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Chapter 17
Burn Dressing Biomaterials and Tissue
Engineering

Lauren E. Flynn and Kimberly A. Woodhouse

17.1 Introduction

The skin is the largest organ of the body, ranging in size from 1.5 to 2.0 m? in adults
[1]. This highly organized composite structure fulfils a wide variety of functions
critical to the maintenance of homeostasis [2]. Burns, caused by thermal, chemical,
or electrical injuries, can result in severe and irreparable damage to the skin, leading
to wound contracture, scar tissue formation, and a loss of functionality. In the United
States, between 60,000 and 80,000 patients are hospitalized annually for the treat-
ment of serious burns [3, 4]. The average cost of patient care, reconstruction, and
rehabilitation is extremely high, especially in severe or extensive cases [5].
Improvements in resuscitation techniques now facilitate the survival of patients with
major burns extending over more than 90% of their bodies [6].

Conventional treatment strategies for wound closure rely on the use of auto-
grafts. Weaknesses of the autologous approach include the need for additional sur-
gery, the creation of donor site defects, technical difficulty, expense, and higher
patient risk [7, 8]. Allogenic materials have also been implemented but are only
suitable for temporary wound coverage, as they are associated with immune rejec-
tion and a failure to integrate into the host tissues [9]. Consequently, there is great
need for the development of an economical tissue-engineered skin substitute. To
date, numerous burn dressing biomaterials and engineered constructs have been
investigated but have failed to match the wound healing properties of grafted
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autologous tissues [7, 10—12]. With continued research, it may be possible to design
adevice that could promote the complete regeneration of the skin, with rapid wound
closure, functional recovery, and excellent cosmetic results.

17.2 Physiology of the Skin

In order to develop a successful tissue engineering strategy to promote regeneration
following burn injury, it is critical to have a comprehensive understanding of the
structure and function of the normal skin.

17.2.1 Basic Organization and Cellular Composition

The skin, or integument, is composed of multiple tissue and cell types arranged to
form a complex, multifunctional organ (Fig. 17.1). The integumentary system is
multilayered and can be divided into three interconnected regions: the epidermis,
the dermis, and the hypodermis [2]. Located within these layers are the accessory
structures or appendages, including glands, hair follicles, and nails, that are critical
to the proper functioning of the skin [13]. The basal lamina located between the
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epidermal and dermal layers also plays a critical role in the maintenance of skin
structure and function [14]. The primary cell types found within the skin include
keratinocytes, melanocytes, Merkel cells, Langerhans cells, and fibroblasts [15].

17.2.1.1 Keratinocytes

Keratinocytes are the stratified squamous epithelial cells that are the primary cellu-
lar component of the epidermis, comprising 90-95% of all cells within this region
[2]. These cells function as a protective barrier and also play an important role in
skin immune function, secreting numerous cytokines that mediate inflammatory
and immune responses, including interleukins and interferons [16].

The keratinocyte phenotype changes as the cells progress outwards from the
basal layer towards the skin surface. This alteration corresponds to a change in the
state of differentiation of the keratinocytes from proliferative to cornified cells [17].
The structural changes in the cells can be correlated with variations in the expres-
sion of keratins, the main structural proteins produced by the keratinocytes [18].
These alpha-helical proteins can be classified as either acidic (type I) or basic (type
II). During assembly, heterodimers, each composed of one acidic and one basic
keratin, are arranged to form cytoskeletal intermediate filaments [19]. The keratino-
cytes in the basal layer express keratins 5 (acidic) and 14 (basic), whereas the more
differentiated cells in the outer layers express keratins 1 (acidic) and 10 (basic)
[20, 21].

17.2.1.2 Melanocytes

Melanocytes are pigment-producing cells that are typically found in the basal epi-
dermal layer in an approximate ratio of 1 melanocyte to every 10 basal keratino-
cytes [15]. In general, these cells do not divide, and their survival is dependent on
growth factors secreted by the keratinocytes, such as melanocyte-stimulating hor-
mone (MSH), basic fibroblast growth factor (bFGF), and endothelin-1 [22, 23].
Melanocytes have many cytoplasmic processes, termed dendrites, which facilitate
the delivery of the pigment melanin to the epidermal keratinocytes [24]. A single
melanocyte will supply melanin to approximately 35 keratinocytes through the
transfer of unique organelles termed melanosomes, which produce and store the
pigment within the cells [25]. The specific mechanism of this transfer is currently
unclear but may involve keratinocyte-melanocyte membrane fusion or melanosome
exocytosis followed by keratinocyte coated-pit endocytosis or phagocytosis [26].
The two main types of melanin are eumelanin, which is brown to black in color, and
pheomelanin, which is yellow to red in color [25, 27]. Skin color is dependent on
both melanosome size and density within the keratinocytes and can be affected by
factors such as ultraviolet light and MSH [28].
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17.2.1.3 Merkel Cells

Merkel cells are specialized neuroendocrine cells that are found in the epidermis
and dermis in varying site-specific densities. The highest concentrations of these
cells are in the outer root sheaths of the hair follicles and in the epidermal ridges of
the deep epidermis [29]. In some regions of the skin, these cells are arranged into
units termed tactile discs or touch receptors. Upon compression, Merkel cells can
function as mechanoreceptors, secreting neuropeptides that stimulate the dermal
nerve endings [2]. The cells can be identified microscopically by their characteristic
cell surface microvilli and dense-core cytoplasmic granules that contain various
neuropeptides [30]. Epidermal Merkel cells have been shown to produce nerve
growth factor (NGF), which can bind to NGF receptors expressed on dermal Merkel
cells [31]. These dermal cells often form synaptic contacts with the axon terminals
present in the dermis. Merkel cells can also be connected to keratinocytes via des-
mosomal junctions and may play a stimulatory role in the proliferation and differ-
entiation of these cells [2].

17.2.1.4 Langerhans Cells

Langerhans cells are antigen-presenting dendritic cells that function in the immune
response to pathogens and cancerous cells within the skin [32]. These cells are pri-
marily found in the non-basal region of the epidermis but can also be found within
the dermis. Overall, the Langerhans cell population is relatively small, representing
1-5% of the total number of epidermal cells. Antigens diffusing through the epider-
mis are likely to contact one of the many dendrites of the Langerhans cells [15, 33].
Endogenous antigens, such as those related to epidermal cancer, are also recognized
[34]. The Langerhans cells engulf the antigens via phagocytosis and then migrate
across the basal lamina and underlying dermis into the regional lymph node [35].
Following intracellular processing, the antigens are presented at the cell surface
bound to major histocompatibility complex (MHC) class II molecules. Interaction
of the T cells in the lymph node with the MHC/antigen complexes, combined with
the release of stimulatory cytokines by the Langerhans cells, results in T-cell activa-
tion [32, 36, 37]. Langerhans cells are also involved in the initiation of T-cell-
dependent B-cell immune responses and secondary T-cell responses [33]. For
wound healing treatment strategies, it is important to note that these cells have been
shown to play a role in the rejection of grafted allogenic and xenogenic skin [38].

17.2.1.5 Fibroblasts

Fibroblasts are the main cellular component of the dermis and are responsible for
the production and secretion of numerous extracellular matrix (ECM) molecules
found in the skin, such as collagen, elastin, fibronectin, decorin, tenascin, laminin,
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and various proteoglycans [39]. To allow for turnover of the ECM, these cells also
secrete matrix metalloproteinases (MMPs) [40].

17.2.2 The Epidermis

The epidermis, the outermost region of the skin, provides many of the barrier prop-
erties of the organ. This avascular, multilayered epithelium has very sparse ECM
and is composed primarily of cells. The thickness of the epidermis is site-specific,
with thicker layers found in the regions of the body that experience greater frictional
forces, such as on the palms of the hands and the soles of the feet. The deeper layers
of the epidermis are arranged into the epidermal ridges that increase the contact area
between the epidermis and the dermis [2, 15, 24]. To support the continual regenera-
tion of the epidermis, the keratinocytes differentiate in a process termed keratiniza-
tion or cornification [17]. The progressive stages of differentiation can be observed
in the epidermal layers: the stratum germinativum, stratum spinosum, stratum gran-
ulosum, stratum lucidum, and stratum corneum (Fig. 17.2). In humans, it takes
approximately 14 days for a cell leaving the innermost epidermal layer, the stratum
germinativum, to reach the outer stratum corneum. These cells then typically reside
in the stratum corneum for an additional 14 days before they are shed from the
body [15].
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Fig. 17.2 A diagrammatic and histological view of the epidermal layers. (a) The stratum corneum.
(b) The stratum granulosum. (c¢) The stratum spinosum. (d) The stratum germinativum. (e) The
underlying dermis. The integrin junctions between the basal keratinocytes and the underlying basal
lamina can be seen in the diagram on the left. (Diagram on left adapted with permission from Janes
et al. [43]. Copyright 2002 by John Wiley and Sons Limited. Histological image on right reprinted
from www.lab.anhb.uwa.edu.au with the permission of Dr. L. Slomianka)
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17.2.2.1 Stratum Germinativum

The stratum germinativum, also referred to as the stratum basale, is the innermost
epidermal layer, composed of a monolayer of cells that are firmly attached via
hemidesmosomal junctions to the basal lamina that separates the epidermis from the
dermis [2, 14]. This cell layer primarily consists of morphologically identical,
columnar basal keratinocytes, interspersed with melanocytes and Merkel cells. The
basal keratinocytes can be classified as one of three types based on their prolifera-
tive capacity: stem cells, transient-amplifying cells, or post-mitotic differentiating
cells [41]. Approximately 10% of the cells that reside in the basal cell layer are stem
cells, which are slow-cycling cells with the potential for continual cell division [42,
43]. When a stem cell divides, one daughter cell remains a stem cell in the basal
layer, while the other daughter is destined to differentiate. The cells that will dif-
ferentiate, termed transient-amplifying cells, will divide a limited number of times
before differentiating and moving up in the epidermal layers. The post-mitotic dif-
ferentiating cells account for 5-10% of the basal keratinocyte cell population and
can be identified based on the expression of early differentiation markers, such as
keratin 10 and involucrin [44, 45].

17.2.2.2 Stratum Spinosum

Adjacent to the stratum germinativum, the stratum spinosum consists of 8—10 rows
of polyhedral keratinocytes that have begun to differentiate. Melanocytes and
Langerhans cells can also be found interspersed throughout this layer [15]. The
keratinocytes in this stratum are interconnected by desmosomal junctions, which
are supported intracellularly by bundles of cytoskeletal proteins termed tonofibrils
[46]. This network structure gives the cells a characteristic “spiky” appearance fol-
lowing histological processing. The phenotype of the spinosum keratinocytes varies
depending on their position within the layer. As the cells progress outwards, they
lose their polygonal structure and develop a larger and flatter shape [2]. All of the
keratinocytes still contain cellular organelles, including melanosomes secreted by
the melanocytes [27]. In the upper layers of the stratum spinosum, lamellar granules
can be observed within the keratinocytes. These granules contain proteins, such as
keratohyalin, and other components that are involved in the final stages of keratini-
zation [17]. Within this layer, the differentiating cells begin to synthesize keratin
types 1 and 10. It is interesting to note that during wound healing, the expression of
these two proteins is downregulated in favor of keratin types 6 and 16 [47].

17.2.2.3 Stratum Granulosum
The 2-3 rows of flattened, nucleated cells in the stratum granulosum can be identi-

fied by the uniform presence of basophilic keratohyalin (lamellar) granules [2]. As
previously mentioned, the proteins included in these granules function in the
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formation of the outer cornified cell layer. Keratohyalin has been shown to form an
intracellular matrix that envelops and strengthens the cytoskeletal keratin filaments
[48]. This keratin network is further reinforced by keratin aggregation and inter-
filament disulfide bond formation, promoted by the protein filaggrin, whose precur-
sor profilaggrin is found within the granules [2, 49]. Two other granular proteins,
involucrin and loricrin, are involved in the formation of the cornified cellular enve-
lope [50, 51]. The abrupt change from granulocytic phenotype to that of a termi-
nally differentiated corneocyte is mediated within the outer layer of the stratum
granulosum. These cells produce apoptotic enzymes that facilitate the destruction of
the nucleus and all cellular organelles [52].

17.2.2.4 Stratum Lucidum

The stratum lucidum, found primarily in the thick skin of the palms and soles, con-
sists of several layers of dead, clear, flattened keratinocytes that are enriched in
keratin [24].

17.2.2.5 Stratum Corneum

The outermost layer of the epidermis, the stratum corneum, is composed of multiple
rows of dead, terminally differentiated keratinocytes that are continually sloughed
off and replaced. These cells are responsible for the majority of the barrier proper-
ties of the epidermis and, consequently, the skin. The thickness of the corneal layer
varies from 15 to hundreds of layers, depending on the site within the body [2, 15].
Variations in thickness can also be correlated to differences in sex, age, and disease
state [24, 53]. In general, the corneocytes are large, flattened, polyhedral cells that
are interconnected via desmosomal junctions at overlapping boundaries. Over 80%
of the cell content is composed of high-molecular mass keratins [17]. As in the other
epidermal layers, changes in cell phenotype and function can be observed across the
layer. The outer cell layer has flatter cells, which have more rigid, cornified cellular
envelopes [51]. These exterior cells also secrete proteolytic enzymes that degrade
the desmosomal junctions to allow for desquamation. Due to the presence of resid-
ual interconnections, corneal cells are typically shed in large groups [54].

17.2.3 The Dermis

The dermis is rich in ECM components that impart strength, elasticity, density, and
compliance to the skin. Within this region, a vast network of fibrillar and amorphous
connective tissue supports the dermal cellular components, vascular and neural net-
works, and the appendage structures [55, 56]. Interactions between the dermis and
the epidermis via the basal laminar region are critical to maintaining the proper
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phenotype and functioning of both regions [14, 57, 58]. In order to satisfy the meta-
bolic needs of both the dermis and the avascular epidermis, the dermis is highly
vascularized. The intricate networks of dermal blood vessels also function in the
homeostatic regulation of the body temperature [59]. Neural networks of sensory
and autonomic fibers present in the dermis function in the control and communica-
tion systems of the skin [60]. Lymphatic channels facilitate the controlled removal
of water and other molecules from the region and play an important immunogenic
role [61]. Although the dermis contains fewer cells than the epidermis, fibroblasts,
smooth muscle cells, pericytes, monocytes, macrophages, dermal dendrocytes, and
mast cells can be found within this region [2].

As previously mentioned, dermal connective tissue is composed of both fibrous
and non-fibrous components, which are continually undergoing turnover. Collagen
is the most abundant protein in the dermis, accounting for approximately 75% of the
dry weight of skin [2, 62]. The most common types of collagen found in skin are
types I, III, and V, which can be classified as fibrillar collagens. More specifically,
approximately 80-90% of the collagen in the dermis is of type I, whereas 8—12% is
of type III. Collagen type V functions to regulate fiber diameter through interactions
with types I and III. Fibril-associated collagen type VI is also found throughout the
dermis, associated with type I collagen [63—65]. This network of collagen fibers
imparts tensile strength to the skin. Elastic fibers, including elastin, form a network
that extends throughout the dermis, spanning from the basal laminar region into the
hypodermis. These fibers impart elasticity to the skin, allowing it to return to its
original structure after experiencing distending forces [62, 66].

The non-fibrous connective tissue components of the dermis include proteogly-
cans (PGs), glycosaminoglycans (GAGs), and glycoproteins. These matrix compo-
nents form the gel-like ground substance that surrounds the fibrous networks. PGs
and GAGs found in the skin include biglycan, decorin, versican, perlecan, syn-
decan, heparan sulfate, and chondroitin-6 sulfate [2, 67-69]. Hyaluronan is also
expressed in the embryonic dermis and during wound healing [70]. The ability of
the PGs and GAGs to bind water molecules contributes to the regulation of water
loss, as well as to the maintenance of the dermal volume and compressive properties
[71, 72]. These molecules also function to bind cytokines and mediate cellular
attachment to other matrix components [73]. Glycoproteins, including fibronectin,
laminin, vitronectin, and tenascin, function in dermal cell-matrix and matrix-matrix
interactions [2]. Overall, based in part on connective tissue structure, the dermis can
be subdivided into two regions, the papillary dermis and the reticular dermis.

17.2.3.1 Papillary Dermis

The papillary dermis is the more superficial dermal region that is composed of small
bundles of loose connective tissue, including collagen fibrils and immature elastic
fibers [65]. This region is named for the papillae or projections of the dermis into
the epidermal ridges. The matrix in this region, which hosts the majority of the der-
mal cells, is composed primarily of type III collagen [15]. The subpapillary plexus
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of arterioles and post-capillary venules serves as the lower separation boundary
with the reticular dermis. The capillaries that supply the epidermis and upper der-
mal layers extend from this plexus into the papillary dermis [59]. Sensory and auto-
nomic axons, as well as receptors, can also be found in this region [60].

17.2.3.2 Reticular Dermis

The lower and larger portion of the dermis, termed the reticular dermis, is composed
of an interconnected collagen network, intertwined with a mature system of elastic
fibers [55, 65, 66]. This region, which is connected to the papillary region by
extended fibrous bundles, imparts the dermis with strength and resilience. Blood
vessels, appendages, and dermal cells are interspersed throughout this connective
tissue meshwork. The collagen bundles and elastic fibers increase in size in the
deeper reticular layers approaching the hypodermis, which is distinguished from the
dermis by the appearance of adipose tissue [2, 24].

17.2.4 The Dermal-Epidermal Junction Zone

The dermal-epidermal junction (DEJ) zone is characterized by a specialized basal
lamina that is critical to the maintenance of proper skin structure and function [14].
This dynamic layer of interconnected proteins is approximately 100 nm thick and
has been shown to have a critical role in skin remodeling, wound healing, and
embryonic development. While the DEJ structurally separates the dermis from the
epidermis, the proteins found within the basal laminar layer also mediate the attach-
ment and interactions of these two regions [74]. For skin tissue engineering pur-
poses, it is important to note that the DEJ zone maintains the overall structural
integrity of the skin. Disorders affecting this region result in weak skin that is highly
prone to shearing or tearing when exposed to applied forces [58]. The basal lamina
also has critical functions in regulating keratinocyte cell polarity, proliferation, dif-
ferentiation, and migration. Further, this matrix also influences the barrier proper-
ties of the skin and can restrict the movement of molecules based on size and
charge [14].

Three different types of anchoring complexes stabilize and strengthen the DEJ
zone: hemidesmosomes, anchoring filaments, and anchoring fibers. Using micros-
copy techniques, these structures can be observed in four distinct regions within the
DEJ [75]. The first identifiable region consists of the hemidesmosomes in the
plasma membranes of the basal keratinocytes. These cell-matrix attachment struc-
tures are supported intracellularly by bundles of intermediate keratin filaments [17].
The next two regions, the lamina lucida and the lamina densa, contain the anchoring
filaments primarily comprised of linkages between hemidesmosomal integrin o
and DEJ laminin type 5 [76-78]. The anchoring filaments firmly attach the basal
cells to the underlying matrix, including the rich network of collagen IV fibers
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found in the lamina densa. The DEJ region adjacent to the dermis, termed the sub-
lamina densa, contains collagen type VII anchoring fibrils [79]. These specialized
complexes, originating in the lamina densa, firmly attach the DEJ to the dermis by
either extending into anchoring plaques in the dermis or looping back into the densa
region. The fibrils that form loops are interconnected with dermal collagen type I
fibers, further stabilizing the structure [57, 58]. Overall, the DEJ maintains the
integrity of the skin and regulates the dermal-epidermal interactions.

17.2.5 The Hypodermis

The hypodermis, also referred to as the subcutaneous layer, is located directly below
the dermis. The primary component of this region is adipose tissue [2, 24]. Although
a distinct border exists between the dermis and the hypodermis, the two regions are
structurally and functionally interconnected through the rich vascular, neural, and
lymphatic networks that supply the regions [59-61]. In addition, many of the
appendage structures, including hair follicles and sweat glands, extend into the sub-
cutaneous region [2]. The primary functions of the hypodermis include energy stor-
age and release, insulation, mechanical protection, and the maintenance of body
contours [80].

17.2.6 The Appendages

The epidermal appendages, including sweat glands, sebaceous glands, hair follicles,
and nails, arise from protrusions of the epidermis into the dermis [24, 81].
Consequently, these structures are lined with epithelial cells, which, through growth
and differentiation, are involved in the process of re-epithelialization following epi-
dermal injury [82]. Moreover, the appendages have critical roles in the maintenance
of homeostasis.

17.2.6.1 Sweat Glands

Sweat glands can be classified as either eccrine or apocrine, based on their structure
and function. Eccrine sweat glands are composed of three parts: the coiled gland,
the intradermal duct, and the intraepidermal portion. The coiled gland, located deep
within the dermis, is lined with secretory cells that produce eccrine sweat. This
sweat is delivered to the epidermal surface via the intradermal duct that extends
through the dermal region, connecting to the intraepidermal portion and ultimately
terminating as an open pore [83]. These glands primarily function in the regulation
of body temperature, through cooling by sweat evaporation, but are also involved in
the elimination of wastes. In general, eccrine sweat glands are found over the
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majority of the skin surface and are most concentrated on the palms of the hands and
the soles of the feet [84]. Although similar in structure to eccrine glands, apocrine
glands have coiled regions that are approximately ten times larger in diameter and
intradermal ducts that terminate into the uppermost region of a hair follicle.
Although the exact function of apocrine sweat glands remains unclear, it is believed
that they function as scent glands related to sexual attraction. More specifically,
these glands, which begin functioning during puberty, secrete small amounts of
viscous sweat that becomes odorous when exposed to bacteria on the outer epider-
mis. Apocrine glands are most concentrated in the axillae and anogenital regions
[24, 85].

17.2.6.2 Sebaceous Glands

Sebaceous glands are oil-producing glands that are found throughout the skin sur-
face in varying sizes and densities, with the exception of the palms of the hands and
the soles of the feet. In general, these glands are connected to hair follicles to form
pilosebaceous units. A sebaceous gland consists of one or more branched lobules
(acini) connected to a hair follicle by a short duct [13, 86]. The glands produce
sebum, a substance composed of fats, cholesterol, proteins, and inorganic salts.
Sebum protects the skin and hair, preventing these structures from becoming dry
and brittle. This oily substance also aids in the prevention of excessive water loss
due to evaporation from the skin surface [87].

17.2.6.3 Hair Follicles

While primarily vestigial in humans, the principal function of hair is to provide
protection from injury and environmental conditions. Hair, consisting of a free shaft
and a root structure, is supported in the skin by the hair follicle. Follicles extend at
oblique angles into the deep dermis or hypodermis. The outermost layer of the fol-
licle, the external root sheath, is composed of epithelium that is continuous with the
epidermis. The inner root sheath surrounds the hair root, extending from the base of
the follicle, termed the bulb, to the skin surface [88]. Progenitors in a region of the
bulb referred to as the matrix proliferate to form the hair shaft in alternating periods
of growth (anagen) and rest (telogen). Also located at the base of the bulb is the
dermal papilla, an indentation of loose connective tissue, rich in vasculature, which
supports the hair growth. Above the bulb, the follicular wall thickens to form the
bulge, which contains stem cells believed to function in follicular regeneration and
the replenishment of the matrix progenitors [43, 89, 90]. Smooth muscle bundles
originating in the dermis, termed the arrector pylori, attach to the follicle at the
bulge region and function in piloerection [88]. The duct of the sebaceous gland
associated with the follicle opens up into the channel above this region, closer to the
epidermis [86].
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Table 17.1 The functions of the skin

Function Details

Thermoregulation Controlled by the regulated dilation of the dermal blood vessels and
the secretion of sweat

Protection From a multitude of factors including:

Mechanical shocks
Thermal shocks
UV irradiation
Chemicals

Water loss

Tonic loss

Infection

Metabolic organ Vitamin D production

Disposal of water, carbon dioxide, and toxins

Glandular secretions from sweat and sebaceous glands

Sensation and Touch, pain, heat, and cold
communication

17.2.6.4 Nails

Nails are modified keratin-rich epidermal cells that protect and support the tips of
the fingers and toes. While primarily serving esthetic purposes in humans, deteriora-
tion in the condition of nails can often be indicative of more general health problems
[24]. Nails are composed of a nail root, a nail plate, and a free edge. Growth of nails
occurs from the matrix, which primarily underlies the nail root. Proliferating epider-
mal cells in the matrix are pressed tightly together into layers to create a plate that
is slowly forced outwards, thereby forming the nail [91, 92].

17.2.7 Functions of the Skin

The skin, with its unique structure, performs a multitude of functions critical to the
maintenance of total body homeostasis [2, 15]. Some of the key functions of this
vital organ are detailed in Table 17.1.

17.3 Development of the Integumentary System

In order to design a successful strategy for skin regeneration following burn injury,
it is important to have an understanding of the events that occur during the embryo-
logical development of the integumentary system. Epidermal development com-
mences during the 3rd week of gestation, shortly following the completion of germ
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layer formation by gastrulation. The single ectodermal layer surrounding the
embryo is subdivided into the epidermal ectoderm, the neural ectoderm, and the
neural crest, through a process termed neurulation [93]. Underlying the epidermal
ectoderm is the loose mesenchymal tissue that will ultimately develop into the
mature dermis [94]. It is important to note that the basal lamina of the DEJ, which
is fully developed by the 9th week of gestation, plays a critical role in skin morpho-
genesis [14].

17.3.1 The Epidermis

The development of the epidermal layers commences during the 4th week, with the
proliferation of the epidermal ectoderm to form a secondary layer of flattened cells,
termed the periderm. Signaling with the underlying dermis is critical to the forma-
tion of the epidermal layers during all morphogenic phases. By the 11th week of
gestation, an intermediate epidermal layer can be observed between the germinative
cells in the basal layer and the peridermal cells. During this period, the epidermal
ridges also begin to form. As the basal cells continue to proliferate and differentiate,
the appearance of the mature epidermal barrier commences around the 20th week of
development. After this point, many of the peridermal cells undergo apoptosis and
become detached from the fetal epidermis [94-96].

Unlike the keratinocytes, which arise directly from the superficial ectoderm,
many of the other cells found in the epidermis migrate in from other regions [95].
Melanoblasts, precursors of the melanocytes, are derived from the embryonic neural
crest and first migrate into the developing dermis during the 6th week. Mature mela-
nocytes can be first detected in the epidermal region during the 10th week of gesta-
tion [25, 95]. The origin of Merkel cells is also believed to be the migrating neural
crest cell population [2]. Langerhans cells, which differentiate from precursors in
the bone marrow, migrate into the epidermis and first appear around the 7th week of
development [60].

17.3.2 The Dermis

In general, the dermis is derived from the mesodermal cells underlying the epider-
mal ectoderm [95]. During the early stages of development, the neodermis is com-
posed primarily of interconnected cells surrounded by a loose matrix of hyaluronan
and glycogen [97]. Differentiation of the mesenchymal progenitors into mature
fibroblasts commences during the third month of gestation. As the newly formed
fibroblasts synthesize ECM components, the dermal matrix becomes more fibrillar.
Vascularization of the dermis also begins during this time period [24, 94-96].
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17.3.3 The Appendages

The appendages develop from regions of the epidermis that proliferate and extend
into the dermis to form columns of epithelial cells surrounded by mesenchymal tis-
sue. It is believed that both autocrine and paracrine signaling with the underlying
mesoderm are critical in the formation of these ectodermally derived projections,
which first start to appear during the fourth month of gestation [24, 81, 95].
Ultimately, the development of each of the different types of appendages may be
attributed to variations in the secretion and timing of inductive factors, which affect
the proliferation, differentiation, and organization of the epithelial columns. Some
factors believed to be important in follicular development include transforming
growth factor-p (TGF-p), sonic hedgehog (SHH) protein, noggin, and members of
the bone morphogenic protein (BMP) family [95].

17.4 Burns

17.4.1 Burn Classification

Burns are traumatic events that can severely disrupt the proper structure and func-
tioning of the skin. Burns can be classified as either first degree, partial thickness, or
full thickness based on the extent of the damage to the integumentary system
(Fig. 17.3). Table 17.2 lists the general characteristics of each of these types of
burns [98-100].

Superticial Dermal Deep Dermal Full Thickness

Fig. 17.3 The classification of partial and full thickness burns based on the extent of the damage
to the integumentary system. “C” represents the necrotic tissues in the zone of coagulation, and “*”
represents the regional edema in the tissues underlying the burn injury. (Figure adapted with per-
mission from www.burnsurgery.org)
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Table 17.2 The classification of burns

Burn
classification

Characteristics

First degree

Loss of the epidermal layer

Red, dry appearance

No blistering

Painful

Will heal spontaneously

Partial
thickness

Loss of the epidermal layer

Partial loss of the dermal layer

Red or pink appearance

Blistering present

Surface may be wet or waxy

Painful

Can be classified as either superficial or deep based on the degree of dermal
damage

Superficial dermal:

Damage only to the papillary dermis

Will heal spontaneously from the surrounding epidermis and the epithelial
cells lining the appendage structures in the dermis

Deep dermal:

Damage extending into the reticular dermis

Large amounts of necrotic dermal tissue (eschar)

Healing impaired due to deep dermal damage

Should be treated as full thickness burns

Full thickness

Loss of the epidermal layer

Loss of the dermal layer

Damage to the hypodermis that may extend to involve the underlying
structures including muscle, tendon, and bone

White or charred appearance

Not painful due to neural destruction

Eschar widely present

Granulation and contraction of the wound to form scar tissue

17.4.2 Principles of Burn Wound Healing

Normal wound healing is characterized by three stages of healing: the inflammatory
phase, the proliferative phase, and the remodeling phase [101]. One of the primary
events in the inflammatory phase is the accumulation of platelets at the site of injury,
leading to blood coagulation and clot formation, which provides a preliminary
matrix for cellular infiltration. Inflammatory cytokines secreted by these aggregat-
ing cells regulate the regional blood flow and have a multitude of stimulatory effects,
including the promotion of leukocyte invasion and angiogenesis. The second phase
of wound healing, the proliferative phase, generally commences within 24 h. Rapid
re-epithelialization to achieve wound closure is facilitated through the migration of
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epidermal cells from the wound edges and from the residual appendage structures
in the injured region (Fig. 17.4) [101-103]. This process is stimulated by growth
factors, including TGF-p and epidermal growth factor (EGF). Angiogenesis also
occurs and is promoted by the secretion of FGF by the macrophages that are local-
ized in the wound site [101, 104, 105]. A loose ECM network, deposited by the
fibroblasts that have invaded from the surrounding tissues, encompasses the newly
formed blood vessels. This provisional matrix, termed granulation tissue, provides
a substrate for cell migration, facilitating cellular repopulation and wound closure.

Grapulation

Reconstituting
epidermal

Fig. 17.4 The proliferative phase of the wound healing process in the skin. A preliminary fibrin
matrix for cell migration is formed during the blood coagulation and clotting processes following
the initial injury. Invading inflammatory cells secrete growth factors that promote angiogenesis and
dermal fibroblasts deposit extracellular matrix components, forming granulation tissue.
Re-epithelialization occurs through the migration of epidermal cells from the wound edges and
from the residual epidermal appendage structures, such as hair follicles. (Figure reprinted with
permission from Martin [103]. Copyright 1997 by the American Association for the Advancement
of Science)
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The final stage of wound healing, the remodeling phase, requires months to com-
plete. In the initial period, the fibroblasts assume a myofibroblastic phenotype and,
stimulated by TGF- and other factors, cause the contraction of the wound, expedit-
ing closure [101, 104]. Ultimately, the dermal ECM is modified with newly synthe-
sized matrix components, resulting in scar tissue formation [101-103].

Severe burn wounds can be classified into three regions of varying tissue injury:
the zone of coagulation, the zone of stasis, and the zone of hyperemia [100, 106].
The zone of coagulation is characterized by the complete dissolution of all levels of
protein structure. Further, cell death within this region, which extends downwards
from the original site of injury, is uniform and irreversible. Clinically, the zone of
coagulation presents as the burn eschar [107]. Adjacent to the zone of coagulation
is the zone of stasis, a region in which there is a progressive deterioration in the
local blood flow. Although the majority of the cells within this zone are initially
alive, many die due to ischemia. Numerous factors combine to cause the impaired
blood flow, including clotting events, burn edema, vasoconstriction, and heat dam-
age to the cells and proteins [100]. Without intervention, the tissues in this region
will die, thereby expanding the zone of coagulation [69]. The zone of hyperemia is
located at the periphery of the injury, adjacent to the unaffected body tissues. Within
this region, there is minimal damage to the protein structures and cells. In general,
complete healing of these tissues is possible. Due to local inflammatory responses
and the release of numerous vasoactive molecules, increased vascular flow rates and
the dilation of the local vessels characterize this zone [7, 100].

In the case of burn injuries, the process of wound healing can be dramatically
modified or impaired. Skin damage can be extensive, with the complete destruction
of all of the skin layers over a large surface area of the body. First degree or super-
ficial partial thickness burns will generally heal normally, with re-epithelialization
occurring from the wound edges and from the undamaged appendage structures. In
contrast, in deep partial thickness or full thickness burns, the appendages are
destroyed, and re-epithelialization can only occur from the wound periphery. The
process of cell migration can be further delayed if the burn injury cauterizes the
local blood vessels, inhibiting the initial cascade of events during the inflammatory
healing phase that creates a temporary fibrin matrix for cellular invasion [82].
Hence, as the coverage process may require an extremely long time frame and the
dermal regenerative potential is limited, severe wound contraction and scarring are
frequent outcomes. Hypertrophic scarring and impaired functionality are very com-
mon in burn patients. In some cases, keloid scars, which extend beyond the original
boundaries of the injury, can be observed. In general, contracted and scarred tissues
can be painful, as well as having poor functionality and cosmesis [108—110].
Complications associated with burn wound edema can also impact the wound heal-
ing process. Increased vessel permeability and the action of numerous inflammatory
cytokines, such as prostaglandins, can lead to severe swelling that impairs the
regional blood flow, particularly in the zone of stasis, thereby causing ischemic cell
death [111, 112].
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17.4.3 Immune System Response to Burn Injury

Suppression of the immune system has long been recognized as a major contribut-
ing factor to the high mortality rates that are associated with burn injuries. Patients
with severe burns are extremely susceptible to infections that can result in death due
to septic shock or multiple organ failure [113, 114]. Clinical and research findings
indicate that the impaired immune response is related to the suppression of both the
cellular and humoral systems. More specifically, burn patients have been reported to
have reduced lymphocyte populations, including decreased numbers of T cells, B
cells, and natural killer cells [115-117]. In general, following burn injury, there is a
failure in the T-cell response related to both diminished cell number and cell func-
tionality [118]. Dysfunctions in the neutrophil cell population and the complement
system further compound the immunosuppressed condition [119].

Numerous factors appear to contribute to the impairment of the immune system
in burn patients. While the precise mechanisms of action are not fully understood,
the systemic inflammatory response (SIR) associated with burn injury is hypothe-
sized to play a role in the development of the immune dysfunction [111, 120].
Research continues to be conducted in order to elucidate all of the elements that are
produced in this response, including cytokines and toxic by-products such as endo-
toxin, tumor necrosis factors (TNF), and leukotrienes, which could be immunosup-
pressive in nature [121]. One compound of interest, cutaneous burn toxin (CBT), is
suspected to play a major role in the inhibition of granulocyte production, thereby
accounting for the reduced lymphocyte populations. CBT is composed of polymers
of lipids and proteins that are formed from the damaged tissues at the burn injury
site [120]. Proper debridement of the wound can help to reduce the impact of this
toxin. It is also important to note that the presence of necrotic tissue, impaired blood
flow, and nutritional deficiency can all have an impact on general health and immune
function [122].

17.4.4 Complications

While the skin is the focus of this chapter, the systemic effects of burn injuries must
also be recognized. As previously mentioned, infection and SIR are critical prob-
lems in burn patients, frequently resulting in major organ failure and death.
Following injury, the release of a multitude of inflammatory cytokines and toxic
by-products can severely impair all of the organ systems, including the cardiac sys-
tem, renal system, and digestive system [123]. Complications can also arise from
abnormally low blood pressures due to hypovolemia, attributed to a loss of blood
from the damaged vessels surrounding the wound site [112]. Another major cause
of mortality is the severe respiratory damage and distress associated with inhalation
injuries in burn patients [124].



17  Burn Dressing Biomaterials and Tissue Engineering 555

17.5 Conventional Treatment of Burns

17.5.1 Treatment of Minor Burns

As previously mentioned, first degree and superficial partial thickness burns will
spontaneously heal within a short time period, ranging from 7 to 21 days [82, 98].
Basic first aid treatment of the wound will help to expedite the healing process and
prevent infection. The injured site should be gently and thoroughly cleaned with
lukewarm water and mild soap. Cool, moist compresses can be applied to reduce
pain and swelling. While it is the subject of some controversy, it is generally
accepted that the blisters of superficial burns should be left intact, to reduce the
chances of bacterial infection and minimize discomfort. Spontaneous resorption of
the blisters should commence within a week. With the exception of injuries to the
face, a clean, absorbent, non-adherent dressing, such as lint-free gauze, should be
applied to cover the wound. This dressing should be changed daily or as required.
The application of topical antibiotics or other agents is generally not recommended,
as they can impede the wound healing process and have other negative side effects
[125]. Burn wounds to the face are typically left uncovered, although a thin layer of
topical antibiotic can be applied for prophylactic purposes and to prevent against
discomfort due to tissue dryness [106]. To control the pain that is frequently associ-
ated with superficial burns, oral analgesics may be indicated [126].

17.5.2 Primary Treatment of Severe Burns

Following stabilization, patients with deep dermal and full thickness burns should
be sent to the hospital for immediate assessment and care. The maintenance of air-
way, breathing, and circulation is of primary importance to patient survival. During
transport, the burn wound should be covered with clean towels, which can easily be
removed for examination purposes. The patient should be kept warm and treated for
shock [127]. Intravenous (IV) infusion should be commenced as early as possible to
maintain the circulating volume and reduce the risk of damage to the cardiac, renal,
and other major organ systems [128]. Upon arrival at the hospital, a team of burn
care specialists will assess the severity of the burn, examining the depth of the injury
and estimating the percentage of the total body surface area (TBSA) affected [129].
Morphine, delivered via IV, is often prescribed for pain management purposes [126].

Immediate burn wound treatment is required to aid in healing and reduce the risk
of patient mortality. The wound site should be washed with warm saline solution
and debrided to remove dead epithelial tissue and foreign contaminants. In general,
as the seepage of blister fluid can provide an ideal medium for bacterial growth,
blisters are evacuated and trimmed. This process also improves joint mobility and
aids in the visual assessment of the burn [106]. In cases of circumferential burns,
such as around the neck, torso, or limbs, a decompression escharotomy may be
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required to relieve the tension in the tissues. More specifically, as burn edema pro-
gresses, the inelastic eschar at the surface does not expand well, causing increased
pressures that can result in ischemic conditions, impaired respiration, or tissue rup-
ture. These situations can be prevented by the escharotomy, which involves a strate-
gic, longitudinal incision along the length of the affected tissues [130]. Following
debridement, topical antimicrobial agents, such as silver sulfadiazine, may be
applied to the surface of the wound to slow or reduce the occurrence of bacterial
infection [131]. As the blood supply to the burn wound is often severely impaired,
the use of systemic antibiotics may be therapeutically ineffective [132]. In conser-
vative approaches to burn treatment, an occlusive dressing or other wound covering,
discussed later in the chapter, is then placed over the affected tissues prior to further
treatment, such as autografting, if required.

Through advances in burn research, it is now accepted that the early surgical
removal of the burned tissues is of benefit to the patient, in terms of pain manage-
ment, immunocompetence, and wound healing. Excision of the necrotic tissues has
been shown to reduce the total time of hospitalization, the chances of infection, the
amount of surgical intervention required, and the instances of patient mortality.
Improved functionality and cosmesis following wound healing have also been
reported [8]. By limiting the systemic exposure to the inflammatory cytokines and
toxic byproducts found in the necrotic tissues, it is possible to minimize immuno-
suppression and reduce the risk of major organ failure [122]. In general, the proce-
dure involves the excision of all of the necrotic tissues, followed by the immediate
application of either an autograft or a temporary wound covering. The operation is
performed by tangential excision using a specialized dermatome. The necrotic tis-
sue is removed in layers until only viable tissue remains, detected when bleeding is
observed [8, 133]. Full thickness burns can be excised to either the hypodermis or
the muscle fascia. While autograft acceptance is more limited on the subcutaneous
adipose tissues, when successful, a superior esthetic result is achieved with this
more conservative approach [8]. Overall, the major restriction to the surgical exci-
sion of burn wounds is the potential for severe blood loss, which limits the amount
of tissue that can be removed at one time [9].

17.5.3 Autografting: The Current Gold Standard

The use of autologous grafted skin represents the gold standard treatment for deep
dermal and full thickness burns. To date, this strategy is the only method available
to achieve complete and permanent wound closure in extensive or deep burns [1, 8,
104]. Partial thickness grafts, ranging in thickness from 0.2 to 0.5 mm, are harvested
from healthy donor sites using a dermatome [9]. Ideally, the mechanical properties,
dimensions, and pigmentation of the skin in the donor and recipient regions are
similar. As only a small portion of the dermis is extracted, the donor site defect will
heal spontaneously without scar tissue formation in 2-3 weeks [107]. The auto-
grafted tissue is surgically attached to a freshly excised, uncontaminated wound
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site. As it is extremely thin, the graft can survive the initial ischemic period prior to
vascularization via diffusion of nutrients and waste. Following the surgery, the bond
between the grafted skin and the wound bed is extremely weak and must be pro-
tected from disruption due to shearing, edema, or hematoma. As healing progresses,
the graft fully integrates into the wound site, inhibiting contraction and restoring
functionality. In most cases, graft acceptance is high, and scar tissue formation and
contraction are reduced, achieving an acceptable esthetic result [8]. However, the
deep dermal hair follicles and sweat and sebaceous glands do not regenerate in the
transplanted tissue. Reinnervation and limited restoration of skin sensation are pos-
sible [11]. Disadvantages of the use of autologous tissues include the creation of a
donor site defect, patient risk, susceptibility to infection, and the need for multiple
surgical procedures [8].

The development of new methods of permanent wound closure is mandated for
the treatment of patients with severe burns involving a large surface area of the
body. During a single surgical procedure, sufficient autologous tissue can often be
harvested to treat burns ranging from 30% to 50% TBSA. In more extensive burns,
the use of autografting is limited by a lack of donor tissue [4]. Treatment in these
cases may be facilitated by a modification to the autografting technique involving
the use of a tissue mesher [134]. Small linear incisions are made in the harvested
tissue to allow for the expansion of the graft. In practice, the meshed skin can be
expanded 1.5-9 times its original size. When expanded more than three times, it is
common to cover the site initially with a meshed allograft to improve healing and
provide protection during re-epithelialization [9]. While meshing allows for
improved drainage and greater coverage, this skin is more prone to infection and has
esthetic limitations. Due to contraction and scar tissue formation, the meshing pat-
tern on the skin surface is permanent. Further, tissue availability is still limited using
this technique. As medical knowledge and technology continue to improve, an
increased number of patients are surviving from extremely large surface area burns
(>90% TBSA). In these cases, autograft availability is minimal and generally insuf-
ficient. Following the completion of healing, it is possible to re-harvest the donor
and previously grafted sites. This process can be repeated a limited number of times
and increases patient pain and susceptibility to infection, as well as treatment time
and expense [8, 9]. Temporary wound coverage materials must be utilized during
the interim healing period. Ultimately, alternative means to autografting may be
required to achieve complete wound closure, and severe scarring may be inevita-
ble [135].

17.5.4 Biological Alternatives for Temporary Wound Coverage

As previously discussed, due to the limitations in the availability of autologous tis-
sues, substitute materials to provide temporary wound coverage following early
excision are required. Conventional biological approaches to achieve this goal
involve the use of allografts and xenografts. However, in order to achieve permanent
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wound closure and healing without severe scarring and contracture, these natural
materials must ultimately be replaced with autologous tissues [12].

17.5.4.1 Allografts

To date, allogenic strategies have focused on the use of cadaveric skin and amnion.

Cadaver Skin

Despite numerous limitations, allogenic cadaver skin remains the most successful
and commonly used substitute for temporary wound coverage in severely burned
patients [7]. Allogenic skin aids in the restoration of the barrier properties, thereby
protecting against excessive water and electrolyte loss, infection, and pain.
Moreover, allografts have been shown to initially reduce any existing bacterial con-
tamination, stimulate re-epithelialization from the periphery, improve the ultimate
esthetic appearance of the patient, and increase autograft acceptance [136]. However,
in spite of the immunosuppressive nature of burn injuries, graft rejection within
1-3 weeks is inevitable. During this process, the wound site can become severely
inflamed and prone to infection [137]. There are also concerns associated with the
transmission of viruses, cost, and tissue availability [9]. The tissues can be utilized
while fresh, preserved in glycerol at 4 °C, lyophilized, or cryopreserved. Fresh tis-
sues have been shown to more strongly stimulate angiogenesis, have superior adher-
ence properties, and provide greater protection against bacterial invasion. However,
glycerol preservation is relatively economical, decreases the tissue antigenicity, and
facilitates the establishment of tissue banking [138, 139].

Amnion

The use of fresh human amniotic membranes has been reported for decades and
remains popular in regions of the world where the use of cadaveric skin is limited
due to expense and availability [140]. Human amnion has low antigenicity and is
reported to readily adhere to the wound site, reducing patient pain, accelerating the
wound healing process, and repressing bacterial growth. In addition, amnion has
been shown to stimulate angiogenesis, ultimately improving autograft acceptance
[141]. Despite these positive attributes, the use of amnion is limited by the fragile
nature of the tissues. Within several days of application, the amnion becomes frag-
mented and dissolves, necessitating almost daily replacement. Hence, the quantities
of tissue required for large TBSA burns would be exceedingly high. Further, an
occlusive dressing is required to prevent desiccation of the membranes and maintain
the skin barrier properties [7, 142]. However, human amnion may be of use to expe-
dite wound healing in superficial partial thickness burns, autologous donor sites, or
highly meshed autologous tissues [143].
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17.5.4.2 Xenografts

The primary motivation for the use of xenogenic tissue is the limited supply and
high costs associated with allogenic cadaver skin [9]. Frozen porcine grafts are most
commonly investigated due to the similarity of the tissues with the human skin
[144]. Despite the potential for unlimited availability, numerous concerns restrict
the use of xenografts in burn wound treatment. The primary problems are associated
with the antigenic nature of the tissues. All grafts are rejected within a 14-day period
[145]. There are also serious safety and sterility issues related to animal-to-human
viral transmission [146]. Furthermore, xenografts have been shown to be less adher-
ent than allografts and are associated with higher rates of infection and necro-
sis [136].

17.6 Burn Dressing Biomaterials and Tissue Engineering

Through the creation of unique biological substitutes, tissue engineering holds great
promise for the development of novel treatment strategies for numerous diseases,
disorders, and traumas. Unlike conventional therapies, through tissue engineering
investigators seek to restore or regenerate the affected regions of the body, with the
ultimate goal of creating functioning, healthy tissues that are fully integrated into
the host system [147, 148].

To date, significant research has been conducted into the fields of burn dressing
biomaterials and tissue engineering. In general, the two design strategies for skin
substitutes are to create materials for either temporary wound coverage or perma-
nent wound closure [10]. Wound coverage materials have been widely studied in
both the research and clinical settings due to their greater simplicity in design. The
principle behind these materials is to create an interim barrier until sufficient autolo-
gous tissues are available for grafting. Wound coverage materials have been shown
to alleviate patient pain, reduce the likelihood of infection, and promote wound
healing [135, 149]. In contrast, the objective of wound closure strategies is to design
a material that will become incorporated into the wound site, promoting healing and
restoring skin functionality without tissue autografting [135]. Such a material would
be of great benefit to patients with limited autograft availability and could also elim-
inate the creation of donor site defects and the need for multiple surgical procedures.

17.6.1 Design Criteria

There are numerous criteria for the development of a successful skin substitute.
Ideally, the construct should minimize patient pain and promote wound healing
without scar tissue formation or contracture. The complete structural and functional
restoration of the integumentary system and all of its components are long-term
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objectives. Some specific design considerations include adherence, barrier proper-
ties, mechanical properties, biodegradability and immune response, surgical han-
dleability, and expense [107, 150-152].

17.6.1.1 Adherence

To reduce the occurrence of infection and minimize fluid accumulation at the tissue
interface, it is extremely important for the skin substitute to readily adhere to the
wound site [153]. The rapid and uniform attachment of the construct to the wound
bed attenuates patient pain and creates a hypoxic environment that stimulates wound
healing. Hydrophilic materials that adhere to the wound site without inflicting dam-
age on the underlying tissues are of particular interest [107].

17.6.1.2 Barrier Properties

Wound coverage or closure materials should restore the barrier functions of the
integumentary system. The construct should protect the fragile tissues at the wound
site, inhibit bacterial infection, and prevent desiccation [136]. The flux of water
across the material must be controlled, to prevent excessive water and electrolyte
loss, while also limiting fluid accumulation at the wound site [154]. Protein loss
should also be restricted, and normal rates of heat conduction should be observed
across the barrier [136].

17.6.1.3 Mechanical Properties

Ideally the substitute should have mechanical properties similar to those of healthy
human skin. The use of components that are too rigid could cause damage to the
surrounding tissues, resulting in inflammation and subsequent device failure [155,
156]. Skin equivalents must be pliable, flexible, elastic, and durable. It is important
to have a strong material, resistant to applied forces, which will conform and adhere
to the wound site [7]. The material porosity is also an important design consider-
ation. As previously mentioned, the construct must provide the barrier properties of
the skin, including the controlled flux of water. However, a porous material is desir-
able to enable cellular infiltration and repopulation of the wound site from the sur-
rounding tissues. To facilitate cell migration, a minimum pore size of 10 pm is
required, and the material must be cell adhesive [107].
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17.6.1.4 Biodegradability and Immune Response

The skin substitute should be both nontoxic and non-antigenic in nature, evoking a
minimal immune response [157]. Moreover, the device should stimulate wound
healing and host cell invasion from the periphery. As healing progresses, the con-
trolled degradation and replacement of the construct with healthy host skin would
be ideal [152]. This regeneration would eliminate the long-term problems associ-
ated with the restriction of growth at the wound site, a severe concern for burned
children, allowing the healed regions to expand normally with the individual [135].
The products of the degradation process must also be compatible with the
host system.

17.6.1.5 Surgical Handleability

To be a clinically viable alternative, the skin equivalent must be able to be sterilized,
cut into a variety of shapes, and sutured into position with relative ease by the sur-
geons in the operating room [107].

17.6.1.6 Expense

An ideal skin substitute should be relatively inexpensive and widely available for
use [152]. The materials should not be limited, and the fabrication process should
be straightforward and reproducible. The construct should have long-term stability
so that it can be preserved and stored for an extended time period [157].

17.6.2 Skin Substitutes

A wide variety of skin substitutes have been investigated in the laboratory and clini-
cal settings to promote regeneration, rather than repair, following burn injury. The
constructs can be classified as epidermal substitutes, dermal substitutes, or compos-
ite materials that include an epidermal and a dermal component [1].

In each of the strategies, both synthetic and natural materials have been studied.
Synthetic materials can be selected that are readily available, uniform, sterilizable,
biodegradable, and cost-effective. Moreover, modulating synthesis conditions can
often control the physical and chemical properties of these materials [158—160].
Natural constructs have been shown to promote cell infiltration and host integration,
reduce scar tissue formation, and, depending on processing, trigger minimal immune
response. Scaffolds derived from the ECM can degrade within the body and pro-
mote matrix remodeling, thereby augmenting the regeneration of damaged or miss-
ing tissues [161, 162].



562 L. E. Flynn and K. A. Woodhouse

The incorporation of allogenic cells is a design feature in many skin substitutes.
Cultured allogenic keratinocytes and fibroblasts derived from neonatal foreskins
initiate a minimal immune response in the immunosuppressed burn patients [104].
Unlike the Langerhans cells present in the allografted tissues, these cells do not
express MHC class IT antigens. As a result, the production of allogenic T cells is not
stimulated via this means, although the secretion of cytokines by the cells, such as
o-interferon, can cause a more limited reaction [10]. Overall, due to the immuno-
logical properties of the cultured keratinocytes and fibroblasts, these cells can be
included in the constructs with low concern for major immune response or
sensitization.

17.6.2.1 Epidermal Substitutes

Various epidermal substitutes are available that can be used for temporary wound
coverage, restoring the barrier properties of the skin. When applied to superficial
partial thickness burns or autologous donor sites, these constructs can often expe-
dite the wound healing process [135]. In deep dermal or full thickness burns, it is
generally recognized that the reconstruction of the underlying dermis is required
prior to the replacement of the epidermis, in order to achieve acceptable functional
and cosmetic results [1].

Occlusive and Semi-occlusive Dressings

Many different occlusive and semi-occlusive dressings have been developed and
marketed for the temporary wound coverage of superficial burns and donor sites.
Although a wide variety of materials have been investigated, all of these constructs
have a similar function. Occlusive dressings create a moist, hypoxic environment at
the burn site. This has been shown to reduce patient pain and promote wound heal-
ing [163-165]. Ideally, these constructs should restore some of the barrier proper-
ties of the skin, regulating the flux of water and preventing against infection [166].
However, many of the substitutes are associated with high rates of bacterial prolif-
eration in the moist wound bed, resulting in deep dermal damage and tissue necro-
sis. Further, the accumulation of fluids below the occlusive dressings can injure the
surrounding tissues and lead to device separation. Other concerns are related to poor
adherence and the inability to observe the wound site during the healing process
[167-169]. Table 17.3 outlines some of the specific advantages and disadvantages
of some common occlusive and semi-occlusive dressings.
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Table 17.3 Occlusive and semi-occlusive burn dressing biomaterials
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Material

Advantages

Disadvantages

Hydrophilic polyurethane films
(Opsite™, Omiderm™) [154,
170-173]

Generally impermeable to
bacteria

Low rates of infection

Reduces pain

Increases re-epithelialization rate
Elastomeric

Low water permeability
results in fluid
accumulation in the
wound bed

Poor surgical
handleability

Problems with adhesion

Poly(ether urethane) [154,
174-176]

Similar to polyurethane films but
with improved water
permeability to reduce fluid
accumulation

Polyvinyl chloride (PVC) films
[7,177,178]

Flexible

Good tensile strength

Reduces pain

Semipermeable to water
Permeable to oxygen and carbon
dioxide

Easy to change

Relatively inexpensive

Low water permeability
results in rapid fluid
accumulation in the
wound bed

Wounds prone to
infection

Poly(2-hydroxymethyl
methacrylate) (pHEMA) with
polyethylene oxide (PEO) films
(Hydron™) [178-180]

Water soluble and vapor
permeable

Semiflexible

Conforms readily to wound site
Transparent

Poor adhesion on large
wound sites

Low tensile strength
Difficult to apply
Wounds prone to
infection

Acrylic copolymer with gelatin
and glycerol [178]

Stable
Good surgical handleability
Good water permeability

Limited clinical data

Hydrocolloid films

(i.e., DuUODERM™ —
Carboxymethyl cellulose, gelatin,
pectin, polyisobutylene) [181,
182]

Promotes wound healing and
re-epithelialization

Easy to change

Low rates of infection

Impermeable to oxygen
and water vapor
Non-adherent

Fluid accumulation will
result in separation from
the wound bed

Spray-on polymers
(i.e., acrylic films,
polycaprolactone) [178, 183]

For use in first aid applications

Poor adhesion and
coverage

Limited protection from
bacteria and water loss

Fibrin glues and films [38, 184,
185]

Promotes wound healing and
re-epithelialization

Can be used as a delivery system
for keratinocytes and growth
factors

May protect against infection

Risk of animal to human
viral transmission

Risk of sensitization
Minimal mechanical
protection

Expensive

Storage concerns

(continued)
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Material

Advantages

Disadvantages

Xenogenic collagen [161, 178,
186, 187]

Pliable, soft

Permeable to water
Stimulates wound healing and
re-epithelialization
Cost-effective

Poor adhesion
Wounds prone to
infection

Low tensile strength
Prone to desiccation

Readily available May promote wound
Transparent contracture
Risk of animal to human
viral transmission
Risk of sensitization
Foams and sponges (i.e., Absorbent Limited clinical data

polyvinyl alcohol (PVA),
collagen, silicone, polyurethane)

Provides mechanical cushioning
Relatively inexpensive

Fluid accumulation can
result in separation from

the wound bed

Removal of the construct
can damage the healing
wound bed and cause
pain

Wounds prone to
infection

[7,178, 183, 188]

Cultured Autologous Keratinocytes

Techniques have been developed to facilitate the expansion of autologous keratino-
cytes from small biopsy samples. Keratinocyte sheets can be grown in vitro on
feeder cell populations of irradiated murine 3T3 fibroblasts, supplemented with
growth factors [189]. This process is expensive, labor intensive, and time-consuming.
The 3-5 weeks required to produce 1.8 m? of confluent keratinocytes from a 2 cm?
biopsy sample limits the clinical applicability of this strategy [10]. Genzyme
Corporation specializes in the growth of autologous keratinocytes, marketed under
the trade name Epicel™ [190]. Using the enzyme dispase, the undifferentiated
monolayer of cells can be removed as a sheet from the tissue culture dish. This sepa-
ration process can impair the subsequent proliferation of the keratinocytes [191].
The fragile sheet can be transplanted onto the wound bed but is susceptible to dam-
age and desiccation. Acceptance of the autologous cells is dependent on the condi-
tion of the wound bed, with a partially intact dermal layer required to avoid complete
sloughing. If the grafting is successful, the resulting epidermis is unstable and has
limited barrier properties [1]. Within 6 days of transplantation, the cells begin to
differentiate into the normal epidermal layers. However, the absence of the DEJ can
lead to blister formation and separation. With extended time, the basal lamina char-
acteristic of the DEJ can begin to form [10]. The skin grown from these cultured
cells will be incomplete, lacking a full cellular complement and all appendage struc-
tures [132].
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Cultured Allogenic Keratinocytes

Allogenic keratinocytes have been investigated as a possible means of avoiding the
culturing time delay associated with the use of autologous cells [10]. As previously
discussed, the immunologic nature of the allogenic keratinocytes limits the con-
cerns associated with host immune response [104]. The sheets could be pre-grown,
cryopreserved, and stored at the hospital for immediate use. Similar to the autolo-
gous sheets, the acceptance of the allogenic cells is dependent on the state of the
wound bed. Further, there are also limitations associated with the fragility of the
sheets and the lack of a DEJ [1, 10]. Clinically, improved healing has been shown in
superficial burns and donor sites, attributed to the cellular secretion of various stim-
ulatory cytokines and growth factors [192]. With time, host cells can replace the
donor keratinocytes in the grafted region [193].

Laserskin™

Laserskin™ is an epidermal substitute developed by Fidia Advanced Biopolymers
that is composed of hyaluronan and autologous keratinocytes [194]. Hyaluronan has
been shown to promote cellular migration, proliferation, and the formation of new
blood vessels [195]. The cells are seeded in a series of small pores that are laser
drilled in the hyaluronan gel (Fig. 17.5a). This device has the advantage of being

(@) | (b)

Fig. 17.5 Examples of tissue-engineered skin substitutes. (a) The epidermal substitute
Laserskin™, developed by Fidia Advanced Biopolymers, is composed of autologous keratinocytes
seeded in pores drilled by a laser into a hyaluronan gel. (Figure reprinted with permission from
Fidia Advanced Biopolymers s.r.1.). (b) The Integra™ composite skin substitute composed of glu-
taraldehyde cross-linked bovine collagen type I and chondroitin 6-sulfate, covered with silicone.
(Non-copyrighted source: US Food and Drug Administration)
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able to be removed from the culture dish without the need for enzymatic digestion
[10]. An intact dermal layer may be required to achieve acceptable functional and
cosmetic results. Initial clinical investigations in patients with diabetic ulcers show
that the construct is durable and well-accepted, with low rates of infection [161, 196].

17.6.2.2 Dermal Substitutes

The creation of a dermal substitute for the treatment of deep dermal and full thick-
ness burns is mandated by the numerous limitations associated with the use of autol-
ogous tissues. Epidermal substitutes are contraindicated in severely burned patients
due to the problems associated with skin fragility, blistering, and poor graft integra-
tion [132]. In humans, damaged dermal tissue can result in severe scar tissue forma-
tion and contracture if left untreated [104]. An engineered dermal substitute has the
potential to be used in combination with cultured keratinocytes or extremely thin
autografts to reconstruct the injured skin [1, 135].

Dermagraft™

Dermagraft™ is a dermal substitute, developed by Advanced Tissue Sciences
Incorporated and now distributed by Advanced BioHealing Inc., which is composed
of viable neonatal allogenic fibroblasts seeded onto a polyglactin (Vicryl) scaffold.
The cells, which are expanded in vitro to confluence, secrete numerous growth fac-
tors and ECM components into the mesh [197]. A sufficient number of fibroblasts
can be extracted from one foreskin to seed over 20,000 m? of the construct [198].
Following fibroblastic cultural expansion, the device can be cryopreserved without
severely impairing the cellular viability. Trials indicate that the construct promotes
wound healing, angiogenesis, and re-epithelialization from the wound periphery
[199]. In one specific study, it was well-tolerated as an implant, with no signs of
immunological rejection observed in 400 chronic wound patients [198]. The poly-
meric scaffold will degrade by hydrolysis as regeneration progresses, although the
rate of degradation may cause complications. As the device does not include an
epidermal component, wound closure is not facilitated. However, the construct can
be used to improve functionality and cosmesis in combination with meshed auto-
grafts [200, 201]. While the potential exists to seed the dermal substitute with cul-
tured autologous keratinocytes, preliminary trials suggested that cell adhesion may
be a problem, with a mean acceptance rate of only 51.2% [202].

AlloDerm™

AlloDerm™ is a dermal substitute developed by LifeCell that is composed of acel-
lularized human cadaveric skin [203]. Extraction of all cellular components while
preserving the dermal matrix structure, including the basal lamina of the DEJ,
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eliminates the immunological complications associated with the use of allogenic
skin but promotes proper tissue organization during regeneration [1, 204]. Studies
have indicated that AlloDerm™ readily adheres to the wound bed, promoting the
invasion of cells and blood vessels and fully integrating with the host system. As it
has very limited barrier properties, the scaffold must be grafted with an ultrathin
autograft when it is implanted. Overall, the construct has been reported to reduce
scarring and improve skin elasticity and cosmesis [205]. Due to the limited avail-
ability of allogenic tissues, acellularized xenogenic skin has also been investi-
gated [161].

17.6.2.3 Composite Substitutes

Composite skin substitutes hold great potential for the treatment of patients with
severe burns. With further research, these constructs may be able to replace all of the
skin layers, eliminating the need for tissue autografting. One important design note
is that it is imperative to reconstruct the basal lamina of the DEJ zone in order to
create a strong and well-integrated material [10].

Integra™

Integra LifeSciences Corporation markets the most generally accepted composite
skin substitute, originally described by Yannas and Burke (Fig. 17.5b) [206, 207].
This device has a dermal component of glutaraldehyde cross-linked bovine collagen
type I and chondroitin 6-sulfate, covered with a silicone artificial epidermis [208].
When implanted, the collagen and GAG matrix, with an average pore size of 50 pm,
encourage cellular invasion and fibrovascular regeneration to form a normally orga-
nized neodermis within 3-6 weeks [10, 107]. The original scaffold gradually
degrades over a 30-day period [161]. The silicone membrane has good surgical
handleability and regulates the flux of water at the normal regional rates observed in
the skin [1]. When implanted, the average acceptance rate (AAR) is generally over
80%, lower than the 95% AAR for autografts, but comparable to that observed ini-
tially in allografts. Moreover, the substitute is well-tolerated by the immune system
[135]. Within 3—4 weeks, the silastic layer can be removed, and an ultrathin (less
than 0.1 mm) autograft can be placed directly on the developing dermis, with an
AAR of 90% [202]. The creation of smaller donor site defects expedites and
improves healing. Clinical results show that the use of Integra™ promotes wound
healing, reduces contracture, and prevents hypertrophic scar formation. Superior
cosmetic results are reported to the use of autografting alone, along with good joint
functionality and the ability to grow in children [209]. The major disadvantages of
the construct are the need for a second surgical procedure, the potential for infec-
tion, and expense [10]. In 1996, Integra™ was approved for the treatment of deep
dermal and full thickness thermal burns by the FDA [152]. Boyce and Hansbrough
have reported a modification to this construct, where the collagen and GAG matrix
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are seeded with fibroblasts and the silicon layer is replaced by cultured keratino-
cytes. Experimental results show that the keratinocytes fully differentiate and a
complete DEJ forms in vivo [210, 211].

Apligraf™

Apligraf™, formerly known as Graftskin™, is manufactured by Organogenesis
Incorporated. To prepare the construct, a gel of bovine collagen type I is seeded with
allogenic fibroblasts [10]. Following 6 days in culture, allogenic keratinocytes are
then applied and grown at the air-media interface for approximately 14 days. This
process results in epidermal differentiation, including the formation of an immature
stratum corneum that improves the barrier properties of the device [104]. The con-
struct, which is FDA approved for the treatment of chronic wounds, has been shown
to have good clinical results, including no signs of immunological rejection and the
in vivo formation of an intact DEJ [212]. In experimental studies, when used to
temporarily cover meshed autograft, Apligraf™ improves wound healing and pig-
mentation and reduces scar tissue formation [213]. However, this expensive product
is time-consuming to manufacture and has a limited shelf life [104].

Biobrane™

Biobrane™, marketed by Smith & Nephew Inc., is composed of a nylon mesh that
is coated in porcine collagen type I and attached to a thin silicone membrane
(Fig. 17.6). This non-degradable device is recommended to expedite healing in

%

Outer silicone layer
. y: s
/ ¢ 'Biobrane *
e, : s 0
- Inner layer

of nylon fabric
covered with
collagen
Zone of injury

Pores . " Impermeable to bacterial

Thin water
layer

Pores for ¥~ Membrane
exudate ¢ | prevents
Yantg ) water loss

Adherence to
the surface

Fig. 17.6 The application of a Biobrane™ graft to a debrided wound bed following a partial thick-
ness burn injury to promote wound healing. (Figure adapted with permission from www.burnsur-

gery.org)
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superficial partial thickness burns and at autologous donor sites [10, 107, 214]. The
outer silastic layer regulates the flux of water and prevents against bacterial con-
tamination. As healing progresses, the device slowly separates from the skin surface
[10]. It is imperative that the wound site be freshly excised and free of infection
prior to the placement of the construct [215]. When used appropriately, the healing
period can be reduced by up to 46% [10].

Transcyte™

Transcyte™, formerly known as Dermagraft-Transitional Covering™, is marketed
by Smith & Nephew Inc. The device has the same basic construction as Biobrane™
but is seeded with neonatal fibroblasts. During a 17-day culturing period, the fibro-
blasts synthesize and secrete various growth factors and ECM components that
accumulate in the mesh. The construct is then frozen and stored, killing the cells but
preserving the secreted factors [10]. While this material is extremely expensive,
preliminary studies indicate that it has good adhesion, promotes healing, and can
remain intact for up to 6 weeks [216, 217].

17.6.3 Growth Factor Incorporation

The incorporation of cytokines or growth factors into the skin substitutes could
promote regeneration and expedite healing [218-220]. As many interacting media-
tors are involved in the wound healing process (Table 17.4), research must be con-
ducted in order to determine the optimal combination and concentrations of these
factors. Additionally, it is necessary to develop a method for the sustained delivery
of the factors to the wound site for the desired period. Localized application may
reduce the likelihood of negative side effects associated with systemic exposure.
Binding the mediators to the constructs is a potential design strategy [221]. However,
researchers must show that bound stimulatory molecules remain bioactive but do
not overstimulate the cells, triggering cancerous growth.

17.6.4 Epidermal Stem Cells

As previously discussed, epidermal stem cells are found in the basal epidermal layer
and the bulge region of the hair follicle. These undifferentiated cells proliferate
rapidly, are capable of differentiation, and have a high capacity for self-renewal
[41-43]. The development of practical methods to isolate and culture these cells
holds great promise for tissue engineering applications. Using the stem cells, it may
be possible to grow autologous epidermal tissue for transplantation in a clinically
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Table 17.4 Some of the observed effects of various cytokines and growth factors during wound
healing in the integumentary system

Observed effect

EGF [222-225]

Expedites wound healing following burn injury

Promotes re-epithelialization

Stimulates keratinocyte proliferation and migration

Stimulates dermal fibroblast proliferation

Promotes collagen synthesis

Stimulates dermal regeneration

bFGF [226-229]

Expedites wound healing

Strongly promotes angiogenesis

Stimulates keratinocyte proliferation

Stimulates dermal fibroblast proliferation

Increases the formation of granulation tissue

Increases the tensile strength of the healed wound

Acidic FGF (aFGF) [221]

Less potent than bFGF

Stimulates fibroblast proliferation

May inhibit wound contraction

Platelet-derived growth factor
(PDGF) [230]

Strongly promotes angiogenesis

Chemotactic factor for dermal fibroblasts

Promotes collagen synthesis and reorganization

Increases the formation of granulation tissue

TGF- [220, 229, 231, 232]

Promotes hypertrophic and keloid scar tissue formation

Stimulates wound contraction

Promotes re-epithelialization

Stimulates keratinocyte proliferation, migration, and
differentiation

Promotes collagen and GAG synthesis

Greatly increases the formation of granulation tissue

Increases the tensile strength of the healed wound

Functions in T-cell suppression

Keratinocyte growth factor
(KGF) [220, 230, 233]

Expedites wound healing

Promotes re-epithelialization

Stimulates keratinocyte proliferation, migration, and
differentiation

Protects keratinocytes from oxygen radicals

Stimulates the expression of VEGF

Stimulates the expression of activins, (activins promote
keratinocyte proliferation and matrix deposition)

Interleukin-1 (IL-1) [221]

Expedites wound healing

Stimulates keratinocyte proliferation

Stimulates dermal fibroblast proliferation

Promotes collagen synthesis

Promotes immune response

(continued)
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Table 17.4 (continued)

Observed effect
1L-6 [221] May promote keloid scar tissue formation

Promotes collagen and GAG synthesis

Promotes immune response

Vascular endothelial growth Strongly promotes angiogenesis
factor (VEGF) [221, 229]

Growth hormone (GH) [221, Expedites wound healing

234] Promotes re-epithelialization

Promotes collagen synthesis

Increases the formation of granulation tissue
Increases the tensile strength of the healed wound

Stimulates the expression of IGF-1

Insulin-like growth factor-1 May function in scar tissue formation
(IGF-1) [221, 234, 235] Expedites wound healing

Promotes re-epithelialization

Promotes collagen synthesis

Can have negative side effects if administered systemically

acceptable time frame [45]. Potential epidermal stem cell markers include f, integ-
rin and keratin 19 [43].

17.7 Future Outlook

While significant progress has been made in the development of burn dressing bio-
materials and tissue-engineered constructs, the complete regeneration of fully func-
tional skin following burn injuries is currently unfeasible. Despite the disadvantages
associated with autografting, the use of harvested host tissues remains the best treat-
ment method for permanent wound closure in deep dermal and full thickness burns
[1, 8, 104]. Continued research must be conducted to design new constructs or to
improve the existing biomaterials in order to promote regeneration rather than repair
in severe burns. A more thorough understanding of the events in integumentary
organogenesis and wound healing could aid in this process. Further, constructs
which more closely mimic the natural complexity of the skin should also be studied.
The inclusion of appendage structures in the skin substitutes could greatly improve
the device functionality. Incorporating the full epidermal and dermal cellular com-
plement could also be of significant benefit. Seeding tissue-engineered constructs
with melanocytes has been shown to improve skin pigmentation and cosmesis
[236]. The addition of autologous Langerhans cells could potentially alleviate some
of the problems associated with infection leading to tissue necrosis and device fail-
ure. As the number of patients who survive with severe burns over large TBSA
increases, the need for an economical, effective, off-the-shelf material for perma-
nent wound closure continues to motivate researchers in this field.
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