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Translational stem cell therapy: vascularized 
skin grafts in skin repair and regeneration
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Abstract 

The skin is made up of a plethora of cells arranged in multiple layers with complex and intricate vascular networks, 
creating a dynamic microenvironment of cells-to-matrix interactions. With limited donor sites, engineered skin sub‑
stitute has been in high demand for many therapeutic purposes. Over the years, remarkable progress has occurred 
in the skin tissue-engineering field to develop skin grafts highly similar to native tissue. However, the major hurdle 
to successful engraftment is the incorporation of functional vasculature to provide essential nutrients and oxygen 
supply to the embedded cells. Limitations of traditional tissue engineering have driven the rapid development of 
vascularized skin tissue production, leading to new technologies such as 3D bioprinting, nano-fabrication and micro-
patterning using hydrogel based-scaffold. In particular, the key hope to bioprinting would be the generation of inter‑
connected functional vessels, coupled with the addition of specific cell types to mimic the biological and architectural 
complexity of the native skin environment. Additionally, stem cells have been gaining interest due to their highly 
regenerative potential and participation in wound healing. This review briefly summarizes the current cell therapies 
used in skin regeneration with a focus on the importance of vascularization and recent progress in 3D fabrication 
approaches to generate vascularized network in the skin tissue graft.
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Introduction
The human body is able to resolve simple wounds natu-
rally over time. However, patients with skin burns or 
more complex wounds may require extrinsic treatments 
such as tissue engineered vascular grafts. Autologous 
grafts are deemed the golden standard for transplanta-
tion. However, the risk of infection from the invasive 
procedure and the lack of donor sites in patients with 
extensive burns/traumas impose severe limitations. 
Additionally, traditional cell injections do not maintain 
essential cell–cell junctions and cell–matrix connec-
tions during delivery and the transplanted cells are not 
restricted to the injured area, thus limiting the efficacy of 

the treatment [1]. Therefore, tissue engineered vascular 
grafts serve as the next best alternative. One of the ear-
liest motivations to construct skin tissue stems from the 
treatment of burn wounds, as ensuring proper wound 
healing is fundamental to preventing infection. The abil-
ity of the skin to heal on its own depends on the depth 
of the skin injury, which is in turn determined by factors 
such as the extent of the burns/traumas, intensiveness 
of the surgeries and genetic abnormalities [2, 3]. Besides 
therapeutic purposes, there is also an increase in demand 
for authentic engineered skin equivalents as platforms for 
drug and formulation development. This review presents 
a summary on the currently available skin substitutes, 
with an added emphasis on the significance of the vascu-
larization of skin grafts, as well as recent advances in 3D 
fabrication techniques to overcome some of the limita-
tions of the current skin substitutes.
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Limitations of commercially available skin substitutes
An extensive loss in skin structure and function may 
result in serious or potentially lethal conditions that 
necessitate the use of skin grafts (Fig. 1). The table below 
summarizes some of the current engineered skin sub-
stitutes available clinically (Table  1). Current commer-
cially available skin substitutes are not impeccable and 
the choice of skin substitutes may be curtailed by fac-
tors such as immune rejection, integration failure, high 
cost, limited cell sources and material incompatibility 
that impairs successful long-term engraftment [4, 5]. For 
instance, Biobrane® allows for a single-stage procedure 
to cover partial thickness wounds, but it is highly suscep-
tible to contaminated wounds [6]. The use of Integra® is 
likely to result in a good, long-term functional outcome, 
however, it is highly expensive, displays poor adhesion 
and is very prone to infection [6].

Till date, there is no available engineered skin tissue 
able to permanently cover full thickness or deep dermal 
wounds in a one-stage procedure. Additionally, most of 
the skin substitutes available include only fibroblast and 
keratinocytes, which are insufficient in recapitulating the 
complexity of native skin [6]. Scar formation following 
skin grafting also impairs the functionality of the skin. 
Since scar tissue is less resistant to UV radiation, the skin 

has difficulty repopulating hair follicles and sweat glands 
[7]. Lastly, the lack of early and proper vascularization 
leads to graft necrosis or loosening of implanted skin 
substitutes, ultimately culminating in poor skin engraft-
ment [8, 9]. Several papers have explored the possible 
inclusion of a hypodermal layer within the skin construct 
that may contribute to graft viability [10, 11]. Since the 
hypodermis primarily consists of endothelial cells (ECs) 
and adipocytes, the presence of such a layer in the graft 
provides thermoregulation and structural support against 
mechanical insults, as well as nutrients and signaling 
cues for vessel formation [5]. However, further studies 
are required to ascertain the clinical efficacy of a hypo-
dermis-inclusive 3-layered skin graft [5]. Commercially 
available skin substitutes that promote angiogenesis do 
not attain the magnitudes required for good engraftment. 
Hence, the vascularization of skin grafts remains the top 
issue to be addressed in developing the ideal functional 
skin substitute for clinical applications [12].

The process of vascularization
Vascularization is a complex process orchestrated 
by the combination of various cell types, growth fac-
tors and extracellular matrix proteins. Vasculariza-
tion in  vivo comprises of two distinct mechanisms; 

Fig. 1  A staged schematic of a traditional engineered skin graft implanted onto the injured skin. Autologous cells are first isolated from the 
patient’s biopsies and cultured to the desired confluency in vitro. The cells are then seeded onto a biocompatible scaffold in the presence of growth 
factors and cytokines that aid in the creation and maturation of a functional skin graft. The graft is subsequently implanted onto the wound area to 
aid in recovery and regeneration of the skin tissue
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vasculogenesis and angiogenesis [32]. During vasculo-
genesis, the endothelial progenitor cells migrate, dif-
ferentiate and form primitive blood vessels, whereas 
angiogenesis involves the growth of new vessels from 
current pre-existing ones (see Fig. 2) [33]. There are two 
approaches to incorporating vessels in the engineered tis-
sue, either in vitro before transplantation or vasculariza-
tion upon integration with host tissue [34]. Importantly, 
the micro-vascular network generated has to exhibit 
a functional and sustainable phenotype during both 
in vitro development and post-implantation in vivo even 
when the original conditions were absent. To produce 
mature and stable micro-vessels, the ECs proliferate and 
form capillaries through specific cell-to-cell contact, dic-
tated by the release of growth factors in a specific chron-
ological order [35].

During the wound healing process, vascular smooth 
muscle cells (VSMCs) initiate vessel formation by 
recruiting ECs to the site of angiogenesis and promoting 
EC proliferation through vascular endothelial growth fac-
tor (VEGF) secretions [36, 37]. On the other hand, fibro-
blast growth factor (FGF) increases EC migration and 
enhances VEGF production, highlighting the importance 
of cross-talk between growth factors. Some of the com-
mon growth factors and cytokines required for angio-
genesis include VEGF, FGF, tumor necrosis factor-alpha 
(TNF-α) , transforming growth factor (TGF-β ) and angi-
opoietins [38].

The angiogenic signaling pathways mediated through 
growth factors have been well documented [39]. More 
recently, ECs have been shown to respond to metabolic 
changes that switch the cells from a quiescent state to a 

decidedly proliferative profile, consequentially driving 
the process of vessel sprouting [40]. To satisfy the higher 
energy demands during the angiogenic state, ECs upreg-
ulate the rate of aerobic glycolysis to generate more ATP 
[41]. This process is aided by angiogenic factors such as 
VEGF that can enhance the expression levels of glycolytic 
activators in ECs [42]. Given that the major source of 
ATP in the ECs is derived from glycolysis instead of oxi-
dative phosphorylation [42], the role of the endothelial 
mitochondrion as an ATP generator is somewhat dimin-
ished when compared to other cell types [43]. However, 
the endothelial mitochondria retain the propensity for 
the cells to switch over to oxidative metabolism when the 
levels of glucose are significantly reduced [43]. Through 
the tricarboxylic acid (TCA) cycle, the mitochondria 
generate precursors that are crucial for the synthesis of 
nucleotides, lipids and amino acids during cell prolifera-
tion [41, 43]. In addition, physiological levels of reactive 
oxygen species (ROS) produced by the mitochondria as a 
by-product of oxidative phosphorylation serve as signal-
ing cues for the initiation of angiogenic cascades [44]. For 
example, mitochondrial ROS had been shown to increase 
the stability of hypoxia-inducible factor α through the 
inhibition of prolyl hydroxylase domain proteins, result-
ing in the activation of angiogenic pathways [41, 45].

In pathological states such as diabetes where patients 
are afflicted by chronic wounds, lowering the excessive 
levels of mitochondrial ROS is vital to the resolution of 
the skin wound [46]. Pre-clinical studies have shown that 
a mitochondria-targeted antioxidant, SkQ1, was able to 
resolve the inflammatory phase of wound healing, lead-
ing to vascularization and improvements in the dermal 

Fig. 2  A schematic representation of the process of vasculogenesis and angiogenesis subsequent to the skin graft transplantation. In the early 
stages following transplantation, nutrients from the wound bed diffuse along a gradient into the graft via the process of plasmatic imbibition 
but is limited by the range of diffusion. Around 48 h after the transplantation, the vessels of the host tissue begin to form anastomoses with the 
vascular buds of the graft during inosculation. The inception of a functional vascular network between the graft and the recipient bed enhances 
the survivability of the graft. The process of revascularization occurs within 72 h whereby the ingrowth of new vessels from the recipient bed to the 
graft, accumulation of extracellular matrix and the subsequent maturation of the new vessels augments the stability of the engrafted tissue
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wounds of genetically diabetic mice [47]. There is also 
an on-going clinical trial investigating the use of antiox-
idant-laced dressing derived from locust bean gum galac-
tomannan, curcumin and N-acetylcysteine in treating 
chronic wounds [48].

ECs and SMCs are the major cell types in the vessels. 
However pericytes, together with FGF and collagen IV 
are also required for the maturation and stabilization of 
the blood vessels, regulation of angiogenesis, and inhibi-
tion of uncontrolled growth [49]. Pericytes regulate ves-
sel blood flow through their contractile properties and 
provide supportive function by laying down basal extra-
cellular matrix (ECM) [50]. Apart from playing a role in 
mediating EC-pericyte interaction, TGF-β also aid in sta-
bilizing the vessels [38].

Vascularization in engineered skin tissue
Proper vascularization of the engineered skin tissue is 
salient when constructing a functional replacement to 
the damaged skin. Full ingrowth of blood vessels is cru-
cial in supplying the embedded cells of the engineered 
tissue with oxygen and nutrients. Without the vessels to 
promote proper diffusion of oxygen and nutrients, cells 
may lose their functionality and die from hypoxia [51, 
52]. Furthermore, the vessels allow for the efflux of car-
bon dioxide and cellular waste products. Previous stud-
ies have shown that ECs alone are inadequate in forming 
self-sustainable and sturdy vessel networks [37, 50, 53]. 
Co-culturing ECs with supportive cells such as vascular 
smooth muscle cells, pericytes and fibroblasts are essen-
tial to the vessel construct [37, 50, 53]. Scientists have 
managed to construct vessels made of human umbilical 
vein ECs co-cultured with fibroblasts, that successfully 
incorporated into the dermal layer in vitro [53].

Vascularization also plays a role in graft innervation, 
with multiple studies demonstrating that neovasculari-
zation occurs before nerve innervation [54, 55]. Hobson 
et al. reported that in well-vascularized areas with longi-
tudinally oriented vessels, regeneration of Schwann cells 
and axons were the highest [34]. Interestingly, a recent 
study reported that ECs embedded in microvascularized 
tissue in  vitro guided neuronal precursors through the 
secretion of brain-derived neurotrophic factor [56]. Col-
lectively, these studies demonstrated the importance of 
well-vascularized tissue construct in nerve regeneration 
and recovery.

Design components of an engineered skin graft
There are several factors to consider during the construc-
tion of artificial skin tissue. Firstly, the types of cell to be 
used and the sources which these cells are obtained from 
is crucial. Proliferative cell populations can be isolated 
from biopsies and cultured in  vitro [6]. Alternatively, a 

self-renewing pool of iPSCs derived from the patients can 
differentiated into the desired cell types indefinitely [6]. 
Equally important is the selection of a suitable biopoly-
mer that can be developed into a 3D scaffold, allowing 
the cells to anchor and seed properly. The skin construct 
is then allowed to mature in the presence of growth fac-
tors and cytokines which aid in cell proliferation and vas-
cular development.

Cell sources and growth factors in engineered vascularized 
skin tissue
The selection of the optimal cell source is vital in devel-
oping the engineered tissue. Allogenous ECs are very 
immunoreactive, hence less suitable for the purpose 
of skin grafts [34]. Alternative cell sources such as 
autologous differentiated cells and stem cells have been 
experimented to construct the skin tissue [57]. While dif-
ferentiated cells such as keratinocytes and fibroblasts are 
more physiologically similar to the endogenous cell pop-
ulations, their low proliferative capacity requires a greater 
number of cells to be seeded [57]. This is especially true 
for larger skin grafts. Additionally, the explant procedure 
of vascular ECs from saphenous vein is highly invasive, 
whereas only a small number of microvascular ECs can 
be harvested from skin biopsies [34]. Therefore, the utili-
zation of iPSC-derived ECs and VSMCs in the construct 
of engineered vascularized skin tissues has been explored 
to avoid the shortcomings of primary cell types. iPSCs 
exposed to PDGF and VEGF in  vitro were able to dif-
ferentiate successfully into functional VSMCs and ECs 
with similar properties to endogenous vascular cells [58]. 
Additionally, Stebbins et  al. showed that co-culturing of 
iPSC-ECs and iPSC-derived pericytes resulted in organ-
ized tube-like structures by day 7 [59].

Similarly, mesenchymal stem cells (MSCs) can be 
directed to differentiate along the endothelial cell lineage 
[60]. MSCs also aid in facilitating the maintenance of ves-
sels through the secretion of various growth factors such 
as VEGF, HGF, IGF-1 during vascularization [61]. Taken 
together, stem cells have demonstrated their potential in 
generating essential vascular cells and growth factors to 
be used for vessel development. Recent developments in 
nanomedicine also offer alternative strategies in manag-
ing chronic wounds. Nanoparticles carrying growth fac-
tors and antibiotics can be formulated as slow-releasing 
molecules that enhance the bioavailability of the thera-
peutics [62, 63]. Similarly, nanomaterials that mimic the 
native structure of the tissue can facilitate the attachment 
of fibroblasts, keratinocytes and ECs to the skin graft, 
thereby enhancing re-epithelialization and angiogenesis 
[62, 63].

Selecting an optimal biomaterial is critical to the graft 
construct. This was demonstrated in other studies where 
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the use of nanomaterials play crucial role in tissue engi-
neering for cartilage regeneration [64]. Multiple factors 
such as biodegradability, biocompatibility and mechani-
cal properties have to be taken into consideration [57]. 
However, the discussion of this topic is beyond the scope 
of the current review and has also been extensively dis-
cussed recently [57, 64, 65].

Pre‑vascularized graft
Developing a pre-vascularized graft promotes integra-
tion with the host vasculature and improves the viability 
rate of the skin construct, hence attaining a higher suc-
cess rate of implantation [66]. Chen et al. demonstrated 
that pre-vascularized human MSC sheets, transplanted 
with autologous split thickness skin graft, aid to acceler-
ate wound healing in rat full thickness skin wound mod-
els [1]. Pre-formed vessels allowed for essential nutrients 
and growth factors to be delivered to the cells on the cell 
sheet, thus promoting survival of these cells and enhance 
the incorporation into the host tissue [1]. A more recent 
study conducted by Miyazaki et al. demonstrated prom-
ising results of expedited wound healing by implant-
ing a novel 3D scaffold-free pre-vascularized substitute 
onto immuno-deficient mouse models [12]. While non-
vascularized tissue constructs showed poor collagen 
deposition possibly due to the poor blood supply, epi-
dermal sloughing was not observed in pre-vascularized 
substitute [12]. Therefore, a greater number of vessels is 
evidently critical for the enhanced maintenance and sur-
vival of the graft, especially in the initial phase. Interest-
ingly, 7  days after grafting, significant differences were 
observed. Blood vessels were found only on the circum-
ferential border of the non-vascularized graft, whereas 
blood vessels found in pre-vascularized graft was well-
perfused [12]. Besides good graft adherence, pre-vas-
cularized skin substitute permits rapid perfusion which 
enhances the deposition of collagen and increased der-
mal thickness [12]. The results mentioned by the study 
illustrated the benefits and importance of having a pre-
vascularized tissue substitute.

Pre-vascularization of the engineered skin tissue 
induces a high level of neovascularization that is crucial 
in ensuring the survival of the transplanted grafts [1]. 
Skin sheets which are pre-vascularized also enhance the 
healing of full thickness skin wounds through elevated 
angiogenic factors that mediate paracrine signaling dur-
ing the wound healing process [1]. Angiogenesis is vital 
in supplying nutrition and oxygen through the new ves-
sels to support cells at the damaged site. Enhanced 
angiogenesis observed in pre-vascularized grafts would 
therefore be more likely to expedite skin rejuvenation. In 
additional, pre-vascularized scaffolds have been reported 
to integrate better with the host vasculature [36].

3D bio‑fabrication of pre‑vascularized engineered skin tissue
In the past, 2D cell cultures of keratinocytes were used 
to study and model the pathology of various skin dis-
eases, which imposes constraints on accurate responses 
to drugs due to the morphology of the cells being differ-
ent as the cell culture condition contains a single cell type 
population only [67]. Simple manual fabrication tech-
niques such as manual dispensing, molding and freeze 
drying would have its limitations in recapitulating the 
architecturally complex vasculature of the native tissue 
[68].

However, a 3D cell culture system creates a native 
in  vivo-like environment, which is especially important 
for accurate skin modelling. By mimicking the environ-
ment, it also permits the cells to fully recapitulate the 
morphology of keratinocytes through the different cell–
cell synergistic interactions [69]. While there are many 
existing commercially available skin constructs, the con-
structs are still lacking in many aspects, such as poor vas-
cularization and missing hair follicles [70]. With frontiers 
constantly pushed, the field of 3D culture has evolved 
rapidly and current bioprinting approaches are auto-
mated to fabricate customizable constructs incorporat-
ing heterogenous population of cells, alongside suitable 
biomaterials as scaffolds to stimulate and mimic the com-
plex nature of the native skin so as to improve the func-
tionality of the construct.

Approaches to constructing the vasculature
3D bio-fabrication techniques such as 3D bioprinting, 
micro-patterning using hydrogel based-scaffold, nano-
fabrication and mechanical spacers have been developed 
to generate the required vasculature network [71–73]. 
The technology of 3D bioprinting incorporates microvas-
culature within the tissue construct which enables anas-
tomosis to occur with the host blood vessels for better 
perfusion of blood supply (see Fig. 3) [34]. Bioprinting is 
a method which uses bioink, a hydrogel made up of mul-
tiple materials, ranging from synthetic biomaterials (plu-
ronic and poly(ethylene glycol)) to natural biomaterials 
(agarose, gelatin and alginate) to print a variety of struc-
tures which support vascularization, in in  vitro models 
[74]. During the bioprinting process, the cell-compatible 
bioinks will cross link, to form a stable hollow construct, 
providing mechanical support to the cells while support-
ing cellular processes underlying vascularization [75]. 
Besides printing the microvessels, it is also important to 
ensure that the vessels are perfusable.

Recently, there have been reports of successful fabrica-
tion of perfusable skin constructs with similar biological 
properties to native skin 3D printing technology. Bal-
tazar et  al. bioprinted vascularized skin grafts through 
using bioinks containing a heterogenous cocktail of cells 
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including human foreskin dermal fibroblasts, endothe-
lial cells, placental pericytes and foreskin keratinocytes 
[76]. The bioprinted constructs are then subsequently 
submerged in endothelial growth medium to allow self-
assembling of vascular network [76]. While the keratino-
cytes proliferate and mature to form the multilayered 
skin construct in  vitro, endothelial cells and pericytes 
form endothelial network [76]. Besides providing extra 
stability to the microvessels, interestingly, pericytes were 
found to also enhance maturation of the keratinocytes, 
producing a more ordered stratification and thickened 
epidermis [76]. When the vascularized skin graft was 
implanted onto the immunodeficient mouse, the skin 
graft was perfused and the microvessels remain present 
4 weeks post-engraftment [76]. Harnessing both stem cell 
and 3D printing technology, Abaci et al. micropatterned 
perfusable vascular network skin construct containing 
iPSC-derived keratinocytes, melanocytes, fibroblasts 
and endothelial cells [66]. 3D printing technology were 
utilized to construct the desired mold patterns compos-
ing of alginate to create the microchannels [66]. Sub-
sequently, to test the functionality, the vascularized 
skin construct was grafted onto the back of SCID mice 
and demonstrated neovascularization guidance during 
wound healing, which may improve the integration of 

the skin construct [66]. Amongst all the techniques, 3D 
bioprinting has been the most extensively used as the 
complex vasculature network can be printed out with 
profound precision and flexibility. The 3D structure is 
created via impeccable layer-by-layer deposition of mate-
rials in a desired pattern through advanced computing 
[77]. There are three types of 3D bioprinting techniques; 
ink-jet, laser-based and extrusion, each offering stellar 
results in generating intricate vasculature [78].

In ink-jet printing, cell-incorporated alginate in the 
form of hydrogel is used as a scaffold with calcium chlo-
ride as a cross-linker. The inkjet printers allow for mul-
tiple cell types to be deposited onto the scaffold in a 
controlled and organized computer-aided design [79]. 
A study reported on the incorporation of three bioinks, 
constituting canine smooth muscle cells, bovine aortic 
endothelial cells and human amniotic fluid-derived stem 
cells, onto an alginate-collagen scaffold by a thermal 
inkjet printer. The tissue was functional and vascularized 
when the scaffold was implanted in vivo [80].

Laser-based bioprinting has been explored in both 
2D and 3D patterning at high resolution without nozzle 
clogging. Using this printing technique, human umbili-
cal vein endothelial cells (HUVECs) with hMSCs had 
been printed to create a cardiac patch to be implanted 

Fig. 3  A schematic representation of the 3D bioprinting of engineered skin tissue. Cells are isolated from the patient’s biopsy and cultured in vitro 
to reach sufficient numbers. Isolated fibroblasts can also be re-programmed into iPSCs, which can subsequently be differentiated into the desired 
cell types and amounts within a shorter period of time. Bio-inks usually comprise of live cells encapsulated by a biopolymer material which acts as 
a scaffold. Using 3D technology, skin tissues are bio-printed in a conformationally defined manner and allowed to mature before implanting the 
tissue onto the patient
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on a myocardial infarcted rat heart. The patch enhanced 
capillaries formation and improved the function of the 
infarcted heart [81].

Lastly, extrusion-based bioprinters with a coaxial noz-
zle have the ability to print hollow filaments with micro-
fluidic channels that form the vascular network. Luo et al. 
reported hollow alginate-poly(vinyl alcohol)fibers, cre-
ated from the core nozzle of extrusion-based bioprint-
ers, possessing sufficient mechanical strength to support 
human bone marrow stem cells attachment and spread-
ing [82]. Altogether, bioprinting offers the possibility to 
incorporate desired cells (at an optimal density) onto a 
specially computer-designed biocompatible scaffold with 
vessels-like channels in a near-native microenvironment.

In 2014, Lee et al. bioprinted keratinocytes, fibroblasts 
and collagen to represent the native human epidermis, 
dermis and dermal matrix, respectively [83]. Histology 
and immunofluorescence characterization proved that 
the 3D printed skin tissue was morphologically and bio-
logically representative of in vivo human skin tissue [83]. 
Subsequently, a hybrid 3D cell-printing system combin-
ing inkjet and extrusion modules was developed to gen-
erate a human skin model with a functional transwell 
system [84]. The extrusion module was used to gener-
ate the collagen-based construct with polycaprolactone 
(PCL) mesh, while the keratinocytes were deposited with 
inkjet modules. The skin model was able to mature into 
stabilized epidermis and dermis after 14 days [84].

Challenges
One technical challenge to be addressed during the crea-
tion of microvascular networks in engineered tissue is to 
ensure that the network vessels stay stable during the pro-
duction at the in vitro level and remain functional when it 
is implanted onto the injured area. The process of vessels 
generation is a complex procedure, besides EC prolifera-
tion, a plethora of growth factors has to be delivered in 
a sequential manner, within certain time frame to ensure 
cell–cell contacts during the formation of interconnected 
microvessels network [35]. As such, 3D printing has the 
advantage of enabling predefined deposition of essential 
factors in a timely manner at particular concentrations. 
To effectively translate the use of 3D bioprinted skin for 
downstream clinical applications, there has to be a com-
prehensive system set up to monitor the quality of each 
step of the bioprinting process. These includes the quality 
of the scaffold to avoid the risk of contamination as well 
as ensuring that the viability of the cells stay high [85]. All 
in all, a robust protocol has to be in place for a successful 
bench to bedside translation. While 3D bioprinting pro-
vides the luxury of ensuring robustness in printing cus-
tomizable grafts, reproducing the function of skin such 
as thermoregulation, perspiration and sensation serves 

as key limitations. Additionally, till date, most of the 
implants have only been conducted on rodent models, 
which have smaller wound areas. Hence, in the future, 
skin grafts on larger wound area will have to be tested for 
effective bench to bedside translation.

Future directions on engineered skin grafts
Proper vascularization is definitely the key element to 
be addressed for successful grafting. During the initial 
phase, a well-developed vessel bed is especially impor-
tant for essential nutrients to reach the metabolically 
demanding cells to prevent tissue necrosis. In the future, 
smart scaffolds with tailored biological properties that 
directs the formation and maintenance of the hierarchal 
vasculature network through biochemical cues could be 
the next breakthrough in skin tissue regeneration.

In the current era of regenerative medicine and tissue 
engineering, the future of dermal regeneration is heavily 
reliant on stem cells. Banking of autologous iPSCs avoids 
the tedious process of isolating cells from the patients 
and allows the cells to be utilized immediately for trans-
plantation or grafting. iPSC banks are also able to ensure 
the high quality and survival rates of post-thawed cells 
through extensive characterization during the freezing 
down process. Currently, there are multiple iPSC banks 
located globally in Japan, USA, Europe and Taiwan [86]. 
As more cell banks are established, it is likely that ready-
made, off-the-shelf iPSC lines could be available in the 
future for emergency cases which requires immediate 
skin grafting.

Conclusion
Existing skin substitutes currently used in burn wounds 
and ulcer treatment are unable to recapitulate the native 
complexities of the skin dynamic and structure. While 
3D bioprinting holds great potential in creating func-
tional skin equivalents, further studies have to be con-
ducted to elucidate the choice of scaffold materials that 
fulfill the biocompatibility and biodegradability require-
ments. Additionally, a new design process is required to 
better represent the heterogeneity of the skin construct. 
Other considerations include a reduction in or no scar 
formation and integration of functional skin appendages 
similarly to the local physiological organization, while 
keeping the wound infection rate low. More importantly, 
reciprocity of signaling pathways between the scaffold, 
cells and the growth factors has to be established to sup-
port vascularization.

Abbreviations
EC: Endothelial cell; EGM-2: Endothelial growth medium 2; FGF: Fibroblast 
growth factor; HGF: Hepatocyte growth factor; HUVEC: Human umbilical vein 
endothelial cell; IGF-1: Insulin-like growth factor-1; iPSC: Induced pluripotent 



Page 9 of 11Phua et al. J Transl Med           (2021) 19:83 	

stem cell; MSC: Mesenchymal stem cell; PCL: Polycaprolactone; ROS: Reactive 
oxygen species; SCID: Severe combined immunodeficient mice; TCA​: Tricar‑
boxylic acid; TGF-β: Transforming growth factor-beta; TNF-α: Tumor necrosis 
factor-alpha; VEGF: Vascular endothelial growth factor; VSMC: Vascular smooth 
muscle cell.

Acknowledgements
Publication fee was covered by the Institute of Molecular and Cell Biology, 
A*STAR.

Author’s contributions
QHP, HAH and B-SS wrote the manuscript. All authors read and approved the 
final manuscript.

Funding
This work is supported by the Agency for Science, Technology and Research 
(Singapore) and by a grant from the National Medical Research Council to 
Boon-Seng Soh (AME programmatic Grant Number A18A8b0059).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1 Disease Modeling and Therapeutics Laboratory, A*STAR Institute of Molecu‑
lar and Cell Biology, 61 Biopolis Drive Proteos, Singapore 138673, Singapore. 
2 Department of Biological Sciences, National University of Singapore, 14 
Science Drive 4, Singapore 117543, Singapore. 

Received: 7 December 2020   Accepted: 11 February 2021

References
	1.	 Chen L, Xing Q, Zhai Q, Tahtinen M, Zhou F, Chen L, et al. Pre-vasculari‑

zation enhances therapeutic effects of human mesenchymal stem cell 
sheets in full thickness skin wound repair. Theranostics. 2017;7(1):117–31.

	2.	 Rodero MP, Khosrotehrani K. Skin wound healing modulation by mac‑
rophages. Int J Clin Exp Pathol. 2010;3(7):643–53.

	3.	 Wong VW, Gurtner GC. Tissue engineering for the management of 
chronic wounds: current concepts and future perspectives. Exp Dermatol. 
2012;21(10):729–34.

	4.	 MacNeil S. Progress and opportunities for tissue-engineered skin. Nature. 
2007;445(7130):874–80.

	5.	 Oualla-Bachiri W, Fernández-González A, Quiñones-Vico MI, Arias-Santi‑
ago S. From grafts to human bioengineered vascularized skin substitutes. 
Int J Mol Sci. 2020;21(21):8197.

	6.	 Vig K, Chaudhari A, Tripathi S, Dixit S, Sahu R, Pillai S, et al. Advances in 
skin regeneration using tissue engineering. Int J Mol Sci. 2017;18(4):789.

	7.	 Varkey M, Ding J, Tredget EE. Advances in skin substitutes-potential of tis‑
sue engineered skin for facilitating anti-fibrotic healing. J Funct Biomater. 
2015;6(3):547–63.

	8.	 Hendrickx B, Vranckx JJ, Luttun A. Cell-based vascularization strategies for 
skin tissue engineering. Tissue Eng Part B Rev. 2011;17(1):13–24.

	9.	 Sahota PS, Burn JL, Heaton M, Freedlander E, Suvarna SK, Brown NJ, et al. 
Development of a reconstructed human skin model for angiogenesis. 
Wound Repair Regen. 2003;11(4):275–84.

	10.	 Trottier V, Marceau-Fortier G, Germain L, Vincent C, Fradette J. IFATS col‑
lection: using human adipose-derived stem/stromal cells for the produc‑
tion of new skin substitutes. Stem Cells. 2008;26(10):2713–23.

	11.	 Vermette M, Trottier V, Ménard V, Saint-Pierre L, Roy A, Fradette J. Produc‑
tion of a new tissue-engineered adipose substitute from human adipose-
derived stromal cells. Biomaterials. 2007;28(18):2850–60.

	12.	 Miyazaki H, Tsunoi Y, Akagi T, Sato S, Akashi M, Saitoh D. A novel strategy 
to engineer pre-vascularized 3-dimensional skin substitutes to achieve 
efficient, functional engraftment. Sci Rep. 2019;9(1):7797.

	13.	 Heimbach DM, Warden GD, Luterman A, Jordan MH, Ozobia N, Ryan CM, 
et al. Multicenter postapproval clinical trial of Integra dermal regenera‑
tion template for burn treatment. J Burn Care Rehabil. 2003;24(1):42–8.

	14.	 Silverstein G. Dermal regeneration template in the surgical manage‑
ment of diabetic foot ulcers: a series of five cases. J Foot Ankle Surg. 
2006;45(1):28–33.

	15.	 Violas P, Abid A, Darodes P, Galinier P, de Gauzy JS, Cahuzac J-P. Integra 
artificial skin in the management of severe tissue defects, including bone 
exposure, in injured children. J Pediatr Orthop B. 2005;14(5):381–4.

	16.	 Shevchenko RV, James SL, James SE. A review of tissue-engineered 
skin bioconstructs available for skin reconstruction. J R Soc Interface. 
2010;7(43):229–58.

	17.	 Debels H, Hamdi M, Abberton K, Morrison W. Dermal matrices and 
bioengineered skin substitutes: a critical review of current options. Plast 
Reconstr Surg Glob Open. 2015;3(1):e284.

	18.	 Bello YM, Falabella AF, Eaglstein WH. Tissue-engineered skin. Current 
status in wound healing. Am J Clin Dermatol. 2001;2(5):305–13.

	19.	 Horch RE, Kopp J, Kneser U, Beier J, Bach AD. Tissue engineering of cul‑
tured skin substitutes. J Cell Mol Med. 2005;9(3):592–608.

	20.	 Mostow EN, Haraway GD, Dalsing M, Hodde JP, King D, OASIS Venus Ulcer 
Study Group. Effectiveness of an extracellular matrix graft (OASIS Wound 
Matrix) in the treatment of chronic leg ulcers: a randomized clinical trial. J 
Vasc Surg. 2005;41(5):837–43.

	21.	 Boyce ST, Lalley AL. Tissue engineering of skin and regenerative medicine 
for wound care. Burns Trauma. 2018;6:4.

	22.	 Min JH, Yun IS, Lew DH, Roh TS, Lee WJ. The use of matriderm and autolo‑
gous skin graft in the treatment of full thickness skin defects. Arch Plast 
Surg. 2014;41(4):330–6.

	23.	 Pape SA, Byrne PO. Safety and efficacy of TransCyte for the treatment of 
partial-thickness burns. J Burn Care Rehabil. 2000;21(4):390.

	24.	 Hanft JR, Surprenant MS. Healing of chronic foot ulcers in diabetic 
patients treated with a human fibroblast-derived dermis. J Foot Ankle 
Surg. 2002;41(5):291–9.

	25.	 Marston WA, Hanft J, Norwood P, Pollak R, Dermagraft Diabetic Foot 
Ulcer Study Group. The efficacy and safety of Dermagraft in improving 
the healing of chronic diabetic foot ulcers: results of a prospective rand‑
omized trial. Diabetes Care. 2003;26(6):1701–5.

	26.	 Clark RAF, Ghosh K, Tonnesen MG. Tissue engineering for cutaneous 
wounds. J Invest Dermatol. 2007;127(5):1018–29.

	27.	 Metcalfe AD, Ferguson MWJ. Tissue engineering of replacement skin: the 
crossroads of biomaterials, wound healing, embryonic development, 
stem cells and regeneration. J R Soc Interface. 2007;4(14):413–37.

	28.	 Supp DM, Boyce ST. Engineered skin substitutes: practices and potentials. 
Clin Dermatol. 2005;23(4):403–12.

	29.	 Blot SI, Monstrey SJ, Hoste EA, Carsin H, et al. Cultured epithelial auto‑
grafts in extensive burn coverage of severely traumatized patients: a five 
year single-center experience with 30 patients. Burns 2000;26:379–387. 
Burns. 2001;27(4):418–9.

	30.	 Gobet R, Raghunath M, Altermatt S, Meuli-Simmen C, Benathan M, Dietl 
A, et al. Efficacy of cultured epithelial autografts in pediatric burns and 
reconstructive surgery. Surgery. 1997;121(6):654–61.

	31.	 Limat A, Mauri D, Hunziker T. Successful treatment of chronic leg ulcers 
with epidermal equivalents generated from cultured autologous outer 
root sheath cells. J Invest Dermatol. 1996;107(1):128–35.

	32.	 Johnson KE, Wilgus TA. Vascular endothelial growth factor and angiogen‑
esis in the regulation of cutaneous wound repair. Adv Wound Care (New 
Rochelle). 2014;3(10):647–61.

	33.	 Vailhé B, Vittet D, Feige JJ. In vitro models of vasculogenesis and angio‑
genesis. Lab Invest. 2001;81(4):439–52.

	34.	 Auger FA, Gibot L, Lacroix D. The pivotal role of vascularization in tissue 
engineering. Annu Rev Biomed Eng. 2013;15:177–200.

	35.	 Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. 
Vascular-specific growth factors and blood vessel formation. Nature. 
2000;407(6801):242–8.



Page 10 of 11Phua et al. J Transl Med           (2021) 19:83 

	36.	 Moon JJ, West JL. Vascularization of engineered tissues: approaches 
to promote angio-genesis in biomaterials. Curr Top Med Chem. 
2008;8(4):300–10.

	37.	 Jain RK. Molecular regulation of vessel maturation. Nat Med. 
2003;9(6):685–93.

	38.	 Ucuzian AA, Gassman AA, East AT, Greisler HP. Molecular mediators of 
angiogenesis. J Burn Care Res. 2010;31(1):158–75.

	39.	 Bosseboeuf E, Raimondi C. Signalling, metabolic pathways and iron 
homeostasis in endothelial cells in health, atherosclerosis and Alzhei‑
mer’s disease. Cells. 2020;9(9):2055.

	40.	 Cantelmo AR, Brajic A, Carmeliet P. Endothelial metabolism driv‑
ing angiogenesis: emerging concepts and principles. Cancer J. 
2015;21(4):244–9.

	41.	 Potente M, Carmeliet P. The link between angiogenesis and endothelial 
metabolism. Annu Rev Physiol. 2017;79(1):43–66.

	42.	 De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, Cantelmo 
AR, et al. Role of PFKFB3-driven glycolysis in vessel sprouting. Cell. 
2013;154(3):651–63.

	43.	 Li X, Sun X, Carmeliet P. Hallmarks of endothelial cell metabolism in 
health and disease. Cell Metab. 2019;30(3):414–33.

	44.	 Lassègue B, San Martín A, Griendling KK. Biochemistry, physiology, and 
pathophysiology of NADPH oxidases in the cardiovascular system. Circ 
Res. 2012;110(10):1364–90.

	45.	 Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the 
response to hypoxic stress. Mol Cell. 2010;40(2):294–309.

	46.	 Cano Sanchez M, Lancel S, Boulanger E, Neviere R. Targeting oxidative 
stress and mitochondrial dysfunction in the treatment of impaired 
wound healing: a systematic review. Antioxidants (Basel). 2018;7(8):98.

	47.	 Demyanenko IA, Zakharova VV, Ilyinskaya OP, Vasilieva TV, Fedorov AV, 
Manskikh VN, et al. Mitochondria-targeted antioxidant SkQ1 improves 
dermal wound healing in genetically diabetic mice. Oxid Med Cell 
Longev. 2017;2017:6408278.

	48.	 Comino-Sanz IM, López-Franco MD, Castro B, Pancorbo-Hidalgo PL. 
Antioxidant dressing therapy versus standard wound care in chronic 
wounds (the REOX study): study protocol for a randomized controlled 
trial. Trials. 2020;21(1):505.

	49.	 Truskey GA. Endothelial cell vascular smooth muscle cell co-culture 
assay for high throughput screening assays for discovery of anti-angio‑
genesis agents and other therapeutic molecules. Int J High Through‑
put Screen. 2010;2010(1):171–81.

	50.	 Bergers G, Song S. The role of pericytes in blood-vessel formation and 
maintenance. Neuro-oncology. 2005;7(4):452–64.

	51.	 Nomi M, Atala A, Coppi PD, Soker S. Principals of neovascularization for 
tissue engineering. Mol Aspects Med. 2002;23(6):463–83.

	52.	 Rouwkema J, Rivron NC, van Blitterswijk CA. Vascularization in tissue 
engineering. Trends Biotechnol. 2008;26(8):434–41.

	53.	 Black AF, Berthod F, L’heureux N, Germain L, Auger FA. In vitro recon‑
struction of a human capillary-like network in a tissue-engineered skin 
equivalent. FASEB J. 1998;12(13):1331–40.

	54.	 Manek S, Terenghi G, Shurey C, Nishikawa H, Green CJ, Polak JM. 
Neovascularisation precedes neural changes in the rat groin skin flap 
following denervation: an immunohistochemical study. Br J Plast Surg. 
1993;46(1):48–55.

	55.	 Ko HCH, Milthorpe BK, McFarland CD. Engineering thick tissues–the 
vascularisation problem. Eur Cell Mater. 2007;14:1–18 (discussion 
18–19).

	56.	 Snapyan M, Lemasson M, Brill MS, Blais M, Massouh M, Ninkovic J, 
et al. Vasculature guides migrating neuronal precursors in the adult 
mammalian forebrain via brain-derived neurotrophic factor signaling. J 
Neurosci. 2009;29(13):4172–88.

	57.	 Kaur A, Midha S, Giri S, Mohanty S. Functional skin grafts: where bioma‑
terials meet stem cells. Stem Cells Intern. 2019;1(2019):1–20.

	58.	 Patsch C, Challet-Meylan L, Thoma EC, Urich E, Heckel T, O’Sullivan JF, 
et al. Generation of vascular endothelial and smooth muscle cells from 
human pluripotent stem cells. Nat Cell Biol. 2015;17(8):994–1003.

	59.	 Stebbins MJ, Gastfriend BD, Canfield SG, Lee M-S, Richards D, Faubion 
MG, et al. Human pluripotent stem cell-derived brain pericyte-like cells 
induce blood–brain barrier properties. Sci Adv. 2019;5(3):eaau7375.

	60.	 Khaki M, Salmanian AH, Abtahi H, Ganji A, Mosayebi G. Mesenchymal 
stem cells differentiate to endothelial cells using recombinant vascular 
endothelial growth factor-A. Rep Biochem Mol Biol. 2018;6(2):144–50.

	61.	 Pankajakshan D, Agrawal DK. Mesenchymal stem cell paracrine factors 
in vascular repair and regeneration. J Biomed Technol Res. 2014;1(1).

	62.	 Sharifi S, Hajipour MJ, Gould L, Mahmoudi M. Nanomedicine in healing 
chronic wounds: opportunities and challenges. Mol Pharmaceutics. 
2020;acs.molpharmaceut.0c00346.

	63.	 Naskar A, Kim K-S. Recent advances in nanomaterial-based wound-
healing therapeutics. Pharmaceutics. 2020;12(6):499.

	64.	 Eftekhari A, Maleki Dizaj S, Sharifi S, Salatin S, Rahbar Saadat Y, Zununi 
Vahed S, et al. The use of nanomaterials in tissue engineering for 
cartilage regeneration; current approaches and future perspectives. Int 
J Mol Sci. 2020;21(2):536.

	65.	 Przekora A. A concise review on tissue engineered artificial skin grafts 
for chronic wound treatment: can we reconstruct functional skin tissue 
in vitro? Cells. 2020;9(7):1622.

	66.	 Abaci HE, Guo Z, Coffman A, Gillette B, Lee W-H, Sia SK, et al. Human 
skin constructs with spatially controlled vasculature using primary and 
iPSC-derived endothelial cells. Adv Healthc Mater. 2016;5(14):1800–7.

	67.	 Sun T, Jackson S, Haycock JW, MacNeil S. Culture of skin cells in 3D 
rather than 2D improves their ability to survive exposure to cytotoxic 
agents. J Biotechnol. 2006;122(3):372–81.

	68.	 Yu JR, Navarro J, Coburn JC, Mahadik B, Molnar J, Holmes JH, et al. Cur‑
rent and future perspectives on skin tissue engineering: key features of 
biomedical research, translational assessment, and clinical application. 
Adv Healthc Mater. 2019;8(5):e1801471.

	69.	 Kim BS, Gao G, Kim JY, Cho D-W. 3D cell printing of perfusable 
vascularized human skin equivalent composed of epidermis, dermis, 
and hypodermis for better structural recapitulation of native skin. Adv 
Healthc Mater. 2019;8(7):e1801019.

	70.	 Ng WL, Wang S, Yeong WY, Naing MW. Skin bioprinting: impending 
reality or fantasy? Trends Biotechnol. 2016;34(9):689–99.

	71.	 Klumpp D, Rudisile M, Kühnle RI, Hess A, Bitto FF, Arkudas A, 
et al. Three-dimensional vascularization of electrospun PCL/
collagen-blend nanofibrous scaffolds in vivo. J Biomed Mater Res A. 
2012;100(9):2302–11.

	72.	 Wray LS, Rnjak-Kovacina J, Mandal BB, Schmidt DF, Gil ES, Kaplan DL. A 
silk-based scaffold platform with tunable architecture for engineering 
critically-sized tissue constructs. Biomaterials. 2012;33(36):9214–24.

	73.	 Myers DR, Sakurai Y, Tran R, Ahn B, Hardy ET, Mannino R, et al. Endothe‑
lialized microfluidics for studying microvascular interactions in hema‑
tologic diseases. J Vis Exp. 2012;(64).

	74.	 Gungor-Ozkerim PS, Inci I, Zhang YS, Khademhosseini A, Dokmeci MR. 
Bioinks for 3D bioprinting: an overview. Biomater Sci. 2018;6(5):915–46.

	75.	 Tomasina C, Bodet T, Mota C, Moroni L, Camarero-Espinosa S. Bioprint‑
ing vasculature: materials, cells and emergent techniques. Materials 
(Basel). 2019;12(17):2701.

	76.	 Baltazar T, Merola J, Catarino C, Xie CB, Kirkiles-Smith NC, Lee V, et al. 
Three dimensional bioprinting of a vascularized and perfusable skin 
graft using human keratinocytes, fibroblasts, pericytes, and endothelial 
cells. Tissue Eng Part A. 2020;26(5–6):227–38.

	77.	 Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotech‑
nol. 2014;32(8):773–85.

	78.	 Yan W-C, Davoodi P, Vijayavenkataraman S, Tian Y, Ng WC, Fuh JYH, 
et al. 3D bioprinting of skin tissue: from pre-processing to final product 
evaluation. Adv Drug Deliv Rev. 2018;132:270–95.

	79.	 Sarker MD, Naghieh S, Sharma NK, Chen X. 3D biofabrication of vas‑
cular networks for tissue regeneration: a report on recent advances. J 
Pharm Anal. 2018;8(5):277–96.

	80.	 Xu T, Zhao W, Zhu J-M, Albanna MZ, Yoo JJ, Atala A. Complex hetero‑
geneous tissue constructs containing multiple cell types prepared by 
inkjet printing technology. Biomaterials. 2013;34(1):130–9.

	81.	 Gaebel R, Ma N, Liu J, Guan J, Koch L, Klopsch C, et al. Patterning 
human stem cells and endothelial cells with laser printing for cardiac 
regeneration. Biomaterials. 2011;32(35):9218–30.

	82.	 Luo Y, Lode A, Gelinsky M. Direct plotting of three-dimensional hollow 
fiber scaffolds based on concentrated alginate pastes for tissue engi‑
neering. Adv Healthc Mater. 2013;2(6):777–83.

	83.	 Lee V, Singh G, Trasatti JP, Bjornsson C, Xu X, Tran TN, et al. Design and 
fabrication of human skin by three-dimensional bioprinting. Tissue Eng 
Part C Methods. 2014;20(6):473–84.

	84.	 Kim BS, Lee J-S, Gao G, Cho D-W. Direct 3D cell-printing of human skin 
with functional transwell system. Biofabrication. 2017;9(2):025034.



Page 11 of 11Phua et al. J Transl Med           (2021) 19:83 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	85.	 Varkey M, Visscher DO, van Zuijlen PPM, Atala A, Yoo JJ. Skin bioprint‑
ing: the future of burn wound reconstruction? Burns Trauma. 2019;7:4.

	86.	 Huang C-Y, Liu C-L, Ting C-Y, Chiu Y-T, Cheng Y-C, Nicholson MW, 
et al. Human iPSC banking: barriers and opportunities. J Biomed Sci. 
2019;26(1):87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Translational stem cell therapy: vascularized skin grafts in skin repair and regeneration
	Abstract 
	Introduction
	Limitations of commercially available skin substitutes
	The process of vascularization
	Vascularization in engineered skin tissue
	Design components of an engineered skin graft
	Cell sources and growth factors in engineered vascularized skin tissue
	Pre-vascularized graft
	3D bio-fabrication of pre-vascularized engineered skin tissue
	Approaches to constructing the vasculature

	Challenges
	Future directions on engineered skin grafts


	Conclusion
	Acknowledgements
	References




