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Introduction

In 2017, the CDC estimated that the total direct
and indirect expenditure on diagnosed diabetes
in the USA was $327 billion, an increase of $56
billion dollars since 2012 [1]. Globally, the esti-
mated cost in 2019 was 760 billion, and that is
projected to reach 825 billion in 2030 [2]. The
crude estimate of Americans with diabetes in
2018 was 34.1 million or 13.0%, and 7.3 million
(21.4%) of whom were not aware of the diagno-
sis, with diabetic complications being the great-
est contributor to healthcare expenditure in these
patients [3, 4]. Some of these diabetes-related
complications include kidney disease, ocular dis-
ease, death, and hospitalizations secondary to
major cardiovascular disease, hyperglycemia,
hypoglycemia, and diabetic ulcers. Foot ulcers
develop in up to 34% of patients with diabetes,
and failure of these ulcers to heal can lead to limb
amputation [3, 4]. In fact, up to 5.6 out of 1000
adults with diabetes underwent a lower-extremity
amputation for a total of 130,000 people in 2016
alone, underlining the importance of finding a
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way to better heal diabetic wounds and salvage
limbs in these individuals [4].

Current Treatments

Diabetic wounds are precipitated by motor, sen-
sory, and autonomic neuropathy. Motor deficits
include atrophy of intrinsic muscles of the foot
and dislocated metatarsophalangeal joints caused
by unopposed power of the long flexors and
extensors of the foot [5]. Sensory neuropathy
decreases the protective ability to sense pain and
impairs proprioception, causing balancing defi-
cits. Autonomic system dysregulation then fur-
ther contributes to the formation of diabetic foot
ulcers through decreased sweat and oil gland
secretions, which predisposes patients to cracks
and fissures in the skin barrier [5].

According to guidelines from the American
Diabetes Association, there are 6 vital compo-
nents to the treatment algorithm for a diabetic
wound which include: wound off-loading, surgi-
cal debridement of the wound early and often,
maintenance of a moist wound bed, treatment of
active infections, vascular assessment with cor-
rection of ischemia, and strict glycemic control
[6-13]. Though there are a multitude of impera-
tive components to healing a diabetic wound, the
standard of care (SOC) for these wounds is lim-
ited to saline washes and vaseline gauze [14].
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In addition to the standard practices of care,
the clinical practice guidelines published by the
Society for Vascular Surgery in collaboration
with the American Podiatric Medical Association
and the Society for Vascular Medicine also rec-
ommend negative pressure therapy, hyperbaric
oxygen therapy, and biologics as adjunctive ther-
apy for wounds recalcitrant to current SOC alone
[15, 16]. However, before biologics like tissue
products can be considered for use, the wound
bed must be optimized through demonstrating
adequate perfusion, debridement, and edema
control.

Tissue Product Definition

In this chapter, tissue products are defined as
anything that substitutes for skin and incorpo-
rates into the healing wound. The ideal tissue
product for a diabetic foot ulcer should resist
infection, prevent water loss, withstand the
shearing forces endured by native skin, conform
to irregular wound surfaces, lack significant anti-
genicity, and possess flexible thickness. It should
also be cost-effective, widely available, easy to
apply, durable and stable, and easy to store with
a long shelf-life. Unfortunately, the ideal tissue
product with all of these qualities does not cur-
rently exist.

Several systems of classification for tissue
products have been proposed such as Kumar’s 3
classes that divide the products into temporary
impervious dressing materials, single-layer
durable substitutes, and composite skin substi-
tutes or Dieckman et al.’s 2 classes of biomate-
rial or cellular products with allogenic,
xenogenic, and autologous subcategories [17,
18]. Because there is a lack of consensus in
these classification systems, in this chapter, bio-
logic tissue products will be organized into their
individual brand product and will be placed into
4 broader categories: (1) allografts/xenografts,
(2) dermal substitutes, (3) biosynthetic dress-
ings, and (4) cultured skin grafts. We will also
highlight some of the currently commercially
available products and do not endorse one over
another.

Science and Practicality
of Allografts and Xenografts

Allografts and xenografts are skin substitutes that
are harvested from human and animal sources,
respectively, that act as temporary skin grafts [19,
20].

Allografts can be either cellular or acellular
and are exclusively derived from human sources,
most commonly from neonatal foreskin. Cellular
allografts contain living cells like fibroblasts and
keratinocytes that encourage wound healing
through secretion of growth factors and cytokines
that promote the ingrowth of native host cells and
neovascularization. Because these grafts retain
non-autologous living cells, they can provoke an
immunologic response in the host.

Apligraf® (Organogenesis, Inc., Canton, MA),
previously called Graftskin, is a bilayer compos-
ite allograft that is indicated for full-thickness
neuropathic diabetic foot ulcers that have been
present for greater than 3 weeks and have not
responded to SOC [21, 22] (Fig. 23.1a, Table 23.1).
While Apligraf can be used in wounds that extend
through the dermis, it is not indicated for diabetic
ulcers that involve tendon, muscle, joint, or bone
[22]. Its epidermal layer is comprised of living
human neonatal foreskin-derived keratinocytes
and stratum corneum, and its dermal layer con-
tains bovine type I collagen and neonatal fibro-
blasts that produce growth factors and cytokines
like VEGF, IL-6, and IL-8. These components
function to activate host keratinocytes at the edge
of the wound, regulate growth factors signals,
provide a barrier against further wound damage
and infection, control fibrosis and scar formation,
and revitalize fibroblasts in the base of the
wound—correcting ECM and matrix metallopro-
teinase balance. Because of the impact on fibrosis
and scar formation, Apligraf also has reports of
improved cosmesis and functional outcomes
when used in chronic wounds [21, 23]. While
Apligraf preserves many extracellular matrix
(ECM) proteins and cytokines native to human
skin, it does not contain Langerhans cells, mela-
nocytes, macrophages, lymphocytes, blood ves-
sels, or hair follicles [22]. In addition, Apligraf’s
allogenic cells are not able to survive long-term in
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a Allografts
i) Apligraf® ii) Orcel®
Keratinocytes
Keratinocytes
and stem cells
Type | Collagen
Sponge
Fibroblasts
b Fibroblasts
Collagen and growth factors
b Biosynthetic Dressings
i) Integra® DRT ii) Bibrane®
Silicon
Silicon
Nylon mesh
Bovine collagen
Chondroitin-6-sulfate Porcine collagen
glycosaminoglycans
c Cultured Skin Grafts
ii) Epicel®
Petroleum
gauze
Keratinocytes
Murine
fibroblasts
d Dermal Substitutes
i) Promogran Prisma™ ii) GraftJacket®
Intact
basement
membrane
Bovine collagen
Type |
collagen
Oxidized regenerated
cellulose Elastin and
minoglycosides
Silver ORC
Adapted from Vig K, Chaudhari A, Tripathi S, et al. Advances in Skin Regeneration Using Tissue Engineering.
Int J Mol Sci. 2017;18(4):789. Published 2017 Apr 7. doi:10.3390/jms18040789
Fig. 23.1 Biologic skin substitutes. (a) Allografts: (i) ~MySkin® (ii) Epicel®. (d) Dermal substitutes: (i)

Apligraf®, (i) Orcel®. (b) Biosynthetic dressings: (i) Promogran Prisma™, (ii) GraftJacket®
Integra® DRT, (ii) Biobrane®. (¢) Cultured skin grafts: (i)
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the host wound and are gradually replaced by
native cells as the ulcer heals [21]. Small wounds
are likely to only require one application, which
increases the financial feasibility of using this
product [21]. However, a disadvantage of Apligraf
is that wounds require new applications once per
week, decreasing its cost-effectiveness [21]. On
average, Apligraf costs $86,226 per avoided
amputation, and the direct costs associated with a
lower-extremity amputation are roughly $50,000,
a price that is considerably higher when the indi-
rect costs of amputation are also considered [24,
25]. Another limitation of the allograft is its shelf-
life of only 10 days at ambient temperatures [22].
It also requires debridement down to healthy
bleeding tissue, but then, hemostasis must be
achieved before application [22]. Use of Apligraf
is contraindicated in infected wounds, patients
allergic to bovine products (specifically bovine
collagen), and individuals with a hypersensitivity
to the agarose medium used for storage [22].
Orcel® (Forticell Bioscience, Inc., NY, USA),
indicated in the treatment of chronic diabetic
ulcers, is a composite allograft composed of a
bilayered cellular matrix in which allogenic epi-
dermal keratinocytes and dermal fibroblasts from
neonatal foreskin are cultured in 2 distinct layers
on a type I bovine collagen sponge [19, 27]
(Fig. 23.1a, Table 23.1). As the wound heals,
native host cells replace the allogenic keratino-
cytes and fibroblasts and fill in the collagen
sponge scaffold [21, 25, 26]. Orcel has a shelf-
life of 9 months, but it must be cryopreserved and
is not indicated for use in infected wounds or in
patients with allergies to penicillin, gentamycin,
streptomycin, amphotericin B, or any animal
products due to Orcel’s processing [21, 27].
Additional allogenic tissue products are dis-
cussed in the dermal substitutes, biosynthetic
dressings, and cultured skin graft sections.
While allografts are widely used and have
many benefits, they can be limited by their avail-
ability, and xenografts can help to offset any
shortage of allografts due to their constant supply
[28]. Xenografts are made from acellular nonliv-
ing tissue that is derived from different species
(most commonly bovine or porcine) and are com-
posed of dermis in a variety of thicknesses or

bilayered dermal-epidermal composites [29].
They must be acellular to avoid rejection and
severe inflammation in the host, and because they
are derived from non-human sources, they require
increased processing to decrease their immunoge-
nicity [6, 30]. However, there are a variety of dif-
ferent preparations for xenografts that can impact
their contents and ultimate effect in patients [28].
Fresh, fresh frozen, lyophilized, and irradiated
preparations all maintain the epidermal and der-
mal layers of the xenograft [28]. A more recent
modification to xenograft processing includes the
incorporation of aldehyde cross-linking and silver
ions to amplify the antimicrobial properties of the
graft, prolong its lifespan, decrease its antigenic-
ity, and inhibit collagenase to prevent collagen
breakdown [29-36]. Aldehyde cross-linking also
removes the epidermis and the dermal append-
ages, resulting in an acellular dermal matrix that
can be applied with either side down on the wound
bed [28]. However, this cross-linking also can
prolong inflammation and delay graft incorpora-
tion into the wound, effectively transforming the
behavior of the graft from a biologic material into
a more synthetic one [30].

Xenografts can be used as a temporary dress-
ing before an autologous graft, and in partial
thickness burns, xenograft matrices can be used
as a permanent dressing [28]. Xenografts can be
left in place until they naturally separate away
from the healing skin of the underlying wound,
but dressing changes should be done every
24 days in order to monitor the wound closely
[28, 29]. However, given their immunogenicity,
xenografts have increased potential for scarring
and immunogenic rejection [37, 38]. Xenogeneic
tissue products will be discussed in further detail
in the dermal substitute and biosynthetic dressing
sections.

Science and Practicality of Dermal
Substitutes

Dermal substitutes are any tissue products that
effectively act as dermis. They can be comprised
of human or non-human-derived tissue that has
then been processed to create an acellular scaf-
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fold with a basement membrane and a complete
extracellular matrix [17, 39]. Because of the
complex nature of the dermal layer, dermal
substitutes can be classified into cellular or acel-
lular and living or nonliving [17, 39].

Acellular dermal matrix is composed of col-
lagen, elastin, laminin, and glycosaminoglycans
and derived from a decellularized cadaveric or
xenogenic source. The tissue has no living cells
remaining in the graft and therefore has the
advantage of being immunologically inert, and
revascularization begins within 1-2 weeks after
implantation of the graft [5, 40]. They are better
for use in fields that may be contaminated because
they incorporate into a wound and achieve revas-
cularization more rapidly, making them more
resistant to any potential infection [40].

Graftjacket® (Wright Medical Technologies,
Inc., Memphis, TN) is a cadaveric allogenic acel-
lular dermal matrix which consists of an intact
basement membrane and dermal matrix with
ECM components, including type I collagen,
elastin, and various aminoglycosides (Fig. 23.1d,
Table 23.1). The dermal scaffold and intact base-
ment membrane aid in adhering the tissue prod-
uct to the wound and encourage ingrowth of cells
and neovascularization through release of cyto-
kines and growth factors [21, 41]. It is indicated
for deep and superficial wounds, wounds with
sinus tracts, and tendon and osteal repairs [21,
29, 41]. Because the product is allogenic and
acellular, it can be used as a permanent skin sub-
stitute when autograft is not available in partial
thickness wounds, but it can also be utilized for
immediate reconstruction as a temporary dress-
ing prior to autograft skin grafting [19, 21].
Graftjacket® helps to optimally prepare the
wound prior to autograft placement by increasing
wound bed vascularity and decreasing infection
potential and fluid loss in the area [19].
Graftjacket® can also be applied concurrently
with an autograft using the sandwich grafting
technique in order to prevent wound desiccation
and reduce bacterial colonization of the autograft
[19]. The dermal substitute also comes pre-
meshed for ease of clinical application and tran-
sudate drainage and has a shelf-life of 2 years at
ambient temperatures [21, 41]. Graftjacket®

should not be used in patients with autoimmune
connective tissue disease or in infected wounds
[41]. Moreover, because the tissue product is
sourced from a human cadaver, there is always
the potential for disease transmission despite
extensive screening of donors [41].

DermACELL® (LifeNet Health, Virginia
Beach, VA) is another example of an allogenic
acellular dermal matrix that contains a nonliving
dermal scaffold of matrikines, growth factors,
cytokines, and extracellular matrix components
such as collagen, elastin, and glycosaminogly-
cans [42-44] (Table 23.1). The intact structure
acts a scaffold for host cells, and the signaling
factors serve to promote cell ingrowth, prolifera-
tion, and angiogenesis [45]. The acellular dermal
matrix (ADM) also contains fibroblast receptors
that aid the cells in attaching to the scaffold,
strengthening the matrix, and allowing it to with-
stand sheering forces comparable to those
endured by healthy, intact dermis [42-44].
DermACELL® is indicated for diabetic foot
ulcers and chronic non-healing wounds and can
be used on exposed joints, muscles, bones, and
tendons [30]. >97% of donor DNA is removed
from the product during processing to mitigate
disease transmission and minimize immunoge-
nicity, and the product is then sterilized with
radiation and low  temperatures  [42].
DermACELL® has a shelf-life of 1.5-4 years,
depending on the exact product utilized, at room
temperature [42]. However, DermACELLP® is not
to be used in patients with allergies to any of the
antibiotics that are used in the processing and
preparation of the product [42].

Placental membrane- and umbilical-derived
products like Amnioband® (MFT Biologics,
Edison, NJ) (ADM), Epifix® (MiMedx, Marietta,
GA) (umbilical cellular dermal substitute)
(ADM), Amniopatch Pliable® (cellular dermal
substitute), Epicord® (umbilical cellular dermal
substitute) (MiMedx, Marietta, GA), and Grafix®
(Smith + Nephew Osiris Therapeutics, Inc.,
Columbia, MD) (cellular placental-derived skin
substitute) can also act as dermal substitutes in
chronic and diabetic wounds [46-48]
(Table 23.1). These products can be preserved in
a variety of different ways, including cryopreser-
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vation in liquid nitrogen, silver nitrate, antibiot-
ics, glycerol sheets, dried sheets, and
gamma-irradiated sheets [49]. Umbilical and
placental products decrease rates of infection and
minimize loss of proteins, electrolytes, and fluids
from wounds [19, 29]. The products are rich in
growth factors, ECM proteins such as fibronectin
and collagen, and cytokines that promote neovas-
cularization, dermal fibroblast proliferation, and
mesenchymal stem cell recruitment, allowing
these products to perform dermal functions and
closely mimicking the composition of human
skin [49-51]. Placental and umbilical products
undergo minimal processing to ensure that they
maintain their inherent dermal scaffold, func-
tional properties, and progenitor cells (in the case
of the cellular products) [29]. These dermal sub-
stitutes are also able to conform to wounds with
more complex anatomies [46-48, 51]. Grafix,
specifically, can also be directly applied to
exposed bone, tendons, and muscles [48]. While
they are able to conform to complex anatomies,
they are minimally adherent and have poor
mechanical properties, necessitating more fre-
quent dressing changes [29]. They also have a
high biodegradability rate [51, 52]. Like other
allogenic tissue products, there is always the risk
of contamination and disease transmission
despite donor screening [19, 29].

Oasis® (Cook Biotech, Lafayette, IN) is a
xenogeneic non-cross-linked acellular dermal
matrix (ADM) derived from processed porcine
jejunum and indicated for use in diabetic ulcers
and partial- and full-thickness wounds [53, 54]
(Table 23.1). The processing required for this
product is more extensive than that required for
allogenic products because of the increased
immunogenic potential of xenogeneic products.
The processing removes cells from the porcine
jejunum but leaves a scaffold of ECM compo-
nents (glycosaminoglycans, fibronectin, proteo-
glycans, basic fibroblast growth factor, and
transforming growth factor beta) intact [28, 53].
Because Oasis® lacks aldehyde cross-linking, it
is less likely to cause scarring and inflammation,
but is also does not possess the strength, pro-
longed lifespan, or decreased antigenicity that
the cross-linking provides [30-36]. Dehydrated

Oasis® can be stored for up to 2 years at room
temperature and requires rehydration with nor-
mal saline once the product has been applied to
the wound [29, 37]. However, because of its
xenogeneic origin, no angiogenesis occurs, and
the product does not take [28]. Therefore, it is
only indicated for use as a temporary skin substi-
tute and cannot be used permanently [29]. The
product can remain on the wound until it sloughs
off with the ingrowth of native epithelial cells to
the wound [29]. However, many physicians pre-
fer to change out the ADM every 2—4 weeks in
order to more closely monitor the healing pro-
cess because Oasis® is not a semi-transparent
material [29]. Oasis® should not be used in
patients with known porcine allergies, and
patients from various religious backgrounds may
be opposed to the use of a porcine product [21].

Like Oasis®, Promogran Prisma™ (3 M, Saint
Paul, MN) is a xenogenic acellular dermal
matrix, but instead of being derived from porcine
components, it is composed of 55% bovine col-
lagen, 44% oxidized regenerated cellulose, and
1% silver oxidized regenerated cellulose freeze-
dried into a sponge [55, 56] (Fig. 23.1d,
Table 23.1). Promogran™ works to heal wounds
through minimizing protease activity, and, there-
fore, protecting growth factors from degradation
[24]. The silver serves as an antimicrobial [pro-
mogran]. It is indicated for wounds that have
been debrided of any necrotic tissue, including
diabetic ulcers and trauma wounds [56].
Promogran Prisma™ should not be used in
patients with known sensitivities or allergies to
bovine products [56].

Kerecis® (Kerecis, Arlington, VA) is another
example of a xenogeneic acellular dermal substi-
tute. It is made from the skin of decellularized
Icelandic codfish skin that has been harvested,
lyophilized, and freeze-dried, and it is indicated
for chronic vascular ulcers, trauma wounds, and
partial- and full-thickness wounds, including dia-
betic ulcers [50, 57] (Table 23.1). The dermal
substitute maintains its fat, protein, elastin, and
glycans and has an abundant supply of antimicro-
bial agents such as omega-3 polyunsaturated
fatty acid, eicosapentaenoic acid, and docosa-
hexaenoic acid [50, 58]. Fish have dermis with
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structures comparable to that of humans, but they
also possess rich supplies of type I collagen and
noninfectious microbiota that aid in the wound
healing process [50, 59]. Through epidermal
growth factors and fibroblast growth factors, the
native collagen in the fish skin has the ability to
promote collagen synthesis in the host’s wound
bed and stimulates fibroblast and keratinocyte
migration, proliferation, and differentiation [50,
60]. Fish collagen is also able to be degraded and
absorbed into the wound because of its high level
of biocompatibility with human tissues [50, 60].
Kerecis® adheres well to the wound bed, which
minimizes the number of applications necessary
for wound healing [50]. Fish products also do not
risk prion transmission like bovine and porcine
derived skin substitutes. Kerecis® can easily be
stored at ambient temperature for 3 years [50, 61,
62]. It also does not have the same restriction
against placement on potentially infected wounds
that many other skin substitutes possess, given its
indication for use in trauma wounds. However,
Kerecis® cannot be used in patients with fish sen-
sitivities or allergies.

Science and Practicality
of Biosynthetic Dressings

Biosynthetic dressings are acellular tissue prod-
ucts engineered to contain both biologic and non-
biologic non-degradable materials such as silicone,
nylon, and polyglactin [19, 29, 63-65]. The dress-
ings act as scaffolds to promote cell growth and
generate neodermis [29]. A major advantage of
biosynthetic dressings is that their compositions
can be controlled and growth factors and cytokines
can be added as needed. The biosynthetic outer
layer acts as the epidermis, preventing loss of
moisture and wound contamination. However,
they are not able to mimic the architecture of the
skin and do not have a basement membrane.
Another disadvantage of these biosynthetic dress-
ings is their ability to cause a robust inflammatory
response in the tissue, causing significant scarring
or even immune rejection of the product.
Biobrane® (Smith and Nephew, St. Petersburg,
FL) is a bilaminar dressing with an inner layer of

porcine collagen embedded in a nylon mesh cov-
ered by a semipermeable outer layer of silicon,
which is indicated for use in the treatment of
chronic wounds [5, 19, 21, 66] (Fig. 23.1b,
Table 23.1). The layer of nylon mesh provides a
scaffold for fibrovascular growth into the tissue
product and wound, and the outer silicone-based
layer serves as a microbial barrier and retains
moisture. While Biobrane® is able to retain mois-
ture, it is also sufficiently porous to allow for
exudate drainage and antibiotic penetration to the
wound when applied on top of the dressing [21].
Biobrane’s structure and collagen binding work
together to recruit fibrin and fibroblasts from the
wound bed, helping the product securely adhere
to the wound [28]. As the wound heals and the
native skin regenerates and grows inward, the
Biobrane® naturally separates away from the
wound and can be trimmed away [21]. This pro-
cess makes dressing changes painless [28]. The
trimming process also decreases risk of infection
as it prevents fluid accumulation, providing an
outlet for drainage from the wound [28]. Because
Biobrane® is not composed of human-derived
allogeneic material, it does not pose the same risk
of disease transmission as allogenic products.
However, Biobrane® does have drawbacks of its
own, including its immunogenicity and ability to
cause scaring due to the synthetic materials [19].
Because of the antigenic potential of Biobrane®,
it is not indicated for use as a permanent skin sub-
stitute and must be removed [19]. Its use is also
limited to wounds without evidence of infection
or eschar and wounds with an intact basement
membrane and dermis because its architecture
does not closely approximate that of normal skin
and, therefore, cannot replace it effectively on its
own [19].

Transcyte® (Shire Regenerative Medicine, San
Diego, CA) is a biosynthetic dressing composed
of allogeneic fibroblasts from neonatal foreskin
that have been seeded onto a bioabsorbable nylon
mesh scaffold covered with silicone, which is
indicated for diabetic foot ulcers lasting more
than 6 weeks [21] (Table 23.1). The fibroblasts
are cultured ex vivo for 4-6 weeks on the scaf-
fold, and when used on a diabetic wound, secrete
ECM components and local growth factors [21,
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67]. Transcyte® has a shelf-life of 1.5 years and is
easier to remove than allografts, which is an
important feature of a biosynthetic dressing given
that they must be removed and cannot be used as
permanent skin substitutes [21].

Integra® Dermal Regeneration Template
(Integra Lifesciences, Plainsboro, NJ) is a
bilayered matrix composed of bovine collagen
cross-linked with chondroitin-6-sulfate glycos-
aminoglycans with a semipermeable silicone
outer layer that acts as the epidermis
(Fig. 23.1b). Integra® DRT is FDA approved for
use in the healing of diabetic wounds [21]
(Fig. 23.1b, Table 23.1). The porous matrix
serves as a scaffold for autologous cell
ingrowth, effectively regenerating a functional
dermal layer [69]. Neovascularization of the
dermal component of the membrane is expected
to be completed at 3 weeks, and the top layer of
silicone can be removed at 2—4 weeks in prepa-
ration for skin grafting, which happens roughly
3 weeks after the initial procedure in which
Integra® DRT was placed [21, 68, 69]. Integra®
DRT facilitates the migration of macrophages
and fibroblasts into the wound and promotes
the formation of granulation tissue, increasing
the survival potential of both the wound and
any graft that will be placed [21, 70]. Once the
neodermis has formed in the healing wound,
Integra’s silicone layer can be removed, allow-
ing for split-thickness skin graft placement on
the neodermis [21, 70]. While Integra® can be
used as an interim wound coverage until an
autograft is ready, it can also act as an absorb-
able implant or a permanent skin substitute in
full-thickness or deep partial thickness wounds
[21]. However, for Integra® DRT to be used in
wound healing, complete wound excision is
required as it will not take on nonviable tissue
and should not be applied on an infected wound
[21, 69]. Because the tissue product is avascu-
lar, there is a high risk of infection and graft
loss [21]. Integra® DRT should not be used in
patients with hypersensitivities to bovine prod-
ucts or chondroitin [20]. Integra® DRT should
ideally be placed on the same day as an exci-
sion or debridement because any delays can
decrease the tissue products’ ability to take.

Very similar to Integra® DRT, Integra® Bilayer
Matrix (Integra Lifesciences, Plainsboro, NJ) is
composed of a cross-linked bovine collagen-
glycosaminoglycan biodegradable matrix and an
outer layer of semipermeable polysiloxane
(Figs. 23.1, 23.2, Table 23.1). The silicone helps
to prevent water loss from the wound and
improves durability of the tissue product [71].
The biodegradable matrix serves as a scaffold for
neovascularization and cell ingrowth [71]. It indi-
cated for partial- and full-thickness diabetic
ulcers and wounds and is immediately available
for wound coverage [29, 71]. Integra® Bilayer
Matrix has also demonstrated better cosmesis
and tissue elasticity than STSG alone [29]. Other
advantages of Integra include a reduction in
wound site morbidity, including reduced infec-
tion when compared to SOC alone [29]. This bio-
synthetic dermal substitute can be used in
conjunction with negative-pressure wound ther-
apy to decrease time to graft placement and
increase take rates of skin grafts [29, 72]. While
there are a multitude of advantages, Integra® also
has a steep learning curve for use, and there is a
significant risk of seroma or hematoma formation
with Integra® (likely due to its use in acute
wounds) [29]. However, surgeons can mitigate
this risk by meshing the skin substitute prior to
application to allow for improved wound drain-
age [29].

Dermagraft® (Shire Regenerative Medicine,
Inc., San Diego, CA) is another example of a bio-
synthetic dressing, and it is composed of cryopre-
served neonatal foreskin fibroblasts cultured on a
bioabsorbable polyglactin polymer mesh scaffold
[21, 29, 70] (Table 23.1). The allogenic fibro-
blasts then multiply and secrete growth factors
such as collagen, tenascin, vitronectin, glycos-
aminoglycans, and other extracellular matrix
proteins, encouraging granulation tissue produc-
tion and migration of the patient’s own cells into
the wound bed [29, 73, 74]. The donor cells of the
dressing are gradually replaced with fibrovascu-
lar tissue from the host over 3— 4 weeks [74].
Dermagraft® is indicated for full-thickness dia-
betic lower-extremity wounds that extend through
the dermis but do not reach tendon, muscle, our
bone and have been present for at least 6 weeks
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Fig. 23.2 Clinical images calcaneal foot view. (a)
54-year-old NIDDM with persistent chronic non-healing
calcaneal wound for 3 years with normal pre-op vascular
surgery evaluation and an HgAlc of 6.3. (b) A 2 cm
wound/scar excision was performed to the calcaneal bone

and (c) Integra® graft matrix was applied to accelerate
healing over bone/tendon and increase heel pad thickness.
(d) Negative-pressure wound therapy was utilized and (e)
full-thickness skin graft was applied after 3 weeks. (f)
Wound at 2 month follow-up visit
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[21, 39]. The growth factors and cytokines are
essential for building granulation tissue, stimu-
lating matrix production, and angiogenesis. The
polyglactin mesh has several advantages over
collagen-based materials including improved
strength and its ability to be broken down in vivo
by hydrolysis [73]. The semi-transparency of
Dermagraft® also allows for continuous wound
surveillance during dressing changes [21].
Despite the xenogeneic and synthetic compo-
nents of Dermagraft®, there has been very low
incidence of rejection and infection [21, 75].
However, Dermagraft® is contraindicated in
infected wounds, patients with bovine allergies,
infected ulcer, ulcers with sinus tracts, and in
wounds that have not yet been debrided [21].
Dermagraft® has a shelf-life of 6 months and is
contraindicated in patients with bovine allergies,
infected ulcers, and ulcers with sinus tracts [21].
Moreover, Dermagraft® is only used as a tempo-
rary coverage [21].

Science and Practicality of Cultured
Skin Grafts

Cultured skin grafts are allogenic or autologous
human keratinocytes or fibroblasts that have been
expanded in culture onto a collagen matrix to
produce a sheet suitable for grafting [76, 77]. The
basal keratinocytes in cultured skin grafts are
able to augment wound epithelialization [19].
However, there are significant disadvantages of
using cultured skin grafts. They are fragile, and,
therefore, difficult to manipulate during the
application process and are challenging to handle
while doing dressing changes [19]. Due to the
fragility of the sheet, the take rate of cultured skin
grafts can be difficult to predict and strict surgical
immobilization is required to maximize adhe-
sion. Additionally, cultured skin grafts cannot be
applied to full-thickness wounds with exposed fat
or fascia due to their inability to adhere to the
wound without the anchoring fibrils and other
dermal regenerative components located at the
base of pilosebaceous layer of the dermis [19].
Another limitation of cultured skin grafts is their
infection potential [19].

Hyalograft 3D® (Fidia Advanced Biopolymers,
Abano Terme, Italy) is an example of a cultured
skin graft that its derived from autologous fibro-
blast cells that have been seeded on a 3D hyal-
uronic acid matrix [78, 79] (Table 23.1).
Similarly, Hyalomatrix® is composed of autolo-
gous fibroblasts on a hyaluronic acid base, but it
covered by a silicon layer that helps to retain
moisture, acting as a temporary epidermis [78].
Hyaluronic acid is one of the most common poly-
saccharides found in the native dermal extracel-
lular matrix and acts to attract and proliferate
fibroblasts and keratinocytes to the wound. These
products, because they provide elements neces-
sary for the formation of an ECM, are commonly
used prior to split-thickness skin grafts [80]. In
clinical practice, Hyalograft 3D® is commonly
used in combination with Laserskin® for the
treatment of diabetic foot ulcers [80]. However,
the take rate of the product is unpredictable [19].

MySkin® (CellTrain Ltd., UK) is a cell sus-
pension of sub-confluent autologous keratino-
cytes delivered on a polymer silicone scaffolds or
as a spray (Fig. 23.1c, Table 23.1). The silicone
substrate improves the grafts’ ability to withstand
the tearing and sheering forces that occur when
manipulating cultured skin grafts. Additionally,
the polymer substrate allows it to cover a larger
wound than sub-confluent cells alone would have
the potential to [81]. However, as of 2012,
MySkin® was sold as a spray due to physician
preference, simplifying the application process.
In addition to ease of application, the use of a
sprayed cell suspension has the added benefit of
avoiding dispase, which is an enzyme that is nec-
essary to release the epidermal sheets from the
culture but also likely removes surface proteins
on keratinocytes, decreasing the adhesive capac-
ity of the cells [28]. As opposed to sheets of kera-
tinocytes, the cell suspensions also contain
melanocytes and papillary fibroblasts in variable
ratios and quantities [28]. Use of a delivery sub-
strate or spray and sub-confluent cells decreases
the cell culture time necessary prior to applica-
tion [28]. The time needed to culture a sufficient
sub-confluent quantity of cells for use with dia-
betic foot ulcers is usually 15 days but can range
between 11 and 19 days [28]. However, because
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MySkin is cultured from autologous cells, prepa-
ration and culture time will always be required
and will delay treatment of the wound, which is a
significant disadvantage of MySkin and other
autologous-based products.

Laserskin® (Fidia Advanced Biopolymers,
Abano Terme, Italy) is composed of autologous
sub-confluent keratinocytes and fibroblasts, tis-
sue acquired from skin biopsy, that have then
been cultured on a laser-microperforated biode-
gradable matrix of benzyl esterified hyaluronic
acid, and it is indicated for diabetic foot ulcers
[21, 29, 82, 83] (Table 23.1). The Laserskin®
matrix allows for cell proliferation and migration
into the wound, and the micro-perforations
allows for drainage of wound exudate [21]. Like
other autologous products, Laserskin has the
advantage of negating any potential for rejection
but also necessitates a premanufacture skin
biopsy and culture time [21]. Because the cells
are not confluent on the matrix, the time needed
to culture is decreased in comparison to confluent
cultured skin substitutes. The matrix of Laserskin
lends to easier manipulation and handling during
both initial application and dressing changes, and
the transparency of the dressing allows for wound
visualization and monitoring during dressing
changes. Because the autologous cells are cul-
tured on the scaffold that is then used as a part of
the skin substitute, the use of the enzyme dispase
is not required to remove keratinocyte sheets
from culture flasks, mitigating disruption to kera-
tinocyte surface proteins and adhesive potential
of the cells [21]. Due to the preserved adhesive
potential of the cells, Laserskin has good graft
take and does not demonstrate the fragility that
other cultured epithelial autografts possess. It has
also demonstrated low rates of infection [21].
Laserskin® is limited by its availability in the
USA, as it is currently only available for use in
Europe [21]. Moreover, Laserskin® is also lim-
ited by its 2-day shelf-life [21].

Epicel® (Vericel Co., Cambridge, MA), indi-
cated for use in diabetic foot ulcers, is a sheet of
cultured skin substitute made from autologous
keratinocytes with murine fibroblasts obtained
from epidermal skin biopsy that is then placed on
petroleum gauze [21, 84, 85] (Fig. 23.lc,

Table 23.1). Epicel® is frequently used as an
adjuvant therapy with an autologous split-
thickness skin graft (STSG), but it can also be
used when STSGs cannot be obtained due to the
extent of an injury or wound (more likely in the
setting of a burn, not a diabetic foot ulcer) [21].
Like other autologous grafts, the risk of rejection
is mitigated. Epicel® can also permanently pro-
vide coverage of extensive wounds. However,
Epicel® requires a premanufacture epidermal
biopsy and about 3 weeks to culture a sufficient
number of cells [21]. After 3 weeks of culturing,
the graft has a shelf-life of only 1 day, complicat-
ing the application process [21, 86]. The take rate
of Epicel can vary, and the long-term results of
the product have shown variable efficacy [21].
The skin substitute also carries the risks of blis-
tering, contractures, and infection [21].

Kaloderm® (Tegoscience, Seoul, Korea) is a
cultured skin substitute composed of allogenic
keratinocytes from the foreskin of a circumcised
infant [87] (Table 23.1). Kaloderm® consists of
an ECM, cytokine- and growth factor-secreting
keratinocytes, and collagenases to encourage
wound healing and decrease scar formation [87].
It is indicated for non-infected diabetic foot
ulcers, and it can be stored for up to 24 months
at -60 °C or 3 months at -15 °C [87]. After thaw-
ing for 10 min, Kaloderm can be directly applied
to the wound, providing a skin substitute that can
be used acutely without waiting for cells to prop-
agate or culture [87].

Impact of Tissue Products
for Diabetic Foot Wound Healing

Neuropathic foot ulcers are a significant compli-
cation of diabetes that can greatly increase health
care costs due to wound care and the potential for
hospitalizations and amputations.

Impact on Wound Healing
Tissue products do provide an advantage over

SOC alone when measuring complete wound
closure at 12 weeks [3, 88]. The mean number of



23 Science and Practicality of Tissue Products in Limb Salvage

321

applications generally range from 1.2 to 10.1
[89]. Healing rates with tissue products at
12 weeks range from 24 to 100%, while healing
rates with SOC alone ranged between 0 and 69%
[88]. Diabetic ulcers treated with tissue products
were 1.67 times more likely to demonstrate com-
plete closure than ulcers treated with SOC alone
[88, 90]. When the proportion of healed ulcers at
6 weeks is investigated, tissue products still dem-
onstrate an advantage over SOC alone. The risk
ratio for complete ulcer closure at 6 weeks is
2.81, favoring tissue products [88].

While all tissue products work to target vari-
ous steps in the wound healing process, and,
overall, they show an advantage over SOC for
promoting complete wound closure, not all cate-
gories or brands of tissue products demonstrate
an improvement in diabetic ulcer healing [88].
Among the tissue products, dermal substitutes
and biosynthetic dressings were the two catego-
ries that demonstrated a statistically significant
wound healing advantage over SOC [88, 89, 91].
The individual dermal substitutes that demon-
strated significantly improved healing over SOC
at 12 weeks were Dermagraft and Apligraf/
Graftskin, but no difference was observed for
Healaderm and Orcel [88]. The biosynthetic
dressings with significant advantages over SOC
were Amnioband, Amniopatch Pliable, Epicord,
and Epifix, while Grafix, Graftjacket, Promogram,
and Oasis showed no advantage over SOC [88].
In contrast to dermal substitutes and biosynthetic
dressings, cultured skin grafts (as an overall tis-
sue product category) showed no significant dif-
ference over SOC, as was the case with the
individual cultured skin grafts that were studied
(Hyalograft, Kaloderm, and MySkin) [88, 89].
Of the individual products studied when examin-
ing closure of ulcers at 6 weeks, Amnioband,
Allopatch Pliable, and Integra showed signifi-
cant advantages over SOC alone, but Amnioexcel
did not [88]. Other individual tissue products
may also show a significant advantage in diabetic
wound healing over SOC, but there are currently
insufficient studies for some individual brands to
draw a significant conclusion.

Both dermal substitutes and biosynthetic
dressings demonstrated improvement over SOC

alone, but when compared against each other, the
studies do not definitely demonstrate superiority
of one product over the other [88, 92, 93]. In
order to definitively determine a gold standard of
skin substitutes, more prospective comparative
trials are required to allow providers to make
evidence-based decisions on which skin substi-
tute to use in their practice [88].

Overall, tissue products show a modest
decrease in healing time of diabetic ulcers when
compared to standard care alone, and dermal sub-
stitutes demonstrate the most significant effects
over SOC. However, given the varying evidence
for these tissue products, at this time, it is diffi-
cult to draw a definitive conclusion about which
product to use, and therefore, tissue product
choice remains individual physician preference
dependent.

Determining and comparing time to complete
healing has remained a challenge in the field due
to heterogeneity of data collection and reporting
[88]. However, the majority of studies do favor
use of skin substitutes for wound healing [88].

Impact on Limb Salvage

There is a small absolute risk reduction for ampu-
tation when comparing SOC and tissue products
[90]. In patients with lower-extremity diabetic
ulcers, there was a significant reduction in the
number of minor amputations in the tissue prod-
uct group, with a 3.9% rate of amputation in the
advanced treatment group compared to the 4.3%
rate of amputation in the standard of care group
[3]. The difference in major amputations between
the two groups was more significant with a 50%
decrease in major amputations in the advanced
treatment tissue product group when compared to
SOC alone with amputation rates of 1.6% and
3.2%, respectively [90]. Despite some evidence
of minimally decreasing rates of amputation, the
data is insufficient to draw definitive conclusions
about the efficacy of tissue products in prevent-
ing amputations [3].

In addition to modest decreases in amputation
rates, other practical aspects of tissue product
implementation in diabetic wound healing
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include lower readmission rates (6.4% vs. 4.0%)
and fewer ED visits (23.1% vs. 18.3%) [3]. There
is also no significant increase in length of hospi-
tal stay for patients treated with tissue products
over the length of hospital stay for patients treated
with SOC alone [3].

Financial Comparison

While there are an abundance of studies that
focus on the wound healing abilities of various
tissue products, only recently there has been an
increase in studies researching the cost-
effectiveness of these tissue products to deter-
mine if there is an economic incentive for our
healthcare system and patients. While tissue
product treatments may cost an average of an
additional $1058 over SOC alone, this increase is
offset by their ultimate long-term impact on
wound healing through decreased minor and
major lower-extremity amputations, increased
ulcer-free weeks, and fewer ED visits and hospi-
tal readmissions [90, 94]. Amputations them-
selves can cost up to 10-40x the amount that
would be required to treat diabetic foot wounds
before they necessitate an amputation [94].
Tissue products can also provide a modest impact
on quality adjusted life years (QALYSs), provid-
ing an increase of 0.022 QALYSs and 6.69 ulcer-

free weeks over SOC alone [94]. Additionally,
tissue products provided an incremental cost-
effectiveness ratio of $48,242 per QALY when
compared with SOC alone [94].

All tissue products examined demonstrate
decreased cost-effectiveness in the hospital out-
patient setting when compared to treatment in a
physician’s office due to higher application
costs [89] (Table 23.2). A single diabetic foot
wound, when treated with tissue products in the
hospital outpatient setting cost an average of
$2001-$14,507, whereas the average cost of
treatment in an office ranged between $1207
and $8791 [89]. The allogenic dermal matrices
GraftJacket, Integra DRT, and Dermagraft are
capable of healing more ulcers for $1000 per
patient than the other products studied by
Samsell et al., demonstrating the highest level
of cost-efficiency of the skin substitutes investi-
gated [89].

In order to evaluate whether tissue products
are an economically sustainable option for dia-
betic ulcers, the cost of the skin substitutes, as
well as the long-term impact of wound closure,
limb salvage, and patient satisfaction with limb
function should be taken into consideration. In
addition, the cost that patients will need to pay
out-of-pocket should also be taken into consider-
ation when determining treatment method and
tissue product selection (Table 23.3).

Table 23.2 Parameters utilized to determine incurred costs of various tissue products to heal a single DFU

Tissue Mean number of Product cost per application ~ Jan 2018 CMS ASP Cost of product per
product applications on 5cm? wound cost/cm? treated wound
ApliGraf 25 $1,359.34 $30.89 $3,398.34
DermACELL 1.2 $1,060.96 $66.31 $1,273.15
Dermagraft 6.3 $1,241.63 $33.11 $7,822.24

EpiFix 35 $990.08 $165.01 $3,465.27

Grafix 8.7 $805.70 $134.28 $7,009.62
GraftJacket 1.3 $774.74 $96.84 $1,007.17

Integra DRT 2.0 $901.01 $128.72 $1,802.02

Oasis ultra 10.1 $115.58 $11.01 $1,167.40

CMS centers for medicare and medicaid services, ASP average selling price
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Table 23.3 Costs of treating DFUs in hospital outpatient departments and physicians’ offices and estimated costs to

patients for various biologic skin substitutes

Cost of treating one  Estimated patient
Tissue DFU in physician’s  cost in physician’s
product office office
ApliGraf $3,781.74 $756
DermACELL  $1,457.18 $291
Dermagraft ~ $8,791.41 $1,758
EpiFix $4,002.03 $800
Grafix $8,343.85 $1,669
GraftJacket  $1,206.54 $241
Integra DRT  $2,108.74 $422
Oasis Ultra  $2,716.33 $543

HOPD hospital outpatient department

Conclusion

The shear magnitude of tissue products on the
market, with new skin substitutes continually
being developed, complicates the synthesis and
analysis of these products. The information in
this chapter only scratches the surface of tissue
products available for diabetic wound healing,
attempting to highlight the tissue products that
are most commonly used. Some tissue products
were able to show an improvement in wound clo-
sure over SOC, while others made no significant
impact on healing time. However, tissue products
overall did show a very modest benefit in limb
salvage, decreasing rates of both minor and major
lower-extremity amputations.

Not only do allogenic dermal matrices demon-
strate a greater ability to heal diabetic ulcers than
their other tissue product counterparts, but they
also exhibit the greatest cost-efficiency of the tis-
sue products examined in this study [3, 89].
However, the absence of standardized metrics in
diabetic foot wound literature poses a considerable
problem with drawing conclusions and comparing
study results. There is no standardization of the
categorization of skin substitutes, with various
studies putting the same tissue product in different
categories, confusing the results and diminishing
comparability of studies. Inconsistency in reported

Bundled Cost of treating Estimated
HOPD one DFU in patient cost in
payment HOPD HOPD
$3,921.08 $4,168.58 $834
$1,882.12 $2,000.92 $400
$9,022.90 $9,648.54 $1,930
$5,489.51 $5,836.01 $1,167
$13,645.34 $14,506.64 $2,901
$2,038.96 $2,167.66 $434
$3,136.86 $3,334.86 $667
$4930.82 $5,930.72 $1,186

healing endpoints and study timelines in concert
with new tissue products rapidly being released on
the market also complicate study comparison.
Twelve weeks was traditionally the endpoint used
in studying diabetic wound healing, whereas now
studies have started to use 16 weeks, which may
be a more appropriate endpoint for wound closure.
Additionally, more studies are needed to determine
the long-term impact of tissue products on these
chronic wounds.

While this chapter works to investigate the
impact of skin substitutes on healing diabetic foot
ulcers, we are not able to draw definitive conclu-
sions on the long-term effects of these products or
post-closure adverse events. Future studies should
continue to focus on the potential of tissue products
in diabetic wound closure to better understand the
long-term implications of using these products.
There is also a relative paucity of research on the
impact of tissue products on amputation rates and
limb salvage, an important endpoint to measure
long-term impacts of tissue product efficacy.

As we move toward further evidence-based
medicine and efficiency, it is important that we
choose a product that will continue to evolve and
be mindful of the cost as we move to bundle pay-
ment and cost-efficiency.
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