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Skin wound healing is a multi-stage process that depends on the coordination of multiple cells and mediators.
Chronic or non-healing wounds resulting from the dysregulation of this process represent a challenge for the
healthcare system. For skin wound management, there are various approaches to tissue recovery. For decades, stem
cell therapy has made outstanding achievements in wound regeneration. Three major types of stem cells, includ-
ing embryonic stem cells, adult stem cells, and induced pluripotent stem cells, have been explored intensely. Mostly,
mesenchymal stem cells are thought to be an extensive cell type for tissue repair. However, the limited cell efficacy
and the underutilized therapeutic potential remain to be addressed. Exploring novel and advanced treatments to
enhance stem cell efficacy is an urgent need. Diverse strategies are applied to maintain cell survival and increase cell
functionality. In this study, we outline current approaches aiming to improve the beneficial outcomes of cell therapy
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Introduction

As a main organ of the human body, the skin is the first
link between the human body and the outside world
[1]. The most important function of the skin is to pre-
vent some mechanical, physical, and chemical damage
and block the invasion of bacteria. The integrity of skin
is the prerequisite for maintaining its function. Once the
body is severely damaged or due to internal abnormali-
ties such as diabetes and vascular insufficiency, normal
skin physical structure or functional stability is disrupted.
Thus, wounds are formed, even chronic or non-healing
wounds.
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Normal skin wound healing is a dynamic system that
relies on multiple cells and mediators communicat-
ing in a rather complicated time series after injury. The
main phases of wound healing include inflammation,
proliferation, and remodeling (Fig. 1A) [2]. When an
injury occurs, the platelets are triggered to form a clot to
close the wound and limit the bleeding. Meanwhile, the
leukocytes are recruited, and the inflammatory phase
plays a role in fighting bacterial infections. As inflam-
mation diminishes, epithelial cells begin to proliferate
and keratinocytes migrate to promote epithelialization.
In the final remodeling phase, the extracellular matrix
(ECM) is constantly reconstructed and the proportion of
various kinds of collagen changes to strengthen the skin
resilience.

In fact, unadvanced wound healing can occur in any
phase of skin recovery due to abnormal factors. Con-
fined to a prolonged inflammatory stage, chronic wound
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Fig. 1 Wound healing process and different ways for stem cells to enhance the treatment efficacy of wound healing. A Timeline of skin wound
healing [2]; B different ways of stem cells to enhance the treatment efficacy of wound healing [3]. Reproduced from the article by authors
Casado-Diaz et al. [2], copyright 2020, Casado-Diaz et al. Reproduced from the article by authors Baldari et al. [3], copyright 2017, Baldari et al.

is exposed to persistent bacterial infections and excessive
proinflammatory cytokine stimulation, which requires
constant treatment. Chronic wound, such as pressure
sores, diabetic ulcers, and arteriovenous ulcers, not only
lowers the living quality of patients but also imposes a
huge economic burden on society. In addition, the poor
appearance of wounds and the inconveniency of move-
ments both bother patients.

Therefore, various therapies have been developed to
manage chronic wounds, of which traditional therapies
are favored for debriding necrotic tissue, applying wound
dressings, using antibiotics, and performing skin graft if
necessary. As for emerging therapies, some biophysical
modalities, such as electrical stimulation and shock wave
therapy, are used to faster wound regeneration. Besides,
engineered skin substitutes are popular in the tissue
regeneration. They can be seeded with keratinocytes and/
or fibroblasts to replace the recipients’ defective skin.
Recently, stem cell therapy has received increasing atten-
tion in wound healing due to its excellent abilities in self-
renewal, differentiation, and immunomodulation.

Although significant progress has been made on
stem cell treatment for cutaneous wound healing, the

potentials of stem cells remain to be unleashed. The
transplanted stem cells have a short duration of existence
and a low survival rate at the wound site. When the cell
loses its original supportive environment, apoptotic sign-
aling is activated, leading to the death of cells. Besides,
the mechanical stress exerted on the cells during delivery,
and the harsh conditions of host after translation both
affect the cell viability. Therefore, one of the aims to opti-
mize cell therapy is to increase cell survival. Additionally,
promoting cell functionality is another goal. In this study,
we summarize current optimizing strategies to enhance
the wound healing efficacy of stem cells (Fig. 1B) [3].

Strategies to promote favorable effects of cell
therapy

Different types of stem cells

A relatively effective stem cell source is the starting point
for optimal outcomes because multiple types of stem cells
have different wound healing effects. Besides, advantages
and limitations both exist in each type of stem cells. Stem
cells are classified into embryonic stem cells (ESCs), adult
stem cells (ASCs) and induced pluripotent stem cells
(iPSCs). These stem cells show different differentiation
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potential, among which ESC and iPSCs have higher dif-
ferentiation potential compared to ASCs (Fig. 2A) [4].
ASCs include multiple types of stem cells, such as mes-
enchymal stem cells (MSCs), hematopoietic stem cells,
and umbilical cord stem cells. A brief comparison of the
characteristics of ESC, iPSCs, and ASCs (mainly MSCs)
is presented in Table 1. Among ASCs, MSCs have been
applied more widely and successfully for the treatment
of many kinds of diseases, including wound healing. As a
result, we mainly highlight the comparison of MSCs from
different sources in the treatment of wound repair.

The minimum standard for MSCs has been established
by the International Society for Cellular Therapy (ISCT)
with respect to cell culture characteristics, differentiation
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potential, and surface molecular expression [5]. MSCs
can be present in almost any human tissue, in which
bone marrow-derived (BM), adipose tissue-derived (AD),
and fetal tissues-derived (Wharton’s jelly (WJ), umbili-
cal cord, placenta, and amniotic fluid) MSCs draw more
attention (Fig. 2B) [6]. MSCs from these adult or fetal
tissues display a fibroblast-like morphology (Fig. 2B) [6].
Their differentiation potentials are considered as a mech-
anism in regenerative medicine. However, it is accepted
that the bioactive molecules secreted by paracrine signal-
ing of MSCs play a pivotal role [7]. The main beneficial
effects of bioactive molecules responsible for the regen-
eration of tissue are immunomodulation, angiogenesis,
and others. In the inflammatory phase of injury, MSCs

A
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[6], copyright 2014, Li et al.
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Fig. 2 Differentiation potential of different stem cells and the sources of MSCs. A Differentiation potential of different stem cells types [4]; B
different sources of MSCs and their cell morphologies [6]. BM-MSC: bone marrow-derived mesenchymal stem cells; AD-MSC: adipose tissue-derived
mesenchymal stem cells; WJ-MSC: Wharton's jelly-derived mesenchymal stem cells; PL-MSC: placenta-derived mesenchymal stem cells. Reproduced
from the article by authors Duscher et al. [4], copyright 2015, Karger Publishers, Basel, Switzerland. Reproduced from the article by authors Li et al.
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participate in regulating immune response by influenc-
ing the function of various immune cells. The immu-
nomodulatory capacities are not exactly the same in
different types of MSCs. For example, Li et al. compared
the immune properties of MSCs from four sources (BM,
AD, WJ, and placenta), demonstrated that WJ-MSCs
could be applied in requirement of immunosuppressive
action as the most suitable cell type with the strongest
T cell inhibition and the weakest immune-related gene
expression [6]. Apart from immunomodulation, there
is heterogeneity in proangiogenic features of MSCs. A
study revealed that BM-MSCs and placental MSCs gave
priority to promoting angiogenesis, because more angio-
genic genes expressed and more growth factors were pro-
duced compared to those of umbilical cord (UC)-MSCs
and AD-MSCs [8]. However, Han et al. regarded that pla-
centa chorionic villi-derived MSCs were more efficient
in angiogenesis and immunomodulation than BM-, UC-,
and AD-MSCs [9].

The controversies in this field need more investigation.
As a result, no single type of stem cell has been displayed
to be optimal for wound regeneration. The type of MSCs
required depends on the specific situation due to differ-
ent cell sources. Nonetheless, fetal tissue-derived MSCs
have certain advantages in improved capacities on prolif-
eration, immunomodulation, angiogenesis, and scarless
wound healing [10], which are attractive candidates in
tissue regeneration.

Subpopulations of MSCs

Interest has increased hugely in the heterogeneity of stem
cell populations. Cell populations of the same type from
different donors and tissue sources differ in phenotypes
and functions [11]. Scientists refer to heterogeneous cell
populations as subpopulations. Even from the same tis-
sue of the same individual, cell populations have different
surface marker expression and exhibit distinct features
[11]. Identifying subpopulations we need in these cell
populations is a promising direction to enhance the effi-
cacy of stem cells. Therefore, single-cell RNA sequenc-
ing, as a novel and powerful technology, has been applied
to characterize the heterogeneity of cell populations at
the single-cell level and can efficiently analyze the gene
expression profile of various heterogeneous populations
in large quantities with no difference [12]. In this way,
the subpopulations with common gene expression can be
identified and selected.

Utilizing single-cell RNA sequencing, Sun et al. inves-
tigated different subpopulations of WJ-MSCs and dis-
tinguished six clusters (C0—C5) with distinct features
[13]. Notably, CD142 and other multiple genes of skin
repair in the C3 cluster are expressed, suggesting a recov-
ery potential for wound healing. In this study, further
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evidence has demonstrated that the healing potency of
CD142" W]J-MSCs is stronger than that of CD142~ W]J-
MSCs. CD1427 WJ-MSCs present an opportunity to
improve the cell efficacy of skin injury treatment. Besides,
Rennert et al. demonstrated that a cell subpopulation
expressing DPP4 and CD55 could enhance cell survival
and proliferation [14]. To further assess its outcome, the
treatment with enriched subpopulation was performed
in the diabetic wounds of mice, showing accelerated
healing time relative to that with the depleted subpopu-
lation. Thus, this subpopulation could be selected as an
efficient and beneficial factor for cell retention. Further-
more, in terms of angiogenesis and immunomodulation,
Han et al. reported that a subpopulation of VCAM-1*
(CD106) MSCs, originating from the placenta chori-
onic villi exhibited potential advantages relative to that
of VCAM-1~ MSCs [9]. The enhanced immunomodula-
tory and proangiogenic behaviors of VCAM-1T MSCs
are essential for therapeutic applications. These superior
features in certain subpopulations enable encouraging
outcomes in the treatment of tissue regeneration. For
instance, Du et al. found a significant functional improve-
ment in the mice’ ischemic limb after the transplantation
of VCAM-11 MSCs, assessed by several different indexes
(Fig. 3) [15]. The VCAM-11-MSCs-treated mice had less
ischemia damage and ambulatory impairment compared
to control groups. Besides, the authors identified that
VCAM-11" MSCs exerted more therapeutic effects on
ischemia site, which were evaluated by the ischemia res-
toration and the formation of collateral vessels. Selecting
the subpopulation with superior pro-angiogenic effects
for wound regeneration by using VCAM-1 as a bio-
marker is valid. Therefore, identifying and enriching the
subpopulation with required functional features by bio-
marker recognition increases the efficacy of stem cells in
wound treatments.

Donors of MSCs

The properties of MSCs derived from various donors
are varied as well. According to the donor source, there
are two cell types classified as syngeneic and allogeneic
MSCs, which have been applied successfully in wound
regeneration.

Syngeneic MSCs are obtained from the donor who
is genetically identical to the recipient; that is, cells are
from the same individual. The threat of an allogeneic
immune response, therefore, is not considered. How-
ever, their isolation, in terms of cell quality and quantity,
can be affected by the health conditions and age factors
of donors. Wang et al. observed a physical dysfunction
in mice treated with the transplantation of AD-MSCs
from aged donors rather than young donors [16]. Aging
or impaired MSCs are limited to exert their functions,
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and more importantly, if, in an emergency, MSCs from
patients themselves are not immediately available
because it takes a long time to obtain qualified cell prod-
ucts. Under these circumstances, the application of allo-
geneic MSCs can meet urgent needs.

Allogeneic MSCs are collected from other donors
prior to their application and possess an “off the shelf”
therapeutic feature. However, the safety issues around
allogeneic MSCs have been one of the constant con-
cerns. Accumulated evidence revealed that the trans-
planted allogeneic MSCs could induce variable immune
responses of the host. In an equine model, Joswig et al.
compared immune responses induced by injecting synge-
neic and allogeneic BM-MSCs into animal joints, respec-
tively, and found that the joint of equine produced a
significant adverse reaction after repeated intra-articular
injection of allogeneic BM-MSCs [17]. The results of pre-
clinical animal models deserve more attention to prevent
the same adverse reaction in humans.
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However, it was also reported that allogeneic MSCs
possessed negligible immunogenicity and comparable
efficacy with syngeneic MSCs. Chen et al. found simi-
lar amounts of implanted syngeneic and allogeneic BM-
MSCs in excisional wounds of mice, indicating that the
host immune response did not affect the survival of allo-
geneic cells [18]. Allogeneic and syngeneic MSCs were
equally efficient in promoting wound closure (Fig. 4)
[18]. Besides, they compared the reactions of allogeneic-
MSCs and allogeneic-fibroblasts in wounds. Leukocytes
were increased in allogeneic-fibroblasts-treated wounds.
The authors concluded that the reduced cell engraftment
was due to the immune response induced by allogeneic
fibroblasts rather than allogeneic BM-MSCs. Chang et al.
assessed the healing efficacy of syngeneic and allogeneic
AD-MSCs on the burn wounds of rats and observed that
tissue repair in the allogeneic and control groups showed
no significant differences, while it was faster in the syn-
geneic AD-MSCs group [19]. These different results
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Fig. 4 Comparison of the effects of allogeneic and syngeneic MSCs in wound regeneration [18]. A Experimental scheme and the method of
obtaining allogeneic or syngeneic GFP + MSCs and GFP +fibroblasts; B the effects of transplanted MSCs, fibroblasts or control medium (sham)
derived from C57BL/6 mice on excisional wounds in BALB/C or C57BL/6 mice; C the engraftment of MSCs or fibroblasts in wounds; D, E the
proportions of leukocytes or their subsets in the normal skin or wounds at 1 week or 2 weeks; F the images of CD3 +T cells (red) in wounds

at 14 days. Allo-FB: allogeneic fibroblast; Syn-FB: syngeneic fibroblast; Allo-MSC: allogeneic mesenchymal stem cells; Syn-MSC: syngeneic
mesenchymal stem cells. Reproduced from the article by authors Chen et al. [18], copyright 2009, Chen et al.
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were probably due to the selection of stem cell types and
experimental models.

Consequently, allogeneic MSCs can treat skin wounds
if the effects of immune rejection are kept under control.
The convenience and availability of allogeneic cell trans-
plantation make the application in wound regeneration
more practical. As for syngeneic MSCs, a feasible consid-
eration is to establish and expand the cryobank of stem
cells in advance, such as the cryopreservation of fetal
tissue-derived cells, making it possible for future use of
syngeneic MSCs in any situation.

Precondition methods

Preconditioning strategies have been investigated to
maintain cell survival and improve cell efficacy in various
studies. Culturing MSCs in different environments and
patterns, and pretreating MSCs with different cytokines,
growth factors, or some cells in advance improves the
therapeutic efficacy of MSCs in tissue regeneration
(Fig. 5) [20].

Culture condition is important for cell growth and
development. The environment of the wound site lacks
oxygen and nutrients, thus not as suitable as the original
living or culturing environment of MSCs. It is possible
to change the cell culture condition before cell implan-
tation to regulate cell metabolic activities. By cultur-
ing cells in a low energy requirement state, the cells can

o
8-# -
N

Fig. 5 Various preconditioning strategies for MSCs by changing

the culture conditions and providing additional pretreatments

[20]. TNF-a: tumor necrosis factor-a; IL-13: interleukin-1; IFN-y:
interferon-y; PRP: platelet-rich plasma; FGF-2: fibroblast growth
factor-2; IGF-1: insulin-like growth factor 1; TGF-B1: transforming
growth factor-B1; VEGF: vascular endothelial growth factor.
Reproduced from the article by authors Hu et al. [20], copyright 2018,
Hu et al.
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adapt to the harsh environment of the wound in advance,
thus providing defensive protection for cell activities. A
study showed that hypoxic preconditioning (1% O2) of
BM-MSCs could improve cell viability after cell trans-
plantation in mice [21]. A hypoxic environment main-
tained these cells in a low glucose consumption state so
that these cells could survive longer than untreated BM-
MSCs. Jun et al. revealed that hypoxia preconditioned
(1% O2) amniotic fluid (AF)-derived MSCs possessed
improved cell proliferation and enhanced secretion of
paracrine factors relative to AF-MSCs under normoxic
conditions [22]. Their hypoxic conditioned media were
demonstrated to promote the proliferation and migration
of fibroblasts and accelerate skin wound healing (Fig. 6)
[22]. Apart from hypoxia preconditioning, subjecting
cells to low nutrient supply in advance could also affect
cell vitality. By depriving the support of plasma, Moya
et al. induced BM-MSC:s into a quiescent condition while
preserving the multipotential capabilities [23]. These cells
were implanted into the ischemic tissue of mice, which
exhibited improved cell viability in vivo. Therefore, mim-
icking the condition of the wound environment by pro-
viding low supports of oxygen and nutrients for cells
before implantation is beneficial for cell survival. The effi-
cacy of cells can be significantly affected by the culturing
condition.

Culturing cells in three-dimensional (3D) aggregation
can also preserve cell survival and properties. The 3D
aggregate of MSCs is a spheroid formed by 500-10,000
cells, which depends on the mutual recognition of cad-
herin on the cell surface [24]. The aggregation of MSCs
can maintain the intercellular interaction and cell- ECM
connection in cell culture, thereby preventing cells from
apoptosis. Besides, more ECM proteins and angiogenic
factors can be produced by 3D aggregates of MSCs in
wound regeneration. For instance, compared to cell sus-
pensions, 3D cell aggregates show elevated ECM secre-
tions and enhanced wound closure in diabetic wounds
of mice [25]. The activities of MSCs can be significantly
affected by the way of cell formation. Better neovascu-
larization of ischemic tissue can be achieved by 3D cell
aggregates through promoting cell survival and angio-
genesis [26]. Therefore, culturing MSCs by 3D aggrega-
tion is an effective strategy to enhance cell therapeutic
outcomes.

In addition to changing the conditions and patterns
in cell culture, the pretreatments of MSCs are also
applied to improve therapeutic efficacy. At the injury
site, transplanted cells are exposed to an inflammatory
environment, and the enhancement of cellular immu-
nomodulatory function should also be emphasized. Pre-
conditioning MSCs with proinflammatory cytokines,
such as tumor necrosis factor-a (TNF-a), interleukin-1p
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Fig. 6 The effects of hypoxia on MSCs and the effects of their hypoxic conditioned media on fibroblasts and wound closure [22]. A The growth of
MSCs and the expression of HIF 1-a protein under normoxic or hypoxic conditions (1% or 5% O2); B the expression levels of TGF-31 and VEGF were
confirmed in MSCs and their conditioned media; C the clonogenic capacity of MSCs was detected by CFU-F assay; D BrdU assay was performed to
determine the growth of fibroblasts in different conditioned media; E scratch-wound-closure assays were performed to confirm the migration of
fibroblasts at the wound site; arrows show the distance of wound; F the images of wounds size; G histomorphometric analysis of wound closure.
HIF-1a: inducible transcription factor 1a; nor-CM: normoxic conditioned media; hypo-CM: hypoxic conditioned media; con-CM: conditioned media;
CFU-F: colony-forming unit fibroblast; TGF-@: transforming growth factor-@3; VEGF: vascular endothelial growth factor. Reproduced from the article

(IL-1B), and interferon-y (IFEN-y), augments immu-
nomodulatory properties. IFN-y-preconditioned MSCs
could inhibit T-cell and T-cell effector and enhance
wound repair in mice [27]. IL-1p is an inflammatory
mediator, and IL-1B-treated MSCs could upregulate gene
expression related to immunomodulation [28]. Moreover,
a recent study assessed the immunotherapeutic function
of MSCs by combinatory preconditioning with hypoxia
and proinflammatory cytokines (TNF-a, IL-13, IFN-y),
which showed a robust anti-inflammatory effect [29].

Nonetheless, this combinatory precondition appears not
to be the most suitable treatment because of the impair-
ment on cell differentiation and self-renewal. Therefore,
the rational use of different inflammatory cytokines
needs more researches.

Growth factors are also used for the precondition
MSCs, and platelet-rich plasma (PRP), containing multi-
ple growth factors, is more explored to provide trophic
support to cells. Hersant et al. reported that the treat-
ment of combining MSCs with PRP could promote
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angiogenic, survival, and proliferative potential of MSCs,
contributing to increased wound healing rate and skin
elasticity in a mouse wound model [30]. Different growth
factors have unique functions as well as common effects.
Fibroblast growth factor-2 (FGF-2) can promote the dif-
ferentiation and proliferation of AD-MSCs [31]. Insulin-
like growth factor 1 (IGF-1) has been demonstrated to
improve implanted cell viability and increase cell resist-
ance to apoptosis [32]. Transforming growth factor-p1
(TGF-P1) has a promoting effect on the proliferation of
human UC-MSCs and the expression of ECM genes [33].
Vascular endothelial growth factor (VEGF) is beneficial
for the vascularization of the engineered dermis [34]. The
effects of each growth factor are interactive, and it is nec-
essary to explore the mixture of different types of growth
factors to maximize their functions.

Co-culturing MSCs with other cells is also proved to
increase cell efficacy. Seo et al. assessed the effects of AD-
MSCs co-cultured with human epidermal keratinocytes
and found a higher proliferation and epithelial differen-
tiation of AD-MSCs relative to monoculture AD-MSCs
[35]. In a 3D scaffold, Freiman et al. co-cultured AD-
MSCs with microvascular endothelial cells to investigate
their integrated angiogenic potential, which showed pro-
moted vascular network formation [36]. The addition of
other cells to the culture environment can enhance the
contacts of cells and increase the therapeutic properties
of MSCs.

Genetic modifications

Genetic modification is to treat skin wounds by insert-
ing specific genes into host cells. Nowadays, MSCs have
become the genetic target to be modified to increase
their retention and reinforce their efficacy in tissue
regeneration. Song et al. modified and induced AD-
MSCs to express v-myc gene, which endowed cells with
high growth potential and increased their maintenance
time [37]. In these v-myc AD-MSCs, protein kinase B
(Akt) gene was induced to be expressed in determin-
ing their paracrine effects in wound repair. Researchers
found that v-myc-Akt AD-MSCs improved cell survival
and increased secretion of growth factors, accelerating
wound closure. Stromal-derived factor-1 (SDF-1) and
C-X-C chemokine receptor 4 (CXCR4), in a signaling
pathway, play a critical role in cell migration and homing.
By overexpressing CXCR4 in BM-MSCs of mice, Yang
et al. found that the time of wound regeneration was
significantly reduced owing to the increased cell recruit-
ment in wound tissue and identified that the behavior
of cell migration depended on the expression of SDF-1
[38]. Moreover, the angiogenic property of MSCs can be
enhanced by modifying related genes. A study showed
that angiogenesis and skin regeneration was significantly
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promoted by angiopoietin-1 gene-modified BM-MSCs
(Angl-MSCs) [39]. The wound treated with Angl-MSCs,
had thinner epidermal thickness, higher capillary den-
sity, and a more arranged collagen network (Fig. 7) [39].
Modifying Angl gene of MSCs increased the efficiency of
wound repair.

Collectively, engineering MSCs to deliver genes of
interest represents a promising optimized strategy
for cell-based therapy. Genes beneficial for cell sur-
vival, cell migration, and tissue angiogenesis need more
exploration.

In addition to modifying some target genes, manipu-
lating microRNA (miRNA) is also an approach to regu-
late gene expression in many cellular processes of tissue
repair, thereby controlling the functions of related genes.
Miscianinov et al. revealed that miRNA-148b was asso-
ciated with endothelial cell homeostasis via TGF-f3 path-
way, and applying mimics of miRNA-148b could drive
angiogenesis and stimulate wound closure in a mouse
model [40]. Xu et al. reported that miRNA-146a was a
critical factor in inflammatory responses and the treat-
ment of MSCs with reduced miRNA-146a probably
resulted in chronic inflammation in a diabetic wound
[41]. These pieces of evidence indicate that cell efficacy
can be improved by manipulating some miRNAs.

MSC-derived exosomes

MSC-derived exosomes can translate cell-based therapy
into cell-free therapy. The effects of translated MSCs on
tissue regeneration are determined by paracrine abilities
rather than differentiation. Mounting studies have con-
firmed that conditioned medium consisting of various
MSCs secretomes possesses similar therapeutic effects
with MSCs in tissue regeneration [42]. Especially, the
membrane structures of the cytoplasm and the multi-
vesicular bodies (MVBs) can fuse to secret exosomes,
a kind of secretary extracellular vesicles (EVs). MVBs
are formed by invagination of the plasma membrane.
Exosomes have a delivery capacity to transfer functional
cargo molecules that contain a variety of complicated
RNAs and proteins, exerting essential effects on the com-
munication between cells and the mediation of paracrine.
The beneficial effects of exosomes have garnered signifi-
cant attention and have been confirmed for their effective
applications in enhancing tissue repair.

Different cargoes in exosomes show therapeutic effects
in tissue regeneration, such as cell proliferation, angio-
genesis, and inflammation. For example, Choi et al. iden-
tified that miRNAs in the exosomes of AD-MSCs could
suppress genes associated with cell senescence, thus
improving the proliferation and migration of skin fibro-
blasts [43]. Gangadaran et al. revealed an angiogenic
property of EVs containing abundant miRNA-210-3 ps
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and VEGF proteins [44]. Li et al. evaluated the levels
of inflammatory factors (TNF-a, IL-1p and IL-10) and
inflammatory cells in the burn rats treated with UC-
MSCs-derived exosomes, aiming to investigate the effects
of exosomes in cutaneous inflammation (Fig. 8) [45]. The
administration of MSCs-derived exosomes could allevi-
ate the inflammation induced by burn injury. The authors
further revealed that exosomes overexpressing miRNA-
181c were able to suppress Toll-like receptor 4 pathway
to regulate inflammation [45]. Thus, miRNA-181c is con-
sidered to be a potential target to restrict inflammation
and promote wound repair. Therefore, exosomes have
positive effects on tissue regeneration, but the functional
molecules delivered in exosomes and their action mecha-
nisms need to be studied further.

The cell-free therapy sheds new light on tissue regen-
eration by replacing MSCs with exosomes, which
may overcome poor cell engraftment and reduce the
risks of immune rejection in cellar therapy. Addition-
ally, exosomes can be stored safely and easily relative to
MSCs. Exosomes retain the functions of their parent cells
and can be modified to deliver cargoes to exert thera-
peutic effects, which holds a promising future in clinical
application.

Delivery methods

Ensuring the survival and function of cells during deliv-
ery is also a strategy to increase cell efficacy. Direct local
injection and intravenous infusion are common methods
to deliver MSCs to the injury site, having shown success-
ful outcomes in wound repair. However, there are some
drawbacks due to the influence of delivery routes on cell
viability and function. The direct injection could affect
the integrity of the cell membrane due to the mechani-
cal stresses caused by the syringe needle. Besides, the
connection between cells and the extracellular matrix is
interrupted, causing apoptosis. This method also fails to
achieve a homogeneous distribution of cells in the injury
site. Intravenous infusion is easier to implement and less
invasive than the direct local injection. However, cells
that reach the target wound site are limited because some
cells are entrapped in the lungs during intravenous infu-
sion [46]. Therefore, some novel delivery methods have
been developed to reduce cell death and improve trans-
plantation efficiency.

The application of a specific biomaterial scaffold has
shown great promise in cell transplantation. The scaf-
fold can increase the delivery efficiency, providing
support for cell survival as a physical architecture. It
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possesses outstanding compatibility and can interact
with MSCs favorably, thereby making the cell living
environment more suitable. MSCs delivered in scaffold
have enhanced retention and proliferation, which are
associated with the type of biomaterial. A study com-
pared the effects of four different biomaterials seeded
with MSCs in wound healing [47], showing that the cell
activity and paracrine function were varied with differ-
ent scaffolds. Both natural and synthetic biomaterials
are used to deliver MSCs as scaffolds, and their com-
bined application exhibits new prospects in skin regen-
eration. Chu et al. designed a collagen hybrid scaffold
composed of polyethylene glycol and graphene oxide,
which promoted angiogenesis and collagen deposition
in diabetic skin repair [48]. This novel scaffold provided
a superior environment for cell attachment, prolifera-
tion, and differentiation. Composite scaffolds with dif-
ferent biomaterials need to be more investigated to
exert unique material characteristics.
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Different microstructures of biomaterials have differ-
ent effects on the growth and function of MSCs, such as
the pore size, stiffness, topography, and chemistries of
biomaterials (Fig. 9) [49]. For example, Bonartsev et al.
demonstrated that pore size of polymer scaffolds was a
crucial factor affecting cell growth and differentiation
[50]. The uniform pore size of scaffolds is beneficial for
cell differentiation, while the widely distributed pore size
is suitable for cell growth [50]. Additionally, changes in
the stiffness and surface characteristics of the scaffolds
can result in the different paracrine functions of MSCs.
The immunomodulatory protein production of MSCs is
increased by regulating the scaffold stiffness [51]. Stiff-
ness is considered as a switch to modulate related signal
pathways of immunomodulation [51]. Modulating sur-
face characteristics of the scaffold, such as the fibrous
topography, shows more secretion of proangiogenic and
anti-inflammatory cytokines in AD-MSCs relative to the
raw microplates [52]. The enhancement of cell paracrine

Fig. 9 The functions of MSCs are affected by the properties of biomaterials [49]. A The effects of biomaterial stiffness on MSCs; B the effects of
surface topography of biomaterials on MSCs; C the effects of surface chemistries of biomaterials on MSCs, such as (a) proteins, (b) pharmaceutical
molecules, and (c) functional groups; D the effects of pore size on MSCs. Reproduced from the article by authors Chen et al. [49], copyright 2019.
The publisher for this copyrighted material is Mary Ann Liebert, Inc., publishers
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secretion accelerated wound healing through the recruit-
ment and polarization of macrophages [52]. Thus, the
mechanical properties of the scaffold can be harnessed
to promote cell function and delivery efficiency. Besides,
incorporating chemotactic factors, functional groups, or
side chains with scaffolds through chemical modification
is also a practical approach to deliver MSCs and increase
cell efficacy. According to the excellent properties of bio-
materials, physical or chemical modifications can further
improve the efficiency of cell delivery.

According to the application of biomaterial scaffold,
an advanced strategy to encapsulate cells in a semisolid
membrane has been explored. Cells are in relative isola-
tion from the external environment and maintain normal
physiological activity. Encapsulated MSCs in composite
microgels exhibited increased cell viability and promoted
anti-oxidant functions in oxidative stress conditions
[53]. Both the reactive oxygen species (ROS) scaveng-
ing ability of microgels and the encapsulation method
protected MSCs from the damage of oxidative stress.
The immunomodulatory capacity of encapsulated MSCs
after treatment of inflammatory cytokine was assessed
using a microfluidic device to encapsulate cells in the
alginate coating, showing an increased expression of
immunomodulatory-associated genes [54]. In addition
to modulating the immune response, this encapsulation
system also extended cell retention. Hence, the combined
application of biomaterial scaffold and cell encapsulation
can improve the delivery efficiency of MSCs.

Preparations of host tissue

Apart from the cell precondition, researchers also con-
sidered the preparations of host tissue environments to
increase the adaptability of cells to harsh environments.
Physical methods can be used for host tissue precondi-
tioning. Combined with MSC therapy, extracorporeal
shock wave (ECSW) can significantly reduce the muscle
damage, fibrosis, and collagen deposition in a rat model
of ischemic muscle injury, proving to have therapeutic
effects on tissue regeneration (Fig. 10) [55]. Besides, the
cellular expressions of inflammatory are decreased, and
the expressions of angiogenesis markers are increased,
indicating a reduction of inflammation after receiving
this combined therapy. Weihs et al. revealed the molec-
ular mechanism by which ECSW exerts its positive
effects in wound healing [56]. ECSW facilitated the cell
proliferation and healing rate by activating extracellular
signal-regulated kinase (ERK) signaling. This study pro-
vided a new understanding of the clinical use of ECSW.
Furthermore, pharmacologic preconditioning of recipi-
ent tissue is also effective in creating a favorable environ-
ment for cell growth. A study of myocardial tissue repair
reported that vasodilatory drugs had a beneficial effect
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on cell delivery [57]. However, the effect was not caused
by the vasodilatory function of drugs, and the underlying
mechanism was not clear. Thus, the role of vasodilatory
drugs in wound regeneration and other drugs with differ-
ent pharmacological effects in promoting wound healing
need more exploration.

Discussion

The therapeutic efficacy of stem cells has been investi-
gated intensively in wound regeneration. Different types
of stem cells have their unique characteristics to promote
wound healing. Over the past few years, the role of MSCs
in wound healing has been identified, and studies about
MSCs have made significant strides. This paper is also
based on MSCs to discuss improving the efficacy of stem
cells in wound regeneration.

Cell characteristics, delivery process, and host factor
all influence cell survival and effectiveness. Some strat-
egies are proposed to increase cell efficacy and prevent
cell death in tissue regeneration. For the preparation of
MSCs, the first thing is selecting the appropriate source
of cells according to the needs of the situation to achieve
the desired recovery effect. According to the stage of
wound healing, priority is given to select cell sources
and subpopulations that are beneficial in combating
inflammation, stimulating angiogenesis, promoting
matrix deposition, or reducing scar formation. Alloge-
neic or syngeneic MSCs applying to tissue regeneration
is determined by the specific circumstance. The immune
response induced by syngeneic MSCs is negligible, but
their use is limited in emergencies. As for allogeneic cells,
the age of the donor and health condition needs to be
assessed. Various forms of preconditioning approaches
exhibit satisfactory outcomes by enhancing the resistance
of MSCs against the hostile environment or reducing the
environmental damage to cells. Cell preconditioning and
host tissue preconditioning both are effective methods to
maintain cell retention and increase cell efficacy. Culture
condition with low oxygen and nutrition enables cells
more adaptable by mimicking the host tissue environ-
ment. The 3D aggregation of MSCs can better preserve
cell properties. Co-culturing MSCs with other cells can
increase the specific therapeutic properties of MSCs.
Modifying the target gene and manipulating related
microRNA prolongs cell survival and enhances the par-
acrine function. Replacing the cells with their secretome
represents a new direction for cell-free therapy. In the
delivery process, the application of biomaterial scaffolds
reduces mechanical pressure and preserves intercellular
communication. The encapsulation of MSCs provides
protection for maintaining cell biological activity.

These strategies from different respects could improve
cell efficacy in wound healing. Although great progress
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has been made in cell therapy, several issues need to be
considered to achieve the clinical application of stem
cells: firstly lack of effective biomarkers of stem cells to
define specific characteristics from different sources.
Heterogeneous populations of stem cells exhibit differ-
ences in functions. Identifying effective biomarkers is
also helpful in dynamically monitoring cell activity. Sec-
ondly, current researches have not determined the opti-
mal type and source of stem cells for tissue regeneration
due to differences in experimental design, animal mod-
els, operating procedures, and the dose and timing of the
stem cells applied. A standardized process for using stem
cells needs to be established to facilitate future scientific
normative comparisons of different stem cells. Thirdly,
the expression and changes of various molecules par-
ticipating in the physiological process of wound healing
remain unclear. The physiological changes in the micro-
environment at the wound site can be understood deeper
by clarifying the communication between cells and mol-
ecules. Finally, although the stem cells possess immuno-
suppressive properties, stem cells are considered to elicit
varying degrees of immune responses in the recipient.
More animal model experiments need to be taken to
obtain more detailed experimental data in immunology.
A controlled immune response can significantly reduce
the adverse effects of stem-cell therapy.

Future efforts are required to understand the underly-
ing mechanism of stem cells for the therapeutic effects
in wound regeneration. The way cells behave and how
they interact with the surrounding environment remain
unclear. The roles of paracrine molecules of cells need
to be clarified. It is also necessary to determine the host
microenvironment and the effects of this microenviron-
ment on the cell. Controlling the microenvironment to be
favorable to the cell by the pretreatment of the host tissue
is an effective approach. Besides, exploiting more suit-
able delivery materials or developing more efficient deliv-
ery methods is desirable to maintain cell survival and
enhance cell function. Preparation of the cell, host tissue,
and delivery process should be designed more carefully
to unleash a higher cell therapeutic potential. Cell trans-
plantation and survival conditions will be enhanced by
different strategies, thus contributing to efficient stem
cell-based therapy. Moreover, non-cell therapy with the
application of cell secretomes is another new direction.

Conclusion

Cutaneous wound regeneration has been a topic of great
concern in recent years. Various traditional and emerging
methods are applied to enhance wound repair, in which
stem cell therapy has attracted much attention. The main
wound healing process has been described, while the
underlying mechanism by which stem cells act on wound
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healing has not been completely elucidated. The thera-
peutic effects of stem cells are limited by poor viability
and low delivery efficiency. Therefore, diverse strategies
are proposed to maintain cell retention and improve cell
function. Before stem cells are transplanted to the recipi-
ent, both cell and recipient can be prepared to achieve
a higher therapeutic outcome. The selection of cell type
and source, the identification of cell subpopulation and
donor, and the investigation of different precondition-
ing treatments and genetic modification approaches
can guarantee enhanced cell efficacy. The biocompatible
materials scaffold can increase cell delivery efficiency.
Maintaining the harmony between the recipient and
transplanted cell is an important goal. More detailed
research on the exosomes of stem cells will open up a
possibility of cell-free therapy, providing an optimistic
future in wound regeneration.
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