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There are an estimated 500,000 patients treated with full-thickness wounds in the United States every year. Fire-
related burn injuries are among the most common and devastating types of wounds that require advanced clinical 
treatment. Autologous split-thickness skin grafting is the clinical gold standard for the treatment of large burn 
wounds. However, skin grafting has several limitations, particularly in large burn wounds, where there may be 
a limited area of non-wounded skin to use for grafting. Non-cellular dermal substitutes have been developed 
but have their own challenges; they are expensive to produce, may require immunosuppression depending on 
design and allogenic cell inclusion. There is a need for more advanced treatments for devastating burns and 
wounds. This manuscript provides a brief overview of some recent advances in wound care, including the use of 
advanced biomaterials, cell-based therapies for wound healing, biological skin substitutes, biological scaffolds, 
spray on skin and skin bioprinting. Finally, we provide insight into the future of wound care and technological 
areas that need to be addressed to support the development and incorporation of these technologies.

Research in wound healing has had a long journey through 
the ages. Since the age of the caveman, man has been healing 
his wounds. Early humans discovered that certain herbal 
remedies would speed up or help the wound healing process 
and prevent bleeding. Ancient civilizations in Egypt and 
Greece created their own dressings for the wound healing 
process from the herbs that were found in their environment. 
However, moist wound site care protocols began in the mid-
20th century. Even today, extensive burns and full-thickness 
skin wounds are devastating for patients, even when treated 
quickly in the clinic. There are an estimated 500,000 patients 
treated with full-thickness wounds in the United States every 
year, with an overall mortality rate of 4.9% between 1998 and 
2007.1,2 The cost of burn injuries is very high. Specifically, 
studies have shown that the average cost per patient is over 
$15,250, and ranges as high as $46,069,3,4 approaching $2 
billion per year nationally.5 Globally, there are over 11 mil-
lion burn injuries per year, creating a significant demand for 
improved therapies.4

Fire-related burn injuries are among the most common 
and devastating types of trauma and public health crisis 
globally. Approximately 90% of burn injuries occur in a 

domestic setting in low- and middle-income countries, or 
regions that generally lack the necessary infrastructure, but 
industrial accidents and armed conflict also contribute to the 
high incidence of burns.6 According to the American Burn 
Association, 486,000 injuries occur each year, which is one 
burn every 65 sec.

First degree (superficial) burns involve only the epidermis. 
The burn site is red, painful, dry, and blister-free. Second-
degree (partial-thickness) burns involve the epidermis and 
part of the dermis. It forms blisters a few hours after the injury 
and may be swollen and painful. Third degree (full-thickness) 
burns destroy the epidermis and all layers of the dermis and 
often also destroy subcutaneous fatty tissue. Some burns can 
reach deeper structures, such as muscles, tendons, ligaments, 
and bone, and are classified as fourth-degree or full-thickness 
burns.7

Deep partial-thickness burn wounds present a difficult di-
agnostic and prognostic challenge.8 Surgeons often choose 
a conservative treatment strategy9 of daily local wound care 
to avoid donor-site scarring that accompanies autologous 
split-thickness grafting. However, the associated delay in 
re-epithelialization may prolong the patient’s hospital stay, 
increase the risk of infection, and lead to poor functional and 
cosmetic outcomes, as hypertrophic scar formation may com-
plicate delayed wound closure. Early surgical intervention 
shortens healing time and hospital stay, improves functional 
outcomes, and limits scar formation.

Autologous split-thickness skin grafting is the clinical gold 
standard for the treatment of large burn wounds. However, 
skin grafting has several limitations, particularly in large burn 
wounds, where there may be a limited area of non-wounded 
skin to use for grafting. Further limitations, including scar-
ring and contracture at the wound site, pain, donor-site in-
fection, and limited donor sites for injuries that involve more 
than 20% of total body surface spur the need for further tech-
nological development. Thus other treatment methodologies 
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may be needed if the situation requires prompt, aggressive, 
and large-scale treatment. One alternative treatment method 
is the use of allografts, however, these patients require exten-
sive immunosuppressive drugs to prevent immune rejection 
of the graft.10

To address these limitations, non-cellular dermal 
substitutes have been developed. These technologies are com-
posed of a polymer scaffold-based membrane. Advanced skin 
substitutes are either dermal substitutes INTEGRA® Dermal 
Regeneration Template (Integra Life Sciences) and Biobrane® 
(UDL Laboratories) or complex biological skin tissue 
equivalents (Dermagraft® [Shire], Apligraf® [Organogenesis], 
and TransCyte®—Advanced BioHealing). These products 
come with their own challenges; they are expensive to pro-
duce, may require immunosuppression depending on design 
and allogenic cell inclusion.11,12 Researchers are working to 
overcome these limitations by utilizing new materials and 
techniques, including naturally and synthetically derived 
hydrogels.13 These attempts include the use antimicrobials, 
growth factors, and cytokines incorporated into hydrogel 
drug delivery systems to closely mimic the orchestration of 
the healing process. Furthermore, these technologies have 
been used to actively promote wound healing by acting as 
a substrate for endogenous cell migration and proliferation. 
The use of cell-based therapies, such as the application of 
stem cells, add additional complexity and therapeutic benefit. 
Finally, full-thickness skin is being engineered using advanced 
additive manufacturing techniques as a replacement for autol-
ogous skin grafting.

This manuscript provides a brief overview of these recent 
advances in wound care, using advanced tissue engineering 
and regenerative medicine tools and approaches, including the 
use of biomaterials, cell-based therapies for wound healing, 
biological skin substitutes, biological scaffolds, spray on skin, 
and skin bioprinting. Finally, we provide insight into the fu-
ture of wound care and technological areas that need to be 
addressed to support the development and incorporation of 
these technologies.

BIOLOGICAL SKIN SUBSTITUTES/
SCAFFOLDS

Scaffolds are synthetic building blocks for delivering drugs, 
cells, and growth factors to the relevant site in the body. 
They are important tools used in tissue engineering for re-
generation of lost or damaged tissues. Scaffolds are generally 
classified as cellular or acellular based on the presence or ab-
sence of living cells. Acellular scaffolds function as a scaffold 
for cell migration, proliferation, and endogenous matrix pro-
duction to enable healing and regeneration within wounds. 
Cellular skin scaffolds consist of living skin substitutes, both 
normal and engineered, seeded with allogeneic fibroblasts or 
keratinocytes. They can be produced from a variety of sources, 
biological or compounded.

Acellular Scaffolds
Wound healing is highly dependent on the interactions of 
proliferating cells with the extracellular matrix (ECM) in 
a process known as dynamic reciprocity.14 In traumatic or 

chronic wounds, the ECM is often damaged to the point that 
it no longer adequately supports healing. Acellular dermal 
matrices (ADM) have been developed to capitalize on the 
properties of native ECM and promote organized regenera-
tion of host tissue in a wide variety of clinical settings.14

ADM is a product of biological origin composed of a base-
ment membrane and an acellular dermal collagen layer. The 
ADMs can be allografts derived from human donor skin or 
xenografts from skin from other mammals. Acellular matrices 
have been developed as a revolutionary treatment and can be 
classified as allogeneic, xenogeneic, and synthetic derivatives. 
These acellular scaffolds help restore the normal wound 
healing process.15 ADMs have adequate tensile strength and 
the ability to vascularize and integrate into host tissues with 
few postoperative complications, making them suitable dermal 
substitutes. These dermal substitutes provide the benefit of re-
ducing or eliminating the need for autologous tissue grafts 
and subsequently minimizing donor-site morbidity.16 There 
are several ADMs available, each with different properties and 
applications, which are mentioned below. AlloDerm was one 
of the first ADMs to be introduced in the 1990s and was used 
as dermal replacement grafts in acute burn patients. ADMs 
have also been commonly used as a viable alternative for soft 
tissue augmentation in facial soft tissue reconstruction.17

ADMs cannot be used as complete skin substitutes as they 
lack an epidermal layer, so other acellular bilayer matrices 
are commercially available, such as Integra (LifeSciences, 
Plainsboro, NJ, USA) which is made of bovine tendon type 
I collagen containing a silicone-derived epidermal component 
and can be used as a temporary bandage or scaffold for tissue 
regeneration.18 Acellular scaffolds can be subdivided into the 
following subtypes based on role and functionality (Figure 1).

 1) Biodegradable: Biodegradable scaffolds have been 
proposed and tested for tissue regeneration in vitro 
or in animal models for such clinical purposes to pro-
mote wound healing, stimulate the synthesis of key 
matrix proteins, reduce scar tissue formation, and for 
active repair of such an ECM of the skin. Pathologies 
Biodegradable scaffolds are composed of biodegradable 
components that degrade after successful function.19,20

 2) Biomimetic: Biomimetic scaffolds can be formed using 
materials that have been designed to elicit specified 
cellular responses mediated by regulatory factors in-
side of the engineered environments.21 For example, 
hydrogels whose matrix composition mirrors that of 
native articular cartilage. Biomimetic scaffolds, partic-
ularly, are guided by the need to restore cell signaling 
and match the mechanical behavior of the tissue being 
engineered.22 Biomimetic scaffolds can be used to 
closely mimic the generation of authentic tissue, which 
represents the environment of cells in a living organism, 
while enabling tight control over the cell environment 
and cellular processes.23 Biomimetic scaffolds can be 
manufactured for precise control of patterning and mo-
bilization of biological agents such as ligands, hormones, 
and cytokines.24 The procedure involves culturing and 
growing stem cells in the infarcted region where they 
differentiate into various cell types. The expanded cells 
are inoculated onto a scaffold material once a sufficient 
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number of cells have been acquired. In case of bone re-
pair, scaffolding material complexed with growth factors 
is implanted into the bone defect. As the scaffold mate-
rial is gradually degraded and absorbed by the body, the 
seed cells gradually form new bone tissue with normal 
physiological structure and function, and finally achieve 
the purpose of repairing the bone defect.

 3) Biomolecule Delivery: Engineering strategies for the 
design and manufacture of drug delivery systems re-
quire the combination and manipulation of materials 
and drugs to obtain even complex bioactive systems. 
Examples include 3D drug delivery scaffolds for tissue 
growth and repair, as well as 3D models for precision 
cancer medicine provides controlled and gradual release 
of bioactive molecule.25

 4) Mechanical Support: Scaffolds with high mechanical 
properties are suitable for engineering hard structures 
such as bone and provide thickness and mechanical sup-
port to the infarcted region.

 5) Effective Engraftment: Various biomaterials have 
also been developed as scaffolds to promote stem 
cell-induced tissue regeneration. The combination 
of stem cells with biomaterials has been of interest as 
biomaterials act as scaffolds that can provide these sig-
nals, but also facilitate engraftment and long-term via-
bility of stem cells after implantation and also helps to 
improve retention and localize biodistribution of drugs 
and therapeutic molecules.

 6) Bioinductive: The material helps improve the regenera-
tive or reconstructive capacity of a given tissue or organ 
and promotes endogenous mechanisms of repair, regen-
eration, angiogenesis, and vascularization.

Skin Substitutes
Skin substitutes play an important role in plastic surgery, par-
ticularly in the treatment of burns and other complex wounds, 
as they are a valuable resource for restoring skin continuity.26 
Complete loss of the skin cover can occur as a result of different 
conditions including burns, trauma, infections, autoimmune 

diseases, and complex wounds.27 Loss of the skin barrier 
increases the risk of infection, water loss, and hypothermia, 
which increases morbidity, cost, and length of hospital stay, 
and in some cases, can result in death. The most widely 
used plastic surgery technique is the autologous skin graft. 
However, the amount of skin from the donor area is often 
limited. Therefore, the development of synthetic or biological 
products as skin substitutes is of interest.28 Skin substitutes 
are a heterogeneous group of wound dressing materials that 
aid in closure and replace skin functions, either temporarily 
or permanently, depending on product characteristics. These 
substances are alternatives to standard wound dressings in 
circumstances where standard therapies are undesirable.26

Temporary skin substitutes provide transient physiologic 
wound closure, including protection from mechanical trauma, 
physical barrier to bacteria and creation of a moist wound en-
vironment.27 To date, a number of biological and synthetic 
skin substitutes are commercially available, ie, Biobrane®, 
Integra®, OrCel®, Suprathel®, etc. The synthetic components 
are mostly organic polymers that are degradable and provide 
a regenerative environment for tissue regeneration. Biological 
skin substitutes are cellular products that contain proliferative 
keratinocytes.28,29

Various skin substitutes are currently available for a variety 
of clinical applications (Table 1). They can be classified based 
on cell types used, skin layers mimicked, and synthetic vs bio-
logic.30 Common uses for temporary skin substitutes are; for 
dressings on donor sites for pain control, to cover superficial 
wounds to epithelialization, and to provide temporary physio-
logic closure of deep and full-thickness dermal wounds.

BIOMATERIALS AND THERAPEUTIC 
DELIVERY

Hydrogel Materials
Hydrogels have been widely accepted and utilized in clinical 
settings. One key advantage of these dressings from a regu-
latory perspective is that these hydrogel-based dressings can 
be engineered with immunologically inert materials, making 
them relatively low risk for immune response.49 Some have 
been shown to regulate gas and fluid exchange critical to the 
wound healing process.50 Furthermore, these dressing can 
be manufactured in multiple forms, including gels, sheets, 
or impregnated into gauze pads. Hydrogel sheets can be 
used in the treatment of flat wounds as a primary dressing. 
Alternatively, amorphous hydrogels can be utilized in deep 
and irregularly shaped wounds. These dressings are typically 
used alone or in combination with alginate, collagen, fibrin, 
hyaluronic acid, polyethylene glycol.

Alginate is a naturally occurring polymer that is produce 
by brown algae. It has been found to have added mechan-
ical strength through ionic and covalent cross-linking by 
Ca2+ cations.51 Alginate can also be coupled to RGD for 
improved mechanical properties, which have been strong 
enough to be used in cartilage engineering designs.52 When 
placed in vivo, these designs have been shown to promote 
vascular formation. Additional polymers can be added to 
alginate to form specialized composite hydrogels, including 
collagen and PVLE, and in combination improves tissue 
and cell adhesion.

Biomimetic

Biodegarada
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Bioinductive

Effective 

Engraftment
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Figure 1. Types of acellular scaffolds and their application in tissue 
engineering.
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Collagen protein is abundantly present in human tissue and 
provides the primary backbone of skin ECM structural integ-
rity.53 Collagen is regularly remodeled to adjust to the biophys-
ical demands place on the tissue.54 Collagen is also a central 
to hemostasis and wound healing, by providing attachment 
sites and growth factors that drive clot formation, fibroblast 
and macrophage proliferation, and keratinocyte attachment 
and migration across the surface of the wound.55 Given these 
properties, collagen has been included in many advanced skin 
tissue products for the treatment of chronic wounds, partial-
thickness burns, and full-thickness wounds.56,57 One benefit 
of collagen treatment is that it is more is more economical 
than growth factor and cell-based treatments while providing 
similar, all-be-it less specific, effects.58

Fibrin is a naturally occurring polymer that is formed by the 
cleavage of fibrinogen by thrombin produced by the coagula-
tion cascade. It forms a self-assembled polymer network and 
is a critical matrix to the hemostasis phase of wound healing.59 
One benefit of the use of fibrin in wound treatment is that 
cross-linked fibrin adheres to native tissue and then provides 
binding sites for cell attachment.60 The matrix encourages 
angiogenesis, which is crucial to accelerating wound healing 
and providing long-term construct engraftment. Fibrin hy-
drogel mechanics can be tuned by altering the concentra-
tion of fibrin and by mixing it with other hydrogel materials. 
Clinically, fibrin has been used as a bio-adhesive for the clo-
sure of lacerations and surgical wounds.61 It has also been 
using in skin bioprinting methods as a cell carrier to protect 
cells from the physical forces of cellular delivery. However, the 
use of fibrin for these advanced technologies as been limited 
by the relatively slow cross-linking process and low structural 
strength.

Hyaluronic acid is a naturally occurring glycosaminoglycan 
found in the ECM of all tissue, and highly concentrated in 

mechanically active tissues such as the dermis.62 One benefit 
of hyaluronic acid in tissue engineering is that it is non-allergic 
and non-inflammatory; however, it is rapidly degraded in the 
body.63 One biological advantage of hyaluronic acid is that it 
has been shown to promote epithelial-mesenchymal transition 
which can aid in epithelial coverage and time to wound clo-
sure.64 Furthermore, the breakdown products can promote 
angiogenesis.65 Hyaluronic acid is easily modifiable due to its 
reactive chemical functional groups. It can also strongly retain 
water and is highly viscous, making it an ideal biomaterial for 
bioprinting applications.

Therapeutic Delivery
The use of hydrogels is not limited to inert dressing applications. 
Recent advances have utilized hydrogels as carriers for delivery 
of therapeutics to wound sites. One method of therapeutic de-
livery is to deliver growth factors and cytokines that direct the 
wound healing process.66 The mechanism of wound healing is 
complex and relies on multiple cytokines and growth factors. 
These factors drive the interaction of dermal and epidermal 
cells, extracellular matrix remodeling, and angiogenesis.67 
Key growth factors in this process include epidermal growth 
factor (EGF), fibroblast growth factor (FGF), granulocyte 
macrophage colony-stimulating factor (GM-CSF), human 
growth hormone (HGH), insulin-like growth factor (IGF-
1) platelet derived growth factor (PDGF), and transforming 
growth factor (TGF-β1).68,69 Growth factors are necessary for 
all stages of wound healing; inflammation, proliferation, and 
cell migration. For the stimulation of angiogenesis and cell 
proliferation, modulates inflammation and fibroblast prolif-
eration, and extracellular matrix remodeling.70 The addition 
of factors to otherwise inert hydrogels can promote wound 
healing by encouraging cells to migrate and proliferate along 
the hydrogel matrices. PDGFb and HGH have been delivered 
to wounds in alginate dressings.71 Similarly, delivery endothe-
lial growth factor demonstrated improved vascular growth in 
wounds treated with alginate beads dosed with the factor.72 
Transforming growth factor-β1 (TGF-β1) was used to en-
hance wound healing.73 Furthermore, the EGF delivered in 
a cream into partial-thickness incisional wounds was shown 
to stimulate epidermal regeneration.74 GM-CSF has been 
shown to be fundamental to wound repair and deficiency of 
this growth factor results in delayed wound healing and poor 
scar formation.75

Another method of optimizing wound healing is through 
delivery of antibiotics and antimicrobials in hydrogel carriers. 
Antimicrobials have been used extensively to prevent and treat 
wound site infections.76 By delivering the antibiotics topically, 
the dressing is less likely to promote bacterial resistance and 
is unlikely to interfere with the wound healing process.77 
Furthermore, the use of local antibiotic delivery can be used 
in wounds that are complicated by poor blood circulation that 
would otherwise limit the efficacy of systemic antibiotics.78

The use of paraffin-based ointments, including bisimuth 
subgallate, has actively aided in the wound healing process.79 
Another common antibiotic included in wound dressings is 
dialkylcarbomoylchloride which found in Cutisorb®. Others 
include silver impregnated dressings in hydrocolloid, polyure-
thane, foams, films, and silicone gels.80 Minocycline has been 
delivered to severe burn wounds in chitosan-polyurethane 

Table 1. Examples of uses for currently available skin 
substitutes.

Product name Clinical use examples References 

Epicel Partial or full-thickness burns 31

Bioseed-S to treat chronic Venous leg 
ulcers

32

Recell/CellSpray Burn injury 33

Stratagraft Partial and full thickness burns 34

denovoskin full thickness burns 35

Lyphoderm to treat chronic Venous leg 
ulcers

36

ICX-SKN surgical wounds 37

Alloderm Breast Reconstruction 38

Permacol Abdominal wall repair 39

Matriderm Posttraumatic tissue loss 40

Biobrane for burnt auricle 41

Integra Scalp reconstruction 42

EZ Derm Partial-thickness burns 43

dermagraft Venous leg ulcers 44

Apligraf Venous leg ulcers 45

Orcel to treat burn patient 46

Hyalomatrix soft tissue defect 47

Renoskin Full thickness wound 48
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film dressing.81 In general, antibacterial delivery does not 
play a direct role in the wound healing process. However, by 
preventing and treating infections does allow for normal cell 
division, migration, and differentiation that would otherwise 
be altered by immune cell involvement in the immunologic 
defense against bacteria. For example, gentamycin incorpo-
rated into silicone gel sheets has been shown to promote 
epithelialization in superficial burns.82 Furthermore, combi-
nation products including growth factors and antibiotics have 
shown positive effects. One example is a collagen-hyaluronic 
acid matrix containing FGF and PDGF and tobramycin was 
shown to enhance wound healing compared to a matrix with 
antibiotics only.83 Others have shown that adding EFG to silver 
sulphadiazine treatment reverse impaired wound healing that 
is seen in wounds treated with silver sulphadiazine alone.84

CELL BASED THERAPIES FOR 
WOUND HEALING

Skin-Derived Cell Therapies
Cell therapy is the transplantation of autologous or allogeneic 
cellular material into a patient for the treatment or prevention 
of diseases. Cell therapy involves the direct administration of 
the cells into the patient’s body after manipulation or altera-
tion outside the patient’s body for curative purposes. This can 
either be done by direct cell application, such as cell spray or 
with complex three dimensional cellular delivery mechanisms 
such as bioprinting and biopens.

Cellular source selection is a key challenge for skin-derived 
cell therapies. Allogeneic cells can be collected at any time and 
stored and used at the time of need. However, due to the risks 
of immune rejection, allogeneic cells have some limitations. On 
the other hand, autologous cells need a certain time to culture 
the cells to achieve a sufficient number of cells for therapy or 
on the basis of the wound area. It can provide a lifetime trans-
plant without any type of rejection. However, patients with 
large lesions require immediate treatment and therefore au-
tologous cell preparation will be time consuming and cannot 
be considered emergency treatment. Keratinocytes can be iso-
lated from a small punch biopsy and can generate the entire 
epidermis and can assist in re-epithelialization. Keratinocytes 
generally take 7–10 days to prepare for spraying.

For the regeneration of the dermis, fibroblasts are the 
main cells, which help in wound healing and remodeling. 
Fibroblasts produce collagen, which helps fill in the wound 
area. The combination of fibroblast cells with melanocytes in 
the dermis can help pigmentation. Studies have shown that 
the combination of mesenchymal stem cells with epidermal 
cells has positive effects on wound healing.85

Spray on Skin
Early excision with autograft coverage may be difficult to 
achieve in patients with extensive burns due to the limited 
size of the donor sites. Definitive coverage of all burn wounds 
may take several weeks while waiting for donor sites to epithe-
lialize for repeat collection or for cultured epithelial autografts 
(CEA) to grow. Delays may also be due to systemic disease 
or local wound infection that may develop while awaiting 
CEA. These delays in autograft coverage have led to the 

development of an uncultured epithelial autograft that allows 
the surgeon to greatly expand the amount of coverage they 
can get from small donor sites with immediate application.86 
Furthermore, early difficulty with transferring CEA to wound 
beds led to the development of a spray technique that allows 
easy transfer of proliferating keratinocytes to the wound.87 An 
autologous cell harvesting (ACH) system, first introduced in 
2005 (ReCell, Avita Medical, Northridge, CA) allows the sur-
geon to immediately process a small split-thickness biopsy and 
deliver harvested keratinocytes, melanocytes, fibroblasts, and 
Langerhans cells. from the epidermal-dermal junction to the 
wound bed using a spray technique.

The ACH system has been used in a wide variety of wounds; 
plastic, reconstructive, burn, and cosmetic procedures, in-
cluding burns and scalds; donor sites; glabrous lesions; mild 
to moderate scarring; hypopigmentation (eg, hypopigmented 
scars, iatrogenic hypopigmentation, and vitiligo); large 
congenital melanotic nevus; and in cosmetic rejuvenation 
procedures.88–93 Navarro et al91 demonstrated increased epi-
dermal thickness, confluence, keratin cysts, and blood vessels 
in histologic analysis of full-thickness wounds treated with the 
ACH device compared to those treated with medium. culture 
in the control models. Wounds sprayed with the processed 
ACH suspension have shown faster and better-quality epi-
thelialization than control wounds.94 Furthermore, these cell 
suspensions have shown viable and proliferating melanocytes 
that have the potential to treat hypopigmented lesions.92

The application of CEA allows skin reconstruction even in 
burn victims with large total body surface area (TBSA) burns.95 
A skin biopsy is sent to a specialized laboratory within hours 
of the burn injury in the ideal case. This procedure facilitates 
early expansion of skin cells in vitro. Simultaneously, patients 
undergo intensive care therapy for burn shock, burn wound 
excision, and wound preparation for CEA administration. In 
practice, CEAs are available after 7–14  days, depending on 
the behavior of cell expansion in the laboratory and the body 
surface area to be covered. CEAs are traditionally delivered 
on silicone carrier sheets. New methods for producing CEA 
cell suspensions have recently been introduced.4 These 
suspensions can be sprayed onto burn wounds using special 
spray devices and spray nozzles that facilitate even distribution 
of CEA over wounds.

The cellular spray is designed to treat severe second-degree 
burns, in which the top two layers of skin are damaged but 
the subcutaneous tissue remains intact. Third degree burns, 
which are more serious, are still treated with older skin graft 
technology. Tissue harvesting, cell segregation, and cell sus-
pension preparation takes approximately 20–30 min in total, 
during which time the treatment area is prepared. Once 
processed, the cell suspension is available for immediate use 
and can cover a treatment area up to 80 times the area of the 
donor biopsy site. Wood and colleagues96 characterized cell 
suspension with 75% cell viability in which cells retained their 
proliferative potential and included melanocytes that could 
help restore pigmentation.

Cell spray-grafting that could be enabled in an outpatient 
treatment room setting without general anesthesia would 
present advantages. The concept of non-cultured cell spray-
grafting enabled by the immediate preparation and applica-
tion of skin cells avoiding in vitro culture is based on the 
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application of single cells sprayed onto the wound that can 
proliferate in regenerating skin. Fredriksson et  al97 used a 
single cell suspension of cultured human keratinocytes for 
the in vitro transplantation study based on the study by 
Rheinwald and Green98. Porous biodegradable microcarriers 
were used to culture keratinocytes for transplantation into 
full-thickness skin lesions.99 Other methods of spreading 
the cell suspension using the syringe or brush were unsuc-
cessful because the cells spread unevenly.100 Different studies 
were carried out to evenly distribute the cells using the cell 
spray technique.101 There are also advantages to applying a 
single cell suspension over the transplant that needs a larger 
donor area. However, the cell suspension can be expanded at 
1:100.102 By improving donor cell isolation, the success rate 
of therapy can be increased. The use of non-cultured cells 
in the undifferentiated state results in better regeneration of 
the epidermis.103 Studies have shown that faster cell isolation 
does not affect cell viability.96

Full-Thickness Skin Bioprinting
Skin bioprinting is a new technology that has promising 
potential for tissue engineering applications. Bioprinting 
is a robotic additive biofabrication approach that allows 
for automatized and reproducible generation of tissue-like 
structures.104 This is performed using a computer controlled 
device to accurately deposit biomaterials which can be cell 
laden to form anatomically organized tissue structures. The 
materials can be deposited as droplets, cell aggregates, or 
encapsulated cells in hydrogels.105 This precise deposition is 
performed by using 3D CAD/CAM software designs that 
can mimic tissue organization.106 Among the deposition 
methods, one that has commonly been employed is printing 
cell rods by extrusion printing, which allows for layer-by-
layer tissue formation and gaps for tubular formations.107 
By utilizing hydrogels, the printed structure liquidity allows 
the rods to fuse into seamless structures.108 The mechanical 
properties of the hydrogel carrier are further tuned using 
crosslinking chemistry, which can provide the strength nec-
essary for build additional layers.109

The use of this technology in skin engineering has 
demonstrated positive early outcomes. Amniotic fluid in 
stem cells in a hydrogel carrier demonstrated improvements 
in collagen remodeling and epithelialization.110 This tech-
nology has advanced to include six cell types, organized 
into three biomimetic layers of hypodermis, dermis, and 
epidermis.111 When implanted into full-thickness wounds 
in mice, the bioprinted skin accelerated wound closure and 
generated a normal dermal wound healing environment 
and collagen structure.112 Preliminary studies utilizing 
this technology in pigs have also demonstrated improve-
ment in wound healing and robust dermal and epidermal 
remodeling. However, autologous and allogenic cell sources 
have similar limitations as autologous and allogenic skin 
grafts. Autologous cell sources require an autologous tissue 
harvest site and extensive cell expansion periods. Allogenic 
cells have the potential for immune rejection, though at a 
lower rate due to reduced immune cell inclusion. Further 
advances may make skin bioprinting technology a trans-
formative technology for full-thickness skin replacement 
nearing clinical translation.

SKIN “BIOPENS”

The Biopen is an advanced handheld co-axial extrusion de-
vice, which functions as a 3D printer and can create surgical 
scaffolds, which can then be permanently hardened using ul-
traviolet light. O’Connell and coworkers113 introduced first 
prototype of the biopen for in situ fabrication of 3D tissue 
scaffolds as well as for delivery of primary human stem cells 
for tissue reconstruction. Biopen can reduce the healing 
process by delivering live cells along with the growth factors 
directly on the injured tissue, which will accelerate the regen-
eration of functional tissue. After dispensing the cells from the 
biopen on the wound site will multiply and differentiate and 
will turn into a thriving community of cells in the form of a 
functional tissue.

Stem cells have the potential to repair and reconstruct the 
defective tissue, but it is very challenging to apply the stem 
cells on the defective part with more viability. Stem cells are 
encapsulated with the gelatin-methacrylamide/hyaluronic 
acid-methacrylate (GelMA/HAMa) hydrogel ink and pushed 
through the biopen and deposited on the defective bone or 
tissue and rapid photo-crosslinking reaction confined the dep-
osition of cells.114 Certain hydrogel parameters need achieved 
before applying on the tissue such as; sets rapidly and stiff 
enough to hold the cells at the place as well as provide max-
imum viable number of the cells.

Duchi and coworkers115 also showed that UVA exposure 
of 700 mW/cm2 didn’t significantly affect the viability of the 
cells when compared to the control group without any UVA 
exposure.

The BioPen works in a similar way to 3D bioprinter and de-
liver cells within a biopolymer such as alginate, protected by a 
second outer layer of gel material (Figure 2). The two layers of 
gel combine in the nozzle of the Biopen as it is extruded onto 
the bone surface and the clinician draws the defected part of 
the bone at the site of the injury. After the cells are delivered 
to the site of the injury, the cells proliferate and differentiate 
into nerve cells, bone cells, and muscle cells. The Biopen may 
also seed growth factors for faster recovery.

OUTLOOK AND CONCLUSION

Burns are a financial burden health systems and patients alike. 
The studies discussed in this chapter serve as examples of 
technologies designed to offer improved patient outcomes fol-
lowing treatment of their injuries. Driving forces in the treat-
ment of these injuries is the shared goal to reduce long-term 
morbidities associated with these injuries while also improving 
cosmetic outcomes. One limitation we have come across in 
our work in the laboratory is the inability to limit contraction 
during the healing process. In several of the studies described 
above, contraction contributed greatly to the overall wound 
closure. While we have shown that the ultimate outcome in 
these wounds by is the regeneration of a normal dermal col-
lagen network, future studies should focus on optimizing 
the cellular delivery vehicle in a way that induces more 
re-epithelization as the primary outcome of wound healing.

Scaling and commercialization cutting edge technologies, 
including cellularized products, bioprinted tissues, and biopens 
tissues also present significant hurdles for the translation. This 
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is particularly challenging when treatments are generated in 
an autologous manner for individual patients. This is further 
complicated by that fact that most hospitals and clinics do not 
have clinical-grade cell processing capabilities. To overcome 
these challenges, updated biomanufacturing logistics or stra-
tegically placed biofabrication hubs may be necessary. Perhaps 
this could be done in a manner similar to United Network for 
Organ Sharing (UNOS) who have already optimized multi-
site coordination, transportation and preservation of human 
tissues for implantation.115

Finally, these novel technologies will need to continue to 
demonstrate efficacy and safety through the many ongoing 
human clinical trials. This will largely be dependent on their 
ability to closely mimic the biomechanical properties of 
normal human skin while still allowing for vascular ingrowth 
and epidermal cell migration and growth. Ultimately, there 
is great hope for the future of the field, as these technologies 
mature, and generate more human-like skin than we have seen 
to date. Close collaboration between researchers and surgeons 
should continue to develop, allowing for clinical perspective 
from the early stages of technology development.
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