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ARTICLEINFO ABSTRACT

This review gives an updated overview on keratinocyte transplantation in burn wounds
concentrating on application methods and future therapeutic cell delivery options with a
special interest in hydrogels and spray devices for cell delivery. To achieve faster re-
epithelialization of burn wounds, the original autologous keratinocyte culture and
transplantation technique was introduced over 3 decades ago. Application types of
keratinocytes transplantation have improved from cell sheets to single-cell solutions
delivered with a spray system. However, further enhancement of cell culture, cell viability
and function in vivo, cell carrier and cell delivery systems remain themes of interest.
Hydrogels such as chitosan, alginate, fibrin and collagen are frequently used in burn wound
care and have advantageous characteristics as cell carriers. Future approaches of
keratinocyte transplantation involve spray devices, but optimization of application
technique and carrier type is necessary.
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INTRODUCTION

Burn injuries are complicated wounds to manage with a
relative high mortality rate in especially large area burns and
elderly patients (1). Substantial tissue damage and extensive
fluid loss can cause impaired vital functions of the skin. Rapid
epithelialization is mandatory to restore the barrier function of
the skin and enhance healing. Pathological scar formation
(hypertrophic scarring) can occur as a long-term sequelae of
delayed wound healing. When healing is delayed, the potential
short-term common complications include wound infection
affecting the local healing process or systemic inflammatory
and immunological responses which subsequently can cause
life threatening sepsis and multi-organ failure. Fortunately,
survival rates have improved drastically over the last century
due to advancements in burn care such as early surgical
intervention, critical care support and wound care (3), (4).
However, despite further technological advancements in the
last 30 years, survival rates have not improved significantly
over the last three decades and now seem to be plateauing in
countries with high-standard burn care (5), (6), (7).
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Furthermore, since modern standard burn care allows the
majority of patients to survive thermal injury, other outcome
measurements aiming to improve quality of life become more
relevant. For example, shortening length of hospital stay,
decreasing the number of trips to the operating theatre and
optimizing the quality of restored tissue. Functional and
aesthetic outcome of the restored tissue are reflected by scar
quality in terms of pigmentation, pliability, sensation, hair
growth and function (prevention of scar contraction). All these
factors require a specialized approach aiming on regeneration
of tissue instead of tissue repair. Progress in short term results
(lifesaving wound coverage) remains essential. Subsequently,
advances of long-term results are desired to facilitate the need
for quality of life improvement of the increasing population of
burn survivors. Answers to these challenges are sought in the
field of tissue engineering. Although, advances in engineered
skin equivalents and cell-delivery to the wound bed are
emerging in burn care, they currently do not meet the expected
results and translation to clinical practice is challenging.
Keratinocyte delivery was the first skin cell transplantation
successfully translated to the clinical burn care. In the last four
decades this method has been investigated widely and
numerous researchers have contributed to a variety of
improvements. This review gives an updated overview on
applications of keratinocyte delivery in burns and wound
healing and future therapeutic cell delivery options with a
special interest in hydrogels and spray devices for cell
delivery.
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Skin

Epidermis: The skin is the largest organ of the body and has a
barrier function, preventing the passage of water, electrolytes,
and pathogens (Fig. 1). The epidermis is predominantly formed
from highly specialized epithelial cells called keratinocytes.
Other cells which can be found in the epidermis include
Langerhans' cells, melanocytes and Merkel cells, which are
responsible for immune regulation, pigmentation and sensory
function. Keratinocytes play a key role in epidermal restoration
following injury through proliferation and re-epithelialization
(Fig. 2). Solely epidermal injuries will achieve re-
epithelialization from proliferated keratinocytes and heal by
regeneration without scarring (8), (9). Differentiated
keratinocytes perform their barrier function through the
provision of a mechanical barrier in the formation of a
keratinized layer and by reacting to invasion of pathogens via
release of pro-inflammatory mediators which subsequently
attract leukocytes to the site of invasion.

Fig. 1. Layers and function of the skin

The uppermost layer of the skin is the epidermis. The
epidermis consists of 5 main layers described from deep to
superficial: stratum basale, stratum spinosum, stratum
granulosum, stratum lucidum and stratumcorneum. The
epidermis has two distinct functions: a protective barrier
function against trauma and fighting off pathogens as well as a
controlling function regulating body temperature, fluid and
electrolyte balance. Other functions of the epidermis include
production of vitamin D, pigmentation, providing mechanical
strength and it has a role in cutaneous immune function.

Fig. 2. Keratinocyte differentiation and markers

Diagram is showing differentiation of keratinocytes in the
epidermis with expression of stratification markers. Basal
keratinocytes express Keratin 5, keratin 14 and keratin 15.
When keratinocytes differentiate they move upwards into the
suprabasal layers: stratum spinosum, stratum granulosum and
finally stratum corneum. Differentiating keratinocytes express
specific markers in each epidermal layer. Keratinocytes
proliferate from the basal cells of the innermost layer of the
skin (stratum basale). The epidermal stem cells are attached by
hemi-desmosomes to the stratum basale and can divide into
either more stem cells, which persist indefinitely and to
maintain the layer's regenerative capacity, or into transit
amplifying cells which have limited division potential. As the
transit amplifying cells continue to divide and proliferate,
differentiation occurs. Throughout this differentiation process,
the keratinocytes migrate upwards towards the stratum
spinosum and stratum granulosum to eventually become
corneocytes which form a relatively impermeable outer layer,
the stratum corneum. Once fully differentiated, these
corneocytes lose their nucleus and cytoplasmic organelles and
will eventually be shed off via desquamation. The estimated
time for turnover from epidermal stem cell to desquamation in
healthy human skin is around 39 days (10). During this
process, keratinocytes express several differentiation proteins
including keratins which are intermediate filament proteins in
epithelial cells. Keratins play a host of important function
including the provision of structural support, protection of
epithelial cells from mechanical and non-mechanical stress and
the regulation of apoptosis and protein synthesis (11).

Dermis and basement membrane: Underneath the epidermis,
the dermal layer acts a support network, providing strength and
elasticity to the skin. Fibroblasts are the key cells of the
dermis. Fibroblasts are responsible for the production and
maintenance of the extracellular matrix which is formed by
fibrous components (collagen and elastin) embedded in non-
fibrous elements such as proteoglycans and
glycosaminoglycans (GAGs). Collagens are the main structural
element of the extracellular matrix (ECM) and provide tensile
strength, regulate cell adhesion and support migration. Other
cellular components include endothelial cells, smooth muscle.

Wound healing and keratinocytes

The role of keratinocytes in wound healing: The skin barrier
function can be disrupted by trauma such as a thermal injury. Wound
healing usually occurs via four overlapping phases; hemostasis,
inflammation, proliferation and remodeling. Normally this process is
sufficient to allow the skin to repair itself after injury. However,
extensive skin loss, as seen in burn victims, requires intervention to
allow for tissue restoration. Burn injuries are often caused by heat,
however, electricity, radiation, chemicals or friction can also result in
similar injuries clinically (25). Following thermal injury, a complex
healing process will start with the involvement of numerous
specialized and interacting cells, molecules and pathways. The
cellular response involves macrophages, platelets, fibroblasts,
epithelial and endothelial cells. In addition to the various cellular
interactions, proteins and glycoproteins such as growth factors,
cytokines, chemokines, inhibitors and their receptors can also
influence healing. Although, burns heal differently from normal
wound healing, the phases of healing remain the same (26).
Keratinocytes and fibroblasts play an important role in the
proliferative phase which is focused on the replacement of the
damaged ECM and restoration of tissue structure and function.
Activation of keratinocytes and fibroblasts by macrophages via
cytokine and growth factor release causes angiogenesis, collagen
production, ECM production and epithelialization (27).
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The restoration of the vascular network is essential as angiogenesis
supports cell activity by providing oxygen and nutrients to the wound
bed. Once endothelial cells are activated by macrophages, they loosen
their cell to cell junctions in order to migrate. This process as well as
endothelial proliferation is encouraged by a hypoxic and acidotic
environment which is typically found in wounds. Finally,
revascularization occurs when sprouted vessels organize into capillary
networks. Vascularization consequently neutralizes the hypoxic and
acidotic wound environment and leads to decreased production of
angiogenic factors. This eventually results in reduction of endothelial
cell migration and proliferation (8), (28).Within hours of injury re-
epithelialization starts with a vital role being played by keratinocytes.
The quantity of epidermal stem cells residing in stem cell niches such
as in the hair follicles, sebaceous glands and basal layers of the
interfollicular epidermis determines the regenerative capability of the
skin (8), (24). Activated by growth factors released by macrophages,
keratinocytes migrate to the wound bed and fill the defect (Fig. 3). In
order for keratinocytes to start their migration they undergo
phenotypical alterations by loosening of intercellular adhesions,
although some desmosome contacts are sustained (8). Furthermore,
cells can separate from the basal layer once hemidesmosomes are
disrupted which allows them to migrate laterally (8), (29). When
integrin receptors are expressed, the keratinocytes flatten and the
altered basal keratinocytes migrate over the granulation tissue to form
a monolayer of epithelial cells, but remain under the non-viable
eschar of the burn wound. While moving they secrete proteolytic
enzymes that enable the degradation of provisional matrix and
promotes further cell migration (30). After a confluent sheet of cells
covers the wound bed, the cells then divide to form a multi-layered
stratified epithelium and mature under the influence of TGF-β1 and
TGF- β2 (31).

Fig. 3 Role of keratinocytes in re-epithelialization

Schematic illustration of a skin injury with keratinocytes as key cells.
Keratinocytes are activated via proinflammatory cytokines and
growth factors released in the wound bed. Once activated,
keratinocytes from the wound edges and dermal appendages migrate
over the provisional matrix and finally close the defect in a process
called epithelization. When the basal layer is spared from injury, basal
keratinocytes can support this process by upward migration as occurs
in non-injured skin. Activated keratinocytes communicate with other
cell types present in the epidermis. Epithelial cells proliferate and
differentiate to achieve a stratified epithelium with restoration of the
barrier function of the skin. Maturation of the wound continues over a
period of several months with fibroblasts remodeling the underlying
dermis.(Source: Britt ter Horst).Keratinocytes play a vital role in
especially the proliferative phase of burn wound healing leading to
epithelialization and restoration of the vascular network. For this
reason and the possibility of in vitro keratinocyte culture,
keratinocytes are considered an excellent candidate for cell
transplantation.

Rational for keratinocyte transplantation: Traditional therapy for
severe burns is surgical debridement and autologous skin graft.
However, with extensive burn injury healthy donor site is scarce and
alternatives to restore skin function are necessary. When rapid
epithelialization can be achieved the skin barrier function is restored
and this can determine a patient's likelihood of survival. Clearly, it is

important in the treatment of a burn injury to focus on quick re-
epithelialization. Therefore, development of successful and efficient
autologous skin replacement techniques is highly desirable. Wound
closure will not occur without epithelialization and epithelialization
will not occur without the presence of keratinocytes in the wound bed
(8). To achieve faster re-epithelialization, keratinocyte transplantation
was introduced as part of the burn wound care arsenal over 30 years
ago. However, the original autologous keratinocyte transplantation
technique has several disadvantages which has spurred researchers to
seek for improvements in cell culture technique, delivery systems and
also the optimization of the timing of keratinocyte transplantation
(35).

Application types of keratinocytes transplantation: In patients with
burn injury keratinocytes can be isolated from a small skin biopsy as
illustrated above. The autologous keratinocytes can be cultured and
delivered to the wound bed of the patient by several methods. First to
be developed was a sheet of cultured epithelial cells, thereafter a
single cell suspension applied to the wound by dripping from a
syringe and latest development is application of cultured or
uncultured cells in single suspension with a spray device.(Source:
Britt ter Horst).

Cultured autologous keratinocyte sheets

Fig. 6 Methods of autologous keratinocyte transplantation
to burn wounds

Cultured keratinocyte sheets: In 1981, O'Connor et al. reported the
first transplant of cultured autologous keratinocytes to treat a burn
injury (43). Cultured epithelial autografts (CEA) were developed to
replace the epidermis and restore the barrier function of the skin (78),
(79). In the last three decades CEAs have been adapted and
introduced to the clinical setting (Fig. 4).

Fig. 4
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Fig. 5.

Burn wound coverage with cultured epithelial autografts
applied in sheets. In this example, successful burn wound
healing in about 2 weeks was achieved when the sheets were
removed a week after application. a) Deep second degree burn
in the back of a 29-year old patient after excision of the burn b)
application of cultured keratinocyte sheets c) removal of sheets
8 days after surgery and d) complete healing 16 days after
surgery. (Reprinted from Burns Volume 41, Issue 1, Pages 71–
79, Cultured autologous keratinocytes in the treatment of large
and deep burns: A retrospective study over 15 years, Celine
Auxenfans, Veronique Menet, Zulma Catherine, Hristo
Shipkov, Pierre Lacroix, Marc Bertin-Maghit, Odile Damour,
Fabienne Braye, Copyright (2017), with permission from
Elsevier.) Nowadays, several commercialized bioengineered
skin products derived from autologous cells are available. In
general, clinicians harvest autologous skin and the company
produces a graftable substrate seeded with the autologous cells
for clinical use in approximately 2 weeks (Epicel, Genzyme,
Cambridge, MA and Laserskin, Fidia, Italy). The timeframe
wherein viability of the grafts can be ascertained (shelf-life) is
24–48 h. These services will often involve high costs and a
certain waiting time and narrow application timeframe. In
2007, the FDA approved the use of CEAs for use in patients
with deep dermal or full thickness burns greater than, or equal
to 30% TBSA (Epicel, Genzyme, Cambridge, MA) (43), (80),
(81). The main advantage of cultured epithelial autografts is
that large areas of the body can be covered with autologous
cells derived from a small biopsy and improvement in the
speed of re-epithelialization has been reported.

Introduction of dermal substitutes including cultured
keratinocytes: In terms of cosmetic results, CEA seems to
have better results when compared to wide mesh autograft in
extensive burns (82). However, several authors who have
reviewed the use of cultured epithelial autografts in burn care
have found variability in terms of graft take and cosmetic
outcomes (46), (83), (84). A major disadvantage of this
technique is the long time-interval between biopsy and
grafting. Although the average culture time has improved from
5 (43) to about 3 weeks (85), (86), variability among patients
has been described, especially among different age groups
(87).

Following burn excision, the wound can be temporary covered
with allograft and/or xenograft dressings for several weeks
until CEA is ready. However, this is related to a higher risk of
wound colonization and infection (46). The ideal timing for
keratinocyte transplantation is difficult to determine as it is
dependent on several factors including hospital facilities and
patient conditions (86), (88). Furthermore, both short- and
long-term clinical limitations such as the formation of bullae,
poor take rates, fragility of the sheets and wound contractures
have been reported (88), (89), (90). These may be due to the
lack of a dermal component that is necessary to support the
new epidermal layer. The restoration of the dermis is important
for the skin to regain mechanical strength and to facilitate
adherence of the new or transplanted epidermis (36). Although
in one study, an advanced application technique with allograft
wound bed preparation and combination of CEA with wide
meshed autograft seems to improve take rates up to 84% (91).

Cell culture is an expensive process and the cost/benefit
relationship of this method is heavily debated (92). Finally, the
potential of graft site malignancy after keratinocyte
transplantation has been highlighted (93), (94). However, the
type of malignancy reported, squamous cell carcinoma, is also
known to occur in burn wounds and scars in the absence of
keratinocyte transplantation (95). With a complete absence of a
dermal component, the cultured keratinocytes are thought to be
of limited value in treating full thickness burns due to the poor
quality of the resulting epidermis. Consequently, this has led
researchers to optimize the wound bed via the use of allogenic
or artificial substitutes prior to keratinocyte transplantation. A
further approach is to grow or seed the cultured keratinocytes
on a (dermal) substitute to facilitate secure transplantation and
improve healing potential (96). This concept was introduced by
Hansbrough and Boyce in 1989 (97). Many types of delivery
systems have since followed, and have been extensively
discussed in the literature throughout the years (98), (99),
(100). Limitations in keratinocyte cell culture methods and
transplantation have impeded the widespread use of this
technique in the clinical setting. The use of single-cell
suspension was introduced predominantly to shorten the culture
time.

Autologous keratinocyte transplantation in suspension: To
overcome the main negative features of epidermal sheets
which are the long culture times and poor cell adhesion to the
wound bed, delivery of cells in suspension form has been
investigated. While epidermal sheets contain cultured
confluent cells that are passed the phase of exponential growth,
cell suspension delivery systems can be designed to contain
pre-confluent cells. Ideally, these cells are harvested or
passaged when reaching a 70–80% coverage of culture dishes
to ensure their proliferative capability and avoid confluence,
hence the term pre- or sub confluent cells. When a sufficient
cell number is reached (after approximately 2 weeks of
culture), the cells are detached and suspended in a saline
solution for clinical use. As differentiation in vitro is not
desirable, keratinocytes in a pre-confluent suspension form is
often preferred for transplant.

Spray delivery of cultured keratinocytes to enhance burn
wound healing. In this example, a mixed depth burn to the
abdomen was treated with solely sprayed cultured
keratinocytes (no additional mesh grafting) 27 days after
injury.
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The wound was considered to have healed completely 10 days
after treatment. Unfortunately, long term outcomes in terms of
scar quality were not available for this patient. (Reprinted from
Burns Volume 36, Issue 3, Pages e10–e20, sprayed cultured
autologous keratinocytes used alone or in combination with
meshed autografts to accelerate wound closure in difficult-to-
heal burns patients, S. Elizabeth James, Simon Booth, Baljit
Dheansa, Dawn J. Mann, Michael J. Reid, Rostislav V.
Shevchenko, Philip M. Gilbert, Copyright (2017), with
permission from Elsevier.)

Uncultured keratinocytes suspension: Nowadays, several
commercially available spray cell delivery products are used
clinically to enhance burn wound healing. These techniques
can be categorized by the type and level of confluence of the
transplanted cells. The use of pre-confluent cells can shorten
culturing time and facilitate more rapidly available cellular
grafts, which in theory is likely to reduce the risk of wound
infections and consequently the length of hospital stay (101),
(102). A commercial suspension consisting of autologous pre-
confluent keratinocytes has been available since 2007 for
aerosol delivery.

Hydrogels in burn care: Cell transplantation techniques have
changed significantly after the introduction of different cell
carriers and various forms of cell spray techniques.
Nevertheless, some shortcomings of the suspension application
technique have yet to be addressed. For example, spraying on
an uneven wound bed that often also occurs on a curved body
contour, can result in uneven spreading of the of the cell
suspension or dripping off the wound bed (46), (124). A
potentially useful development of keratinocyte transplantation
is to improve the method of delivery in order to optimize cell
delivery to the designated area and stimulate cell adherence to
the wound bed. More recently, cell transplantation exploiting
hydrogel carriers have gain interest among researchers. In the
past decade biomaterials to mediate cell delivery and
accommodate cells in a 3D microenvironment have been
investigated. A plethora of synthetic and natural polymers
which may form hydrogels have been studied as potential cell
delivery vehicles due to their ability to integrate with healthy
tissue.

Hydrogels: Hydrogels are defined as polymer networks with
the ability to swell and absorb water within their structure. Due
to their hydrophilic nature and flexibility they are very similar
mechanically to human soft tissue. Both natural and synthetic
hydrogels could be considered for tissue engineering. Natural
hydrogels benefit from high biological affinity and are often
easily degradable, but the risk of infection transmission and
difficulties with purification has increased the popularity of
synthetic hydrogels. (125), (126) Biopolymer gels can be
formed out of polysaccharides or proteins. For example,
polysaccharides obtained from plants (gum acacia, guar gum,
starch, psyllium (127)), seaweeds (alginate, agarose,
carrageenans), micro-organisms (dextran, gellan gum) or
animal derived (chitosan, chitin) (hyaluronic acid) and proteins
gained from animal or human tissue (collagen, fibrin, gelatin,
elastin) or animal products (silk sericin, silk fibroin) (128).
Hydrogels currently available for patient care have been
reviewed by many clinicians, but a skin substitute that is able
to achieve complete skin regeneration has not yet been
reported (79), (129), (130), (131). However, hydrogels play a
promising role in the development of next generation skin
substitutes in burn care and are often used as wound dressings

(132), (133), regenerative scaffolds or delivery devices for
cells and therapeutic e.g. drugs, growth factors etc. Hydrogels
have several characteristics to promote skin healing such as the
ability to absorb and release water, which is useful in
regulating burn wound exudate. Furthermore, the architecture
of hydrogels can be modified to mimic the body's own
extracellular matrix and their tunable mechanical properties
can provide customized elasticity and flexibility (125) and
make them suitable candidates for skin regeneration (66),
(134), (135), (136), (137), (138), (139). Chitosan is a
hydrophilic, non-toxic polysaccharide derived from de-
acetylated chitin, obtained from crustaceans or fungi (140).
Due to its numerous advantageous characteristics such as the
ability to encourage haemostasis, the ability to be modified so
that it can be degraded by human enzymes and availability of a
variety of formulation forms (141), chitosan hydrogels have
been widely used in many biomedical applications. Topical
forms of chitosan are used as wound healing stimulating
dressings, for hemostasis (142), (143) and specifically for use
in the treatment of burn wounds (144), (145). Furthermore, the
positive influence of chitosan on keratinocyte proliferation and
adhesion has been described previously (146) and chitosan as a
bio-active polymer is suggested as a promising candidate for
tissue regeneration (147).

Alginate: Alginate is a negatively charged polysaccharide
derived from the cell walls of brown algae (seaweed) and has
hydrophilic properties. Besides its widespread use in the food
and paper printing industry, it has gained much popularity as a
biomaterial due to its non-immunogenicity, low cost, and
simple gelation method. Alginate is FDA approved for medical
applications and is commercially available as alginate based
dressings such as Kaltostat® which are widely used in burn
treatment (9), (148) Alginate dressings are also commonly
used for the coverage of donor sites post skin harvest and has
also been successful in the treatment of pediatric burn patients
(149).

Fibrin: Fibrin is a protein which can be derived from human
or animal blood. It can naturally form a gel and acts as a
hemostatic agent in the body after tissue injury. For this
reason, fibrin has been used as a sealant (fibrin glue) in the
medical field (150). For wound healing, fibrin sealants and
gels have been used for the delivery of several cell types such
as fibroblasts (151), (152), mesenchymal stem cells (121) and
keratinocytes (153), (154), (155). Specifically, in keratinocyte
spray delivery, additional fibrin sealant seems beneficial for
adhesion of the suspension to the (artificial) wound bed (40),
(124), (156). In contrast, Currie et al. performed a histological
and immune-histological analysis and did not show a
difference when adding fibrin glue to a keratinocyte spray
delivery system in terms of epithelialization (157).
Furthermore, fibrin has also been explored for keratinocyte
transplantation in combination with a dermal substitute. For
example, encapsulated keratinocytes seeded in alloderm (158),
keratinocytes seeded on a fibrin based dermal matrix
containing fibroblasts (153), (159) or as a glue to enhance
adhesion of human dermis (160) or Integra (161). More
recently, angiogenesis stimulating factors have been added to
fibrin scaffolds to improve regeneration of ischemic tissue
(162).

Collagen: Collagen is the most abundant protein in the human
body, it is the main structural protein of the extracellular
matrix and has a key role in wound healing (163). Therefore,
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many tissue engineered collagen based products have been
developed. In 1981, Burke and Yannas developed an artificial
dermal replacement based on collagen, which has eventually
led to the production of the commercialized dermal substitute
Integra (164). In the same decade, Hansbrough et al. used a
collagen glycosaminoglycan scaffold with attached cultured
autologous keratinocytes and fibroblasts in burn wound
treatment (97). Since then, collagen matrices in different forms
have been investigated thoroughly in wound healing; as
(a)cellular dermal replacements (163), (164), (165), (166),
(167), (168) or as a bilayered skin substitutes such as Orcel
(166), Transcyte (169), Apligraft (170), Integra (171) and
Matriderm (63). Also, collagen hydrogels have been developed
for tissue regeneration (64) with autologous cells incorporated
to improve burn wound healing (139). Although widely
investigated and used in clinical practice, collagen matrices
and hydrogels have a fast degradation when applied to human
tissue which can have an undesirable effect. However, the
rapid degradation of collagen-based biomaterials can be
stabilized through chemical cross-linking (172). Examples of
other hydrogels used for cell delivery in wound healing or
specifically burn care are gelatin (173), hyaluronic acid (81),
(174), silk sericin (70), (175) and dextran (66), (176). All the
above-mentioned hydrogels have been successfully translated
to clinical practice and some are part of the standard burns
wound treatment arsenal. Hydrogels have advanced burn care
as part of tissue engineered skin substitutes, incorporated in
dressings, topical creams or as sprayable substance.

Potential therapeutic applications

Future approaches keratinocyte transplantation: Several
reviews in the last decade have discussed the future
implications of skin tissue engineering and/or specifically
keratinocyte cell transplantation in the treatment of burns (35),
(36), (54), (131), (182). Larger burn wounds often require
mesh grafting. Autologous epidermal cell transplantation can
complement mesh grafting by stimulating rapid
epithelialization, which is highly desirable to improve patient's
chance of survival and eventually improve scarring. Burns
specific clinical studies investigating keratinocyte
transplantation are available, but due to heterogeneity of the
studies and different outcome parameters the evidence remains
low. Comparative trials with standardized outcomes and
ideally randomized treatment for available cell transplantation
techniques are required. Due to the disadvantages of CEA
sheets, future research is focused on optimizing keratinocyte
proliferation by transplantation of pre- or sub confluence cells.
Further improvement of keratinocyte culture method in terms
of culture time, reducing infection risk and elimination of
xenobiotic products and also antibiotics needs to be further
investigated. Graft attachment in keratinocyte transplantation
remains an important focus for research. Boyce and Supp
developed a cultured skin substitute containing cultured human
keratinocytes and fibroblasts attached to a collagen-
glycosaminoglycan matrix which seems to form a basement
membrane at the dermal-epidermal junction in vitro (183).
Importance of basement membrane formation and rapid
epithelialization has to be taken into account in novel cell
spray or carrier delivery methods (183), (184).

Future spray cell delivery systems for burns wound care:
Spray cell delivery to burn wounds can overcome the major
issues of conventional grafting techniques by reducing donor
site and enhance fast re-epithelialization. The available

delivery systems can be improved by optimizing spray features
to aim for high cell viability and proliferation. This should be
tailored according to cell type and receiver surface. Spray
features to optimize might be: air delivery pressure, nozzle
designs, carrier type and depending on technique of delivery,
cell containing droplet size (178), (179), (181). Further
research should take into account the importance of preventing
cell damage, since this could reflect poor proliferation (178),
(180). Hydrogels could potentially serve as a mechanical
protection for the cells during transplantation and provide
structural support once transplanted. Although in vitro studies
have shown good short-term cell survival post aerosol
delivery, clinical studies have not been able to show similar
results as yet. The challenge for researchers is to develop a
feasible spray delivery system with acceptable cell viability
and proliferation which can be translated to clinical studies.
Also, current clinical cell spray devices could potentially
benefit from these optimized features.

REFERENCES
1. Jackson P.C., Hardwicke J., Bamford A., Nightingale P.,

Wilson Y., Papini R. Revised estimates of mortality from
the Birmingham Burn Centre, 2001–2010: a continuing
analysis over 65 years. Ann. Surg. 2014;259(5):979–984.
(PubMed) (Google Scholar)

2. Web-based injury statistics query and reporting system
(Internet) 2014. https://www.cdc.gov/injury/wisqars/ (cited
06/10/2016). Available from: (PMC free article) (PubMed)

3. Osler T., Glance L.G., Hosmer D.W. Simplified estimates of
the probability of death after burn injuries: extending and
updating the Baux score. J. Trauma. 2010;68(3):690–697.
(PubMed) (Google Scholar)

4. Tobiasen J., Hiebert J.M., Edlich R.F. The abbreviated burn
severity index. Ann. Emerg. Med. 1982;11(5):260–262.
(PubMed) (Google Scholar)

5. Muller M.J., Herndon D.N. The challenge of burns. Lancet
(London, England) 1994;343(8891):216– 220. (PubMed)
(Google Scholar)

6. McGwin G., Jr., Cross J.M., Ford J.W., Rue L.W., 3rd.
Long-term trends in mortality according to age among
adult burn patients. J. Burn Care Rehabil. 2003;24(1):21–
25. (PubMed) (Google Scholar)

7. Forster N.A., Zingg M., Haile S.R., Kunzi W., Giovanoli P.,
Guggenheim M. 30 years later—does the ABSI need
revision? Burns. 2011;37(6):958–963. (PubMed) (Google
Scholar)

8. Pastar I., Stojadinovic O., Yin N.C., Ramirez H., Nusbaum
A.G., Sawaya A. Epithelialization in wound healing: a
comprehensive review. Adv. Wound Care. 2014;3(7):445–
464. (PMC free article) (PubMed) (Google Scholar)

9. Herndon D.N. Saunders Elsevier; Edinburgh: 2012. Total
Burn Care. (Google Scholar)

10. Weinstein G.D., McCullough J.L., Ross P. Cell
proliferation in normal epidermis. J. Invest.

Dermatol. 1984;82(6):623–628. (PubMed) (Google Scholar)
11. Gu L.H., Coulombe P.A. Keratin function in skin epithelia:

a broadening palette with surprising
shades. Curr. Opin. Cell Biol. 2007;19(1):13–23. (PubMed)

(Google Scholar)
12. Omary M.B., Coulombe P.A., McLean W.H. Intermediate

filament proteins and their associated
diseases. N. Engl. J. Med. 2004;351(20):2087–2100. (PubMed)

(Google Scholar)

18148 Dr. Anuradha Kishor, Advancement in burn wound care: a review

, June, 2021



13. Steven A.C., Bisher M.E., Roop D.R., Steinert P.M.
Biosynthetic pathways of filaggrin and loricrin —two
major proteins expressed by terminally differentiated
epidermal keratinocytes. J. Struct. Biol. 1990;104(1–
3):150–162. (PubMed) (Google Scholar)

14. Bikle D.D., Xie Z., Tu C.L. Calcium regulation of
keratinocyte differentiation. Expert. Rev. Endocrinol.
Metab. 2012;7(4):461–472. (PMC free article) (PubMed)
(Google Scholar)

15. Denecker G., Ovaere P., Vandenabeele P., Declercq W.
Caspase-14 reveals its secrets. J. Cell Biol.
2008;180(3):451–458. (PMC free article) (PubMed)
(Google Scholar)

16. Boyce S.T., Ham R.G. Calcium-regulated differentiation of
normal human epidermal keratinocytes in chemically
defined clonal culture and serum-free serial culture. J.
Invest. Dermatol. 1983;81(1 Suppl):33s–40s. (PubMed)
(Google Scholar)

17. Su M.J., Bikle D.D., Mancianti M.L., Pillai S. 1,25-
Dihydroxyvitamin D3 potentiates the keratinocyte response
to calcium. J. Biol. Chem. 1994;269(20):14723–14729.
(PubMed) (Google Scholar)

18. Oda Y., Tu C.L., Menendez A., Nguyen T., Bikle D.D.
Vitamin D and calcium regulation of epidermal wound
healing. J. Steroid Biochem. Mol. Biol. 2016;164:379–385.
(PMC free article) (PubMed) (Google Scholar)

19. Cichorek M., Wachulska M., Stasiewicz A., Tyminska A.
Skin melanocytes: biology and development. Postep.
Dermatol. Alergol. 2013;30(1):30–41. (PMC free article)
(PubMed) (Google Scholar)

20. Werner S., Krieg T., Smola H. Keratinocyte-fibroblast
interactions in wound healing. J. Invest. Dermatol.
2007;127(5):998–1008. (PubMed) (Google Scholar)

21. Szabowski A., Maas-Szabowski N., Andrecht S., Kolbus
A., Schorpp-Kistner M., Fusenig N.E. c- Jun and JunB
antagonistically control cytokine-regulated mesenchymal-
epidermal interaction in skin. Cell. 2000;103(5):745–755.
(PubMed) (Google Scholar)

22. Rozario T., DeSimone D.W. The extracellular matrix in
development and morphogenesis: a dynamic view. Dev.
Biol. 2010;341(1):126–140. (PMC free article) (PubMed)
(Google Scholar)

23. Has C., Kern J.S. Collagen XVII. Dermatol. Clin.
2010;28(1):61–66. (PubMed) (Google Scholar) 24. Levy
V., Lindon C., Zheng Y., Harfe B.D., Morgan B.A.
Epidermal stem cells arise from the hair

follicle after wounding. FASEB J. 2007;21(7):1358–1366.
(PubMed) (Google Scholar)

25. (WHO) WHO Burns - fact sheet 2016.
http://www.who.int/mediacentre/factsheets/fs365/en/

26. Rowan M.P., Cancio L.C., Elster E.A., Burmeister D.M.,
Rose L.F., Natesan S. Burn wound healing and treatment:
review and advancements. Crit. Care. 2015;19:243. (PMC
free article) (PubMed) (Google Scholar)

27. Gurtner G.C., Werner S., Barrandon Y., Longaker M.T.
Wound repair and regeneration. Nature.
2008;453(7193):314–321. (PubMed) (Google Scholar)

28. Grose R., Werner S. Wound-healing studies in transgenic
and knockout mice. Mol. Biotechnol. 2004;28(2):147–166.
(PubMed) (Google Scholar)

29. Litjens S.H., de Pereda J.M., Sonnenberg A. Current
insights into the formation and breakdown of
hemidesmosomes. Trends Cell Biol. 2006;16(7):376–383.
(PubMed) (Google Scholar)

30. Chen P., Parks W.C. Role of matrix metalloproteinases in
epithelial migration. J. Cell. Biochem. 2009;108(6):1233–
1243. (PMC free article) (PubMed) (Google Scholar)

31. Jiang C.K., Tomic-Canic M., Lucas D.J., Simon M.,
Blumenberg M. TGF beta promotes the basal phenotype of
epidermal keratinocytes: transcriptional induction of K#5
and K#14 keratin genes. Growth Factors (Chur,
Switzerland) 1995;12(2):87–97. (PubMed) (Google
Scholar)

32. Zawacki B.E., Spitzer K.W., Mason A.D., Jr., Johns L.A.
Does increased evaporative water loss cause
hypermetabolism in burned patients? Ann. Surg.
1970;171(2):236–240. (PMC free article) (PubMed)
(Google Scholar)

33. Pham T.N., Cancio L.C., Gibran N.S. American Burn
Association practice guidelines burn shock resuscitation. J.
Burn Care Res. 2008;29(1):257–266. (PubMed) (Google
Scholar)

34. Robins E.V. Burn shock. Crit. Care Nurs. Clin. North Am.
1990;2(2):299–307. (PubMed) (Google Scholar)

35. Lootens L., Brusselaers N., Beele H., Monstrey S.
Keratinocytes in the treatment of severe burn injury: an
update. Int. Wound J. 2013;10(1):6–12. (PMC free article)
(PubMed) (Google Scholar)

36. Metcalfe A.D., Ferguson M.W. Tissue engineering of
replacement skin: the crossroads of biomaterials, wound
healing, embryonic development, stem cells and
regeneration. J. R. Soc. Interface. 2007;4(14):413–437.
(PMC free article) (PubMed) (Google Scholar)

37. Nowak J.A., Polak L., Pasolli H.A., Fuchs E. Hair follicle
stem cells are specified and function in early skin
morphogenesis. Cell Stem Cell. 2008;3(1):33–43. (PMC
free article) (PubMed) (Google Scholar)

38. Mohd Hilmi A.B., Halim A.S. Vital roles of stem cells and
biomaterials in skin tissue engineering. World J. Stem
Cells. 2015;7(2):428–436. (PMC free article) (PubMed)
(Google Scholar)

39. Rheinwald J.G., Green H. Serial cultivation of strains of
human epidermal keratinocytes: the formation of
keratinizing colonies from single cells. Cell.
1975;6(3):331–343. (PubMed) (Google Scholar)

40. Duncan C.O., Shelton R.M., Navsaria H., Balderson D.S.,
Papini R.P., Barralet J.E. In vitro transfer of keratinocytes:
comparison of transfer from fibrin membrane and delivery
by aerosol spray. J Biomed Mater Res B Appl Biomater.
2005;73(2):221–228. (PubMed) (Google Scholar)

41. Rasmussen C., Thomas-Virnig C., Allen-Hoffmann B.L.
Methods Mol. Biol. (Clifton, NJ) 2013;945:161–175.
(Google Scholar)

42. Green H., Kehinde O., Thomas J. Growth of cultured
human epidermal cells into multiple epithelia suitable for
grafting. Proc. Natl. Acad. Sci. U. S. A. 1979;76(11):5665–
5668. (PMC free article) (PubMed) (Google Scholar)

43. O'Connor N.E., Mulliken J.B., Banks-Schlegel S., Kehinde
O., Green H. Grafting of burns with cultured epithelium
prepared from autologous epidermal cells. Lancet.
1981;1(8211):75–78. (PubMed) (Google Scholar)

44. Poumay Y., Pittelkow M.R. Cell density and culture
factors regulate keratinocyte commitment to differentiation
and expression of suprabasal K1/K10 keratins. J. Invest.
Dermatol. 1995;104(2):271– 276. (PubMed) (Google
Scholar)

45. Barrandon Y., Grasset N., Zaffalon A., Gorostidi F.,
Claudinot S., Droz-Georget S.L. Capturing epidermal

18149 International Journal of Current Research, Vol. 13, Issue, 07, pp. 18143-18154, July, 2021

, June, 2021



stemness for regenerative medicine. Semin. Cell Dev. Biol.
2012;23(8):937–944. (PubMed) (Google Scholar)

46. Chester D.L., Balderson D.S., Papini R.P. A review of
keratinocyte delivery to the wound bed. J. Burn Care
Rehabil. 2004;25(3):266–275. (PubMed) (Google Scholar)

47. Butler C.E., Yannas I.V., Compton C.C., Correia C.A.,
Orgill D.P. Comparison of cultured and uncultured
keratinocytes seeded into a collagen-GAG matrix for skin
replacements. Br. J. Plast. Surg. 1999;52(2):127–132.
(PubMed) (Google Scholar)

48. Heiskanen A., Satomaa T., Tiitinen S., Laitinen A.,
Mannelin S., Impola U. N-glycolylneuraminic acid
xenoantigen contamination of human embryonic and
mesenchymal stem cells is substantially reversible. Stem
Cells. 2007;25(1):197–202. (PubMed) (Google Scholar)

49. Sun T., Higham M., Layton C., Haycock J., Short R.,
MacNeil S. Developments in xenobiotic-free culture of
human keratinocytes for clinical use. Wound Repair Regen.
2004;12(6):626–634. (PubMed) (Google Scholar)

50. Jubin K., Martin Y., Lawrence-Watt D.J., Sharpe J.R. A
fully autologous co-culture system utilising non-irradiated
autologous fibroblasts to support the expansion of human
keratinocytes for clinical use. Cytotechnology.
2011;63(6):655–662. (PMC free article) (PubMed) (Google
Scholar)

51. Coolen N.A., Verkerk M., Reijnen L., Vlig M., van den
Bogaerdt A.J., Breetveld M. Culture of keratinocytes for
transplantation without the need of feeder layer cells. Cell
Transplant. 2007;16(6):649–661. (PubMed) (Google
Scholar)

52. Lamb R., Ambler C.A. Keratinocytes propagated in serum-
free, feeder-free culture conditions fail to form stratified
epidermis in a reconstituted skin model. PLoS One.
2013;8(1) (PMC free article) (PubMed) (Google Scholar)

53. Lenihan C., Rogers C., Metcalfe A.D., Martin Y.H. The
effect of isolation and culture methods on epithelial stem
cell populations and their progeny-toward an improved cell
expansion protocol for clinical application. Cytotherapy.
2014;16(12):1750–1759. (PubMed) (Google Scholar)

54. Gardien K.L., Middelkoop E., Ulrich M.M. Progress
towards cell-based burn wound treatments. Regen. Med.
2014;9(2):201–218. (PubMed) (Google Scholar)

55. Guerra L., Capurro S., Melchi F., Primavera G., Bondanza
S., Cancedda R. Treatment of "stable" vitiligo by
Timedsurgery and transplantation of cultured epidermal
autografts. Arch. Dermatol. 2000;136(11):1380–1389.
(PubMed) (Google Scholar)

56. Bottcher-Haberzeth S., Klar A.S., Biedermann T., Schiestl
C., Meuli-Simmen C., Reichmann E. “Trooping the color”:
restoring the original donor skin color by addition of
melanocytes to bioengineered skin analogs. Pediatr. Surg.
Int. 2013;29(3):239–247. (PubMed) (Google Scholar)

57. Biedermann T., Klar A.S., Bottcher-Haberzeth S.,
Michalczyk T., Schiestl C., Reichmann E. Long- term
expression pattern of melanocyte markers in light- and
dark-pigmented dermo-epidermal cultured human skin
substitutes. Pediatr. Surg. Int. 2015;31(1):69–76.
(PubMed) (Google Scholar)

58. Hachiya A., Sriwiriyanont P., Kaiho E., Kitahara T.,
Takema Y., Tsuboi R. An in vivo mouse model of human
skin substitute containing spontaneously sorted
melanocytes demonstrates physiological changes after
UVB irradiation. J. Invest. Dermatol. 2005;125(2):364–
372. (PubMed) (Google Scholar)

59. Iman A., Akbar M.A., Mohsen K.M., Ali F., Armin A.,
Sajjad A. Comparison of intradermal injection of
autologous epidermal cell suspension vs. spraying of these
cells on dermabraded surface of skin of patients with post-
burn hypopigmentation. Indian J. Dermatol.
2013;58(3):240. (PMC free article) (PubMed) (Google
Scholar)

60. Mulekar S.V., Ghwish B., Al Issa A., Al Eisa A. Treatment
of vitiligo lesions by ReCell vs. conventional melanocyte-
keratinocyte transplantation: a pilot study. Br. J. Dermatol.
2008;158(1):45– 49. (PubMed) (Google Scholar)

61. Huggins R.H., Henderson M.D., Mulekar S.V., Ozog
D.M., Kerr H.A., Jabobsen G. Melanocyte- keratinocyte
transplantation procedure in the treatment of vitiligo: the
experience of an academic medical center in the United
States. J. Am. Acad. Dermatol. 2012;66(5):785–793.
(PubMed) (Google Scholar)

62. Toossi P., Shahidi-Dadras M., Mahmoudi Rad M.,
Fesharaki R.J. Non-cultured melanocyte- keratinocyte
transplantation for the treatment of vitiligo: a clinical trial
in an Iranian population. J. Eur. Acad. Dermatol. Venereol.
2011;25(10):1182–1186. (PubMed) (Google Scholar)

63. Golinski P.A., Zoller N., Kippenberger S., Menke H.,
Bereiter-Hahn J., Bernd A. Development of an engraftable
skin equivalent based on matriderm with human
keratinocytes and fibroblasts. Handchir. Mikrochir. Plast.
Chir. 2009;41(6):327–332. (PubMed) (Google Scholar)

64. Sargeant T.D., Desai A.P., Banerjee S., Agawu A., Stopek
J.B. An in situ forming collagen-PEG hydrogel for tissue
regeneration. Acta Biomater. 2012;8(1):124–132.
(PubMed) (Google Scholar)

65. Huang S.P., Hsu C.C., Chang S.C., Wang C.H., Deng S.C.,
Dai N.T. Adipose-derived stem cells seeded on acellular
dermal matrix grafts enhance wound healing in a murine
model of a full-thickness defect. Ann. Plast. Surg.
2012;69(6):656–662. (PubMed) (Google Scholar)

66. Ribeiro M.P., Morgado P.I., Miguel S.P., Coutinho P.,
Correia I.J. Dextran-based hydrogel containing chitosan
microparticles loaded with growth factors to be used in
wound healing. Mater Sci Eng C Mater Biol Appl.
2013;33(5):2958–2966. (PubMed) (Google Scholar)

67. Gwak S.J., Kim S.S., Sung K., Han J., Choi C.Y., Kim
B.S. Synergistic effect of keratinocyte transplantation and
epidermal growth factor delivery on epidermal
regeneration. Cell Transplant. 2005;14(10):809–817.
(PubMed) (Google Scholar)

68. Veazey W, Moore K. Delivery of tissue engineering media.
Google Patents; 2003.

69. (NICE) NIfHaCE The ReCell Spray-On Skin system for
treating skin loss, scarring and depigmentation after burn
injury 2014 (updated November 2014. Medical
technologies guidance (MTG21))
https://www.nice.org.uk/guidance/mtg21 Available from:
(PubMed)

70. Aramwit P., Palapinyo S., Srichana T., Chottanapund S.,
Muangman P. Silk sericin ameliorates wound healing and
its clinical efficacy in burn wounds. Arch. Dermatol. Res.
2013;305(7):585–594. (PubMed) (Google Scholar)

71. Vernez M., Raffoul W., Gailloud-Matthieu M.C., Egloff
D., Senechaud I., Panizzon R.G. Quantitative assessment of
cell viability and apoptosis in cultured epidermal
autografts: application to burn therapy. Int. J. Artif.
Organs. 2003;26(9):793–803. (PubMed) (Google Scholar)

72. Navarro F.A., Stoner M.L., Park C.S., Huertas J.C., Lee
H.B., Wood F.M. Sprayed keratinocyte suspensions

18150 Dr. Anuradha Kishor, Advancement in burn wound care: a review

, June, 2021



accelerate epidermal coverage in a porcine microwound
model. J. Burn Care Rehabil. 2000;21(6):513–518.
(PubMed) (Google Scholar)

73. Duncan C.O., Shelton R.M., Navsaria H., Balderson D.S.,
Papini R.P.G., Barralet J.E. In vitro transfer of
keratinocytes: comparison of transfer fibrin membrane and
delivery by aerosol spray. J Biomed Mater Res B Appl
Biomater. 2005;73B(2):221–228. (PubMed) (Google
Scholar)

74. Dupuytren G., BdBA A.L.M.P. Baillière; Paris: 1839. Oral
Lessons of Clinical Surgery, faites à l'Hôtel-Dieu de Paris.
(Google Scholar)

75. Lee K.C., Joory K., Moiemen N.S. History of burns: the
past, present and the future. Burns Trauma. 2015;2(4):169–
180. (PMC free article) (PubMed) (Google Scholar)

76. Kadam D. Novel expansion techniques for skin grafts.
Indian J. Plast. Surg. 2016;49(1):5–15. (PMC free article)
(PubMed) (Google Scholar)

77. Singh M., Nuutila K., Kruse C., Robson M.C., Caterson E.,
Eriksson E. Challenging the conventional therapy:
emerging skin graft techniques for wound healing. Plast.
Reconstr. Surg. 2015;136(4):524e–530e. (PubMed)
(Google Scholar)

78. Liu H., Yin Y., Yao K. Construction of chitosan-gelatin-
hyaluronic acid artificial skin in vitro. J. Biomater. Appl.
2007;21(4):413–430. (PubMed) (Google Scholar)

79. Pham C., Greenwood J., Cleland H., Woodruff P.,
Maddern G. Bioengineered skin substitutes for the
management of burns: a systematic review. Burns. 2007;33
(PubMed) (Google Scholar)

80. Gallico G.G., 3rd, O'Connor N.E., Compton C.C., Kehinde
O., Green H. Permanent coverage of large burn wounds
with autologous cultured human epithelium. N. Engl. J.
Med. 1984;311(7):448–451. (PubMed) (Google Scholar)

81. Hanjaya-Putra D., Shen Y.I., Wilson A., Fox-Talbot K.,
Khetan S., Burdick J.A. Integration and regression of
implanted engineered human vascular networks during
deep wound healing. Stem Cells Transl. Med.
2013;2(4):297–306. (PMC free article) (PubMed) (Google
Scholar)

82. Barret J.P., Wolf S.E., Desai M.H., Herndon D.N. Cost-
efficacy of cultured epidermal autografts in massive
pediatric burns. Ann. Surg. 2000;231(6):869–876. (PMC
free article) (PubMed)(Google Scholar)

83. Wood F.M., Kolybaba M.L., Allen P. The use of cultured
epithelial autograft in the treatment of major burn wounds:
eleven years of clinical experience. Burns. 2006;32(5):538–
544. (PubMed) (Google Scholar)

84. Atiyeh B.S., Costagliola M. Cultured epithelial autograft
(CEA) in burn treatment: three decades later. Burns.
2007;33(4):405–413. (PubMed) (Google Scholar)

85. Munster A.M. Cultured skin for massive burns. A
prospective, controlled trial. Ann. Surg. 1996;224(3):372–
375. (discussion 5–7) (PMC free article) (PubMed)
(Google Scholar)

86. Auxenfans C., Menet V., Catherine Z., Shipkov H.,
Lacroix P., Bertin-Maghit M. Cultured autologous
keratinocytes in the treatment of large and deep burns: a
retrospective study over 15 years. Burns. 2015;41(1):71–
79. (PubMed) (Google Scholar)

87. Shi L., Lei Z.J., Zhao C.Y., Lv X.X., Jiang L., Li J. A
modified culture strategy of human keratinocytes to shorten
the primary culture time. Cell Biol. Int. 2015;39(9):1073–
1079. (PubMed) (Google Scholar)

88. Sood R., Roggy D., Zieger M., Balledux J., Chaudhari S.,
Koumanis D.J. Cultured epithelial autografts for coverage
of large burn wounds in eighty-eight patients: the Indiana
University experience. J. Burn Care Res. 2010;31(4):559–
568. (PubMed) (Google Scholar)

89. Desai M.H., Mlakar J.M., McCauley R.L., Abdullah K.M.,
Rutan R.L., Waymack J.P. Lack of long-term durability of
cultured keratinocyte burn-wound coverage: a case report.
J. Burn Care Rehabil. 1991;12(6):540–545. (PubMed)
(Google Scholar)

90. Clugston P.A., Snelling C.F., Macdonald I.B., Maledy
H.L., Boyle J.C., Germann E. Cultured epithelial
autografts: three years of clinical experience with eighteen
patients. J. Burn Care Rehabil. 1991;12(6):533–539.
(PubMed) (Google Scholar)

91. Matsumura H., Matsushima A., Ueyama M., Kumagai N.
Application of the cultured epidermal autograft
"JACE((R)") for treatment of severe burns: results of a 6-
year multicenter surveillance in Japan. Burns.
2016;42(4):769–776. (PubMed) (Google Scholar)

92. Hata K. Current issues regarding skin substitutes using
living cells as industrial materials. J. Artif. Organs.
2007;10(3):129–132. (PubMed) (Google Scholar)

93. Theopold C., Hoeller D., Velander P., Demling R.,
Eriksson E. Graft site malignancy following treatment of
full-thickness burn with cultured epidermal autograft.
Plast. Reconstr. Surg. 2004;114(5):1215–1219. (PubMed)
(Google Scholar)

94. Singh M., Nuutlia K., Chauhan A.S., Eriksson E. Invasive
squamous cell carcinoma in full- thickness burn wounds
after treatment with cultured epithelial autografts. Plast.
Reconstr. Surg. Global Open. 2015;3(7) (PMC free article)
(PubMed) (Google Scholar)

95. Phillips T.J., Salman S.M., Bhawan J., Rogers G.S. Burn
scar carcinoma. Diagnosis and management. Dermatol.
Surg. 1998;24(5):561–565. (PubMed) (Google Scholar)

96. Cuono C., Langdon R., McGuire J. Use of cultured
epidermal autografts and dermal allografts as skin
replacement after burn injury. Lancet. 1986;1(8490):1123–
1124. (PubMed) (Google Scholar)

97. Hansbrough J.F., Boyce S.T., Cooper M.L., Foreman T.J.
Burn wound closure with cultured autologous keratinocytes
and fibroblasts attached to a collagen-glycosaminoglycan
substrate. JAMA. 1989;262(15):2125–2130. (PubMed)
(Google Scholar)

98. Ojeh N., Pastar I., Tomic-Canic M., Stojadinovic O. Stem
cells in skin regeneration, wound healing, and their clinical
applications. Int. J. Mol. Sci. 2015;16(10):25476–25501.
(PMC free article) (PubMed) (Google Scholar)

99. McHeik J.N., Barrault C., Levard G., Morel F., Bernard
F.X., Lecron J.C. Epidermal healing in burns: autologous
keratinocyte transplantation as a standard procedure:
update and perspective. Plast. Reconstr. Surg. Global
Open. 2014;2 (PMC free article) (PubMed) (Google
Scholar)

100. Pham C., Greenwood J., Cleland H., Woodruff P.,
Maddern G. Bioengineered skin substitutes for the
management of burns: a systematic review. Burns.
2007;33(8):946–957. (PubMed)(Google Scholar)

101. Yim H., Yang H.T., Cho Y.S., Seo C.H., Lee B.C., Ko
J.H. Clinical study of cultured epithelial autografts in liquid
suspension in severe burn patients. Burns.
2011;37(6):1067–1071. (PubMed) (Google Scholar)

18151 International Journal of Current Research, Vol. 13, Issue, 07, pp. 18143-18154, July, 2021

, June, 2021



102. Lee H. Outcomes of sprayed cultured epithelial autografts
for full-thickness wounds: a single- centre experience.
Burns. 2012;38(6):931–936. (PubMed) (Google Scholar)

103. Hartmann B., Ekkernkamp A., Johnen C., Gerlach J.C.,
Belfekroun C., Kuntscher M.V. Sprayed cultured epithelial
autografts for deep dermal burns of the face and neck. Ann.
Plast. Surg. 2007;58(1):70–73. (PubMed) (Google Scholar)

104. Gerlach J.C., Johnen C., Ottomann C., Brautigam K.,
Plettig J., Belfekroun C. Method for autologous single skin
cell isolation for regenerative cell spray transplantation
with non-cultured cells (vol 34, pg 271, 2011) Int. J. Artif.
Organs. 2014;37(2):184. (PubMed) (Google Scholar)

105. Gravante G., Di Fede M.C., Araco A., Grimaldi M., De
Angelis B., Arpino A. A randomized trial comparing
ReCell (R) system of epidermal cells delivery versus
classic skin grafts for the treatment of deep partial
thickness burns. Burns. 2007;33(8):966–972. (PubMed)
(Google Scholar)

106. Cervelli V., De Angelis B., Balzani A., Colicchia G.,
Spallone D., Grimaldi M. Treatment of stable vitiligo by
ReCell system. Acta Dermatovenerol. Croat.
2009;17(4):273–278. (PubMed) (Google Scholar)

107. Hivelin M., MacIver C., Heusse J.L., Atlan M., Lantieri
L. Improving the colour match of free tissue transfers to the
face with non-cultured autologous cellular spray - a case
report on a chin reconstruction. J. Plast. Reconstr. Aesthet.
Surg. 2012;65(8):1103–1106. (PubMed) (Google Scholar)

108. Park J.H., Heggie K.M., Edgar D.W., Bulsara M.K.,
Wood F.M. Does the type of skin replacement surgery
influence the rate of infection in acute burn injured
patients? Burns. 2013;39(7):1386–1390. (PubMed)
(Google Scholar)

109. Sood R., Roggy D.E., Zieger M.J., Nazim M., Hartman
B.C., Gibbs J.T. A comparative study of spray
keratinocytes and autologous meshed split-thickness skin
graft in the treatment of acute burn injuries. Wounds.
2015;27(2):31–40. (PubMed) (Google Scholar)

110. Gerlach J.C., Johnen C., Ottomann C., Brautigam K.,
Plettig J., Belfekroun C. Method for autologous single skin
cell isolation for regenerative cell spray transplantation
with non-cultured cells. Int. J. Artif. Organs.
2011;34(3):271–279. (PubMed) (Google Scholar)

111. Gerlach J.C., Johnen C., McCoy E., Brautigam K., Plettig
J., Corcos A. Autologous skin cell spray-transplantation for
a deep dermal burn patient in an ambulant treatment room
setting. Burns. 2011;37(4):e19–e23. (PubMed) (Google
Scholar)

112. Esteban-Vives R., Young M.T., Zhu T., Beiriger J., Pekor
C., Ziembicki J. Calculations for reproducible autologous
skin cell-spray grafting. Burns. 2016;42(8):1756–1765.
(PubMed) (Google Scholar)

113. Lee K.C., Dretzke J., Grover L., Logan A., Moiemen N.
A systematic review of objective burn scar measurements.
Burns Trauma. 2016;4:14. (PMC free article) (PubMed)
(Google Scholar)

114. Goedkoop R., Juliet R., You P.H.K., Daroczy J., de Roos
K.P., Lijnen R.L.P. Wound stimulation by growth-arrested
human keratinocytes and fibroblasts: HP802-247, a new-
generation allogeneic tissue engineering product.
Dermatology. 2010;220(2):114–120. (PubMed) (Google
Scholar)

115. Kirsner R.S., Marston W.A., Snyder R.J., Lee T.D.,
Cargill D.I., Slade H.B. Spray-applied cell therapy with
human allogeneic fi broblasts and keratinocytes for the
treatment of chronic venous leg ulcers: a phase 2,

multicentre, double-blind, randomised, placebo-controlled
trial. Lancet. 2012;380(9846):977–985. (PubMed) (Google
Scholar)

116. Kirsner R.S., Marston W.A., Snyder R.J., Lee T.D.,
Cargill D.I., Zhang Y.X. Durability of healing from spray-
applied cell therapy with human allogeneic fibroblasts and
keratinocytes for the treatment of chronic venous leg
ulcers: a 6-month follow-up. Wound Repair Regen.
2013;21(5):682–687. (PubMed) (Google Scholar)

117. Lantis J.C., Marston W.A., Farber A., Kirsner R.S.,
Zhang Y.X., Lee T.D. The influence of patient and wound
variables on healing of venous leg ulcers in a randomized
controlled trial of growth- arrested allogeneic keratinocytes
and fibroblasts. J. Vasc. Surg. 2013;58(2):433–439.
(PubMed) (Google Scholar)

118. Marston W., Kirsner R., Snyder R., Lee T., Cargill I.,
Slade H. Variables affecting healing of venous leg ulcers in
a randomized, vehicle-controlled trial of topical cellular
therapy. J. Vasc. Surg. (Internet) 2012;55(1):303.
Available
from:http://onlinelibrary.wiley.com/o/cochrane/clcentral/art
icles/743/CN-00830743/frame.html. (Google Scholar)

119. Kirsner R.S., Vanscheidt W., Keast D.H., Lantis J.C.,
2nd, Dove C.R., Cazzell S.M. Phase 3 evaluation of
HP802-247 in the treatment of chronic venous leg ulcers.
Wound Repair Regen. 2016;24(5):894–903. (PubMed)
(Google Scholar)

120. Rasulov M.F., Vasilchenkov A.V., Onishchenko N.A.,
Krasheninnikov M.E., Kravchenko V.I., Gorshenin T.L.
First experience of the use bone marrow mesenchymal
stem cells for the treatment of a patient with deep skin
burns. Bull. Exp. Biol. Med. 2005;139(1):141–144.
(PubMed) (Google Scholar)

121. Falanga V., Iwamoto S., Chartier M., Yufit T., Butmarc
J., Kouttab N. Autologous bone marrow- derived cultured
mesenchymal stem cells delivered in a fibrin spray
accelerate healing in murine and human cutaneous wounds.
J. Investig. Dermatol. 2007;127:S49-S. (PubMed) (Google
Scholar)

122. Mansilla E., Marin G.H., Berges M., Scafatti S., Rivas J.,
Nunez A. Cadaveric bone marrow mesenchymal stem cells:
first experience treating a patient with large severe burns.
Burns Trauma. 2015;3:9. (PMC free article) (PubMed)
(Google Scholar)

123. Ueda M. Sprayed cultured mucosal epithelial cell for deep
dermal burns. J. Craniofac. Surg. 2010;21(6):1729–1732.
(PubMed) (Google Scholar)

124. Grant I., Warwick K., Marshall J., Green C., Martin R.
The co-application of sprayed cultured autologous
keratinocytes and autologous fibrin sealant in a porcine
wound model. Br. J. Plast. Surg. 2002;55(3):219–227.
(PubMed) (Google Scholar)

Madaghiele M., Demitri C., Sannino A., Ambrosio L.
Polymeric hydrogels for burn wound care: advanced skin
wound dressings and regenerative templates. Burns
Trauma. 2015;2(4):153–161. (PMC free article) (PubMed)
(Google Scholar)

126. Ahmed E.M. Hydrogel: preparation, characterization, and
applications: a review. J. Adv. Res. 2015;6(2):105–121.
(PMC free article) (PubMed) (Google Scholar)

127. Thakur V.K., Thakur M.K. Recent trends in hydrogels
based on psyllium polysaccharide: a review. J. Clean.
Prod. 2014;82:1–15. (Google Scholar)

18152 Dr. Anuradha Kishor, Advancement in burn wound care: a review

, June, 2021



Osmalek T., Froelich A., Tasarek S. Application of gellan gum
in pharmacy and medicine. Int. J. Pharm. 2014;466(1–
2):328–340. (PubMed) (Google Scholar)

129. Supp D.M., Boyce S.T. Engineered skin substitutes:
practices and potentials. Clin. Dermatol. 2005;23
(PubMed) (Google Scholar)

130. Mansbridge J.N. Tissue-engineered skin substitutes in
regenerative medicine. Curr. Opin. Biotechnol.
2009;20(5):563–567. (PubMed) (Google Scholar)

131. Chua A.W.C., Khoo Y.C., Tan B.K., Tan K.C., Foo C.L.,
Chong S.J. Skin tissue engineering advances in severe
burns: review and therapeutic applications. Burns Trauma.
2016;4(1):1–14. (PMC free article) (PubMed) (Google
Scholar)

132. Bullock A.J., Pickavance P., Haddow D.B., Rimmer S.,
MacNeil S. Development of a calcium- chelating hydrogel
for treatment of superficial burns and scalds. Regen. Med.
2010;5(1):55–64. (PubMed) (Google Scholar)

133. Wasiak J., Cleland H., Campbell F., Spinks A. Dressings
for superficial and partial thickness burns. Cochrane
Database Syst. Rev. 2013;3: Cd002106. (PMC free article)
(PubMed)(Google Scholar)

134. Lee M.K., Rich M.H., Baek K., Lee J., Kong H.
Bioinspired tuning of hydrogel permeability- rigidity
dependency for 3D cell culture. Sci Rep. 2015;5:8948.
(PMC free article) (PubMed) (Google Scholar)

135. Yuan L., Minghua C., Feifei D., Runxiu W., Ziqiang L.,
Chengyue M. Study of the use of recombinant human
granulocyte-macrophage colony-stimulating factor
hydrogel externally to treat residual wounds of extensive
deep partial-thickness burn. Burns. 2015;41(5):1086–1091.
(PubMed) (Google Scholar)

136. Boonkaew B., Barber P.M., Rengpipat S., Supaphol P.,
Kempf M., He J. Development and characterization of a
novel, antimicrobial, sterile hydrogel dressing for burn
wounds: single-step production with gamma irradiation
creates silver nanoparticles and radical polymerization. J.
Pharm. Sci. 2014;103(10):3244–3253. (PubMed) (Google
Scholar)

137. Miguel S.P., Ribeiro M.P., Brancal H., Coutinho P.,
Correia I.J. Thermoresponsive chitosan- agarose hydrogel
for skin regeneration. Carbohydr. Polym. 2014;111:366–
373. (PubMed) (Google Scholar)

138. Mohd Zohdi R., Abu Bakar Zakaria Z., Yusof N.,
Mohamed Mustapha N., Abdullah M.N. Gelam (Melaleuca
spp.) honey-based hydrogel as burn wound dressing. Evid.
Based Complement. Alternat. Med. 2012;2012:843025.
(PMC free article) (PubMed) (Google Scholar)

139. Natesan S., Zamora D.O., Wrice N.L., Baer D.G., Christy
R.J. Bilayer hydrogel with autologous stem cells derived
from debrided human burn skin for improved skin
regeneration. J. Burn Care Res. 2013;34(1):18–30.
(PubMed) (Google Scholar)

140. Ahmadi F., Oveisi Z., Samani S.M., Amoozgar Z.
Chitosan based hydrogels: characteristics and
pharmaceutical applications. Res. Pharm. Sci.
2015;10(1):1–16. (PMC free article) (PubMed) (Google
Scholar)

141. Gao W., Lai J.C., Leung S.W. Functional enhancement of
chitosan and nanoparticles in cell culture, tissue
engineering, and pharmaceutical applications. Front.
Physiol. 2012;3:321. (PMC free article) (PubMed) (Google
Scholar)

142. Charernsriwilaiwat N., Opanasopit P., Rojanarata T.,
Ngawhirunpat T. Lysozyme-loaded, electrospun chitosan-

based nanofiber mats for wound healing. Int. J. Pharm.
2012;427(2):379–384. (PubMed) (Google Scholar)

143. Wang T., Zhu X.K., Xue X.T., Wu D.Y. Hydrogel sheets
of chitosan, honey and gelatin as burn wound dressings.
Carbohydr. Polym. 2012;88(1):75–83. (Google Scholar)

144. Dai T.H., Tanaka M., Huang Y.Y., Hamblin M.R.
Chitosan preparations for wounds and burns: antimicrobial
and wound-healing effects. Expert Rev. Anti-Infect. Ther.
2011;9(7):857–879. (PMC free article) (PubMed) (Google
Scholar)

145. Alsarra I.A. Chitosan topical gel formulation in the
management of burn wounds. Int. J. Biol. Macromol.
2009;45(1):16–21. (PubMed) (Google Scholar)

146. Chatelet C., Damour O., Domard A. Influence of the
degree of acetylation on some biological properties of
chitosan films. Biomaterials. 2001;22(3):261–268.
(PubMed) (Google Scholar)

147. Rodriguez-Vazquez M., Vega-Ruiz B., Ramos-Zuniga R.,
Saldana-Koppel D.A., Quinones-Olvera L.F. Chitosan and
its potential use as a scaffold for tissue engineering in
regenerative medicine. Biomed. Res. Int.
2015;2015:821279. (PMC free article) (PubMed) (Google
Scholar)

148. Wasiak J., Cleland H. Burns: dressings. BMJ Clin. Evid.
2015;2015 (PMC free article) (PubMed) (Google Scholar)

149. Brenner M., Hilliard C., Peel G., Crispino G., Geraghty
R., O'Callaghan G. Management of pediatric skin-graft
donor sites: a randomized controlled trial of three wound
care products. J. Burn Care Res. 2015;36(1):159–166.
(PubMed) (Google Scholar)

150. Gugerell A., Pasteiner W., Nurnberger S., Kober J., Meinl
A., Pfeifer S. Thrombin as important factor for cutaneous
wound healing: comparison of fibrin biomatrices in vitro
and in a rat excisional wound healing model. Wound
Repair Regen. 2014;22(6):740–748. (PubMed) (Google
Scholar)

151. Gorodetsky R., Clark R.A., An J., Gailit J., Levdansky L.,
Vexler A. Fibrin microbeads (FMB) as biodegradable
carriers for culturing cells and for accelerating wound
healing. J. Invest. Dermatol. 1999;112(6):866–872.
(PubMed) (Google Scholar)

152. Cox S., Cole M., Tawil B. Behavior of human dermal
fibroblasts in three-dimensional fibrin clots: dependence on
fibrinogen and thrombin concentration. Tissue Eng.
2004;10(5–6):942–954. (PubMed) (Google Scholar)

153. Meana A., Iglesias J., Del Rio M., Larcher F., Madrigal
B., Fresno M.F. Large surface of cultured human
epithelium obtained on a dermal matrix based on live
fibroblast-containing fibrin gels. Burns. 1998;24(7):621–
630. (PubMed) (Google Scholar)

154. Kopp J., Jeschke M.G., Bach A.D., Kneser U., Horch
R.E. Applied tissue engineering in the closure of severe
burns and chronic wounds using cultured human
autologous keratinocytes in a natural fibrin matrix. Cell
Tissue Bank. 2004;5(2):89–96. (PubMed) (Google Scholar)

155. Taghiabadi E., Mohammadi P., Aghdami N., Falah N.,
Orouji Z., Nazari A. Treatment of hypertrophic scar in
human with autologous transplantation of cultured
keratinocytes and fibroblasts along with fibrin glue. Cell J.
2015;17(1):49–58. (PMC free article) (PubMed) (Google
Scholar)

156. Harkin D.G., Dawson R.A., Upton Z. Optimized delivery
of skin keratinocytes by aerosolization and suspension in
fibrin tissue adhesive. Wound Repair Regen.
2006;14(3):354–363. (PubMed) (Google Scholar)

18153 International Journal of Current Research, Vol. 13, Issue, 07, pp. 18143-18154, July, 2021

, June, 2021



157. Currie L.J., Martin R., Sharpe J.R., James S.E. A
comparison of keratinocyte cell sprays with and without
fibrin glue. Burns. 2003;29(7):677–685. (PubMed) (Google
Scholar)

158. Bannasch H., Unterberg T., Fohn M., Weyand B., Horch
R.E., Stark G.B. Cultured keratinocytes in fibrin with
decellularised dermis close porcine full-thickness wounds
in a single step. Burns. 2008;34(7):1015–1021. (PubMed)
(Google Scholar)

159. Kamolz L.P., Luegmair M., Wick N., Eisenbock B.,
Burjak S., Koller R. The Viennese culture method: cultured
human epithelium obtained on a dermal matrix based on
fibroblast containing fibrin glue gels. Burns.
2005;31(1):25–29. (PubMed) (Google Scholar)

160. Lam P.K., Chan E.S., Yen R.S., Lau H.C., King W.W. A
new system for the cultivation of keratinocytes on acellular
human dermis with the use of fibrin glue and 3T3 feeder
cells. J. Burn Care Rehabil. 2000;21(1 Pt 1):1–4.
(PubMed) (Google Scholar)

161. Melendez M.M., Martinez R.R., Dagum A.B., McClain
S.A., Simon M., Sobanko J. Porcine wound healing in full-
thickness skin defects using IntegraTM with and without
fibrin glue with keratinocytes. Can. J. Plast. Surg.
2008;16(3):147–152. (PMC free article) (PubMed) (Google
Scholar)

162. Mittermayr R., Slezak P., Haffner N., Smolen D.,
Hartinger J., Hofmann A. Controlled release of fibrin
matrix-conjugated platelet derived growth factor improves
ischemic tissue regeneration by functional angiogenesis.
Acta Biomater. 2016;29:11–20. (PubMed) (Google
Scholar)

163. Yannas I.V., Tzeranis D., So P.T. Surface biology of
collagen scaffold explains blocking of wound contraction
and regeneration of skin and peripheral nerves. Biomed.
Mater. (Bristol, England) 2016;11(1):014106. (PMC free
article) (PubMed) (Google Scholar)

164. Dagalakis N., Flink J., Stasikelis P., Burke J.F., Yannas
I.V. Design of an artificial skin. Part III. Control of pore
structure. J. Biomed. Mater. Res. 1980;14(4):511–528.
(PubMed) (Google Scholar)

165. Kolenik S.A., 3rd, McGovern T.W., Leffell D.J. Use of a
lyophilized bovine collagen matrix in postoperative wound
healing. Dermatol. Surg. 1999;25(4):303–307. (PubMed)
(Google Scholar)

166. Ruszczak Z. Effect of collagen matrices on dermal wound
healing. Adv. Drug Deliv. Rev. 2003;55(12):1595–1611.
(PubMed) (Google Scholar)

167. Slivka S.R., Landeen L.K., Zeigler F., Zimber M.P.,
Bartel R.L. Characterization, barrier function, and drug
metabolism of an in vitro skin model. J. Invest. Dermatol.
1993;100(1):40–46. (PubMed) (Google Scholar)

168. Chau D.Y., Collighan R.J., Verderio E.A., Addy V.L.,
Griffin M. The cellular response to transglutaminase-cross-
linked collagen. Biomaterials. 2005;26(33):6518–6529.
(PubMed) (Google Scholar)

169. Kumar R.J., Kimble R.M., Boots R., Pegg S.P. Treatment
of partial-thickness burns: a prospective, randomized trial
using Transcyte. ANZ J. Surg. 2004;74(8):622–626.
(PubMed) (Google Scholar)

170. Kirsner R.S. The use of Apligraf in acute wounds. J.
Dermatol. 1998;25(12):805–811. (PubMed) (Google
Scholar)

171. Kremer M., Lang E., Berger A.C. Evaluation of dermal-
epidermal skin equivalents (‘composite- skin’) of human
keratinocytes in a collagen-glycosaminoglycan

matrix(Integra artificial skin) Br. J. Plast. Surg.
2000;53(6):459–465. (PubMed) (Google Scholar)

172. Angele P., Abke J., Kujat R., Faltermeier H., Schumann
D., Nerlich M. Influence of different collagen species on
physico-chemical properties of crosslinked collagen
matrices. Biomaterials. 2004;25(14):2831–2841. (PubMed)
(Google Scholar)

173. Gustafson C.J., Birgisson A., Junker J., Huss F., Salemark
L., Johnson H. Employing human keratinocytes cultured on
macroporous gelatin spheres to treat full thickness-wounds:
an in vivo study on athymic rats. Burns. 2007;33(6):726–
735. (PubMed) (Google Scholar)

174. Skardal A., Murphy S.V., Crowell K., Mack D., Atala A.,
Soker S. A tunable hydrogel system for long-term release
of cell-secreted cytokines and bioprinted in situ wound cell
delivery. J Biomed Mater Res B Appl Biomater. 2016
(PubMed) (Google Scholar)

175. Wang Z., Zhang Y., Zhang J., Huang L., Liu J., Li Y.
Exploring natural silk protein sericin for regenerative
medicine: an injectable, photoluminescent, cell-adhesive
3D hydrogel. Sci Rep. 2014;4:7064. (PMC free article)
(PubMed) (Google Scholar)

176. Sun G., Zhang X., Shen Y.I., Sebastian R., Dickinson
L.E., Fox-Talbot K. Dextran hydrogel scaffolds enhance
angiogenic responses and promote complete skin
regeneration during burn wound healing. Proc. Natl. Acad.
Sci. U. S. A. 2011;108(52):20976–20981. (PMC free
article) (PubMed) (Google Scholar)

177. Garcia Y., Wilkins B., Collighan R.J., Griffin M., Pandit
A. Towards development of a dermal rudiment for
enhanced wound healing response. Biomaterials.
2008;29(7):857–868. (PubMed) (Google Scholar)

178. Veazey W.S., Anusavice K.J., Moore K. Mammalian cell
delivery via aerosol deposition. J Biomed Mater Res B Appl
Biomater. 2005;72(2):334–338. (PubMed) (Google
Scholar)

179. Hendriks J., Willem Visser C., Henke S., Leijten J., Saris
D.B., Sun C. Optimizing cell viability in droplet-based cell
deposition. Sci Rep. 2015;5:11304. (PMC free article)
(PubMed) (Google Scholar)

180. Fredriksson C., Kratz G., Huss F. Transplantation of
cultured human keratinocytes in single cell suspension: a
comparative in vitro study of different application
techniques. Burns. 2008;34(2):212– 219. (PubMed)
(Google Scholar)

181. Sosnowski T.R., Kurowska A., Butruk B., Jablczynska K.
Spraying of cell colloids in medical atomizers. In: Pierucci
S., Klemes J.J., editors. Icheap-11: 11th International
Conference on Chemical and Process Engineering, Pts 1–
4. Vol. 32. Aidic Servizi Srl; Milano: 2013. pp. 2257–2262.
(Chemical Engineering Transactions). (Google Scholar)

182. Butler K.L., Goverman J., Ma H., Fischman A., Yu Y.M.,
Bilodeau M. Stem cells and burns: review and therapeutic
implications. J. Burn Care Res. 2010; 31 (PubMed)
(Google Scholar)

183. Boyce S.T., Supp A.P., Swope V.B., Warden G.D.
Vitamin C regulates keratinocyte viability, epidermal
barrier, and basement membrane in vitro, and reduces
wound contraction after grafting of cultured skin
substitutes. J. Invest. Dermatol. 2002;118(4):565–572.
(PubMed) (Google Scholar)

184. Butler C.E., Orgill D.P. Simultaneous in vivo
regeneration of neodermis, epidermis, and basement
membrane. Adv. Biochem. Eng. Biotechnol. 2005;94:23–
41. (PubMed) (Google Scholar)

18154 Dr. Anuradha Kishor, Advancement in burn wound care: a review

, June, 2021

*******


