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Abstract

Historically, treatment of chronic, nonhealing wounds has focused on managing
symptoms using biomaterial-based wound dressings, which do not adequately
address the underlying clinical issue. Mesenchymal stem cells (MSCs) are a promising
cell-based therapy for the treatment of chronic, nonhealing wounds, yet inherent cel-
lular heterogeneity and susceptibility to death during injection limit their clinical use.
Recently, researchers have begun to explore the synergistic effects of combined
MSC-biomaterial therapies, where the biomaterial serves as a scaffold to protect the
MSCs and provides physiologically relevant physicochemical cues that can direct
MSC immunomodulatory behavior. In this review, we highlight recent progress in this
field with a focus on the most commonly used biomaterials, classified based on their
source, including natural biomaterials, synthetic biomaterials, and the combination of
natural and synthetic biomaterials. We also discuss current challenges regarding the
clinical translation of these therapies, as well as a perspective on the future outlook
of the field.
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Translational Impact Statement

Chronic, nonhealing wounds affect millions of people worldwide wherein the body is incapable
of self-healing. Currently, doctors are focused primarily on mitigating and managing symptoms
rather than treating the underlying disease. In this review, we explore recent advances in the lit-
erature on the use of mesenchymal stem cells loaded in various types of biomaterials as a poten-

tial therapy for chronic, nonhealing wound treatment. We also provide a forward perspective of
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the field, exploring how researchers might address these challenges and achieve clinical

translation.

1 | INTRODUCTION
Chronic, nonhealing wounds are full-thickness lesions stemming
from a range of diseases, such as diabetes and obesity, that
persist for many months or years,1'2 There are many different types
of chronic wounds, including ulcers (e.g., diabetic, venous, arterial,
pressure),® pressure sores,* burns (e.g., radiation, surgical),3 keloids,*
hypertrophic scars,* and fibrosis.> An estimated 1%-2% of the
world's population will suffer from a disease-related chronic, non-
healing wound in their lifetime.> Due to their increasing prevalence
and severity, chronic wounds are becoming a major public health
burden. Recent Medicare cost projections estimate expenditures of
$28 to $97 billion on the management and treatment of chronic
wounds in the US alone.2®

The most common approach for treating chronic wounds is the
application of biomaterials, typically as wound dressings, which serve
to hydrate and protect the wound and may be designed to release
anti-inflammatory or other wound healing factors (Figure 1a).”~? How-
ever, treatment using wound dressings has focused on managing
symptoms rather than addressing the underlying problem, resulting in
more than 50% of treatments failing.2° As a result, persisting chronic

wounds often end up in surgical intervention (e.g., graft implantation)
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or even amputation.**! Thus, there is an urgent need to develop
therapies for the treatment of chronic wounds.

Stem cells have recently garnered interest as a potential therapy for
chronic wounds; mesenchymal stem cell (MSC) injection, in particular, is
extensively explored due to the significant role of MSCs in wound heal-
ing (Figure 1b).2~* It should be noted that MSCs can also be referred to
as mesenchymal stromal cells, the latter usually referring to the immuno-
modulatory properties and cytokine excretion of stromal cells. These def-
initions are used interchangeably throughout this review depending on
the use of the original paper being discussed. MSCs have been shown to
boost angiogenesis, decrease inflammation, increase re-epithelialization
and granulation tissue formation, influence extracellular matrix (ECM)
remodeling, and speed up wound closure through the secretion of para-
crine factors.’>*® MSCs can also modulate immune cell function. For
example, MSCs are capable of inhibiting activation, differentiation, and
maturation of natural killer cells, dendritic cells, T-cells, and B-cells, as well
as inducing macrophage polarization from the pro-inflammatory (M1) to
anti-inflammatory (M2) phenotype.*31%2°

Despite their potential, there remains many challenges that have
affected the clinical use of MSC-based therapies. The first is MSC het-
erogeneity, where MSCs from different tissue sources and donors

may have different immunomodulatory potentials.’> In addition, the
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FIGURE 1

Schematic of the different treatment methods of chronic wounds, including (a) biomaterial wound dressings, such as hydrogels,

porous scaffolds, hydrocolloids, and electrospun nanofibers, to name a few, with biocompatible and tunable properties which can be combined
with bioactive factors, (b) mesenchymal stem cells (MSCs) that are capable of secreting paracrine factors and modulating immune cells, and (c) a
combinatorial approach using biomaterials in conjunction with MSCs, whereby the biomaterial acts as a carrier for MSCs delivery or serves to

improve their therapeutic efficacy.
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immunomodulation efficacy of MSCs is known to decrease in chronic
wounds because of persistent inflammation, which affects cytokine
expression levels and increases the presence of inflammatory cells (e.g.,
M1 macrophages).??! Furthermore, MSCs are typically expanded
in vitro prior to transplantation, yet there are significant differences
between the in vitro and in vivo microenvironment that affect MSC dif-

122 Trans-

ferentiation, proliferation, and immunomodulatory potentia
planted MSCs also face immune rejection,?! poor engraftment,'® and
low cell survival, often due to oxidative stress from hypoxia2® and shear
forces from the injection.?*

To mitigate the challenges of using biomaterials or MSCs individu-
ally as therapies for chronic wounds, recent literature has focused on
combining MSCs with a range of biomaterials to improve chronic wound
healing outcomes (Figure 1c). Biomaterials show immunoprotective func-
tion by acting as barriers to prevent immune cells from attacking and
protect the cells from host inflammation. Therefore, immunomodulatory
biomaterials could facilitate the regeneration process.?* Although bio-
chemical signals, such as synthetic drugs or small molecules, may be
added to the MSCs during in vitro expansion and transplantation to
improve their immunomodulatory potential,2>2¢ chronic wounds contain
proteases that degrade these biochemical molecules and reduce their
efficacy.?” Furthermore, biochemical signals do not protect the MSCs
from damage due to transplantation. In turn, biomaterial scaffolds can
provide a three-dimensional (3D) microenvironment that supports MSC
adhesion, growth, and retention.?® For example, through forming a lubri-
cating layer at the edges of the syringe, injectable shear-thinning bioma-
terials trigger almost equal velocities at the edges and the center of the
syringe, diminishing the shear forces applied to cells during the injec-
tion.2” Moreover, to hinder cell damage from extreme oxidative stress in
chronic wounds, biomaterials with antioxidant activity, such as cysteine
and ulvan, can be used to downregulate the excessive production of
reactive oxygen species.>%3!

In addition, the physicochemical properties of the biomaterial
itself may regulate MSC behavior to improve immunomodulatory
paracrine factor secretion and accelerate healing.3>~3> For example,
physicochemical properties such as matrix porosity,>* topography

(i.e., fiber alignment, surface roughness, and surface structure),®*3¢:37

3438 matrix viscoelasticity,*3® hydrophobicity,®® and

matrix stiffness,
surface charge® have all been shown to direct MSC differentiation
and immunomodulation. Furthermore, biomaterials may serve as
delivery vehicles for biochemical drugs and small molecules capable of

modulating MSC behavior,?1%¢

and encapsulation of biochemical
drugs and small molecules in biomaterials may protect these biochem-
ical signals from degradation. For example, using oxygen-releasing
biomaterials, made by incorporating calcium peroxide into biomate-
rials, can increase cell survival under hypoxia (reduced oxygen concen-
tration) conditions in chronic wounds, leading to expedited wound
healing.°

In this review, we highlight the recent progress from roughly the
past 5 years made in combined MSC-biomaterial therapies for treating
chronic, nonhealing wounds. In the first part of the review, we give a
detailed overview of the current preclinical literature, which is subdi-

vided by source of biomaterial. The second part of the review takes a

forward look at the field, starting with detailing the current clinical
advances of MSC-biomaterial therapies, as well as discussing the
remaining challenges in the literature and perspectives on future

directions for the field.

2 | MSC-BIOMATERIAL THERAPIES
FOR TREATING CHRONIC, NONHEALING
WOUNDS

The synergistic effects of biomaterials and MSCs on treating chronic,
nonhealing wounds have the potential to lead to a breakthrough in
wound healing. Thus, there has been considerable interest in develop-
ing MSC-biomaterial therapies capable of overcoming the limitations of
biomaterials or MSCs alone. Perhaps the most commonly employed
biomaterials for MSC-biomaterial therapies to treat chronic, nonhealing
wounds are polymeric biomaterials. Polymeric wound dressings are
widely used for their ability to provide a moist environment,** cover a
great part of the wound surface,*? stimulate growth factors,*> boost

4 45 In

vascularization,** and preserve the wound site from infection.

addition, polymers are extensively used with MSCs due to their innate
biocompatibility*® and highly tunable physicochemical properties,*”
promoting the design of highly functional MSC-biomaterial systems.
Polymeric biomaterials can take the form of scaffolds,*®*° films,>°
hydrocolloids,** hydrogels,>27>” hydrofibers,?® and electrospun nanofi-
bers.>? Among these, hydrogels are widely preferred due to their supe-
rior properties, such as biodegradability,’®© high water content

6061 easy fabrication,®? high capacity for drug loading,®®

retention,
immunomodulation,®* and their ability to boost MSC immunomodula-
tory properties.®® In this section, we have summarized the most com-
mon polymeric biomaterials based on their source which can be
natural, synthetic, or the combination of natural and synthetic

polymers.

2.1 | Natural biomaterials

Among the different naturally occurring polymers, collagen (Col),%®

fibrin,2® hyaluronic acid (HA),®” gelatin,%® chitin®® and chitosan,”®”*

and decellularized ECM-derived scaffolds’>73

are commonly used in
combination with MSCs for wound healing applications. Col, one of
the main structural proteins in ECM, enhances MSC adhesion, sur-
vival, and proliferation.” A Col scaffold, fabricated using type 1 rat tail
Col added to phosphate-buffered saline (PBS) and 10x Dulbecco's
modified eagle medium, was seeded with either murine adipose-
derived stem cells (ADSCs) or bone marrow-derived stem cells
(BMSCs).%° This cell-laden scaffold was used to treat a splinted-full
thickness excisional wound in diabetic C57BL/6 mice. Wounds with
the ADSC-seeded Col scaffold and BMSC-seeded Col scaffold were
shown to have similar accelerated rates of wound closure, approxi-
mately 1.4-fold, compared to the acellular control after 5 days.

Gelatin is a protein derived from Col containing arginyl-

glycyl-aspartic acid (RGD) peptides that is easier to handle compared
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to Col.”® Lu et al. investigated the effectiveness of human ADSCs
(as spheroids or suspensions) encapsulated in a gelatin hydrogel on
wound healing in a Wistar rat burn wound model.°® The combination
of ADSCs and gelatin led to expedited wound healing. The ADSC
spheroids + gelatin showed a 1.2-, 1.5-, 1.7-, and 1.8-fold higher
wound healing rate after 14 days in comparison with an ADSC
suspension + gelatin, gelatin, ADSC suspension, and the nontreated
group, respectively. CD31 staining revealed that culture in spheroids
increased secretion of growth factors, namely platelet-derived growth
factor, vascular endothelial growth factor (VEGF), and basic fibroblast
growth factor (bFGF), as well as enhanced angiogenesis through cell-
cell and cell-ECM contacts. In addition, hematoxylin and eosin (H&E)
staining showed increased tissue regeneration; the ADSC spheroids
+ gelatin group had a significantly thicker epidermal layer (~1.6-fold)
than the ADSC suspension + gelatin group after 14 days, whereas the
thickness was the same for the other groups.

Another commonly used natural polymer is fibrin, a fibrous pro-
tein often used in blood clotting, known to form gels with tunable
physical properties.”® Murphy et al. designed a fibrin hydrogel encap-
sulating MSC spheroids that was capable of upregulating the secretion

of trophic factors, thereby boosting angiogenesis, modulating inflam-

Briefly, this hydrogel was fabricated by mixing fibrinogen, thrombin,
NaCl, CaCls,, and aprotinin in PBS. Using a multifactorial Box-Behnken
statistical method, the researchers developed hydrogels with tunable
stiffness and degradation rate by changing hydrogel composition. This
allowed the researchers to control the simultaneous secretion of
VEGF and prostaglandin E, (PGE,) from the MSC spheroids. They
found that hydrogels with high fibrinogen (20 mg/mL), low CaCl,, and
high NaCl concentrations demonstrated high stiffness (~40 kPa)
and the highest VEGF secretion. However, hydrogels with low fibrino-
gen (5 mg/mL) but still low CaCl, and high NaCl concentrations
resulted in softer hydrogels and the highest PGE, secretion. There-
fore, intermediate mechanical properties were capable of high secre-
tion of both VEGF and PGE, simultaneously.

HA, a nonsulfated glycosaminoglycan (GAG) abundant in the
ECM, is commonly investigated due to its ability to readily form
hydrogels and control cell signaling.”” Gémez-Aristizabal et al. investi-
gated the immunomodulatory effects of MSCs as a function of the
molecular weight of the HA used (1.6 MDa, 150 kDa, or 7.5 kDa).®”
Human BMSCs were incubated with the different HA molecular
weights for 1, 4, and 24 h. The researchers found no significant

change in gene expression of the MSCs with respect to HA molecular

mation, and consequently enhancing wound healing (Figure 2a).2% weight. Furthermore, the addition of 1.6 MDa HA with MSCs resulted
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FIGURE 2 Natural polymer-mesenchymal stem cell (MSC) therapies to enhance wound healing. (a) (i) Schematic representation of MSC
spheroids alone or encapsulated in fibrin hydrogels with varying fibrin densities, demonstrating the effects of encapsulation within the hydrogel
and hydrogel properties on vascular endothelial growth factor (VEGF) and prostaglandin E, (PGE,) secretion. (ii) Compressive moduli (left) and
shear storage moduli (right) of fibrin hydrogels, demonstrating that intermediate hydrogel properties resulted in optimized cytokine secretion (the
highest simultaneous secretion of VEGF and PGE,). An increase in the compressive and storage moduli resulted in increasing VEGF secretion and
maintaining PGE, secretion, thereby enhancing angiogenesis and reducing inflammation. All groups were statistically significant (p < 0.05).
Reprinted from Reference 23, Copyright (2017), with permission from Elsevier. (b) (i) Schematic of N-carboxyethyl chitosan (N-chitosan)/
hyaluronic acid-aldehyde (HA-ALD) hydrogel + BMSCs. ADH, adipic acid dihydrazide. (ii) The hydrogel + BMSCs group (G + C) significantly
improved wound healing by reducing chronic inflammation and increasing angiogenesis (*p < 0.05, **p < 0.01). Con, control group; Gel, hydrogel
group. Reprinted from Reference 70, Copyright (2020), with permission from the authors.
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in a decrease in MSC-mediated inhibition of activated T-helper cell
proliferation, which was not altered by the addition of interferon-
gamma (IFN-y), a pro-inflammatory molecule known to influence MSC
immunomodulation, as well as an increase in the frequency of M2
monocyte-derived macrophages. Similar results were seen with
respect to interleukin (IL)-10 levels and IL-2 secretion, thereby dem-
onstrating that high molecular weight HA improves the anti-
inflammatory effects of MSCs.

Chitin, the second most abundant natural polysaccharide, is
another potential biomaterial for chronic wound healing because they
are suitable for immobilization of MSCs.*® In a study by Liu et al.,
squid-extracted p-chitin nanofibers ranging from 5 to 10 nm in diame-
ter were fabricated into a hydrogel by adding cell culture medium to
the B-chitin nanofibers dispersion at a ratio of 1:3, encapsulated with
C57BL/6 mouse ADSCs, and investigated in Sprague-Dawley rats.%’
The researchers found that the ADSC-loaded, p-chitin nanofiber
hydrogel increased the wound healing rate 3.5-fold compared with
the control, ADSCs alone, and hydrogel alone groups after just 2 days
of treatment. Furthermore, they elucidated that this accelerated
wound-healing process was obtained by controlling the transforming
growth factor (TGF)-p/smad3 signaling pathway.

By combining different natural polymers, researchers are able to
fabricate advanced, bioinstructive biomaterials. Some researchers cur-
rently employ a dual crosslinking approach to decrease gelation time
and enhance mechanical properties.”® For example, Vining et al. inves-
tigated a hydrogel comprised of fibrillar type | Col networks and
functionalized alginate crosslinked using both ionic and covalent cross-
linking (norbornene-tetrazine click chemistry) methods.*® The use of a
covalent, secondary alginate crosslinking allowed the researchers to
tune the hydrogel viscoelasticity and stiffness to control the MSCs'
immunomodulatory behavior. Furthermore, the sequential combination
of ionic and covalent crosslinking methods between alginate and type |
Col promoted the self-assembly of a fibrillar Col structure that mimics
the native ECM while also decreasing gelation time and increasing
the mechanical properties of the gel. They found that human BMSC
gene expression of cyclo-oxygenase-2 and tumor necrosis factor-a
(TNF-o)-stimulated gene-6 were upregulated in this hydrogel compa-
red to BMSCs on tissue culture plastic. Furthermore, increasing
hydrogel stiffness (0.25, 0.5, and 2.5 kPa) resulted in increased
upregulation of these genes. For example, a 10-fold higher expression
of TNF-a-stimulated gene-6 in a hydrogel with 0.25 kPa stiffness
increased to more than a 40-fold higher expression of TNF-a-stimulated
gene-6 in a hydrogel with 2.5 kPa stiffness.

In another study, Bai et al. investigated the efficacy of
BMSC-loaded HA-chitosan hydrogels on modulating chronic inflam-
mation caused by a diabetic foot ulcer (DFU) in a diabetic Sprague-
Dawley rat model (Figure 2b).7° Briefly, aldehyde-functionalized HA
was crosslinked with N-carboxyethyl chitosan via an adipic acid
dihydrazide crosslinker using bioorthogonal click chemistry to form an
injectable, self-healing hydrogel loaded with BMSCs. After 9 days,
TGF-p1 and VEGF secretions for the BMSCs-loaded hydrogel were
both enhanced by 24% compared to the hydrogel-only group and
increased by 36% and 31% compared to the untreated group,

respectively. Similarly, bFGF secretion of the BMSCs-loaded hydrogel
was ~1.5-fold higher than the control group 9 days post-treatment.
Furthermore, the BMSCs-loaded hydrogel reduced macrophage
inflammation, confirmed by a 31% decrease in CD86 expression and a
1.5-fold increase in CD163 expression, compared to the control group
at Day 6. Granulation tissue formation, Col deposition, and angiogene-
sis were all increased, as well, indicating DFU healing. In a different
study by Hsu et al., adult ADSC spheroids were injected onto wounds
and covered by HA hydrogel embedded in a chitosan-grafted scaf-
fold.”* The composite hydrogel with ADSC spheroids had increased
angiogenesis and wound closure percentage compared with the
hydrogel without ADSCs or with single ADSCs. The researchers deter-
mined that this was due to the ability of the composite hydrogel to
preserve the ADSCs' spheroid morphology; spheroid morphology and
high cell densities are known to increase paracrine secretion.

Similarly, Shukla et al. developed an MSC-loaded hydrogel com-
prised of chitosan and gelatin to treat surgical wounds studied on goat
models, which they call Velgraft®.”® They found that the combined
chitosan-gelatin hydrogel encapsulating MSCs resulted in complete
re-epithelialization, increased deposition of Col, enriched blood
vessels, and renewal of both sebaceous glands and hair follicles
28 days post-treatment compared with Soframycin-treated and sham-
operated groups. The researchers discuss that these results were due
to higher expressions of VEGF, CD31, and TGF-p1 in the Velgraft®-
treated group. Also, the wound contraction after 28 days was 1.3-fold
higher in the Velgraft®-treated group compared to the Soframycin-
treated and control groups. In another study, Yang et al. fabricated an
injectable, thermosensitive, chitosan/Col/f-glycerophosphate (B-GP)
hydrogel loaded with MSC spheroids by incubation of the mixed solu-
tion at 37 °C.5” They demonstrated that the MSC spheroid-loaded
hydrogel had faster wound closure in a DB/DB diabetic mouse model
due to a 2.6- and 1.8-fold increase in angiogenesis compared with
nonspheroidal MSCs injected alone or a chitosan/Col/p-GP hydrogel
loaded with nonspheroidal MSCs, respectively.

Other types of excellent candidates as natural biomaterials for
the MSC-mediated treatment of chronic, nonhealing wounds are
decellularized ECM-derived scaffolds. Depending on the tissue source,
the decellularized ECM may contain growth factors and molecules
beneficial for chronic wound healing.80 Furthermore, their innate bio-
compatibility and mimicry of native tissue allow decellularized ECM
scaffolds to serve both as cell delivery vehicles and bioactive biomate-
rials to direct cell behavior.2° Other advantages include that these
scaffolds can maintain their native physicochemical properties and
complex 3D structure after decellularization, degradation does not
release toxic by-products, and, depending on the tissue source, they
can mitigate an immunogenic response and work synergistically with
MSCs to modulate macrophage polarization.®%8?

The most commonly used source of decellularized ECM-derived
scaffolds is human tissue. Although more cost-effective and readily
available, the microenvironment of animal-derived tissue is often sig-
nificantly different from that of a human, particularly in immunologi-
cal, wound healing applications.®2 Adipose matrix is a particularly

common tissue source as it is easily obtained as a waste product
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from liposuction.2% In one study by Chen et al., a human decellular-
ized adipose matrix (DAM)-derived hydrogel was produced through
five steps: decellularization, lyophilization, grinding, pepsin digestion,
and pH neutralization.®* Human ADSCs were added to the DAM
pre-gel liquid solution before gelation. Using a diabetic, full-thickness
wound on a KK/Upj-Ay/J mouse model, the researchers demon-
strated enhanced neovascularization and wound closure 7 days post-
treatment, as well as enhanced quality of regeneration after 14 days
compared with the hydrogel- and ADSC-only controls. The authors
elucidated that this enhanced wound healing was achieved through
increased secretion of hepatocyte growth factors. In another study
by the same research group, the researchers tested an alternative
preparation method.”? Human adipose tissue was decellularized,
lyophilized, and sterilized using 70% ethanol. Human ADSCs were
seeded in the DAM scaffold (Figure 3a). Diabetic Wistar rats with
full-thickness wounds were treated with this ADSC-seeded DAM
scaffold and demonstrated enhanced angiogenesis through increased
VEGF secretion. H&E staining showed that there was increased epi-
thelization for the ADSC-seeded DAM scaffold compared with the
untreated group and reduced inflammatory cytokine expression after
7 days. Furthermore, regeneration of skin appendages occurred after
21 days for the ADSC-seeded DAM scaffold but not the untreated
group.

Another commonly used human tissue source is the amniotic
membrane (AM), which secretes pro-angiogenic, anti-inflammatory,
anti-fibrotic, and anti-bacterial growth factors, and cytokines.8> They
are readily available in various forms, such as AM powder and decellu-
larized AM, which make them cost-effective scaffolds for stem cell
culture.8> Hashemi et al. developed human AM scaffolds onto which
dermal fibroblasts and Wharton's jelly mesenchymal stem cells
(WJMSCs) were co-cultured.® This scaffold was prepared by isolating
the tissue from the chorionic layers and decellularizing by using 0.25%
trypsin-EDTA. The efficacy of the cell-laden AM scaffold was tested
against a human type Il diabetic ulcer model, and the researchers
found 81% and 94% wound healing after 6 and 9 days, respectively,
resulting in complete regeneration after 9 days of treatment.

Despite the inherent benefits of using human tissue, animal tissue
remains a popular source for decellularized matrices. Porcine tissue is
the most prevalent, as porcine models are considered the most
similar to human.®” Jiang et al. investigated a human ADSC-seeded
porcine small intestinal submucosa (SIS) scaffold on a streptozotocin
(STZ)-induced type 2 diabetic Sprague-Dawley rat model.8 This cell-
laden biomaterial, prepared by decellularization, lyophilization, and
sterilization using ethylene oxide, was found to synergistically improve
wound healing. The SIS scaffold triggered an increase in the secretion

of growth factors necessary for wound healing, including epidermal

(@ j.

» Enhance angiogenesis
> Reduce inflammation
hASCs > Enhance epithelialization
derive “
L
i, g/ B ——
decollularize | RS
hASCs-seeded hDAM scaffold promote
e diabetic wound healing

hDAM scaffold

= ABCcolla . e "
(b) |. Collagen Matrix 2= X = z Q‘ I1.
S 7 s

-~ DM -

~#-DM + ADM
DM + ASCs
DM + A/A

= " 100,
- - v / ~ £
A= 801
=\ ,--:‘“——/‘/ = Q;
; : i FR (s, H
Epidermis  “ -7, - ° y
p 2V $ o
REH g
°
i 404
Dermis % 201
£
5
Hypodermis |7

FIGURE 3 Decellularized tissue-derived biomaterial-MSC therapies to improve chronic wound healing. (a) (i) Schematic of the adipose-
derived stem cells (ADSC) + decellularized adipose matrix (DAM) wound dressing. (i) Hematoxylin and eosin (H&E) histological staining of the
control, ADSCs, DAM, and ADSCs + DAM groups, showing better epidermis formation in the ADSCs + DAM group. Scale bars = 100 pum.
Reprinted from Reference 72, Copyright (2022), with permission from Elsevier. (b) (i) lllustration of the ADSC-loaded ABCcolla® collagen (Col)
matrix from a decellularized dermal matrix (DDM), improving fibroblasts and keratinocyte proliferation, Col deposition, and modulating
inflammation. (ii) Accelerated wound healing in the diabetes mellitus (DM) + A/A group (DM with ADSC-DDM) (*p < 0.05, **p < 0.01).

(iii) Immunohistochemistry images of epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), CD45, Ki67, and prolyl
4-hydroxylase (P4HA1) for DM—(DM without treatment), DM + DDM, DM + ADSCs, and DM + A/A samples. Scale bars = 50 um. Reprinted

from Reference 73, Copyright (2020), with permission from the authors.
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growth factor (EGF), TGF-g, bFGF, and VEGF from the ADSC-seeded
scaffold compared with ADSCs alone. In vivo, this synergy was further
demonstrated by faster and better-quality healing post-treatment
with the SIS scaffold + ADSCs compared to the controls, blank (PBS),
ADSCs-only, and SIS-only. For the SIS scaffold + ADSCs group, there
was a 1.9- and 1.8-fold increase in angiogenesis over 21 days com-
pared to the PBS and the ADSC-only groups, respectively, with a sub-
sequent increase of 1.5-fold in blood vessel maturation after 28 days
compared to both PBS and the SIS-only groups. In addition, compared
with the PBS-only group, the ADSC-laden SIS scaffold demonstrated
a 44% increase in macrophage infiltration up to Day 14 followed by a
140% and 300% decrease at Days 21 and 28, which follows a typical
pattern for wound healing in nonchronic wounds, demonstrating
healing of the diabetic ulcer.

In another study by Chou et al., a porcine skin-derived dermal
matrix (DDM) decellularized by supercritical carbon dioxide was
loaded with rat ADSCs, and its efficacy was examined in STZ-
induced Wistar rats (Figure 3b).”® The researchers showed that the
ADSC-laden DDM expedited diabetic wound healing by reducing
inflammation (71% decrease in CD45 expression compared with the
untreated diabetic wound), promoting re-epithelialization (32%
increase in EGF expression compared with the untreated diabetic
wound), increasing angiogenesis (20% increase in VEGF expression
compared with the diabetic wound treated with DDM-only), increas-
ing Col synthesis and deposition (50% increase in prolyl
4-hydroxylase expression compared with the untreated diabetic
wound), and increased cell proliferation (85% increase in Ki67
expression compared with the untreated diabetic wound). They
determined that the presence of the Col-rich ECM in the DDM con-
tributed to this enhanced healing by influencing ADSC proliferation,
regeneration, and paracrine signal expression.

Murine and ovine decellularized tissues have also been explored
in the literature. Chu et al. fabricated a green fluorescent protein
(GFP)-tagged mouse skin DDM, prepared by decellularization with Tri-
ton X-100 and trypsin followed by sterilization using chloroform and
methanol.?? The DDM was loaded with C57BL/6 mouse MSCs
and tested against the STZ-induced diabetic ICR mouse model. The
researchers observed that DDM-MSC scaffolds increased angiogene-
sis, re-epithelialization, and wound closure compared with untreated
control and DDM alone groups. Furthermore, GFP tagging allowed
the researchers to use multiphoton microscopy to simultaneously
track the synthesis of Col type | fibers and MSC activity during wound
healing with second harmonic generation imaging and 2-photon exci-
tation fluorescence imaging, respectively. In a different study by
Rashtbar et al., a decellularized ovine SIS scaffold seeded with rat
BMSCs completely healed a critical-sized, full-thickness wound in
Wistar and Lewis rats within 21 days compared with the untreated
and SIS scaffold groups alone.”® Furthermore, H&E staining of the
BMSC-seeded SIS scaffold showed an increase in re-epithelialization
compared to the untreated wound, as well as the most regeneration
of skin appendages. The researchers suggest that this may be due to
the immunomodulatory potential of BMSCs and their ability to differ-
entiate into fibroblasts and keratinocytes.

Yet other studies have sought to combine naturally occurring
polymers with decellularized tissue scaffolds in order to harness the
properties of both. Bo et al. investigated a platform combining a poly-
mer and a decellularized tissue to develop a porcine skin DDM/nitro-
benzene-modified HA hydrogel loaded with ADSCs.”* This hydrogel
was fabricated by exposing the HA and DDM in situ to 365 nm ultra-
violet (UV) irradiation for 90 s. Nude mice with full-thickness regularly
and irregularly (triangular, L-shaped, and trapezoidal) shaped wounds
were treated with the hydrogel + ADSC, hydrogel-only, ADSC-only,
and PBS-treated (control) group. The hydrogel + ADSC group showed
expedited healing of irregularly shaped wounds; the ADSC-seeded
DDM/HA hydrogel demonstrated a ~1.9-fold increased neovasculari-
zation and ~2.7-fold increased Col deposition when compared to the
control after 21 days.

However, the most common approach is the combination of
nanoparticles with macroscale, 3D scaffolds made from naturally
sourced polymeric biomaterials, resulting in the generation of multi-
functional biomaterials. Nanobiomaterials have a wide range of physi-
cochemical properties based on their materials and structures that can
significantly vary from bulk macroscale properties. For example, colloi-
dal solutions of gold nanoparticles (AuNPs) are known to have varying
optical properties (i.e., change colors) depending on the nanoparticle
diameter.”? Moreover, the intrinsic properties of nanoparticles can act
on MSCs to improve cellular function, such as iron oxide nanoparti-
cles, which have been shown to improve adipogenesis and osteogene-
sis of MSCs, just by their presence,”® or they may encapsulate drugs
or other small molecules that can work synergistically with the MSCs
and improve immunomodulatory outcomes.’* This combination allows
encapsulated cells to receive signals from the macroscale scaffold, the
nanoparticle, and any encapsulated biochemical signals.

For example, Yang et al. investigated the immunomodulatory
effect of culturing WJMSCs with various groups, namely Pullulan
(Pul)-Col, Pul-Col-AuNPs, Pul-AuNPs, Pul, and Col, in a Sprague-
Dawley rat model; the AuNPs solution was coated on a 15 mm glass
coverslip and implanted in the subcutaneous tissue (Figure 42).7° After
4 weeks, CD45 expression (indicative of leukocyte infiltration induced
by M1 macrophages) was lowest at ~0.56-fold in the Pul-Col-AuNPs
group, followed by ~0.64-fold in Col-AuNPs, and ~0.7-fold in Pul-
AuNPs. CD163 staining showed a ~1.5-fold increase in expression for
the Pul-Col-AuNPs group, followed by a ~1.4-fold increase for the
Col-AuNPs group, and a ~1.3-fold increase for the Pul-AuNPs group.
M1 macrophages had the lowest expression of CD86 in the Pul-Col-
AuNPs group (~0.48-fold decrease), followed by a ~0.5-fold decrease
in Col-AuNPs and a ~0.62-fold decrease in Pul-AuNPs compared to
the control, respectively. CD31 (endothelialization capacity) showed
the best expression (~1.2-fold increase) in the Pul-Col-AuNPs group,
followed by ~1.3-fold increases in the Col-AuNPs and Pul-AuNPs
groups compared to the control, respectively. Thus, the authors con-
cluded that the Pul-Col-AuNPs nanocomposites demonstrated better
biological performance and anti-immunogenic response.

Fu et al. developed an ICR mouse skin-derived dermal matrix embed-
ded with reduced graphene oxide nanoparticles (RGONPs) and GFP-
labeled C57BL/6 mouse BMSCs to treat diabetic wounds (Figure 4b).*
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FIGURE 4 Nanoparticle-loaded, naturally dervied biomaterials promote the chronic wound-healing potential of MSCs. (a) (i) Scanning
electron microscopy of the pullulan-collagen-gold nanoparticles (Pul-Col-AuNPs) nanocomposite. Scale bar = 20 nm. (ii) Immunohistochemistry
images for leukocyte infiltration (CD45/DAPI), M2 polarization (CD163/DAPI), M1 polarization (CD86/3,3'-diaminobenzidine [DAB] staining),
and endothelialization (CD31/DAPI), respectively. Scale bar = 100 um. (iii) CD45, CD163, CD86, and CD31 quantification based on the
fluorescent intensity, showing the lowest expression of CD45 and CD86, but also the highest expression of CD163 and CD31. (*p < 0.05,

&&&; < 0.001, *p < 0.05, ***p < 0.001). Reprinted from Reference 95, Copyright (2021), with permission from the authors. (b) (i) Schematic of a
reduced graphene oxide (RGO)-loaded acellular dermal matrix (ADM) loaded with MSCs tested on a diabetic mouse wound model. (ii) increased
collagen (Col) deposition and enhanced neovascularization in the ADM-RGO-MSC group compared to control (*p < 0.05, **p < 0.01), showing the
greatest wound healing in this group. (iii) Histological images (Masson's trichrome staining) of diabetic wounds after 28 days of treatment,
showing significant Col regeneration in all groups. Reprinted with permission from Reference 49. Copyright (2019) American Chemical Society.

Briefly, the acellular dermal matrix (ADM) was fabricated by
removal of the epidermis using 0.25% Dispase, 0.3% Triton X-100,
and 0.25% trypsin followed by crosslinking with 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide. The RGONPs were fabricated by ultrasound
exposure of graphene oxide (GO) mixed with L-(+)-ascorbic acid
and L-tryptophan at pH 10 with heating and cooling cycles at 80 °C
for 24 h intermittently with the ultrasound exposure. The solution
was centrifuged and neutralized before allowing it to self-assemble
into nanoparticles on the ADM. Incorporation of the RGONPs
increased the scaffold's mechanical properties, including Young's
modulus (2.1-fold), ultimate tensile strength (1.4-fold), and strain at
failure (1.9-fold). The researchers then tested this scaffold in an
in vivo, STZ-induced diabetic ICR mouse model, demonstrating that
the ADM loaded with both RGONPs and MSCs had the greatest
improvement in wound healing compared to the nontreated con-
trol, ADM + MSC, and ADM + GO + MSC groups. The RGONP-
and MSC-laden ADM had demonstrated enhanced vascularization,
showing an ~3.2-, 1.6-, and 1.3-fold increase in a-smooth muscle
actin expression at Day 14 and ~2.1-, 1.3-, and 1.1-fold increase in
blood vessel diameter at Day 28 compared to the control, ADM
+ MSC, and ADM + GO + MSC groups, respectively. Similarly, the

composite  ADM + RGONPs +- MSC had an ~1.5-, 1.4-, and
1.0-fold increase in Col deposition after 14 days compared to the
control, ADM + MSC, and ADM + GO + MSC groups, respectively.

In another study, Xu et al. fabricated human umbilical cord-
derived mesenchymal stem cell (UCMSC)-loaded, injectable, thermo-
sensitive chitosan/glycerol phosphate sodium hydrogels embedded
with cellulose nanocrystals fabricated by physical crosslinking (mixing
in ice bath followed by gelation at 37°C).?® The researchers
found decreased TNF-a and IL-1f expressions in the inflammatory
phase (Days 3 and 7) and increased keratin 1 expression in the
remodeling phase (D21) for the cell-laden composite compared to the
PBS-injected control group, hydrogel alone, and UCMSC alone groups.
The enhanced expression of these markers in the cell-laden composite
biomaterial compared with the controls demonstrated superior treat-
ment of full-thickness cutaneous wounds, evaluated using a specific-
pathogen-free class SD rat wound model, resulting in a decrease in the
inflammation and increase in angiogenesis, cell migration and prolifera-
tion, wound closure, Col deposition, re-epithelialization, and reforming
hair follicles.

The incorporation of micron-sized materials within 3D scaffolds
may be used in place of nanomaterials. Westman et al. engineered

porcine mesothelium-derived decellularized ECM into microparticles
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(MPs).?” The MPs were fabricated by passing the decellularized matrix
through a knife mill and sieving through 850 and 425 um screens in
order to increase surface area, which in turn can increase cell adhe-
sion. BMSCs were then seeded onto the MPs and the BMSC/MPs
were subsequently encapsulated within a fibrin gel. In a nu/nu mouse
model, the researchers demonstrated that MSC migration from the
MPs into the fibrin gel and wound site occurred within 24 h
and increased over time. There was increased cell infiltration,
a more developed dermal layer, and greater Col deposition in the
MSC-seeded MP group compared to the control wound that received
no treatment, after just 7 days, as observed by Masson's trichrome
staining. In a different study by Gonzalez-Pujana et al., the researchers
combined a calcium carbonate slurry, alginate, IFN-y-loaded heparin-
coated agarose beads, and human BMSCs to a solution of Col and

1.5%> This cell-laden

polymerized at 37°C to form a cell-laden hydroge
hydrogel underwent inflammatory licensing overnight with IFN-y and
TNF-a,

1, galectin-9, and prostaglandin-endoperoxide synthase 2/cyclooxy-

resulting in increase of indoleamine 2,3-dioxy-genase
genase 2, indicating an immunosuppressive phenotype in the BMSCs.
The authors also demonstrated that the upregulation of these genes
were significantly increased for BMSCs in the hydrogel as compared
to BMSCs in 2D culture, suggesting that 3D culture and inflammatory
licensing work synergistically to enhance the immunomodulatory

potential of MSCs.

2.2 | Synthetic biomaterials

One of the most commonly used synthetic polymers is poly(ethylene
glycol) (PEG), a highly hydrophilic, bioinert polymer with a known
shielding mechanism that protects biomaterials from eliciting immuno-
genic responses.”® Swartzlander et al. harnessed this potential to
develop a C57BL/6 murine MSC-laden PEG hydrogel capable of

combating the foreign body response through both the biomaterial
properties and the effects of the MSCs.>2 In this study the hydrogel
was photopolymerized using 0.05% Irgacure 12959 under 365 nm UV
light for 10 m. The researchers demonstrated that the MSCs had a
major effect on macrophage activation through the secretion of PGE,.
MSC-secreted PGE, resulted in macrophage M1-M2 transition, caus-
ing an overall reduction in pro-inflammatory cytokines; MSCs then
sensed the reduced pro-inflammatory cytokines, resulting in
decreased PGE, secretion. PEG further affected this by facilitating
this crosstalk via localization of cytokines near encapsulated MSCs, as
well as supporting MSC survival.

Another reason why PEG is a preferred synthetic polymer is due
to its ability to be bio-functionalized with biochemical signals. For
example, Garcia et al. engineered a human MSC-encapsulated, inject-
able hydrogel whereby 4-armed, maleimide-functionalized PEG was
first covalently tethered to cysteine-modified IFN-y, then functiona-
lized with RGD peptide (Figure 5).°° The hydrogel was then crosslinked
using bi-cysteine protease-degradable peptide VPM and dithiothreitol
following the functionalization. The effect of this IFN-y-functionalized,
MSC-laden hydrogel on the colonic mucosal wound was examined
in vivo in immunocompetent C57/B6 mice. Wound closure for
MSC-encapsulated, IFN-y-functionalized hydrogels after 5 days was
significantly higher than IFN-y-functionalized hydrogel and un-
crosslinked hydrogel control groups by ~1.2-fold and ~1.3-fold,
respectively. Furthermore, H&E staining showed fewer remaining
wounds in the functionalized hydrogel with MSCs compared to the
other groups after 5 days.

Promoting cadherin-engagement has been shown to enhance the
MSC secretome.””*%° Caldwell et al. demonstrated enhancement via
cadherin-engagement using a porous bio-click microgel scaffold.””
Briefly, the porous bio-click microgel scaffold was synthesized using
an inverse suspension polymerization in hexanes with Span-90 and
Tween-20 using PEG functionalized with dibenzocylooctyne (PEG-
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FIGURE 5

Synthetic polymer-mesenchymal stem cell (MSC) therapy to enhance wound healing. (i) Schematic depicting cysteine (Cys)-

modified interferon-gamma (IFN-y) tethered to maleimide (mal)-modified 4-arm poly(ethylene glycol) (PEG), which is subsequently crosslinked
with a protease-degradable peptide to form a human MSC-encapsulated bioactive hydrogel. (ii) Wound healing for noncrosslinked hydrogels,
MSCs alone, Cys-IFN-vy hydrogels, and Cys-IFN-y hydrogels encapsulating MSCs after 5 days. Cys-IFN-y hydrogels encapsulating MSCs had a
significant increase in the percentage of wound closure (~20%) compared with the uncrosslinked hydrogel and Cys-IFN-y hydrogel alone

(**p < 0.01, ***p < 0.001). Hematoxylin and eosin staining (H&E) confirmed this morphologically, demonstrating the reformation of crypts in the
Cys-IFN-y hydrogels encapsulating MSCs. Reprinted from Reference 53, Copyright (2019), with permission from Elsevier.
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DBCO) and PEG-azide (PEG-N3) macromers, and their size was con-
trolled via an applied shear force. RGD, a cellularly adhesive peptide,
and GHAVDI(HAVDI), an N-cadherin mimicking peptide, were
included in all microgels. BMSCs were encapsulated in microgels with
large (190 £ 100 um), medium (110 £ 60 um), and small (13 + 6 um)
diameters. MSCs exhibited greatest clustering in microgels with the
large diameter (98% + 1.6%) compared to 68% + 19%, and 18%
+21% for the medium and small diameter microgels, respectively.
There were also the largest cluster sizes of MSCs in the microgels
with large diameter (40 + 18 cells/cluster) compared to 7.0 + 3.0 and
5.0 £ 1.0 cells/cluster for the medium and small diameter microgels,
respectively. The broad array of cytokines excreted from MSCs
seeded in the microgels, with 48 of the 72 (~60%) detectable cyto-
kines, was also the most elevated in the large diameter scaffold. Large
N-cadherin punctae were observed in the large MSC clusters in the
microgels with the large diameter; N-cadherins are responsible for
adherence junctions between cells. It was then confirmed that the
N-cadherin interactions of the large clusters of cells seeded in the
large diameter microgel were the reason for the increased cytokine
excretion by blocking N-cadherin with a monoclonal antibody against
N-cadherin. When N-cadherin was blocked, there was a 10-fold
decrease for 45% of the cytokines in the large diameter microgel con-
dition. When an N-cadherin mimetic peptide, HAVDI, was conjugated
to the microgel formulations, the MSC secretary profile was increased
in all scaffold conditions. Specifically, of the 80 measured cytokines,
96% of them were increased in the large diameter condition and 86%
and 89% were increased in the medium and small diameter conditions,
respectively. The increase of MSC cytokine excretion due to N-cad-
herin interactions also increased the excretion of anti-inflammatory
cytokines and could thus make these cell-seeded microgel scaffolds a
potential method of treatment for chronic nonhealing wounds.

Finally, pluronic is another commonly used synthetic polymer
because of its thermosensitivity, allowing pluronic-based biomaterials
to fill irregularly shaped wounds, and its porous structure, allowing for
the sustainable release of encapsulated molecules.*®! Jiao et al. devel-
oped WJMSC-encapsulated Pluronic F-127 (PF-127) hydrogels con-
taining sodium ascorbyl phosphate (SAP).>* The results of the
WJIMSC-loaded system showed expedited wound healing, with
approximately 10% of the wound remaining after 2 weeks as opposed
to 35% for the PF-127 + SAP and WJMSCs+SAP groups. Further-
more, the WJIMSC-loaded system promoted regeneration by a 2.1-
and 1.5-fold increase in dermis thickness, a reduction of CD86
(M1 macrophages) by 0.38- and 0.36-fold, an increase in CD163
(M2 macrophages) by 2.5- and 3-fold, and an increase of CD31 (angio-
genesis) by 2.1- and 1.5-fold, compared to the PF-127 + SAP and
WJIMSCs + SAP groups, respectively.

2.3 | The combination of natural and synthetic
biomaterials

Despite their extensive use, naturally occurring polymers remain lim-
ited by inadequate mechanical properties.’°? Alternatively, hydrogels

made exclusively from synthetic polymers are often limited by their
lack of cell adhesion sites.*®® Thus, many researchers focus on the
combination of natural with synthetic polymers to fabricate hydrogels
with the best properties of both: enhanced mechanical properties
from the synthetic polymers and bioactivity from natural polymers.

Atallah et al. developed a cell-instructive, injectable hydrogel by
clicking a maleimide-functionalized heparin GAG to star-shaped, thio-
lated PEG using a Michael addition click reaction.®* Functionalization
of the heparin GAGs with maleimide was achieved by selectively
desulfating the heparin GAGs to form different sulfation patterns,
which could further modulate the hydrogel's affinity for different
cytokines and growth factors, controlling their release and thereby
modulating the migration and proliferation of the embedded MSCs. In
addition, by changing the physical properties of the hydrogel
(e.g., stiffness, swelling degree, and mesh size), the researchers can
control cell fate. They found that hydrogels with a building block con-
centration of 3% w/v exhibited a storage modulus of 1.2 + 0.07 kPa
and a volumetric swelling degree of 1.4 + 0.2, which was capable of
mitigating mechanical irritation of cells. Similarly, Dong et al. also used
a Michael addition click reaction to fabricate a PEG-HA-RGD hydrogel
loaded with ADSCs.>® The click reaction allowed the researchers to
fabricate hydrogels with tunable mechanical properties and rapid cross-
linking (<5 m). They found that the ADSC-loaded PEG-HA-RGD hydro-
gel was able to treat a second-degree burn wound in an FVB/NJ
murine model. Stereological analysis showed that the hydrogel
increased angiogenesis such that the total vascular length was almost
2x greater than that of the hydrogel alone and no treatment control
groups. Moreover, this hydrogel decreased the remaining wound area
after 11 days to 1.0% + 0.5% compared to the no treatment control
group, which still had 7.6% + 3.0% wound area remaining, and the
hydrogel alone group, which is not significantly different from the no
treatment group.

Chen et al. developed a combination of difunctional polyurethane
(DF-PU)-crosslinked chitosan hydrogel/cryogel loaded with ADSCs,
showing improved wound closure in 8 days (Figure 6a).>> Briefly, the
hydrogel/cryogel was fabricated by a Schiff reaction between amine
groups in chitosan and aldehyde groups in DF-PU. For 2 days, the
researchers applied the ADSC-laden biomaterial in its frozen form due
to its potential to absorb wound exudates and remove infectious sub-
stances such as pathogenic bacteria in the hemostasis and inflamma-
tion phase of wound healing. For the subsequent 6 days, the
researchers then used the hydrogel form due to the immunomodula-
tory properties of DF-PU in the proliferation and remodeling phase of
wound healing. The researchers additionally tested this hydrogel/
cryogel in conjunction with acupuncture, which the researchers
claimed may have a synergistic effect on chronic wound healing.
Using this strategy, the ADSC-seeded hydrogel/cryogel with acupunc-
ture had the highest rate of wound closure (90.6% + 3.3%) when com-
pared to the controls, which had wound closure rates of 80% + 3.5%,
72% + 2.4%, 72% + 2.9%, 71% + 5.8%, 68% + 1%, 63% + 2.5%, and
57% + 3%, respectively, for ADSCs + acupuncture, hydrogel/cryogel
+ acupuncture, ADSC-loaded hydrogel/cryogel, acupuncture, ADSCs,
hydrogel/cryogel, and blank (PBS) groups. The researchers determined
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Col fibers, respectively. S and W are the scaffold area and wound area, respectively. Scale bars = 250 um. Reprinted from Reference 108,

Copyright (2020), with permission from Elsevier.

that this improved wound healing was due to the upregulated secre-
tion of stromal cell-derived factor 1 and TGF-f1, downregulated
expression of TNF-a and IL-1p, and activation of C3a and C5a.

While the majority of polymeric biomaterials used in conjunction
with MSCs for treating chronic, nonhealing wounds are hydrogels,
other forms of polymeric biomaterials have been used as well. In one
study, Feldman et al. fabricated an albumin scaffold seeded with
MSCs and TGF-B3 for the treatment of pressure ulcers by mixing a
solution made from lyophilized rabbit albumin with disuccinimidyl
glutarate-functionalized PEG.*® They found that the MSC- and
TGF-p3-loaded scaffold had a 62% increased healing rate in treating
pressure ulcers compared to the no treatment group. Furthermore,
the MSC- and TGF-f3-loaded scaffold showed a 110% increased epi-
thelialization rate (ER) and 45% increased contraction rate (CR) at
7 days post-surgery. Wounds treated with MSCs had the greatest
ER/CR ratio, indicating that the presence of MSCs led to regeneration
rather than scarring. In another study, Kraskouski et al. fabricated
MSC-loaded, glutaraldehyde (GA)-crosslinked pectin/polyvinyl alcohol
(PVA) films using solution casting.”® By changing the type of pectin

(citrus, classic, amid), the molecular weight of the PVA, and the weight
ratio of pectin to PVA, the authors were able to affect the mechanical
properties of the film, including tensile strength, elongation, elastic
modulus, swelling, and stability. For example, by increasing the molec-
ular weight of the PVA from 30 to 145 kDa and maintaining a
PVA:pectin weight ratio of 2:1, the tensile strength increased by 79%
for amid PVA but decreased by 19% and 5% for citrus and classic
PVA, respectively. Further, there was an approximately 2.8-fold
increase, 1.6-fold decrease, and 1.3-fold increase in the elongation,
Young's modulus, and swelling degree of all types of PVA with an
increase in the molecular weight. The researchers also found that the
addition of Col and a low amount of GA crosslinker on these pectin/
PVA films could improve the adhesion of MSCs to the film's surface
by decreasing the stiffness.

Electrospun nanofibers are an attractive wound dressing due to
their high surface area to volume ratio, highly porous structure that
promotes oxygen and nutrient exchange, capability to absorb wound
exudates, mimicry of the native ECM depending on the material cho-

sen, and capability to encapsulate and release drugs and other small
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molecules.®>1% Furthermore, the physical properties of electrospun
nanofibers, such as their morphology, porosity, diameter, and align-
ment have been shown to influence MSC behavior, including prolifer-
ation and differentiation,’®” which makes them excellent candidates
as biomaterials for MSC treatment of chronic, nonhealing wounds.
Chen et al. fabricated tailored, BMSC-encapsulated, 3D PF-127/poly
(e-caprolactone) nanofiber scaffolds with an aligned fiber structure
and diameters of 6, 8, 10, and 12 mm to treat diabetic wounds
(Figure 6b).1°8 To investigate the effects of fiber alignment on diabetic
wound healing, they designed scaffolds with radially aligned nanofi-
bers or vertically aligned nanofibers and tested these scaffolds on
TALLYHO type 2 diabetic mice wound models. Immersing the scaf-
folds in a 0.5% gelatin solution enhanced their compressive modulus
and imparted shape recovery properties. The radially aligned scaffolds
(RAS) and vertically aligned scaffolds (VAS) were found to have differ-
ent contributions to wound healing, with RAS alone having the high-
est re-ER (46%+ 13%) after 7 days. In addition, while the RAS or VAS
alone improved wound-healing outcomes, loading the scaffolds with
BMSCs resulted in synergistic and increased healing. Aligned nanofi-
ber orientation resulted in a ~4.5- and ~8-fold increase in bFGF and
TGF-B1 expression, respectively, after 9 days compared with the con-
trol group (BMSCs alone), as well as ~1.2-fold increased expression of
VEGF compared with BMSCs alone after 5 days, which is indicative of
increased angiogenesis. As a result, Masson's trichrome staining
showed increased Col deposition, which is indicative of wound clo-
sure and healing. Furthermore, complete re-epithelialization was seen
for VAS and RAS with and without BMSCs after 10 days but not for
the BMSCs alone. Based on these results, the researchers suggested
using RAS to enhance re-epithelialization in superficial wounds and
VAS to improve granulation tissue formation in deep wounds. Thus,
the researchers were able to develop scaffolds that could be tailored
to the degree of diabetic ulcer.

A common concern with the treatment of chronic, nonhealing
wounds is their susceptibility to infection.3? Silver nanoparticles
(AgNPs) have been found to decrease matrix metalloproteinases

activity,'®? exhibit anti-inflammatory**° and anti-bacterial**

properties,
and show low cytotoxicity,* which makes them excellent candidates to
be used synergistically with MSCs. Mendes et al. designed a two-
layered membrane consisting of a layer of PVA-AgNPs coated with a
layer of Col-HA fabricated by mixing a 9:1 ratio of Col to HA, freezing
at —20°C, lyophilizing, activating with EDC, and exposing to UV radia-
tion; Human ADSCs were seeded in the Col-HA layer to develop a
cutaneous skin substitute.'*? The researchers carefully selected each
component of this biomaterial for its effect on wound healing and skin
regeneration: the hydrophilic PVA provides the wound with necessary
hydration, and the AgNPs impede microorganism growth on the PVA.
The secondary Col-HA layer interfaces with the MSCs: the Col
improves MSC cell adhesion and modification with HA inhibits infec-
tions. Finally, the MSCs themselves were chosen due to their immuno-
modulatory potential. The researchers showed qualitatively that the
PVA-AgNPs/Col-HA + MSC group exhibited continuous epidermal
regeneration and hair follicle growth while the control group (pure PVA)

demonstrated granulation tissue and fibrin-leucocyte crusts.

3 | CHALLENGES AND FUTURE OUTLOOK

The synergistic potential of MSCs and biomaterials to treat chronic,
nonhealing wounds is clear based on the significant recent progress in
the literature. However, preclinical progress has not yet translated
into clinical progress. Why is this the case? In this section, we discuss
the current challenges preventing clinical translation, as well as pro-
vide an outlook of next-generation advances that will pave the way

towards clinical use of these therapies.

3.1 | Clinical trials involving MSCs and biomaterials
for chronic, nonhealing wounds

There is no food and drug administration (FDA)-approved MSC ther-
apy in the US for chronic, nonhealing wounds or other applications. In
fact, there is only 1 FDA-approved stem cell therapy to date, hemato-
poietic stem cell transplantation, according to the list of approved
cellular and gene therapy products on “fda.gov.” Outside of the
United States, there are several MSC therapies on the market, includ-
ing some treatment of chronic, nonhealing wounds, such as Crohn's
fistulas, though none appear to incorporate biomaterials to improve
the effects of the MSCs.**® A number of factors limit the clinical appli-
cation of MSC therapies, including availability, uncertain number of
cells in each dose, low survival, hemocompatibility (safety concern),
efficacy, and cost.''* Based on the pre-clinical research conducted
thus far, it is clear that biomaterials can help to overcome these
limitations.

Currently, there are ~33 clinical trials using MSCs for a variety of
chronic, nonhealing wounds at various stages in the clinical trial pro-
cess (~20 have been completed), according to a search in
“clinicaltrials.gov.” Despite the recent literature demonstrating the
potential of biomaterials to improve MSC therapies for chronic, non-
healing wounds, only 10 of these clinical trials involve biomaterials
(of which only 1 has been completed), thereby highlighting the
nascent state of the field and the limited information regarding the
success of these therapies clinically. Table 1 provides a list of these
biomaterial-MSC clinical trials, as well as an additional biomaterial-
MSC clinical trial found in the literature. Among these, DFU is the pre-
dominant chronic, nonhealing wound condition that is currently being
investigated, and the biomaterials being utilized are predominantly
naturally derived polymers. In addition, none of these clinical trials uti-
lize decellularized tissue biomaterials or nanomaterials, either alone or
in combination with other biomaterials to fabricate advanced compos-
ite biomaterial platforms. However, since investigations using syn-
thetic biomaterials, decellularized tissue matrix, nanomaterials, and
the combination of natural and synthetic biomaterials are the focus of
current preclinical research, we expect that this research will result in
the development of the next wave of multi-functional biomaterial-
MSC clinical trial investigations for chronic, nonhealing wounds.

Perhaps an additional existing limitation that affects the transfer
of knowledge and the ability of researchers to expand upon previously

conducted research is that it remains difficult to directly compare
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TABLE 1

Year Cell type Biomaterial
2016 UCMSC

2017 BMSC

Col membrane

Autologous platelet rich gel

2017 ADSC Chitosan scaffold
2018 BMSC Col scaffold
2018 ADSC Hydrogel sheet
2019 ADSC Fibrin gel

2021 ADSC
2022 MCAMSC
2017 ADSC Col

2015 ADSC Fibrin sealant (TISSEEL)
2010 BMSC Fibrin

Platelet-rich fibrin

Heptylamine plasma polymer-coated silicone

Clinical trials of MSCs + biomaterials for the treatment of chronic, nonhealing wounds.

Wound type Trial phase Clinicaltrial.gov ID or [ref]
DFU Phase 1/2 NCT02672280
DFU Early Phase 1 NCT03248466
DFU Phase 1 NCT03259217
DFU Phase 1 NCT03509870
DFU Phase 3 NCT03370874
DFU Phase 2 NCT03865394
DFU NA 117

DFU Phase 1 NCT05165628
Venous ulcers NA NCT02961699
Pressure ulcers, DFU Phase 1 NCT02375802
Nonhealing wounds Phase 1 NCT01751282

Abbreviations: ADSC, adipose-derived mesenchymal stem cells; BMSC, bone marrow-derived mesenchymal stem cells; Col, collagen; DFU, diabetic foot
ulcer; MCAMSC, mesenchymoangioblast-derived mesenchymal stem cells; NA, not applicable; UCMSC, umbilical cord-derived mesenchymal stem cells.

various clinical trials due to differences in dose, time, inclusion and
exclusion criteria for selecting patients, wound type, and factors
affecting MSC properties, such as MSC source and delivery
methods.’® More clinical trials, as well as trials that are in later phases,
are required in order to have a deeper understanding of the safety
and efficacy of MSC-containing biomaterials for treating chronic, non-
healing wounds. However, the early results from these existing trials
support conclusions from preclinical studies in the literature, further
demonstrating the potential of these therapies to translate success-

fully to clinical use and achieve FDA approval.

3.2 | Advanced composite biomaterials

It is anticipated that continued advances in this field will focus on the
fabrication of composite biomaterial platforms. This is due to
the enhanced potential of composite biomaterials in terms of their
ability to provide tailored signals to the MSCs and wound environ-
ments from the scaffold, nanomaterial, and any encapsulated drugs or
small molecules, as well as in terms of their ability to mitigate limita-
tions of one biomaterial component by using another biomaterial
component. For example, one of the challenges that prevents poly-
meric wound dressings from clinical translation is off-target delivery
and infection, which can be addressed by adding nanomaterials, anti-
microbial agents, sensors, and therapeutic molecules.” In addition, as
previously mentioned, combining synthetic polymers with natural
polymers can promote scaffold mechanical properties, while simulta-
neously improving biocompatibility and bioactivity.

The use of nanomaterials within 3D polymeric or decellularized
tissue scaffolds has a multitude of advantages, including potential

3,7

antimicrobial properties (using metallic nanoparticles),”” controlled

and sustained release of encapsulated drugs,'> and enhanced physi-
cochemical properties for the biomaterial platform.*® However,
uncontrolled release of nanoparticles from the scaffolds causing off-

6

site nanoparticles accumulation,*® immunogenic reactions in vivo,*

and nanoparticle cytotoxicity remain challenges that must continue to
be explored in the literature, particularly as researchers continue to
develop new, more advanced nanobiomaterials.*®

Other challenges associated with advanced, composite biomate-
rial platforms are their short life span (i.e., rapid degradation, one-time
use), complex fabrication strategies, and the heterogeneity of wounds
from patient to patient. Considering these challenges, it is likely that
the next generation of advanced composite biomaterials will be
designed to be patient-specific.>”*¢11¢ This may include manufactur-
ing in situ using advanced techniques (i.e., electrospinning, 3D print-
ing, and microfluidics) such that the biomaterial can adjust to the
shape and depth of the wound. It may also include considering
the effects of the patient's characteristics (i.e., age, racial background,
biological sex, and disease progression) in the biomaterial design.>? In
addition, there has been some advancement in the fabrication of
‘smart’ composite biomaterials, such as in the development of sensor-
based, cell-laden nanocomposite hydrogels to show real-time informa-

tion about the status of the wound site.?*”

3.3 | MSC-derived therapies
In a way, the history of this field of research has followed a certain path:
(1) Biomaterials as wound dressings to treat symptoms, (2) MSC thera-
pies to heal wounds, and (3) Synergistic effects of biomaterial-MSC ther-
apies for enhanced wound healing. Perhaps in an ironic twist, the future
of the field seems to be taking a circular approach, with recent literature
focusing on the development of MSC-free therapies. However, these
therapies are not the same as the biomaterial wound dressings from the
past. Rather than MSC-free, it is more appropriate to say MSC-derived.
Because of their heterogeneity, complex behavior, and propensity to
elicit immunogenic responses or undergo apoptosis during injection, cell-
based therapies are difficult to translate to the clinic.

While combining MSCs and biomaterials can enhance their immu-

nosuppressive capacity, this varies widely due to donor heterogeneity.
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This was shown by Kwee et al. where they used human BMSCs
licensed with or without IFN-y and co-cultured with peripheral blood
mononuclear cells from four different donors and compared their var-
ied response on both fibrin and Col | hydrogels normalized to the
same weight percentage.**® The activity of IDO, an immunosuppres-
sive enzyme, and the expression of PD-L1, which binds to and inhibits
the activation of T-cells, were strongly upregulated to different magni-
tudes in the different donors, with IDO activity ranging from an ~22-
fold increase to an ~15-fold increase, and PD-L1 expression ranging
from an ~38-fold increase to an ~30-fold increase, compared to the
nearly absent activity in MSCs without licensing on fibrin hydrogels.
On Col hydrogels, the IDO activity ranged from an ~20-fold increase
to an ~5-fold increase, and PD-L1 expression ranging from an ~63-
fold increase to an ~50-fold increase compared to MSCs without
licensing. This shows great variability in the immunosuppressive func-
tionality of MSCs from different sources, showing some of the diffi-
culties this field currently faces. The authors also found that there
were correlations between immunosuppressive capacity and integrin
expression, the magnitude of ay and as integrin subunit expression on
fibrin gels enhanced the immunosuppressive capacity of the MSCs,
and on Col gels a; and f; integrin subunit expression similarly
enhanced the immunosuppressive capacity. This indicated that by
sorting for high levels of the integrin subunits for the specific bioma-
terial to be used, some donor heterogeneity can be limited to give
more consistent results.

Recent literature has demonstrated that it is not necessarily the
MSCs themselves that are immunomodulatory and cause wound heal-
ing, but rather their secretome.™ Thus, a recent trend has been to
fabricate MSC-derived biomaterials using components of the MSC
secretome for the treatment of chronic, nonhealing wounds.

Exosomes are extracellular vesicles secreted by cells that contain a
range of factors, including nucleic acids, proteins, cytokines, growth fac-
tors, and more.*'? MSCs can produce exosomes that contain the immuno-

1 and researchers have

modulatory cytokines that the cells secrete,®
begun to study the influence of these MSC-derived exosomes within bio-
materials for wound healing.*?° For example, diabetic wound treatment
has seen advances by Xiao et al., who incorporated human ADSC-derived
exosomes within a human AM scaffold,**’ Yang et al., who fabricated a
thermosensitive PF-127 hydrogel loaded with human UCMSC-derived
exosomes,'°! and Ma et al., who combined UCMSC-derived small extra-
cellular vesicles with a porcine catecholamine-modified SIS hydrogel.?
Additionally, Shiekh et al. encapsulated ADSC-derived exosomes and cal-
cium peroxide within an antioxidant polyurethane cryogel,*® and Klimczak
et al. investigated the effect of a human ADSC secretome-incorporated
Col hydrogel on chronic wound healing in vitro.*?? Su et al. used MSC exo-
somes tethered to polyethyleneimine-modified polycaprolactone fibers
(PEFs) seeded with M® cell line RAW 264.7 or human umbilical vein
endothelial cells to investigate the immune response in excisional skin
wounds in a Balb/c female mouse model.*?® PEF only treatment increased
proinflammatory cytokine CD86™ expression by 1.6-fold compared to a
no-treatment control after Day 7. Treatment with exosome-PEF
resulted in an increase in CD206", an immunomodulatory cytokine,

by 2-fold compared to control on Day 7. Exosome-PEF promoted the

presence of regulatory T-cells by 2-fold with a higher portion of the
T-cells (18.6% + 6.4%) secreting IL-10, an anti-inflammatory cytokine,
compared to the control on Day 7. Due to treatment with exosome-
PEF, there was a remote adaptive immune response as shown in
inguinal lymph nodes near skin wounds, where IL-4 creating CD86™
T2 lymphocytes emerged on Day 7 with a 4-fold increase compared
to control. Exosome-PEF scaffolds were also shown to accelerate
wound closure compared to the control (65.1% +5.3%), exosomes
only (29.2%+10.5%), and to a blank PEF scaffold (16.8% +7.2%).
These results indicate that by combining these PEF scaffolds with
MSC derived exosomes, the innate and adaptive immune system can
be used to treat skin wounds.

One of the major limitations of exosomes, however, is the com-
plex process to obtain them and the difficulty in controlling their con-
tents.2° To simplify the process, other researchers have proposed
using lyophilized stem cells or lyophilized stem cell secretomes, sug-
gesting that paracrine factors secreted by the cells can be preserved
by lyophilization. For example, Kakabadze et al. fabricated decellular-
ized human AM scaffolds containing lyophilized BMSCs to accelerate

the healing rate of radiation burns,1?*

and Ren et al. investigated an
ulvan dialdehyde/chitosan/dopamine/AgNPs composite hydrogel
loaded with human UCMSCs lyophilized powder (their supernatant
after culture in human platelet lysate-free a-MEM medium) for the

treatment of chronic diabetic wounds.®?

4 | CONCLUSIONS

The focus of this review has been on biomaterials-mediated MSC
therapies for the treatment of a variety of chronic, nonhealing wound
conditions. As discussed in the introduction, biomaterials treatments
(as wound dressings) were the first utilized approach, but the use of
biomaterials was primarily for the mitigation of symptoms rather than
true healing of the wound. MSC therapies were subsequently investi-
gated for their ability to heal traditionally chronic, nonhealing wounds,
demonstrating significant potential in preclinical research and some
success in clinical trials. However, their translation to the market has
been challenged by limitations surrounding cellular heterogeneity, sur-
vival during injection, and complex cellular behavior that is difficult to
control, among other factors. Biomaterials can provide support to pro-
tect MSCs during injection, as well as provide signals to modulate and
control MSC behavior to achieve the desired immunomodulatory
behaviors. Thus, the development of MSC-biomaterial therapies allows
researchers to develop advanced treatments for chronic, nonhealing
wounds. We will continue to see advances in this field, particularly with
composite biomaterial platforms combining natural and synthetic bio-

materials, which will ultimately result in their clinical translation.
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