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Abstract: Based on its large surface area and covering the whole human body, the skin body’s larg-
est organ and its main function is protection. Injuries and wound healing involving the skin offer
valuable lessons shared with and of relevance to other organ systems and the diseases that impact
them. Arguably the most complex human body process, wound healing is a multifaceted process
that involves multiple cells and the extracellular matrix (ECM), with each component playing a spe-
cific role in the different stages of the healing process. Importantly, studies indicate that cells with
stem cell-like properties are present within many of the human tissues and play key roles in case of
tissue and cellular injury. Cell-to-cell and cell-to-ECM interactions are salient in wound healing sub-
sequent to an injury. Microenvironment related factors and the variations therein including hypoxia
or the abundance of oxygen, the presence/absence of growth factors and cytokines add to the com-
plexity of the wound healing process and impact cell function and result in compromised or en-
hanced wound healing. This expert review critically examines the advances in biochemical and an-
alytical tools that are enable the analysis of numerous cells and molecules within the wound micro-
environment, revealing great cellular heterogeneity as well as novel molecular targets of importance
to enhance wound healing. In a broader angle, we emphasize the ways in which wound healing is
significant in the search for perfect skin after injury and in many common complex human diseases
including cancer. In all, wound healing is a centrepiece of integrative biology research and applica-
tions in medicine as well as dermatology as discussed in this review.

Keywords: wound healing; inflammation; microenvironment; stem cells; extracellular matrix; hy-
poxia; growth factors

1. Introduction

In terms of surface area, the skin is the largest human organ that plays major func-
tions including protecting organs and tissues from environmental insults, infections and
injuries [1, 2]. The cost of maintaining the skin and its treatment in case of injury is signif-
icantly huge and is a major consideration in the health sector [3, 4]. The global increase in
diabetes cases as well as cases of sickle cell disease has resulted in many patients experi-
encing chronic non-healing wounds with no effective therapies available [5, 6]. Novel,
innovative, and effective therapies are desperately needed for wound healing.

One major complexity associated with wound healing is the involvement of several
cells and the need for coordination of cellular function through the various stages of
wound healing. The three layers of the skin serve different purposes, with the top layer
the epidermis mainly functioning to shield the human body tissues and organs from the
direct effects of environmental insults [7]. Glands as well as hair follicles present in the
dermis help to moisten the skin as well as sensing danger, respectively. Below the epider-
mis is the dermis, a skin layer with huge amounts of ECM proteins as well as blood vessels
[8]. The main functions of the dermis are the provision of nutrients and physical strength
to the skin. Below the dermis is the subcutaneous tissue which acts as a reservoir of energy
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as well as providing growth factors and cytokines to the upper layers of the skin [9, 10].
Several immune cells are present in each of the skin layers and provide immunity to the
skin [11]. In case of skin damage, immune cells and a multitude of other cells mobilise and
coordinate to bring about healing [12]. The several stages of wound healing occur in a
staggered sequence, with different cells taking part in different stages.

Fibrin clot formation by activated platelets is one of the first processes following skin
damage [13]. Blood flow is restricted by the clot and several immune cells anchor on the
clot upon reaching the wound [14]. Possible bacterial infection of the wound is taken care
of via recruited neutrophils [15]. Following injury, cells such as monocytes and dendritic
cells migrate to the wound to provide immunity [16]. Besides the provision of immunity
against infections, immune cells are also involved in the removal of damaged tissues and
debris from the wound site [17].

Once the wound site has been cleared of damaged tissues and cells, new blood ves-
sels start to form via the process of angiogenesis. Enhanced proliferation as well as branch-
ing of endothelial cell leading to formation of new blood vessels is accompanied by acti-
vation of pericytes needed for anchorage of the formed vessels [18]. Reports suggest that
both pericytes and mesenchymal stem cells (MSCs) enhance the wound healing via par-
ticipation in angiogenesis and their differentiation [19, 20]. In addition, bone marrow de-
rived stem cells have been identified at wound sites where they participate in the for-
mation of new blood vessels [21]. Most cells involved in formation of the vasculature are
of perivascular origin, with reports indicating that new blood vessels regress without the
involvement of the perivascular [22, 23]. Fibroblasts near the wound site can differentiate
into myofibroblasts and are involved in the synthesis of ECM as well as formation of gran-
ulation tissue within the clot [24]. Reports indicate the involvement of stem cells in addi-
tion to de-differentiated epithelial cells in re-epithelialization [25, 26]. These stem cells are
tissue-specific stem cells that display great heterogeneity and are present in the sweat
glands as well as hair follicles [18, 27]. Stromal cells present within the skin layers also
display great heterogeneity and contribute towards wound healing via release of growth
factors and cytokines [28, 29]. Data indicating the influence of inflammatory cells on
wound healing has led to increased attention being given to these cells [30, 31].

Whilst wound healing in embryos and before birth restores the skin to its original
state as it is a regenerative process, adult wound healing is more of a restoring barrier
function and some of the original tensile strength [32, 33]. Thus, in adults a scar is formed
rather than “perfect skin’. In cases of too much scarring, keloids are formed [34, 35]. To
understand scarring, aberrant wound healing as well as chronic wounds it is important to
focus on cells as well as cell-matrix interactions [36]. In many ways, our understanding of
wound healing has been shaped by animal model studies due to the ease with which
wounds can be established in animals [37, 38]. Whilst animal models have led to signifi-
cant knowledge on wound healing, these models do not recapitulate human skin in many
ways. For example, the human skin is not as elastic as rodent skin [39, 40]. In addition,
human skin is attached to underlying structures and healing involves re-epithelialization
as well as formation of granulation tissue [41]. Recent strategies for studying human skin
wound healing include the use of organotypic cultures as well as ex vivo human skin cul-
tures [42, 43]. Murine models of wound healing require the use of silicone stents which
can allow wound healing to progress via re-epithelialization and granulation tissue for-
mation [44, 45].

This review is an analysis of the role played by various factors within the wound,
from cells, ECM, and biomolecules such as growth factors and cytokines. Importantly, this
review article discusses novel and innovative strategies for wound healing and how the
skin regenerative process can be accelerated. These strategies include the use of growth
factor- and cell-therapy and ECM alterations that may provide therapeutic effect and en-
hance the wound healing process.
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2. The Wound Healing Process

The first step towards wound healing is the stopping of bleeding and closure of dam-
aged blood vessels [46]. This process is referred to as haemostasis. The constriction of
blood vessel walls following skin injury brings about a stop to the bleeding (Figure 1).
This is followed by primary and secondary haemostasis, processes that overlap and are
linked to each other [47]. Whilst platelets are not activated and not attached to blood ves-
sels before injury, injury causes platelets to aggregate causing a plug formation [48]. In
secondary haemostasis, soluble hepatocyte-produced fibrinogen undergoes conversion
and forms fibrin strands that are insoluble [49]. The meshwork of fibrin strands together
with the platelet plug form the thrombus which functions to prevent further bleeding and
provides anchorage for other cells within the wound microenvironment [50]. The throm-
bus also functions to tether and release various growth factors and cytokines needed for
wound healing [51].
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Figure 1. Injury to the skin cause cells to release various factors that induce the constriction of blood
vessels, leading to a stop to bleeding.

In order to reduce bleeding after injury, blood vessels undergo constriction via con-
tracture of smooth muscles (Figure 1) [52]. When the endothelium is damaged it releases
several vasoconstrictors including endothelin and these facilitate the closure of ruptured
vasculature [53]. Damaged or injured cells also release various prostaglandins and cate-
cholamines that function to control the process of vasoconstriction [54]. Mesenchymal
cells such as vascular smooth muscle cells are also activated by cytokines and growth fac-
tors including PDGF causing blood vessel constriction [55]. Over time, the lack of oxygen
can cause bleeding to resume as muscles relax. Coagulation activation through the action
of many mediators controls the process of vasoconstriction in the long term (Figure 1) [56].

The term platelets was derived from the word ‘little plates’ as these cells were so
small they could only be seen under the microscope and resemble the ‘plate shape” due to
invaginations of the cell membrane [57, 58]. Platelets function in many cellular processes
such as angiogenesis and thrombosis. Injury causing rupture of blood vessels results in
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activation of platelets and their attachment to tissues at the wound site, where the cells
participate in the formation of a blood clot [58]. Platelet cells are found within close prox-
imity of endothelial cells. The endothelial cells produce prostacyclin and heparin-like gly-
cosaminoglycans that act to prevent platelet cells from being activated and aggregation
[59].

Exposure of the matrix below the endothelial layer after injury and blood vessel dam-
age results in platelets binding to the matrix via the G protein-coupled receptors [60]. This
causes integrin activation and the enhanced binding of platelet cells to other platelets and
matrix [61, 62]. Platelets bind to fibrinogen, collagen as well as fibronectin via integrins
through the RGD sequences [63]. Integrins involved in this attachment include a231 and
allIb3 [64]. Attachment of platelets to ECM proteins activates several signaling cascades
resulting in increased actin levels within the cytoplasm. For example, it has been shown
that filamentous actin increases about 2-fold when platelets are activated, causing the
platelets to change their conformation to a round shape which further changes to a flat
shape containing lamellipodia and pseudopodia [65, 66]. Activated platelets bind strongly
to the ECM via integrins and this aid in sealing any ruptured blood vessels [58, 67].

The flat shaped platelets have increased surface area for binding as well as exchange
and release of biomolecules and substances via granular activity [59]. Among the secreted
biomolecules are integrins needed for attachment to ECM proteins as well as activating
substances such as serotonin and histamine [68, 69]. Platelet aggregation is also caused by
the involvement of several glycoproteins in attachment of platelets to the ECM. For exam-
ple, glycoprotein VI and glycoprotein Ib-IX-V are involved in the binding of platelets to
collagen and Von Willebrand factor (vWEF), respectively [70]. These two surface receptors
are responsible for platelets binding to the ECM within the sub-endothelial layer [70].
Other biomolecules and substances released by platelets that aid in aggregation and bind-
ing to the ECM include thromboxane A2 and calcium ions [71]. Overall, platelet attach-
ment to the ECM in addition to the action of released compounds and substances causes
the formation of the platelet plug which stops bleeding and seals the ruptured vessels.

In addition, platelets embedded within the plug synthesize and release several fac-
tors that are key in different phases of wound healing. These factors are continuously re-
leased over time and when required [72, 73]. Importantly, platelets release increased
amounts of factors including TGF--8, EGF and PDGF. Other including fibroblasts and en-
dothelial cells also release several growth factors and cytokines and these in turn have
both auto- and paracrine effects on all cells present [73, 74]. Several reports link proper
wound healing to the release and presence of these growth factors and cytokines [59, 73,
74]. 1t is for this reason that cells such as MScs have been suggested as a cell therapy for
wound healing [19, 20]. Furthermore, plasma has also been suggested as a therapeutic
treatment for wounds [75, 76]. Reports indicate that MSCs release a higher amount of
growth factors and cytokines compared to other cells and therefore suitable for use as cell
therapy [77, 78]. It is important to note that the use of both MScs and platelet-rich plasma
for wound treatment has produced mixed results [79, 80]. The mixed results can be at-
tributed to, among other reasons, the source, and methods of preparation of plasma as
well as the mesenchymal stem cells. In addition, both MSCs and platelets show cellular
heterogeneity [81, 82]. Within the thrombus, activated platelets are found near the centre
whilst less-activated platelets are found at the edges [83]. The importance of having sev-
eral cell types within the wound microenvironment is illustrated by reports indicating
that even the absence of platelets does not cause defects in wound healing [84-86]. Acti-
vation of factor X, leading to prothrombin being converted to thrombin results in for-
mation of fibrin from fibrinogen cleavage [13, 52, 59, 87, 88]. Fibrin is then crosslinked via
the action of factor XIII and fibrin attach to the platelet plug forming the thrombus. The
thrombus main function is to be a scaffolding through which cells infiltrate the wound
and participate in the wound healing process [89, 90].
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3. Inflammation and Immune Cells within the Wound Microenvironment

The first cellular response to injury is to activate several processes including the cal-
cium waves as well as the generation of reactive oxygen species [91, 92]. Reports indicate
that cells within the wound microenvironment increase cytoplasmic calcium ion levels
[91]. Injured cells release increased amounts of DNA, ECM proteins, chemokines and hy-
drogen peroxide leading to the recruitment of immune cells including neutrophils [93].
Several pieces of evidence show that chemokines can promote angiogenesis [94, 95].
Chemokines bind to the G protein-coupled receptors and this activates several signaling
cascades involved in the movement of cells in response to chemokines levels [96]. Cleaved
fibrin within the wound microenvironment in addition to growth factors promote and
regulate chemokines production over time [97]. Importantly, the release of hydrogen per-
oxide as well as migration of immune cells into the wound microenvironment suppress
infections whilst promoting blood vessels formation [98, 99]. Among the immune cells
recruited to the wound are mast cells. Mast cells are granulocytes that release several fac-
tors including cytokines and proteases [100]. The release of these cytokines and proteases
enhances the recruitment of inflammatory and other cells to the wound site [101]. Reports
indicate the lack of mast cells within the wound microenvironment results in reduced
wound healing and immune cells recruitment [102, 103].

The release of DNA, lipids, hydrogen peroxide and chemokines by injured cells cause
neutrophils to hone in on the injured site [104, 105]. Within hours of injury, neutrophils
constitute above half of the cellular component of the wound [106, 107]. Neutrophils de-
tect chemokines and other factors released by injured cells via several surface receptors
for example integrins, GPCRs and Fc receptors [106, 108]. The function of neutrophils as
‘early arrivals’ at the wound site is to prevent infections via phagocytosis and release of
toxic granules (Figure 2) [106, 107]. Within toxic primary granules are antimicrobial agents
including cathepsins G, azurocidin and lysozyme that destroy bacteria [15, 109, 110]. Sec-
ondary granules contain matrix metalloproteases, lactoferrin and collagenase-2 [110].
Neutrophils also release secretory vesicles containing cell surface receptors including in-
tegrins and cytokine receptors [109].


https://doi.org/10.20944/preprints202211.0170.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 November 2022 d0i:10.20944/preprints202211.0170.v1

' r Wound

Horny cell layer |
(] : L Wl g
E | Granular cell layer | R, Degranulation/ — ypacrophage )
o | 3 N = ) protease production
T . \ (
o i ! {
w Prickle cell layer ! { “ (0

| Basal cell layer | LT

. Basement membrane zone - i

Neutrophil

.l 1
E : Mast cell ;‘ {
8| i

I Endothelium --------- Viruses
E : Blood vessel ---------
= Collagen P
iy Bacteria -
T Smooth muscle cells ---- ~
Q! . :
£ Adipose tissue -

Created in BioRender.com bio

Figure 2. The function of neutrophils as ‘early arrivals” at the wound site is to prevent infections via
phagocytosis and release of toxic granules. Neutrophils are involved in fighting pathogens via the
release of enzymes from granules as well as production of neutrophil extracellular traps. Chromatin
filaments are extended out of cells into the wound microenvironment/wound and these contain
proteases on them.

Toxic granules contain several proteases including protease 3 and cathepsins G that
can break down the ECM as well as the basement membrane, allowing migration of mul-
tiple cell types to migrate to the wound site [15, 111]. Proteases can activate matrix metal-
loproteases and together can break down ECM proteins such as collagens, fibronectin and
vitronectin [15, 109, 110]. Belaaouaj and colleagues demonstrated that the lack of neutro-
phil elastase results in a lack of bacterial clearance in mice [112]. Enhanced levels of en-
zymes production by neutrophils on the other hand can lead to tissue destruction as well
as blunt blood vessels formation [113]. Extracellular traps from neutrophils also help in
the elimination of infectious agents via proteases attached to chromatin filaments (Fig-
ure 2) [114]. The extracellular traps are release via the action of enzymes such as elastase
which rupture the neutrophil membrane in the process resulting in the death of the cell
[114]. Neutrophil extracellular traps can also be released via vesicles meaning the neutro-
phils can further be involved in processes such as phagocytosis [115]. Reports indicate
that neutrophils show phagocytic stages similar to that of macrophages although neutro-
phils have special receptors for the identification of particular pathogens [115, 116]. Neu-
trophils bind to antigens via the use of Fc receptors and integrins. The clustering of both
Fc receptors and integrins leads to the activation of various downstream signaling cas-
cades [117, 118]. The plasma membrane forms a ‘phagocytic cup’ that engulfs the patho-
gens, forms an early phagosome (Figure 2). The early phagosome fuses with granules con-
taining proteases involved in destruction of pathogens [117, 119]. Once infection is
cleared, neutrophils undergo apoptosis or necrosis and are removed through the action
of macrophages [120]. If neutrophils are not cleared after infection, they can lyse resulting
in release of cytotoxic biomolecules and causes tissue damage (Figure 2) [120, 121]. Reso-
lution of inflammation can only happen when all neutrophils are cleared. Reports indicate
that neutrophils can also enter circulation and travel to distant sites [122, 123].
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Macrophages express CD45 as well as Cd11b as common markers in both humans
and mice [124, 125]. In addition, macrophages found in mice express F480 whilst human
macrophages display lack of CD66B expression [124, 125]. Macrophages have been shown
to migrate towards wound sites where they protect against infections [126]. In addition,
monocytes can be recruited from the bone marrow to the wound site where they are con-
verted into macrophages [127-129]. Indeed, several studies have demonstrated both mac-
rophages and monocytes plasticity during wound healing and tissue regeneration [129,
130]. Tissue damage or injury likely activates local macrophages to proliferate so as to
increase in numbers [131]. Importantly, monocytes can differentiate into macrophages
and thus increases the number of macrophages found within the wound microenviron-
ment [132, 133]. Recruitment of monocytes to the wound site is achieved via stromal de-
rived factor 1 and other hypoxia-linked factors [134]. Macrophages also synthesise the
factor monocyte chemoattractant protein (MCP-1) which can attract monocytes to the
wound site [135]. Wounds lacking in macrophage numbers demonstrate increased levels
of neutrophils as well as decreased ECM synthesis and release of growth factors [136, 137].
The net effect is reduced wound healing. In contrast, increased macrophages within the
wound site is linked to enhanced wound healing or regeneration of damaged tissues [138].
Macrophages expressing several factors including interleukin-6 are found during wound
repair and healing and are called M1 macrophages [139, 140]. These macrophages are pro-
inflammatory and kill pathogens via the action of reactive oxygen species within phago-
somes [141, 142]. Migration of pro-inflammatory macrophages is facilitated by the action
of MMPs that digest various ECM proteins, creating highways through which they move
[143]. Small fragments of ECM also act to stimulate the immune cells including macro-
phages to promote inflammation [144]. Old neutrophils are also removed through the ac-
tion of macrophages within the wound site.

As soon as the inflammatory stage of wound healing is resolved, macrophages tran-
sition from being pro-inflammatory to become the M2 macrophages that are anti-inflam-
matory [145]. M2 macrophages are known to promote new blood vessels formation and
express Tie2 [146, 147]. Macrophages that promote vascular system formation do so via
fusing endothelial vessels as well as connecting them to systemic vasculature [146, 148].
Pro-angiogenic macrophages release VEGF which is required during angiogenesis [136,
149]. Similar phenotypes have been observed in pro-angiogenic macrophages and in en-
dothelial cells [150].

The proliferation stage of wound healing involves interactions between macrophages
and fibroblasts (Figure 3). Specifically, macrophages have been shown to activate normal
fibroblasts into myofibroblasts with the concomitant increase in ECM proteins synthesis
[151, 152]. Several reports also indicate that macrophages can transdifferentiate or convert
into fibroblasts through activation of TGF/Smad 3 signaling [153, 154]. Macrophages that
transdifferentiate or are converted into fibrocytes have been implicated in scar formation
as a result of increased collagen deposition within the wound site [155, 156]. The fluctuat-
ing conditions of the wound have been suggested to play a part in the plasticity of the
cells within it including macrophages and fibroblasts [157, 158]. After re-epithelization of
the wound, ‘phagocytic’ macrophages, also known as M2c macrophages, release several
enzymes to remove the excess ECM proteins and other cells that are no longer needed for
sealing of the wound [159, 160]. Skin fibrosis, the occurrence of excessive ECM proteins
and cells, occurs if M2c macrophages are not able to clear the wound site of excessive ECM
proteins and cells [161]. Impairment in macrophage function as well as in numbers of
macrophages present within a wound has been associated with keloids as well as scars
[155, 162]. Furthermore, aberrant interactions between macrophages and other cells
within the wound can result in fibrosis. For example, aberrant interactions between mac-
rophages and fibroblasts can cause scar formation [163, 164]. In diabetic wounds macro-
phage delay the expression of chemokines and the consequential delay in recruitment of
monocyte and macrophage activation causes neutrophils to linger around for a long time
within the wound microenvironment [165]. As reported by Maruyama and colleagues
dysfunctioning macrophages do not release growth factors in a normal way [166]. In
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addition, debris and ECM protein breakdown products remain within the wound leading
to proliferation delays [167]. Ultimately, a chronic inflammatory environment occur
within the wound microenvironment, characterized by elevated levels of macrophages
and apoptotic cells [165].
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Figure 3. The proliferation stage of wound healing involves interactions between macrophages and
fibroblasts. Specifically, macrophages have been shown to activate normal fibroblasts into myofi-
broblasts with the concomitant increase in ECM proteins synthesis.

Ehrlich reported in his doctoral thesis in 1978 of progenitor cells from the bone mar-
row, which were coined as mast cells, that differentiate within the connective tissue into
mature mast cells [168, 169]. Well known for protecting against helminths infestation, data
on the role played by mast cells in wound healing is not clear [170]. Perhaps their main
function has been revealed as prevention of infections during wound healing [171, 172].
In addition, through synthesis and release of various growth factors as well as enzymes
including tryptase, mast cells can degrade the ECM allowing immune cells to be recruited
to the wound site [173]. Mast cell-derived histamine influences both fibroblast and
keratinocyte proliferation thereby participating in re-epithelialization and wound con-
traction [174]. Large numbers of mast cells have been shown to contribute to skin fibrosis
as well as in scarring [175]. Wulff and colleagues demonstrated that mast cell lysate is able
to induce scarring in fetal wound healing [176]. Cellular heterogeneity is now a constant
characteristic of most cells and different subsets of mast cells have been observed [177,
178]. A contributing factor to mast cell heterogeneity, indeed for all cells within the wound
microenvironment, is the constant remodelling of the wound as it undergoes different
phases [179-182].

Mostly known for priming T-cell functions, dendritic cells found within the epider-
mis are also called Langerhans cells after the scientist Paul Langerhans discovered the
cells whilst working on skin tissue [183]. Ralph Steinman in 1973 identified and referred
to the cells as dermal dendritic cells [184, 185]. Due to similarities with macrophages in
terms of being phagocytic and the presence of common surface markers, dendritic cells
have been suggested to represent a type of macrophages [186]. However, macrophages
primarily function to remove cells and ECM debris as well as pathogens, whilst dendritic
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cells are primarily antigen presenting cells [187-189]. Through the recognition of DNA,
peptides, and other material from dead cells via the use of clec9A receptors, dendritic cells
activate CD8+ T cells to eliminate the dead cells [190, 191]. Viral recognition by dendritic
cells occurs via the use of TLR3 receptors which binds to double stranded RNA [192, 193].

The epidermal Langerhans cells originated from myeloid progenitors and are known
to survey the tissue for the presence of pathogens [194-196]. Continuous interaction with
keratinocytes is required for Langerhans cell maintenance and once an infection occurs,
they decrease the expression of E-cadherin so they can migrate via the dermis into the
lymph nodes. Within the lymph nodes, Langerhans cells activate the adaptive response
involving T cells [189, 197]. Circulating dendritic cells, also referred to as plasmacytoid
dendritic cells, can also be recruited to the wound site in case of an infection [198, 199].
The plasmacytoid dendritic cells release various cytokines including interferon-alpha and
beta (IFN-a and IFN—{) in the event of an injury and their absence has been shown to
prevent wound re-epithelialization [198, 200]. The isolation and characterization of den-
dritic cells is hampered by the lack specific markers. Currently, whilst CD11c is the com-
mon marker used for their isolation, other cells such as T cells and some macrophages also
express this marker [201, 202]. Another marker is CD103. However, several other cells
such as epithelial lymphocytes and T cells [203, 204]. Advances in technology have seen
the isolation and analysis of single cells within the skin and the wound microenvironment
and this has revealed great knowledge about both dendritic cells and other immune cells
[205-207].

Within the skin layers are yo+ T cells and the ap+ T cells [208]. Most studies focus on
dendritic epidermal T cells (DETCs) which are residents of the basal layer of the epidermis
and release various growth factors involved in wound re-epithelialization [209, 210]. Stud-
ies on animals demonstrate that the lack of dendritic epidermal T cells can delay wound
healing [211, 212].

Dendritic epidermal T cells can be activated by ligands such as CD100 released by
wounded keratinocytes [211, 213]. Dendritic epidermal T cells change their morphology
from a dendritic structure to a round morphology and start releasing various factors in-
cluding KGF-1 as well as insulin growth factor-1 leading to enhanced keratinocyte prolif-
eration within the wound microenvironment [212, 214, 215]. In the case of keratinocytes
proliferation being reduced and less hyaluronan deposition, wound closure is delayed
[212, 215]. Aberrant interactions between keratinocytes and  dendritic epidermal T cells
can lead to delayed wound healing in mice models [211, 216]. In case of an infection, v T
cells of the dermis recruit neutrophils and also activate CD4+ T cells to proliferate in order
to clear the infection [217-219]. Dermal T cell-derived cytokines including IL17 and TNF-
a play key roles in recruitment of neutrophils and infection clearance [210, 220]. A subset
of dermal T cells is known to activate dendritic cells [218]. a3+ T cells can be found within
circulation as well as within the skin [192]. The af3+ T cells can be CD4+ cells, CD8+ cells
as well as regulatory T cell subsets [192]. CD4+ cells can be found in both the dermis and
the epidermis in the event of an infection but will return to the epidermis once the infec-
tion is resolved [221].

Skin fibrosis has been linked with dysfunctional T cells [222, 223]. T cells within the
skin demonstrate great heterogeneity and the role played by each subset in wound healing
is still to be elucidated [224-226]. Of the different T cells present in skin, dendritic epider-
mal T cells are the most studied yet difficult to isolate [227, 228].

4. Granulation tissue and Endothelial Cells in Wound Healing

Nascent connective tissue, referred to as granulation tissue, is formed as wound heal-
ing progresses through the proliferative phase. As described by John Hunter and Alexis
Carrel, the granulation tissue undergoes several changes during the proliferative phase of
wound healing [229, 230]. Granulation tissue is made up of ECM proteins and proteogly-
cans that form a scaffold, allowing other cells and blood vessels to anchor and grow [231].
As wound healing progress and the wound microenvironment is remodeled, the
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connective tissue over time replace the granulation tissue [231]. Cellular proliferation, for-
mation of the connective tissue and regeneration of damaged tissue require constant sup-
ply of nutrients and oxygen, emphasizing the need for new blood vessels formation [231,
232]. Angiogenesis, driven by the release of growth factors such as VEGF, results in vas-
cular networks formation [233-236]. The assumption that endothelial precursor cells were
responsible for vessel formation in adults was shown to be not true [237, 238]. Microvas-
cular resident endothelial cells are activated to proliferate and migrate by hypoxic condi-
tions and in the process degrade ECM proteins within the connective tissue. Eventually,
endothelial cells form cell-cell junctions and form new capillaries (Figure 4) [233].
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Figure 4. Formation of new blood vessels during wound healing via the sprouting of endothelial
cells at the tip to form capillaries. Endothelial cells respond to various macrophage- or epidermal
cell-derived growth factors including VEGF.

Endothelial cells lining blood vessel surfaces are responsible for forming new blood
vessels. Growth factors and the hypoxic conditions within the wound microenvironment
drive endothelial cell activation and migration within the clot. This migration and sprout-
ing of endothelial cells in the direction of angiogenic factors, including VEGF, result in
formation of new blood vessels [239, 240]. Great heterogeneity is displayed by endothelial
cells, with some cells taking the leading role in migrating and thus occupies the tip of the
new vessels being formed [240]. Trailing endothelial cells make up the bulk of the newly
formed vessel. Sprouting endothelial cells eventually become tubules [241, 242]. Various
signaling cascades have been shown to influence endothelial cell migration and involve-
ment in tubule formation [243, 244]. Several reports demonstrated the involvement of an-
giogenic growth factors in activating the Notch cascade [240, 245-247]. Enhanced Notch
signaling is known to activate endothelial cells. As reviewed elsewhere, chemokines are
crucial to endothelial cell activation and vessel formation during wound healing [248-250].

The cell surface of endothelial cells under normal circumstances do not allow plate-
lets and other immune cells to bind, but once the tissue is wounded, endothelial cells have
been shown to express selectins that allow leukocytes to bind to their surface [251, 252].
For example, endothelial cells have been shown to express receptors for P-selectin and E-
selectin leading to leukocyte adhesion [251, 253]. P-selectin and E- selectin knockout has
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a negative effect on wound healing [254, 255]. Several integrins expressed on endothelial
surfaces, including those for collagen and fibrin and fibronectin, play key roles during
angiogenesis [239]. Activated endothelial cells forming new vessels express enhanced lev-
els of av(3 integrin receptors that allow the cells to move within the wound microenvi-
ronment that is rich in ECM proteins [256, 257].

Contribution of pericytes and fibroblasts to wound healing

Pericytes were first named so by Zimmermann around 1923 as cells that are found
on the axis of blood vessels, having been discovered earlier by Rouget in 1873 [258, 259].
One of the key roles of pericytes is the maintenance of the vasculature integrity during the
different phases of wound healing (Figure 4) [260]. In addition, pericytes participate in
controlling blood flow to and from different tissues, making them very important in
wound healing [260, 261]. Currently it is difficult to distinguish pericytes from several
cells found within the perivascular space such as mesenchymal stem cells, smooth cells,
and fibroblasts [238, 262]. Several reports have suggested that both pericytes and MScs
are of the same origin [263, 264]. This is further complicated by the lack of definitive mark-
ers for pericytes and the lack of evidence of their origins [265-267]. For example, only sub-
sets of pericytes can express alpha-smooth muscle actin (a-SMA) [266, 268]. Structurally,
pericytes are large cells able to fold around endothelial cells due to their elongated cell
membrane [269, 270]. As reviewed elsewhere, pericytes are heterogeneous cells that ex-
press various surface markers including desmin and nestin [267, 271]. Advances in tech-
nologies including the use of artificial intelligence, microfluidic systems and single cell
technologies would soon delineate their origin and most importantly their many functions
in wound healing and skin regeneration.

Fibroblasts have been shown to be central to the integrity of the connective tissue of
almost all bodily organs through the synthesis and laying of the extracellular matrix [272,
273]. Fibroblasts can exist in an inactivated state or can be activated by various factors
including growth factors as well as cytokines. In addition, inactivated fibroblasts display
great heterogeneity/plasticity, and this has a huge impact on the contributions of fibro-
blasts to wound healing. This fibroblast heterogeneity is displayed in terms of growth
factor release, ECM protein synthesis and regulation of the immune system [274]. Several
reports have indicated that the origin of fibroblasts is of multi-lineages, and this contrib-
utes to the different functions attributed to these cells [275, 276]. For example, skin fibro-
blasts come from the neural crest and other fibroblasts found in the ventral body skin are
of lateral plate mesodermal origin [86, 277]. Driskell and colleagues demonstrate that a
particular subset of fibroblasts is responsible for determining the structure of the dermis
during skin development [278]. What determines if fibroblasts behave is a particular way
include factors such the position in certain tissues as well as their orientation in respect to
the epidermis. The activation of the Wnt/B-catenin cascade by dermal fibroblasts at hair
follicle base is key for hair follicle development [279]. Dermal fibroblasts can also be in-
duced into myofibroblasts; themselves can form dermal adipocytes, preventing scar for-
mation in the process [280]. Several reports indicate that activated fibroblasts, demon-
strated by a-SMA expression can originate from MSCs [281, 282].

Wound healing involves wound microenvironment contraction, which increases the
wound stiffness. Wound cells especially fibroblasts attach to ECM proteins including col-
lagen and fibronectin, pulling fibrils in the process and increasing wound contraction
[283]. The enhanced deposition of ECM proteins to strengthen the tissue leads to fibro-
blasts being converted to myofibroblasts, as determined by a-SMA expression (Figure 7)
[283, 284]. For example, vitronectin, osteopontin and hyaluronan have been implicated in
fibroblasts conversion to myofibroblasts [285, 286]. In the granulation tissue, growth fac-
tors and MMPs have been shown to play important roles in the transition of fibroblasts to
myofibroblasts [287, 288]. It has been suggested that only a small subpopulation of local
fibroblasts can convert into myofibroblasts during the process of wound healing, but sev-
eral reports including our own show that MScs can be converted to activated fibroblasts
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given the right microenvironmental signals [281, 289, 290]. Normal fibroblasts go through
several transient stages via proto-fibroblasts and eventually into myofibroblasts through
the action of TGF-B and interactions with ECM components such as fibronectin [291]. The
progression of wound healing and the eventual restoration of tissue integrity at the
wound site results in myofibroblasts being cleared from the site.
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Figure 5. Normal fibroblasts are activated into myofibroblasts, a transient cell type, involved in syn-
thesis of large amounts of ECM and growth factors and attach to fibronectin leading to wound con-
traction.

5. Formation of new epithelial layer

The keratinocytes of the epithelium within the epidermis are connected via desmo-
somes, cell to cell junctions, necessary to form a barrier which can protect the human body
from various insults such as extreme temperatures and infections [7]. The lowest layer of
the epithelium is sometimes called the basal layer and is in contact with the basement
membrane. The topmost layer is the stratum corneum which is exposed to the external
environment and is always in constant state of renewal and shedding. Two extra layers of
the epithelium are the granular layer and the spinous layer [292, 293]. Several other com-
ponents present within the epidermis include melanocyte stem cells, immune cells, and
hair follicles. Melanocyte stem cells present within the epidermis as well as in hair follicles
express high levels of K14 within the basal layer and are in constant flux between prolif-
erating and differentiating. Support for the presence of melanocyte stem cells comes from
experiments demonstrating stem cell movement from outside the wound to the centre of
the wound giving rise to differentiated cells [294]. Sebaceous glands also found within the
epidermis are always undergoing changes, similar to hair follicles undergoing growth and
degeneration.

In the event of an injury, keratinocytes at the wound site dissociate from each other
as well as from the basal lamina and spread to close the open wound. Integrins on the cell
surface of keratinocytes participates in activation of several cascades including the MEK-
ERK signaling leading to enhanced proliferation of keratinocytes as well as immune acti-
vation [295]. Decreased or impaired integrin function has been linked to a diminished
wound healing process [296].

In order to close the wound injury, keratinocytes must proliferate and migrate, and
this is driven by several factors including the transcription factor Slug [297]. Further-
more, growth factors including TGF-B, FGF2 and EGF induce keratinocytes to express
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keratins K6 and K16 that are important for migration [298]. Migrating keratinocytes ex-
press proteolytic enzymes to create ‘highways’ through the plug-in order to migrate.
Keratinocytes continue to interact with other cells within the wound such as macrophages
and fibroblasts, in addition to releasing cytokines that have a stimulating effect on the
macrophages and fibroblasts [211, 299]. Keratinocyte-derived VEGEF is also involved in
promoting angiogenesis [300].

Injury to the skin impact cellular proliferation as well as activation and this is true
for melanocytes [301]. Melanocytes are the cells responsible for melanin production and
have been reported to be derived from dendritic cells. Melanin is the skin pigment that
functions to protect the skin from the effects of ultra-violet light in addition to reactive
oxygen species [302]. Melanocytes are mainly located within the inter-follicular epidermis
as well as hair follicles [303]. Special stem cells found within the hair follicle bulge called
melanocytes stem cells maintain the melanocyte population in addition to releasing fac-
tors that impacts on melanocytes behaviour [304, 305]. When injury occurs, melanocytes
stem cells leave the bulge within the hair follicle into the injured tissue, divide and differ-
entiate into melanocytes found in several regions including the new epithelial layer within
days [306, 307]. Melanocytes within the actual healing tissue do not express high levels
melanin, in contrast to adjacent melanin in the un-injured tissue [308].

In case of injury, melanocyte stem cells are mainly differentiating into melanocytes
and not maintaining their numbers. Thus, over time, melanocyte stem cells can be de-
pleted [307]. Melanocytes also interact with other cells during the process of wound heal-
ing. For example, it has been shown that fibroblasts within the injured tissue interact with
melanocytes and are activated by several factors from melanocytes to produce ECM pro-
teins [309, 310]. In turn, fibroblasts also release several factors including cytokines to in-
fluence melanocytes behaviour [310]. Currently, very few studies have focussed on the
interactions of fibroblasts and melanocytes.

6. Maturation of newly formed tissue

Remodelling of wounded tissue as well as tissue maturation goes beyond just closure
of the wound and involves regular deposition of ECM and the retreating of blood vessels
from the surface of the tissue [56]. As wound healing progresses, there is a change in the
collagen found within the granular tissue from collagen III to collagen I [276, 311]. As
reviewed by Gurtner and colleagues, the replacement of collagen III by collagen I is
caused by increased synthesis of collagen I as well as degradation of collagen III [231].
Degradation of collagen III and other ECM proteins during tissue remodelling is done by
MMPs synthesised and released by different fibroblasts within the wound site [312, 313].
As remodelling progresses, TIMPs can start to inhibit ECM degradation by blocking the
activity of MMPs. The balance between MMPs and TIMPs is critical to wound healing and
maturation of tissue following injury [314, 315]. Ultimately, a large percentage of the fi-
broblasts within the wound site undergo cellular apoptosis as the healing process comes
to an end [316]. It has been reported that fibroblasts can avoid being ‘cleared” from the
matured wound site via the expression of CD47 which prevents macrophages from phag-
ocytosing the fibroblasts and also degraded ECM remnants [163]. Continual deposition of
ECM proteins can cause hypertrophic scars.

New blood vessels formed during the process of wound healing are initially without
tight cell-cell adhesions and therefore allow blood and other biomolecules out into the
wound microenvironment [50]. As the wound heals and mature tissue is formed, blood
vessels undergo major changes resulting in formation of stable blood vessels that are
maintained by quiescent endothelial cells [317].

7. Wound Healing Disorders

Each constituent member of the wound microenvironment can easily influence the
process of wound healing, from cells, ECM, and factors. Globally, millions of dollars are
spent each year trying to find cures for disorders associated with wound healing. For
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example, fibrosis and scarring are major health challenges requiring innovative and novel
treatment strategies. Excessive laying of the ECM proteins during wound healing by fi-
broblasts can result in keloids affecting the quality of life of patients [318]. Increased pre-
disposition to the development of keloids appears to be genetic, with many people in re-
gions such as Africa and Asia suffering from keloids more than persons from other regions
[319, 320]. Furthermore, specific body areas including the chest, arms can easily develop
keloids than other regions of the body.

Injuries from accidents, burns and trauma can result in excessive scarring causing
major dysfunction of human organs or tissues as well as affecting the nervous system [321-
323]. Hypertrophic scars demonstrate vascularized tissue within which are found inflam-
matory cells and fibroblasts [324, 325]. Both fibroblasts and inflammatory cells deposit
huge amounts of ECM proteins in a disorganized fashion [326]. There are currently lim-
ited treatment options available for deep injuries and burns and the resulting hyper-
trophic scars [327]. Several mechanotransduction signaling pathways have been impli-
cated in the development of wound healing disorders such as keloids and hypertrophic
scars. One of the most studied pathways is the focal adhesion kinase-integrin cascade.
Skin cells including fibroblasts express FAK which is highly expressed in cells responding
to mechanical cues [328, 329]. Fibroblasts and keratinocytes are the main cells within the
skin and associated signaling therefore is critical in wound healing. Activation of FAK in
fibroblasts for example, occurs during wound healing in response to mechanical cues and
this can cause hypertrophic scars [155, 330]. Downstream of the FAK are several compo-
nents and these include the phosphatidylinositol 3-linase (PI3K)-Akt and the MEK-ERK
cascade [331, 332]. On the other hand, downregulation of FAK signaling is associated with
non-healing, clearly demonstrating the role FAK plays in wound healing [333, 334].
Downregulation in FAK signaling can be caused by degradation of FAK, as is the case in
diabetic wounds with the consequential delay in wound healing [335].

Several studies have illustrated that fibroblasts can respond to various cues by re-
modelling the ECM within their microenvironment. For example, Driskell and colleagues
demonstrated that a special subset of fibroblasts was responsible for the formation of scars
rich in several ECM proteins and without hair follicles [278]. In addition, Rinkevich and
colleagues demonstrated that presence of special mouse fibroblasts responsible for the
synthesis of the connective tissue as well as wound healing [289]. When placed under
mechanical strain keratinocytes are known to influence the levels of ECM-degrading en-
zymes such as MMPs [334, 336]. Further studies are required to understand fibroblasts-
keratinocytes interactions in wound healing, especially the release of growth factors and
cytokines. Florin and colleagues demonstrated that factors released by fibroblasts play a
key role in enhancing proliferation of keratinocytes [337]. Besides primary cells including
fibroblasts and keratinocytes in the skin, other cells such as T cells and macrophages can
be recruited to the skin with or without an injury. The full relationship between these cells
and fibroblasts and keratinocytes is still under intense investigations.

Several conditions are associated with non-healing wounds from ulcers, diabetes, ag-
ing and vascular diseases and these ultimately leads to discomfort and low quality of life
[338]. Many strategies aimed at enhancing wound healing are limited in their effectiveness
and at most are short-lived [339, 340]. Contributing to the ineffective therapies and treat-
ments is the lack of understanding of the mechanisms that promote non-healing wounds
and other skin pathological conditions. In most cases, skin disorders and non-healing
wounds are caused by many factors coupled to an ‘enabling microenvironment’ that pro-
mote aberrant outcomes. For example, in diabetic patients, growth factor release is im-
paired, and this causes a chronic inflammatory environment [341, 342]. Furthermore, a
delay in macrophage activation as well as monocytes recruitment to the wound site causes
cellular debris to persist within the wound microenvironment, contributing to the devel-
opment of an inflammatory environment [167, 343]. Chronic inflammation into several
stages of wound healing causes the wound not to heal [343]. Within the diabetic wound
microenvironment is also low levels of growth factors needed for blood vessel formation
as well as elevated levels of reactive oxygen species that affect the function of endothelial
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cells [74, 344, 345]. Reports indicate that cells present within the diabetic wound including
fibroblasts, MSCs and keratinocytes demonstrate impaired functions [341, 346, 347]. Re-
cent reports also show that the skin microbiome plays a key role in determining the out-
comes of wounds as some bacteria can have negative effects to wound healing [348-350].
Bacterial presence within diabetic wounds for example can have negative effects to wound
healing [351-353]. Growth of bacteria and the formation of biofilms on the wound can lead
to many complications including resistance to antibiotics [354, 355].

Overall, the wound microenvironment has emerged as an important player in
wound healing in addition to cells, the ECM, and biomolecules. Efforts to ‘return’ the
wound microenvironment to its natural state may reverse the aberrant cellular functions
and chronic inflammation usually observed in non-healing wounds [356-358]. Many novel
strategies and products used for non-healing wounds are limited in their effectiveness
[359-363].

8. Advances in Therapeutic Strategies for Wound Healing

Skin grafting from either the same patient or from other sources is one of the ways to
enhance wound healing or treat wounds in medicine. In many cases, the graft itself does
not survive due to insufficient skin tissue and therefore lacking in proper integration to
the skin [364, 365]. In case of grafts from another individual, immune rejection is a major
problem, leaving many patients with no alternative but to turn to immune-inert alterna-
tives such as matrix-based and cell therapies [365-367]. Whilst these new and advanced
therapies are promising it is important to note that they need further research and regu-
latory approvals [368].

Extracellular matrices can be used to induce the regeneration of the dermis. The ECM
can provide the scaffolding needed for new dermis to form as well as be embedded with
cells that can release growth factors and cytokines needed for dermis regeneration [369,
370]. Growth factors and cytokines help in recruiting several cells from the surrounding
tissues and stimulating synthesis of new ECM proteins [370-372]. The properties of the
scaffold used in inducing dermal regeneration are determined by the methods used dur-
ing decellularization and any further manipulations such as cross-linking. In most cases
native scaffolds lacking in chemical modifications perform better in terms of inducing
wound healing and angiogenesis within the wound microenvironment [373-375]. Several
skin substitutes are available and have been approved by the FDA and these include In-
tegra Dermal Regeneration Template which is used mostly for burn injuries. Diabetic foot
ulcers can be treated with Omnigraft. These skin substitutes act as temporal epidermis
and degrade over time to be replaced by the newly synthesized tissue. Local cells adjacent
to the wound enter the wound microenvironment and begin to synthesise new ECM pro-
teins and release growth factors needed for formation of new vessels [376]. A silicone layer
functions mainly to control the amount of moisture within the wound microenvironment
and also provides a base onto which new tissue is formed [377, 378]. Reports indicate that
the use of skin substitutes results in favourable outcomes in patients with burn injuries
[379-382]. As Integra products are mostly crosslinked, a foreign body reaction ensures and
may limit ECM proteins deposition [383].

A dehydrated human amnion membrane allograft from MiMedx Group, referred to
as Epifix, is derived from the placenta and is composed of a connective tissue matrix and
a basement membrane with various growth factors and cytokines present [384-386]. In
addition, reports indicate that various ECM proteins as well; as tissue inhibitor of metal-
loproteinases are present [387, 388]. Reports show that Epiflex can enhance wound heal-
ing compared to various commonly used methods [389, 390]. Several clinical trials have
shown the efficacy of Epiflex in the treatment of even resistant non-healing wounds [390-
393]. A wound matrix referred to as OASIS, derived from porcine intestine and consisting
of collagen and fibronectin can be used for the treatment of ulcers [394, 395]. This wound
matrix also contains various growth factors and is readily available and has a comparative
long shelf life to other biomaterials. An acellular dermal allograft referred to as Alloderm
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derived from cadaveric skin is mainly composed of collagens and basement membrane
[396-398]. The components of Alloderm allow for the formation of new tissue similar in
structure and function to the native tissue and thus avoid an immune response [398-400].
Both a freeze-dried as well as injectable formulas of Alloderm exists [397].

8.1. Growth Factor-Based Treatment of Wounds

Most advances in wound healing treatments have been based on the use of growth
factors and skin grafting but this has not significantly reduced the occurrence of chronic
wounds. One caveat of using growth factor-based therapies is the fact that exogenous ad-
dition of growth factors requires that they be replenished constantly, and this makes if
expensive [401-403]. In simple terms, growth factors are involved in signaling cascades
and therefore influence various cellular processes. Several other factors contribute to
make the use of growth factors in wound healing difficult and these include low absorp-
tion and several reported side effects [404]. Recent advances in the use of biomaterials to
carry growth factors to specific tissues has resulted in improvements in their delivery and
therefore effectiveness [405]. The complexity of wound healing means that different
growth factors are needed at specific stages of the process, thus delivery systems must
ensure that the growth factor stability is maintained until the growth factor are needed.
The growth factors and other biomolecules such as cytokines are then released at a specific
site and time as when needed [401]. Several products have been developed and unfortu-
nately many products show conflicting results in trials. One product that has been ap-
proved by the FDA is Regranex Gel, containing the human platelet-derived growth factor.
Several other products contain different growth factors in different amounts. For example,
Heberprot consist of recombinant human epidermal growth factor and is recommended
for the treatment of foot ulcers caused by diabetes. Several delivery systems have been
developed for growth factors and these included nanoparticles, scaffolds, and hydrogels.
Nanocomposites from biopolymers and synthetic polymers have shown immense poten-
tial in many areas of regenerative medicine and tissue engineering applications such as
wound healing. Blending the polymers and nanoparticles alter the properties of the poly-
mers so that they can be easily used in wound dressings. Currently, blended polymers
have found use in wound healing and the maintenance of tissue integrity [406, 407]. These
delivery systems have been excellently reviewed elsewhere and are not the focus of this
review. It is safe to say that the use of growth factors and their delivery systems in wound
healing is gaining ground and very promising at the moment. Safety of the growth factors
and the different delivery systems must continue to be evaluated.

8.2. Cell-Based Treatment of Wounds

As cells are the source of growth factors, chemokines and cytokines during wound
healing, cell-based treatment of wounds has received a great deal of attention from scien-
tists and clinicians. With chronic wounds remaining unhealed, there is a potential of using
different cell preparation, either as a supply of growth factors and other biomolecules or
as a way to induce regenerate damaged tissue. One of the cell-based products available
for the treatment of dermal burns is Epicel. It is made up of layers of keratinocytes sup-
ported by gauze. Results however are disappointing with several studies showing con-
flicting on the use of Epicel for the treatment of burn wounds. In addition, Epicel has been
associated with contracture and scar formation [408]. A layer of keratinocytes, fibroblasts
and the ECM protein type I collagen is used to make Apligraf. Cells release numerous
factors that have been shown to enhance wound healing. The layer of cells and the colla-
gen is only viable for a few days and is expensive to produce. Apligraf has been approved
for the treatment of ulcers and enhancing the healing of surgical wounds [409, 410]. A
layer of the scaffold poly (lactic-co-glycolic acid) and fibroblasts makes up the dermal
substitute called Dermagraft. The scaffold can be absorbed and is seeded with the fibro-
blasts that secrete ECM proteins as well growth factors and cytokines [411, 412]. The FDA
and the EMA have approved Dermagraft as a treatment strategy for ulcers and non-
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healing surgical wounds [413, 414]. Grafix is a cryopreserved human amnion allograft
containing several cells such as mesenchymal stem cells, fibroblasts, epithelial cells, and
ECM proteins [415, 416]. The cryopreservation maintains a very high cell viability and
Grafix currently being used as a treatment strategy for leg ulcers, burns and chronic
wounds among other conditions [417]. Various other cell-based strategies are under de-
velopment for use in wound healing. The use cells to enhance wound healing faces major
problems including lack of cellular engraftment due to low oxygen and nutrients levels
within the wound microenvironment. To increase the possibility of cells being engrafted,
Kim and colleagues, developed a biocompatible patch that formed spheroids incorporat-
ing fibroblasts in order to enhance interaction with macrophages as well as induce angio-
genesis [418]. The authors demonstrated the utility of the patch versus the use of fibro-
blasts alone [418].

Electricity has been shown to play a crucial role in maintenance of tissue homeostasis
as well as influencing various cellular processes such as wound healing. The development
of skin patches that can generate electrical pulses in response to glucose has been reported
[419]. Using various strategies including an animal model of skin wound healing, Kim
and colleagues demonstrated that an enzymatic biofuel cell skin patch enhances the pro-
cess of wound healing via induction of angiogenesis and impacting on ECM synthesis by
fibroblasts [419]. Studies including the above mentioned one reveal that electricity can
influence ion channels and enhance wound healing in the process.

9. Conclusion

The complexity of wound healing demonstrated by the various cells involved, the
ECM proteins, the various biomolecules released into the wound microenvironment and
the stage-wise progression means that there is still more information about the process
that must be studied and revealed. All these parts of the wound healing process come
together to form a ‘wound healing microenvironment’ that is dynamic and difficult to
target during treatment. Even the study of single cells only determines what happens to a
single cell, whereas in the wound healing microenvironment, all components interact on
a temporal basis.

Most cells within the skin display great heterogeneity owing to the skin covering the
whole body. In its natural state the skin has a specific set of cells that can be activated in
case of injury. Important in this category are stem cells found in various parts of the skin
where they are known to self-renew and to differentiate into various cells found within
the skin. Whether stem cells are the source of all or even subtypes of cells is still unclear.
Cellular heterogeneity has been studied especially within the epidermis. In addition, var-
ious immune cells are also found within the skin where they prevent infection or are in-
volved in clearing germs when an injury occurs. Research is underway to understand how
all these cells interact with each other as well as other external factors such as hypoxia and
physical factors. The multitude of signaling cascades activated in a homeostatic skin and
when injury occurs still requires determination. Furthermore, whilst literature presents a
‘simplified” version of wound healing with various stages, the real process has overlap-
ping stages. Finally, whilst both growth factor- and cell-based therapies have shown
promising results with some already approved by regulatory bodies such as the FDA, the
cells producing the growth factors are heterogeneous in nature. To be effective, subsets of
the cells with specific properties must be used to produce growth factors and for cell ther-

apy.
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