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Cutaneous wounds are a growing global health burden as a result of an aging population
coupled with increasing incidence of diabetes, obesity, and cancer. Cell-based
approaches have been used to treat wounds due to their secretory, immunomodulatory,
and regenerative effects, and recent studies have highlighted that delivery of stem cells
may provide the most benefits. Delivering these cells to wounds with direct injection
has been associated with low viability, transient retention, and overall poor efficacy.
The use of bioactive scaffolds provides a promising method to improve cell therapy
delivery. Specifically, hydrogels provide a physiologic microenvironment for transplanted
cells, including mechanical support and protection from native immune cells, and cell—~
hydrogel interactions may be tailored based on specific tissue properties. In this review,
we describe the current and future directions of various cell therapies and usage of
hydrogels to deliver these cells for wound healing applications.
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INTRODUCTION

Skin acts as a critical protective barrier against external agents (Saghazadeh et al., 2018). After
cutaneous injury, such as from a burn or cut, the normal skin structure is disrupted, and
the resultant wound progresses through a coordinated cascade (“wound healing”) of molecular
and cellular processes to restore or replace the damaged tissue (Reinke and Sorg, 2012;
Gonzalez et al., 2016).

To improve outcomes after cutaneous injury, researchers have investigated the use of cellular
therapies to treat wounds, utilizing a wide array of cell types such as fibroblasts, endothelial
cells, platelets, myeloid cells, and stem cells. Several products utilizing adult cells are also already
commercially available including Dermagraft® and Apligraf® (Gentzkow et al., 1996; Edmonds,
2009). Multipotent stem cells have become an increasingly attractive choice for cell-based therapy
due to their proliferative potential, differentiation capacity, and ability to secrete trophic factors
and extracellular matrix (ECM) components important for wound healing (You and Han, 2014).
The primary limitation with delivering cell therapies into cutaneous wounds has been low
viability and transient engraftment of the transplanted cells. In order to maximize cell viability,
a supportive microenvironment must be established to improve survival of these transplanted cells
(Kamoun et al., 2017).

Biological scaffolds, such as hydrogels, provide an ideal, physiochemical mimetic of native
ECM that can be utilized as a delivery vehicle for cells (Geckil et al., 2010). Hydrogels are
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hydrophilic gels with a three-dimensional structure that rapidly
swell in water to form a semi-solid. The water content of hydrogel
matrices exceeds 90%, ideal for hydrating and maintaining a
supportive environment within the wound bed that accelerates
angiogenesis, increases breakdown of dead tissue, prevents cell
and tissue death, and even alleviates pain (Field and Kerstein,
1994). The biophysical and biochemical properties of the
hydrogel can be tuned to adjust the microenvironment to support
a variety of cell types (Farhat et al., 2019).

In this review, we detail the use of hydrogels to deliver
stem cells for wound healing. We first discuss the advantages
and disadvantages of delivering various cell types to improve
wound healing. We then discuss the use of bioactive scaffolds
and hydrogels to deliver these cells, including technical
considerations, such as material selection for hydrogel synthesis,
maintaining cell viability during hydrogel gelation, tailoring
hydrogel-cell interactions, and preventing cell entrapment by
modifying porosity and degradation. Finally, we provide our view
of the most promising cell and hydrogel candidates for wound
healing and discuss future strategies to accelerate wound healing
and improve the quality of tissue repair.

OVERVIEW OF WOUND HEALING

Wound healing proceeds through three sequential phases of
inflammation, new tissue formation, and remodeling (Figure 1).
Immediately after injury, blood and lymphatic fluid enters the
wound site, activating coagulation pathways to facilitate platelet
aggregation and achieve hemostasis (Gonzalez et al., 2016).
During inflammation, inflammatory cells such as neutrophils and
monocytes are recruited from the circulation to decontaminate
the wound site through phagocytosis of cellular debris and
bacteria (Guo and Dipietro, 2010; Schultz et al., 2011). Monocytes
may differentiate into macrophages, a heterogenous and highly
plastic cell population that may further differentiate into
pro- or anti-inflammatory subtypes and are believed to be
critical mediators of the cellular response during all stages of
soft tissue injury (Gurtner et al, 2008). During new tissue
formation, keratinocytes migrate over the injury to initiate re-
epithelialization, fibroblasts and myofibroblasts deposit collagen
and granulation tissue, and myofibroblasts contract and facilitate
bringing the wound edges closer together (Schultz et al., 2011).
In the remodeling phase (final and longest stage), wound
contraction peaks and collagen is continually synthesized and
reorganized (Gonzalez et al, 2016). These phases occur in a
carefully coordinated fashion, and aberrancies in this tightly
regulated process result in delayed or impaired wound healing
(Gurtner et al., 2008).

CLINICAL SIGNIFICANCE OF WOUND
HEALING

Abnormalities in wound healing can either lead to “over healing;”
resulting in excessive fibrosis, or “under healing,” leading to
a chronic, non-healing wound (Frykberg and Banks, 2015).

A Hair =

Epithelial
Dermis cell
" Sweat duct
Subcutaneous gland

Platelet

layer Fibroblast Sebaceous )
Neutrophil  gjang Collagen Capillary

B

New blood

vessel

Monocyte / Granulation
Macrophage tissue

C

FIGURE 1 | Three stages of wound repair. The three phases of wound repair
consist of (A) inflammation, (B) new tissue formation, and (C) remodeling.

(A) The inflammatory phase lasts until about 48 h after injury. Depicted is a
skin wound at about 24-48 h after injury. The wound is characterized by a
hypoxic (ischemic) environment in which a fibrin clot has formed. Bacteria,
neutrophils, and platelets are abundant in the wound. Normal skin
appendages (such as hair follicles and sweat duct glands) are still present in
the skin outside the wound. (B) New tissue formation occurs about 2-10 days
after injury. Depicted is a skin wound at about 5-10 days after injury. The
majority of cells from the previous stage of repair have migrated from the
wound, and new blood vessels now populate the area. An eschar (scab) has
formed on the surface of the wound, and the migration of epithelial cells can
be observed under the eschar. (C) Remodeling lasts for a year or longer.
Depicted is a skin wound about 1-12 months after repair. Disorganized
collagen has been laid down by fibroblasts that have migrated into the wound
and contracted the wound. The re-epithelialized wound is slightly higher than
the surrounding surface, and the healed region does not contain normal skin
appendages. Figure adapted with permission from Figure 1 of Gurtner et al.
(2008).
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FIGURE 2 | Overview of wound healing. (A) After an initial wound, both circulating and tissue resident cells are recruited to the wound, including fibroblasts and
inflammatory cells. (B) Chronic wounds are characterized by interruptions and subsequent prolongation of the wound healing process. (C) Fibrotic wounds are
characterized by upregulation of myofibroblast differentiation and increased collagen production and may be driven by mechanical signaling. aSMA, alpha smooth

muscle actin.
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Infection, chronic inflammation, or vascular dysfunction delay
wound closure and generate chronic wounds including arterial
and venous ulcers, diabetic wounds, and pressure-related ulcers
(Figures 2A,B) (Demidova-Rice et al., 2012; Frykberg and Banks,
2015; Xiang et al,, 2019). Chronic wounds constitute a source
of significant morbidity for the aging global population and a
sizeable economic burden to the healthcare system (Jarbrink
et al., 2017), with tens of billions of dollars spent annually on
wound treatment (Nussbaum et al., 2018). Treatment of chronic
wounds involves debridement of all necrotic tissue and selection
of appropriate wound dressings that take into account the level
of moisture, amount of wound exudate, presence of infection,
and quality of the wound bed (Dabiri et al., 2016). In general,
traditional topical therapies are geared toward facilitating a clean,
moist environment conducive to healing.

In contrast, large surface area injuries such as burns almost
always result in excessive fibrosis and hypertrophic scar (HTS)
formation, which compromise normal function and result in
severe morbidity to those affected (Berman et al., 2008; Gurtner
et al, 2008). These scars are characterized by upregulation
of myofibroblast differentiation, characterized by increased
alpha smooth muscle actin (aSMA) signaling, and increased
collagen production, driven by increased mechanotransduction
(Figure 2C) (Wong et al., 2011a; Ma et al, 2018). Human
fetuses display the ability to regenerate skin wounds without
scar formation, unlike in adults, where scars develop from
most skin wounds through the partial contributions of fibrotic

and regenerative processes. The underlying mechanisms
determining the fibrotic or regenerative fates of healing
wounds remain unclear.

Management of patients with severe wounds is a long-term
process that must address the local wound as well as the
systemic, psychologic, and social consequences of the injury
(Atiyeh et al., 2007; Chua et al., 2016; Zhu et al., 2016). Currently
there are no standardized therapeutic treatment options for
patients to address either excessive fibrosis or chronic wound
formation. The use of some therapeutic agents, such as cytokine-
based approaches, lacks strong scientific evidence, and many
are based on case studies with mixed success (Meier and
Nanney, 2006; Block et al., 2015; Rose and Chan, 2016). Newer
cell-based therapies that target the underlying cellular and
molecular processes of wound healing may provide a promising
improvement for wound care.

CELL BASED THERAPIES

Cellular therapy refers to the transplantation of cells to replace
or repair damaged tissue. Although therapeutics may come in
the form of small molecules, biologics (e.g., antibodies, growth
factors, cytokines, hormones), or cells, only cells may sense
the cues in the wound healing environment and respond in
complex fashions (Fischbach et al., 2013). Cells respond to the
environmental cues, make decisions (proliferation, increased
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secretion, etc.), and then provide precise, dynamic control
over extended time periods (Fischbach et al, 2013). When
utilizing cell therapies, researchers must be sure that the
complex benefits from delivering cells are required, instead of
simpler small molecules and biologics that provide controlled,
static treatments.

These cells may be autologous or allogeneic and can even
be engineered to express unique ligands and target-specific
receptors (Zakrzewski et al., 2019; Srifa et al., 2020). While
autologous cells are well-tolerated at the injury site, harvesting
enough cells can be challenging, and both time and money
are required to expand and culture a sufficient quantity of
cells needed for the therapy. Allogeneic cells are easier to
obtain and manufacture, but the immune response is a potential
impediment (Chidgey et al.,, 2008). Interestingly, some recent
studies have found that transplantation of xenogeneic cells may
attenuate fibrosis; however, this has not yet been fully explored
for human therapy (Cargnoni et al, 2009). In the context of
wound healing, many different cell types have been transplanted
into wound beds including keratinocytes, fibroblasts, platelets,
bone marrow derived mesenchymal stromal cells, and adipose
derived stromal cells (You and Han, 2014). Broadly, stem cells
appear to be the most promising cell-based therapy currently
under investigation due to their low immunogenicity, secretion
of trophic factors, and ability to differentiate into a wide range
of cell types. Here, we discuss these cells in the context of cell
therapies (Table 1).

Non-stem Cell-Based Therapies

Many past studies have investigated the ability of fully
differentiated adult cells to improve wound healing.
Keratinocytes, both allogeneic and autologous, have been
used to cover wounds for over three decades (You and Han,
2014). They can be harvested from a skin biopsy and expanded in
culture to form a large sheet of epidermis that improves wound
closure and epithelialization (You and Han, 2014; da Silva et al.,
2019). However, keratinocytes are themselves unable to produce
a robust extracellular matrix (You and Han, 2014), and their
efficacy appears to be significantly reduced in chronic wounds
compared to acute wounds. Thamm et al. (2015) found that
acute wound exudate supported keratinocyte proliferation over
longer time intervals, while chronic wound exudate continually
suppressed keratinocyte proliferation and migration.

Fibroblasts are mesenchymal cells crucial to the healing
process and have frequently been explored as a potential cell-
based therapy. Unlike keratinocytes, fibroblasts directly deposit
extracellular matrix proteins such as collagens or proteoglycans.
In a study using autologous fibroblasts seeded on a hyaluronic
acid sheet to treat facial defects following skin cancer resection,
all recipients healed with minimal scar formation (You and Han,
2014). By contrast, allogeneic fibroblast treatments have shown
less promise, as any cell cryopreservation reduces viability by
almost 50% and inhibits protein production by 70-98% (You and
Han, 2014). Macrophages and monocytes have also been found to
improve murine wound healing, although they did not improve
the quality of the healed tissue in terms of tensile strength, scar
formation, or collagen density in this study (Hu et al., 2017).

Apligraf® and Dermigraft® are tissue engineered products
used in the clinic that contain living human cells (keratinocytes
and fibroblasts, respectively) seeded within an ECM matrix
(Gentzkow et al., 1996; Edmonds, 2009). Clinical trial studies
demonstrate that use of these seeded scaffolds improved healing
outcomes, such as wound closure, compared to control wounds.
However, none of these studies compared the effects of the
seeded scaffolds to unseeded scaffolds, and additional studies
have found that the seeded cells are rejected and degraded within
1-2 weeks (Griffiths et al., 2004). While the use of each of these
fully differentiated cell types provides some benefits, no one cell
type provides all the necessary functions needed during wound
healing, including producing ECM, promoting angiogenesis, and
re-epithelialization. Furthermore, these allogeneic cell types may
produce immune sensitization (Trainor et al., 2014).

Benefits of Stem Cell Therapies
Compared to Fully Differentiated Cells

Stem cells maximize the benefits of cell therapies by having
reduced immunogenicity and increased therapeutic benefit,
including stimulation of re-epithelialization and wound closure,
ECM production, and angiogenesis (da Silva et al, 2019).
MSCs can differentiate into many cell types and secrete trophic
factors that promote healing (Dabiri et al., 2013; Hu et al,
2018). MSCs can be readily isolated from multiple tissue
types and have been shown to accelerate and enhance wound
healing by secreting beneficial cytokines, recruiting macrophages,
inducing angiogenesis, and restoring sebaceous glands and hair
follicles (Isakson et al., 2015; Kosaric et al., 2019). MSCs have
immunosuppressive properties by releasing PGE2, galectin-1,
HLA-G5, and indoleamine 2,3-dioxygenase (IDO) (Nagamura-
Inoue and He, 2014), and low immunogenic characteristics,
characterized by a lack of HLA-DR and low expression of MHC
Class I molecules (Nagamura-Inoue and He, 2014). Additionally,
even after up to 20-30 rounds of division, MSCs retain stem-like
properties (You and Han, 2014; Li et al., 2015).

Adipose-derived stromal cells (ASCs) are a subtype of MSCs
studied extensively for wound healing. ASCs are easily obtained
in large quantities via liposuction and surgical excision of
fat tissue, with any given amount of adipose tissue yielding
up to 40 times more stem cells than the same amount of
bone marrow (Hassan et al., 2014). ASCs have been shown to
improve wound healing by promoting angiogenesis, secreting
paracrine signaling molecules and extracellular matrices, and
differentiating along multiple cell lineages (Figure 3A) (Tartarini
and Mele, 2015). ASCs secrete factors such as TGF-B, VEGE, KGE,
FGF2, PDGF, HGE, IGF, fibronectin, and type I collagen, which
enhance epithelial migration and dermal fibroblast proliferation
(Kim et al.,, 2009; Hassan et al.,, 2014; Tartarini and Mele,
2015). ASCs cultured in acute wound fluid demonstrated
increased proliferation and migration, necessary to increase
cell numbers and facilitate wound closure during the early
phases of healing. Meanwhile, ASCs cultured in chronic wound
fluid showed increased expression of VEGFE, bFGE, and MMP9,
factors necessary to promote angiogenesis and mediate fibroblast
growth (Koenen et al, 2015). These findings demonstrate
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TABLE 1 | Cell therapies tested for wound healing.

Cell type Benefits Limitations Citations
Keratinocytes — May be harvested from a skin biopsy and — Unable to produce a robust Gentzkow et al., 1996; You and
expanded in culture to form a large sheet of extracellular matrix Han, 2014; Thamm et al.,
epidermis that improves wound closure and — Efficacy reduced in chronic 2015; da Silva et al., 2019
epithelialization wounds compared to acute
wounds
Fibroblasts — Directly deposit extracellular matrix proteins — Allogeneic fibroblast treatments Edmonds, 2009; You and Han,

— Shown to treat facial defects following skin
cancer resection with minimal scar formation

Macrophages and monocytes

effect on the quality of repair.
— Increased angiogenesis in mice

ASCs — Easily obtained in large quantities

— Shown to improve wound healing by promoting
angiogenesis, secreting paracrine signaling

molecules and extracellular matrices, and
differentiating along multiple cell lineages

— Improves rate of murine wound healing in both
wild-type and diabetic mice, with no adverse

have shown reduction in cell 2014
cryopreservation viability by
almost 50% and inhibits protein
production by 70-98%
— Did not improve the quality of Huetal., 2017

the healed tissue in terms of
tensile strength, scar formation,
or collagen density

— No consensus on a common
isolation protocol that is
clinically feasible, and which
would ensure reproducible
results

Strioga et al., 2012; Hassan
et al., 2014; Koenen et al.,
2015; Bertozzi et al., 2017;
Moon et al., 2019

— Multifaceted ability to respond to the changing

wound healing phases

Bone marrow MSCs
(BM-MSCs)

— Promote neovascularization and recruit

endogenous stem cells to the wound site

Umbilical cord-derived MSCs
(UC-MSCs)

— Easily derived from the umbilical cord
— Great rate of self-renewal

— Primitive stem cells, with greater proliferative
and immunosuppressive capabilities compared

to other MSCs

— Capacity to differentiate into multiple cell types
— Reduce inflammation by diminishing cytokine
expression and inflammatory cell chemotaxis

Chen et al., 2009; Kim and
Suh, 2010; Lian et al., 2014;
You and Han, 2014; Isakson
etal., 2015; Liet al., 2015;
Tartarini and Mele, 2015; Liu
etal., 2017; Pittenger et al.,
2019

Nagamura-Inoue and He, 2014

— High donor site morbidity and
low yield

— Require ex vivo expansion prior
to their application

— Harvesting BM-MSCs is painful
with donor site morbidity

— Requires significant ex vivo
expansion over time

— Suffer from extensive
phenotypic drift

the multifaceted ability of ASCs to respond to the changing
wound healing phases.

Bone marrow MSCs (BM-MSCs) are found in the bone
marrow stroma and are capable of differentiating into osteoblasts,
adipocytes, myoblasts, and neurons (Figure 3B) (Lian et al,
2014; You and Han, 2014). BM-MSCs can also differentiate into
multiple types of skin cells, such as keratinocytes, endothelial,
pericytes, and monocytes, to release cytokines and hematopoietic
factors including VEGE, angiopoietin-1, IGF-1, EGE, KGE, and
stromal derived factor-1 (SDF-1) (Kim and Suh, 2010; Liu et al.,
2017). BM-MSCs also reduce inflammation by reducing cytokine
expression and inflammatory cell chemotaxis (Li et al.,, 2015).
Chen et al., treated wounds with BM-MSCs and observed a
decrease in CD45™ leukocytes, CD3™ lymphocytes, and CD8™
T-cells in an excisional wound mouse model (Chen et al., 2009;
Lietal, 2015). Moreover, BM-MSCs promote neovascularization
and recruit endogenous stem cells to the wound site, thereby
accelerating the healing process (Lian et al., 2014).

Harvest of BM-MSCs is typically derived from bone marrow
aspirate from the iliac crest, which is painful, associated with
donor site morbidity, and often results in insufficient cell yield
(Isakson et al., 2015; Tartarini and Mele, 2015). Early in vitro
and animal studies of BM-MSCS quickly transitioned into
human clinical trials for a multitude of clinical applications

(Pittenger et al.,, 2019). Unfortunately, the clinical application
of BM-MSCs has been limited by two factors. First, harvesting
BM-MSCs is a painful process for patients to undergo and
carries the risk of donor site morbidity (Isakson et al.,, 2015).
Second, BM-MSCs require ex vivo expansion prior to their
application due to the relatively low yields acquired after
isolation. During cell expansion, MSCs are cultured on flat,
unphysiological, and stiff materials such as tissue culture
plastic or glass. These stiff substrates promote upregulation
of a series of mechanotransduction genes, with increasing
culture time leading to increased differentiation into osteogenic
phenotypes (Yang et al., 2014). However, these substrates do
not recapitulate the native cellular environment, in which
cells are receiving signals in all three dimensions from native
ECM (Caliari and Burdick, 2016). Yang et al. (2014) found
that hMSCs possess a “mechanical memory,” in which hMSCs
cultured for a longer time on plastic demonstrated higher
mechanotransduction activation (through the YAP pathway) and
osteogenic phenotypes, even after they had been seeded into
more physiologic, soft hydrogels. Increased time in culture and
increased passages will also influence cell phenotype, shape,
morphology, and transcription (Yao et al., 2006), and the exact
stiffness of the culture substrate will also affect factors such as
secretion of growth factors and proliferation (Ogle et al., 2020).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2021 | Volume 9 | Article 660145


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sivaraj et al.

Hydrogel Cell Scaffolds for Wounds

Isolate ASCs from
Fat Tissue or
Lipoaspirate /,

Isolate MSCs from Umbilical Cord

FIGURE 3 | Sources of stem cells to be used as cellular therapies. (A) Adipose-derived stem cells (ASCs) can be harvested from either lipoaspirate or fat tissue.
These cells (or MSCs) can then be cultured in vitro, expanded in number, and then delivered to the wound as a cell therapy. To enhance the cell delivery, several
delivery techniques (shown later) may be used. (B) Mesenchymal stromal cells (MSCs) can be harvested from either the umbilical cord or the bone marrow.
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For wound healing, we have found that about 250,000 cells
should be delivered to a 0.5 cm? wound (Barrera et al., 2021;
Srifa et al., 2020), and others have found that about 1-3
million cells per kg are needed for systemic injection of MSCs
in human clinical trials (Capelli et al., 2015). Overall, these
would require at least two cell passages to properly expand cell
levels for therapy.

Umbilical cord-derived MSCs (UC-MSCs) can be harvested
from cord blood and umbilical vein subendothelium, as well
as the perivascular zone, intravascular zone, and sub-amnion
of the Wharton jelly (Figure 3B) (Nagamura-Inoue and He,
2014). These are easily derived from the umbilical cord, which is
generally discarded after birth and readily available (Nagamura-
Inoue and He, 2014). UC-MSCs have a gene expression profile
similar to that of embryonic stem cells and possess a greater
rate of self-renewal compared to BM-MSCs, allowing for ease
of harvest and expansion. UC-MSCs express markers such
as CD13, CD29, CD73, CD90, CD105, and HLA-ABC and
produce three times more collagen than BM-MSCs (Nagamura-
Inoue and He, 2014). Additionally, they are more primitive
stem cells, with greater proliferative and immunosuppressive
capabilities compared to other MSCs. Although UC-MSCs are
easier to collect and maintain viability in vitro longer than BM-
MSCs, BM-MSCs may be initially isolated in higher quantities
(up to fivefold more from explanted BM compared to an
explanted umbilical cord) (Capelli et al., 2015). Thus, UC-
MSCs require significantly more ex vivo expansion over time,
leading to more phenotypic drift that reduces their therapeutic
efficacy over time faster (Nagamura-Inoue and He, 2014;
Isakson et al., 2015).

From a practical standpoint, ASCs are the most easily
accessible and can be isolated in large quantities with minimal
patient morbidity (Bertozzi et al.,, 2017). To date, only a few
clinical trials have studied ASCs in the context of wound healing;
however, the preliminary results appear promising (Moon et al.,
2019). Both ASCs and BM-MSCs have important similarities,
such as multi-lineage potential, morphology, telomerase activity,
gene expression, and similar cell surface markers such as CD10,
CD13, CD29, CD44, CD54, CD71, CD90, CD105, CD106,
CD117, and STRO-1 (Hassan et al., 2014; Isakson et al., 2015).
Although there exist some differences between ASCs and BM-
MSCs, their common secretion profiles, angiogenic potential,
gene expression profiles, and clinical data support the use of
both BM-MSCs and ASCs in wound healing (Strioga et al.,
2012). Certain wound pathologies may favor the use of one cell
population over the other, so additional research will be required
to further clarify the specific advantages and disadvantages
for each situation.

Potential for Engineered-Cell Therapies

New cell-based therapy approaches that utilize genome editing
have also opened new and exciting avenues to treat previously
intractable diseases. Transducing hematopoietic stem cells of
p-thalassemia patients with a functional B-globin locus has been
shown to eliminate the need for long-term red-cell infusions
in a subset of patients with severe B-thalassemia (Thompson
etal., 2018). Moreover, genetically modifying autologous patient-
derived T cells with a chimeric antigen receptor (CAR) leads
to impressive response rates in patients with hematologic
malignancies (Raje et al., 2019). Precise genome editing via new
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CRISPR-based technologies may allow for targeted knock-out or
knock-in of genes that are key regulators of signaling pathways
involved in wound healing (Adli, 2018). For example, gene
editing of MSCs could increase their secretion of growth factors
such as PDGF and VEGF that are beneficial to wound healing by
increasing angiogenesis (Srifa et al., 2020). As the field of gene
editing grows, these new techniques could be used to further
boost the potential of stem cell delivery, making these already
beneficial cell types even more efficient. These early studies
point to the promising future potential for genetic engineering
platforms to develop novel cellular therapies that both accelerate
as well as improve the quality of wound healing.

CELL DELIVERY METHODS

Although many cells show promising capabilities in wound
healing, these beneficial effects can be limited by the efficacy of
the delivery. Injection-based delivery of stem cells suspended in
solution results in rapid cell death, low viability, and transient
engraftment (Rustad and Gurtner, 2012; Rustad et al., 2012;
Tartarini and Mele, 2015; Ma et al., 2018). Wu et al. (2007)
injected BM-MSCs into an excisional wound model and found
that engraftment dropped from 28% at 7 days to 7.6% at
14 days and then 2.5% at 28 days. Low viability and transient
engraftment may be due to factors such as high shear stresses
during injection, lack of extracellular matrix to bind and
interact with upon injection, leakage from the site, mechanical
washout of cells, or exposure of cells to inflammation and
reactive oxygen species (ROS) present within the wound (Li and
Mooney, 2016). Optimization of the cell delivery method can
maximize cell-tissue interactions to both elicit the most effective
responses and promote viability of stem cells in a hostile wound
microenvironment (Falanga et al., 2007) (Table 2).

Biomaterial Scaffolds for Cell Delivery in
Wound Healing

Biologic scaffolds may serve as a delivery vehicle that remains
viable, stable, and uncompromised within the harsh environment
of the wound bed to maximize the potential of delivered
cells. These ‘biomaterials’ have ECM structures similar to
physiologic tissue where cells can be seeded to improve
viability and retention. Biomaterials may broadly be defined
as any ‘material intended to interface with biological systems
to evaluate, treat, augment, or replace any tissue, organ or
function of the body’ (Williams, 2009). These biomaterials
may be procured with techniques such as decellularization
or immunomodulation of existing tissue (Ott et al., 2008);
electrospinning, which mimics extracellular matrix structure; or
triphasic culture, which mimics physiologic orthopedic interfaces
(Spalazzi et al., 2006). These materials may be further modified
through microtopography to provide signal cues for cellular
differentiation (Downing et al., 2013).

“Decellularizing” native organs involves using a series of
detergents and washes to remove all cellular material from the
organ but retain most of the remaining extracellular matrix (Ott
et al., 2008). The matrix can be re-seeded with a patient’s own

cells to mitigate rejection of the resultant implanted organ. Ott
et al. (2008) demonstrate proper contractile and pump function
of decellularized murine and rat hearts re-seeded with new cells.
Sullivan et al. (2012) similarly re-seeded decellularized kidneys
with renal cells. For cell therapies, some have decellularized tissue
such as porcine small intestine submucosa to re-seed them with
cells such as tenocytes to treat rotator cuff defects (Chen et al.,
2007). Milan et al. (2016) decellularized human skin samples
and re-seeded them with human umbilical cord perivascular
cells (HUCPVCs) to find that these cell-seeded scaffolds could
improve wound closure and upregulate angiogenesis in a
murine model. The HUCPVCs served as an alternative source
of MSCs with higher proliferative rate and better cell yield.
Cumulatively, these findings demonstrate that decellularized
matrices could be successfully used as a vehicle to deliver
cells to wounds.

One of the most commonly studied biomaterials is
poly(dimethylsiloxane) (PDMS), a silicone material that is
bio-inert and easy to produce. Various studies have found that
cells seeded on top of these materials will attach and proliferate
normally (Schaffer et al., 1994). Furthermore, these silicone
membranes can foster both viability and proliferation of seeded
ASCs (Razavi and Thakor, 2018). The ability to treat and coat
silicone and other biomaterials remains an attractive method to
promote differentiation and growth, and these parameters may
be tuned to optimize proper cell growth.

The choice of polymer influences cell growth and
differentiation through both growth factors and the stiffness
of the matrix (Gilpin and Yang, 2017; Kargozar et al., 2020).
For example, Poly(lactic-co-glycolic acid) (PLGA) has been
extensively studied as one of the most widely used polymers for
materials science engineering applications (Uematsu et al., 2005),
including for cartilage and bone regeneration. Sadeghi-Avalshahr
et al. (2017) seeded fibroblasts and keratinocytes in a scaffold
made of a PLGA-collagen mix for dermal tissue engineering using
electrospinning, a complicated process that produces physiologic
ECM matrix structure with a low yield strength. Yang et al.
(2018) recently created a biodegradable, inorganic MnO, 3D
nanoscaffold with a tunable, wide range of biodegradation times,
upregulated ECM-protein binding affinities, highly efficient
drug loading, and tunable drug release schedules. While they
showed that their scaffold enhanced stem cell transplantation,
differentiation, and drug delivery, their 3D nanoscaffolds also
required a complex methodology to synthesize.

Advantages of Hydrogel Scaffolds to

Deliver Cell Therapies

While scaffolds developed with synthetic polymers or from
decellularization can produce ECM constructs with high
tunability and physiologic tissue structure, they require difficult
methodology and testing to procure and develop, with elevated
cost, excessive cellular adhesion, and slow scaffold degradation
rates. Many of those scaffolds were designed to completely replace
a damaged organ, meaning that any seeded cells within the
constructs remain there over long time periods instead of leaving
the construct to enter a wound. Using these scaffolds for wound
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TABLE 2 | Different scaffolds to deliver cell therapies for wound healing.

Delivery method Benefits

Limitations

Citations

Alginate hydrogel

Collagen hydrogel — Primary organic constituent of native ECM

— Highly biocompatible and cytocompatible,

amenable to cell adhesion without modification

Fibrin hydrogel
and wound healing

— Can trigger encapsulated cells to secrete ECM

components and reparative growth factors

— Chemical tunability
— Favorable mechanical properties,

Hyaluronic acid (HA) hydrogel

biocompatibility, and biodegradation capacity

Poly(dimethylsiloxane) (PDMS) — Fosters viability and proliferation of seeded

ASCs

Poly-(ethylene glycol) (PEG)
finely tune mechanical properties

Poly(lactic-co-glycolic acid) (PLGA) — Extensively studied
— One of the most widely used polymers for

materials science engineering applications

Poly(methyl methacrylate) (PMMA) — Highly crosslinked gels possess longer

— Mechanical properties of hydrogel can be tuned
— Establish a robust microenvironment for cells

— Natural role as a matrix involved in hemostasis

— Versatility in chemical modification and ability to

— Limited long-term stability in
physiologic conditions

— Must be modified with an
adhesive ligand

— Damage to its covalent
cross-links upon extraction
weakens hydrogels, which can
then disintegrate on handling or
under the pressure of
surrounding tissues in vivo.

— Fibrin can be especially
susceptible to
protease-mediated degradation

— In modifications like
cross-linked HA-aldehyde or
HA-amine derivatives, there are
disadvantages: the modification
procedure involves many
synthesis and purification
steps, and the crosslinking
chemistries that occur upon
mixing are hard to control and
yield inconsistent gels

— Poor biocompatibility

— Synthesized in combination
with natural polymers or
biomimetic peptides as lack the
biochemical properties for
cellular interaction

— Poor biocompatibility

— Challenging to fixate within
wound bed

— In general, highly crosslinked

Percival and McCarty, 2015;
Aderibigbe and Buyana, 2018;
Salehi et al., 2020; Zhang and
Zhao, 2020; Zhang et al., 2020
Helary et al., 2012;
Chattopadhyay and Raines,
2014; Chen et al., 2018; Stoica
et al., 2020

Ahmed et al., 2007; Janmey
et al., 2009; Moreno-Arotzena
et al., 2015; Murphy et al., 2017

Baier Leach et al., 2003; Silva
etal., 2016

Schaffer et al., 1994; Razavi
and Thakor, 2018

Zhu and Marchant, 2011

Uematsu et al., 2005;
Sadeghi-Avalshahr et al., 2017

Henderson et al., 2010

degradation times

Pullulan-collagen hydrogel
native reticular ECM

— Best approximate the porous ultrastructure of

gels possess longer
degradation times

— It is possible that the hydrogel
microenvironment is hypoxic

Wong et al., 2011b; Rustad
etal., 2012

— Easy engineering of the mechanical properties
— Able to support the growth of multiple cell types

— Minimal rejection and favorable

biomaterial-tissue integration
Gelatin hydrogel — Excellent biocompatibility

— Ease of chemical modification

— Accelerated biodegradation
compared to other hydrogels
— Variation between synthesized

bathes
— Weak mechanical properties

Kang and Park, 2021

care would be especially disadvantageous due to the need to clean
and debride the wounds every several days.

For wound care specifically, an ideal therapy would address
concerns such as desiccation (loss of moisture from the wound),
long term storage, bacterial infection, preventing debilitating
scar formation, and promoting proper skin regeneration (growth
of skin appendages, such as hair follicles, and other cutaneous
glands) within the wound (Figure 4). Over the past decade,
there has been increasing evidence that therapeutic hydrogels

may address many of these concerns and promote natural
skin regeneration, based on strong and promising laboratory
and preclinical research findings. These dressings can be kept
lyophilized (dry), making them lightweight, portable, and shelf
stable. In the clinic, they can be simply unpackaged and soaked in
saline to re-hydrate it, providing coverage across and preventing
desiccation of the wound to facilitate healing.

Hydrogels have a unique set of properties which make
them an ideal candidate for wound dressings. Their high
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FIGURE 4 | Benefits of using a hydrogel dressing to deliver cellular therapies. (A) Open wounds are at risk for desiccation (loss of moisture) and bacterial infection,
as well either underhealing or overhealing. (B) To address these major risk factors, hydrogel dressings provide coverage and moisture, as well as a beneficial ECM
environment for cells to grow in. (C) Once the hydrogel has been seeded with cells, it can be laid on the wound to promote healing and regeneration.
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water content confers physical similarity and biocompatibility
to body tissues and maintains a moist environment around
the wound interface (Kamoun et al., 2017; Youngblood et al,,
2018). Hydrogel elasticity, mechanical properties, non-adhesion
properties, and structural similarity to natural tissue also improve
biocompatibility after implantation (da Silva et al, 2019).
Hydrogels can be used as a supportive scaffold to deliver
therapeutic cells safely to the wound site and shield the delivered
cells from immune system attack while retaining permeability to
therapeutic, signaling, and metabolic factors (Nafea et al., 2011).
The hydrogel microenvironment can be tightly modified to
support cells by adjusting numerous biophysical and biochemical
properties, such as hydrogel-cell interactions, cell adhesion,
microstructure, and degradability (Xu et al., 2020). Common
hydrogel sources for wound healing include natural polymers
like collagen, alginates, gelatin, and hyaluronic acid, as well
as synthetic compounds such as polyethylene glycol and
polyurethane (Liu et al., 2017).

Current Clinical Use of Hydrogel

Scaffolds and Cellular Therapies
Hydrogels can be commercially obtained as a sheet, gel, or
saturated gauze, and some hydrogel products are already

being used for wound care from companies such as Medline,
McKesson, 3M, ConvaTec, Derma Sciences, or Smith & Nephew.
These hydrogels are easy to use and apply to the wound surface.
A secondary dressing is required over these hydrogels to secure
them in place, which may be useful to prevent infection. For
an infected, dry wound, physicians may also use hydrogels with
antimicrobial silver incorporated within them, such as Silvasorb
from Medline (Das et al., 2015). While these hydrogels are
beneficial for most types of wounds, they are rarely used on
already moist wounds, such as venous leg ulcers, as they may
cause a high amount of output drainage and exudate from
the site that further impedes healing by slowing down cell
growth or degrading the tissue matrix structure (Murakami et al.,
2010). Excess output draining may also promote inflammation
or bacterial contamination. Overapplication of these hydrogels
may also macerate or soften the skin surrounding the wound and
reduce their integrity. Usually, these hydrogels are changed every
3 days, so production of these scaffolds must be simple, quick,
and inexpensive to be commercially appealing for physicians.
While hydrogels have become commonplace within the clinic,
the use of these hydrogels to house and deliver cells has
not been FDA approved. It seems likely that combining the
most efficient cell type—stem cells—with the most efficient
bioactive scaffold for wound healing—hydrogels—would result
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FIGURE 5 | Pullulan-collagen hydrogel can be easily modified across a wide
range of factors and provides biocompatibility with stem cells. (A=F) Scanning
electron microscopy (SEM) imaging demonstrates that varying collagen and
KCI concentrations significantly alters the porosity of the hydrogels. Hydrogels
fabricated with KCI showed increased porosity, while increasing collagen
concentrations decreased porosity. Scale bar 100 um. (G,H) Brightfield
imaging and fluorescent imaging of live (green) dead (red/yellow) stain shows
successful in vitro cellular incorporation of MSCs in the hydrogels. Scale bar
50 um. (I) SEM shows MSCs (arrows) viably incorporated within the
pullulan-collagen hydrogels. Scale bar 25 um. Figures adapted with
permission from Figures 2, 6 of Wong et al. (2011b).

in the most effective and beneficial therapy for wound care
(da Silva et al., 2019).

Designing Hydrogels for Cell Delivery

There are several technical considerations when designing a
hydrogel for therapeutic cell delivery in wound healing. The
most common method to incorporate cells within ECM scaffolds
is through cellular encapsulation, in which cells are first
suspended within a liquid precursor solution. Prior to hydrogel
encapsulation, this liquid solution is buffered to the appropriate
osmolarity to prevent cell lysis (Caliari and Burdick, 2016). The
encapsulation process must be mild to not adversely impact
cell viability. Hydrogels may also be pre-formed without cells,
and then cells may be seeded on top of the hydrogels. The
chemistry and structure of the hydrogel for both methods should
facilitate cell proliferation and/or differentiation (Nicodemus
and Bryant, 2008), and facilitating migration is especially

important to promote seeded cells to crawl into the hydrogel
matrix structure.

Hydrogels formed via gelation mechanisms require
crosslinking of polymer chains by covalent, ionic, or physical
bonds (Caliari and Burdick, 2016). Cells may become entrapped
within hydrogels due to their micrometer size, as the three-
dimensional structure of hydrogels contains a mesh size usually
smaller than the size of the cell (nanometer scale) (Bae et al.,
2014; Li and Mooney, 2016). Increasing hydrogel porosity
will allow for more space to increase diffusion of nutrients,
growth factors, trophic factors, and secreted ECM components
from the surrounding medium to other cells throughout the
matrix (Seliktar, 2012). More dense mesh size (nanoscale) will
increase the concentration of cell-matrix interactions, which in
turn promotes focal adhesion contacts and increased cellular
adhesion. However, more porous structures (micro-scale) will
facilitate migration throughout or even out of the construct into
the wound area (Figures 5A-F; Wong et al., 2011b). Porosity
of the ECM can be modulated with methods such as sacrificial
beads, particle annealing, or addition or subtraction of potassium
chloride (KCI) salt. Hwang et al. pre-formed scarified gelatin
beads and mixed them with alginate to create hydrogels. The
gelatin beads dissolved at physiologic temperatures, resulting in a
porous alginate hydrogel (Hwang et al., 2010). Alison et al. (2019)
also utilized these methods by coating corn oil droplets with
silica nanoparticles and mixing these droplets together. After a
drying process, the corn oil dissolved, leaving either a porous
silica structure, and porosity could be modulated by modifying
the size of the initial corn oil droplets (Alison et al., 2019).
Griffin et al. (2015) created poly(ethylene) glycol-vinyl sulfone
(PEG-VS) spherical particles and annealed them together to
create microporous hydrogel materials. 3D printing may also be
used to help create porous structures (Alison et al., 2019).

There are numerous factors which influence hydrogel
degradation around encapsulated cells, including the cell type,
hydrogel chemistry, and number of degradable linkages (Wong
et al., 2011b,c; Rustad et al, 2012; Kosaraju et al, 2016).
Biodegradable hydrogels formed from physical or ionic crosslinks
are often degraded by a combination of hydrolysis or enzyme-
mediated processes. In many cases, the degradation profile
and rate can be controlled by adjusting parameters of the
crosslinked structure. For instance, Wong et al. (2011b) cross-
linked pullulan-collagen matrices with sodium trimetaphosphate
(STMP) to increase strength and decrease degradation rate
and found that the ratio of pullulan to collagen ECM affected
the strength of STMP cross-linking. Henderson et al. (2010)
and others have used ionic cross-linking, submerging their
poly(methyl methacrylate) (PMMA) hydrogels into solutions
with Zinc, Calcium, Nickel, Cobalt, and Copper. If hydrogel
degradation occurs too quickly, the hydrogel-cell construct
will dissolve before therapeutic benefit has been derived. If
degradation occurs too slowly, a buildup of secreted factors may
accumulate around encapsulated cells and negatively influence
their function. In general, highly crosslinked gels possess longer
degradation times. Cell mediated enzymatic degradation of
hydrogels often occurs in hydrogels synthesized from natural
biopolymers (e.g., hyaluronic acid-based hydrogels primarily
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degrade from cell-secreted enzymes like hyaluronidase). Short
amino acid sequences, which are susceptible to enzymatic
cleavage, may also be incorporated within the crosslinking of gels
to accelerate degradation (Kong et al., 2004).

Ultimately, there are a multitude of technical considerations
to account for when designing the optimal hydrogel for cell
delivery. In order to successfully transition this therapy into
the clinic, the process must be easily scaled for manufacturing
and accepted by surgeons, patients, and healthcare providers.
Cells pre-encapsulated within hydrogels may be hard to maintain
viability, and these cells may also secrete factors that slowly
degrade the hydrogel material properties. Seeding premade
hydrogels with cells is especially clinically translatable, since cells
could be cultured separately and then added to the hydrogel at
the point of care. In addition, the un-seeded hydrogel must be
easy to handle and encourage rapid cell seeding (Garg et al,
2014). Accounting for these technical considerations is crucial to
facilitate the successful transition of hydrogel-cell therapies from
laboratory research through FDA approval and into the clinical
setting (Figure 4).

Types of Hydrogels to Deliver Cells for
Wound Healing

The base materials used for hydrogel construction for wound
healing applications can generally be divided into two categories:
natural polymers and synthetic polymers. The advantage of
synthetic polymers such as poly-(ethylene glycol) [PEG] lie in
their versatility for chemical modification and subsequent ability
to finely tune the mechanical properties (Zhu and Marchant,
2011). However, since synthetic hydrogels lack the biochemical
properties for cellular interaction, they are often synthesized
in combination with natural polymers or biomimetic peptides.
Examples of biocompatible natural polymers include chitosan,
hyaluronic acid, heparin, alginate, fibrin, and collagen. The
mechanical and biochemical properties of these materials are able
to facilitate key functions for tissue regeneration including cell
adhesion and migration (Zhu and Marchant, 2011).

Hyaluronic acid (HA) is a biocompatible glycosaminoglycan
found in the extracellular matrix of connective and generally
synthesized through bacterial fermentation, although it may also
be sourced from animal products such as rooster combs. HA-
based biomaterials degrade in vivo in response to hyaluronidase
and have been used for a multitude of biomedical applications,
since they possess several attractive hydrogel properties due
to chemical tunability (Baier Leach et al, 2003). HA can also
be modified to present functional groups, enabling a variety
of crosslinking chemistries to produce a variety of different
hydrogel types, including two-dimensional films, injectable
materials, and three-dimensional free-swelling hydrogels. Silva
etal. (2016) recently utilized HA-based, spongy hydrogels seeded
with hASCs for application in a diabetic mouse full-thickness
wound model and their results showed accelerated wound closure
and neoinnervation. This study and others have illustrated
the favorable mechanical properties, biocompatibility, and
biodegradation capacity of HA based hydrogels for application
in wound healing.

Alginate is a cationic biopolymer obtained from brown algae
that has been utilized for hydrogel synthesis and previously
used in multiple biomedical applications, including in wound
healing (Salehi et al., 2020; Zhang and Zhao, 2020). Alginate
forms physically crosslinked hydrogels in the presence of divalent
cations (Percival and McCarty, 2015; Aderibigbe and Buyana,
2018), and the mechanical properties of the resulting hydrogel
can be tuned by varying the polymer count, molecular weight,
and concentration of cations capable of crosslinking. To enable
cell attachment, alginate must be modified with an adhesive
ligand, in contrast to other natural hydrogels like collagen
and fibrin which do not require modification to support cell
adhesion (Aderibigbe and Buyana, 2018; Tavakoli and Klar,
2020). One important drawback of an alginate-based hydrogel
is its limited long-term stability in physiologic conditions, as
these hydrogels can be dissolved due to ion exchange reactions
with monovalent cations in the environment (Lee and Mooney,
2012). Zhang et al. (2020) recently developed sodium/alginate
hydrogels to encapsulate human umbilical cord derived MSCs
(hUC-MSCs). Their results showed that their alginate-based
hydrogel established a robust microenvironment for hUC-MSCs
to exert their therapeutic effects in vivo.

Gelatin has been investigated as a potentially promising

polymer backbone for hydrogel synthesis due to its
biocompatibility, biodegradability, and ease of chemical
modification (Kang and Park, 2021). This material is

conventionally extracted from porcine, bovine, or fish collagen.
In the context of wound healing, gelatin-based hydrogels
have gained attention as a promising substrate to synthesize
in situ forming hydrogels. Various crosslinking strategies
have been developed to synthesize gelatin-based hydrogels
that do not dissolve at body temperature. These include
thermal gelation, EDC reactions, Schiff base reactions, and
enzyme-mediated crosslinking, among others (Campiglio
et al., 2019; Zhang et al,, 2019). Eke et al. (2017) successfully
encapsulated ASCs within a UV-crosslinked biodegradable
gelatin/HA hydrogel to accelerate wound healing. They showed
that over 90% of ASCs encapsulated within their gelatin
hydrogels survived after 21 days. Limitations of gelatin-based
hydrogels include weak mechanical properties, variation between
synthesized batches, and accelerated biodegradation compared
to other hydrogel types.

Fibrin is a natural polymer formed during wound coagulation
that is formed via the cleavage of fibrinogen by the serine
protease thrombin (Janmey et al., 2009; Murphy et al., 2017).
Fibrin molecules interact primarily through a series of disulfide
bonds, although Factor XIIla provides additional crosslinking
and is also activated by thrombin (Moreno-Arotzena et al., 2015).
Fibrin’s natural role as a matrix involved in hemostasis and
wound healing makes it a promising vehicle for cell delivery,
and fibrin can trigger encapsulated cells to secrete extracellular
matrix components and reparative growth factors important in
wound healing. However, fibrin can be especially susceptible to
protease-mediated degradation (Ahmed et al., 2007).

Poly-(ethylene glycol) [PEG] is one of the most commonly
used synthetic polymers for hydrogel synthesis due to
its biocompatibility and hydrophilicity. PEG provides a
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relatively inert hydrogel base for the introduction of chemical
modifications to promote cell-cell interactions. The precursor
PEG may be modified with a variety of functional groups,
including thiols, amines, and acrylates, which adds high
customization and versatility when creating PEG hydrogels.
Multiple research groups have developed PEG-based hydrogels
for cell delivery and tissue regeneration in a variety of
biomedical applications. Dong et al. (2017) developed a
(PEG)-gelatin hydrogel derived from multifunctional PEG-
based hyperbranched polymer and a thiolated gelatin, which
could encapsulate and support murine ASCs. A murine wound
healing study showed that the hydrogel significantly improved
cell retention, enhanced angiogenesis, and accelerated wound
closure. Griffin et al. (2015) also created synthetic, microporous
annealed particle (MAP) hydrogels made of PEG-VS and found
that these hydrogels promoted wound closure faster than non-
porous hydrogels made of the same material. A followup study
utilizing these PEG MAP hydrogels demonstrated that hMSCs
could be encapsulated and incorporated within the hydrogels,
and that further modification of functional groups could improve
proliferation and cell function (Xin et al., 2020). This study and
others suggest that PEG-based hydrogels can regulate stem cell
behaviors in 3D culture and deliver cells for wound healing.

Collagen is the primary organic constituent of native ECM,
making it a highly promising material for hydrogel synthesis and
cell encapsulation (Chattopadhyay and Raines, 2014). Collagen
hydrogels are generally composed of primarily type I collagen;
however, other constituents such as glycosaminoglycans as
well as type II and III collagen may also be incorporated
(Helary et al., 2012; Stoica et al., 2020). These hydrogels are
highly biocompatible and cytocompatible, amenable to cell
adhesion without modification (Chattopadhyay and Raines,
2014). Collagen hydrogels are formed by raising the temperature
and pH of solubilized collagen to initiate fibril self-assembly. If
solubilized collagen is mixed with a cellular suspension before
self-assembly, this can initiate an easy method to facilitate cellular
encapsulation (Chen et al., 2018).

Pullulan Collagen Hydrogels

Our group has engineered novel pullulan-collagen hydrogels
with tunable, soft biomechanical properties and biocompatibility
for cell-based therapy encapsulation. To develop a soft,
biocompatible hydrogel that recapitulates the three-dimensional
organization of the native ECM, we combined pullulan, a linear
homopolysaccharide produced by the fungus Aureobasidium
pullulans with type 1 collagen. This material was crosslinked
with sodium trimetaphosphate under alkaline conditions, and
potassium chloride salt (KCI) was used as a porogen for
in-gel crystallization (Wong et al, 2011b). These unique
engineered hydrogels provide several key advantages over
traditional materials. First, pullulan-collagen hydrogels best
approximate the porous ultrastructure of native reticular ECM
based on comparison of fiber length and crosslink distance
using a network extraction analysis. Moreover, altering the
concentration of the collagen:pullulan ratio enables engineering
of the mechanical properties such as hydrogel stiffness and
effective porosity with relative ease. Additionally, we have

conducted both in vitro and in vivo tests to demonstrate
the biocompatibility of pullulan-collagen hydrogels. In in vitro
settings, these hydrogels are able to support the growth
of multiple cell types including fibroblasts, endothelial cells,
and mesenchymal stromal cells, with minimal cytotoxicity
(Figures 5G-I; Wong et al, 201la). Further, in a murine
subcutaneous implantation model, this bioscaffold demonstrates
retention of reticular architecture and cellular infiltration,
indicating minimal rejection and favorable biomaterial-tissue
integration. In both humanized excisional wound and murine
burn models, we found improvements in early wound healing
in excisional wounds treated with hydrogels compared to
untreated wounds (Barrera et al., 2021). The hydrogel-treated
wounds not only healed faster, but also displayed reduced long-
term fibrosis as evidenced by a reduction in myofibroblast
activation. Specifically, cells such as fibroblasts may migrate
into the soft hydrogel environment during healing. The
ECM has low stiffness and could provide structural cues to
these cells to become less fibrotic and more regenerative
(Wong et al., 2011a).

By using capillary forces, cells can also be optimally seeded
into hydrogels at the point of care. First, a cellular suspension is
placed on top of a hydrophobic surface (parafilm wax paper); a
dry hydrogel is then placed on top of this suspension, resulting in
active absorption of cells into the pores of the scaffold through
capillary, hydrophobic, and entropic forces (Garg et al., 2014).
We compared this seeding method against centrifugal seeding
or direct injection of cells into hydrogels. Scanning electron
microscopy (SEM) showed that capillary force seeding had the
most optimal seeding time and efficiency, as well as long-term
cell survival and stability of hydrogel structure. Engrafted ASCs
and MSCs were found to have over 96% viability within the
hydrogels, indicating a beneficial environment conducive to cell
growth, and the data suggested that the hydrogel preserved
ASCs in a quiescent state and created a functional niche for
this stem cell population, with concomitant maintenance of full
cellular differentiation capacity (Figures 5G-I). Garg et al. (2014)
also showed that ASC-hydrogels could significantly improve
healing in murine burns, increasing wound vascularity and pro-
angiogenic cytokine expression and decreasing scar formation.

Adipose-derived stromal cells seeded in the pullulan-
collagen hydrogels improved healing in a murine burn model
(Barrera et al.,, 2021). Burn wounds on the dorsum of mice
were treated with either ASC-seeded or unseeded hydrogels
(controls). Wounds treated with ASC-hydrogels had significantly
reduced wound closure time, reduced scarring, reconstructed
collagen networks, more wound vascularity, upregulation of
pro-angiogenic cytokines such as CxclI2 and Vegfa, and
downregulation of the fibrotic marker Timpl. The ASC-hydrogel
group did significantly better across multiple experiments
suggesting their superiority and additive therapeutic benefit
in wound healing.

This enhanced delivery mechanism was further validated
using a highly potent subset of ASCs with enhanced regenerative
potential (Rennert et al., 2016). This subpopulation was identified
with high specificity using two surface markers, DPP4 and CD55,
which also expressed increased levels of general stem cell markers
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(CD34 and CD73) and genes associated with embryonic stem
cells (GGT1). The regenerative potential of the DPP4*/CD55™"
ASCs was then tested in a diabetic murine excisional wound
healing model (Rustad et al., 2012). Briefly, two 6 mm-thickness
cutaneous wounds were excised on either side of the midline
of the murine dorsum, with each wound stented with silicone
rings sutured in place to prevent wound contraction. Following
wounding, a total of 5 x 10° cells in 200 ml of saline was
placed on 4 mm hydrogel disks. The ASC-hydrogel treatment
demonstrated enhanced time to closure, and improved dermal
recovery as compared to control. These findings suggest that
this subpopulation of ASCs may have increased regenerative and
wound healing potential (Rocchi et al., 2010; Rugg-Gunn et al.,
2012; Kannan et al., 2014).

We further validated the biomimetic pullulan-collagen
hydrogel scaffold in its ability to deliver bone marrow-derived
MSCs in a murine excisional wound healing model (Rustad et al.,
2012). Rustad et al. (2012) demonstrated that wounds treated
with MSC-hydrogels had increased secretion of angiogenic
cytokines and expression of transcription factors associated with
maintenance of pluripotency and self-renewal (Oct4, Sox2, KIf4)
as compared to controls. Wounds treated with MSC-seeded
hydrogels also showed significantly accelerated healing and a
return of skin appendages. Wounds treated with MSC-seeded
hydrogels demonstrated significantly enhanced angiogenesis,
which was associated with increased levels of VEGF and other
angiogenic cytokines within the wounds. These data suggest
that biomimetic hydrogels provide a functional niche capable
of augmenting MSC regenerative potential and enhancing
wound healing, further supporting the beneficial, additive

abilities of pullulan-collagen hydrogel scaffolds for wound repair
and regeneration.

FUTURE DIRECTIONS

In this review, we have discussed the wide range of benefits
associated with cell-based therapies for wound healing. There is
substantial evidence that delivering cells to an injury site provides
benefits and improvements to healing. Furthermore, the use of
stem cells (both ASCs and MSCs) may be especially beneficial,
due to these cells’ abilities to differentiate into the multitude of cell
types needed in healthy tissue (Figure 6). Genetic engineering of
these patient derived cells to enhance their therapeutic efficacy
and instill novel cellular functions also represent a promising
avenue for further investigation.

For tissue engineering, many researchers have explored
methods to incorporate cells within extracellular matrices,
with techniques ranging from materials science chemistry,
decellularization, 3D printing, and electrospinning, to best create
a physiologic ECM milieu for cell incorporation. While these
techniques may be especially useful in cases where tissue must
be replaced (heart, tendon, and liver), external wounds require
therapies that provide both coverage and moisture to promote
a proper healing environment, and soft hydrogels provide these
baseline levels of beneficial healing. Cells seeded within these
hydrogels adhere to the extracellular scaffold, but the adhesions
are minimal enough so that cells may still detach and leave
the hydrogel to enter the wound bed and encourage healing.
This contrasts with other bioactive scaffolds that over promote

ASC Seeded Hydrogel Therapy

MSCs: ~
- Increased cellular differentiation capacity
- Requires ex-vivo expansion

Shared Benefits

Increased epithelialization
Improved angiogenesis
Faster wound closure

Reduced scarring

FIGURE 6 | Hydrogel with cellular therapy promotes wound healing. Hydrogel delivery system serves as a physiologic milieu to encapsulate cells to ensure efficient
delivery to wound site. Cells such as MSCs or ASCs may be seeded into the hydrogels. Upon application to the wound, cells migrate into the wound to initiate a

cascade of beneficial phenotypes.

Hydrogel

ASCs:

- Easily accessible in large quantities
- Minimal patient donor site morbidity
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adhesion so that cells remain within the scaffolds even at
long time points.

Utilizing capillary forces, both ASCs and MSCs can be easily
seeded within these hydrogels to improve viability and pro-
regenerative phenotypes. This relatively straightforward seeding
method can be readily translated for bedside application,
as hydrogels and cells can be kept separately until just
prior to application. It is likely that modifications to timing
and frequency of the cellular treatment may improve these
effects, as earlier or more frequent treatment may further
reduce inflammation, fibrosis, and scarring, or further promote
angiogenesis for healing. While a wide range of studies have
explored cellular delivery or the use of hydrogels, additional
work will be required to further optimize the parameters
for these techniques. Further refinement and testing of these
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