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Abstract

Chronic skin wounds are commonly found in older individuals who have
impaired circulation due to diabetes or are immobilized due to physical dis-
ability. Chronic wounds pose a severe burden to the health-care system and
are likely to become increasingly prevalent in aging populations. Various
treatment approaches exist to help the healing process, although the healed
tissue does not generally recapitulate intact skin but rather forms a scar that
has inferior mechanical properties and that lacks appendages such as hair or
sweat glands.This article describes new experimental avenues for attempting
to improve the regenerative response of skin using biophysical techniques as
well as biochemical methods, in some cases by trying to harness the poten-
tial of stem cells, either endogenous to the host or provided exogenously,
to regenerate the skin. These approaches primarily address the local wound
environment and should likely be combined with other modalities to address
regional and systemic disease, as well as social determinants of health.
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1. INTRODUCTION

Chronic wounds afflict a broad spectrum of patients, with an estimated 2% of the overall US
population suffering from an open wound (1). Nonhealing wounds can be the direct result of a
complication of surgery or physical trauma, or they can be a consequence of an underlyingmedical
condition such as diabetes or vascular insufficiency. Regardless of etiology, chronic wounds tend
to have the greatest impact on those who are older, have impaired movement, and/or may be
otherwise unable to engage in appropriate self-care due to dementia or other causes. The annual
cost of medical expenditures related to wound care in the United States has been estimated to be
in the range of $31.7 billion to $96.7 billion (2).

Normal wound healing starts with hemostasis and the activation of inflammatory cells, fol-
lowed by proliferation and migration of fibroblasts and keratinocytes with matrix deposition and
angiogenesis (3). Wound-healing processes continue even after formal wound closure with colla-
genmatrix remodeling and scar maturation (Figure 1). Any disruption in these processes may lead
to chronic wound development, but common clinical entities associated with the pathogenesis of
chronic wounds include diabetes, peripheral atherosclerosis, venous stasis and insufficiency, and
chronic pressure injuries (1, 3).

Appropriate diagnosis with correction of any underlying clinical condition is a mainstay of
therapeutic approaches to chronic wound treatment (4). However, even successful treatment that
results in complete closure of the chronic wound often leads to formation of a fibrotic scar that
does not recapitulate the preinjury state, as it lacks hair follicles and sweat glands and also lacks
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Figure 1

Phases of wound healing. ( 1©) After injury, normal wound healing starts with the formation of a fibrin clot,
followed by ( 2©) activation of inflammatory cells including neutrophils and macrophages. ( 3©) Migration
and proliferation of other wound cells including fibroblasts and endothelial cells allow matrix deposition and
angiogenesis to occur, resulting in the formation of an initial scar. ( 4©) Although acute healing is typically
completed by 3 weeks after initial injury, scar maturation with remodeling of the collagen matrix will
continue for several months and years. Figure adapted from Wound Healing by BioRender.com (2021),
retrieved from https://app.biorender.com/biorender-templates.

appropriate sensation and pigmentation (5). Fibrosis is characteristic of normal healing in human
adults; however, observations of scarless healing in fetal human skin and complete fingertip regen-
eration in young children provide tantalizing evidence that regenerative healing in adult humans
may be possible with complete restoration of the normal skin and subcutaneous tissue architec-
ture (3). Therefore, current research efforts in developing novel treatments for chronic wounds
emphasizes achieving wound closure that is less fibrotic and more regenerative and approximates
as much as possible the preinjury state. The vast majority of recent and past studies on promoting
healing of chronic wounds focus onmethods that stimulate endogenous processes thatmay involve
progenitor and stem cells as well as approaches that deliver stem cells to the wounds. The most
relevant technologies are described in the remaining sections below and summarized in Table 1
(see also Supplemental Table 1).

2. PATHWAYS OF SKIN REGENERATION VERSUS REPAIR

Intrauterine fetal surgery led to the discovery that fetal skin could regenerate without a scar such
that the repaired skin was nearly indistinguishable from intact uninjured skin (6). The ability to
regenerate is, however, lost in later fetal developmental stages and after birth. This transition is
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Table 1 Major technologies for promotion of regenerative healing of chronic skin wounds

Category Modalities
Stem cells Induced pluripotent stem cells

Bone marrow–derived mesenchymal stem cells
Adipocyte-derived stem cells

Biophysical approaches Vacuum-assisted wound closure
Electroceuticals
Cold atmospheric plasma

Soluble factors Defined growth factors and chemokines
Conditioned media and secretomes
Exosomes and microvesicles

Nucleic acids Plasmids
MicroRNAs
Antisense DNA

Biomaterials Porous materials via bulk processing
Materials by additive manufacturing and 3D printing

somewhat correlated with maturation of the immune system, since regenerative wounds exhibit
little inflammation. It is hypothesized that skin repair in the form of a scar (the process described in
Figure 1) has evolved to involve a robust immune response to thwart pathogenic microorganisms
and close the wound as rapidly as possible to ensure survival (7). This may no longer be optimal in
the context ofmodernmedical care, and efforts to steer the wound healing process toward the scar-
less regenerative pathways are thought to be one approach for improving chronic wound healing.
A better understanding of the cues from embryonic wound healing is helping devise new promis-
ing approaches to promote chronic wound healing. For example, the subcutaneous fascia, which
separates skin from other tissue layers underneath, plays a critical role in supplying fibroblasts and
other accessory cells to the wound site during the proliferative phase of healing, for wounds that
extend deep into the dermis (8). Furthermore, different fibroblast lineages exist in skin, and recent
studies suggest that controlling the expression of specific genes, such as Engrailed-1 (EN1), can be
used as a switch between healing with a scar and scarless healing.

Mascharak et al. (9) have demonstrated that blocking mechanotransduction signaling using
verteporfin, a drug approved by the US Food and Drug Administration to treat macular degen-
eration, allows a regenerative response in rodent wound healing, resulting in healed wounds that
are virtually indistinguishable from unwounded skin, with hair growth and skin appendage–like
structures present. The authors found that this regenerative response was mediated through a
dermal subpopulation of fibroblasts lacking expression of EN1. Multiple subpopulations of my-
ofibroblasts, which play a key role in wound contraction, have been identified by other investi-
gators within both rodent and human wounds, and their relative numbers can be altered by their
interactions with elements of the wound microenvironment such as wound macrophages (10).
These myofibroblast subgroups demonstrate differential capabilities in key wound-healing pro-
cesses such as collagen cross-linking that can have a significant impact on clinical wound-healing
outcomes. Future research will focus on gaining a better understanding of these different wound
cell subpopulations and how they can be manipulated to promote regenerative wound healing.

The absence of hair follicles in scars also provides other clues on the roles of specific cells dur-
ing skin development and in particular on the contribution of a specific fibroblast lineage that is
associated with the papillary dermis, which is progressively lost with age in rodents and also in
humans, especially at ages of 50+ years (11, 12). The Wnt signaling pathways play an important
role during skin development and wound healing and require coregulation by other transcription
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factors, one of which is lymphoid enhancer-binding factor 1 (Lef1). A comprehensive analysis of
gene expression in mouse regenerative and scarring wounds revealed that Lef1 is transiently ex-
pressed in neonatal papillary fibroblasts, at a stage during which skin can renew hair follicles in
wounds (13). Overexpression of Lef1 in adult skin could restore the skin’s ability to regenerate
hair follicles, although the effect was dependent upon the stage in the hair follicle cycle, adding
a layer of complexity to the approach (12). These hair follicles were thought to be more ma-
ture than those associated with wound-induced transient hair growth (14). Another observation
from the same study was that there were many similarities in gene expression changes between
regenerating and scarring wounds; thus, a few specific pathways tied to skin development may be
critical to identify targets that promote regenerative skin responses. These cues from embryonic
development provide avenues for future therapeutic endeavors.

3. STEM CELL–BASED THERAPIES

With the ability to renew themselves and differentiate into multiple different cell types, stem cells
have generated considerable interest as potential therapeutic approaches for promoting regener-
ative closure of chronic wounds, especially since deficiencies in healthy and functional stem cells
are considered a common feature of chronic wounds regardless of their original etiology (4). Stem
cells can be classified on the basis of the range of their differentiation potential (15). Totipotent
stem cells have the broadest range and can differentiate into any cell found within the embryo
as well as extraembryonic structures such as the placenta and umbilical cord. Pluripotent stem
cells are not able to form into extraembryonic structures but can differentiate into any cell found
within embryonic structures including all three germ layers of the embryo, while stem cells that
are not able to form all three germ layers and have a more restricted spectrum of differentiation
are classified as multipotent stem cells.

Normal wound repair and regeneration relies, at least in part, on a contribution from tissue-
specific multipotent stem cells already present in skin, as well as stem cells recruited from the
circulation. Keratinocyte progenitors, a type of skin stem cell, are located in the basal layer of the
epidermis and hair follicles (16); these cells continuously replicate both to self-renew and to gen-
erate more differentiated cells that migrate and further differentiate into a nonmitotic cornified
layer toward the skin surface. They play a key role in the reepithelialization process of the wound,
and the availability of local keratinocyte stem cells confers a high degree of regeneration potential
to the epidermis.

Restoration of the epidermis is nevertheless dependent upon a suitable wound bed that can
supply nutrients and oxygen. For example, angiogenesis and regeneration of the vasculature are
critically important to support the metabolic demands of the healing wound, as cells actively pro-
liferating and migrating consume significantly higher levels of metabolites than cells under basal
nonstimulated conditions. A functional dermis may therefore be needed to enable the epidermis
to close the wound. Cells of the dermis have, however, a more limited endogenous repair capacity.
Mesenchymal stem cell (MSC) sources have been identified in the skin (17), and a contribution
from circulating stem cells has also been documented, which may be enhanced by increasing their
levels in the circulation, for example, through known methods used clinically for hematopoietic
stem cell (HSC) mobilization before autologous bone marrow transplantation (18).

Because these endogenous regenerative and repair processes are impaired in chronic wounds,
the use of exogenously applied stem cells (usually after inducing some level of differentiation)
is a promising avenue to develop novel therapeutics for wound healing. Research on potential
stem cell–based therapies for wound healing has largely focused on the use of pluripotent and
multipotent stem cells.
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3.1. Pluripotent Stem Cells

Pluripotent stem cells include embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). For wound-healing applications, the potential of ESCs for use in developing epidermal
sheets has been investigated (19). Ethical concerns, however, have greatly limited enthusiasm and
research into clinical applications with these cells (20). Since they can be derived from adult cells,
iPSCs have received more attention in recent years after Takahashi & Yamanaka (21) published
their initial finding in 2006 that iPSCs can be derived from adult fibroblasts using the transcription
factors Oct4, Sox2, Klf4, and c-Myc. In the years since, in vitro studies have demonstrated that
these adult-derived pluripotent cells can be differentiated into a wide range of cell types for tissues
and organs throughout the human body, with clinical application first reported in Japan in 2014
to correct age-related macular degeneration (22, 23).

Besides macular degeneration, human clinical trials using iPSC-based therapies have also been
initiated in recent years to examine their potential to treat osteoarthritis and graft versus host dis-
ease (22). Multiple skin cell types required for regenerative wound healing have been successfully
derived from iPSCs including fibroblasts, vascular cells, keratinocytes, melanocytes, and multipo-
tent stem cells found in hair follicles and skin-associated fat tissue. There is also evidence that
iPSC-derived cells may be less affected by their donors’ comorbid conditions such as diabetes.
However, concerns about tumorigenicity and immunogenicity by iPSCs in recipient patients re-
main a challenge for rapid clinical translation, especially with regard to chronic wound treatments
(24). Therefore, in addition to direct derivation of cells, iPSC-derived secretomes, exosomes, and
matrix scaffolds have also been investigated for potential application in chronic wound treatment,
as discussed further below.

3.2. Multipotent Stem Cells

MSCs are multipotent cells that have been the most studied stem cells to date for human wound-
healing applications as they can be readily isolated from adult bone marrow and adipose tissue
as well as extrafetal tissue such as placenta and umbilical cord blood (25). MSCs are phenotypi-
cally difficult to distinguish from fibroblasts and are defined by agreed-upon criteria that include
the presence of cell surface markers CD105, CD73, and CD90 and the absence of CD45, CD34,
CD14 or CD11b, CD79a or CD19, and HLA-DR as well as functionally by their ability to differ-
entiate into multiple tissue types including bone, cartilage, and fat (26). MSCs also do not appear
to elicit an immune reaction in recipients,making these stem cells potentially useful for allogeneic
as well as autologous applications (27). Bone marrow has been a common source for MSCs being
studied for potential clinical applications; however, the need for bone marrow aspirate procedures,
which are painful and can be highly morbid procedures carrying the risk of osteomyelitis for the
patient, and the relatively low yield of cells from these procedures present a significant barrier
for widespread clinical application of bone marrow–derived MSCs (BM-MSCs) for the treatment
of chronic wounds (25). In contrast, adipose-derived stem cells (ADSCs) can be easily obtained
in abundant numbers from aspirates obtained during liposuction, a much less morbid procedure
from the patient perspective, greatly increasing the feasibility of autologous stem cell applications.
The lack of donor morbidity is also considered an advantage for the use of MSCs isolated from
umbilical cord blood, as this material along with other extrafetal tissue following a birth is usually
discarded as medical waste (25).

3.3. Mechanism of Action of Stem Cells

The exact mechanism of action by which stem cells such as iPSCs and MSCs can promote re-
generative healing remains to be elucidated; however, regardless of their source, stem cells are
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postulated to have multifaceted positive effects on wound healing not only through their ability
to differentiate directly into necessary wound cell types but also through their paracrine activity,
including immunomodulatory effects that can decrease inflammation and promote cell migration
and proliferation within the wound site (22, 28).The ability of stem cells to create a microenviron-
ment that may be conducive for regenerative healing has led to interest in whether conditioned
media from stem cells and/or the extracellular vesicles secreted by these cells can also have ther-
apeutic applications for chronic wounds (22, 28). Combinatorial approaches where stem cells are
seeded onto matrices to produce advanced scaffolds that can promote wound healing have also
been proposed (22, 29, 30). Several preclinical studies supporting the potential therapeutic use of
stem cells either directly or by leveraging their secretomes have been published in recent years,
and some of the key findings are reported in the sections below.

To date, human clinical trials involving stem cells for wound-healing applications have been
limited to MSCs and their secretomes, with more than 50 trials recently identified as being in
progress or completed and the large majority of those being done in patients with diabetic foot
ulcers, though other etiologies including burns and critical limb ischemia are also being investi-
gated (28). These trials are mostly phase 1 and 2 investigations and have been limited by relatively
small cohorts. While large-scale randomized double-blinded controlled trials remain to be done,
at the very least MSCs appear to be safe and are well tolerated in human patients when injected
around the wound or applied topically in some form (e.g., fibrin spray, hydrogel, or scaffold).

Variables such as source tissue, harvesting and isolation techniques, and vehicle delivery can
impact the biological characteristics of stem cells, and such changes can in turn impact their ther-
apeutic potential. Clinical comorbidities and genetic characteristics of the stem cell donors add
further variability that can make it difficult to assess stem cell–based therapies in a rigorous fash-
ion. A key challenge will be accounting for the heterogeneity among stem cells and developing
standardized approaches in isolation, preparation, and delivery that will allow consistent and pre-
dictable therapeutic outcomes for chronic wound treatments derived from stem cells.

3.4. Molecular Approaches to Cellular Reprogramming

Cellular reprogramming is a novel approach to promote the proliferation and differentiation of
skin cells. This approach was originally developed using gene transfection methods, and new ways
to induce differentiation of stem cells into skin using small molecules and protein signals have
been developed (31). Such molecules may be designed for optimal stability and efficient perme-
ation into cells while avoiding genetic manipulations (32). These methods are used to try to em-
ulate the temporal sequence of signals that is involved during embryonic development. For ex-
ample, keratinocytes can be derived from iPSCs using a combination of bioactive molecules, and
these stem cell–derived keratinocytes appear to function similarly to regular keratinocytes.While
typical differentiation protocols use naturally occurring chemokines and growth factors, recent
studies show the ability to derive synthetic compounds that bind cell receptors to activate fibro-
blast growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF), and sonic hedgehog
pathways (33).

These methods assume that iPSCs and ESCs may be available to differentiate ex vivo before
implantation; however, these cells must be derived from a source. Current protocols for the dedif-
ferentiation of somatic cells (most often fibroblasts) to iPSCs generally use transfectionmethods to
introduce genes encoding the Sox2, Oct4, c-Myc, and Klf4 proteins, followed by chemical-based
reprogramming. Recently, some new chemical-based methods to perform the dedifferentiation
step have been reported (34). Differentiation of iPSCs into vascular endothelial cells has been
reported in multiple studies using activin A, BMP4, FGF2, and Wnt ligands or GSK3 inhibitors
(35, 36).
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Alternatively, strategies to promote the local recruitment of HSCs, MSCs, and ADSCs at the
wound site followed by their differentiation in situ may be more easily implemented (17). Trans-
differentiation of fibroblasts directly into endothelial cells has also been reported; this method
obviates the need to go through an iPSC-like stage by reprogramming fibroblasts to endothelial
progenitors, using either lentiviral vectors (37) or a sequence of chemicals that target chromatin
condensation, such as 5-aza-2′-deoxycytidine, a DNAmethyltransferase inhibitor, and trichostatin
A, a histone deacetylase inhibitor (38).Reported results show the transdifferentiation of fibroblasts
into keratinocytes and vascular endothelial cells, and iPSC-derived endothelial cells were able to
form capillary-like structures in culture and to integrate with the recipient’s own blood vessels in
vivo (39). Sweat gland–like cells have also been reported to form in response to various treatments
applied onto MSCs, including conditioned medium from sweat gland cells and epimorphin (40)
or keratinocyte growth factor (41).

A regenerative response in skin can be stimulated in situ using some of the same bioactive
molecules that are sometimes used to promote dedifferentiation and transdifferentiation ex vivo.
For example, thymosin 4 has been touted as a molecule that promotes regeneration of the der-
mis through pleiotropic effects (42). Other compounds that have been reported to improve skin
wound healing through proangiogenic and anti-inflammatory effects include retinoids (43), de-
feroxamine, and plant extracts such as hydroxysafflor yellow A (44).

Limitations of these methods include the need to perform ex vivo cellular manipulations and
the generally low transdifferentiation efficiency. Other challenges include the need for meth-
ods to screen for agents that promote the desired phenotypic changes toward dedifferentia-
tion to the stem cell–like stage, followed by differentiation toward the desired cell type. Several
agents typically need to be used at different times, complicating process optimization. Further-
more, in vitro cell culture systems are often used for such purposes and may not always predict
in vivo behavior. Better in vitro systems that mimic chronic wounds while maintaining relatively
simple yet physiologically relevant readouts would help advance this field (45).

4. BIOPHYSICAL APPROACHES: BIOMECHANICS
AND BIOELECTRICITY

4.1. Vacuum-Assisted Wound Closure

Vacuum-assisted wound closure, also known as negative-pressure wound therapy (NPWT), is used
extensively for wound care, either by itself or in combination with foam dressings (46). In this
approach, the wound is covered with a specialized wound dressing consisting of a foam with open
pores, and this dressing is then connected to a vacuum source; typically a negative pressure of
125 mm Hg is used, on the basis of early studies demonstrating that this pressure resulted in the
most local blood flow increase in an animal model. Intermittent and pulsatile pressure application
has also been suggested and shown to sometimes yield better angiogenesis (47).

The effects of NPWT are multifactorial. NPWT tends to bring wound edges closer to each
other, thus helping to close the wound. Furthermore, fluid drainage is enhanced, thus decreas-
ing tissue swelling and potentially increasing fluid percolation through the tissue surrounding the
wound, thereby increasing nutrient delivery and waste removal. The use of NPWT in combina-
tion with foam dressings induces micromechanical deformation in the micrometer- to millimeter-
sized scale at the tissue–wound dressing interface, and pore size has been correlated with the rate
of granulation tissue formation (48). Instillation devices may be used together with the vacuum
system to enable local administration of fluids containing bioactive compounds and antibiotics.

NPWT is thought to induce angiogenesis through the supply of angiogenic factors due to fluid
drainage, via mechanical stimulation, and also by increasing blood flow through existing patent
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vessels, which dilate when outside pressure is decreased. These mechanisms cannot easily be un-
coupled; thus, it is not known to date which one(s) may be predominant.The proangiogenic effects
have also been documented when NPWT is used in conjunction with engineered skin substitutes,
as it accelerates vascularization of the dermal component of the skin substitute, and subsequently
the survival and take of autologous skin grafts, which are often used to close the wound (49). This
effect opens up the possibility of applying a dermal substitute and covering it with a skin graft in a
single one-step procedure, as opposed to the traditional two-step procedure whereby the dermal
substitute must revascularize (usually for ∼3 weeks) before the skin graft is applied (49).

4.2. Electroceuticals

Electroceuticals are a class of therapies that involves delivering electric signals (as opposed to phar-
macological or chemical signals) to tissue. Endogenous electrical fields that arise from injury that
has caused a discontinuity in the skin tissue have been reported for a long time and are thought
to play a key role in directing cell migration toward wound closure, a phenomenon called elec-
trotaxis or galvanotaxis. The use of externally applied pulsed electrical fields has been reported in
several clinical studies to improve blood flow perfusion and promote wound area reduction (50).
Evidence for the benefits and relative safety of using electric fields for wound healing continues
to accumulate; however, there is not yet a consensus on the optimal parameters of the electrical
stimulation (voltage, frequency, wave shape, and so on) (51). Magnetic stimulation has also been
reported with favorable results on skin wound healing, both in animal models and in humans (52).
Magnetic and electrical stimulation are likely closely related, since variable magnetic fields cause
inductive currents and appear to elicit many similar cellular responses.

Most of these treatments required patients to be treated in a hospital setting where the special-
ized equipment was located. In recent years, new self-powered wearable electronic devices that are
able to harness and convert, using piezoelectric and triboelectric effects, mechanical energy from
body motions into electricity have been developed and shown to be able to deliver electrical stim-
ulation. For example, one system was described to be capable of promoting electrically stimulated
wound healing in a rat model, and hair regeneration in rats andmice, and the effect correlated with
increased production of vascular endothelial growth factor and keratinocyte growth factor (53, 54).

Typical electromagnetic stimulation studies use relatively low field powers; however, recent
work suggests that high-intensity pulsed electric fields may be useful for treating skin wounds.
For example, field strengths in excess of 500 V/cm cause irreversible electroporation and can serve
as a modality to simultaneously debride and sanitize skin wounds (55, 56). The surroundings of
the targeted tissue area are invariably exposed to sublethal electric field doses, and some regions
are therefore exposed to dose ranges similar to those used in traditional electrical stimulation, on
the order of 30 V/cm or less. In a recent cell culture study, it was reported that cell monolay-
ers that were electroporated regained confluence much more quickly than cell monolayers that
were cleared of cells over a similar area but using mechanical scraping (57). Furthermore, recent
small-animal studies suggest that the skin repair process after electroporation is more akin to a
regenerative response and that it restores skin without a scar (58). One potential explanation for
this result is that electroporation leaves the extracellular matrix (ECM) largely in place, and the
ECM may serve as a scaffold that inhibits wound contraction. This mechanism may be similar
to that postulated for the efficacy of dermal matrices such as the dermal regeneration template
(DRT) that was originally designed to mitigate scarring in skin burns (59).

4.3. Cold Atmospheric Plasma

Cold atmospheric plasma (CAP) consists of ionized gas generated by flowing gas through a dielec-
tric barrier discharge or dielectric barrier electrode device (60). The device is usually held close
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to—although without actually touching—the skin and is scanned across the treated area. Nu-
merous studies have shown a beneficial effect of CAP on wound healing, and some systems have
reached clinical use for treating recalcitrant wounds and other skin conditions (61). CAP may also
be used to increase skin permeability to enhance transdermal drug delivery (62). Originally, the
use of CAP on skin wounds was motivated by CAP’s ability to decrease bacterial load, especially
since it is very effective against a variety of bacterial strains, including antibiotic-resistant ones
(63). However, experimental evidence accumulated over time has led to the realization that CAP
may have more direct effects on the host’s cells.

While the mechanism of CAP action is not fully elucidated, in vitro and in vivo data point to a
role for reactive oxygen species (ROS) and reactive nitrogen species (RNS), which emanate from
the ionized gas as mediators of cellular responses. In particular, proangiogenic effects have been
extensively documented; however, becauseCAP-derived chemical species are generally short-lived
and therefore may not penetrate deeply through tissue, it is not likely that much of this response
is a direct effect of CAP on endothelial cells in the wound bed. Indeed, CAP treatment of cultured
fibroblasts and keratinocytes causes the release of factors that trigger angiogenic responses (e.g.,
tube formation) in cultured endothelial cells, suggesting that CAP effects may also, if not mostly,
be mediated via paracrine signaling mechanisms (64). CAP has also been shown to alter integrin-
ECM interactions, at least transiently, in a way that promotes cellular migration in a variety of cell
types (65), an effect that may also contribute to the healing benefit.

Although CAP can generate precise doses of ROS and RNS, the ionized gas contains a mul-
titude of chemical species and as of yet it is unclear which one(s) may be the most effective in
causing the wound-healing response. The relative amounts of these chemical species can be al-
tered by changing the gas composition (with helium and argon currently being the most com-
monly used gas feeds) and electric field within the device (66); thus, future studies could focus on
optimizing these parameters for treating wounds. Furthermore, the effective CAP dose is highly
dependent upon the distance between the CAP device and skin, the duration of treatment, and
host endogenous factors. For example, how many endogenous antioxidant species are present in
different cell types will likely affect how much of the deposited ROS and RNS can actually par-
ticipate in triggering cellular responses (67). Treatment efficacy and reproducibility may also be
further improved using novel plasma-generating systems that conform to wound shape and can
deliver plasma over a large area, such as recently described paper-based devices (68).

5. SOLUBLE FACTORS: SMALL MOLECULES, CHEMOKINES,
GROWTH FACTORS, AND PROTEASE INHIBITORS

5.1. Approaches Using Individual Bioactive Factors

Various compounds have been tested as potential topical treatments to mitigate inflammation and
promote the proliferative phase of healing.To address the former, anti-inflammatory cytokines and
protease inhibitors (69), as well as proresolution molecules derived from unsaturated fatty acids
(such as resolvins) (70), have shown beneficial effects on wound healing in animal models.Many of
these approaches also aim to decrease proinflammatory macrophages (also known as M1) in favor
of proresolution macrophages (also known as M2). The M1-to-M2 transition is hypothesized to
be critical in moving from the inflammatory to the proliferative phases of wound healing (71);
this transition fails to take place in chronic wounds. Proinflammatory diabetic pathways may be
mitigated by inhibitors that target the receptor for advanced glycation end products (72).

Numerous growth factors and chemokines to stimulate proliferation have been shown to re-
sult in accelerated healing when used topically in laboratory animals (73); however, only one such
compound—platelet-derived growth factor (PDGF)—has so far reached clinical use. Many of
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these compounds are not stable in the wound environment and therefore repeated high-dose ap-
plications may be necessary, thus adding cost and inconvenience. It is noteworthy that a potential
concern with the use of these factors is the potential side effects due to their role in cancer pro-
gression; this has severely impeded the use of PDGF (74). Protein engineering strategies that
increase stability in the local wound environment, such as the use of nanoparticle-forming elastin
fusion proteins, allow for longer lasting formulations with lower concentrations of growth factor
(75). Another limitation of this approach is that single factors may not be optimal in driving a
multifactorial healing process. Thus, combinations of factors may be more effective; furthermore,
there is recent interest in exploring sequential treatment methods that attempt to match the use
of different factors for different phases of healing (76).

5.2. Secretome-Based Approaches

Prior studies have shown that the secretome of MSCs and ADSCs can be used to promote the
healing of chronic wounds (77). The use of conditioned media preparations alleviates several is-
sues associated with transplantation of therapeutic living stem cells on skin wounds, including
safety concerns due to risk of teratoma formation and batch-to-batch variability in the stem cell
performance. Furthermore, the wound environment is poorly suited for the survival and function
of the cells; for example, hyperglycemic conditions decrease the production of key growth factors
such as VEGF, FGF-2, and stromal cell–derived factor 1 alpha, although this can be reversed by
engineering the cells to overexpress hypoxia-inducible factor (HIF) (78).

Analysis of the conditioned medium shows that major components consist of ECM proteins,
such as collagen fragments, fibronectin, and vimentin, as well as several key growth factors includ-
ing transforming growth factor beta-1, VEGF, and connective tissue growth factor (79). Thus,
the conditioned medium from these cells contains several different bioactive molecules that can
potentially address multiple targets on several different wound cell types in a synergistic manner
(80). The culture conditions, such as level of confluency and presence of serum (79), oxygen ten-
sion, and 2D versus 3D culture geometry (81), strongly affect the levels of some of these factors.
For example, the addition of serum considerably increases the production of bioactive factors;
however, serum-free preparations are still preferred to avoid the presence of animal proteins in
the product. Concentrating serum-free culture supernatants through evaporation was reported to
achieve acceptable bioactivity (79).

5.3. Application of Exosomes and Microvesicles

Exosomes, a type of extracellular vesicle (EV), are spherical liposomes bound by a single lipid bi-
layer and shed by living cells that contain various bioactive molecules, including lipids, proteins,
and nucleic acids (82).They are 30–200 nm in size and originate from the cellular endosomal path-
way. Microvesicles are larger in size (200–1,000 nm) and originate through the outward budding
of the plasma membrane via a poorly understood pathway. EVs enable cell-to-cell communication
wherein uptake by the target cells may be by direct membrane fusion or via endocytosis; in the
latter case, the uptake is subject to selectivity depending upon the presence of cell-specific sur-
face molecules (83). EVs may play a key role in mediating MSC-induced healing responses (84).
Production of EVs by cultured cells is highly dependent upon a wide range of physicochemical
stimuli, and optimization of the EV production process is an important subject in the literature
(85). Several different systems have been developed for attempted mass production of EVs (86,
87). Besides large-capacity bioreactors, well-instrumented and continuous-flow systems, in partic-
ular, may be able to provide more precisely controllable environmental conditions and thus more
reproducible product batches. Size-based separation methods are the most reliable in generating
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high-purity EV fractions, albeit the yield remains low (88). EVs can be stored frozen for long
periods, and lyophilization methods are being developed such that the shelf life can be similar to
that of purified proteins (89, 90).

EVs from various cell types have been tested in wound-healing animal models; among these are
EVs fromMSCs and ADSCs, which have been shown to decrease proinflammatory macrophages
(also known as M1) in favor of proresolution macrophages (also known as M2), along with im-
proved angiogenesis and faster healing (91, 92). The M1-to-M2 transition is hypothesized to be
critical in moving from the inflammatory to the proliferative phases of wound healing (71); this
transition fails to take place in chronic wounds. Serum-derived EVs have also been shown to pro-
mote angiogenesis and healing in diabetic wound models (93). In a serendipitous discovery, when
Synechococcus elongatus cyanobacteria were used on wounds in an attempt to locally deliver oxy-
gen via photosynthesis, it was found that EVs secreted by the bacteria were proangiogenic and
promoted healing (94).

EVs can be engineered for better therapeutic efficacy using various methods. EV-producing
cells can be genetically modified to express or overexpress certain gene products that target spe-
cific wound-healing pathways, such as in the case of MSCs overexpressing long noncoding RNA
(lncRNA) H19 (95), as well as ADSCs overexpressing nuclear factor erythroid 2–related factor 2
(Nrf2) (96). EVs can also be loaded with therapeutic agents and serve as carriers that essentially
function as liposomes that enhance targeted delivery while protecting the bioactive compound
from degradation in the wound environment. The loading may be done by introducing the de-
sired compound into the living cells, allowing the compound to naturally become incorporated
into the budding vesicles (97), or by ex vivo loading of vesicles using physicochemicalmethods (98).
Examples include EVs fromADSCs loaded ex vivo withmiR-21-5pmimics (99) andEVs from em-
bryonic kidney cell lines overexpressing lncRNA H19 (95). Some of the challenges of using EVs
currently include low loading efficiency for hydrophilic drugs and large proteins as well as de-
creased stability and altered surface properties of the EVs due to the presence of drugs and/or due
to the loadingmethod,whichmay alter interactions with target cells and cause aggregation of EVs.

6. NUCLEIC ACID–BASED APPROACHES

Therapeutic nucleic acids predominantly consist of oligonucleotides that aim to upregulate or in-
hibit specific pathways, with the most common ones being plasmid DNA, small interfering RNA
(siRNA), microRNA (miRNA), and anti-miRNA, as well as antisense DNA (100). Nucleic acids
that are destined for translation into protein may have more long-lasting effects than the delivery
of the protein itself, and for intracellular targets such as transcription factors, using nucleic acids
is likely more effective than attempting to deliver proteins across the cell membrane. Therapeu-
tic nucleic acids are also capable of addressing noncoding RNAs involved in the wound-healing
response (101). Furthermore, the physicochemical features of nucleic acids are largely indepen-
dent of the specific nucleotide sequence; thus, multiple different targets may be addressed using
the same delivery system. Rational design of the nucleotide sequence is also possible using widely
available software, which reduces the optimization efforts by trial and error.

Nonviral delivery systems are currently preferred to viral delivery systems, as they have a lower
perceived risk for possible insertional mutagenesis and carcinogenicity (102). Furthermore, viral
delivery systems are more suitable for permanent gene modification, which is usually not a goal in
wound-healing applications, given that wounds are transient in nature. The main functional tar-
gets of therapeutic nucleic acids are largely the same as those of small molecule and protein ther-
apeutics, namely promotion of cellular migration and proliferation, enhancement of angiogenesis
and tissue oxygenation, and mitigation of excessive inflammation and proteolytic activity (100).

72 Berthiaume • Hsia



6.1. Nucleic Acids Targeting Inflammation

A well-documented feature of chronic wounds is the elevated levels of matrix metalloproteinases
(MMPs), in particular MMP-2 and MMP-9 (103). Thus,MMP-2 and MMP-9 have been popular
targets for intervention using known extracellular inhibitors but also using a variety of siRNA-
based approaches with several different delivery systems (104, 105). The inherent activity of the
MMP can also be used as a regulator of its own release, as shown in a study where release of the
bioactive siRNA from its depot was regulated by an MMP-2 susceptible linker (106).

A closely related chronic wound feature is the persistent inflammation that prevents progres-
sion of the wound-healing response to the proliferative phase. Thus, there have been many efforts
to mitigate inflammation in chronic wounds, most specifically by targeting pathways that would
favor a transition from the proinflammatory M1 to the proresolution M2 macrophage pheno-
types. Some of these efforts focus on silencing well-known inflammatory mediators, such as tumor
necrosis factor-alpha and monocyte chemoattractant protein-1 (107), or signaling pathways that
are involved in the regulation of multiple inflammatory mediators, such as extracellular signal reg-
ulated kinase-1 (108). Plasmids that encode for anti-inflammatory miRNAs, such as miRNA-497,
have also been described (109). A synthetic mimic of miRNA-146a, an inflammation regulator,
has been shown to accelerate wound healing in mice (110). Similarly, a miR-223 mimic was used
to promote M2 macrophages, resulting in increased vascularization (111).

6.2. Nucleic Acids Targeting Angiogenesis

Prior studies have determined the differentially expressed miRNAs in diabetic wounds compared
with nondiabetic wounds (112), as well as other miRNAs of importance to healing (113), thus
providing a roadmap to address delayed wound healing in diabetics through miRNAs. miRNAs
are endogenous regulators of gene expression that bind complementary mRNA transcripts, thus
preventing translation or causing their degradation. A single miRNA may control a large number
of genes and thus is a potent target for therapeutic modulation. Inhibition of specific miRNAs,
such as miR-615-5p, miR-135a-3p, and miR-26a, has been shown to promote angiogenesis and
wound healing (114, 115). Another anti-miRNA, this one targeted to miR-92a, has also shown
preclinical promise and is undergoing clinical trials (116). Recently, a photoactivatable version of
this anti-miRNA has been developed so that it can be released in the local wound area by light
exposure as a way to minimize off-target effects (117).

Promoting angiogenesis is a common aim for nucleic acid–based therapies. Angiogenic growth
factors, such as epidermal growth factor (EGF), VEGF, platelet-derived growth factor (PDGF),
and angiogenin, are not very stable in vivo; however, transient transfection of cells in the wound
through DNA plasmids encoding for these peptides can increase local growth factor levels for
days to weeks. Several different formulations for the delivery of the plasmids, including combina-
tion with antibacterials and incorporation into a bandage format, have been reported and shown
to improve the healing response in animal models (118–120). Clinical trials using a DNA plas-
mid for hepatocyte growth factor and a chemically modified mRNA for VEGF are underway
(100, 121).

HIF has also been a target in many studies, because a major endogenous pathway for pro-
moting angiogenesis via VEGF and PDGF triggered by hypoxia is governed by HIF. For exam-
ple, the use of a plasmid bearing a HIF-1α form that was truncated to increase its persistence
in the cell enhanced angiogenesis in diabetic rat wounds (122). Biochemical features of hypoxic
wound environments, such as low pH and increased levels of ROS, have been used as cues to
control the degradation of polymer scaffolds releasing siRNA against prolyl hydroxylase domain
protein 2, an intracellular protein that downregulates HIF and the angiogenic response (123).
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Furthermore, restoration of the cellular redox regulator Nrf2 by introducing an siRNA against
the Nrf2 repressor Keap1 improved healing of diabetic mouse wounds (124).

6.3. Nucleic Acids Targeting Reepithelialization

Keratinocytes, given their critical role in reforming the skin barrier function, are another com-
mon target for therapeutic nucleic acids. A plasmid encoding for keratinocyte growth factor was
shown to enhance healing of experimental wounds in mice (125). An anti-miRNA (targeted to
miR-210) was also used to hasten keratinocyte proliferation and migration, thus resulting in faster
wound closure (126). Wound reepithelialization may also be accelerated using antisense DNA to
decrease levels of connexin 43, which normally decreases after wounding but remains elevated
in diabetes (127). The decrease in connexin 43 is typically associated with increased cell migra-
tion and proliferation, and other interventions that promote cell migration, such as decreasing
miRNA-378a-5p, result in enhanced wound healing (128).

Therapeutic nucleic acids have typically shown low efficiency. Their efficiency may be im-
proved using computationally designed double-stranded miRNAs, also known as miRNAmimics,
which are more stable than their natural counterparts and have also been demonstrated to pro-
mote angiogenic responses, as is the case with a mimic of miR-148b (129). Another approach may
be to codeliver other factors that are involved in siRNA-mediated silencing, such as argonaute
proteins (130).

7. BIOMATERIALS AND SKIN SUBSTITUTES

Humans have treated and covered skin wounds using various materials for thousands of years
(131). The first human-made biologically inspired scaffold developed to promote skin tissue
regeneration was developed in the 1980s and consisted of a cross-linked porous matrix of
collagen and glycosaminoglycan dubbed the DRT (59). Since then, various biomaterials have
been developed that are more specifically tailored for chronic wounds and that functionally
address different aspects of the wound-healing response (132). Biomaterials that are specifically
designed to promote skin regeneration usually combine properties of biocompatibility and in
vivo biodegradability and exert bioactivity that emanates from the scaffold material itself or
subsequently incorporated bioactive compounds (133). Bioactivity is dependent upon biophysical
factors, such as pore size, orientation, and shape, as well as biochemical factors, either immobilized
or in solution, that interact with cellular receptors.Methods for biomaterial synthesis have evolved
from bulk processing approaches, such as lyophilization of suspensions and solutions of matrix
materials, to layer-by-layer deposition and 3D printing methods that allow precise manufacturing
of more in vivo–like heterogeneous structures (134). In parallel, injectable hydrogels have also
been developed to allow use in hard-to-reach cavities or to enable better conformation and
provide a seamless interface with the wound edges (135).

Collagen (and its close relative gelatin) is one of the most preferred components in biomate-
rials for skin regeneration because of its similarity with native skin ECM; however, collagen gels
are weak mechanically and undergo biodegradation too rapidly. These issues were addressed early
on with the DRT by cross-linking collagen with chondroitin sulfate (59). Other strategies have
been pursued since then to develop mechanically competent collagen-based systems that allow
for incorporation of a variety of bioactive compounds, such as incorporation of polycaprolactone
(PCL), poly(glycolic acid), poly(dl-lactic-co-glycolic acid), and poly(l-lactic acid), with a result-
ing material supportive of the growth of ADSCs (136). Natural polysaccharides have also been
incorporated with the collagen matrix to stabilize the hydrogel structure and have been shown to
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result in a material that is permissive to various skin-relevant cell types, including MSCs, and that
promotes angiogenesis and wound healing in mice (137). An interesting approach to slowing bio-
material degradation was attempted by switching the chirality of peptides used for cross-linking
injectable microporous annealed particle scaffolds; this approach had an unexpected effect of trig-
gering type 2 innate and adaptive immune responses against the d-amino acids and resulted in
improved skin healing with features of regeneration based on hair follicle formation and restora-
tion of preinjury collagen structure (138).

Incorporation of laminin, a natural component of basal membranes, has been shown to enhance
the proangiogenic and healing effects of MSCs in collagen gels implanted in diabetic mice (139).
The addition of sericin, a component of silk produced by the worm Bombyx mori, has been shown
to promote epithelial differentiation of MSCs (140). Broadly speaking, silk-based materials have
been extensively studied for skin wound-healing applications (141). Gelatin-based matrices con-
taining the photosensitive polymer poly(3-hexylthiophene) and EGF showed that ADSCs could
differentiate into epidermal cells upon light stimulation (142).

Another natural polymer, fibrin, which is already present in early stages of wound healing due
to the activation of the clotting cascade, has been used in several experimental models and is
available for clinical use as fibrin glue; however, it is mechanically weak and not easy to apply on
a surface due to its rapid and difficult-to-control gelation process. Nevertheless, fibrin scaffolds
loaded with ADSCs have shown an acceleration of healing in animal models (143). Other natural
ECM proteins, such as laminin, have been used to functionalize PCL scaffolds and shown to
support cultured stem cells and then promote wound healing in vivo with evidence for recovery
of skin appendages (144). A thrombin-activated microporous annealed particle scaffold strongly
promoted angiogenesis and wound healing in mice, even in the absence of exogenous growth
factors; it also had the ability to support complex cellular network formation of a variety of cell
types in vitro including fibroblasts, ADSCs, and BM-MSCs (145).

Additive manufacturing is a new trend in biomaterial design for skin tissue engineering, with
the potential to provide more immediate treatment to the patient than traditional biomaterial
manufacturing methods. For example, collagen-based beads on a scale of ∼2 mm in size can re-
producibly be generated on superhydrophobic surfaces created by treating polystyrene with per-
fluorodecyltriethoxysilane. Such beads can be loaded with ADSCs as well as other bioactives (in
this case platelet lysate), stored frozen so they are available off the shelf, and then assembled into
tissue layers that are stabilized by the formation of cell bridges across the beads (146). Porcine
skin that is decellularized, thus leaving only the ECM, can be formulated as a printable bioink
that can incorporate a variety of living cell types. The bioink is then either extruded or sprayed
with an inkjet nozzle onto a surface. Prevascularized skin patches containing human endothelial
progenitor cells and ADSCs were found to promote angiogenesis, wound blood flow, and healing
in experimental wounds in mice (147). Direct printing of BM-MSCs and amniotic fluid–derived
MSCs suspended in fibrin-collagen gels on wounds in nude mice showed increased vasculariza-
tion and faster wound closure; interestingly, cell labeling showed that the therapeutic cells were
not integrated into the host tissue, suggesting that the majority of the observed effects were due
to paracrine interactions (148). Cell printing technology and bioink formulation are still relatively
new endeavors, and further development of the methodology is needed (149).

Stem cells have also been used in conjunction with skin grafting to improve graft take. For
example, a small clinical study combined autologous BM-MSCs and skin fibroblasts with the pa-
tient’s skin graft to treat diabetic ulcers, resulting in ulcer improvement (150). Larger human stud-
ies comparing this approach with the standard of care (autologous graft with no added stem cells)
would be needed to establish the true benefit of using MSCs.
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8. FUTURE PERSPECTIVES

Currently, successful closure of a chronic wound more often than not leads to the formation of
a fibrotic scar lacking skin appendages such as hair follicles and sweat glands and also lacking
appropriate sensation and pigmentation (5). Achieving regenerative healing with full restoration
of preinjury tissue architecture is the holy grail of the ongoing efforts to improve treatments for
chronic wounds. Recent investigations have provided some tantalizing evidence that the normal
fibrotic response wounds can be altered to produce a regenerative response. The above-reviewed
literature provides a wide range of approaches that can address regenerative healing, to various
degrees, in chronic skin wounds.

Most of the studies reviewed herein have been performed in animal models and focus on mod-
ulation of the biochemical and biophysical signals in the local wound environment. Individuals
with chronic wounds most often have comorbidities, especially impaired circulation in the ex-
tremities, that are not addressed through local wound therapies and also are not included in the
majority of animal models used to test potential regenerative therapies. Clearly, the hypoxic and
nutrient-poor environments of the wound impede not only energy-requiring fundamental cellular
processes of migration, proliferation, and differentiation in endogenous wound cells but also the
function of exogenous therapeutic cells (151, 152). Thus, adjunct modalities, such as microvascu-
lar surgery, hyperbaric oxygen, and other modes to supply nutrients to the wounds, may still be
necessary. Other aspects of the host environment, such as the disruption of normal growth factor
and chemokine signaling due to the proinflammatory environment of diabetes, may also need to
be addressed (72, 75).

Social determinants of health (SDOH), which are defined as environmental conditions in-
cluding socioeconomic status, nutritional insecurity, and home living conditions, are increasingly
recognized as key factors in determining therapeutic outcomes for patients suffering from a broad
range of illnesses (153, 154). Although the relative impact of SDOH on patients with chronic
wounds remains poorly studied (155), a detailed understanding of how these issues impact clinical
healing will be critical to optimizing the success of new therapies for chronic wounds that are
developed in the future, by allowing appropriate patient selection and defining the patient envi-
ronment that will be most conducive to helping these treatments produce a regenerative outcome.
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