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Abstract
Burn wounds are a devastating type of skin injury leading to severe impacts on both patients and the healthcare system. Cur-
rent treatment methods are far from ideal, driving the need for tissue engineered solutions. Among various approaches, stem 
cell-based strategies are promising candidates for improving the treatment of burn wounds. A thorough search of the Embase, 
Medline, Scopus, and Web of Science databases was conducted to retrieve original research studies on stem cell-based tissue 
engineering treatments tested in preclinical models of burn wounds, published between January 2009 and June 2021. Of the 
347 articles retrieved from the initial database search, 33 were eligible for inclusion in this review. The majority of studies 
used murine models with a xenogeneic graft, while a few used the porcine model. Thermal burn was the most commonly 
induced injury type, followed by surgical wound, and less commonly radiation burn. Most studies applied stem cell treatment 
immediately post-burn, with final endpoints ranging from 7 to 90 days. Mesenchymal stromal cells (MSCs) were the most 
common stem cell type used in the included studies. Stem cells from a variety of sources were used, most commonly from 
adipose tissue, bone marrow or umbilical cord, in conjunction with an extensive range of biomaterial scaffolds to treat the skin 
wounds. Overall, the studies showed favourable results of skin wound repair in animal models when stem cell-based tissue 
engineering treatments were applied, suggesting that such strategies hold promise as an improved therapy for burn wounds.
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Introduction

Skin is the body’s largest organ and the first line of defence 
against injury or infection [1]. Burn wounds are a primary 
cause of skin damage, which have significant negative 
impacts on the physical and mental health of patients, 
leading to reduced quality of life. Burns are considered a 
global health issue and account for 180,000 deaths annually 
[2]. In Australia alone, there were 5,430 hospitalisations for 
burns in 2013–14, constituting 1.2% of all injury-related 
cases during this time period [3]. The average cost of burns 
treatment for Australian patients is a staggering $71,056 [3], 
which may be increased by several fold depending on the 
severity of the burn. High threat to life cases alone prolong 
the standard 7 days of hospitalisation to 17 days, evidencing 
the huge socio-economic burden of burn wounds on both 
the patient and healthcare facilities [3]. Furthermore, burn 
wounds lead to poorer quality of life for the patient [4], 
as they cause a decline in physical functioning and may 
impact the capacity to work, body image, basic abilities and 
mental health of patients [5]. The loss of 15% of the total 
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body surface area (TBSA) from burn injury is sufficient 
to be considered life-threatening [6, 7]. Burn wounds are 
also more complex to manage and treat when they occur 
in paediatric patients under 5 years, or elderly persons over 
60 years of age [7].

The complex structure and function of skin pose numer-
ous challenges in regeneration after burn injury. The skin 
is composed of three distinct layers: the epidermis, dermis 
and hypodermis. The epidermis acts as the primary defence 
layer against organic elements and offers protection from 
the external environment. Thickness varies depending on 
the region of the body. The dermis is the second major layer 
of skin and is composed of collagen, elastin, electrolytes, 
and water. It also varies in thickness depending on location, 
ranging from 200 μm in the eyelids to 3 mm in the back. 
The hypodermis provides insulation from cold and violent 
trauma, and also acts to store energy [8]. Epidermal append-
ages consist of hair follicles, sebaceous glands, apocrine 
glands and eccrine glands [9]. Hair follicles are distributed 
all over the body except for the palms and soles, providing 
protection from ultraviolet radiation and preventing foreign 
material from entering the body. Sebaceous glands are found 
where hair is present and are responsible for sebum produc-
tion and secretion to lubricate the skin. Apocrine glands are 
only found in certain areas of the body and their odourless 
secretion reacts with bacteria on the skin’s surface to pro-
duce body odour. Eccrine glands are present all over the 
skin’s surface and aid in retaining moisture and regulating 
body temperature, through the controlled release of sweat. 
In burn wounds, the inflicted damage leads to the death of 
skin cells and leaves the area susceptible to infection. Effec-
tive treatments for burn injury must first overcome the huge 
barrier of vascularisation, as failure to provide an adequate 
blood supply to the skin can result in necrosis, infection, 
sloughing or sepsis [6]. Epidermal appendages lost at the site 
of damage also typically fail to regenerate, leaving behind 
tissue scars from the poorly reconstituted collagen matrix 
[10].

Current clinical practices for treating burn wounds 
include skin grafting, skin substitutes, and negative pressure 
wound therapy (NPWT). The standard treatment for burn 
wounds involves early excision of necrotic tissue followed 
by autologous skin grafting procedures [11]. However, the 
limited availability of autologous skin becomes an issue for 
patients with severe burn injuries [12]. This problem can 
be solved by repeated harvesting of the donor site, but the 
site must re-epithelialise within 2 to 3 weeks to reduce scar-
ring [13]. Biological skin substitutes including amnion and 
cultured epithelial autografts (CEA) have proven effective 
in the treatment of burn wounds, although the presence of 
allogeneic products presents a risk of contamination and dis-
ease transmission [14]. Synthetic skin substitutes such as 
Biobrane® and Suprathel® have shown favourable results 

in accelerating healing time and reducing pain, but still 
pose risks of infection and hypertrophic scarring [15]. For 
NPWT, a clinical trial involving small-area, thermal paediat-
ric burns showed that this expedited re-epithelialisation [16]. 
However, NPWT can be problematic for both patients and 
caregivers due to the physical burden, technical difficulties 
and mechanical issues. Hence, current clinical approaches 
are associated with numerous practical drawbacks for the 
patient, and also lack efficacy in the complete renewal of 
skin that has been compromised by burn wounds. These 
limitations call for the need to develop tissue engineered 
treatment methods.

Tissue engineering approaches have become a significant 
area of interest for the treatment of burn wounds. Tissue 
engineered skin replacements have great potential for wide-
spread applications in the field of wound healing, particu-
larly to address the limited availability of autologous skin 
[17]. Recent advances include the exploration of strategies 
involving stem cells, biomaterials, and advanced manufac-
turing methods such as 3D printing to produce effective, 
alternative treatments. For instance, the role of adipose 
tissue-derived stem cell (AdSC) transplantation in skin 
repair has been demonstrated in a murine model [18], where 
enhanced tissue regeneration was evidenced by increased 
cell proliferation, a higher degree of neovascularisation, 
and up-regulation of the epidermal growth factor (EGF) 
protein. Moreover, a variety of biomaterials have been 
investigated as scaffolds to support skin regeneration, such 
as silk fibroin [19], metal-doped calcium silicate [20], and 
polymeric hydrogel scaffolds [21]. These biomaterials have 
been shown to favour re-epithelialisation and angiogenesis, 
reduce the risk of post-injury infection, and possess excel-
lent biocompatibility. Additionally, new methods have been 
developed to ‘print’ functional living skin, such as by using 
a biomimetic bio-ink and digital light processing-based 3D 
printing technology [22]. This approach was shown to pro-
mote efficient neovascularisation by mimicking the structure 
of natural skin, which induced dermal regeneration in a large 
animal model. Furthermore, Integra [23], a widely recog-
nised dermal replacement technology worldwide, provides 
a scaffold for endogenous cell ingrowth and dermal stroma 
synthesis following healing. Integra has been used clinically 
as a skin substitute [24], and shown to reduce wound surface 
area and accelerate healing [25]. However, a major challenge 
lies in its susceptibility to infection, caused by the collec-
tion of haematomas and seromas beneath the artificial skin 
substitute [26].

Currently, stem cells used for skin tissue engineering 
are in preclinical testing stages, with experimental stud-
ies only starting to emerge from 2010. Stem cells can 
provide critical benefits to tissue engineered burns treat-
ment by stimulating direct differentiation into skin tissue 
structures, and interacting with nearby cells to create a 
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more inducive environment for regeneration. The thera-
peutic potential of stem cells arises from their ability to 
secrete regenerative cytokines, making them an attrac-
tive choice for treating chronic wounds [27]. In preclini-
cal treatments of burn wound models, inclusion of stem 
cells has resulted in better wound healing by inducing 
improved granulation tissue formation, collagen deposi-
tion, healing speed, wound appearance, amount of scar-
ring, presence of adnexal structures, regulation of inflam-
matory markers, and formation of vascular structures in 
the epidermal layer as well as its thickness and structure. 
By far the most popular type of stem cell being used in 
preclinical studies of burn wound repair are mesenchymal 
stromal cells (MSCs), commonly harvested from adipose 
tissue, bone marrow, and umbilical cord. MSCs play an 
important role in skin homeostasis and damage repair by 
promoting immune regulation, monitoring resident stem 
cells, and secreting growth factors to drive epithelialisa-
tion and neovascularisation [28, 29]. Other types of adult 
stem cells have proven to be useful for skin repair, such as 
those derived from hair follicle, dental pulp, and kidney. 
Pluripotent stem cells have also been used, but may raise 
several issues. Embryonic stem cells (ESCs) and foetal 
stem cells (FSCs) are associated with moral concerns and 
substantial legal restrictions, slowing down their appli-
cations in clinical wound healing [30, 31]. These and 
induced pluripotent stem cells (iPSCs) are also prone to 
teratoma formation due to their pluripotency depending 
on the efficiency of the differentiation protocol, raising 
potential safety concerns [32]. Hence, ESCs, FSCs and 
iPSCs have not been included in our analysis due to their 
current limitations in being used for clinical applications. 
In vitro studies have also been excluded, since studies 
involving animal models are more closely representa-
tive of the clinical performance of new burns treatment 
strategies.

The vast majority of studies using a stem cell-based 
approach for treating burn wounds are at the preclini-
cal testing stage, and vary widely in their methods and 
outcomes. Over the past three years, only a few reviews 
have discussed tissue engineering methods for skin repair, 
with a primary focus on biomaterials [33], murine models 
[34], pluripotent stem cells [32], or immunomodulation 
[31] and other signalling pathways [30]. This review will 
cover the latest advances in tissue engineered solutions 
involving adult stem cells, tested in a variety of preclini-
cal models. It will inform researchers and clinicians on 
the current progress in developing an ideal stem cell-
based treatment for burn wounds, reflecting on a range 
of aspects including the type and source of stem cell, 
type of scaffold/matrix, animal model, graft type, type of 
wound injury, timeframe of treatment and analysis, and 
any proposed mechanisms.

Methods

Literature search strategy

Selection of studies in this review was performed using the 
PRISMA scoping review protocol and checklist [35]. A 
comprehensive search of the electronic databases Embase, 
Medline, Scopus, and Web of Science was conducted for 
studies published since 1 January 2009, on using stem cell-
based tissue engineering approaches to treat burn wounds 
in preclinical animal models. Specific search strategies 
used for each database are presented in the Supplementary 
Information.

Inclusion and exclusion criteria

The inclusion criteria for this review were peer-reviewed 
original research articles sourced from online databases, 
published between January 2009 and June 2021, in English 
language. The studies (1) must have tested a stem cell-based 
tissue engineering product, defined as a functional construct 
containing a specifically defined stem cell type and a sup-
porting matrix or scaffold, (2) the purpose of the product 
must have been for skin regeneration or wound healing, (3) 
the product must have been used on a burn wound or the 
authors must have stated that it could be used to treat burns, 
and (4) the product must have been tested on an animal skin 
wound model.

The exclusion criteria were non-original research articles, 
articles published before 2009 or not in English language, 
and research where full text was not available including con-
ference abstracts. Studies were also excluded if they (1) did 
not test a tissue engineered wound dressing or skin substitute 
(for example, placing stem cells directly onto a wound, or 
injecting stem cells into a wound), (2) did not incorporate 
a specifically defined type of adult stem cell (for example, 
precursor cells, progenitor cells, keratinocytes, stem cell-like 
cells, colony-forming units, ESCs, FSCs, iPSCs, growth fac-
tors, cytokines, or tissues that were said to contain stem cells 
without properly isolating and classifying them), (3) did not 
use the product for skin regeneration or state that it could be 
used for this purpose, (4) did not apply the product to burns 
or state that it could be used for this purpose, and (5) did not 
test the product in an animal skin wound model.

Study screening and reporting

The screening process followed a structure set out in the 
PRISMA flow chart [36]. The records of retrieved studies 
were imported into Endnote X8 for study screening. Title 
and abstract screening were performed, followed by full-text 
screening using the inclusion and exclusion criteria. Stud-
ies where the full text was not accessible were excluded. 
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Data items extracted from articles included animal model, 
source of stem cell, type of stem cell, type of graft, skin 
wound model, timeframe of treatment, length of follow-up, 
type of scaffold/matrix, summary of findings, and proposed 
mechanisms.

Results

There were 697 potential studies identified from database 
searches. After removing duplicates, 349 studies were 
screened based on title and abstract. From these, 150 stud-
ies were included for full text screening, after removing arti-
cles that were not relevant to topic of this review, or were 
not original research articles. Of the 150 studies assessed 
by full text screening, 33 were eligible for inclusion in this 
review. The 117 that were excluded did not comply with 
the inclusion and exclusion criteria: 3 were unable to be 
obtained as full text articles, 11 were not original research 
studies, 18 were not tested on an animal model, 55 did not 
use a defined source of adult stem cells, 2 did not incorporate 
stem cells into the tissue engineered product, 26 did not test 
a tissue engineered product or wound dressing, and 2 did 
not test the product on a burn wound model or specifically 
state a potential use in burns. The study selection process is 
outlined in Fig. 1.

Main findings

A summary of the included studies is presented in Table 1, 
depicting the animal model, skin wound model, treatment 

timeframe, final endpoint, type of graft, type and source of 
stem cells used, type of scaffold/matrix, summary of find-
ings, and proposed mechanisms. Where specified, a sum-
mary of results from the included studies on the time period 
for wound recovery (defined as when granulation tissue has 
begun to fill the wound), thickness of neo-skin formed in the 
treatment group(s), and incidence and nature of complica-
tions is presented in Table 2.

The sources of stem cells, wound model, and type of graft 
used in the included studies are shown in Fig. 2. Among the 
33 studies, 17 used rats, 13 used mice, and 3 used a porcine 
model. Studies using a mouse model included the widest 
variety of stem cell sources. MSCs were the most commonly 
used stem cell type among the included studies, which were 
often derived from adipose tissue, umbilical cord, or bone 
marrow. The most common type of graft applied across 
all animal models was a xenograft, consisting of a prod-
uct containing stem cells derived from an animal of a dif-
ferent species from the graft recipient. The most common 
wound model used across all animal models was thermal 
burn, which was the most popular choice in rat and porcine 
studies, although surgical wound was more popular among 
mouse studies.

The number of days in treatment delay after wound 
model creation, and in assessing the end point after apply-
ing stem cell-based treatment for the included studies are 
shown in Fig. 3. All studies using a surgical wound model 
applied treatment immediately after inflicting the injury, 
while studies using thermal and radiation wounds varied in 
the number of days between wound creation and treatment, 

Fig. 1  Flow chart for the study 
selection process
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Table 2  Summary of results from the included studies on time period for wound recovery (defined as when granulation tissue has begun to fill 
the wound), thickness of neo-skin, and incidence and nature of complications (unspecified data indicated by -)

Reference Animal model Time period for start of 
wound recovery (days)

Thickness of neo-skin in 
treatment group(s)

Complications

Number 
of ani-
mals

Nature of complications & 
group(s) affected

Gholipour-Kanani, A., et al. 
(2012) [159]

Rat 10 - - -

Shokrgozar, M. A., et al. 
(2012) [160]

Rat 14 - - -

Natesan, S., et al. (2013) 
[161]

Rat 8 - - -

Zamora, D. O., et al. (2013) 
[162]

Rat 8 - 2 Inflammation, infection, red-
ness (but no mortality):

Saline control group only
Gholipour-Kanani, A., et al. 

(2014) [163]
Rat 10 - - -

Leiros, G. J., et al. (2014) 
[164]

Mouse 14 - - -

Rodrigues, C., et al. (2014) 
[73]

Rat 8 - - -

Steffens, D., et al. (2014) 
[89]

Mouse - - 15 Ulceration, inflammation, 
fibrosis (but no mortality):

All control and treatment 
groups

Yang, Y., et al. (2014) [165] Rat 14 - - -
Guo, X., et al. (2016) [166] Rat 7 - - -
Kong, Y., et al. (2016) [167] Mouse 7 Granulation tissue mean 

thickness:
600 μm

-

Montanucci, P., et al. (2017) 
[168]

Mouse 15 - - -

Motamed, S., et al. (2017) 
[169]

Rat 7 - 32 Dermis showed oedema, 
mild to moderate acute 
and chronic inflammatory 
cell infiltration and fibro-
sis, and partial destruction 
of dermal appendages:

All control and treatment 
groups

Steffens, D., et al. (2017) 
[170]

Mouse - - - -

Alapure, B. V., et al. (2018) 
[123]

Mouse 8 - - -

Burmeister, D. M., et al. 
(2018) [72]

Pig 10 - - -

Edwards, N., et al. (2018) 
[171]

Mouse 7 Epidermis mean thickness:
60 μm

- -

Gholipourmalekabadi, M., 
et al. (2018) [172]

Mouse 14 - - -

Forbes, D., et al. (2019) 
[173]

Mouse 14 - - -

Kakabadze, Z., et al. (2019) 
[101]

Rat 14 - 15 Oedema and neutrophilic 
tissue infiltration:

Untreated injury group only
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with the longest delay being 20 days for a radiation burn 
wound. The included studies varied in the end time point 
of analysis, with many having multiple time at which data 
was collected. In small animals (rats and mice), the final 
endpoints ranged between 7 to 90 days after treatment, 
while in large animals (pigs) longer follow-up periods 
were generally used, with endpoints ranging from 28 to 
42 days.

A wide variety of scaffolds and matrices were used to 
aid stem cell treatment in the included preclinical stud-
ies, as shown in Table 3. The biomaterials used included 
a wide range of natural, synthetic, and commercial materi-
als. A number of studies also included additional substances 
such as other cell types or bioactive factors along with the 
scaffolds.

Discussion

Burn wounds can have severe impacts on quality of life, 
and current clinical treatments still face many challenges 
in restoring skin that is anatomically and functionally simi-
lar to native tissue, particularly for complex scenarios such 
as full-thickness or large area burns. Tissue engineering 
strategies incorporating stem cells have recently opened 
new doors for the effective treatment of burn wounds. 
Studies in preclinical models over the last 10 years, cap-
tured in this review, demonstrate substantial progress 
and highlight the prospect of stem cell-based tissue engi-
neered skin constructs becoming a reality in the treatment 
of clinical burn injuries. In this section, we offer critical 
insights into different aspects of information reflected in 

Table 2  (continued)

Reference Animal model Time period for start of 
wound recovery (days)

Thickness of neo-skin in 
treatment group(s)

Complications

Number 
of ani-
mals

Nature of complications & 
group(s) affected

Koo, M. A., et al. (2019) 
[174]

Mouse 14 Epidermis/dermis mean 
thickness:

80/590 μm (cell suspension), 
50/280 μm (1 layer cell 
sheet), 30/230 μm (3 layer 
cell sheet)

- -

Nazempour, M., et al. (2019) 
[175]

Rat 21 - - -

Samberg, M., et al. (2019) 
[176]

Rat 8 - - -

Zhang, Y. Z., et al. (2019) 
[100]

Mouse 7 - - -

Hashemi, S. S., et al. (2020) 
[177]

Rat 7 - 32 Mild to moderate haemor-
rhaging:

All control and treatment 
groups

Mild inflammation:
Scaffold alone group

Liu, F., et al. (2020) [50] Mouse 7 - - -
Cheng, R. Y., et al. (2020) 

[178]
Pig - - - -

Lu, T.-Y., et al. (2020) [71] Rat 14 - - -
Paramasivam, T., et al. 

(2020) [138]
Rat 7 - - -

Thanusha, A. V., et al. 
(2020) [179]

Rat 14 - - -

Eylert, G., et al. (2021) [74] Pig 28 Epidermis median thickness: 
189 μm (40,000 cells/cm2), 
157 μm (200,000 cells/
cm2), 131 μm (400,000 
cells/cm2)

- -

Barrear, J. A., et al. (2021) 
[180]

Mouse 10 - - -

Roshangar, L. et al. (2021) 
[181]

Rat 21 - - -
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the included studies, providing the latest updates in this 
exciting field of research.

Animal models

In our analysis, rats were the most commonly used animal 
model for burn wound treatment, followed very closely by 
mice. The primary advantages for using rats in burns stud-
ies are their availability and cost-effectiveness [37]. Rats 
also share several physiological similarities with humans, 
the most relevant being that rat skin is composed of the 
dermis and epidermis [38]. However, the primary wound 

healing method in rats is wound contraction, instead of re-
epithelisation in humans [37]. The reduced healing time in 
rats allows researchers to study wound healing mechanisms 
more rapidly and efficiently. However, rapid healing times 
and even spontaneous healing can also prevent the risk of 
sepsis or immunosuppression that are generally seen in 
larger animal models, reducing the relevance of rats as a 
model for predicting the outcome of clinical burn wound 
treatment. Likewise, although mouse models mimic many 
aspects of human responses to burn injury, there are substan-
tial differences that need to be considered [39]. Dermal and 
epidermal thickness, scar formation and glucose metabolism 

Fig. 2  Sources of stem cells, wound model, and type of graft used in the included studies, further categorised by the frequency by which they 
were applied in different animal species (mouse, rat and pig)

Fig. 3  The number of days in 
treatment delay after wound 
model creation, and in assessing 
the end point after applying 
treatment for the included 
studies. *p < 0.05, **p < 0.005, 
ns = not significant
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post-burn injury differ greatly between mice and humans. 
Thus, although small animal models confer economic advan-
tages, have rapid reproduction rates, and reduce the time 
required for study, they have limited translational relevance 
to humans.

Three of the included studies used pigs as a burn wound 
model, which have great anatomical and physiological simi-
larity to humans, including in skin structure and response 
to therapeutics, dermal physiology, transdermal toxicology, 
wound healing, and neurophysiology [40]. Both humans 
and pigs have a thick epidermis, 50–120 μm in humans and 
30–140 μm in pigs [40, 41]. In contrast to small and loose-
skinned animals such as rodents, pigs and humans do not 
possess a panniculus carnosus, meaning that both species 
have a similar distribution of skin blood vessels. Both spe-
cies also have sparse body hair, which is important since 
hair follicles impact the process of re-epithelisation. Due to 
the larger size of pigs, multiple treatments can be compared 
within the same animal, which reduces inter-individual vari-
ability [42]. However, this is not applicable for treatments 
which induce systemic effects. While porcine models are an 
optimal choice from a physiological perspective, they have 
higher costs and special housing requirements, as well as 
increased ethical concerns over their use [43].

Source of stem cells

Stem cells used in the included studies were harvested from 
a variety of sources including adipose tissue, bone marrow, 
umbilical cord, hair follicle, and dental pulp. These sources 
differed with respect to their ease of access and feasibility 
of use in treating burn wounds.

Conventional bone marrow-derived MSCs (BM-MSCs) 
have limited availability compared to some other sources 

such as adipose tissue, but treatments utilising BM-MSCs 
show potential to enhance skin regeneration, for example, 
by allowing the formation of a thicker epidermal layer 
and increased cell proliferation, collagen synthesis, and 
angiogenesis [44]. When obtaining BM-MSCs, aspira-
tion volume directly correlates with cellular yield. Lower 
aspiration volumes of 10 and 20 mL have been shown to 
contain a lower concentration of nucleated cells and yield 
a lower number of MSCs [45]. In comparison, adipose 
tissue has been considered a more attractive source for 
harvesting stem cells, since subcutaneous adipose tissue 
can be easily accessed and repeatedly sampled, and the 
enzyme-based isolation procedures are not complicated 
[46]. The greatest advantage is the high quantity of cells 
that can be isolated, for instance, it is possible to obtain 
up to 3.5 million AdSCs from 1 g of adipose tissue [47]. 
However, although using liposuction as a standard pro-
cedure to collect adipose tissue is relatively safe and has 
minimal discomfort for the patient, this harvesting method 
may negatively affect the amount and viability of isolated 
AdSCs. The umbilical cord presents a reliable, accessi-
ble, and non-controversial source of stem cells. Applying 
umbilical cord-derived stem cells in burn wound mod-
els has been found to thicken the epidermis, increase the 
amount of dermal ridges, and create a better alignment of 
collagen fibres, demonstrating their active participation in 
skin wound healing through regenerative processes [48]. A 
novel method of isolating these stem cells involves cryo-
preserving cells from fresh umbilical cord post-delivery, 
in autologous cord plasma, to effectively reduce the risk 
of prion or virus contamination [49]. However, unlike for 
bone marrow and adipose tissue, ready access to umbili-
cal cord as a stem cell source is more limited. While these 
are the predominant sources of stem cells considered for 

Table 3  Types of scaffold materials and other substances used in the included studies delivered together with stem cells

Natural Synthetic Commercial Additional substances

Acellular amniotic membrane [50, 101, 169, 172, 177]
Acellular dermal matrix [164, 175]
Alginate [167, 181]
Atelocollagen [100]
Chitosan [123, 159, 160, 163, 167, 181]
Collagen [160, 161, 171, 173] [180]
Decellularised bladder [138]
Decellularised small intestine submucosa [166]
Fibrin [72, 161, 162, 165, 168]
Fibrinogen [178]
Gelatin [71]
Glycosaminoglycan [173, 179]
Hyaluronic acid [178]
Platelet-rich plasma [176]
Silk fibroin [172]
Sodium carboxymethyl cellulose [73]
Thrombin [178]

Arginine-based polyester amide [123]
Polycaprolactone [163]
Poly-D,L-lactic acid [89, 170]
Polyethylene glycol [72, 161, 162, 176]
Polyketone [174]
Polyvinyl alcohol [159, 163, 173]

Integra® [74] Dermal fibroblasts [164]
Dermal papilla cells [164]
Hematoporphyrin [174]
Keratinocytes [170]
PDGF-B gene [138]
Spirulina biomass [89]
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treating burn wounds, less utilised sources such as hair 
follicles and dental pulp also have useful attributes.

Hair follicle stem cells (HSFCs) are involved in the for-
mation of new hair follicles, epithelisation of wounds, and 
promotion of vascularisation in newly formed skin [50]. 
Although their original purpose is hair regeneration in 
response to skin injury, HFSCs are recruited at the site of 
a burn injury to differentiate into cells that assist in repair-
ing the damaged epithelium [51]. Regulatory T-cells (Tregs) 
modulating localised inflammation help to promote HFSC 
differentiation, thereby contributing to skin-barrier regenera-
tion. HFSCs also have multiple advantages including their 
abundant source, easy sampling and low tissue damage dur-
ing the sampling procedure, high proliferative capacity and 
differentiation potential, and the blatant lack of ethical issues 
[50]. On the other hand, dental pulp stem cells (DPSCs) 
have potential as a stem cell source as they have been shown 
to generate mineralised tissue and extracellular matrix in 
xenograft models [52]. Current isolation methods for DPSCs 
include the explant method and the enzymatic digestion of 
pulp tissue method, but these techniques still need to be 
improved to achieve optimal proliferative capacity of cells, 
karyotypic stability, and clinal translatability. DPSCs can 
be implanted in chitosan, collagen or composite biomate-
rial scaffolds to induce tissue regeneration, and have shown 
positive results in regenerating periodontal tissue and skin 
lesions caused by burns. Their regenerative capacity in a 
burn wound repair model has been suggested to match stem 
cells derived from bone marrow and adipose tissue [53].

Type of stem cells used and mechanisms of action

MSCs were the most common type of stem cells used in the 
included studies. They are a heterogeneous population that 
commonly refer to adult stem cells capable of differentiating 
into connective tissues including bone, muscle, cartilage, 
and fat [54]. MSCs are a popular choice for use in skin tis-
sue regeneration due to a range of beneficial properties, and 
were the most commonly chosen stem cell type among the 
included studies in this review. They can be harvested from a 
wide variety of tissues such as bone marrow, adipose tissue, 
umbilical cord, and even menstrual blood. The main benefi-
cial functions of MSCs in the context of skin repair include 
anti-inflammatory and immune-modulation effects [55–57], 
angiogenesis [58], and promotion of cell proliferation [59].

MSCs are known to migrate to wound sites, differ-
entiate, and regenerate lost tissue by regulating cellu-
lar responses to injury through paracrine signalling [60]. 
Experimental studies have shown that MSCs can coordi-
nate inflammatory responses following tissue injury. For 
instance, MSCs secrete multiple inflammatory modulators 
including nitric oxide (NO), indoleamine 2,3-dioxygenase 
(IDO), prostaglandin E2 (PGE2), interleukin(IL)-10 and 

TNF-alpha-stimulated gene/protein 6 (TSG-6) [61]. MSCs 
can also facilitate wound healing by increasing the secretion 
of anti-inflammatory cytokines such as IL-10, which results 
in reduced levels of inflammatory IL-6 and IL-8, as well as 
decreased collagen production and hence reduced fibrosis 
[62]. Other beneficial interactions of MSCs include promot-
ing the production of anti-inflammatory IL-35, PGE2 which 
reduces natural killer cell proliferation and T-cell migration, 
vascular endothelial growth factor (VEGF) which promotes 
angiogenesis, and hepatocyte growth factor (HGF) which 
is involved in downregulating fibrosis and increasing cell 
recruitment in the wound bed [62]. MSCs can also influ-
ence wound healing by decreasing the levels of pro-inflam-
matory cytokines including tumour necrosis factor (TNF)-α 
and interferon (IFN)-γ [63]. In the remodelling phase of 
wound healing, MSCs produce transforming growth factor 
(TGF)-β3 and keratinocyte growth factor (KGF), as well as 
regulate the activity of matrix metalloproteinases (MMPs) 
and tissue inhibitors of metalloproteinases (TIMPs), and col-
lagen deposition [60, 64, 65].

The anti-inflammatory and immune-modulatory proper-
ties of MSCs make allogeneic transplantation possible [66]. 
Allogeneic human MSCs and some xenogeneic MSCs can 
avoid acute immune rejection through the expression of fac-
tor H and other complementary proteins [67]. They possess 
the ability to block neutrophil function by supressing the 
oxidative bursts of both resting and activated neutrophils, 
while simultaneously preserving neutrophil phagocytic 
chemotactic functions. Cytokines expressed by MSCs have 
been shown to play a critical role in immune-modulation 
mechanisms [68]. Quiescent MSCs mainly produce the 
immune-regulatory cytokines TGF-β and IL-10, whereby 
TGF-β inhibits IL‐2, major histocompatibility complex II 
(MHC‐II), and co‐stimulatory factor expression in den-
dritic cells (DCs) and T-cells, while IL-10 inhibits antigen-
presenting cell maturation and suppresses T helper 17 cell 
(Th17) generation [68].

MSCs also produce a wealth of bioactive trophic factors, 
which simulate adjacent parenchymal cells to kick-start the 
process of repairing damaged tissue [69]. In wound repair, 
MSCs play an important role in promoting angiogenesis, 
a complex process controlled by both pro-angiogenic and 
anti-angiogenic factors. The ability of MSCs to mediate 
angiogenesis has been shown in a study where BM-MSCs 
engrafted in a skin wound released pro-angiogenic factors 
[70]. Human AdSCs have also been shown to secrete growth 
factors such as platelet-derived growth factor (PDGF), 
VEGF, and TGF-β, which are directly involved in angiogen-
esis and wound healing, and resulted in increased microves-
sel formation in a murine burn model [71]. A study using 
the porcine model also confirmed that AdSC delivery can 
accelerate angiogenesis in a dose dependent manner in deep 
partial thickness burns [72].
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MSCs play a primary role in promoting cell prolifera-
tion and enhancing overall tissue repair. Cell cycle analysis 
and anti-proliferating cell nuclear antigen (PCNA) staining 
in a rat skin expansion model showed that AdSC-treated 
injuries had significantly higher percentages of cell prolif-
eration compared to fibroblast-treated injuries [18]. The pro-
liferating cells were predominantly observed at the stratum 
basale and hair follicles. In another study using a rat skin 
wound model, regions treated with AdSCs showed increased 
rates of cell proliferation in granulation tissue. This was 
thought to be due to the influence of AdSCs on activated 
macrophages, which released significant amounts of fibro-
blast growth factor (FGF), a cytokine directly involved in the 
epithelial proliferation process [73]. The majority of studies 
included in this review observed that MSCs combined with 
a biomaterial scaffold have the capacity to accelerate wound 
healing, promote re-epithelisation, and induce skin tissue 
regeneration.

Dose of stem cells

Although an interesting point of investigation, only one of 
the include studies compared the effectiveness of using dif-
ferent doses of MSCs in wound healing, by incorporating 
them into a dermal regeneration template [74]. This porcine 
study used umbilical cord MSCs, and surprisingly found 
that a low dose range of 200–40,000 cells/cm2 stem cells 
was the most effective in regenerating full-thickness burn 
excised wounds. This was followed by a middle dose range 
of 2–4 ×  105 cells/cm2, and lastly a high dose of 2 ×  106 
cells/cm2. The lower doses proved more effective in several 
aspects of skin repair, including accelerated wound healing, 
reduced scarring, and enhanced neovascularisation. Moreo-
ver, epidermal thickness was observed to be highest in the 
low dose group and decreased with increasing cell dose. 
These findings are potentially paradigm shifting among cur-
rent beliefs in skin tissue regeneration, as previous studies 
hypothesised that a larger dose of stem cells was required 
to enhance skin healing [75–81]. To explain these findings, 
it was hypothesised that excessive amounts of transplanted 
stem cells might proliferate to the maximum capacity and 
consume all available resources, leading to possible nutrient 
deficiency and hypoxia in the wound environment that then 
catalysed cell death [74].

Cell culture method: 2D vs 3D

MSCs cultured in 3D have the characteristics of enhanced 
differentiation capacity, upregulated pluripotency marker 
gene expression, and delayed replicative senescence [82]. 
Although there is no research to directly compare the effects 
of 2D versus 3D culture on burn wound healing, studies on 
other types of tissue regeneration show promising results. 

An in vitro study investigating the therapeutic effects of 3D 
spheroids formed from human MSCs for acute kidney injury 
showed that 3D culture enhanced the production of extracel-
lular matrix (ECM) proteins including collagen I, fibronectin 
and laminin, when compared to cells cultured in 2D [83]. 
The 3D spheroids also exhibited stronger anti-oxidative and 
anti-apoptotic properties. When injected into the kidney of 
rat models, 3D cultured cells were more effective in protect-
ing against apoptosis, reducing tissue damage, enhancing 
vascularisation, and improving overall renal function than 
2D cultured cells. Another study examined the effects of 
human MSC secretome on corneal wound healing in rab-
bits [84]. Concentrations of bioactive factors such as HGF 
and ICAM-1 increased by up to five fold in the secretome 
produced by MSCs cultured on 3D fibre matrices compared 
to those on 2D culture dishes. The 3D cultured MSCs were 
effective at facilitating wound healing in corneal fibroblast 
cells and explanted corneas.

3D bioprinting is a recent technological advance that can 
be used to produce 3D cellular or tissue structures, possess-
ing the advantages of high resolution, flexible operation, 
repeatable printing, and high-throughput output, making 
it an appealing option for generating bioactive constructs 
for the clinical treatment of skin burns [85]. Since the first 
3D bioprinting technology was reported, tissue engineering 
has made great progress in this realm, with the field now 
progressing towards printing mini-sized organs and tissues 
[86]. Using 3D bioprinting, different types of cells can be 
deposited at specific locations to form multilayer structures 
and build anatomically-similar tissues [87]. In an example 
where 3D bioprinting was applied in skin tissue engineering, 
a dermal-derived ECM (dECM) bioink was used to tackle 
the rapid degradation and high shrinkage seen in traditional 
collagen-based bioinks. The printed mixture of adipose tis-
sue-derived MSCs and endothelial progenitor cells, together 
with skin-derived dECM was used to produce pre-vascular-
ised skin grafts, which effectively accelerated skin healing 
in a mouse excisional wound model [88].

Type of graft

All included studies except one used allogeneic or xenoge-
neic grafts. One study used isogeneic cells from genetically 
identical clones [89].

Autologous skin grafts have remained the standard of care 
for clinical skin reconstruction and wound coverage, typi-
cally involving the use of split-thickness skin grafts (STSGs) 
and full-thickness skin grafts (FTSGs). Although both have 
been known to provide good healing outcomes in patients, 
they are limited by certain drawbacks. STSGs have lower 
levels of elastin compared to FTSGs and are unable to regen-
erate full-thickness skin, often undergoing significant con-
traction following placement [90]. While STSGs can cover 
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large wound areas on the recipient, a variety of donor site 
morbidities can occur including scarring, chronic pain, and 
infection [91]. FTSGs are more preferable for skin repair 
since they contain all skin layers as well as the regenera-
tive appendages found in each cutaneous compartment [90]. 
However, FTSGs have a higher metabolic demand and are 
limited by the lack of donor skin, restricting their applica-
tion to smaller wounds. Interestingly, a recently developed 
autologous homologous skin construct (AHSC) technology 
makes use of the patient’s innate skin regeneration poten-
tial to generate full-thickness skin, including all dermal 
and epidermal components [92]. In this case, a 10-year-old 
boy who suffered from a large upper torso burn wound was 
treated with STSGs and developed painful, functionally 
limiting scar contractions. As alternative treatment, a 17.5 
 cm2 section of skin was harvested from the groin and sent 
to be manufactured into AHSC at a biomedical facility. The 
skin construct was applied to a 200  cm2 wound immedi-
ately following excision. The AHSC displayed 100% graft 
take, as well as initial postoperative epithelialisation and 
re-pigmentation which progressed to complete epithelial 
coverage at 8 weeks. At 11 months, the regenerated skin 
restored range of movement and showed no adverse scarring, 
suggesting the potential of this technology in paediatric burn 
reconstruction.

Allogeneic skin grafts catalyse potent immune responses 
involving both the innate and adaptive immune system, and 
their clinical applications need to rely heavily on effective 
immunosuppression in the recipient [93]. The immunocom-
promised state of patients with severe burn injuries receiv-
ing allogeneic skin grafts may result in delayed rejection, 
secondary infections, and increased scarring. In sandwich 
grafting for burn treatment, the skin allograft functions as 
a biological dressing that sits on top of a widely meshed 
autograft, to protect the wound bed in the interstices of the 
autograft [94]. Naturally, the allograft would separate from 
the wound bed due to gradual rejection, allowing the under-
lying autograft to complete the process of epithelisation. 
However, another major concern of using skin allografts is 
the risk of disease transmission. While the reported rates of 
disease transmission are sporadic and low, microbial testing 
is crucial to ensure the safety of the allografts.

Xenogeneic materials such as porcine or fish skin can 
be used for temporary skin coverage, particularly in large 
scale or severe burns to stabilise the patient until they can be 
treated by autologous skin grafting [93]. Xenogeneic grafts 
contain antigens which are recognised by the immune sys-
tem as foreign, which can lead to biochemical failure of the 
graft or even host organism death [95]. For clinical applica-
tion, chemical treatments may be used that crosslink proteins 
within xenogeneic tissue, but this may not completely mask 
important antigens [93]. Although a recent Phase II clinical 
trial has suggested that a xenograft dressing could achieve 

re-epithelialization in burn wounds even without autologous 
split-thickness skin grafting [96], xenografts currently can 
only be considered a temporary solution for the clinical care 
of patients with severe burns.

Burn wound model

The types of preclinical burn models used in the included 
studies can be divided into thermal burn, radiation burn 
and surgical wound. Thermal burn was the most common 
injury used in animal models to test the effectiveness of tis-
sue engineered constructs in burn wound healing. This is 
because thermal burns from fire, flames or scalds account 
for approximately 80% of all reported burns [97]. The meta-
bolic response in burn patients following thermal injury is 
biphasic, with an initial ebb phase and then a hypermetabolic 
and catabolic flow phase [98]. The increased metabolic rate 
results from evaporative heat loss from the burn wound, as 
well as a central effect of inflammation on the hypothalamus. 
A study on the standardisation of thermal injuries in the rat 
model validated the same hypermetabolic response induced 
by thermal injury that is generally associated with severe 
burns [99]. Skin samples confirmed that animals receiving 
thermal burn wounds sustained skin injury across all lay-
ers, including complete epidermal destruction and thermal 
coagulative damage. Burned hair follicles also displayed 
distinct cellular damage and cytoplasmic swelling.

Surgical wounds were the second most common injury 
type among the included studies. Surgical wounds are typi-
cally created under sterile conditions, and do not result in 
the same immediate pathophysiological effects seen in con-
ventional burns. Therefore, although surgical skin wound 
models are more consistent and controlled, they are less rep-
resentative of clinical burn pathology and responses to treat-
ment due to inherent differences in physiological responses.

Radiation burns are clinically far less common than 
thermal, electrical and chemical burns, with very different 
pathophysiological responses. Only 2 of the included stud-
ies used radiation burn in their animal models [100, 101]. 
Compared to thermal skin burns, radiation burns are char-
acterised by necrosis, paroxysmal and chronic pain resistant 
to opiates, as well as uncontrolled, successive inflammatory 
waves [102]. Ulceration and necrosis may extend to deep 
dermal and underlying muscle structures, with the inflam-
matory waves inducing severe pain [103]. Furthermore, ion-
ising radiation causes DNA damage which leads to repair 
responses, genetic mutations, or cell death, with early and 
late effects. Ultraviolet radiation resulting in ‘sunburn’ is one 
of the key inducing factors of squamous cell carcinoma and 
basal cell carcinoma [104]. Excessive exposure to ultraviolet 
radiation carries profound health risks including atrophy, 
pigmentary changes, skin wrinkling, and malignancy [105]. 
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As such, radiation burn may not be a highly representative 
wound model for general burns treatment.

Timeframe

The delay between establishing the skin wound in the pre-
clinical model and applying the engineered skin product to 
the wound varied among the included studies, with some 
applying the tissue engineered product immediately post-
burn, and others delaying the treatment for up to 10 days. 
Generally, studies involving burns patients showed that 
the best clinical outcomes were obtained when burns were 
excised and grafted at 24–48 h after the injury [106–108]. 
In preclinical models, treating burns outside of this optimal 
period using tissue engineered products may potentially 
reduce healing rates, although inter-species differences 
should also be taken into consideration when analysing the 
results.

There was a large variation in the endpoints of outcome 
evaluation used in the included studies, ranging from 7 to 
90 days post-burn. Some studies also had multiple endpoints 
at which biopsies were taken or animals were euthanised. 
The normal wound healing process occurs in three phases: 
haemostasis and the inflammatory phase (from the time of 
injury to day 4–6), the proliferative phase (day 4 to 14), 
and finally maturation and remodelling (day 8 to 1 year or 
longer) [60, 109]. Studies where endpoints do not extend 
beyond the proliferative phase of wound healing would not 
allow the full effects of wound maturation and remodel-
ling to be assessed, and therefore may not be indicative of 
long-term healing response. Endpoints of 1 year or longer 
in preclinical models would obviously be ideal, particularly 
for larger animals due to their longer lifespan, but this is 
often difficult to implement due to housing requirements 
and increased costs. Interestingly, despite size differences, 
there were no major variations in the time period required 
for the start of wound recovery between small and large ani-
mals, with the vast majority of included studies reporting 
that wound filling with granulation tissue occurred between 
7 to 21 days, and only one porcine study reporting 28 days.

Scaffolds

Biomaterials used for tissue regeneration can be generally 
divided into natural and synthetic biomaterials [110]. Natu-
ral biomaterials derived from biological and plant sources 
have been widely studied in tissue engineering because of 
their biocompatibility, bioactivity, and biodegradation prop-
erties, many of which possess similar structure to natural 
ECM. When placed in biological systems, natural biomateri-
als release products during biodegradation that have minimal 
cytotoxicity, and provide biomimetic properties to support 
cell adhesion and function [110]. Collagen, chitosan, and 

fibrin are some common examples of natural biomaterials 
used by studies included in this review, and are derived from 
protein and polysaccharide sources [111].

Collagen is a naturally occurring protein and an ubiqui-
tous component of the skin ECM, which is commonly used 
as a scaffold material due to its mechanical and cell-adhesive 
properties [112]. Although collagen scaffolds can undergo 
fast biodegradation and also result in wound contraction 
[113], this can be mitigated by crosslinking [114]. Chitosan 
is a natural polymer derived from chitin. It is a popular mate-
rial choice for skin regeneration scaffolds since it has good 
biocompatibility with skin cells, is anti-microbial, promotes 
wound healing, and reduces scar formation [115]. 3D chi-
tosan nanofibrillar scaffolds produced by electrospinning 
showed great ability to promote skin repair both in vitro 
and in a mouse model [116]. However, applications of pure 
chitosan are often limited by low mechanical durability 
[117]. When combined together, collagen/chitosan scaf-
folds have shown the ability to promote keratinocyte migra-
tion and wound re-epithelisation in an ex vivo human skin 
wound model [118], as well as cutaneous wound healing 
in murine models when combined with BM-MSCs [119, 
120]. Scaffolds with this material combination can have 
many advantages for skin repair such as mechanical stabil-
ity, antibacterial function, and accelerated collagen synthesis 
through fibroblast recruitment, diluting the drawbacks of the 
individual materials.

Fibrin is another versatile biopolymer that can be used 
as a scaffold for skin regeneration. It can improve skin graft 
success rates, support keratinocyte and fibroblast growth 
[121], and convey better angiogenic properties than collagen 
scaffolds [112]. However, fibrin hydrogels used in skin tissue 
engineering also exhibit several limitations: gel shrinkage 
during the formation of flat sheets, low mechanical stiffness, 
and rapid biodegradation before the formation of vital tissue 
structures [121]. The usefulness of fibrin hydrogels can be 
extended by incorporating ECM-derived proteins to improve 
their biological activity, such as fibronectin, vitronectin and 
laminin. Injectable fibrin scaffolds that slowly release a 
cocktail of growth factors including PDGF, VEGF, TGF-β1, 
IGF, FGF, and EGF can promote skin healing through cell 
proliferation, collagen deposition, and tissue revascularisa-
tion [122].

Composite scaffolds can combine the advantages of sev-
eral biomaterials to enhance skin regeneration, and com-
pensate for the limitations of individual materials. One of 
the included studies seeded MSCs onto a biodegradable 
hybrid hydrogel synthesised from unsaturated arginine-
based poly(ester amide) and chitosan derivative [123]. These 
MSC-seeded hybrid gels promoted wound closure, re-epi-
thelialisation, granulation tissue formation, and vascularisa-
tion of third degree burns in mice. They also increased anti-
inflammatory IL-10 expression and M2-like macrophages, 
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and reduced inflammatory TNF-α expression and M1-like 
macrophages. While the hydrogels alone were seen to pro-
mote vascularisation, they were much more effective when 
seeded with MSCs. In other studies, 3D printing has been 
used to fabricate composite scaffolds with new material 
combinations for skin repair, such as a gelatine-sulfonated 
silk composite scaffold to overcome the deficiency of der-
mal vascularisation [124]. As a collagen derivative, gelatine 
possesses great biocompatibility and fast degradation rate, 
which exhibits enhanced mechanical support when com-
bined with sulfonated silk. This 3D printed scaffold was 
shown to promote the regeneration of skin-like tissues in a 
rat skin defect model.

Another interesting but less commonly explored natural 
biomaterial for skin repair is the acellular amniotic mem-
brane, obtained from the placenta following caesarean sec-
tion delivery, conveying excellent biocompatibility as well 
as anti-inflammatory and anti-microbial effects [125]. The 
amniotic membrane includes amniotic mesenchymal cells 
(AMCs) and amniotic epithelial cells (AECs). AMCs are 
capable of differentiating into all three germ layers and 
secreting anti-inflammatory cytokines such as PGE2, IDO, 
HGF and TGF-β [126]. AECs have been shown to express 
HLA-G antigens on their surface, which are involved in the 
induction of immune tolerance and can effectively reduce 
the risk of post-transplantation rejection [126].

Synthetic polymers are also used as scaffold materials for 
skin regeneration as they eliminate the risk of disease trans-
mission, and their fabrication processes can be more pre-
cisely controlled to give tailorable mechanical and chemical 
properties. However, most synthetic polymers lack bioactiv-
ity unless further modified [127]. An example is poly(vinyl 
alcohol) (PVA), which has good biocompatibility and also 
exhibits potential as a protein delivery system [127]. Modi-
fied PVA hydrogels were shown to be biocompatible and not 
elicit severe inflammatory responses for up to 12 weeks after 
in vivo implantation in mice. Poly (ethylene glycol) (PEG) 
is another commonly used synthetic polymer in skin tissue 
engineering [128]. PEG-based amphiphilic copolymers have 
versatile uses as scaffold materials, where the hydrophobic 
polyester components provide biodegradation and protein 
adhesion, while the hydrophilic PEG blocks provide better 
mechanical properties and elasticity [129].

Other added substances

Other substances have been added to tissue engineered con-
structs involving stem cells in combination with scaffolds to 
improve their bioactivity and functional characteristics for 
skin repair in the included studies. Other cell types added 
in combination with stem cells can include dermal papilla 
cells, dermal fibroblasts, and keratinocytes [130]. Dermal 
papilla cells are mesenchymal cells found in the skin which 

regulate hair follicle growth and development [131]. Der-
mal fibroblasts are extensively involved in the natural wound 
healing process, particularly during the proliferative phase 
by performing collagen synthesis and contraction. Fibroblast 
proliferation can be induced by a variety of growth factors 
including PDGF, IFN-γ, IL-1, and TNF-α [109]. Keratino-
cytes migrate, proliferate and differentiate into the epidermis 
during wound healing, and also promote angiogenesis by 
secreting VEGF [109].

A range of bioactive substances have been added to tis-
sue engineered constructs in the included studies, includ-
ing spirulina biomass, hematoporphyrin, and the PDGF-B 
gene. Spirulina is a blue-green microalgae that has been 
shown to aid skin wound healing by promoting angiogen-
esis, immune cell infiltration, epithelialisation, ECM deposi-
tion, and wound contraction [132], as well as by enhancing 
fibroblast viability and anti-oxidative mechanisms [133]. 
Hematoporphyrin is a photosensitiser that can generate reac-
tive oxygen species (ROS), providing anti-microbial effects 
while promoting cell proliferation, and regulating inflamma-
tory factors and collagen remodelling [134]. PDGF-B is a 
growth factor that recruits pericytes essential for the stabi-
lisation and maturation of vascular structures [135]. PDGF 
is produced by several cell types, including macrophages, 
monocytes, fibroblasts, smooth muscle cells, and endothe-
lial cells, which can then result in chemotaxis [109]. In skin 
repair, PDGF-B acts as a chemical inducer that can catalyse 
repair cells to migrate from the wound edge to the wound 
bed [136], as well as stimulate the proliferation of repair 
cells to increase the formation of granulation tissue [137]. 
In addition to these, VEGF is a common pro-angiogenic 
factor utilised in skin repair to accelerate the early phases 
of wound healing by promoting neovascularisation [138]. 
EGF is another commonly used growth factor recognised 
for its therapeutic functions in stimulating skin cell growth, 
proliferation and differentiation [139].

Outlook and perspectives

While stem cells have attracted significant attention in skin 
tissue engineering due to their ability to differentiate into 
tissue-specific cells and/or secrete bioactive factors to aid 
repair, several hurdles need to be overcome before stem 
cell-based products can become a standard method in clin-
ical burns treatment. A primary hurdle in the translation 
of stem cell-based tissue engineered skin arises from the 
inherent discrepancies in skin structure and physiological 
response between humans and animal models [37]. For 
instance, murine models cannot fully replicate the patho-
physiological and systemic responses to burns that humans 
demonstrate, which reduces the translational relevance of 
products tested using such models. While porcine models 
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provide a better prediction of clinical treatment outcomes, 
the majority of current studies are limited in scope due to 
practical constraints such as housing requirements, cost, 
and ethics. For these reasons, the generation of in vitro 
skin organoids may bridge a gap between animal mod-
els and clinical response to treatment. For instance, skin 
organoids have been generated in 3D culture using a 
homogenous population of mouse pluripotent stem cells, 
which replicated some of the characteristics of native skin 
including the development of new hair follicles [140]. The 
same group then developed a human skin organoid, by 
guiding human iPSCs through a month-long process of 
differentiation to generate complex hair-bearing human 
skin tissue [141]. These skin organoids may be used to 
model burn wounds for testing new skin substitutes, offer-
ing short modelling times and the potential to be made 
patient-specific [142].

Recent developments in biofabrication technologies 
such as 3D bioprinting are enabling the production of 
anatomically-similar skin constructs, which can replicate 
the essential features and native functions of human skin, 
and be used either as a test model for new skin substitutes 
or developed as a therapeutic product. 3D bioprinting 
provides the advantages of reproducibility and customis-
ability, allowing for accurate cell positioning and control 
in preparing biomimetic tissue structures [143]. Using 3D 
bioprinting with a medical grade bioink and mechanically 
extracted human skin cells, a dermis could be reconstituted 
in vitro, and skin cellular components could also be printed 
directly onto an in vivo skin wound [144]. Experiments in 
a murine model suggested that this technology was feasi-
ble and well-tolerated, with potential for development into 
a clinical treatment for patients with severe burns through a 
single intraoperative step. In another approach, a collagen 
and alginate bioink in combination with keratinocytes and 
fibroblasts were printed in a 3D scaffold, where cells were 
shown to form dense structures similar to human skin as they 
could migrate and proliferate on the scaffold [143]. The use 
of additive manufacturing in skin tissue engineering could 
improve standardisation and reproducibility of patient out-
comes, and assist the translation of new therapeutic products 
into clinical applications.

The development of new biomaterials could further aug-
ment the formation of biomimetic skin constructs, poten-
tially progressing towards full-thickness skin regeneration. 
For example, antibiotic-based silk fibroin (ABSF) films 
can accelerate burn wound healing by increasing fibroblast 
viability and adhesion, as well as by reducing the chance 
of infection at the wound site [145]. Additionally, a dex-
tran-based hydrogel was found to stimulate neovascularisa-
tion within the first week of application when used to treat 
third degree burns in a pig model, resulting in rapid healing 
and wound closure, increased re-epithelisation and ECM 

remodelling, and superior reinnervation of newly formed 
skin tissue compared to conventional dressing treatment 
[146].

Future directions for using stem cells in burns treatment 
could involve not only the direct use of cells themselves, but 
also their secretory products such as extracellular vesicles 
(EVs), including exosomes (small EVs) and microvesicles 
(large EVs). The emerging role of EVs both as disease bio-
markers and therapeutic agents is being increasingly recog-
nised, as they have been identified to play key roles in inter-
cellular communication [147, 148]. Stem cell-derived EVs 
have been shown to replicate the pro-regenerative functions 
of their parent cells, such as promoting cell proliferation 
and angiogenesis, and supressing apoptosis [148], point-
ing to their potential in being used as novel therapeutics for 
skin repair and burns treatment [149], possibly obviating the 
need to use cells and navigate associated practical hurdles. 
EVs from human iPSCs and MSCs are considered to have 
a key role in paracrine signalling, and can enhance healing 
in burn wounds without the associated stem cells [150]. For 
instance, EVs from iPSC-derived MSCs have been shown to 
enhance the migration of human dermal fibroblasts to stimu-
late vascularisation, effectively promoting wound healing by 
reducing scarring and improving collagen maturity [151]. In 
mouse model of a second degree burn, iPSC-derived EVs 
played a significant role in enhancing skin re-epithelisation 
and increasing numbers of keratinocytes [152]. MSC-
derived EVs have similarly been reported to promote skin 
regeneration and accelerate would healing [147]. Part of the 
mechanisms leading to these effects may be related to the 
immunomodulatory properties of the parent MSCs, whereby 
their ability to promote anti-inflammatory M2 microphage 
polarisation, aid B-cell regulation, and suppress effector 
T-cells are replicated in the MSC-derived EVs [153, 154].

Nanotechnological approaches are now being increas-
ingly explored to provide innovative tissue engineering 
solutions for treating burn wounds. Nanoparticles could 
be used for temporary or sustained controlled delivery of 
growth factors [155]. For instance, a nanofibrous skin sub-
stitute was created using electrospinning to allow program-
mable release of multiple angiogenic growth factors through 
gelatine nanoparticles [156]. This construct was designed to 
deliver endothelial growth factor and basic fibroblast growth 
factor in the early stage of wound healing to accelerate epi-
thelisation and vascular sprouting, while PDGF and VEBF 
are released in the later stages to induce blood vessel matura-
tion. Moreover, micro-/nano-robots are being increasingly 
explored as an exciting new field to provide targeted drug 
delivery that can be controlled by external sources such as 
magnetic forces, light, or ultrasound [157]. These could be 
used to deliver a range of cargo from genes and biomacro-
molecules to cells, and might find new applications in bio-
engineered skin constructs.
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Nanosensors are another exciting area of development 
that could be integrated into tissue engineering solutions 
for real-time monitoring of skin repair, using biomarkers 
generated during the process of wound healing. For instance, 
novel fluorescent magnesium hydroxide nanosheets have 
been integrated with electrospun fibres and agarose gels to 
create multifunctional topical wound dressings [158]. The 
nanosheets provided the dressing with potent antimicrobial 
properties, with a strong fluorescence signature that could 
be used to assess the dressing degradation and functional 
antimicrobial capacity. Moreover, pH-responsive changes 
in fluorescence could act as a probe for wound acidification 
as an indicator of healthy wound healing. Such approaches 
could be considered for developing new skin wound dress-
ings with biosensing capabilities.

Tissue engineering and regenerative medicine is rapidly 
evolving field. From our discussions in this review, it is 
evident that the use of stem cell-based tissue engineering 
approaches, augmented by biomaterials to assist skin repair 
in preclinical models of burn wounds has demonstrated 
promising outcomes, whereby full-thickness burns have 
been regenerated together with accessory structures such 
as hair follicles [50] in some cases. Nevertheless, further 
studies need to be conducted to test the safety and efficacy 
of these methods, and address possible variations associated 
with donors or treatment procedures before stem cell-based 
tissue engineered skin can be implemented for clinical burns 
treatment in human patients. This can be conducted through 
the optimisation of parameters, including those assessed in 
this review – cell types and tissue sources, cell dosage, sup-
porting biomaterials, and treatment timeframe. Improved 
reporting would also help with standardisation of results 
from preclinical studies, particularly on quantitative data 
such as the thickness of newly formed skin and incidence 
of complications, which were rarely specified in the studies 
included in this review. Furthermore, as treatment responses 
in animal models do not directly translate to humans, it is 
vital that more physiologically relevant preclinical models 
are used to assess new therapies, or that new technologies 
are used to create in vitro representations of human tissue 
to aid proof of concept studies. By combining cross-dis-
ciplinary advances in regenerative medicine, incorporating 
stem cells, new biomaterials, manufacturing techniques, and 
nanotechnological advances, tissue engineered skin will 
move closer to becoming a reality for the clinical treatment 
of full-thickness burns.
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