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Abstract: Skin defect closure after injury or disease may present significant
reconstructive challenges. Traditional epidermal coverage alone in the form of
skin grafts often fall short in providing stable cover to restore structure and
function of the skin. Excessive wound contraction and scar formation, partic-
ularly in defects of dermis and epidermis, may create functional and aesthetic
problems. Progress in our understanding of molecular biology and tissue en-
gineering have produced major advances in skin substitute technology, par-
ticularly relating to the dynamic cellular/extracellular matrix interaction that
is critical to successful incorporation of a skin substitute. However, currently
available skin substitutes still exhibit a range of problems including excessive
wound contraction and scar formation, poor host tissue incorporation, revas-
cularization and, in some cases, structural deficiencies in matrix design. The
design principles and structural composition of the matrix must take into ac-
count collagenous forms, inherent resistance, porosity, and hydration. The
ultimate matrix should be one that promotes intrinsic regeneration by en-
couraging cellular incorporation and cellular/extracellular cross communica-
tion. Attention to basic structural details rather than reliance on specialized
cellular or peptide additions to the mix may well produce the advances we seek
in improved incorporation of bioengineered skin substitutes.

Key Words: bioengineered skin, collagen, extracellular matrix, integrins

(Ann Plast Surg 2012;68: 568Y573)

Skin defect closure after injury or disease may present significant
reconstructive challenges. Traditional epidermal coverage alone

in the form of skin grafts often fall short in providing stable cover to
restore structure and function of the skin. Excessive wound contraction
and scar formation, particularly in defects of dermis and epidermis, may
create functional and aesthetic problems. Progress in our understanding
of molecular biology and tissue engineering have produced major
advances in skin substitute technology, particularly relating to the dy-
namic cellular/extracellular matrix (ECM) interaction that is critical to
successful incorporation of a skin substitute.1Y6 However, currently
available skin substitutes still exhibit a range of problems including
excessive wound contraction and scar formation, poor host tissue in-
corporation and, in some cases, structural deficiencies in matrix de-
sign.1,5,6 Matrix design is critical as the structural characteristics are
important in encouraging and facilitating cellular attachment, prolif-
eration, and differentiation.1,5,6

It has become increasingly apparent that biological skin sub-
stitutes need a dermal layer or the structural components that will
encourage generation of a dermal layer.1,5,6 The ultimate reepithe-
lialization of the wound results from a dynamic interaction of varied

signals between the dermis and epidermis after substantial dermal
regeneration from ECM components and cellular constituents. Awell-
established dermal layer diminishes wound contraction and scarring,
improves elasticity to the skin, and most importantly, provides for
long-term stability of the reconstructed area. Thus, the construction
of the tissue scaffold is essential for structural support and subsequent
cellular infiltration.1,5,6 These particular structural details have become
more nuanced, encompassing factors such as 3-dimensional structures,
chemistry, pore size, and mechanical integrity and tension. It seems that
these structural components are critical to the processV when correct,
the infiltration of cellular elements and subsequent growth factor and
glycoprotein production is inherently stimulated viamembrane integrin
receptors, making the additional introduction of cellular lines to a skin
substitute a secondary and, possibly, often unnecessary step in biologic
skin substituents.1,4,7 The technological progress described previously
would allow us to heal a wound and close a defect with tissue that is
more pliable, more complete with its dermal layer, less contracted, and
more functional. It must be noted, however, that the prospect of fully
functional scarless healing is still beyond our reach, but the successful
bioengineered skin substitute that facilitates healing in complexwounds
is now within our grasp because of our advanced understanding of
cellular cross talk and signaling. This will provide the next step in the
sought-after ideal of scarless wound healing.

DERMAL PHYSIOLOGY
The dermis provides flexibility, elasticity, and structural sup-

port to the skin. This it does mainly through the constituents of the
ECMVcollagen, elastin, and glycosaminoglycans (GAGs) and the
cellular constituents, mainly fibroblasts. The dermal layer also sup-
ports vasculature, lymphatics, and nerve networks.1 Molecular signals
emanating from the ECM control cellular migration, proliferation,
differentiation, shape, and apoptosis.1,4,6,8 The ECM to cell commu-
nication occurs via integrins, cell surface proteoglycans, and protein
kinases.4,8 The integrins, cell surface collagen receptors, may play a
significant role in the quick attachment and proliferation of fibro-
blasts on the collagen scaffold.9 Mechanotransduction, the transla-
tion of mechanical signals into biochemical ones, is another important
influence on cellular and matrix transformation.10

Collagen, which is a major protein component of the ECM, was
always considered principally to be a structural support for cells. Now
we know that collagen is biologically active in tissue. Native collagen
has a fibrillar, triple helical structure. Biosynthesis of collagens and
other ECMproteins is the primary function of dermal fibroblasts. Type
I and type III collagens are the major proteins in the dermal tissue, and
their unique triple helical structure provides mechanical stability and
elasticity to the dermis. Approximately 90% of total dermal protein
consists of collagen, accounting for approximately 75% of the skin’s
total dry weight.5

After injury, fibronectin is initially deposited from blood plasma
and plays an important role in platelet function with the release of
growth factors and cytokines.4,11,12 Together with fibrin, it provides
most of the provisional matrix in dermal wounds, guiding fibroblasts
and inflammatory cells to the site of injury.11 The formation of a stable
collagen I/III fibrillar network is thought to depend on a preexisting
fibronectin network through a mechanism involving integrins >2A1,
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>5A1, and >11A1.11,13 The process of matrix synthesis and remodeling
is finely orchestrated. Fibroblasts travel within the ground substance
by migrating along the path of the collagen fibrils and following their
alignment. They bind first to matrix components such as collagen,
fibronectin, vitronectin, and fibrin via integrin receptors situated on
the fibroblast cell surface. Although 1 end of the fibroblast remains
bound to the matrix component, the cell extends a cytoplasmic pro-
jection to find another binding site.14,15 When the next site is found,
the attachment to the original site is broken by matrix metallopro-
teinases (MMPs) secreted by the fibroblast, and the cell uses its cy-
toskeletal network of actin fibers to pull itself forward. Thus, MMPs
are essential for fibroblast migration within the ECM.14,15 However,
an abundance of MMPs results in excessive cleavage of fibroblast
integrins bonds, lack ofmigration, and senescence of these fibroblastsVa
balance is thus essential for harmonious regeneration and controlled
scarring.4,8,12,14,15

Fibroblasts synthesize most ECM molecules, secrete growth
factors, cytokines, and produce proteases required for remodelingwith
impact on ultimate scarring.4,11,12 Changes in mechanical stiffness
and in release of growth factors from inflammatory cells can be the
initial stimulus for the activation of resident tissue fibroblasts, with
formation of contractile actin stress fibers, the phenotypic change to
myofibroblasts and firm attachment via fibroblast integrins to the
ECM.4,16,17 The prime function of myofibroblasts is reconstruction
of granulation tissue by producing new ECM, and contraction and
remodeling of wound and scar tissue. They provide an integrin-based
system for the transduction of mechanical forces between these cells
and the surrounding ECM.4,16 In the later stagesof normalwound repair,
myofibroblasts undergo apoptosis and disappear. Loss of mechanical
tension, alterations in cell density or protease activity, and/or changes in
the pattern of secreted growth factors are thought to contribute to cell
death.4,16 Thus, mechanical tension of the ground substance or collagen
matrix within the ECM can influence incorporation of fibroblasts and
the cascade of events that followVgrowth factor elaboration, ECM
granulation tissue formation, myofibroblast wound contraction, matu-
ration of dermal ground substance, myofibroblast apoptosis, kerati-
nocyte fibroblast interaction, and subsequent epithelialization of the
wound.

WOUND MATRIX CONSIDERATIONS
A successful wound matrix needs to be capable of stimulating

the biologic activity of collagen, encouraging its liaison with the fi-
broblast, and initiating signaling between cellular and extracellular
elements, thus encouraging proliferation of all healing components.
As noted previously, much of this is dependent on the mechanical
tension of the ECM matrix. Additionally, pore size, hydration, and

structural variations of the matrices all have an effect on cellular ex-
tracellular interactions. Various studies have demonstrated that the
ECM promotes key cell signaling pathways, influences, and enables
cell proliferation, differentiation, and proper cell-to-cell and cellYmatrix
interactions.5,10,12,14,18

The Role of Mechanical Tension
Tension from the environment is sensed by adherent cells. These

cells include endothelial cells, fibroblasts, and myofibroblasts. Signals
are transmitted from the cellular ECM contact, and reorganization of
the cytoskeleton occurs in response to this change in tension.4,19,20

In muscles, bone, tendon, skin, and vessels, alterations of mechanical
forces are continuously recognized by cells, and their functions are
adapted according to the biological requirements. If mechanical
tension is removed, those tissues undergo atrophy.20 Signaling be-
tween cells and the ECM takes place via integrin receptors, which
directly connect the ECM structures to the intracellular cytoskeleton
network.4,21 Using collagens as 3-dimensional structures, several
groups have demonstrated that applying tension to the matrix di-
rectly affects the biosynthetic capacities of fibroblasts (Fig. 1).4,22

It has been convincingly demonstrated that application of tension
to skin-like cell-seeded collagen matrices leads to tissue synthesis and
reorganization.22,23 Tension seems to support tissue anabolism, and
compression leads to tissue resorption.22 Forces exerted on collagen
fibrils by cells cause isometric tension to develop in the cells if the
collagen resists deformation; by contrast, the cells remain mechan-
ically unloaded in the absence of matrix resistance. Evidence sug-
gests that the state of cellular mechanical loading determines the
mechanism that cells use to regulate contraction.24

Furthermore, collagen synthesis is stimulated in fibroblasts by
mechanical tension. Transforming growth factor A (TGF-A) is induced
by tension, which in turn activates collagen synthesis via the classic
smad signaling pathways.4 In addition, fibronectin is induced by the
application of cyclic strain to fibroblasts. Proteases are down-regu-
lated, whereas protease inhibitors are up-regulated.4 Tenascin-C is up-
regulated in tissues with high tensile stress.4

These data clearly demonstrate that mechanical tension induced
by matrix design can modulate fibroblast gene expression using
integrins to initiate smad signaling inducing ligand growth factors
such as TGF-A to stimulate the synthesis of collagen.4,12 This also
directly affects ECM protein synthesis by fibroblasts/myofibroblasts.
By a combination of these mechanisms, mechanical tension induces an
activated, contractile fibroblast/myofibroblast phenotype characterized
by high levels of synthesis of ECM proteins, low protease activity, and
high production of fibrogenic cytokines stimulating matrix replacement
and healing.4,25,26 This same mechanism needs to be controlled when
considering scar outcome in surgicalwoundsV thus, various options for

FIGURE 1. Mechanical structure of the matrix affects cellular proliferation, differentiation, and ECM production. Fibroblasts sense
matrix stiffness through integrin receptors via FAs and signal transmission to cytoskeletal components of the cell. This causes a
phenotypic cellular transformation, elaboration of TGF-A and CTGF, and production of collagen/new ECM. In contrast, soft ECM
induces very little reaction through FA, little changes in cell shape, and subsequently little new ECM production. Cells tend to
migrate from softer to stiffer matrices where they are more productive.
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scar support have been instituted in different scar control regimens.12 In
the circumstance of biologic skin substitutes filling skin defects, the
ability to generate new collagen and to encourage cellular and growth
factor proliferation and incorporation is a desired property. Controlled
tension, enough to generate collagen synthesis and cellular incorpora-
tion, but not excessive enough to generate exaggerated tissue contrac-
tion is the desired balance that is sought. By providing a scaffold of
collagen fibers with correct spacing and resistance, the fibroblast shape
remains in a mildly stretched form that limits excessive neocolla-
genesis. The MMPTissue Inhibitor of MetalloProteinases ratio is bal-
anced, allowing cellular spreading without excessive ECM breakdown,
and the progression of cellular proliferation and spreading initiates a
switching off of inflammatory processes and apoptosis of myofibro-
blasts, ensuring a balanced healed wound without excessive scarring.12

Biologic responses to the external mechanical forces described
previously occur in 2 types of specialized structures: focal adhesions
(FAs) that link cells to their surroundingECM(cell/matrix) and adherens
junctions that link adjacent cells (cell/cell such as epithelial cells, which
are bound to the ECM basally and surrounded by neighboring cells
laterally).10 Linkages between external cellular contacts, adhesion
receptors, and the cytoskeleton provide a means for bidirectional
communication between the inside and outside of a cell. Dynamic
changes in adhesions and cytoskeletal systems may thus play a critical
role in regulating mechanotransduction.10

Matrix Composition and Hydration
Collagen is an excellent and appropriate material for various

biomaterial and biomedical applications.5,27,28 It promotes cell attach-
ment, proliferation, differentiation, organogenesis, tissue regeneration,
and wound healing. Collagen is mechanically stable with high tensile
strength and can be altered through various physical and chemical
modifications.5,29 However, the mere presence of collagen in any form
does not equate with instant success when it comes to matrix design.
The very nature of the collagen (native, denatured, and fragmented) is
important; the 3-dimensional structure and the specifics of pore size,
structural integrity and tension, degree of hydration, and biodegrad-
ability all influence the attraction and incorporation of cellular elements
into the framework. If successful, cellular incorporation then promotes
subsequent proliferation of additional cell lines, growth healing factors,
GAGs with propagation of a dermal matrix that sets the stage for skin
grafting, or intrinsic reepithelialization.

Much discussion still revolves around the ideal collagenous
form for biologic matrix manufacture. Native collagen, type I col-
lagen is targeted by collagenase (MMP 1). Denatured collagen
(gelatin) is degraded by MMP-2 and MMP-9 (gelatinase). Propo-
nents for denatured collagen argue that the denaturation process
which converts collagen to gelatin exposes active sites (RGD
sequencesVArg-Gly-Asp) that are recognized attachment sites for
cells and integrins responsible for the stimulation of collagen
synthesis and granulation tissue formation.8,30 Messenger RNA
transcript levels related to the synthesis and deposition of ECM
proteins and production and deposition of native collagen were
claimed to be highest in fibroblasts grown in the presence of dena-
tured collagen and not native collagen.8,31 Additionally, denatured
collagen was found to rejuvenate senescent fibroblasts and up-regulate
integrins involved in angiogenesis.8,32,33 These authors claim that with
native, triple-helix collagen, too few RGDmessages were exposed to
stimulate efficient MMP binding and cellular effects.8 Significantly,
higher levels of collagen phagocytosis were observed for the cells
grown on the denatured collagen versus native collagen matrices.31

Kempf et al34 use a natural polymer scaffold derived from bovine
collagen I, which is electrospun to form denatured collagen micro-
fiber scaffolds. The authors claim that electrospinning produces
biomimetic-scaled scaffold fibers similar to dermal collagen fibers.

Contrary to the denatured collagen matrix preferences cited
previously, other authors have preferred native type I collagen as the
basis for collagen matrix manufacture. The suggested logic here is that
chemotactic properties of collagen depend on the retention of its
native structure.35 Products based on extensively and aggressively
processed collagen sources tend to have a preponderance of denatured
collagen that has largely lost its triple helical basic unit structure.
Authors claim that the native collagen allows for more efficient an-
giogenesis and greater fibroblast chemotaxis.35Y37 This discussion is
not yet settled, although purists in the field tend to gravitate toward
structured matrices that resemble native collagen to the maximum
degree.

Although not clearly expressed in the literature, it would seem
that a distinction should be made between partially degraded collagen
fragments (seen with aging and photodamage) and deliberately pro-
duced denatured collagen. Partially degraded collagen molecules will
not bind properly with new collagen molecules synthesized during
scar formation, resulting in disorganized, weak ECM, so the degraded
collagen molecules must be removed by controlled action of the
MMPs.14 Collagen fragmentation impairs both the mechanical prop-
erties of the skin and the functions of cells that reside within the dermis,
resulting in delayed wound healing, reduced vascularization, propen-
sity to bruise, and thin skin.38 In young dermis, intact, tightly packed,
well-organized, long collagen fibrils are abundant. In contrast, in aged
dermis, collagen fibrils are fragmented, disorganized, and sparse.38

Aged human dermis fibroblasts have a collapsed appearance with little
cytoplasm, and lack direct association with fragmented collagen fibrils.
Reduced fibroblast spreading is indicative of reduced mechanical ten-
sion. Normal function of fibroblasts in dermis requires appropriate
interactions with collagen fibrils, and these interactions cannot be
achieved when the fibrils are fragmented.38

Poor mechanical properties of highly hydrated collagen gels
have been reported to limit functional scaffolds.6,39,40 Highly hydrated
collagen gel scaffolds, which are comprised of a loose fibrillar net-
work that contains more than 99% fluid, exhibit mechanical properties
which are insufficient for tissue repair or replacement.6,39,40 Uncon-
fined plastic compression has been developed as an alternative ap-
proach for the rapid production of scaffolds with collagen fibrillar
densities approximating those of native tissues. This prevents the rapid
cellular contraction seen with noncompressed, highly hydrated col-
lagen gels.6 The delayed and reduced extent of contraction in com-
pressed collagen gels can be attributed to the lower k values (hydraulic
permeability values) and increased modulus of the matrix. Fibroblast
metabolic activity was reported to be lower in highly hydrated gels
when compared with plastic compressed gels.6 This may be attributed
to the increased collagen fibrillar density and corresponding increased
stiffness within compressed gels, which can activate intracellular sig-
naling pathways through integrins that favor cell viability and metab-
olism.6,41 Additionally, human dermal fibroblast proliferation within
both concentrated collagen hydrogels and plastic compressed collagen
gels was increased because of increasing collagen concentration and
matrix stiffness.6

Synthetic Polymer Scaffolds
(or Combinations With Collagen)

The benefit of synthetic polymers as espoused by some re-
searchers is the uniformity and reliability of raw materials and out-
come of manufacture.1 However, currently no successful epidermal
graft using synthetic polymers has been achieved because of their
limited cellular recognition and tissue compatibility.1,42 In an effort to
increase cellular integration, various modifications have been made
by cross-linking treatment or combining other natural or synthetic
polymers, such as ECM, GAGs, chitosan, and polycaprolactone.1

A knitted polyglycolic acid/polylactic acid (polyglactin) mesh was
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culturedwith human neonatal fibroblasts, leading to the development
of the commercial product of cryopreserved Dermagraft (Advanced
Biohealing, La Jolla, CA).1 Additionally, an electrospinning tech-
nique has gained popularity in the past 10 yearsVthis is aimed at
creating ECM analogs composed of nanoscale fibers with large sur-
face area to volume ratios facilitating oxygen permeability, allowing
fluid accumulation, and involving pore sizes that are small enough
to prevent bacterial penetration.1 The combination with natural bovine
collagen fibers produces a biomimetic structure similar to native
ECM of the dermis.1 Although studies have demonstrated biocom-
patibility with dermal fibroblasts and keratinocytes, there have been
reports of overwhelming denaturation of collagen to gelatin when
certain alcohols were used as dissolving solvents.1,43 A major disad-
vantage of synthetic materials is the lack of cell-recognition signals.
Manufacturing processes involving the functionalization of these
new polymers by incorporating cell recognition signals are being
investigated.25

Porosity
When considering structural design of a biologic matrix, pore

size of the scaffold is extremely important. This porosity concerns not
only the matrix fiber itself : the interfiber distance, too, is important for
passage of cells and ultimate tissue morphogenesis.34,44 Powell and
Boyce44 found that fibers spaced greater than 10 Km apart allowed too
much initial cell penetration, preventing fibroblasts from densely occu-
pying the upper portion of the scaffold to generate a dense layer on which
keratinocytes can attach. Interfiber distances between 5 and 10 Km
seemed to allow fibroblast penetration and migration resulting in high
cell viability, optimal cell organization, and excellent barrier formation
in electrospun gelatin scaffolds.44 In contrast to this, the pore size of the
honeycomb collagen sheet scaffold prepared from atelocollagen was
found to be optimal at 300Km,5 demonstrating the range of preferential
figures relate to the structure itself rather than a defined standard pore
size. The pore size and thickness of the honeycomb collagen scaffold
can be controlled by altering the concentrations of collagen solution and
ammonia gas.5

The degradability of the matrix plays a role in 2 processes,
namely, cell migration and the foreign body response. Degradation and
invasion by fibroblasts of synthetic hydrogels was dependent on the
presence of integrin-binding sites, substrates for MMPs and MMP ac-
tivity.45,46 The extent towhichmigration requiredMMPactivity seemed
to be dependent on the pore size of the material. Migration was blocked
by MMP inhibition in hydrogels with very small pores (È25 nm), re-
duced to a smaller extent in fibrin gels with intermediate pore sizes
(0.1Y1 Km), and was unaffected in collagen scaffolds with large pore
sizes (1Y10 Km).46

CURRENT PRODUCTS
More than 200,000 patients have been treated with tissue-

engineered skin products.1,47,48 Multiple classifications exist for
current skin substitutes on the market.46 Using the simplified classi-
fication of acellular or cellularmatrices, thesemay be further subdivided
into those based on natural or synthetic materials designed with struc-
tural principles that encourage cellular incorporation. Cellular products
with/without matrix include epidermal cells or sheets, dermal replace-
ments, and complexed multilayered skin equivalents.1,47,48 As tech-
nology improves, new products are constantly being introduced to the
market. Some of the more popular products are listed below.

Acellular Matrices
Nylon mesh with collagen coating is used for wound cover

mainly in patients with deep partial thickness burns (Biobrane; Smith
& Nephew, Hull, United Kingdom). AlloDerm (Life Cell Corporation,
Branchburg, NJ) has a porous and fibrillar collagen structure similar

to native dermis. It is prepared using lyophilization technique after
decellularization of cadaver skin.49 Integra (Integra Life Sciences) is
made from cross-linked bovine collagen and GAG covered with sili-
cone, which serves as a temporary barrier and is removed 2 to 3 weeks
after wound replacement once the dermis is reconstituted by capillary
ingrowth and fibroblast infiltration.1,50 This necessitates 2 surgeries.
Additional human acellular dermal products include Karoderm
(Karocell Tissue Engineering, Stockholm, Sweden; Brennan Medi-
cal, Saint Paul Minnesota; Organogenesis Inc Massachusetts; Change
Ortec International to Forticell Bioscience, Inc. New York, NY; Gen-
zyme Biosurgery Cambridge, MA.), SureDerm (HANS BIOMED
Corporation, Seoul, Korea), and GraftJacket-meshed dermis (Wright
Medical Technology, Inc, Arlington, Tenn). Matriderm (Skin and
HealthCare AG, Billerbeck, Germany) consists of bovine lyophilized
dermis, coated with elastin. Permacol (Tissue Science Laboratories
plc, Aldershot, UK) is manufactured from porcine acellular dermis.
Similarly, OASIS Wound MatrixVintestinal derivedV(Cook Bio-
tech Inc, West Lafayette, Ind) and EZ Derm (Brennen Medical, Inc,
St Paul, Minn) are porcine-derived acellular dermal matrices. Pelnac
(Gunze Ltd, Medical Materials Center, Kyoto, Japan) is porcine
tendon-derived atelocollagen with silicone gauze.48 BIOSTEP
(Smith & Nephew, London, UK) collagen matrix dressings contain
cross-linked porcine collagen with EDTA (aimed at binding zinc ions to
inactivate MMPs) and carboxymethylcellulose.8

Additional acellular matrices have been designed for in vitro
tissue-engineering applications. These include honeycomb collagen
sponge prepared from bovine dermal atelocollagen.5 According to the
authors, the biodegradable honeycomb collagen sheet is used as a cell
carrier, has mechanical stability, and can be cut into suitable thickness
and various sizes depending on the application.5

Cellular Matrices
Cells are seeded in suspensionwith variousmatriceswith the aim

of encouragingproliferation andmultiplicationof other cells, cell-to-cell
signaling, and formation of ECM.5 One of the most advanced products
is Apligraf (Organogenesis Inc, Canton, Mass ). Dermal fibroblasts are
seeded in suspension mixed with bovine type I collagen solution, and
keratinocytes are cultured onto the surface of the dermal layer.1,48

Orcel (Forticell Bioscience, Inc, New York, NY) is another bilayered
cellular product with porous collagen sponge coated on 1 side with
collagen gel. Dermal fibroblasts are cultured on and within the porous
sponge side of the collagen matrix and keratinocytes are seeded on the
gel-coated side.1,48 TransCyte, formerly known as dermagraft-TC, is a
cell-seeded Biobrane product, composed of a semipermeable silicone
membrane and newborn human fibroblast cells cultured on a collagen-
coated nylon mesh.1,48 PolyActive (HC Implants BV, Leiden, the
Netherlands) consists of cultured keratinocytes and fibroblasts on a
synthetic polyethylene oxide terephthalate or polybutylene terephthal-
ate matrix.48

Cultured cells have been used without matrices as pure epi-
dermal replacements. Among others, these include Epicel (Genzyme
Biosurgery, Cambridge, Mass) that consists of cultured keratinocytes in
a confluent cell sheet. EpiDex (Modex Therapeutiques, Lausanne,
Switzerland) uses cultured keratinocytes derived from outer root
sheath of scalp hair follicles.48

Logical Strategies
The ultimate objective of biologic skin substitutes that are used

in vivo in a clinical situation is the encouragement of cellular incor-
poration, proliferation, and interaction with the surrounding ECM.
Ideally, the matrix should replace the ECM stimulating host cells to
repopulate and resynthesize a new ground substance and matrix that
encourages ultimate reepithelialization. Problems with current pro-
ducts on the market include excessive contraction and scarring, delayed
vascularization, and major costs.

Annals of Plastic Surgery & Volume 68, Number 6, June 2012 Bioengineered MatricesVPart 1

* 2012 Lippincott Williams & Wilkins www.annalsplasticsurgery.com 571

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



It is the author’s opinion that collagen-based materials still
provide the best basis for cellular incorporation. The debate on denatured
versus native collagen rages on, but either way the collagen scaffold
that most resembles the ECM and allows integrin-associated signaling
to attract cellular incorporation will prove to be the most suited to the
task. From the research and clinical experience cited previously, it
would seem that certain logical strategies may achieve success:

1. Mechanical transduction:
As described previously, mechanical stretching of cells is

known to affect fibronectin and fibroblast function via the interplay
between the fibroblast cytoskeleton, integrins, and the matrix.4,19Y21

Thus, design of matrices needs more attention dedicated to the cor-
rect matrix structural resistance. To this end, electrospinning,1,46Y49

3-dimensional bioprinting,25,46Y49 plastic compression of collagen
gel scaffolds,6 or alternative strategies are being used to achieve the
appropriate biomechanical properties needed for balanced fibroblast
stimulation without overabundance of intrinsic collagen production.
The optimal mechanical strength of the matrix would vary according
to anatomic site and the load-bearing applications necessary for
different defects that are to be reconstructed. Thus, a meniscus re-
construction would necessitate different load requirements and su-
ture pullout capabilities to that of a venous or diabetic leg ulcer. The
matrix design, therefore, should match the defect characteristics and
requirements. Matrix fiber density and spacing need to be calculated
according to the external load requirements and the common end
point of the different mechanical designs should encourage balanced
mechanotransduction by ensuring fiber spacing and porosity results
in optimal fibroblast shape and ECM remodeling. Correct cellular
signaling is dependent on these mechanical properties. Additional
strategies may involve incorporation of various integrin stimulators
or blockers, signaling molecules, adhesion peptides, growth factors
(ie, vascular endothelial growth factors), cytokines, stem cells,
and the like to encourage cellular incorporation and differentia-
tion.25,46Y49 Of course, these strategies have significant cost impli-
cations. The ultimate matrix design would involve one that influences
the fibroblast cytoskeleton and fibronectin to continue laying down
ground substance, collagen, and the foundations necessary for epithelial
migration without the necessity of expensive cell culture, growth factor,
or sophisticated peptide incorporation. The alternative to this natural
matrixmodelwould be the use of biodegradable syntheticmatrices such
as hydrogel with the capacity to deliver cells or peptides to the ECM,
stimulating its replacement with autogenous ECM.25 However, this
would seem to take second place to a good collagen matrix with correct
biomechanical properties.

2. Porosity
Porosity of the matrix is important relative to cellular incor-

poration. As described previously, the porosity relates to spacing
within the scaffold fibers as well as that between the fibers themselves.
This allows for passage of fibroblasts, fibronectin, and ultimately,
keratinocytes during the process of healing. Critical pore size is im-
portant to limit bacterial proliferation, to promote adhesion of ap-
propriate cellular lines, and to allow penetration of fibroblasts within
the scaffold itself. Pores of 5 to 10Km seem to fulfill these functions in
denatured collagen matrices.34

3. Hydration
Overhydrated collagen gels limit functional scaffolds6,39,40

because of the inhibiting effect on fibroblast activity.6 Compressed
gels (removing fluid) with the correct amount of hydrative tension
activate intracellular signaling pathways through integrins that favor
cell viability and metabolism.6,41 However, conversely excessive ex-
tracellular fluid tension can apply shear forces to fibers and cells

themselves inducing excessive collagen synthesis and deposition
resulting in a fibrotic outcome.26 Much like the concept of controlled
inflammation being critical to successful wound healing, controlled
hydration is important in matrix design and subsequent incorporation.

It is apparent from the previous discussion that emphasis had
been cast more heavily on bioengineered skin, initiated dermal regen-
eration rather than epithelial regeneration. This relates to the belief that a
well-designed3-dimensionalmatrixwith features thatmimic the cellular
and ECM microenvironments will promote enhanced epithelialization
and increase epidermal stem cell clustering on the surface of bioengi-
neered skin substitute. Thus, keratinocyte attachment, proliferation, and
differentiation are anticipated once the dermal/ECM components have
regeneratedVthis is considered the critical rate-limiting step.

CONCLUSIONS
A logical solution to the biologic skin substitution design is

likely a standardized matrix template with design nuances appropriate
to the anatomic site within which it is being used (skin, tendon, bone,
fascia, etc). The preferred basic constituent would seem to be collagen
with biomechanical properties and porosity such that the incorpora-
tion of intrinsic cellular lines is encouraged, integrin attachment and
fibroblast stimulation is produced, and cytoskeletal adjustment of the
fibroblast is suited to further proliferation and phenotypic control.
Once this is achieved, intrinsic cellular signaling for further proliferation
and differentiation is accomplished. It should be possible to produce this
template in a cost-effective manner. Only then should we consider the
added possibility of incorporation of extrinsic signal peptides, growth
factors, or stem cells to the mix. It seems that a perfected standardized
matrix backbone would be a great advance in attaining the goal of the
ultimate biologic skin substitute.
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