is the only mamma-
lian organ that, for the entire lifespan, cyclically
undergoes consecutive transformations. The HF
cycles between a state of relative “quiescence”
(telogen) and rapid and massive growth (anagen);
and finally it cycles back toward telogen, via an
apoptosis-driven organ involution (catagen) [35].
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Skin Stem Cells

Stem cells (SCs) have the unique capacity to
self-renew and to differentiate into the cell lin-
eages that constitute their tissue of origin. Hair
follicle and skin tissue, apart from bone marrow,
are perhaps the only tissues, which hold the niche
for diverse kinds of stem cells: melanocyte stem
cells, keratinocyte stem cells, and mesenchymal
stem cells [36].

Epidermal stem cells (Epi-SCs) reside in the
basal layer of interfollicular epidermis and in the
hair follicle bulge [37], which is a specialized por-
tion of the outer root sheath epithelium defined
as the insertion site of the arrector pili muscle
(Fig. 2). Bulge cells contribute not only to the
generation of new HFs with each hair cycle but
also to the repair of the epidermis during wound
healing [39]. Because Epi-SCs in the hair follicle
are difficult to acquire, Wang et al. [40] investi-
gated whether Epi-SCs in the epidermis were
capable of regenerating epidermal appendages.
Among the potential keratinocyte donor sites, the
foreskin seems to be a promising source [41].

Adult dermal SCs have not yet been fully
defined [2]. Endogenous dermal stem cells (DSCs)
have been demonstrated within the adult mamma-
lian dermis [42], which might serve to regenerate

Fig. 2 Depiction of the
hair follicle stem cell
niche (Reproduced from
Lee et al. [38])
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dermis or rejuvenate dermal papilla to restore fol-
licle growth. DSCs reside in the HF mesenchyme.
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renewing multipotent cells named skin-derived
precursors (SKPs), which can generate both meso-
dermal and neural derivatives [2, 43]. In addition,
SKPs display all the predicted properties of mul-
tipotent dermal SCs including HF morphogenesis
demonstrated in rodents but not in humans [42].
Once transplanted into skin, SKPs can generate
new dermis and reconstitute the dermal papilla and
connective tissue sheath [43]. It has been proved
that rodent dermal papilla cells can be removed
from HFs and transplanted in their intact state
into recipient skin, where they induce de novo HF
development and hair growth [44].

Thus, SKPs are attractive tools for regener-
ating the skin dermis. However, isolating SKPs
from human skin requires invasive surgical pro-
cedures, and the isolated cells may have limited
or variable abilities to proliferate and/or differen-
tiate. Mesenchymal stem cells (MSCs) also have
the same problems. Therefore, there have been
many studies that generated MSCs from pluripo-
tent stem cells [45].

The amelanotic melanocytes (AMMC) are
considered to be melanocyte stem cell popula-
tion [46].
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Cell Lineages Obtained from Skin

Skin is an established tissue source for cell-based
therapy. Various cell lineages may be obtained
from skin. In addition, the ease of tissue harvest
and the multipotent nature of skin and HF stem
cells have promoted basic and clinical research
in this area [47].

Some neural crest stem cells persist within
crest-derived tissues. HFSCs (hair follicle stem
cells) and SSCs (skin stem cells) are both origi-
nated from neural crest cells. Although both types
of stem cells can differentiate into neuronal and
melanocyte lineages, HFSCs are a better source
for melanocyte differentiation and SSCs are more
inclined to neuronal differentiation [47].

The hair follicles have been shown to harbor
pluripotent neural crest stem cells [48] which
can be differentiated into melanocytes, neuronal
cells, adipose cells, and other lineages [47]. Bulge
cells can differentiate into all types of cutaneous
epithelial cells including sebaceous glands and
interfollicular epidermal keratinocytes [2].

DSC and SKP are of neural crest in origin
and are capable of differentiating into melano-
cyte and neural lineages. SKPs are closer to the
neuronal cell lineage, while DSCs are closer to
the melanocyte progenitors [49]. SKPs can gen-
erate both mesodermal and neural derivatives,
including adipocytes, skeletogenic cell types,
and Schwann cells [42, 50-54], but tend to have
spontaneous differentiation toward neuronal
lineage. When SKPs are transplanted to full-
thickness skin wounds, they originate a variety of
fibroblast phenotypes and fill the lesion with new
dermal tissue. Transplanted SKPs are also able
to integrate into the mesenchyme of existing HFs
and initiate formation of new HFs when cotrans-
planted with epithelial cells [42].

Adult cells can return to the embryonic stage
with the possibility of differentiating toward all
the specialized cell categories [55]. Skin fibro-
blasts can be reprogrammed to hiPSCs (human
induced pluripotent stem cells) with the potenti-
ality of obtaining all the cellular lineages that can
be derived from them. iPSC can be differentiated
into specific cells with a wide spectrum of cel-
lular phenotypes. Fibroblasts differentiated from

iPSC acquired an augmented biological potency
that exceeded those from their parental fibro-
blasts, characterized by their increased produc-
tion and assembly of ECM, functional features
important for application of these cells in regen-
erative therapies [24].

Sugiyama et al. provided an induction proto-
col of SKPs from human iPSCs [2]. The human
iPSC-derived SKPs (hiPSC-SKPs) express sev-
eral genes and proteins that have been previously
reported to be expressed by human SKPs [50].
As for their differentiation potential, hiPSC-
SKPs can successfully differentiate into adipo-
cytes, osteocytes, and Schwann cells. In addition,
hiPSC-SKPs were able to induce hair follicular
keratinization when they were co-cultured with
epidermal keratinocytes. These observations sug-
gest that hiPSC-SKPs may facilitate the regen-
eration of human full-thickness skin, including
skin appendages [2].

Human epidermal keratinocytes and epider-
mal SCs have also been developed from induced
pluripotent stem cells (iPSCs). Additionally,
iPSC-derived epidermal cells have the ability to
reconstitute HFs with mouse dermal cells [56].

Background

The first milestones in skin research were the
enzymatic separation of the epidermis and
dermis [57] and the in vitro culture of human
skin epithelial cells [58]. Cell culture appeared
with the introduction of trypsinization by
Moscona et al. [59]. In 1975, Rheinwald and
Green started serial cultivation of keratinocytes
(autologous epidermal cultures) and showed
that the limitations of epidermal cell cultures
were not intrinsic, but due to the relationship
between keratinocytes and fibroblasts [5]. An
epidermal graft could be expanded to more than
500 times its size within 3—-4 weeks [6]. After
the first clinical grafting of autologous cultured
epithelium prepared from autologous epider-
mal cells performed by O’Connor et al. [7] in
1981, cultured epidermal autografts (CEAs)
were tested in almost all leading burn centers
worldwide [26].
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In 1981 Bell et al. generated a dermo-
epidermal substitute [60]. This technique was
transformed into the product Apligraf® (human
allogeneic fibroblasts and keratinocytes). On the
basis of this development, dermo-epidermal skin
substitutes consisting of human autologous kera-
tinocytes and fibroblasts in bovine collagen were
also transplanted in severe burn patients [61].
Researchers revealed that the cross-talk between
fibroblasts and keratinocytes was essential for
the establishment of a functional basement mem-
brane [62]. In 1981, a further significant advance
was the development of a bilayered “artificial
skin” [63] commonly referred to as Integra®
which was commercially launched in the United
States in 1996. The appealing idea of combining
cultured keratinocytes with Integra® generated
a fascinating new field of research. However,
reality has shown that simple cultured epidermal
autografts do not take well on the neodermis pro-
duced by Integra® [26].

Clinical use of injectable autologous skin-
derived fibroblasts was first started by Isolagen
Technologies in 1995 to repair dermal and sub-
cutaneous contour deformity. Long-term correc-
tion and no allergic adverse effects have been
reported, which made autologous fibroblasts a
promising alternative to the use of other foreign
materials [64].

Until 1990, preclinical human hair research
had been limited to histological studies or to
difficult-to-perform in vivo assays with human
skin transplanted onto mice [35], while human

Fig.3 Cell culture
procedure

HFs could not be maintained and studied ex vivo.
The main challenges were not only to maintain
the HFs viable, but to keep their function. In 1990
Philpott et al. [65] developed an ex vivo model
for the study of isolated human scalp HFs. Not
only was the morphology and keratin synthesis
of the HFs preserved up to day 4, but also more
importantly, the follicles demonstrated rates of
de novo hair shaft growth approximating that
seen in vivo. This ability to maintain viable
human HFs ex vivo constituted a methodologi-
cal breakthrough in human hair research and
raised the possibility of investigating the effects
of a wide range of hormones, neurotransmitters,
growth factors, cytokines, and drugs on human
HF biology, while simultaneously promising new
insights into the pathogenesis of a range of hair
growth disorders [35].

Skin Cell Culture

Cell culture is the process by which cells are
grown under controlled conditions in a favorable
artificial environment. When primary cultures
reach confluence (they fill all the substrate), the
cells are then subcultured (passaged) by transfer-
ring them to a new medium (Fig. 3). The stem
cells are key pieces in cell cultures. These cells
can be maintained in culture for a longer period
of time compared to other cell types [47].
Cultures are affected by many factors which
influence cell function, proliferation, differentia-

1 Favorable
environment

Reach

Transfer
to a new
medium

confluence



176

L. Jahez

tion, and transcriptional status. Temperature, pH,
time, replicative potential, medium composition
(growing factors and other cell signals), cell char-
acteristics and origin, passage number, physical
and physiological stress (i.e., shear stress), plas-
tic plate adherence, aggregate size, agitation rate,
impeller size, and volume of culture medium are
decisive factors. Each cell type needs its appro-
priate culture medium with rigorously controlled
characteristics. Stress imposed by inadequate
culture conditions induces senescence [4]. Plastic
culture flasks are commonly used for cell culture
of single cell types [1]. An incubator is used to
grow cell cultures maintaining optimal tempera-
ture, humidity, and CO2 and oxygen concentra-
tions. The survival rate of a given type of cultured
cell depends on the degree of adhesion to the
plastic plate, meaning that the adherence of cells
is an essential survival factor [66].

Establishment of a novel culture method
can sometimes open up huge new fields of cell
biology and medicine [66]. One difficulty is
the large discrepancy between cell kinetics
in vivo and in vitro due to the extreme difficulty
to reproduce an anatomical or physiological
microenvironment. Several factors, including
cytokines, scaffold material, cell-cell interac-
tions, and physical stress, constitute this artificial
microenvironment [1].

A variety of studies have been developed to
understand and control cell cultures, and certain
assumptions have been raised. First, the presence of
fetal bovine serum in cell culture medium is ques-
tionable since there is a lack of characterization
and quantifying of growth factors. Furthermore,
the ideal culture media should contain specific
nutrients according to the cell type. Second, the
in vitro cell culture environment is very differ-
ent from the in vivo environment. Third, despite
widespread use of proteolytic enzymes, it must
be taken into account that using these enzymes in
the cell passage or tissue digestion promotes the
destruction of both the ECM and surface proteins
and may, thus, modify signaling and mechano-
transduction of signals to the nucleus [16, 17].

Unlike germline and stem cells, somatic cells
have a limited lifespan. They stop dividing when
cultured in vitro for a certain period of time [67].

Typical human primary keratinocytes possess
an in vitro lifespan of around 15-20 population
doublings in serum-free and chemically defined
media [68]. When cells encounter the so-called
Hayflick limit, they enter a state of permanent
quiescence, often named cellular senescence [4,
69]. Continuous replication of typical primary
human cells is prevented by two events: mor-
tality stage 1 (M1) or “replicative senescence”
and mortality stage 2 (M2) or “cellular crisis.”
Cells entering senescence first stop respond-
ing to exogenous mitogenic stimuli and acquire
increased cellular adhesion to the extracellular
matrix while losing cell-cell contacts. In addi-
tion to prolonged in vitro culture of primary
cells, various types of cellular stresses including
telomere erosion, DNA damage, overexpression
of tumor suppressor genes or oncogenes, oxida-
tive stress, continuous mitogenic stimuli, and a
variety of chemicals can also induce senescence
[4]. Unrepairable severe terminal telomere short-
ening eventually leads to cellular crisis, a state
characterized by massive cell death [70].

Cell Characterization

Each cellular type holds a particular protein
expression profile (Table 1) which can be detected
by different methods (i.e., immunofluorescence,
flow cytometry, etc.).

Different cell type culture protocols will be
summarized. Detailed description of cell culture
techniques is out of scope of this chapter.

Fibroblast Culture

Techniques for culturing fibroblasts were long
established prior to the discovery made in
1975 by Rheinwald and Green [5] for cultur-
ing and expanding keratinocytes, which require
fibroblasts to support their proliferation. Dermal
fibroblasts can be extracted from skin biop-
sies either through enzymatic degradation or by
explant culture. The medium used for culturing
fibroblasts is usually supplemented with fetal calf
serum, which previously raised concerns regard-
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Table 1 Cell characterization

Type of cell Cell markers References
Basal layer K15, K19, cytokeratin [37,71]
epidermal stem | (CK)5, CK14, CD29
cells (Epi-SCs) | (integrin p1), and
CD49f (integrin a6)
Hair follicle CD34, Lgr5, or K15 [40]
Epi-SCs
SSCs and Cytokeratin (CK)19, [47]
HESCs CK15, and 1 integrin
Differentiated HMBA45 (Human [47]
melanocytes Melanoma Black 45)
and S100
Differentiated NF (neurofilament) and | [47]
neurons TH (tyrosine
hydroxylase)
Skin-derived Nestin, fibronectin, and | [72]
precursors BMP6
(SKPs)
Human hair CD200 [40]
follicle stem
cells
Dermal stem o-Smooth muscle actin | [66]
cells (DSCs) (a-SMA), fibroblast-
and their specific protein 1
progeny (FSP1), PDGF
receptor-o (PDGFRa),
and dermal extracellular
matrix protein collagen
1
Dermal papilla | CD133, integrin-a8, and | [2, 43]
(DP) versican
Hair SOX2 [73]
mesenchyme
DP and DSCs
Sebocyte Lrigl [40]
progenitors

Keratinocytes

ing transmission of bovine spongiform encepha-
lopathy (BSE). However, the serum is obtained
only from BSE-free countries [29].

Fibroblasts and adult stem cells divide through
asymmetric division, which means that the repli-
cating cell gives rise to one adult stem cell and
one specialized stem cell (fibroblast), suggesting
the continuity of cell division until complete dif-
ferentiation of the stem cells [74].

Fibroblasts are readily cultured in the labo-
ratory (Fig. 4) and incorporation of fibroblasts
into tissue-engineered skin substitutes has pro-
duced encouraging results including symptom-
atic pain relief, rapid healing, less scarring, and
better cosmetic results [29]. Growth parameters
and the characteristics of fibroblasts in culture
will be influenced by passage number, age of the
donor, subtype of fibroblast (reticular or papil-
lary dermis), and anatomical site. Older donor
skin fibroblasts tend to migrate more slowly,
reach cell culture senescence earlier, have a
prolonged cell population doubling time, and
are less responsive to growth factors. Other fac-
tors that influence fibroblast behavior in culture
include vitamins, such as vitamin C, and antiox-
idants, including coenzyme Q10. For example,
in the presence of vitamin C, fibroblasts pro-
duce twofold more collagen, a response that is
independent of the age of the fibroblasts [75].
Likewise, coenzyme Q10 promotes wound heal-
ing by increasing cell proliferation and fibro-
blast mobility [76].

Fibroblasts

Fig. 4 Phase contrast images of minipig keratinocytes and fibroblasts grown in monolayer culture (Reproduced from
Dame et al. [77])
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Several protocols for culturing fibroblasts
have been described. Solakoglu et al. [78] used
rat biopsies which provided dermal connective
tissue that was treated with collagenase B and
DNAase. Fibroblast culture is usually performed
in flasks at 37 °C with 5% CO2 in humidified
air [74, 78, 79]. Many different culture mediums
have been used:

e Ecaetal. 2012 added culture medium contain-
ing L-amino acids, Earle’s salts, and sodium
bicarbonate, supplemented with human serum
from the patients to the culture flasks contain-
ing the dermis fragments [74].

e Solakoglu et al. used DMEM (Dulbecco’s
modified Eagle’s medium)-F12 medium and
fetal calf serum [78].

e Weiss utilized Iscove’s modified Dulbecco’s
medium (IMDM) with  phenol red
supplemented with antibiotics and fetal bovine
serum (FBS) [79].

e Zhao et al. used DMEM supplemented with
FBS, penicillin, streptomycin, and gluta-
mine [80].

e Sugiyama et al. cultured human primary fibro-
blasts in DMEM including 5% FBS [2].

e Kumar et al. cultured immortalized human
foreskin fibroblast (I-HFF) in IMDM supple-
mented with fetal bovine serum, L-glutamine,
non-essential amino acids, and penicillin and
streptomycin [47].

When cells reach confluence they are detached
from the culture plate with trypsin solution [64,
74, 78, 79]. Solakoglu et al. cultured fibroblasts
for 3 weeks by 2 or 3 passages [78]. These cul-
tures expand rapidly resulting in a higher percent-
age of live cells with the human serum technique
than with the use of fetal bovine serum [74].
Culturing fibroblasts at the air-liquid interface
(ALI) culture system, which imitates the skin
microenvironment, promotes optimal differentia-
tion approaching that of skin in vivo [29].

Autologous fibroblasts can be cultured for
their posterior injection [79, 80]. After biopsy
collection, skin samples are inspected for qual-
ity and transferred to tissue culture plating. After
an antibiotic wash, biopsy tissue is subjected to

enzymatic dissociation in a collagenase enzyme
cocktail at 37 °C. Cells are then seeded into a
culture flask with IMDM with phenol red supple-
mented with antibiotics and fetal bovine serum
(FBS) [79].

Keratinocyte Culture

Ex vivo keratinocyte short lifespan has limited
many skin-related applications. In order to over-
come this difficulty, many attempts to immortal-
ize primary keratinocytes have been made with
success. Different kinds of primary cells are able
to become immortal through a variety of cellular
events including overexpression of telomerase,
epigenetic gene silencing, oxidative DNA dam-
age, inactivation of cell cycle regulatory genes,
overexpression of cellular or viral oncogenes, and
inhibition of a specific host kinase. Nevertheless,
immortalized keratinocyte cell lines turn out to
have several undesirable genetic abnormalities.
In spite of these genetic defects, immortalized
keratinocytes seem to maintain some properties
of normal keratinocytes, which enable them to be
used as a substitute for primary keratinocytes in
various skin research fields [4].

Cells that have a lifespan of 20-50 passages
under in vitro culture conditions are mostly blast
cells, such as fibroblasts. Cells that have a lifes-
pan of less than 10 passages under in vitro cul-
ture conditions are typically epithelial cells, such
as keratinocytes. In many epithelial cells, epider-
mal growth factor (EGF) has been shown to be
able to increase their lifespan to 10-20 passages
before senescence [4]. Human primary kerati-
nocytes can be cultured in keratinocyte medium
(J-TEC) [2].

Melanocyte Culture

Kumar et al. [47] induced differentiation of SSCs
and HFSCs into melanocytes. For melanocyte dif-
ferentiation, 70-80% confluent cultures of SSCs
and HFSCs are incubated in molecular, cellular,
and developmental biology (MCDB) 201 medium
and Ham’s F12 nutrient mix, supplemented with
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fetal calf serum, L-glutamine, L-ascorbic acid,
phorbol 12-myristate 13-acetate (PMA), chol-
era toxin, fibroblast growth factor, and penicil-
lin and streptomycin. PMA is used as an inducer
of melanocyte, promoting cell proliferation and
helping the formation of multiple dendrites [81].
Geneticin is used to remove the contaminating
fibroblasts. The protocol to differentiate the stem
cells into melanocytes lasts 21 days. The cul-
ture dish becomes homogenously confluent with
melanocytes in almost 25-30 days. The authors
found no visible difference in the melanocytes
differentiated from HFSCs and SSCs after stain-
ing with HMB-45 and S-100 antibodies for
immunofluorescence. Nevertheless there were
a higher percentage of cells functionally active
in melanocytes derived from SSCs than in those
derived from HFSCs [47].

Adipocyte Culture

Aoki et al. described a unique culture technique
for floating adipocytes called “ceiling culture”
[66]. Mature adipocytes are mesenchymal cells
with abundant lipid droplets within their cyto-
plasm. As the gravity of mature adipocytes is
lower than that of culture medium, mature adi-
pocytes float in medium, and it is quite difficult
for floating cells to attach to a plastic culture
plate. The authors cultured adipocytes in flasks
that were completely filled with medium. Under
these conditions, adipocytes became attached
to the ceiling of the flask. Then these cells were
able to proliferate, form a cell monolayer, and
exhibit accumulation of intracytoplasmic lipid
droplets after reaching confluency. The authors
established an adipose tissue-organotypic culture
system in addition to the ceiling culture system,
which was able to maintain the proliferative abil-
ity and function of mature adipocytes for more
than 4 weeks [66].

Wang et al. cultured Epi-SCs derived from
the epidermis of neonatal mice or adult human
foreskin in CnT-07 PCT epidermal keratinocyte
medium containing dexamethasone, insulin,
rosiglitazone, and XAV939 for 3 days to induce
sebocyte differentiation [40].

Recently, dedifferentiated fat (DFAT) has
gained attention in regenerative medicine,
because it contains multipotent stem cells [82].
The ceiling culture method is a fundamental tech-
nique for the fabrication of DFAT cells, which
are able to differentiate into other mesenchymal
cell types such as adipocytes, chondrocytes, and
osteoblasts [66].

Neuronal Culture

For neuronal differentiation, 70-80% confluent
cultures of stem cells are incubated in the neuro-
basal medium containing penicillin and strepto-
mycin supplemented with basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF),
B-27 supplement, and L-glutamine. The contam-
inating fibroblasts are removed with geneticin.
The cells start to change their morphology after
4-5 days of culture [47].

Skin-derived precursors (SKPs) are the only
neural stem cells which can be isolated from
an accessible tissue such as skin. Bayati et al.
presented a protocol to enrich neural SKPs by
monolayer adherent culture [83]. This culture
method helps to increase the number of neural
precursor cells. The authors found that serum-
free adherent culture reinforced by growth
factors was effective on proliferation of skin-
derived neural precursor cells (skin-NPCs). The
cells of enriched culture possessed a multipo-
tential capacity to differentiate into neurogenic,
glial, adipogenic, osteogenic, and skeletal myo-
genic cell lineages.

Skin Stem Cells (SSCs) and Hair
Follicle Stem Cells (HFSCs)

Kumar et al. carried out in vitro expansion of
skin stem cells (SSCs) and hair follicle stem cells
(HFSCs) by explant culture method [47]. Skin
tissue measuring approximately 2 x 2 mm and
individual hair follicles were used as explants.
Culture was performed according to the modified
Rheinwald system [5] consisting of DMEM and
Ham’s F12 nutrient mix, supplemented with fetal
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bovine serum, epidermal growth factor, hydro-
cortisone, insulin, transferrin, cholera toxin, and
penicillin and streptomycin over a fibronectin-
coated culture dish. HFSC could be expanded for
10 passages as compared to SSC which could be
taken for up to eight passages [47].

Wang et al. demonstrated that a combination
of cultured human Epi-SCs and skin-derived
precursors (SKPs) was capable of reconstituting
functional hair follicles and sebaceous glands
(SG) in mice. The Epi-SCs formed de novo
epidermis along with hair follicles, and SKPs
contributed to dermal papilla in the neogenic
hair follicles. Notably, a combination of culture-
expanded Epi-SCs and SKPs derived from the
adult human scalp could generate hair follicles
and hair. In addition, Epi-SCs were able to dif-
ferentiate into sebocytes and form de novo SGs,
which excreted lipids [40]. Rapid attachment
to plastic culture dishes has been recognized
as a property of Epi-SCs [84]. Therefore Wang
et al. selected the cells that rapidly attached to
the dish. Epi-SCs were then cultured in the CnT-
07 progenitor cell-targeted (PCT) epidermal
keratinocyte medium. The dermis was digested
with collagenase to isolate SKPs. Their culture
was performed in Dulbecco’s modified Eagle’s
medium/F12, supplemented with B27, epidermal
growth factor, and basal fibroblast growth factor
in untreated dishes [40].

Like many stem cell cultures, SKPs are
typically grown in static tissue culture flasks
as nonadherent, spherical colonies. Recently,
Agabalyan et al. presented a new technique
consisting of enhanced expansion of SKPs in
computer-controlled stirred-suspension bioreac-
tors. Rat SKPs (rSKPs) were isolated from the
back skin and were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) low glucose/
F12 with basic fibroblast growth factor, platelet-
derived growth factor (PDGF)-BB, B27 supple-
ment, and penicillin/streptomycin. Following
primary colony formation, SKPs were dissociated
to single cells using collagenase and replated.
SKPs were passaged three or four times in static
cultures to obtain sufficient numbers of cells to
introduce in the bioreactor. Then rSKPs were
cultured for three passages in 500-mL computer-

controlled DASGIP Parallel Bioreactor Systems
(Eppendorf, Hamburg, Germany). The variable
bioreactor set points were regulated at 60 rpm,
37 °C, pH 7.4, and a 21% dissolved oxygen con-
centration [43].

Sugiyama et al. developed a method to
induce human SKPs (hSKPs) from human
induced pluripotent stem cells (hiPSCs). The
induction efficiency of this method is very high
(over 95%) in a short period and the hiPSC-
SKPs exhibit SKP characteristics. To generate
SKPs from hiPSCs, the authors established a
differentiation protocol in which hiPSCs were
initially differentiated to the multipotent neural
crest stage as precursor cells of SKPs. Human
iPSCs were treated with human recombinant
noggin and SB to promote highly efficient neu-
ral induction [2]. A human iPS cell line (201B7)
was generated by introducing four transcrip-
tion factors (Oct3/4, Sox2, Klf4, and c-Myc)
into human skin fibroblasts [55]. The hiPSCs
were cultured on inactivated SNL feeder cells
using hiPSC medium containing DMEM/F12,
knockout serum replacement, non-essential
amino acids, L-glutamine, p-mercaptoethanol,
bFGF, and penicillin and streptomycin. When
hiPSC colonies reached 80-90% confluence,
they were plated on SNL feeder cells in hiPSC
medium without bFGF, including noggin and
SB431542. Then, they were cultured in SKPs
medium containing DMEM/F12, B27 supple-
ment, penicillin and streptomycin, bFGF, EGF,
and CHIR99021 (CHIR). When cells reached
80% confluence, they were dissociated using
Accutase cell detachment solution and were
subcultured in new dishes in SKPs medium
without CHIR. After 5 days, a sufficient num-
ber of cells were obtained, which were termed
hiPSC-SKPs|2].

Sugiyama et al. described adipogenic, osteo-
genic, and neurogenic (Schwann cell) differ-
entiation from hiPSC-SKP the same as from
traditional SKPs. In addition, hiPSC-SKPs can
differentiate into osteogenic cells, unlike SKPs.
hiPSC-SKPs can also induce follicular type kera-
tinization. Epidermal keratinocytes and hiPSC-
SKPs express trichohyalin, a hair follicle-specific
protein [2].
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Human Embryonic Stem Cell-Derived
Endothelial Precursor Cell (hESC-EPC)
Culture

To differentiate hESC effectively into endothe-
lial cells, several approaches have been taken,
including altering cytokines in the medium and
co-culturing with other cells such as stromal
cells [85]. The embryoid bodies (EB) formed
spontaneously from hESC have frequently been
used to promote differentiation of hESC into
endothelial cells [86]. Culture and differen-
tiation of hESC has been described previously
[87]. Cells are cultured on human collagen-
coated dishes in EGM-2/MV medium. For
expansion of hESC-EPC, cells are passaged by
trypsinization [85].

Stem cells have been shown to have a thera-
peutic effect in several ischemic animal models.
We examined the wound-healing effect of secre-
tory factors released by hESC-EPC. Conditioned
medium (CM) of hESC-EPC was prepared and
applied in a mouse excisional wound model.
hESC-EPC CM accelerated wound healing,
increased the tensile strength of wounds, and
caused more rapid re-formation of granulation
tissue and re-epithelialization of wounds. In
vitro, hESC-EPC CM improved the proliferation
and migration of dermal fibroblasts and epider-
mal keratinocytes. hESC-EPC CM also increased
the extracellular matrix synthesis of fibroblasts.
hESC-EPCs secrete many growing factors and
interleukins important in angiogenesis and
wound healing [85].

Human Hair Follicle Organ Culture
(HFOC)

Langan et al. described HFOC culture conditions
and quality control [35]. Remarkably, even after
having been removed from the human body, the
HF maintains some of its in vivo characteristics
in HFOC. HF growth ex vivo is influenced by
the stage of the microdissected follicle, its rate
of growth, its intrinsic hair cycle, the rate of
matrix keratinocyte proliferation, the differen-
tiation of matrix keratinocytes into the mature

hair shaft, and the HF epithelial stem cell pro-
liferation/apoptosis. It is also important that the
major stem cell component (bulge) is absent in
microdissected and amputated HFs and is only
present when full-length HFs are microdissected
and cultured [35]. Successful growth of anagen
VI terminal HFs ex vivo for up to 2 weeks has
been demonstrated [88].

Despite its important role in preclinical hair
research, human HFOC clearly has major limita-
tions due to elimination of neural, vascular, and
endocrine controls of human HF biology, as well
as multiple factors contained in serum. Probably,
the rapid HF entry into catagen ex vivo reflects
that the HF is significantly stressed by the trauma
of microdissection, denervation, and serum and
hormone deprivation [35]. It must also be noted
that anagen scalp HFs in HFOC operate in the
absence of their epithelial and melanocyte stem
cell populations in the bulge, even though kera-
tin 15+ or keratin 19+ epithelial progenitor cells
and amelanotic melanoblasts are still present in
the proximal outer root sheath (ORS) of organ-
cultured human HFs [89]. The most important
limitation of current human HFOC techniques
is that human anagen HFs routinely fail to reach
even the telogen phase before they degenerate
ex vivo [35].

The original HFOC model [65] has been
adapted for a wide range of applications.
Microdissected HFs can be cultured in a serum-
free medium (Williams® E), supplemented with
L-glutamine, hydrocortisone, insulin, penicillin,
and streptomycin, and maintained at 37 °C in 5%
CO2 air [35].

It is now possible to knock-down defined
genes in human HFOC and to assess the gene
expression profile of defined microdissected
human HF in situ [12]. These recent develop-
ments have greatly enhanced the usefulness and
instructiveness of HFOC for preclinical hair
research [35].

Dermal Papilla Cell Culture

Human dermal papilla cells can be cultured in der-
mal papilla cell medium (Cell Applications) [2].
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Reproducing a Physiological
Microenvironment

Physiological stress is an important factor in both
the morphogenesis and homeostasis of various
organs. Physical stress has been implicated in the
physiologic responses observed in cell behavior
[90]. To replicate the tissue architecture, cell—cell
interactions, and specific physical microenviron-
ment, Aoki et al. demonstrated the effectiveness
of a three-dimensional collagen gel culture sys-
tem and further established two simple culture
systems: air-liquid interface (ALI) and fluid flow
stress (FES) [66]. The microenvironment physi-
cal stress (forces of gas and fluid streaming) has
a huge effect on the proliferation and differentia-
tion of various cell types [66, 90]. The ALI cul-
ture system consists of three components: outer
plastic dish, inner cell insert, and collagen gel
scaffold. Skin is constantly exposed to air; thus
the ALI system closely imitates the skin micro-
environment [66].

Alternatives to Proteolytic Enzymes
in Cell Culture

Proteolytic enzymes affect the balance between
ECM degradation and deposition during cell pas-
sage. These enzymes not only destroy the ECM
but also interfere in surface proteins; therefore
profound changes in stem cell behavior may be
produced [16].

Huang et al. studied the proteomic changes
caused by the use of proteolytic enzymes (such
as trypsin) in cell passage [91]. They found
that 36 proteins were differentially expressed
in the trypsin-treated cells. Proteins related to
the regulation of metabolism, growth, the mito-
chondria electron transport, and cell adhesion
showed less expression, while proteins that
regulate apoptosis showed more expression.
Cell detachment without proteolytic enzymes
may maintain membrane proteins and preserve
mesenchymal stem cell properties. Therefore,
alternatives to the use of trypsin are being
developed, such as cell culture in cell sheets or
hydrogel 3D culture [16].

Culture in Cell Sheets

Cell sheets culture was developed to promote cell
passage without the use of proteolytic enzymes
[16]. Yamada et al. developed the cell sheets
technology, in which the cells and their ECM are
collected together, without proteolytic enzymes
treatment or any tool for extracting cells [92].
The plates are coated with thermo-responsive
polymers which change its cell adhesion property
as the temperature changes. Several groups have
been using the cell sheets technology [91, 92]. It
has been demonstrated that, after three passages,
cells grown in cell sheets preserve both viability
and proliferation properties, and differentiation
to some extent [93].

Hydrogel 3D Culture

Hydrogel can mimic the tissue-specific cellular
3D microenvironment by manipulating the ECM
physicochemical properties and components,
according to tissue and culture requirements.
However, it is a challenge to promote appropri-
ate oxygen, soluble factors, and the requirements
of cell nutrients transport in hydrogel 3D culture.
Hydrogel can be used to culture cells in biore-
actors, as a 3D culture which avoids the use of
proteolytic enzymes, as a mechanical vehicle
to 3D cell/organ printing, and as a biocompat-
ible material to be implanted in vivo. Despite
the challenges, hydrogel 3D culture, which
avoids proteolytic enzymes, is a good alternative
solution for either preservation or manipulation
of ECM components [16].

Three-Dimensional (3D) Cultures

Two-dimensional (2D) cell culture systems have
routinely been adopted around the world for the
past four decades [66]. The 2D cell culture micro-
environment affects cellular function, since only
one side of the cell is in contact with the ECM
and the neighboring cells [16]. Creation of a 3D
scaffold provides a better physiologic microen-
vironment for cultured cells and is expected to
more closely develop the cellular function.
Several types of 3D skin culture systems have
been developed. A 3D skin culture system was
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introduced by Ozbun et al. [94] to grow differen-
tiating epithelial tissues that mimicked important
morphological and biochemical aspects of skin.
This technique is often called an organotypic raft
culture due to its apparent floating nature with
growing keratinocytes on top of a collagen lat-
tice with fibroblasts [4]. Organotypic raft culture
promotes stratification and full differentiation of
keratinocytes when placed at the air-liquid inter-
face [4]. Aoki et al. demonstrated the advantages
of using a collagen gel-based 3D cell culture sys-
tem to analyze the effects of adipose tissue on
various cell types in vitro [66]. As previously
described, hydrogel 3D is an interesting culture
alternative [16].

Automatic Bioprocessing

Although static tissue culture is sufficient to gen-
erate cells for experimental purposes, it is imprac-
tical for generating the large quantities of SKPs
that would be required in an autologous cell ther-
apy to repopulate the HF mesenchyme or dermis
to enhance wound healing. Static tissue culture
methods are time and labor intensive, and manual
handling and inherent cellular variation between
flasks are influential factors. Therefore, controlled
cell culture processes must be developed to effi-
ciently and safely generate sufficient stem cell
numbers for clinical use. Computer-controlled
stirred-suspension bioreactors can be used for this
purpose and generate a large number of DSCs
while maintaining their phenotype and at least
some of their inherent inductive function [43].
Previous studies using cell types that included
murine embryonic stem cells, human embryonic
stem cells, multipotent adult progenitor cells
from bone marrow, neural precursor cells, mesen-
chymal stem cells, and induced pluripotent stem
cells have all shown that stirred-suspension bio-
reactors are an effective alternative for culturing
stem cells. Stirred-suspension bioreactors offer
several advantages over static cultures, including
reduced labor and costs, higher yield, more cel-
lular homogeneity, reduced space requirements,
and increased cell density per volume. They also
allow for precise monitoring and control of key

process variables, such as physiochemical envi-
ronment, thus providing a healthy environment
for cells and often leading to increased cell pro-
liferation [43]. The shear stresses produced in
stirred-suspension bioreactors can stimulate pro-
liferation and differentiation of stem cells [95].
Moreover, authors have shown that shear stress in
stirred suspension can play a role in the expres-
sion of stem cell markers [96]. Exposure to shear
force might liberate single cells from prolifer-
ating aggregates, thereby reducing the average
colony size and allowing for formation of new
colonies and producing an increase in viable cell
number in stirred-suspension bioreactors [43].
Compared with static culture, stirred-
suspension bioreactors generated fivefold greater
expansion of viable SKPs which were able to
reconstitute the HF mesenchyme, to induce de
novo hair follicle morphogenesis, and to exhibit
bipotency, reconstituting the dermal papilla and
connective tissue sheath, although bioreactor-
grown SKPs exhibited a significant reduction
in hair-forming ability compared with static-
expanded SKPs [43]. Little phenotypic differ-
ences were found in SKPs exposed to either static
or automated bioreactor expansion, and most
DSC markers, with the exception of SOX2, were
sustained over multiple passages. In static cul-
ture, a subset of aggregates consistently adhered
to the culture flask, and the frequency of adhesion
appeared to increase over passages. All rSKP
aggregates grown in the bioreactor remained
in suspension, as the reactors were siliconized
before use, thus preventing adhesion to the vessel
surface [43]. Adhesion is indicative of differen-
tiation and would largely contribute to the limited
expansion observed in static culture [42].

Skin Engineering

Significant progress has been made over the past
25 years in the development of engineered substi-
tutes that mimic human skin (Fig. 5), either to be
used as grafts or for the establishment of in vitro
human skin models [98]. Several methods have
been described to build skin maintaining its
structure and function [24].
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Insights from developmental biology are already
pointing to the development of “intelligent materi-
als” that work with nature’s own mechanisms of
organogenesis and repair. Biologically active and
appropriate matrices and factors in combination with
automated (tissue printing) techniques are designed
to produce a new generation of complex skin substi-
tutes in a desired number and with a constant quality
[26]. Tissue engineering is emerging as a potential

Fig. 5 Preparation of a bioengineered skin substitute
(Reproduced from Hakim et al. [97])

Fig. 6 Tissue
engineering concept
(Reproduced from
Pandey et al. [99])

Engineered
Tissue OR Graft

Cell seeded 3D Scaffold

solution for tissue and organ failure (Fig. 6) [40].
Tissue engineering has given tools to cover large
surface wounds which has been one of the major
challenges in clinical research [41]. Successful
regeneration of skin with skin substitutes depends
on two factors: the presence of self-renewing kerati-
nocyte stem cells for re-epithelialization and a func-
tional dermal substitute consisting of the appropriate
cellular and acellular components, which allow no or
only limited scarring of the developing skin [26]. To
prevent immunological incompatibility, autologous
cells may be used. However, the number of cells
required for the construction of an organ or tissue
is much greater than the number of cells obtained
from an autologous donor cell source. In this way,
expanding the number of cells in cell culture for a
long period is required until the necessary amount of
cells is obtained. Nevertheless, maintaining the cell
characteristics throughout the expansion process is a
challenge as cell processing and cell expansion pro-
tocols have not been established yet [16].

Several ‘“commercial” treatment modalities
exist along with skin grafting. Various problems

Tissue Isolated cells

Engineering
concept

Cell Cultivation
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are still encountered. A vascularized wound bed
is required for prompt graft attachment. If a der-
mal substitute reaches a threshold thickness [100],
vascularization is too slow resulting in epidermal
necrosis or graft loss. Therefore, most dermal sub-
stitutes thicker than 1 mm (Integra®, Matriderm®)
are applied using a two-step approach, giving the
dermal substitute sufficient time to vascularize.
Transplantation of an epidermal component needs
an additional operation. Features of the transplanted
epidermal component may be missing elasticity,
contraction, lack of pigmentation, and thereby lack
of protection against UV radiation [26].

Keratinocytes and fibroblasts in tissue-
engineered skin produce the correct concentration
and combination of growth factors and cytokines
important for efficient and effective wound repair
as well as providing the necessary ECM compo-
nents. In addition, one of the advantages of using
skin substitutes is that they can be cryopreserved
and that following thawing, the fibroblasts retain
the ability to proliferate and produce appreciable
amounts of VEGF, hepatocyte growth factor,
basic FGF, TGF-p1, and IL-8 [29, 101].

Several commercial products have been devel-
oped during the last 30 years (Table 2). They can

Table 2 Examples of skin substitutes

Skin substitute | Structure References
Bioseed-S Autologous keratinocytes, fibrin glue [61]
MySkin® Autologous keratinocytes grown in the presence of irradiated murine fibroblasts [102,
cultured on a silicone support layer 103]
Epicel® Cultured epidermal autograft (autologous keratinocytes grown in the presence of [104,
murine fibroblasts) 105]
Epidex® Cultured epidermal autograft (autologous outer root sheet hair follicle cells) [106,
107]
AlloDerm® Acellular donated allograft human dermis [108,
109]
Dermagraft® | Bioabsorbable polyglactin mesh scaffold seeded with human allogeneic neonatal [110,
fibroblasts 111]
Integra® Thin polysiloxane (silicone) layer; cross-linked bovine tendon collagen type I and [112,
shark glycosaminoglycan (chondroitin-6-sulfate) 113]
Matriderm® Bovine dermal collagen type I, III, and V and elastin [114,
115]
Hyalograft Hyaluronic acid with autologous fibroblasts and keratinocytes [116]
3D
Cultured skin | Autologous fibroblasts and keratinocytes in collagen [61]
substitute
Composite Cultured autologous keratinocytes in acellular allogeneic dermis [117]
skin
replacement
Composite Autologous keratinocytes and preadipocytes in Matriderm® [118]
skin
Autologous Autologous keratinocytes and fibroblasts in allogeneic plasma from blood bank [119]
bioengineered
composite skin
Apligraf® Human allogeneic neonatal foreskin keratinocytes; bovine collagen type I containing [120,
human allogeneic neonatal foreskin fibroblasts 121]
OrCel® Human allogeneic foreskin neonatal keratinocytes containing human allogeneic [122,
neonatal fibroblasts cultured onto matrix of bovine collagen 123]
PermaDerm® | Collagen sponge with autologous keratinocytes and fibroblasts [61]
Biobrane® Knitted nylon mesh that is bonded to a thin, silicone membrane and coated with [124]
porcine polypeptides
TransCyte® Semipermeable silicone membrane and human newborn fibroblast cells cultured on a [125]
porcine collagen-coated nylon mesh
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be permanent or temporary; autologous, alloge-
neic, or xenogeneic; and made of natural or syn-
thetic materials as scaffolds for cell attachment.
They can be classified into three types.

Types of Skin Substitutes

Epidermal Substitutes

Epidermal substitutes contain autologous kerati-
nocytes, often grown in the presence of murine
fibroblasts. Most products belong to the category
of “cultured epidermal autografts” (Epicel®,
EpidexTM, MySkinTM). Developing the final
substitute from a skin biopsy takes about 3 weeks
[126]. Thus, burn wounds initially need to be
treated with temporary wound dressings. Several
studies and multicenter trials [126, 127] show a
wide range of take rates with an average value
of 50% or less [128], and statements about out-
comes are inconclusive due to the diversity of
methods. Disadvantages are mainly their slow
preparation time, variable engraftment rates, dif-
ficult handling, and their high production costs
[26]. Another approach for epidermal replace-
ment is the use of autologous keratinocytes in
suspension (ReCell®) [129].

Dermal Substitutes

Dermal substitutes used as dermal regeneration
templates play an important role in skin recon-
struction by improving wound healing and scar
formation [26]. Engineered dermal substitutes
promote new tissue growth and optimize heal-
ing conditions by secretion of growth factors and
deposition of dermal matrix proteins [29, 130].
There are currently a range of dermal substitutes
which may be acellular or cellular. Some of them
consist of acellular matrices, which are perma-
nently incorporated into the patient’s wound bed
(AlloDerm®, Integra®, Matriderm®) [108, 112,
114]. The four types of commonly used natural
materials are collagen, chitosan, hyaluronic acid,
and carboxymethyl chitosan. Dermal substitutes
need to be covered by a permanent epidermal
substitute [130]. These substitutes are colonized
and vascularized by the underlying cells usu-
ally 3—4 weeks after application [111]. As the

autologous neodermis regenerates, the scaffold
gradually disappears. Histologic evaluation of
biopsies did not show any evidence of immuno-
logic response [131]. More recent approaches
are using thinner dermal layers, with the aim of
transplanting the dermo-epidermal substitute in
a single step [132]. Artificial three-dimensional
scaffolds have been used as effective dermal
regeneration templates for treating full-thickness
skin defects [24].

Incorporation of stromal fibroblasts into der-
mal substitutes has shown great promise for their
application in repairing tissues by fabricating
dermal substitutes. In contrast to allogeneic cells,
autologous fibroblasts carry no risk of rejection
or cross-infection [29]. However, there is often
a delay in obtaining sufficient autologous cells,
whereas allogeneic cells are cryopreserved and
therefore readily available. hiPSCs offer a novel
source of autologous cells for dermal regen-
eration. iPSC-derived fibroblasts may improve
efficacy and function for future regenerative ther-
apies [24].

The attempt to incorporate growth factors
has, in most cases, been disappointing due to
their instability. Loading of functional genes into
the scaffolds is a way to produce growth fac-
tors, which have drawbacks such as enzymatic
degradation of the DNA and low cell transfection
efficiencies [24].

Dermo-epidermal Substitutes

More than 10 years have passed since the devel-
opment of cultured skin substitute (CSS), which
consists of cultured autologous epidermis and
dermal fibroblasts. However, the CSS does not
regenerate the appendages. The incorporation of
an epidermal component composed of differen-
tiated keratinocyte layers onto a cellular dermal
substrate leads to the formation of a bilayered
skin substitute [40].

Few engineered, “off-the-shelf” dermo-
epidermal substitutes have been produced.
Human allogeneic neonatal keratinocytes and
fibroblasts are combined with a scaffold to form
a temporary covering (Apligraf®, OrCel®) [29,
100, 130]. Apligraf® was the first bilayered liv-
ing skin equivalent produced [29]. For autolo-
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gous cultured dermo-epidermal substitutes [130],
keratinocytes and fibroblasts are obtained from
a burned patient’s biopsy and added to a colla-
gen—glycosaminoglycan substrate [133]. In terms
of graft take and scar appearance, this substitute
yields results superior to conventional techniques
[130, 134], but further clinical studies need to
confirm these results [26]. However it has the dis-
advantage that it is an expensive method, which
requires five weeks of preparation [134].

Keck et al. described the construction of a
multilayered skin substitute with human pre-
adipocytes from subcutaneous tissue and cul-
tured keratinocytes seeded onto a scaffold
(Matriderm®) [118].

Skin Appendages

Wang et al. identified clinically applicable stem
cells for de novo regeneration of the hair follicle
and sebaceous glands (SG), suggesting a great
potential to develop novel bioengineered skin
substitutes with appendage regeneration capac-
ity. The authors demonstrated that a combination
of culture-expanded Epi-SCs derived from adult
human epidermis and culture-expanded adult
human SKPs was sufficient to regenerate de novo
hair follicles and hairs. In addition, they evidenced
that Epi-SCs from the epidermis differentiated
into sebocytes in vitro and formed functional SGs
in vivo upon appropriate induction [40].

Stem Cells in Tissue Engineering

Recent research regarding the use of stem cells
for skin tissue engineering has mainly con-
centrated on mesenchymal stem cells (MSCs),
adipose-derived stem cells (ASCs), embryonic
stem cells, and induced pluripotent stem cells
(iPSCs). Meanwhile, a few researchers have
begun to focus on dermal-derived stem cells [42,
135, 136]. These stem cells are famous for their
ability to perform multi-directional differentia-
tion [24].

MSCs in the bone marrow have the ability
to differentiate into a variety of cells and tissues

derived from the mesoderm and the neural ecto-
derm. Under certain conditions, hMSCs can differ-
entiate into epidermal-like cells [137]. Therefore,
the bone marrow MSCs are used as seed cells to
construct full-thickness skin tissue [24]. MSCs
have also been used in the induction of vascular-
ization of tissue engineering scaffolds [138].

Research investigating differentiation from
ASCs into epidermal cells is very minimal but
may result in breakthroughs in the treatment
of severe trauma and extensive burns [24].
Therefore, ASCs may be ideal seed cells for skin
tissue engineering research [139].

Clinical Applications
Skin Substitutes

Many clinical indications for treatment with skin
substitutes have been described:

Chronic Ulcers

Dermal equivalents and bilayered skin substi-
tutes have been used to treat chronic nonhealing
wounds, such as venous, diabetic, and pressure
ulcers [29].

Burns

Burn injuries may be divided into partial-
thickness burns, involving loss of epidermis
and papillary dermis, and full-thickness burns
where damage is deeper. Superficial partial-
thickness burns may result in full regeneration
by re-epithelialization without scar formation,
in comparison with full-thickness burns where
scarring inevitably occurs. Nevertheless, all burn
injuries can lead to loss of fluid and proteins, and
increase susceptibility to infection, thus requir-
ing immediate attention. Nonbiological topi-
cal treatments and biological dressings may be
used. Tissue-engineered skin substitutes as tem-
porary biological dressings (i.e., AlloDerm®) are
also effective and promote wound healing [140].
Alternatively, the use of a bilayered skin substi-
tute such as Apligraf® or OrCel® requires just one
step for skin replacement. The advantage of using
Apligraf® as opposed to cadaver skin as a biolog-
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ical dressing is that Apligraf® is readily available,
of reproducible quality, and does not predispose
the patient to infectious disease transmission.
Furthermore, Apligraf® incorporates neonatal
fibroblasts which have higher proliferative rates
and offer the possibility of producing near nor-
mal dermis [141]. On the other hand, treatment of
burns may involve two steps [29]. First a dermal
template with artificial epidermis initially allows
autogenous neovascularization and autologous
fibroblast migration into the dermal scaffold.
Second, following formation of the neodermis,
the temporary epidermis is removed and replaced
by an epidermal autograft. An example of this
type of product is Integra®[29].

Genodermatoses and Other
Dermatological Conditions
Tissue-engineered skin substitutes have been
used with variable success in epidermolysis bul-
losa (EB), pyoderma gangrenosum, hydroxyurea-
induced leg ulcers, bullous morphea ulcers, and
ulcerative sarcoidosis. Fibroblasts for cell-based
therapy and gene therapy have been used for the
treatment of recessive dystrophic EB [29].

Cosmetic and Reconstructive Surgery
Tissue-engineered skin substitutes have also
been used for the treatment of wounds follow-
ing cancer excision [29]. They have the advan-
tage of not inducing donor-site defects as well as
allowing monitoring for local tumor recurrence.
Dermagraft® has been successfully used for cover-
ing intraoral defects following oral squamous cell
carcinoma [142]. In addition, the use of Apligraf®
produced better cosmetic results in wounds fol-
lowing Mohs or excisional surgery [143].

Cultured Fibroblasts

Cultured fibroblasts may be utilized to promote
tissue repair in a variety of conditions ranging
from acute and chronic wounds through to their
application in aesthetic and reconstructive sur-
gery. For permanent engraftment, autologous
fibroblasts are necessary. However, allogeneic
fibroblasts may be used as a biological dressing or

for preconditioning of the wound bed prior to graft
application, especially when wounds are very
large. In addition, using autologous fibroblasts in
dermal substitutes has led to better restoration of
dermal tissue and minimal scar formation com-
pared with allogeneic dermal substitutes [29].

Skin Stem Cells

The skin stem cells (SSCs) are in clinical setup
for a long period of time and have been used
for the management of vitiligo, burn, and other
pigmentary disorders. Hair follicle stem cells
(HFSCs) have also been used for cell-based clini-
cal needs, especially in vitiligo [47].

hiPSC-SKPs can provide an unlimited num-
ber of dermal SCs and could contribute to skin
dermal regeneration that was lost due to injury
or disease [2]. Enhanced expansion of SKPs in
computer-controlled stirred-suspension bioreac-
tors might provide a safe and efficient method to
generate large numbers of DSCs, thereby permit-
ting drug screening for compounds that might
influence HF growth or cell-based strategies to
repopulate the skin and hair follicle after injury
or disease [43].

Secretory Factors
Secretory factors released from stem cells could

be an important mediator of stem cell therapy in
ischemic tissue diseases [85].

Clinical Applications in Aesthetic
Medicine

Currently the use of cell culture techniques and
tissue engineering is not widespread in aesthetic
clinical practice.

Fibroblast Injections

Fibroblasts and ECM decrease during skin aging
resulting in the formation of wrinkles; therefore a
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therapy for rhytids consisting of autologous cell
injection has been proposed. Cell injection is nei-
ther a dermal filler, nor stem cells (but may con-
tain stem cells, which is under investigation), nor
growth factors [74]. Cultured autologous fibro-
blasts seem to be the first successful implementa-
tion of cell therapy for the treatment of wrinkles.
This treatment offers the promise of maintained
growth of cells, which may persist longer than
other fillers [79].

Autologous fibroblasts are the first and only
autologous fibroblast cell therapy approved by the
US Food and Drug Administration (FDA) for aes-
thetic use that is grown from patient biopsies and
injected back into facial skin (Fig. 7). Fibroblast
cell injections appear to be best suited for fine lines
with the current on-label indication of nasolabial
wrinkle correction [79]. There is evidence that
autologous fibroblast injections can improve the
appearance of facial wrinkles and depressed scars
[145, 146]. Other indications are wounds [147]
and subcutaneous atrophy [80]. Some physicians
are currently using the product for off-label indi-
cations such as glabella folds, periocular rhytids,
tear troughs, upper lip rhytids, marionette lines,
chest wrinkles, necklace lines, and atrophic skin of
the dorsal hands. Long-term results are expected,
but not proved. Anecdotal evidence suggests that
some patients treated in clinical trials 8 years ago
still show clinical benefit for NLF [79].

Fibroblasts secrete different kinds of ECM
proteins, of which collagen is the most likely

involved in correcting dermal and subcutane-
ous defects. Type I and type III collagens are the
most abundant types of collagens in the skin. In
adults, type I collagen constitutes approximately
80% of dermal collagen, whereas type III colla-
gen is abundant in healing tissue, and then it is
gradually replaced by the stronger and tougher
type I collagen [148]. In Zeng et al. study [64],
both types of collagens were secreted by the
transplanted human fibroblasts and accumulated
gradually during the 3 months.

Unlike traditional fillers, cultured autologous
fibroblast cells are injected more superficially and
treatment may require months to show improve-
ment. Therefore patients must be informed
that this treatment does not work immediately.
Autologous cells give gradual improvement
after three consecutive treatments over several
weeks. Autologous fibroblast cell injection may
be a good alternative for patients who do not
want foreign materials injected. Side effects are
minimal and comparable with other injected
agents. Compared with other fillers, additional
costs for harvesting and culturing before injec-
tion are incurred. Autologous fibroblast treatment
may be synergistic to volume fillers. Autologous
fibroblasts may provide a long-term solution to
the increase of dermal collagen bundles [79]. In
addition cultured fibroblasts can extend the lon-
gevity of bovine collagen [78].

Clinical trials for autologous fibroblast therapy
have been conducted since 2001 [79]. A major

Fig.7 Correcting nasojugal groove with autologous cultured fibroblast injection (Reproduced from Moon et al. [144])
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trial (N = 215) with living autologous fibroblast
cells for the treatment of facial contour defects
was reported in 2007 [149], showing initial hope-
ful results. Live fibroblasts (20 million/mL) were
given in three doses administered at 1-week to
2-week intervals. Efficacy evaluations were per-
formed 1, 2, 4, 6, 9, and 12 months after the first
injection. Results indicated that living fibroblasts
produced greater improvements in dermal defor-
mities and acne scars. At a 12-month follow-up,
patients treated with live fibroblasts continued to
show benefit from treatment. No serious adverse
events were reported. This finding led to the
initial conclusion that autologous fibroblast
injections could safely and effectively produce
improvements in rhytids, acne scars, and other
dermal defects continuing for at least 12 months
after injection [79].

Eca et al. performed a study to assess the safety
and efficacy of the injection of autologous fibro-
blasts cultivated in the patient’s own serum for
dermal repair of skin flaccidity and wrinkles [74].
A skin biopsy was performed in the groin region.
Next the dermis was mechanically separated from
the epidermis and the hair follicles and then frag-
mented and transferred into culture flasks. After
the primary culture reached 70% confluence, the
cells were treated with trypsin solution, centri-
fuged, and resuspended in PBS (phosphate-buft-
ered saline). Then two aliquots were separated:
1 mL for expansion and 1 mL for injection. The
aliquot for expansion was cultured constituting
the first cell passage (first population doubling).
When confluence of 70% was reached, the cells at
first population doubling were once again submit-
ted to trypsinization, with 50% of the cells being
used for injection and the remainder for expansion
until completion of the second population dou-
bling, when the entire cell content was injected.
Injections into the superficial dermis in forehead
wrinkles, perioral wrinkles, nasolabial fold, chin,
and periorbital skin were performed using a retro-
grade linear threading technique. Injections were
given over four sessions, with a minimal interval
of 15 days between each session. The first injec-
tion was performed after the first passage (first
population doubling). Injections were given every
15 days at the second, third, and fourth population

doublings. The cell population increased progres-
sively. The cells resulted in 98% viable cells at the
fourth population doubling. Sixty days after com-
pleting the four intradermal injections, significant
improvement was found in periorbital flaccidity
in two cases, with slight improvement in surface
lines in one case. No improvement was found in
deeper wrinkles. Six months after completion of
treatment, no further changes were found. A total
of 6.4 x 106 fibroblasts/mL was injected, result-
ing in a good response in the periorbital region,
although surface wrinkles and deeper wrinkles
may require a greater number of fibroblasts,
as shown in the Weiss study [149] previously
described.

The current autologous fibroblast therapy
product called Isolagen Therapy™ (Laviv™)
is the first cell therapy cleared by the FDA for
aesthetic improvement and the first to show sta-
tistically significant benefits in large blinded
controlled trials [150]. A personalized biopsy
kit/shipper is sent to the practice location. The
biopsies are performed and processed for culture
the next morning. Three 3-mm punch biopsies
are performed in the retroauricular area with
just enough depth to obtain cells from the der-
mis, but not as deep as adipose tissue, and placed
in the transport media vial. After fibroblast cul-
ture, fibroblasts are harvested and cryopreserved.
Before use, the cells are thawed, washed with
PBS and Dulbecco’s modified Eagle’s medium,
resuspended at a concentration of 1.0 to 2.0 x 107
cells/mL, and shipped overnight at 2—8 °C to the
treatment center for administration the next day.
Efficacy and safety tests are performed. Before
use at the treatment center, the cell suspension
is stored at 2—8 °C and then allowed to warm to
room temperature for 30 min before use. Only
topical anesthetic is used. The area of treatment
is cleaned using alcohol with time allowed for
the alcohol to evaporate. After gentle inversion
of the vial to dislodge clumped cells, aspiration
into a 1-mL or 3-mL syringe is performed using
a 22-gauge to 25-gauge needle. The cell suspen-
sion is injected using 30-gauge needle in a ret-
rograde threading technique or in small aliquots
of 0.05-0.1 mL directly into a wrinkle. Serial
puncture is most commonly used. No lidocaine
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or epinephrine is added to the cell suspension
before injection because it could be harmful to
cells. The injection is into the superficial papil-
lary dermis and confirmed by the appearance of
blanching and wheal formation. No massage or
other manipulations of the areas are performed to
avoid risk of damaging the cells. Subjects should
avoid the use of soaps or any other products to
the face for 72 h after each injection session,
although mild washing is permitted. Indirect
application of ice to the treatment area is not rec-
ommended. The treatment consists of three ses-
sions, each 5 weeks apart, with a dose of 0.1 mL
of a suspension of 1.0 to 2.0 x 107 cells/mL [79].
Clinical improvement in NLF wrinkles was seen
2 months after the start of treatment, with con-
tinuous improvement in the follow-up months
2-6 after a series of three injections [150]. Unlike
most dermal filler products, autologous fibroblast
therapy benefit is not expected to degrade over
6 months [151, 152]. Prior studies of autologous
fibroblasts showed continued benefit 1 year after
treatment [149]. Zhao et al. proved that cultured
autologous skin fibroblasts survive for at least
5 months after injection [80].

Cultured fibroblasts can be injected combined
with hyaluronic acid (HA) to obtain longer-
lasting results [78, 153]. Solakoglu et al. [78]
used cross-linked HA as a biodegradable polymer
scaffold for cultured human fibroblasts. Dermal
fibroblasts obtained from rat skin biopsies were
cultured and injected. The density of the cells in
mixture was approximately 30 x 10%mL. At the
end of the fourth and eighth months, the injected
fibroblasts, elastin, and collagen production were
found to be stable and well tolerated. Syntheses of
collagen and elastin were demonstrated. HA bulks
surrounded by fibroblasts suggest an interaction
between HA and fibroblasts. HA also promoted
vascular angiogenesis. There were no signs of
apoptosis, inflammation, or necrosis, which was
expected because the injected cells were autolo-
gous. Therefore, cultured human dermal fibro-
blasts combined with hyaluronic acid can provide
a long-lasting material and should be regarded as
a new method in dermal renovation [78].

Scar formation and contraction should be
avoided when using fibroblast treatment. In case

of correction of dermal and subcutaneous depres-
sion, where the skin remains intact, the possibility
of wound contraction is very low. Thus fibro-
sis and scar formation are our primary concern,
which may be caused by excessive growth or
secretion of cultured fibroblasts after transplanta-
tion. The extracts of the dermis (extract D) could
inhibit the proliferation of fibroblasts [154].

Stem Cell-Conditioned Medium

Microneedle fractional radiofrequency is a safe
and effective skin rejuvenation method, and bet-
ter results may be expected when combined with
stem cell-conditioned medium [155]. The stem
cell-conditioned medium (hESC-EPC CM) [85]
is composed of a large number of growth factors
and cytokines. In vitro, hESC-EPC CM signifi-
cantly improved the proliferation and migration
of dermal fibroblasts and epidermal keratinocytes
and also increased collagen synthesis of fibro-
blasts. hESC-EPCs secrete cytokines and chemo-
kines which are important in angiogenesis and
wound healing [156]. Patients received three ses-
sions at 4-week intervals. Histologic examination
revealed marked increase in dermal thickness and
dermal collagen content. Side effects were mini-
mal [155].

Efficacy and Safety

Since the first transplants of adult stem cells from
bone marrow in 1959 [157], there is no record
in the scientific literature of any case of tumor
formation resulting from the injection of these
cells [74]. The technique is considered safe at
an expansion of up to the fourth population
doubling[158].

Immunological Impact of Allogeneic
Cells

There have also been a number of studies inves-
tigating the immunological impact of allogeneic
cells [29]. It has been suggested that allogeneic
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cells are replaced by host cells. In addition,
large trials involving grafting of allogeneic skin
equivalents onto venous ulcers did not reveal evi-
dence of rejection clinically or immunologically
in the patients [159]. There was no demonstra-
tion of antibodies specific for human leukocyte
class I antigens expressed on allogeneic cells and
no proliferation of T cells in patients. One of the
reasons for the perceived lack of acute rejection
in immunocompetent hosts is that dermal fibro-
blasts lack major histocompatibility complex
class II antigens necessary for antigen presenta-
tion [160]. It has also been proposed that during
in vitro culture, the antigen-presenting cells, such
as Langerhans cells, are gradually lost follow-
ing serial passages [161]. One study assessed the
persistence of allogeneic fibroblasts in an acute
wound (porcine model) and found that after
1 week, allogeneic fibroblasts were not detect-
able by polymerase chain reaction [162].

Malignancies Development

It is essential that clinical safety be ensured as
these cells return to patients. It is also important
to investigate and understand the changes in cell
culture to be certain that the cells do not carry
mutations or unwanted differentiations that may
cause any pathology in the medium- to long-term
horizon [16].

Hayflick et al. [69] have shown that human
fibroblasts could maintain their genomic stabil-
ity after 40 generations, although cells at the
tenth passage were too senescent for injection.
Clinically, cells at passages 3—4 are most suitable
for injection in terms of cell quantity and pro-
liferative and secretory activity [64]. Eca et al.
[74] ensured that no genetic alterations occurred
in fibroblast expansion up to the fourth pas-
sage. Zeng et al. [64] noted that the proliferative
behavior of the cultured cell population remained
stable from passages 5 to 10 without overactive
division or apoptosis. Cells at passages 5 and
10 maintained their normal somatic cell diploid
karyotype, and no mutations or other transloca-
tions were discovered. No chromosomal abnor-
malities were found in in vitro expanded human

fibroblasts. It was also noted that the prolifera-
tion was active at the first month and returned to
normal later, indicating that the proliferation of
the injected cells was under certain regulations,
which prevented the cells from hyperplasia. The
fact that no macrophages were found suggested
that there was no abnormal apoptosis or necro-
sis of the injected cells. Moreover, normal cell
morphology without dysplasia was observed
from histological sections, and no tumors were
detected from gross inspection together, suggest-
ing that no oncogenic transformation or fibrosis
formation had occurred at least 3 months after
transplantation [64]. However, small segment
mutations or other subtle molecular events were
not completely excluded. The in vivo section of
the study has limitations since the injected cells
were not labeled. Second, the viability and stabil-
ity of the injected cells were only demonstrated
by microscope observation. Telomerase activity
and carcinogenicity should be measured in a fur-
ther study [64].

A theoretic risk of the enhancement of malig-
nancies with autologous cell therapy has been
raised [163]. Although one basal cell carcinoma
was reported near a treatment site in the pivotal
trial, it is unrelated to the autologous fibroblast
injection for two reasons:

1. Given the number of subjects and duration of
the trial, the incidence of cutaneous malig-
nancy is consistent with background rates.

2. Basal cell carcinoma is not a fibroblast-
derived tumor. To date, no dermatofibrosarco-
mas have been reported in thousands of
injections [79].

Animal Disease Transmission

The use of fetal bovine serum (FBS) in fibro-
blast culture medium may increase the risk of
infection from bovine diseases or of a reaction
to foreign proteins. In addition, cell division
and consequently the number of fibroblasts have
been shown to be greater in autologous dermal
fibroblasts cultivated in human serum than in
FBS [164].
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Autologous Cultured fibroblasts

The advantage of injecting a live autologous filler
is obvious as it leads to longer-term correction
and eliminates the problem of hypersensitiv-
ity and foreign body granulomatous reactions
[29]. Many authors have studied the safety and
efficacy of the injection of cultured autologous
fibroblasts [29, 64, 74, 78, 79, 149]. The preclini-
cal safety and efficacy of autologous cultured
human skin fibroblasts has been studied and
their proliferation and secretion activity has been
demonstrated. The implanted fibroblasts can sur-
vive in vivo for more than 5 months and actively
secrete new collagen [64, 80]. The use of cultured
human skin-derived fibroblasts has been proven
to be safe, providing a basic support for clinical
use of autologous fibroblast transplantation [64].

Side effects of cultured autologous fibroblasts
are minimal and temporary and comparable with
other injected agents [79]. A major trial reported
in 2007 [149] found no serious treatment-related
adverse events. No hypersensitivity reactions have
been noted, and no long-term nodules or other
local problems have been seen [150]. Solakoglu
et al. found no complications after injection of cul-
tured fibroblasts combined with stabilized hyal-
uronic acid (HA) [78]. Furthermore, there have
been no reports of hypertrophic or keloid scarring
following the injection of autologous fibroblasts,
suggesting that fibroblast proliferation and colla-
gen synthesis are naturally regulated by cell—cell
and cell-ECM contact and negative feedback
[145]. Therefore autologous fibroblast therapy is
as safe as many of the existing filler therapies [79].

Skin Substitutes

A systematic review which included 20 random-
ized controlled trials assessed the safety and
efficacy of bioengineered skin substitutes in
comparison with standard methods in the man-
agement of burns. Nevertheless the numerous
subgroup analyses and the diversity of skin sub-
stitutes limited the ability to draw conclusions
[41, 130]. Bioengineered skin substitutes, as
Biobrane®, TransCyte®, Dermagraft®, Apligraf®,

Integra®, and CEA (cultured epithelial autograft),
have proved to be at least as safe as the classi-
cal skin replacements or topical agents/wound
dressings [130]. Apligraf® is composed of alloge-
neic keratinocytes and fibroblasts which are not
detectable beyond 6 weeks [165].

Present and Future of Cell Cultures
Stem Cells

The possible therapeutic use of somatic cells
derived from embryonic stem cells is currently a
hot topic in regenerative medicine [41]. Although
skin biopsies are a regular source of keratinocytes
and skin stem cells, the generation of keratino-
cytes from human embryonic stem cells could be
a useful technique [166]. Nevertheless obtaining
skin stem cells from the own patient’s skin might
simplify the procedure.

Work on embryonic stem cells [167] and the
discovery of Yamanaka et al. [168], which dem-
onstrated that adult cells can return to the embry-
onic stage with the possibility of producing all
the specialized cell categories, give hope in the
near future to cellular genetic therapy, which
might replace tissue and organ transplants [134].

The usage of stem cells may help to overcome
the limitations of current technologies (i.e., the
lack of vascular networks, sensory receptors) [24].
Though using stem cells has been partially effec-
tive, the potential risks of malignant teratoma for-
mation and long-term adverse effects of the stem
cells should be taken into account, and therefore
more extensive studies are required [169].

Tissue Engineering

Tissue engineering of skin is based on 25 years
of research and rests on a strong background
of technologies and cell and molecular biology.
Despite initial unrealistic expectations, tissue-
engineered skin has already delivered consider-
able benefits to patients with burns, accidents,
infections, and chronic wounds. In this regard,
“skingineering” has a huge potential that has just
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begun to be realized [26]. The challenge that still
remains is the generation of a complex dermo-
epidermal substitute that can be safely and effec-
tively transplanted with minimal scarring in one
single-step procedure. Skin regeneration aims to
achieve structural and functional reconstruction,
reducing scar formation and improving the qual-
ity of wound healing [24]. Regeneration rather
than scar formation is key [15].

The invention of Integra® was a major step in
skin engineering. Controlled release of angio-
genic factors from matrices, seeding endothelial
cells directly into the matrix, and engineering the
vasculature directly into the tissue would largely
contribute to speeding up vascularization in these
complex skin grafts [26]. The combination of
tissue-engineered skin substitutes with cytokines
and growth factors may in the future be used to
enhance wound healing as well as the possibil-
ity of incorporating defensins for antimicrobial
benefit [29]. The use of cells with its preserved
matrix could exempt the need for a scaffold [16].

Stem cell biology also has to be integrated in
this future concept. Human adult stem cells can
be a source to generate skin in vitro [26]. iPSCs

Fig. 8 Skin bioprinting

provide a novel source of bioactivity for scaf-
folds to promote cell proliferation and differen-
tiation via different signal transduction pathways.
However, the currently available dermal substi-
tutes have certain deficiencies to overcome, such
as inconvenient usage processes, missing hair
follicles, and poor resistance to infection, and
most of them require secondary transplantation in
autologous skin. These include further research
into the differences between fetal scarless wound
healing and adult wound healing and improving
vascularization of scaffold materials and seed
cells, especially stem cells [24, 100].

Skin Three-Dimensional Bioprinting

In recent years, skin three-dimensional bioprint-
ing is a potential technology which can gener-
ate stratified constructs to simulate function and
morphology of the natural skin [98, 135, 169].
Until now, relatively simple skin architectures
composed of keratinocytes and fibroblasts have
been successfully generated through bioprinting
techniques (Fig. 8). These skin architectures have

(Reproduced from
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demonstrated similarities to native skin and have
performed some skin functions in in vivo studies
[24,98, 171-173].

Cubo et al. generated a human bilayered skin
using bioinks containing human plasma as well
as primary human fibroblasts and keratinocytes
that were obtained from skin biopsies in less than
35 min. The generated skin was very similar to
human skin and indistinguishable from handmade
bilayered dermo-epidermal equivalents [98]. The
barrier function of the skin is closely relative to
the maturation and formation of the stratum cor-
neum. Therefore the bioprinted skin constructs
cannot achieve complete function due to the
absence of a fully differentiated epidermal region
[171-173]. The density of ECM and cellular
component can be controlled in bioprinting and
the cell viability can be maintained during the
whole printing process [171-174]. Furthermore,
the thicknesses of printed constructs can be cus-
tomized and controlled according to the wound
depth [175]. Therefore 3D bioprinting is a suit-
able technology to generate bioengineered skin
for therapeutical and industrial applications in an
automatized manner [98].

Cell Cultures

The future application of fibroblasts for gene
therapy also offers a huge potential in providing
new strategies for treating skin genodermatoses
[29]. In the future, autologous fibroblast cell ther-
apy might replace superficial synthetic fillers, but
currently that is doubtful [79].

HFOC is a versatile and accessible assay sys-
tem which has only just begun being employed for
research into human genodermatoses and miRNA
function, chronobiology, cutaneous neuroendo-
crinology, HF-associated progenitor cell biology,
melanocyte biology, epithelial stem cell immuno-
pathology, and mitochondrial biology [35].

In postpartum humans, skin appendages lost
in injury are not regenerated. Wang et al. demon-
strated that transplantation of culture-expanded
epidermal stem cells and skin-derived progeni-
tors led to de novo regeneration of functional
hair follicles and sebaceous glands. This finding

could be the basis for the development of novel
bioengineered skin substitutes with epidermal
appendage regeneration capacity [40].

Future studies will identify the inductive
signals that might explain the limited inductive
capacity after bioreactor expansion. It is prom-
ising that inductive function is partially retained
after extensive cell expansion [43].

Cell Reprogrammation
and Immortalization

The reprogrammation of differentiated somatic
cells to iPSCs offers an opportunity to generate plu-
ripotent patient-specific cell lines [41]. These iPSC
lines could help in model human diseases, drug
discovery, and cellular transplantation therapies.
Nevertheless, there are lots of factors regarding
safety that should be resolved [24, 176-178]. Better
understanding of cellular senescence will allow the
immortalization of various kinds of primary cells
which will be essential not only for regenerative
medicine but also for the economic development of
a three-dimensional skin culture system [4].

Conclusions

e Even though there is still much work to be
done, the rise of cell culture and tissue engi-
neering is providing powerful tools for regen-
erative medicine evolution.

e [t is important to maintain not only the tissue
structure but also to preserve its function.

o Efforts should be ideally directed to efficiently
and safely obtain large amounts of high-
quality product reducing costs, and to decrease
the use of allogeneic products, thus diminish-
ing potential risks.

e Further progress in automatic processing may
improve reproducibility and reliability and may
contribute to speeding up the process, reducing
costs, increasing efficiency, homogenizing pro-
tocols, and decreasing manual procedures vari-
ability. Computer-controlled bioreactors and
skin 3D bioprinting can contribute in this
regard.
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e The advance of cell therapy will possibly
make it more accessible and affordable, and in
the future rejuvenation treatments might not
be as we know them today but would mostly
consist of autologous treatments with a
decrease of secondary effects.

e Further large and rigorous studies with long-
term follow-up should be performed to assess
the safety of cell culture and skin substitutes.

e The use of stem cells may help to overcome
some of the limitations of current tissue engi-
neering techniques (i.e., angiogenesis, sensory
receptors generation).

e Great improvements have been made in this
field, and now the challenge is its application
to routine clinical practice.
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