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Review Article
Tissue-engineered skin: bottleneck or breakthrough
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Abstract: During the past few years, tissue-engineered skin constructs has offered great promise in the treatment of
deep burns and various skin-related disorders. The overall impact of bioengineered skin research, as a multidiscipli-
nary field, has also enhanced our understanding of the structure-function relations and the physiological processes
of tissue regeneration within these constructed three-dimensional skin models. Despite of the fact that currently
available bioengineered skin products have a range of problems such as patient safety, clinical efficacy and conven-
ience of use, they are still one of the most advanced strategies because of their wide use and potential development
in the biomedical field. Here, the challenges and developments in tissue-engineered skin research are discussed.
Central to the discussion is the extensive application and future prospects of these bioengineered skin constructs.
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Introduction

The need is great for safe and effective thera-
peutic options for wound coverage and tissue
repair in diverse clinical settings, such as in
acute skin wounds, burns and chronic skin ul-
cers, which represent a major burden on world
health care costs. Autografting with split-
thickness skin is the preferred treatment for
coverage of excised burn wounds, but donor
sites for autografting are limited in patients with
very large burns. In these patients, wound cov-
erage requires repeated harvesting of available
donor sites, which is associated with pain and
scarring at the donor site and lengthy hospital
stays. Moreover, in the developed world, life
expectancy and affluence have increased so
markedly that chronic wound associated with
aging and diabetes has become significant. The
traditional treatment of relatively small chronic
wounds has included the use of topical agents
and grafting of split- or full-thickness skin. Skin
grafts can provide timely wound coverage but
may lead to painful donor sites, which are slow
to heal and may be unsuccessful because of
underlying deficiencies in wound healing [1]. As
well, although congenital skin conditions and
diseases affect a relatively small fraction of the

population, they represent significant chal-
lenges for wound coverage [2].

Because of the limited use of autografts and
allografts and the large medical need for wound

coverage in these diverse patient populations,

bioengineered skin has been developed to pro-
vide new alternatives for clinicians to restore
various skin defects. Over the last 30 years,
bioengineered skin research, as one of the most
active fields in biological substitutes, has ex-
tended the prospects for improving outcomes
for patients with acute and chronic skin
wounds. The first-documented bioengineered
skin product, cultured epithelial autografts, ap-
peared 30 years ago. Rheinwald and Green iso-
lated and cultured keratinocytes from skin,
which was further developed into small sheets
of cells, two or three cell-layers thick [3]. Evi-
dence suggests that cultured skin cells returned
to a patient retain the capacity to self-renew for
a lifetime [4]. However, delivering keratinocytes
as small sheets is problematic. The sheets are
fragile, and many of the keratinocytes are al-
ready differentiated beyond the point to which
they can take any active part in providing a new
epithelium. Hence, the company Genzyme fur-
ther created living epithelial sheets with this
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technology and has marketed them since 1987
as EpiCel® [5]. The sheets are designed for
temporary use for deep partial-thickness and
full-thickness burns. Because cultured keratino-
cytes alone are of limited value in treating full-
thickness defects without a well-vascularized
dermal wound bed, advanced tissue sciences
were used to develop a scaffold seeded with
dermal fibroblasts and covered with a layer of
keratinocytes, like Apligraf® and Dermagraft®
[6,7]. Some new ideas were the acellular der-
mal substitute designed for the management of
major burns. Integra® is a representative der-
mal replacement product composed of bovine
tendon collagen with a glycosaminoglycan
(chondroitin-6-sulphate) added, onto which a
silicone membrane is sealed to the upper sur-
face to act as a temporary epidermal substitute
layer [8]. These products above can act as tem-
porary wound covers or permanent skin replace-
ments, depending on their design and composi-
tion.

Currently, bioengineered skin products usually
possess a similar structure that imitates the
natural skin but lacks several important struc-
tures and functions. No models of bioengi-
neered skin can completely replicate the anat-
omy, physiology, biological stability or aesthetic
nature of uninjured skin and no manufactured
skin substitute has provided an outcome consis-
tently comparable to an autograft [9]. Even with
the drawbacks, bioengineered skin is still a
promising viable approach to providing a protec-
tive barrier for skin replacement therapy. Bioen-
gineered skin substitutes should have essential
characteristics such as appropriate physical and
mechanical properties; controlled degradation;
sterility, non-toxicity and non-antigenicity; mini-
mal inflammatory reactivity and provision of a
vital barrier function. Additionally, three factors
are crucial in the development of bioengineered
skin [10]. First, for any cultured cells, scaffold
materials or cell-material constructs may carry
the risk of transmitting viral or bacterial infec-
tion and may also entail risk of disease, so it
should have indispensable proven safety and
benefit to patients. As well, bioengineered skin
should heal well and facilitate angiogenesis. To
achieve this objective, bioengineered skin sub-
stitutes must attach well to the wound bed, be
supported by new vasculature, not be rejected
by the immune system and be capable of self-
repair. Also, the skin appendages such as sweat
glands, sebaceous glands and hair follicles

should be considered the main structures in
bioengineered skin design and construction.
Finally, bioengineered skin substitutes should
have clear evidence of convenience of clinical
use.

Clinical status

The technology of bioengineering skin is feasi-
ble and some products are already on the mar-
ket, including cultured epithelial autografts
(Epicel®), acellular dermal substitutes
(Integra®, Alloderm®), cell-populated dressings
(TransCyte®), cellular dermal substitutes
(Dermagraft®), and bilayered skin substitutes
(Apligraf®, Orcel®). Admittedly, these products
bring a new development to therapeutic medi-
cine and offer great promise in the treatment of
burns, donor sites, chronic skin ulcers (e.g., ve-
nous, pressure and diabetic foot ulcers), and
various other dermatological conditions. Current
available bioengineered skin substitutes can be
categorized by function into three groups: some
replace the epidermal layer only, some provide
a dermal substitute, and a small number pro-
vide both. The categories of main products that
are available on the market, along with their
characteristics and clinical uses are summa-
rized in Table 1. In some clinical conditions
(such as non-healing skin ulcers and superficial
burns), simply transferring laboratory-expanded
cells can benefit patients, but the treatment of
major full-thickness burns requires the replace-
ment of both dermis and epidermis. These skin-
substitute products can act as temporary wound
covers (dressing) or permanent skin replace-
ments and provide an environment that stimu-
lates their repair, depending on the design and
composition.

The most basic and primary function of bioengi-
neered skin products is to act as a barrier to
fluid loss and microbial contamination. For ex-
ample, Integra is designed for temporary use
only, and its most important function is to serve
as a template to generate a neodermis. Integra
is a widely used option for covering excised burn
wounds and is particularly valuable for patients
with large burns and limited autograft donor
sites [11].Thirty-one patients who underwent
Integra grafting for reconstructive surgery in 39
operational sites were observed in the clinic,
with the length of follow-up ranging from 0.5 to
4 years; for 29 patients and 37 sites completing
the study, the results were considered good in
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Table 1. Commercially available bioengineered skin products

Category (r?grrg(r:ermal Advantages Disadvantages Clinical uses
large area of permanent longer time required to pro- permanent clo-
Epicel wound coverage with little risk  duce fragile sure in greater
. of rejection confluent sheets burn wound
Epidermal
cover
cells with higher proliferative longer time required from .
. . ) smaller chronic
EpiDex capacity; can be cryopreserved harvesting to produce; frag-
L . leg ulcers
for repeat applications ile
encourages ingrowth of fibro- bovine collagen presents
blasts and epithelial cells; antigenicity and disease large burns and
Integra epidermal layer removed when  risk; longer time required limited autograft
donor sites available for auto- to expand the dermal auto- donor sites
grafting graft
R . burns and other
preserves matrix similar to potential problems of graft . .
. - . - : wounds; repair of
Alloderm normal human; Not rejected; rejection and disease trans- ]
) L soft tissue de-
no viral transmission fer
fects
Dermal re- dermal fibroblasts secrete nylon mesh not biodegrad- .
ECM components and growth R excised burns
placement . able; rejection o
TransCyte factors to aid ) . ) awaiting place-
R . . and disease risk from fibro-
wound healing; direct visuali- ment of autograft
) blasts
zation of the wound bed
neonatal fibroblast rapidly
proliferate to produce ECM S -
potential risk of rejection .
components and growth fac- . ) ) full-thickness
Dermagraft ; i and disease risk from fibro-
tors to aid wound healing; blasts foot ulcers
facilitating observation of the
underlying wound
graft tak_e comparable t(.) auto- risk of chronic graft rejection
. grafts with good cosmetic re- ) . venous leg ulcers
Apligraf . . and disease from allogeneic ) ]
. sults; improves granulation ; ) and diabetic foot
(Graftskin) ; . . keratinocytes and fibro-
tissue deposition and no rejec- ulcers
. . blasts
Composite tion observed
substitutes . . . . . ol
provides a favourable environ-  only a biological dressing; split-thickness
OrCel ment for host cell migration risk of rejection and disease  donor sites in

and a source of cytokines and
growth factors

from bovine collagen and
other cells

patients with
burn

28 cases, average in 6 and poor in just 3 [8].
The disadvantages of using Integra in recon-
structive surgery are the necessity of two opera-
tions and the risks of infection under the sili-
cone layer, the silicone becoming detached and
recurrence of contraction. However, the advan-
tages of Integra include its immediate availabil-
ity, the availability of large quantities, the sim-
plicity and reliability of the technique, and the
pliability and cosmetic appearance of the result-
ing cover.

Alloderm is similar to Integra in that it is in-
tended to provide a matrix for dermal tissue
remodeling. It is composed of human allograft
skin that has been screened for the absence of
transmissible pathogens and then processed to
remove epidermal components and all dermal
cells. The ability of an acellular allograft dermal
matrix to function as a permanent dermal trans-
plant in fullthickness and deep partial-
thickness burns was evaluated. This study con-
sisted of a pilot phase (24 patients) to identify
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the optimal protocol and a study phase (43 pa-
tients) to evaluate graft performance. After 14-
day take periods, the dermal matrix was statisti-
cally equivalent to the control autografts. Histol-
ogy of the dermal matrix showed neovasculari-
zation and neoepithelialization without evidence
of rejection. Assessment of wounds showed that
thin split-thickness autografts plus allograft der-
mal matrix were equivalent to thicker split-
thickness autografts [12]. This product might be
useful for repair of soft-tissue defects, as in ab-
dominal wall reconstruction [13].

TransCyte is used as a temporary covering for
excised burns awaiting placement of autografts
[14]. It has the advantage of being transparent
for direct visualization of the wound bed, and
the cells are destroyed to reduce the risk of im-
mune response before grafting. Like TransCyte,
Dermagraft is prepared with human neonatal
fibroblasts, but in this skin substitute the fibro-
blasts are cryopreserved to maintain cell viabil-
ity, and the matrix is made from a bioabsorb-
able polyglactin mesh [15]. Dermagraft is indi-
cated for use in the treatment of full-thickness
foot ulcers. It functions by providing a dermal
matrix that facilitates re-epithelialization by the
patient’s own keratinocytes. A study undertaken
at 35 centers throughout the U.S. enrolled 314
patients to evaluate complete wound closure by
12 weeks. Patients were randomized to re-
ceived either the Dermagraft or a control
(conventional therapy). In terms of complete
wound closure by week 12, 30.0% (39 of 130)
of patients with wounds treated by Dermagraft
healed as compared with 18.3% (21 of 115) of
control patients (P = 0.023). The overall inci-
dence of adverse events was similar for both
the Dermagraft and control groups, but the Der-
magraft group experienced significantly fewer
ulcer-related adverse events [16].

Apligraf is a bi-layered living-skin construct con-
sisting of a dermis and a well-differentiated epi-
dermis. It has been useful for the treatment of
venous leg and diabetic foot ulcers and has
increased the proportion of wounds healed and
decreased the time required for wound closure
[17]. A trial comparing Apligraf and standardized
wound care to standardized wound care alone
in the treatment of diabetes-related neuropathic
foot ulcers that were difficult to heal showed
Apligraf as a valuable treatment adjunct in pa-
tients. Five of 9 patients (56%) receiving Apligraf
therapy and standardized wound care showed
complete healing, as compared with 3 of 8 con-

trol patients (37%) [18]. OrCel is similar in com-
position to Apligraf and it is designed for graft-
ing to partial-thickness wounds to provide a fa-
vorable matrix for host cell migration and has
been indicated for use in the treatment of donor
sites in patients with burns. OrCel can be con-
sidered a biologic dressing because the compo-
nents are intended for temporary wound cover-
age [19].

For larger wounds, such as giant nevi or burn
wounds, autologous cells are generally required
for permanent wound closure. The benefit of
autologous skin substitutes is that once they
have engrafted, permanent wound closure is
accomplished and physiologic stability restored.
Currently, Epicel is the only autologous cultured
skin product commercially available in the
United States; cultured epidermal autografts are
sheets of autologous keratinocytes attached to
a supportive petrolatum gauze backing that is
removed approximately 1 week after grafting.
Epicel has been extremely valuable for patients
with very large (>60% TBSA) burns in whom the
availability and/or quality of donor sites is poor
[20]. EpiDex is an innovative grafting product
composed of autologous keratinocytes cultured
from the outer root sheath of anagen hair folli-
cles transplanted with a supportive silicone
membrane [21]. This product has improved the
healing of chronic leg ulcers that are relatively
small [22]. The common disadvantage of
epithelial autografts is mechanical fragility,
which results from the absence of an integrated
dermal component at the time of grafting.

The variety of bioengineered skin products cur-
rently available has contributed to improved
treatment of burns, chronic skin wounds, and
congenital skin disorders. Although the skin
substitutes are improved in quality and will be-
come more similar to native skin autografts,
they are not yet delivering significant progress in
terms of clinical outcomes and have yet to re-
place the current “gold standard” of an autolo-
gous skin graft. Recent studies are addressing
increasing homology to native human skin and
improving functional outcomes of bioengineered
skin. For example, to enhance the performance
of bioengineered skin, genetic modification of
cells has been used [23]. After being trans-
planted to full-thickness skin wounds on
athymic mice, genetically modified skin contain-
ing FGF-7-expressing keratinocytes seeded onto
acellular human dermis could secrete signifi-
cant levels of FGF-7 and form a thicker and hy-
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perproliferative epidermis with about four times
the number of cells per square centimeter. Re-
vascularization is more obvious because bioen-
gineered skin expressing FGF-7 also produces
more VEGF. Additionally, incorporation of other
cell types may improve the effectiveness of bio-
engineered skin. Endothelial cells have been
currently incorporated in bioengineered skin to
initiate angiogenesis in vitro [24,25].The pig-
mented skin models resulting from incorpora-
tion of melanocytes will benefit from a more
thorough understanding of melanocyte function
and factors that regulate skin pigmentation
[26,27]. The combinatorial use of different skin
cell types seems to contribute to the next gen-
eration of more functional and physiologically
bioengineered skin products.

Clinically based research models

Despite the clinical success, bioengineered skin
products have suffered commercial setbacks in
recent years. However, the economic failure of
bioengineered skin products should not be an
obstacle in their being representative equiva-
lents of human skin for research purposes. Cur-
rently, the in vitro-reconstructed 3-D skin mod-
els are widely used as promising tools in the
laboratory to study all major principles in skin
biology. The available products are composed of
the epidermal layer only or both the epidermal
and dermal layers. Within each layer, various
types of cells can be incorporated, including
keratinocytes, melanocytes and Langerhans
cells in the epidermal layer and fibroblasts and
endothelial cells in the dermal layer. Bioengi-
neered skin products as an alternative to ani-
mal experimentation offer a way to not only con-
cede to demands of regulatory authorities, ani-
mal welfare organizations, consumers and sci-
entists but also provide a means to improve and
extend our knowledge of biological processes in
the skin. Although the models cannot be used
as a complete substitute for in vivo animal or
human studies because of their lacking any
functioning vasculature or immune system, they
have a significant advantage in their capability
for adding or deleting different cell types to as-
sess their relevance to the aspect of skin biol-
ogy under investigation. This process cannot be
readily done in vivo. These skin equivalents of-
fer well-characterized models for studies of
many areas, such as investigation of cell-cell
and cell-ECM interactions, wound healing, an-
giogenesis, regulation of pigmentation, skin
contraction and investigation of skin diseases

such as melanoma invasion, psoriasis and skin
blistering disorders, and the therapeutic strate-
gies.

Test models to evaluate skin irritation in vitro

One of the most popular applications of bioengi-
neered skin is to provide an examination plat-
form for skin irritation caused by pharmaco-
toxicological chemicals in vitro, if, ideally, der-
mal irritation can be evaluated in healthy volun-
teers in clinical trials (patch tests) under medi-
cal surveillance [28]. Nevertheless, this evalua-
tion is not always possible because of ethical,
safety and economic reasons. Animal models
have been established as an alternative method
for skin irritation testing for decades. However,
animal models may not be appropriate testing
platforms because of differences between ani-
mal and human physiology, in that the response
does not always match the human response
[29]. Testing for skin irritation in animals poten-
tially causes them pain and discomfort, and the
results are not always predictive for those found
in humans. Additionally, pressure is increased
for ethical laws on animal experimentation.
Equipped with a normalized epidermal barrier
function, bioengineered skin models could re-
place the traditional animal or human tests for
determining the dermal irritation potential of a
raw material or a finished product. Although
such models cannot completely remove the
need for some animal experimentation for the
lack of immune and circulatory responses, they
can massively reduce the number of animal
dermatotoxicity tests in the cosmetology and
dermatology fields.

Currently, the available skin products for testing
skin irritation in vitro include EpiDerm, Episkin,
Apligraf and Skinethic. The keratinocytes of all
these products develop an organized stratum
corneum, which resembles a functional barrier.
Keratinocytes have been shown to be important
in initiating, modulating and regulating skin irri-
tation [30,31]. Certainly, bioengineered skin
products differ from normal human skin in
some characteristics. Compared to normal skin,
bioengineered equivalents vary in the penetra-
tion rate of substances through the stratum
corneum, with an approximately 10-30-fold
higher permeability. This probably results in an
over-prediction of irritants because of the higher
penetration rate of applied substances and the
higher availability of the substances in the living
keratinocytes [32]. The quality of bioengineered
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human skin equivalents has now reached suit-
ability for skin toxicity testing. The models are
valuable for short-term toxicity assays to
achieve a first impression of the toxic potential
of a test compound. For the assessment of early
stages of irritation and long-term exposure to
mild irritants, specific protocols have still to be
developed.

Wound healing study models

Skin wound healing encompasses a series of
orchestrated cellular and molecular processes
that act to repair the damaged tissue and rees-
tablish the barrier function [33].To fully under-
stand the complexity of wound healing and the
differences between regeneration and the nor-
mal outcome of tissue repair, namely, fibrosis
and scarring, model systems that mimic the
processes of normal wound repair and scarring
must be developed. Animal wound models have
established the necessary foundations for un-
derstanding reepithelialization, keratinocyte
differentiation patterns, angiogenesis, inflam-
mation, and scar formation. In particular, pig is
an excellent model because of the anatomic
and physiologic similarities of pig and human
skin, but the difficulty of handling large animals
and the high cost have restricted its wide use
[34]. In contrast, small-animal models may not
be appropriate testing platforms because of
differences between animal and human physiol-
ogy [35].Consequently, in vitro wound models
involving human cells in 3-D environments have
been useful in obtaining quantitative data and
delineating the complexity of wound healing.

Mimicking the skin structure, in vitro-
constructed skin models consisting of epider-
mal keratinocytes growing on dermal equiva-
lents represent a realistic biological tool that
affords the opportunity to study the molecular
mechanisms of cellular repair in vivo [36].The
scaffold-based skin models exhibit a superior
epidermal architecture, with renormalized differ-
entiation achieving and maintaining many traits
of tissue homeostasis [37]. Thus, the regulation
of keratinocyte growth and differentiation, the
dynamics of basement membrane (BM) forma-
tion and the role of epithelial-mesenchymal in-
teractions could be assessed. Furthermore, new
insights could be gained into wound healing
processes such as reepithelialisation and epi-
dermal barrier development. As well, the in vitro
skin models are of reliable robustness to per-
form long-term growth and differentiation of

cells, thus enabling studies of later phases of
skin regeneration and tissue stabilization. In
addition, advances in the preparation of bioen-
gineered skins demonstrate the ease of adding
to the dermal component different cell types
such as capillary-forming endothelial cells and
even hair, which suggests that improvements to
this model may afford the opportunity to study
the effects of cell-cell interactions in wound
healing. Advances in understanding the com-
plex process of wound healing and the develop-
ment of novel therapies would benefit from
models that closely mimic the physiology of hu-
man wounds. Despite these benefits, bioengi-
neered skin lacks the complexity of the tissue in
vivo and cannot be used to study important as-
pects of healing such as vascularization or re-
generation of nerve endings.

Human skin disease models and therapeutic
systems

The stratum corneum is an important perme-
ability barrier for the skin. The disorganization of
the skin protective barrier characterizes some
skin diseases, and psoriasis is a common exam-
ple. Psoriasis does not exist as a spontaneous
disease in the skin of lower animals, but some
features of psoriasis have been induced in mur-
ine skin by genetic or immune manipulations.
Even so, the structure of murine skin imposes
serious limitations on resulting cellular altera-
tions and, so far, psoriasis has not been faith-
fully reproduced by manipulation of native skin
in any lower species [38]. Better model systems
are needed to dissect the interactions of many
complex molecular pathways or networks in the
skin and for testing possible therapeutic targets
for psoriasis and other inflammatory diseases.
Because most therapeutic systems are directed
toward human care, the ideal model system is
one that represents certain aspects of human
physiology but does not require human volun-
teers for experiments. Hence, in vitro and in vivo
models based on bioengineered skin have been
created with cells from patients to replicate as-
pects of the disease and for research into the
disease and the subsequent development of
therapeutic strategies.

For example, psoriatic skin is known to be more
permeable than normal human skin. An in vitro
human psoriatic model has been created by
engineering the pathological substitutes with
cells isolated from psoriatic biopsies and the
auto-assembly method, which could be used to
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Figure 1. Promising strategies for complete restoration of functional bioengineered skin

investigate the mechanisms of abnormal kerati-
nocyte growth and to study cell-cell interactions
[39]. The substitutes produced with psoriatic
keratinocytes show a higher rate of proliferation
and an under/overexpression of certain differ-
entiation markers in comparison to healthy sub-
stitutes. This observation indicates that even if
the in vitro cellular proliferation is accelerated,
some differences between healthy and psoriatic
cells are maintained in vitro, which suggests
that this model can be used to study hyperprolif-
erative or abnormal differentiation diseases
such as psoriasis. This model could be used to
better understand the mechanisms implicated
in psoriasis and could be an excellent tool for
the study of accelerated cellular differentiation
of psoriatic keratinocytes. Although the clinical
and histological characteristics of psoriasis are
maintained in the pathological skin substitutes
for a sufficient period of time to test pharmacol-
ogical drugs, the models should be further de-
veloped to include elements of the immune sys-
tem that may help determine the roles of differ-
ent T-cell subsets and cytokines in psoriasis
[40].

Bioengineered skin models for contraction
studies

Skin graft contraction is a common and intracta-
ble problem. Wound contracture and scarring

might be also considered more by clinicians and
research scientists because for the patient,
these issues are as important as successful
restoration of barrier function and more must
be done to improve the quality of the final re-
sult. Moreover, wound contraction leads to dis-
tortion of the surrounding tissues with associ-
ated cosmetic deformity and limitation of joint
mobility; scars in the skin are less resistant to
ultraviolet radiation, and sweat glands and hair
follicles do not grow back within scar tissue.
Despite 50 years of research in this area, the
treatment and prevention of graft contraction
has progressed very little and understanding
the underlying mechanism remains poor. To
identify the cellular activity underlying contrac-
tion, several research groups have developed
bioengineered skin models for in vitro and in
vivo use and have studied the contraction of
these models. Bioengineered skin models for
contraction studies offer an interesting perspec-
tive on what may be happening in vivo following
skin grafting.

Although fibroblasts and myofibroblasts are very
effective in contracting collagen gels, they ap-
pear ineffective at contracting more complex
dermal architecture in these in vitro bioengi-
neered skin models. However, keratinocytes are
effective in contracting both collagen gels and
the complex dermal architecture of bioengi-
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neered skin both in vitro and in vivo [41,42].
The knowledge that keratinocyte differentiation
seems to be inextricably bound with contraction
of bioengineered skin (regardless of any role
that the fibroblast may or may not play) offers
an easily accessible target for topical therapy to
reduce skin graft contraction. This model is also
applied to identify new pharmacological targets
to block contraction. Recent evidence shows
that the combination of early mechanical re-
straint and hydrogel delivery of topical agents to
delay keratinocyte differentiation or prevent
crosslink formation should be explored in the
hope that this may significantly reduce graft
contraction [43].

Summary and future prospects

The launch of early bioengineered skin products
was heralded by much excitement in the medi-
cal, scientific, and financial communities, but
time has tempered the enthusiasm for these
products owing to their high cost and narrow
clinical utility. More significantly, these high-cost
products to some extent have not been consid-
erably more effective than standard treatments.
Skin bioengineering seemed to suffer from the
pain of the developmental bottleneck at the
beginning of this century. Currently, 30 years of
research and experience has resulted in a rela-
tively mature understanding the bioengineered
skin and a relatively clear comprehension of the
challenges facing skin bioengineering. Despite
the pitfalls experienced in light of unrealistic
expectations both clinically and commercially,
conclusions of little room for improvement in
this field are premature. The first-approved
products, Dermagraft, Apligraf, and Epicel, are
still being marketed and new ones, such as Or-
Cel and Epidex, continue to be developed [44].
With hope, new strategies will be developed to
conquer at least some of the problems identi-
fied in this review.

From cell biology and wound healing knowledge,
increasing technological advances have been
made in the last few years, with significant op-
portunities for multi-disciplinary groups to over-
come the existing challenges. Eliminating or
reducing the risk of disease transmission re-
mains a major problem for bioengineered skin
application. For this reason, synthetic collagen-
mimetic materials or recombinant-produced
collagen and reliable cells are needed to im-
prove the safety. Next, the conventional bioengi-

neered skin products are most likely to cause
graft contraction and scarring at the margins.
Understanding the biology of wound healing and
in vitro models of bioengineered skin are offer-
ing insight into how to prevent these issues, and
the new bioengineered skin products that may
overcome the drawbacks involved in current
products are now being developed as more ef-
fective therapies for patients.

Although the challenge of building a completely
functional skin is ostensibly insurmountable,
multi-disciplinary researchers, including biolo-
gists, clinicians, engineers, and biologists, con-
tinue to work together to meet this challenge.
Recent and ongoing studies are addressing the
preparation of bioengineered skin containing
additional cell types to increase homology to
native human skin and improve functional out-
come. Figure 1 summarizes these promising
strategies that offer the complete restoration of
functional bioengineered skin. For example,
incorporation of endothelial cells has been stud-
ied to initiate angiogenesis in bioengineered
skin grafts in vitro [45].Human umbilical-vein
endothelial cells are readily available but can
only be used in allogeneic skin substitutes. For
clinical application of autologous endothelial-
ized skin substitutes, use of dermal endothelial
cells is optimal, and these cells should be iso-
lated from the same skin biopsy used for prepa-
ration of fibroblast and keratinocyte cultures.
Another potential cell type is melanocytes,
which could have an important role in correcting
absent or irregular pigmentation. Bioengineered
skin will benefit from a more thorough under-
standing of melanocyte function and factors
that regulate skin pigmentation. An exciting pos-
sibility for development of complete skin substi-
tutes involves the addition of hair-follicle stem
cells. Multipotent skin stem cells are known to
reside in the hair-follicle bulge and have inher-
ent capacity for regeneration. The regenerative
role of bulge cells from the skin is multiple: they
not only contribute to the production of epider-
mis and hair follicles but also are key to the for-
mation of sebaceous glands.Induced pluripo-
tent stem cells (iPS) is another source for seed
cells in skin engineering, and as a research tool,
they provide unprecedented opportunities to
investigate reprogramming mechanisms and
regenerative medicine. An exciting prospect is to
make possible the bioengineering of other ap-
pendages, such as sweat glands within skin
substitutes, and the initial results are positive.

Int J Burn Trauma 2011;1(1):1-10
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Such integrated bioengineered skin should fulfill
many normal functions and move more quickly
from laboratory to clinical use with advances in
research and development technologies.
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