
TThe ability to grow skin has long been a topic of study and therapeutic interest. Currently, the main ways

of doing this are 1) by placing tissue-expansion devices in the subcutaneous space and expanding skin

over time, which can then be moved to cover contiguous structures, and 2) via processes that require rela-

tively long (30 days) incubation periods to grow the patient’s autogenous skin into laminar sheets.  Over the

past five years, there have been significant developments in the ability to expand skin cells, either at the

bedside or in the laboratory, but much more rapidly than with previous methods.  We explore and discuss

the current skin cell-expansion techniques, focusing on point-of-care therapeutic interventions that can be

used in the burn population as well as the chronic wound population, hair follicle stem-cell incubation

techniques and studies supporting this therapy, as well as micro bullae grafting, and morcellated skin cell

therapy. The current data supporting these therapeutic interventions and their current direction are out-

lined in detail.  

Skin Expansion Technology in Acute
Burns and Chronic Wounds
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The technology of tissue expansion is
gradually evolving as new innovative
products are being developed to fill a
dearth in optimal coverage options for
acute burns and chronic wounds. The
current gold standard remains the split-
thickness skin graft (STSG), which, while
dependable, has many disadvantages
including donor-site morbidity, lack of a
dermis, lack of skin appendages and even-
tual contraction and cosmesis issues.

Placement of subcutaneous devices to
expand local tissue for advancement has
significant limitations. There has always
been a need for robust skin-replacement
therapies, as any number of causes—
genetic disorders, cancers, chemical and
thermal injury, trauma, diabetes, vascular
disease, surgeries and more—can create
difficult-to-heal wounds. These wounds
and their treatment are a tremendous bur-
den to patients and the United States
healthcare system, with an annual cost of
approximately $25 billion.1 According to

the National Institutes of Health, non-
healing wounds affect over 5 million peo-
ple in the United States, specifically
individuals with disabilities, diabetes and
the elderly. This number, along with the
associated cost, is likely to continue to
grow along with the prevalence of chronic
diseases in our aging population.2 Man-
agement of chronic wounds involves
extensive office visits to wound care spe-
cialists, chronic wound care centers, and
outpatient nursing, and often requires sur-
gical interventions. Additionally, burns,
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which can be a unique challenge in
wound management due to the frequent-
ly extensive surface area involvement,
which makes patients vulnerable to dehy-
dration and opportunistic infections, as
well as the need for numerous surgeries
and a higher level of care with prolonged
hospital stays, have always strained health-
care systems. The America Burn Associa-
tion reports that nearly half a million
burn injuries requiring medical attention
occur annually in the United States and
about 40,000 of those require hospitaliza-
tion.3,4 The World Health Organization
estimates that about 11 million burn
injuries occur annually worldwide, with a
higher prevalence in low-income coun-
tries, which are resource-poor.5 In high-
income countries, the average annual
healthcare cost per burn patient is esti-
mated to be $88,000.6 Unlike chronic
wounds, burns are exceedingly prevalent
in children, and account for 24% of burns
in the U.S.,3 which further expands the
demographic requiring wound coverage
and intensifies the need for a pliable func-
tional skin coverage that can sweat and
maintain its elasticity.

Human skin, our largest organ, is
composed of three layers, the epidermis,
dermis, and hypodermis, and each layer is
composed of various cells that are syn-
chronized to protect, regulate and renew.
The multilayered epidermis, which con-
tains keratinocytes, undergoes a constant
cycle of desquamation and cell replace-
ment. This self-renewal depends on stem
cells located in the basal layers and is
essential for wound healing. The strength
of the epithelial tissue is thought to rely
on the integrity of the vascularized and
elastic dermis, which is rich in collagen
and fibroblasts.7 The hypodermis, which
is composed mostly of adipose tissue,
serves as a thermoregulator and barrier
protecting underlying structures.8 In gen-
eral, both acute (burn) and chronic
wounds are characterized and classified
by their depth of injury. When any com-
ponent of skin is damaged and the patient
is predisposed to both local and systemic
factors that influence or impede proper
repair (poor tissue oxygen delivery, dis-
rupted immune / inflammatory
response, local bacterial metabolic strain,
etc.), the process of wound healing can
become dysregulated and lead to chronic
wounds. 

Full-thickness wounds that destroy all
three layers necessitate re-epithelization
from the edges of the wound, which can
be near-impossible for larger wounds,

especially without severe contracture and
loss of functionality.9 Furthermore, burn
wounds, which regularly affect larger sur-
face areas and at various depths, can trig-
ger major fluid shifts, a cascade of caustic
inflammatory markers, and an unprece-
dented hypermetabolic state-stresses on
the body that can quickly turn to shock.5
For severe burns, early wound closure
reduces mortality, however, the time
required for unaided reepithelialization is
time not often afforded.10 Without a skin
barrier, the body cannot protect itself
against certain external variables and is
predisposed to infection.11

Although medical advancements in
care for chronic wounds and burns, such
as resuscitation, infection control,
advanced wound dressings, and options
for skin substitutes, have vastly improved
outcomes, there is typically still a need
for definitive tissue coverage. Restoration
of the normal skin physiology is para-
mount to reduce infection, maintain elas-
ticity, minimize contracture and
reestablish the skin barrier. Unfortunate-
ly, it has been a challenge to achieve this
with anything but human epithelial tissue.
Surgical options generally include
debridement of the wound and place-
ment of split-thickness skin grafts, full-
thickness skin grafts, or cellular or
non-cellular biologic or synthetic prod-
ucts.12 While STSGs, as already noted,
are the gold standard of coverage options,
this option is limited if there are insuffi-
cient areas of unburned skin to serve as a
donor site.13 Additionally, STSGs create a
new and often painful wound. Skin sub-
stitutes show promise and function nicely
as a bridge to definitive coverage, but are
markedly expensive in addition to other
limitations.14 Whether the patient has
acute burns or chronic wounds, speedy
closure remains a challenge, and delay can
be painfully problematic for physicians
and patients alike. These wounds take a
substantial amount of time to heal and
require special care, attention, and
resources, which explains the centuries of
work leading up to more modern efforts
to improve skin tissue engineering tech-
niques, looking at which components of
skin and what mode of delivery shows the
most promise for wound coverage.  

History of Skin Expansion 

Just as fire, war, disease, and infec-
tions, which contribute to the vast major-
ity of wounds, have plagued humanity for
thousands of years, so have human efforts

to heal these large skin defects. Healing
these wounds has remained a significant
medical and surgical challenge. Progress
has been relatively stagnant given that the
first known attempts at skin grafting were
described by the surgeon Sushrutha in
600BC.15 Tissue translocation and skin
grafting were used to close facial wounds
in India hundreds of years before aware-
ness surfaced in the western world in the
latter part of the 18th century.16

In 1817, Astley Cooper and Leroux
des Tillets described skin graft techniques
in Europe and Charles Buenger reported
a full-thickness graft from the inner thigh
to treat a nasal defect in 1821; these
reports fueled interest in techniques to
aid wound closure.16 Innovations really
took off following Jacques-Louis
Reverdin’s 1869 presentation at a meet-
ing of the Société Impériale de Chirurgie
de Paris showcasing “pinch grafts,” which
were piecemeal skin autografts for treat-
ment of chronic venous ulcers.17 Louis
Ollier and Carl Thiersh are each credited
for their successes with split-thickness
grafts in 1872 and 1886, respectively.18
The exact thickness was further investi-
gated in 1929 by Blair and Brown, who
suggested including deeper layers of der-
mis.19 This increasing meticulousness in
technique required tools with finesse;
thus, surgical instruments underwent
modifications as well. The double-bladed
Catlin knife was replaced by the Thiersch
knife, then the Humby knife, and so on
throughout the turn of the century. Vari-
ous modifications, such as protective
guards and disposable razor blades, were
made to improve the quality and consis-
tency of skin grafts.20,21 The invention of
the dermatome by Earl Padgett in the
1930s permitted consistently even split-
thickness grafts and remains the tool used
today.22 In 1908, Otto Lanz introduced
the concept of meshing the graft for more
surface coverage,23 a practice that was
further developed and used in 1964 by
James Tanner, who touted its improved
adaptability to irregular areas of the body,
better drainage and thus better take.24
The Meek technique, which was
described in 1963, allowed the donor
site-to-wound ratio to go from 1:3 to 1:9
by cutting the STSG into small, square
tissue islands.25 Although meshing and the
Meek technique each significantly
increased the surface area coverage ability
without requiring an even larger donor-
site wound, skin remains a finite
resource, driving physician scientists to
look for alternatives. 
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Non-skin Expansion Options:
Allografts and Xenografts

Alternatives to autografts have been
considered as sources of tissue coverage
for a long time; reports on the use of
both xenografts and allografts on human
wounds date back to at least the 19th cen-
tury. Initially, various creatures such as
chickens, pigeons, cats, dogs, and cows
were used in non-human xenografting
experiments with limited success. Baro-
nio attempted transplantation of skin
between a cow and a horse,26 while Dief-
fenbach attempted transplantation of
pigskin to pigeons.27 However, since these
early investigators lacked knowledge of
the basic principles of immunology, the
disappointing outcomes were not surpris-
ing. The earliest record of a xenograft
used, albeit temporarily, as skin replace-
ment on humans with some success was
in 1899 by Fowler, who used frogskin on
large granulating wounds.28 Since then,
measures have been taken to find
xenografts with low immunologic
response, whether it be decellularized
fish skin, fetal bovine dermis or genetical-
ly modified porcine skin, all of which can
be used successfully as temporary wound
coverage.29 Similarly, efforts to lower the
antigenicity of allografts or hamper the
host’s immune response have been made
since the first attempts with cadaveric skin
by Girdner in 1881.30,31 Experiments with
irradiation, attempts to inhibit immune
triggering donor dendritic cells or host T
cells, and trials with antioxidants or
immunosuppressants to curb graft rejec-
tion have largely been ineffective.32 The
preservation of skin allografts with glyc-
erol has been shown to reduce antigenici-
ty, but only marginally prolongs graft
take.33 Even with rejection expected in
about 10-14 days, skin allografts are still
commonly used in burn centers as they
remain a natural source of growth factors
that promote healing and angiogenesis.34
Fortunately, the inevitable rejection has
not been found to hurt future uptake of
an autograft and has been common prac-
tice prior to autografting.35

Modified allogenic skin grafts have
been developed, eliminating the need to
obtain a biopsy from the patient, mini-
mizing antigenicity, and permitting
advanced preparation. These skin substi-
tutes replace either epidermis, dermis or
both, and have varied compositions: allo-
genic, xenograft, or biosynthetic.36 The
commercially available products Derma-
graft® and Apligraft® (Organogenesis,

Canton, MA, USA) are derived from
neonatal tissue and have both been
approved for the treatment of non-heal-
ing diabetic foot ulcers. Dermagraft® is a
cellular dermal substitute that includes
fibroblasts and keratinocytes. Apligraft®
is a composite allograft that consists of a
layer of bovine collagen gel with neonatal
fibroblasts acting as its dermis and an epi-
dermal layer composed of neonatal ker-
atinocytes.36 These cultured keratinocyte
allografts, which release numerous
cytokines, are a potent stimulus for
wound healing from the periphery, but
do not appear to survive permanently in
the wound bed.37 Beele et al. reported a
notable decrease in wound size in all but
2 of 16 non-healing leg wounds and com-
plete closure in 62% at 8 weeks with the
use of epidermal allografts.38 Fratianne et
al. reported faster healing of STSG donor
sites with keratinocyte allografts than
without.39 Xenografts, allografts and
combinations of the two are readily avail-
able and have all been proven to protect
wounds, decrease bacterial count, mini-
mize pain, and stimulate growth. Howev-
er, despite all the scientific progress made
in the last century, these options truly
remain impermanent solutions that only
better prepare the wound bed for a last-
ing autograft. 

Many comprehensive reviews of the
available literature on xenografts have
been previously published and are outside
the scope of this article’s focus on autoge-
nous skin-expansion therapy.

Cultured Epithelial Autografts

The first major breakthrough to
address the limitations of autologous skin
grafting was the creation of cultured
epithelial autografts (CEAs) in 1975 by
Rheinwald and Green.40 CEAs are
obtained from skin biopsies of the epider-
mal layer and stem cell keratinocytes are
cultured in vitro to create epidermal-like
tissue. The first clinical application was by
O’Connor et al. in 1981 for two patients
with 40-80% total body surface area
burns who were treated with both CEAs
and STSGs. The direct comparison
showed no major differences in fragility
or contraction.41 In this technique, a
small sample of uninjured skin is biop-
sied, usually at the axilla or pubis. Epider-
mal cells are isolated and plated on a layer
of mesenchymal “feeder cells” which
helps promote keratinocyte growth.
After 3-4 weeks, the CEA sheets are 8-10
cell layers thick and can be enzymatically

detached from the culture vessel and
transplanted back onto the patient’s
wounds.42 Initial clinical trials focused on
the application of CEAs in burn
patients.43-45 During the 1980s, they were
applied to other large skin defects,
including pyoderma gangrenosum,46 con-
genital nevi,47 and chronic leg ulcers.48

CEAs have the benefit of not introduc-
ing a large secondary wound to cover the
initial wound, unlike traditional skin-
grafting techniques. Wound contraction
is minimal, and this technique can be
used in areas of the body with frequent
mechanical stress, such as the eyelids, fin-
gers, and toes.43 However, there are sev-
eral pitfalls, including near-month-long
delays with culturing and obtaining the in
vitro epithelial sheets and high costs asso-
ciated with production, requiring a labo-
ratory and specialized personnel. The
reports of uptake vary, particularly for
full-thickness burns,49 and CEAs are con-
sidered to be less effective than tradition-
al STSGs. A major complaint is the
fragility and friability of the cultured
sheets;50,51 even after take, CEAs lack
durability and can easily shear, blister or
avulse for months after grafting. CEAs are
particularly vulnerable to bacterial pro-
teases and cytotoxins in the first few
weeks of placement, and an infection can
cause a complete lack of uptake of the
graft.52

Given these limitations, modifications
of CEA grafts have been developed in
which preconfluent keratinocytes are
transferred to the patient prior to devel-
oping into sheets, with confluence and
differentiation occurring in vivo. The ker-
atinocytes are cultured on a delivery
membrane that is subsequently inverted
and placed on the wound. Several differ-
ent matrices have been used to culture
keratinocytes; both biologic (collagen,
hyaluronic acid, fibrin glue, and acellular
porcine dermis) and synthetic
(polyurethane, polymeric film, Teflon
film, Poly(hydroxyethyl Methacrylate,
Celltran, and spherical microcarriers).52
Ronfard et al. looked at long-term out-
comes of CEA transplantation when
grown on fibrin matrix. In their study, a
young female burn victim who required
CEA transplantation to her abdomen was
able to carry three successful pregnancies
without complications, demonstrating
this tissue’s ability to withstand stretch
and mechanical stress.50

Currently, very few CEAs are available
commercially. Although CEA technology
was developed before the FDA published
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regulations on cell therapies, Epicel®
(Vericel, Cambridge, MA, USA) received
swift approval in 2007 under the Human-
itarian Device Exemption for use in
burns when the total burn surface area
(TBSA) is greater than or equal to 30%.
This CEA is a prepared sheet 2-8 cell lay-
ers thick that takes 16-21 days to prepare
and may be used either alone or in con-
junction with split-thickness autografts.53
Hickerson et al. summarized the largest
cohort of CEA-treated patients to date.
This review considered a dataset spanning
1989 to 2015, and included 954 patients
who were treated with CEAs for severe
burns at mostly U.S. hospitals, as well as
4 hospitals outside of the U.S. Both adult
and pediatric patients were included, and
these patients had a mean TBSA of 67%;
72% of the patients required only one
harvest, and were treated with a mean of
105 CEA applications with 68% graft
take. Overall, when compared to patients
in the National Burn Repository with
comparable burns, mortality rates were
lower for those treated with CEAs in
addition to conventional STSGs for large
burns.54 While this renewability is impor-
tant to note, CEAs are still limited by
delayed availability and a precarious
nature, which diminishes the product’s
economic value and explains why they
are only truly indicated for a small subset
of patients-severe burn patients with no
real alternative therapeutic options.

Epidermal Bullae Grafting
Harkening back to Reverdin’s pinch

grafts, the CelluTome™ Epidermal Har-
vesting System (3M-KCI, St. Paul, MN,

USA) is an epidermal skin-grafting device
that is used to treat chronic wounds.
Using both heat and suction on the donor
site over 30-45 minutes, this device
(Fig. 1) creates up to 128 epidermal
microdomes or bullae that can be har-
vested and transferred directly to the
wound with an adhesive (Fig. 2). 

In a retrospective case series, this
autologous suction blister epidermal
grafting (SBEG) technique was applied to
22 patients with chronic lower-extremity
wounds and the average reepithelization
rate was 88% at 2.5 months.55 Another
case series that examined the use of
SBEG in 13 patients with “stalled” chron-
ic wounds had an average 63% healing
rate; 4 of the 13 patients had completely
healed at 1 month and 8 had healed by 4
months.56 Although these studies are
clearly limited by the lack of an appropri-
ate control group and the fact that most
of the patients were receiving adjunctive
wound treatments as well as multilayered
compressive dressings, the anecdotal
results are still encouraging. There
appears to be accelerated wound healing
with little downside as long as the wound
is superficial enough to only require epi-
dermal grafting. This technique is an
office-based procedure, does not require
any anesthetics, and has minimal donor-
site morbidity. As concluded in a system-
atic review and meta-analysis that
included seven articles on the efficacy of
epidermal grafting for wound healing,
although a 70% healing rate was achieved
in 209 wounds, a randomized control
trial that compares the outcomes to those
with STSG or conservative therapy is still

necessary given the heterogeneity of
these studies and the lack of controls.57

Cell Suspensions and Spray-On
Products

Given the challenges faced using
sheets of CEAs, epithelial cell suspen-
sions, either cultured or non-cultured,
have gained popularity due to their ease
of application and reduced preparatory
time. These techniques require less
donor skin, are less finnicky and avoid the
need for a laboratory (unless cultured),
which means that suspensions can be pre-
pared on the spot during the surgical
operation.  Hunyadi et al. reported the
first use of non-cultured keratinocyte
suspensions for the treatment of both
burn wounds and chronic wounds in
1988. After patients’ wounds were treat-
ed with a fibrin matrix either with or
without keratinocytes, within 14-21
days, the group with added keratinocytes
had healed completely compared to the
group without. These initial findings sug-
gested that added keratinocytes hastened
closure of partial- and full-thickness
wounds.58 Migliano et al. saw good
results using autologous non-cultured
epidermal cell suspensions in combina-
tion with lipofilling for the reconstruc-
tion of laser-ablated facial wounds in skin
cancer patients, suggesting it holds
promise for correcting skin graft sequela
and recapturing a more natural appear-
ance.59

In the past 25 years, attention has also
been focused on spray-on techniques for
the application of suspended autologous
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Figure 1. CelluTome™ Epidermal Harvesting Sys-
tem (3M-KCI, St. Paul, MN, USA). 

Figure 2. Harvested epidermal microdomes on adhesive. 
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keratinocytes. In 1998, Fraulin et al. first
showed the potential of autotransplanta-
tion of epithelial cell suspensions deliv-
ered by an aerosolization apparatus in a
pig model. They proved that aerosolized
cells stayed viable, could be applied uni-
formly and could proliferate once laid
down.60 Shortly thereafter, Navarro et al.
reported the use of a cell spray apparatus
for the application of autologous ker-
atinocytes in addition to split-thickness
skin grafts in pig models.61 In this study,
pig models underwent full-thickness
excision of 16 wounds; 8 of the wounds
were subsequently treated by the applica-
tion of 3:1 STSG and the spray-on appli-
cation of a keratinocyte suspension and 8
of the wounds were treated with STSG
alone. Overall, greater wound re-epithe-
lization was seen in the keratinocyte sus-
pension group at days 5 and 8 after
grafting compared to the non-ker-
atinocyte group (split-thickness skin
grafting only), which promoted further
interest in the spray-on technique.61 The
use of epithelial cell-spray for human
wounds was championed by Dr. Fiona
Wood, whose initial clinical studies cor-
roborated the promising findings in ani-
mal studies showing the benefits of
adding adjunct CEA treatment to conven-
tional burn care.62

However, despite some of the initial
promise with spray-on cell suspensions, a
large prospective trial of non-autogenous
cultured skin cells applied to venous leg
ulcers (HP-802-247, Healthpoint Bio-
therapeutics, Fort Worth, TX, USA)
failed to detect efficacy over a placebo
group during phase 3 clinical trials.63,64 As
a result, additional trials with HP-802-
247 were terminated early. The spray
contained cryopreserved, growth-arrest-
ed fibroblasts and keratinocytes from
neonatal foreskin delivered in a fibrin
sealant-based matrix. It was theorized
that batch-to-batch variability could have
contributed to its failure. Yet, in a deeper
review of enrolled subjects, it was clear
that patient and wound variables, such as
wound duration, bacterial species pre-
sent, area and location, all greatly influ-
enced healing.65 Investment in this
product and this trial contributed to the
further development of the spray tech-
nique, with a focus on autologous cells
rather than allogenic keratinocytes. 

Autologous Skin Cell Suspension

ReCell® (Avita Medical, Cambridge,
UK) is a point-of-care autologous skin

cell suspension (ASCS) used in a spray-on
fashion for the treatment of burns and
chronic wounds. The technology behind
ASCS was first introduced by Dr. Wood
in 1993 under the trade name Spray-on-
Skin™. For years, this product did not
gain any traction in the medical world
until after the 2002 Bali bombings, which
put 28 severely burned patients in Dr.
Wood’s burn unit.66 After successful
treatment of these burns with spray-on
skin cells, the product gained recognition
and, in 2005, it was reintroduced to the
market under the name ReCell®. The
major advantage of this technique is that
it permits for a smaller donor site and can
be prepared in the operating room. The
ASCS method makes it possible to mini-
mize the harvest area by taking a small
sample of the patient’s skin (usually 1 cm2

to cover an area of 80 cm2) and then
breaking down the harvested skin using
the enzyme trypsin for 10 minutes. On
the all-in-one device (Fig. 3) the epider-
mis is gently scraped off the dermis with
a scalpel, and these cells are then sus-
pended in a buffer of lactated Ringer’s
solution and filtered before this suspend-
ed cell solution is sprayed onto the
wound bed (Fig. 4). 

Numerous randomized trials from
2007-2018 showed that the use of ASCS
was associated with a reduced time for
the donor-site wound to re-epithelize,
less scarring at the donor site, and
reduced frequency of donor-site celluli-
tis.67-69 It is currently FDA-approved for

direct application to acute partial-thick-
ness thermal burn wounds or for use in
combination with meshed autografting
for the treatment of all sizes of acute full-
thickness burn wounds in adult patients.70

In one of the earliest clinical trials (in
2007), Gravante et al. compared the
effectiveness of ASCS to standard STSG
for the treatment of deep partial-thick-
ness burns; 42 and 40 patients were
enrolled in each group, respectively.71
This research showed aesthetic and func-
tional outcomes similar to those with the
classic grafting technique, however, while
the average areas of the burns treated
were comparable between the two arms
(176 cm2 for ASCS vs 180 cm2 for
STSG), the average donor area harvested
was notably smaller in the ASCS group
(2.2 cm2 versus 110 cm2 for STSG).71
These results were reproduced by a simi-
lar prospective study performed by
Holmes et al., who compared ASCS to
STSG to demonstrate their effectiveness
on burns.67 Of the 101 patients enrolled
in that study, only 87 completed the full
52-week follow-up with no issue. The
average percent area of burn was
between 5.5 and 14.5. The patients who
received ASCS showed healing similar to
that with a split-thickness skin graft, but
needed less harvest of skin grafts to cover
a wider area.67 Hayes et al. showed that
ASCS can also be applied to chronic
wounds. By week 14, patients treated
with ASCS and compression had a signifi-
cantly greater reduction in ulcer size
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Figure 3. Preparation of ASCS on a sterile back-field table.
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(8.94 cm2 versus 1.23 cm2, P = .0143),
as well as less pain and better quality of
life when compared to the control.72
Anecdotally, we see more rapid filling of
mesh interstices and complete reepithe-
lialization of donor sites when ASCS is
applied in conjunction with STSG in
chronic wounds (Fig. 5). For surgical
wounds, Wood et al. applied ASCS to a
pediatric patient with a congenital
melanocytic nevi lesion after dermabra-
sion and saw complete reepithelialization
on day 8 and excellent pigmentation and
texture at 5 months.73

In addition to non-cultured spray-on
autologous cells, cultured epithelial
autologous cells are available from the
same company that offers ReCell® (Avita
Medical). CellSpray® and CellSpray® XP
(Avita Medical) are 5- to 7-day and 48-
hour, respectively, harvested autologous
cell suspensions that are processed in an
external laboratory and applied with an
aerosol system. Zweifel et al. found that,
with the use of CellSpray® in three
patients with full-thickness burns,
wounds healed rapidly and there were no
hypertrophic scars at 6 months.74

The CellMist™ Solution and
SkinGun™ device (RenovaCare, Scotts-
dale, AZ, USA), which are still being
developed, comprise another autologous
skin spray system meant for the immedi-
ate treatment of wounds. After a biopsy is
taken, the harvested skin including skin
stem cells are processed briefly in the lab-
oratory before application via the
SkinGun™; the total process takes 90

minutes.75 When used on six patients
with partial-thickness burns, ASCS
showed evidence of reepithelization by
POD 3-6, and the patients were fully
healed by 2 weeks.76 Another study on
the use of ASCS in 44 patients with deep
partial-thickness burns helped to trou-
bleshoot the technology for future clini-
cal studies, and overall gave satisfying
results in 75% of patients as an alterna-
tive to mesh autografting.77

Minced Skin Grafts

Similar to ASCS, minced skin (MS)
grafting permits for transplantation of
small autologous particles of skin onto
wounds to accelerate reepithelization in a
minimally invasive manner that could be
performed in the office. The difference is
that, for MS, the epidermis and dermis
are not enzymatically separated, and the
technique is more akin to a haphazard
Meek technique. As mentioned above,
the Meek technique involves dividing skin
graft tissue into micrografts before appli-
cation to expand the tissue nine-fold.25
For MS, donor sites can be harvested
under local anesthesia and are typically
small full-thickness excisions from an
unaffected area that are then chopped up
and made into a paste or suspension by
mixing in a saline or hydrogel-type solu-
tion. The grafts include portions of the
dermis, epidermis, and skin appendages,
so that diverse cell types, not just ker-
atinocytes, are applied to wounds. Sven-
sjö et al. tested the application of

cultured keratinocytes, non-cultured ker-
atinocytes, STSG and minced skin on 90
wounds in 3 different pigs. Wounds
transplanted with MS and keratinocyte
suspensions contained several colonies of
keratinocytes at 2 weeks, but MS
appeared to re-epithelialize faster than in
non-cultured keratinocyte grafting.  In
addition, they could be prepared faster
than the slightly better-performing cul-
tured keratinocytes and had delayed con-
tracture similar to STSG-treated
wounds.78 Miyanaga et al. performed a
comparative study on 30 human subjects
in whom they applied MS (taken from
remaining STSG) to half of the STSG
donor sites and saw both a significantly
improved healing time and better cosme-
sis.57 Advantages of MS are that donor
sites are small, the graft can be harvested
under local anesthesia, meaning it can be
done in the office and quickly, and it pro-
vides progenitor cells along with ker-
atinocytes making for faster healing.
Similar to ASCS, MS can be used alone or
in conjunction with STSG. 

Autologous Heterogeneous Skin
Construct

The treatment of chronic wounds
with autologous skin cells is also being
studied by PolarityTE, a publicly traded
company (Salt Lake City, UT, USA).
They originally marketed their product
SkinTE® as a minimally manipulated
human tissue; during that period there was
significant previous clinical experience,
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Figure 4. Application of ASCS on top of STSG. Figure 5. 2-week post-op visit after STSG and
ASCS. 
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with numerous positive publications.
However, due to regulatory changes at
the FDA, the company has moved to pur-
sue approval via a Biologic License Appli-
cation. This will have many positive
effects with regard to the eventual avail-
ability of the product. Before these regu-
latory pathways, this product was
referred to as an autologous homologous
skin construct. However, to match the
change in the regulatory environment, it
is now referred to as an autologous het-
erogeneous skin construct (AHSC). In
addition, the product is now being evalu-
ated in a Phase III pre-market approval
study (NCT 05372809) in Wagner 2 dia-
betic foot ulcers. AHSC is part of a 3-
part process. First, clinicians harvest a
full-thickness portion of skin (approxi-
mately 1 cm x 3 cm) from an unaffected
area, and then send the sample to an
FDA-registered facility for AHSC manu-
facturing, where in part the hair follicle
pluripotent stem cells are isolated, and
the viability of the substrate is assayed
before being returned to the clinician for
reapplication within 4 to 6 days. The
material is returned in a paste form,
which is delivered via syringe. (Fig. 6).
Much of this technology is currently
heavily protected intellectual property of
the company. After the clinician debrides
and prepares the wound bed, the AHSC
is distributed and spread within the
wound (Fig. 7).79 Product application
does not require surgical application,
which allows for outpatient therapy. The
AHSC forms points of skin that expand
and initiate wound closure from multiple
areas of epithelialization instead of just
from the wound margins. In addition, the
pluripotent nature of the hair follicle
stem cell allows the cells to become skin
appendages upon new growth, anecdotally

creating a skin graft that can feel and
sweat, which would obviously be a huge
advantage.

Armstrong et al. conducted a single-
arm open-label feasibility study from
November 2018 to May 2019 to treat 11
adult patients with Wagner 1 or 2 diabet-
ic foot ulcers (DFU). The primary effica-
cy endpoint was rate of closure at 12
weeks following AHSC treatment. For
application, wounds were cleaned and
debrided followed by AHSC application.
Application sites were then covered in
multi-layer dressing and compression
wrap. All 11 DFUs had graft take at 1
week after a single application of AHSC.
Ten of the 11 (91%) completely closed

within 8 weeks of application. The aver-
age wound closure rate for all 11 patients
was 30 days and only 1 application of
AHSC was required.79

As noted, this method is being further
studied in a randomized control trial of
AHSC versus standard of care. In the
interim analysis, 50 total patients with
Wagner 1 DFU were divided into an
AHSC + standard of care group and a
standard of care-only group (control).
Standard of care involved offloading of
DFU, debridement and wound care cov-
ering and/or compression wraps. The
AHSC group involved full-thickness har-
vest and AHSC preparation and applica-
tion as detailed above. There were
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Figure 7. 22 cm2 diabetic heel ulcer; a. AHSC deployment; b. 7 days post-AHSC; c. Closed 60 days post-AHSC. (Photo provided by PolarityTE, Inc., Salt Lake City,
UT, USA).

Figure 6. AHSC product prior to application (Photo provided by PolarityTE, Inc., Salt Lake City, UT, USA).
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significantly more wounds closed in the
AHSC group compared to the control
group (72% vs. 32%). There were no
serious product-related adverse effects in
the AHSC group. There was no signifi-
cant difference in adverse events between
the AHSC and control groups. Overall,
AHSC seems to be promising in the
interim analysis and may become a viable
treatment option for patients in the
future.80

Additionally, numerous case reports
have demonstrated the utility of AHSC
for more than just diabetic and venous leg
ulcers. A 16-year-old patient with a large
dehisced and irradiated wound bed after
resection of a lower-extremity synovial
sarcoma with exposed tendon was closed
at 8 months post-operatively with com-
plete functionality using AHSC, which
demonstrated its potential to close com-
plex wounds.81 A 10-year-old boy who
had been previously treated for flame
burns with STSG had extensive contrac-
ture and keloid scars two years later. Scar
tissue from the affected portion of his left
chest was excised and treated with AHSC.
There was notably less wound bed con-
traction and he had regenerated full-thick-
ness and pigmented skin in the wound
area, highlighting a reconstructive applica-
tion of AHSC.82 Two additional pediatric
cases—a lower-extremity degloving
injury and a surgical site wound, unfortu-
nate sequelae after infection—were treat-
ed with AHSC and showed the successful
regeneration of functional full-thickness
skin complete with hair follicles and sweat
glands.83 This ability of cells to reorient in
the correct layers and regenerate
appendages such as hair follicles, glands
and nerves, gives hope that this therapy
may deliver truly functional dermis and
epidermis. As in skin grafting, wound bed
preparation will remain a key to making
this product effective. 

3D Printing

More recently, reports from Wake
Forest have described novel work on the
treatment of extensive wounds using a
“mobile skin bioprinting system” with
the help of image guidance.12 That
group used cellular therapy as an alter-
native to non-cellular biologic products.
Using bioprinting, Albanna et al. was
able to deliver either allogenic or autol-
ogous fibroblasts and keratinocytes to
target sites in full-thickness excisional
wounds. In their study, inkjet printing
was used with imaging guidance to cre-

ate a mobile skin bioprinting system.
Using wound topography, the printer
delivered cells into patient wounds in
situ.12 Both wound contraction and re-
epithelialization were measured. From
weeks 5 to 8, wounds treated with
autologous cells (bioprinting) had signif-
icantly less contraction than untreated,
matrix-treated and allogenic cell-treated
wounds. By week 6, autologous-treated
wounds had a significantly greater per-
centage of re-epithelization than
untreated and matrix-treated wounds.12
Overall, the work done by Albanna et
al. has demonstrated the viability of bio-
printing autologous cells onto patient
wounds, which may one day be similar
to the gold standard of STSGs.

Hakimi et al. demonstrated a hand-
held skin printer that can deliver consis-
tent skin cell-laden sheets with equal
thickness and composition in vivo. This
printer would allow for the in situ for-
mation of skin tissue sheets and would
bypass other steps that are typically asso-
ciated with regular bioprinters like
washing, incubation and scanning of
wound surfaces. Its ease of handling
gives it a very relevant clinic application.
This handheld printer’s special bio-ink
solution containing hyaluronic acid, fib-
rinogen, and type-I collagen has a suit-
able viscosity for printing and helps
form important cross-linking between
cell layers. Better mimicking of the spa-
tial organization of intact tissues with
the printer’s biopolymers and cells helps
improve the functionality of the tissue
laid down. They reported successful bio-
printing in murine and porcine excision-
al wound models.84

Conclusion

Skin expansion treatments are largely
benefitting from the current medical
advances in both skin composite cultures
and pioneering technology, which con-
tinue to improve wound bed conditions
and methods for laying down new
epithelium. The criteria for a promising
tissue-expansion treatment consistently
seem to be that the product contains
autologous cells with minimal donor-
site morbidity from biopsy, is readily
available or quickly processed, is easily
applied (ideally avoiding the need for
hospitalization or operating theaters in
the case of chronic wounds) and pro-
duces epithelium most like native skin.
For these reasons, the future looks
promising for autologous homologous

skin construct (AHSC), autologous skin
cell suspension (ASCS) and 3D printing.
These methods show immense potential
for tackling two issues regarding denud-
ed skin: the availability of a decent prod-
uct and ease of application. 

Sheets or slurries of CEAs do not
have the same structural integrity as
true skin. 3D printing can address some
of the structural concerns that are cur-
rently being addressed by engineered
composites of cellular or acellular, bio-
logic or synthetic skin substitutes. The
printers that use fibroblasts and ker-
atinocytes along with crosslinking bio-
materials lay down consistent sheets that
better mimic true skin and can be tai-
lored to specific wounds. With their
cost and availability as major factors, a
product that could be expeditiously
applied in a clinical setting for chronic
wounds and at bedside for burns, which
doesn’t require a large donor harvest or
long incubation time, has great appeal.84
Like 3D printing, ASCS shows real
promise; it allows for wide and com-
plete application, with an ability to
reach all deep structures. On the other
hand, ASCS has the limitation of only
providing an epidermal layer; therefore,
it is best used in conjunction with a dif-
ferent dermal regenerative strategy.

AHSC is a product based upon stem
cells from the hair follicle.  These pluripo-
tent stem cells have the theoretical capaci-
ty to regenerate skin appendages. Patients
who were treated with this product
prior to its withdrawal from the market
have been noted to gain skin that sweats
and has light touch sensation. The ques-
tions of where and when to best use
these products as part of a comprehen-
sive plan of care are still unanswered.
Better engineering does not have to
come from a 3D printer alone. Research
on modified skin substitutes has come a
long way and further investigation into
composite cultures, such as optimizing
the polymer combinations in scaffolds,
improving cross-linking for added
strength, or the addition of mesenchy-
mal stem cells, smooth muscle or
endothelial cells, could improve a prod-
ucts likeness to real skin.85 For 3D print-
ing or composite cultures, the use of
allografts or at least donor keratinocytes
would expedite care for faster wound
coverage. In order to ensure it provides
a permanent graft, research into geneti-
cally modified cells to overcome
immunologic rejection holds promise as
well.  
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