friried applied
e sciences

Review

Combination of Biomaterials and Extracellular Vesicles from

Mesenchymal Stem-Cells: New Therapeutic Strategies for
Skin-Wound Healing

Victoria Pulido-Escribano 1, Barbara Torrecillas-Baena 1'*, Gabriel Dorado 23, Maria Angeles Galvez-Moreno ',
Marta Camacho-Cardenosa I'* and Antonio Casado-Diaz

check for
updates

Citation: Pulido-Escribano, V.;
Torrecillas-Baena, B.; Dorado, G.;
Galvez-Moreno, M.A ;
Camacho-Cardenosa, M.;
Casado-Diaz, A. Combination of
Biomaterials and Extracellular
Vesicles from Mesenchymal
Stem-Cells: New Therapeutic
Strategies for Skin-Wound Healing.
Appl. Sci. 2023, 13,2702. https://
doi.org/10.3390/app13042702

Academic Editor: Agnese Magnani

Received: 31 January 2023
Revised: 14 February 2023
Accepted: 17 February 2023
Published: 20 February 2023

1
1,3,%

Unidad de Gestion Clinica de Endocrinologia y Nutricion-GC17, Instituto Maimoénides de Investigacion
Biomédica de Cérdoba (IMIBIC), Hospital Universitario Reina Sofia, 14004 Cérdoba, Spain

Department Bioquimica y Biologia Molecular, Campus Rabanales C6-1-E17, Campus de Excelencia
Internacional Agroalimentario (ceiA3), Universidad de Cérdoba, 14071 Cérdoba, Spain

3 CIBER de Fragilidad y Envejecimiento Saludable (CIBERFES), 14004 Cérdoba, Spain

*  Correspondence: marta.camacho@imibic.org (M.C.-C.); bblcadia@uco.es (A.C.-D.)

1t These authors contributed equally to this work.

Abstract: Hard-to-heal chronic wounds associated with aging and high-prevalence pathologies, such
as diabetes, are a global health problem. Therefore, it is necessary to advance effective treatments
to accelerate wound healing. Among these potential treatments are new therapies based on mes-
enchymal stem cells (MSC) and their secretomes, including extracellular vesicles (EV). They have an
important therapeutic potential for the treatment of chronic ulcers, due to their immunomodulatory
activity, as well as their ability to induce angiogenesis, cell proliferation and cell migration. The use of
MSC-derived EV in regenerative medicine involves cell-free therapies that decrease risks associated
with cell therapies, such as the potential development of tumors. However, the short half-life of
MSC-EV is a limitation for their clinical use. A therapeutic strategy to increase the regenerative
efficiency of EV in wounds is to encapsulate them in biomaterials. The latter must protect and
progressively release EV in damaged tissues, optimizing healing. Biomaterials that can be used
include hydrogels. These, in addition to acting as a vehicle for sustained application of EV, can create
favorable environments for wound healing. Thus, the aim of this review is to critically describe the
latest advances in the development of such therapeutic strategies. It highlights the significance and
clinical potential of these new therapies, as well as the need to develop clinical trials, to ascertain
their performance.

Keywords: mesenchymal stem cells; extracellular vesicles; wound healing; skin; wound dressings;
biomaterials; hydrogels; diabetes

1. Introduction

The skin is the largest and arguably the most important organ of the body, representing
16% of body weight. Its integrity is essential for survival. Thus, it protects from external
aggressions, such as ultraviolet radiation, abrasion and parasites, as well as prevents
dehydration [1]. Three main layers are distinguished in the skin (from the outside to the
inside): epidermis, dermis and hypodermis. The first consists mainly of keratinocytes.
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the upper layers (spinosum, granulosum, lucidum and corneum; from the inside to the
outside) [2]. The epidermis also shows invaginations, with hair follicles associated with
sebaceous and sweat glands. On the other hand, the dermis is located below the anterior
layer and is the most vascularized layer of the skin. The main dermal cells are fibroblasts.
They are responsible for the synthesis of the extracellular matrix, mainly consisting of
collagen. The dermis contains most of the dermal appendages, such as apocrine and eccrine
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glands and hair follicles. The dermis also contains interdigitations called dermal papillae,
located in the area of contact with the epidermis [2].

Among the pathologies that can affect the skin are wounds caused by trauma or
damage. Under normal physiological conditions, the regenerative process for the formation
of new tissue occurs after a series of phases, in which different cell types intervene, until
tissue similar to the original is formed [3]. However, under certain conditions, the healing
process slows down and becomes chronic, resulting in difficult-to-heal or chronic wounds.
Among the main risks for this to occur are aging, diabetes and recalcitrant infections [4].
Also, excessive fibrosis in the later stages of healing can generate hypertrophic scars, that
under more extreme conditions can degenerate into keloids [5,6].

The number of difficult-to-heal skin ulcers is increasing, mainly in the most econom-
ically developed countries. This is due in part to the aging of the population, and the
increased prevalence of pathologies such as diabetes [7]. The latter is estimated that will be
suffered by 629 million people worldwide by 2045, with an increase of 48% since 2017 [8].
That also leads to an increase in the number of skin ulcers. It is considered that open
wounds represent a problem for 3% of the population over 65 years of age in the USA. So,
with the aging of the population, the number of chronic wounds is expected to increase in
the coming years [9]. This has a significant impact on healthcare spending, because these
types of wounds require frequent care and treatment by physicians and nurses. Thus, the
cost and management of diabetic foot ulcers, which have a 15-25% prevalence in diabetes,
is between 9 and 13 million dollars in the USA [10].

Although conventional treatments, such as skin grafts, have reduced the mortality
rate in patients, they are limited due to a lack of tissue sources. Also, the outcome of
other treatments, such as surgical removal, dressing changes, hyperbaric-oxygen therapy,
and negative-pressure wound therapy in many patients, is not satisfactory. Hence, the
current quest for the development of more effective therapeutic approaches [11]. Taking
into account the above data, in addition to a policy of prevention to reduce the appearance
of chronic ulcers, it is necessary to develop more effective treatments than the current ones,
to accelerate their healing. Among the new therapies that have emerged in recent years,
for the treatment of this type of ulcer, is the use of mesenchymal stem cells (MSC) through
cell therapy [12]. For this, as a general rule, it is necessary to isolate such cells, expand
them in vitro and inoculate them into the damaged tissue to promote healing, thanks to the
regenerative capacity of these cells [13].

The regenerative power of MSCs has been associated in part with their paracrine
effects, rather than their ability to differentiate into different cell types. Thus, several
studies have shown that conditioned media from MSC cultures have a regenerative capacity,
similar, or even superior, to that of MSC [14,15]. Therefore, MSC secretomes may play a
very important role in the therapeutic capacity of MSC. Within the secretomes, there are the
vesicular fractions, formed by extracellular vesicles (EV). These may carry in their interior
different types of molecules, with the capacity to induce physiological changes in the
recipient cells [16]. Thus, it has been shown that MSC-derived EV have immunomodulatory
properties, being able to favor proliferation, migration and vessel formation in different
cell types. This gives them a high capacity to induce regenerative processes; for example,
in skin ulcers [17]. However, the half-life of these vesicles can be short in damaged tissues.
Therefore, treatments involving the direct application of these EV on wounds may not be
very efficient. Thus, in recent years, much attention has been focused on combinations
of MSC-derived EV with biocompatible materials, suitable for preserving their biological
activity, further allowing their controlled release into wound areas. These strategies may
increase the efficiency of the biological effects of EV, with the biomaterials providing
appropriate microenvironments for healing, which may have a positive impact on both the
speed and quality of wound healing [18].

In this scenario, the aim of this review is to critically describe the current research status
and clinical potential of such a wound-healing strategy. That involves the development of
complex biomaterials, with the ability to modulate the release of MSC-derived EV with
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regenerative capacity into wounds, during the healing process. For this purpose, a literature
search was carried out in PubMed https://pubmed.ncbinlm.nih.gov (accessed between
1 December 2022 and 12 January 2023), without temporal limits, using key words such as

V77

“extracellular vesicles and wound healing”, “extracellular vesicles and pharmacokinetics”,
V4 s

“extracellular vesicles and biomaterials and skin”, “extracellular vesicles and hydrogels
and skin”, as well as “extracellular vesicles and wound dressings”.

2. Physiology and Pathology of Cutaneous-Wound Healing

In the skin, tissue damage is repaired through complex biological processes, involving
extensive cooperation of various cell types, growth factors and cytokines [19]. Restoring the
integrity of all the layers of the skin (epidermis, dermis and hypodermis) are essential for its
function, as a protective barrier against the damaging effects of abiotic external factors, as
well as to prevent dehydration of the body, and to protect wounds from biotic aggressions
(infections) [20]. A normal scar will form with loose fibrous connective tissue in a slow
healing process, which consists of several phases. However, the damaged tissue will remain
weaker and functionally deficient for at least some time, compared to uninjured tissue [19].

Thus, healing is a dynamic progression comprising four phases: hemostasis, inflam-
mation, proliferation and maturation/remodeling. These phases may overlap, and even
different areas of wounds may be in different stages of healing [17]. Within seconds or
minutes after the wound originates, hemostasis begins with the action of platelets. The
latter produces a blood clot that stops bleeding, further protecting the wound area from
microbial invasion [21]. In addition, the formed fibrin network serves as a platform for
the migration of vascular cells, leukocytes and fibroblasts [20]. Different cytokines, hor-
mones and chemokines, necessary for the activation of subsequent healing phases, are
also released [17].

In the second phase, an inflammatory reaction is induced in the area of ulceration,
which aim is cleansing the damaged area of the skin. Within the first 24 h after the wound
is produced, neutrophils synthesize proteases and antimicrobial compounds [2]. They kill
microorganisms that are trapped after violation of the skin barrier [22]. At48 h of wounding,
the damaged zone gets cleaned by macrophages and lymphocytes, that engulf and digest
the remains of the matrix and existing microorganisms. Then, they change phenotype,
participating in the production of anti-inflammatory cytokines and extracellular matrix
(ECM) [23]. These cytokines and chemokines activate the proliferation phase [24]. Therefore,
after 48 h, the inflammatory process must be turned off to prevent the development of a
pathological process.

The third phase comprises re-epithelialization, neovascularization and granulation tis-
sue formation [21], which take place up to two to three weeks after injury. Re-epithelialization
of the damaged skin occurs due to the differentiation and proliferation of keratinocytes, as
well as regenerative epidermal stem cells. They originate from the interfollicular epidermis,
hair follicles and sebaceous glands at the wound edge [25]. Cytokines and vascular growth
factors, such as vascular endothelial growth factors (VEGF) and basic fibroblast growth
factor (bFGF), induce angiogenesis, and thus the formation of new blood vessels [17]. This
process is important for the progression of healing in the face of hypoxia and nutrient
deprivation, occurring at the wound site [19]. Fibroblasts also proliferate and produce large
amounts of ECM components. Some fibroblasts, under the action of transforming growth
factor beta (TGF-f) differentiate into myofibroblasts. They have a contractile function:
attach to the extracellular matrix via integrins, and contract via alpha smooth-muscle actin
(-SMA) [20]. Therefore, the size of the wound is reduced, contributing to its closure [19].

Finally, in the last and longer maturation/remodeling phase (for up to a year after skin
injury), the tissue reaches its final appearance of healing [2]. After the closure of the skin
wound, the ratio of fibrillar collagen I to collagen III in the temporal wound matrix (2:1)
returns to the level of normal skin (5:1) [19]. This phase is characterized by the restructuring
of the entire unorganized ECM [26], and the reduction of both dermis cellularity and
blood-vessel density [17]. In general, after superficial injury, the scar is barely (or may not
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even be) visible to the naked eye. In the case of a deeper wound, the scar is often visible,
but is seen as a smooth, pale and flattened area known as a normotrophic scar.

As a result of this final stage, barely visible scars are generated for superficial injuries.
They are usually visible as smooth, pale and flattened in deep trauma [27]. An incorrect
sequence and timing of these phases could potentially result in abnormal healing [2].
This failure of tissue-repair processes can be associated with vascular diseases, diabetes
mellitus, or aging. It can be also caused by genetic variations in genes responsible for such
processes [20]. Ulcers may become chronic if the inflammatory phase takes more than three
weeks [28]. On the other hand, an excess of fibrosis during the proliferation phase may
generate hypertrophic scarring or keloids [29] (Figure 1).

Inflammatory responses are essential during wound-healing processes. Yet, a pro-
longed acute-inflammation phase may impair the proliferation of keratinocytes and recruit-
ment of profibrotic macrophages [30]. An imbalance may occur between inflammatory
and anti-inflammatory signals, and chronic inflammation may develop. Appropriate steps
may not progress, leading to an imbalance in the environment, and disrupting wound
healing [31]. Failure to proceed through the normal phases of healing generates chronic
wounds [11]. This prolonged inflammation stage is caused by a local increase in levels
of pro-inflammatory cytokines, like interleukin-1 beta (IL-13) and tumor necrosis-factor
alpha (TNF-«x). All that delays wound healing [29]. In this scenario, the levels of matrix
metalloproteinases (MMP) and serine proteases are significantly increased. They are capa-
ble of destroying components of the extracellular matrix, and worsening the migration of
cells [32] (Figure 1b).

Chronic inflammation is one of the causes of poor healing in patients with diabetes.
This pathology is responsible for the majority of non-traumatic lower-limb amputations. In
fact, 15-20% of diabetic foot ulcers may require amputation [33]. Diabetes decreases the
immune response, which facilitates infections. It also produces defects in microcirculation
which, together with peripheral neuropathy and peripheral arterial disease, favor the
appearance of skin ulcers. The healing of these ulcers is aggravated by hyperglycemia,
which leads to the formation of advanced glycation end-products (AGE). They favor the
chronification of inflammation. That is characterized by an increased presence of pro-
inflammatory M1 macrophages, in relation to anti-inflammatory M2 ones, and increased
levels of pro-inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6) and
tumor necrosis factor-a (TNF-a) [33]. Age is also a risk factor that slows the rate of healing
of skin wounds. With age, there are changes in the conformation of skin, that affect both
the epidermis and dermis, making it more vulnerable to different types of damage. For
example, the number of dermal-epidermal junctions in the epidermis decreases, as does
the speed of keratinocyte migration. Additionally, in the dermis, there are fewer fibroblasts,
macrophages, vessels and extracellular matrix components, such as collagen [34]. In
addition, age may be also associated with increased malnutrition, sedentary lifestyle,
decreased steroid hormones and increased medication, as a consequence of the appearance
of pathologies associated with aging. All these factors also have a negative influence on
healing capacity [34].

Defects in scar formation can lead to excessive accumulation of ECM in tissues (fibrosis)
and cause pathological scarring, with loss of skin function. The most significant components
of such process are TGF-f3, connective tissue growth factor (CTGF), interleukin-4, 13 (IL-4,
13), platelet-derived growth factor (PDGF) and osteopontin [35]. Such abnormal scar
overgrowth can lead to two different types of fibrotic-skin disorders: hypertrophic scars
and keloids [19]. The former is an area of fibrous-connective tissue, formed by disordered
collagen; mainly type III [20]. These scars grow rapidly for four to 12 weeks after injury.
They tend to mature and flatten over time, without extending beyond the boundaries of the
original wound area [17]. The latter, however, invade the surrounding skin and are slower to
develop. They can appear even years after the trauma. Inadequate inflammatory responses
can facilitate their development. They continue to grow as a benign fibroproliferative
tumor [36]. Histologically, keloids differ from normal skin and hypertrophic scars in the
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arrangement of collagen fibers, the presence of x-SMA, positive myofibroblasts and a
higher degree of angiogenesis [37] (Figure 1c).
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Figure 1. Pathological processes during wound healing. Compared to normal wound healing

process (a), the ulcer may become chronic if the inflammatory phase lasts longer than three weeks (b).
Excessive fibrosis during proliferative phase may lead to hypertrophic scars or keloids (c).
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3. Mesenchymal Stem-Cells in Wound Healing

MSC are multipotent nonhematopoietic adult stem cells. In the last few years, they
have acquired a lot of interest, due to their application in regenerative medicine. MSC
can be isolated from various tissues such as umbilical cord blood, endometrium, bone
marrow, fat tissues, Wharton's jelly, liver, amniotic fluid, placenta and dental pulp, among
others [38]. Furthermore, they are characterized as plastic adherent cells, expressing the
surface markers CD73, CD90 and CD105; not expressing CD14, CD34, CD45 and HLA-DR.
Surprisingly, MSC have the possibility to differentiate into a wide variety of cells from
mesenchymal (osteoblasts, chondrocytes, adipocytes, endothelial cells and cardiomyocytes),
and non-mesenchymal (neurons, glial cells and hepatocytes) cell lineages [38—40]. They are
known for their immunosuppressive, anti-inflammatory, tissue restoring, neuroprotection
and differentiation properties [40].

These properties have made them an attractive therapeutic tool in cellular therapy
and regenerative medicine. In fact, multiple clinical studies have been published about
their applications to different diseases. They include a variety of tumors, multiple sclerosis,
amyotrophic lateral sclerosis, acute and chronic heart failure, stroke, Crohn’s disease, kidney
and liver chronic disease, diabetes, osteoarthritis and rheumatoid arthritis, osteonecrosis,
lumbar intervertebral disc degeneration, spinal cord contusions, sepsis, and critical limb
ischemia [41]. MSC provide significant therapeutic potential, since they can expand in vitro,
can be cryopreserved while maintaining their effectivity, express intermediate and low
levels of the MHC class I and II molecules, and can be intravenously administered [17,39].

When an injury occurs, MSC are involved in the four wound-healing stages. They
can reach the damaged tissue engrafting, differentiating into the convenient cells, as well
as triggering anti-inflammatory responses, and promoting neovascularization for tissue
regeneration [42]. However, this repair is not only due to MSC, but also to the trophic
factors that they secrete, playing a paracrine effect. That is known as secretome and is
composed of cytokines, growth factors, chemokines, inflammatory mediators, extracellular-
matrix components, proteins and extracellular vesicles, which can mediate cell-to-cell
communication, cell differentiation, chemoattraction, immunomodulation, inhibition of
fibrosis and apoptosis, as well as secretion of pro-angiogenic factors [38,43].

In the case of a skin wound, the physiological response of MSC is the following:
TNF-« and IL-1f3 are secreted by neutrophils, and MSC infiltrates the wound responding
to the local inflammation. When MSC reach the wound, they produce pro-inflammatory
cytokines like CCL2, CCL3, CSF2, IL-6 and IL-8, CCL2 and CCL3, recruiting neutrophils
and macrophages. These are responsible for activating the adaptive immune system,
and begin to degrade damaged tissue. Furthermore, MSC recruit plasmacytoid dendritic
cells and limit the number of activated T cells, as well as other innate immune cells, to
mediate the transition to the next phase. In the proliferation stage, MSC secrete some
proteins and factors, promoting angiogenesis and re-epithelialization (EGF, HGF, VEGE,
ANGPT1, PDGEF-B and FGF). Also, they can promote resident macrophages to change from
inflammatory (M1) toward wound healing (M2) phenotype. Finally, in the remodeling
phase, MSC secrete matrix metalloproteinases, inducing matrix deposition and tissue
inhibitors of metalloproteinases. That way, they avoid the deposition of extracellular matrix
proteins, thus preventing the generation of scars [43].

4. MSC-Derived Extracellular Vesicles

An important fraction of the MSC secretome is composed of EV. They are defined as
nano-sized particles surrounded by a lipid bilayer, without the capacity to replicate [44].
They can be released by the majority of cell types, and can be found in a variety of fluids [38].
There are three subtypes of EV: microvesicles, exosomes and apoptotic bodies. They are
differentiated according to their size, biogenesis, content, release pathway and function [45].
Exosomes measure between 30 and 150 nm. They have an endosomal origin, through
the fusion of plasma membranes with multivesicular bodies [46]. Microvesicles measure
between 100 nm and 1 um, and are formed by the evagination of the plasma membrane.
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Finally, apoptotic bodies range from 50 nm up to 5000 nm in diameter. They are released by
dying cells, due to the increase in hydrostatic pressure. Thus, cell contractions cause the
separation of plasma membranes from cytoskeletons [45]. For more information about the
biogenesis of EV, readers can consult some reviews [45,47].

Likewise, EV may contain active molecules like proteins, peptides, carbohydrates,
lipids, and nucleic acids (miRNA, mRNA, non-coding RNA, double-stranded DNA, and
mtDNA) that can be delivered into neighbor and even distant cells, modulating different
biological process. These cargos can be different, depending on parent cells, biogenesis as
well as physiological conditions at the time of formation [45,46,48]. They are intensively
explored, because not only play an important role in the normal physiological process,
but also in the development and progression of diseases [42,49]. Indeed, EV are involved
in certain processes such as immune response, homeostasis maintenance, coagulation,
inflammation, cancer progression, angiogenesis and antigen presentation [38].

In fact, in recent years, interest in MSC-derived EV (MSC-EV), as a regenerative
therapeutic tool, has increased. Their effects have been studied in several important
diseases involving the kidney, liver, cardiovascular system, wound healing, as well as
neurological and neurodegenerative ones, among others [38,49]. Their use is considered
a cell free-based therapy. Therefore, they overcome the safety limitations of whole-cell
therapies. Among these limitations and undesirable effects xeno-contaminations caused by
components of culture medium, including viruses. Likewise, unwanted physiological and
differentiation changes may occur during in vitro expansion, prior to application. Also,
the possibility of producing thromboembolism and fibrosis in the tissues where they are
inoculated [50]. Conversely, MSC-EV offer the following advantages: (i) since they are
not living and proliferative cell populations, problems related to immune compatibility,
tumorigenicity, emboli formation and transmission of cell-borne infections are avoided;
(ii) dosage and potency might be evaluated, such as conventional pharmaceutical agents;
(ii) are stable and could be stored for long periods of time, without significant efficacy loss;
(iv) collection processes are non-invasive, and different factors can be obtained changing
culture media; (v) could be produced in large scales, using specific cell lines, in controlled
conditions; (vi) could be engineered for carrying specific molecules, and labeled with
certain surface proteins, to reach target cells; and (vii) show easy intravenous circulation,
being even capable of crossing the brain barrier [17,51-53].

5. MSC-EV and Wound Healing

MSC-derived EV play crucial roles in the main wound-healing phases. Processes such
as inflammation, induction of cell proliferation, formation of new tissues and maturation
and transfer of certain biomolecules are some of them, in which MSC-EV are involved [48].

5.1. Hemostasis

In case of injury, the first stage is focused on the constriction of blood vessels and
fibrin-clot formation, which prevents and protects the organism against blood loss [51].
MSC-EV are involved in blood coagulation. Thus, they decrease the time of such a process
and increase the area of the clot. Among the proteins they present in their membrane, one
of the most important is CD9, related to activation and stabilization of platelets, as well as
improvement of fibrinogen binding. They also contain annexin V, which has anticoagulant
activity. This shows that the coagulant properties of MSC-EV depend on an equilibrium
between the activities of pro- and anti-coagulant proteins [54]. It has been found that EV
play a role in coagulation processes independent of proinflammatory stimuli. In fact, they
probably induce intrinsic and extrinsic pathways of coagulation, in which FXII and FVII
are respectively involved [55].

5.2. Inflammation

In this phase, the wound bed is cleaned of cells and bacteria, by neutrophiles. Also,
macrophages phagocytize tissue debris and produce some cytokines and growth factors,
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enhancing the inflammatory response. In fact, macrophage polarization takes place. They
change their inflammatory M1 into an anti-inflammatory M2 phenotype. In that case, MSC-
EV might have an important role in promoting immunomodulatory effects, producing
suitable wound-healing environments [39,51] (Figure 2a).

Inflammation
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miR-146a-5p, miR-223,

MIRNAS e 181¢ and miR-19b,
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Figure 2. Role of extracellular vesicles during wound healing. EV may carry miRNA and proteins that
can modulate a variety of physiological processes in different skin wound-healing phases. (a) In the
inflammation phase, MSC-EV promote anti-inflammatory processes, suppressing apoptosis, inducing
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macrophage phenotype change from pro-inflammatory (M1) to anti-inflammatory (M2) and de-
creasing reactive oxygen species (ROS) synthesis. (b) In the proliferation phase, they contribute to
neovascularization and re-epithelialization, stimulating fibroblast migration and proliferation into
wounds. (c) In the remodeling phase, EV increase collagen I production and promote scarless wound
healing. In brackets are shown bibliographic references related to functions of these molecules in
different wound healing phases.

Furthermore, it has been found that transmission of some miRNA could produce
macrophage polarization. Among others, miR-34a-5p, miR-124-3p, miR-146a-5p and
miR-223 [56,57]. MSC-EV miR-181c overexpression suppressed the TLR4 signaling pathway
and alleviated inflammation in burned rats [58]. Proteomic analyses of MSC-EV have found
that EV may contain chemoattractant proteins such as chemokine CXCLS8, CXCL16, DEFA1,
HERCS, IFITM2 and XCL2. They might enhance the immune response, protecting against
infectious diseases [59].

Additionally, MSC-EV contain prostaglandin E2, which regulate the migration of
neutrophils and macrophages polarization. MSC-EV also carry IL-6, IL-10, TGF-3 and
VEGE, that act as chemotactic and anti-inflammatory factors [42]. Due to their action
on dendritic cells, MSC-EV might shift the production of inflammatory T-cells towards
FOXP3+ regulatory ones, reduce the secretion of inflammatory cytokines like IL-6, and
expression of chemokine receptor CCR7. Furthermore, an increase in the secretion of
anti-inflammatory TGF-f3 has been observed [60]. In another study, the HaCaT cell line,
after hydrogen peroxide exposure treatment with MSC-EV, reduced expression of apoptotic
and inflammatory proteins (caspase-3 and IL-6) and increased expression of Bcl-2 and IL-10
(anti-apoptotic and anti-inflammatory ones). Also, an increase of miRNA-19b levels was
found in these cells. This miRNA binds to inflammatory factors, resulting in the activation
of the TGF-p pathway, which inhibits inflammation [61]. Another study demonstrated that
EV could modulate endothelial precursor cells. inhibiting ROS and inflammatory cytokine
expression [62]. These data showed that MSC-derived EV had a high immunomodulatory
capacity, through multiple mechanisms.

5.3. Proliferation

This phase involves fibroblast proliferation, production of collagen III matrix and cre-
ation of granulation tissue. At this moment, angiogenesis is extremely important. Wound
environments need new blood vessels to transport the necessary nutrients, oxygen and
factors for correct healing [39]. Interestingly, MSC-EV are involved in endothelial cell prolif-
eration, migration, secretion of growth factors and vessel formation. It has been described
that MSC-EV could transfer some miRNA to endothelial cells and promote angiogenesis
(Figure 2b). In particular, miR-125a, miR-126, miR-130a, miR-296 and miR-378 [57,63].
Another study showed that MSC-EV contain miR-126, miR-210, miR-296 and miR-378 as
well as some factors such as VEGF and FGF, necessary for this process [64]. In relation to
proteins, it has been described that human umbilical cord-derived mesenchymal stem-cells
(hUCMSC)-derived EV contain angiopoietin-2 (Ang-2), which is one of the main growth
factors inducing new vessel formation [65].

Other cells involved in the proliferation phase are fibroblasts. MSC-EV promote their
migration to the wound site, and improve granulation tissue formation. A study suggested
that MSC-EV contain Jagged 1, which promotes fibroblast activity, via the Notch signaling
pathway [66]. Additionally, IncRNA H19 has also been found in MSC-EV, inhibiting mir-19b
expression and upregulating SOX9. This activates the Wnt /b-catenin pathway that promotes
fibroblast proliferation, migration and invasion into wounds [67]. Also, the presence of
miR-21, miR-29a and miR-132 in MSC-EV enhanced wound healing, promoting proliferation
and migration of fibroblasts, in addition to extracellular matrix production [57].

Moreover, a greater proliferation and migration of keratinocytes has been observed
after being treated with MSC-EV. This effect may be mediated by the transfer of miRNA
from EV into tissues. Thus, it has been demonstrated that the transfer of miR-27b from
hUCMSC-EV into wounds can activate ITCH/JUNB/IRE1a signaling, accelerating re-
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epithelialization processes [68]. In general, MSC-EV could have effects on the proliferation,
migration and angiogenesis of keratinocytes, fibroblasts and endothelial cells, modulating
different signaling pathways, among which AKT/HIF-1x stands out, being related to
cell proliferation [69].

5.4. Remodeling

In this stage, overexpression of collagen could produce the formation of large scars.
To prevent this process, tissue maturation takes place, involving gradual replacement of
collagen III with collagen I, as well as the formation of sweat glands and hair follicles [51].
Skin mechanical properties and reduction of scar formation can be enhanced by MSC-EV.
They improve skin elasticity and barrier integrity, increasing some skin barrier proteins such
as filaggrin and loricrin, as well as AQP3 gene expression [70]. Additionally, another study
showed that MSC-EV increase collagen III/collagen I ratios, ameliorate MMP3 expression,
via protein kinase/mitogen-activated protein kinase (ERK/MAPK) signaling pathway, and
regulate fibroblasts differentiation, to help scarless wound healing [71].

In the antifibrotic effect of MSC-EV application on wounds, an important role of
different miRNA carried by these EV has been observed. Thus, MSC-EV could decrease
collagen deposition, trans-differentiation of fibroblasts into myofibroblasts, and formation
of fibrosis scars. MSC-EV transfer miR-192-5p into wounds, and this represses pro-fibrotic
IL-17RA/SMAD 2 axis [72]. Other MSC-EV miRNA, such as miR-29¢, miR192 and miR-215
have also been involved in this phase [57]. Additionally, MSC-EV can deliver miR-21,
miR-23a, miR-125b and miR-145, which inhibit TGF-3/SMAD2 signaling, suppressing
myofibroblast formation [73] (Figure 2c).

The ability of MSC-EV to act on different phases of the healing process, through various
mechanisms, has made them important candidates for the development of therapies, to
promote the healing of difficult-to-heal wounds. However, when they are applied in vivo,
topics such as clearance, maintenance and preservation of their viability and function must
be considered [74]. Thus, currently available information on their pharmacokinetics will be
reviewed in the following section. Then, how the use of different biomaterials can facilitate
their application, stability and release, for skin-ulcer treatments.

6. Extracellular-Vesicle Pharmacokinetics

As explained in the previous section, different studies have shown that MSC-EV are
involved in various biological processes. For this reason, since they are efficient vehicles to
transport nucleic acids, proteins and other bioactive compounds, MSC-EV are expected to
be used in therapeutic treatments, such as tissue regeneration. To develop therapies based
on these vesicles, it is important to know their pharmacokinetics when they are applied
in vivo. To elucidate the pharmacokinetics of MSC-EV, their tissue distribution must be
evaluated. For this purpose, different methods of labeling exogenously administered
EV have been used. One of them is the use of lipophilic fluorescent dyes to label EV
for in vivo monitoring purposes. For example, it has been observed that EV derived
from intravenously administered murine B16F10 melanoma cells accumulated in bone
marrow, spleen, liver and lung, due to the lipophilic fluorescent dye PKH67. Furthermore,
different studies in animal models observed that MSC-EV labeled with 1,1’-dioctadecyl-
3,3,3',3/-tetramethylindodicarbocyanine perchlorate (DiD), and intravenously injected,
were distributed throughout spleen, liver and kidney [75].

Moreover, EV derived from different cells and labeled with 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindotricarbocyanine iodide (DiR) allowed us to elucidate the in vivo behavior
of such vesicles [76]. Thus, EV were mainly distributed in the spleen, liver, lung and
gastrointestinal tract when intravenously injected. Notably, tissue distribution of EV
derived from HEK293T human embryonic kidney cells was different, depending on the
injection method. They were mainly stored in the liver when intravenously applied.
However, vesicles administered by subcutaneous or intraperitoneal injection accumulated
in the pancreas, liver and gastrointestinal tract. The biodistribution of EV derived from
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body fluids, such as milk, has also been studied [77]. These vesicles were labeled with DiR
and orally or intravenously applied. They are distributed into various organs such as the
lung, kidney, liver, spleen, pancreas, colon, brain and ovaries after four days, when orally
administered. However, exosomes intravenously injected accumulated in the liver. Such
a result is in line with what has been demonstrated in other studies of EV derived from
cultured cells.

Another aspect to be considered for the study of pharmacokinetics is the time of
elimination from the bloodstream, and accumulation in organs. It was observed by bi-
oluminescence that the half-life of gL uc-LA-labeled B16BL6 EV was approximately two
minutes after intravenous injection. Furthermore, it was found that these EV were mainly
distributed in the lung, liver and spleen. Also, it was observed that EV derived from differ-
ent mouse cell lines have a half-life of two to four minutes, after intravenous injection, being
accumulated in the liver [78,79]. These studies demonstrate that there are several types of
EV target tissues although, regardless of the method of exosome labeling, intravenously
administered EV rapidly disappear from blood circulation, being mainly stored in the liver.

It is also important to identify which cell types recognize and take up EV, incorpo-
rating their cargos, for further advancement in the development of EV-based therapies.
Different studies indicate that the primary cells that actively take up exogenous EV are
macrophages. Thus, clearance of intravenously injected B16BL6 EV from the bloodstream
was slower in mice without macrophages, thus marking the importance of these cells in the
pharmacokinetics of exosomes. It has been observed that macrophages are responsible for
hepatic and splenic uptake of B16BL6 EV, while in the lung they were mainly taken up by
endothelial cells [78].

To address the problem of rapid clearance of EV when intravenously, subcutaneously
or intraperitoneally administered, a combination of vesicles with biomaterials, such as
hydrogels, has become the main research focus of exosome-based therapies. EV release
can be controlled by hydrogel properties such as network morphology and cross-link
density, as well as hydrogel degradability [18]. In fact, several studies have shown that
encapsulation of EV in a biomaterial, such as a hydrogel, provides a sustained release of
EV during hydrogel biodegradation. That improves the efficiency of the biological activity
of such EV. For example, the release of M2 macrophage-derived VE from a hydrogel was
slow over 21 days [80]. In another study, M2 macrophage-derived EV were encapsulated
in hydrolytically-degradable polyethylene glycol hydrogels, for their application in skin-
wound healing. The degradation time of hydrogels was adjustable from 6 to 27 days.
These EV were released over a period of 11 days. After being released from hydrogel, they
retained their physicochemical properties and biological functionality [81]. These studies
show that the development of strategies that combine the application of MSC-EV and the
use of wound dressing, with the capacity to maintain stability and functionality, favoring
progressive release of these vesicles, have a high therapeutic potential for the treatment of
skin ulcers.

7. Use of Biomaterials in the Release of Extracellular Vesicles for Treatment of
Cutaneous Wounds

As discussed in the previous section, clearance of MSC-EV occurs rapidly when sys-
temically delivered. Therefore, local administration of damaged tissues could improve
their efficiency. However, proteases and pH changes in these tissues also produce a high
degradation of MSC-EV. Those that remain are rapidly taken up by cells, such as endothe-
lial ones and macrophages [82]. On the other hand, regenerative processes, such as skin
healing, consist of different phases, as described above. Each of these phases needs a
series of factors and molecules for its development. Therefore, a simple administration
of MSC-EV for regenerative purposes may not be the most appropriate approach. This,
together with the short half-life of EV forces the need for repeated applications, for the
treatment to be efficient. However, high wound manipulation can be counterproductive,
delaying the healing process. Therefore, in recent years, different types of biomaterials
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have been developed and tested for their encapsulation, progressive release and creation of
a suitable microenvironment that favors healing. Properties that these biomaterials should
include an extracellular matrix-like, tissue-adhesive structure, high porosity and good per-
meability [83]. They are called modern wound dressings. Unlike more traditional or inert
ones, such as cotton, gauze, pads and bandages, the new ones have better biocompatibility,
degradability and moisture retention. This not only protects the wound from external
factors, but also creates a more favorable microenvironment for healing [84].

Among the modern dressings, currently used in the clinic, are the following: (i) hydro-
gels, consisting of a three-dimensional network of hydrophilic polymers; (ii) hydrocolloids,
made of hydrogel, mixed with adhesive materials and synthetic rubber; (iii) alginate, which
is a polysaccharide derived from brown seaweed; (iv) foams from silicone or polyurethane;
and (v) porous and transparent films based on polyurethane [84]. Synthetic and natural
polymers have been used to make some of these dressings. Among the latter are alginate,
chitosan, collagen, hyaluronic acid and gelatin [83].

Current treatments are still not sufficiently effective for healing difficult-to-heal skin
ulcers. Thus, traditional clinical treatments of diabetic wounds include control of blood glu-
cose, surgical debridement, graft transplantation, as well as a wound dressing. Although
these measures can be successfully applied in the most severe cases, in many instances
they are not sufficient, and the wounds do not heal, or heal after very long periods of time.
It is, therefore, necessary to develop new treatments that favor tissue regeneration, with
adequate progress of healing. Thus, it has been proposed that products to promote skin
healing must meet one or more of the following properties: (i) stable under room temper-
ature storage; (ii) suitable for topical or injectable delivery; (iii) antimicrobial, analgesic
or hemostatic properties; and (iv) accelerate wound repair, by promoting conductive or
inductive regenerative mechanisms [85]. The new products based on a combination of
multifunctional wound dressings with EV meet these properties. Their potential clinical
applications are expected to result in shortening the healing period, and improving the
functionality of scar tissues. Among the dressings used as VE vehicles for wound treatment,
hydrogels stand out. In addition to acting as a barrier to external wound agents, they are
semi-permeable to water and oxygen, being biodegradable. They reduce pain in patients
and dressing frequency, avoiding second trauma during dressing changes. Additionally,
they reduce scar formation, promoting autolytic debridement [86]. In addition, active
pharmaceutical ingredients or bioactive factors can be incorporated into hydrogels, which
are thus more stable, and can be progressively released when the gel is biodegraded, as
opposed to direct administration [87]. Another important characteristic of hydrogels is their
porosity. It must be high, to facilitate the transport of nutrients, waste products and gas ex-
change, as well as the migration and survival of skin cells in wound beds [18]. Furthermore,
because rheological properties of hydrogels are similar to those of the extracellular matrix
of the skin, they can be used to mimic their functions [18]. Within the different types of hy-
drogels, injectable ones are well suited for wound treatment and nanoparticle or EV release.
Injectable hydrogels are low viscosity fluids, with high penetration capacity into beds and
crevices of ulcers. Once injected, chemical or physical hydrogel crosslinking can be induced
in situ. This provides stable hydrogels, in intimate contact with damaged tissues [18].

The incorporation of MSC-EV into biomaterials depends on interactions between
them. Therefore, one line of research is to explore new strategies that increase the loading
and retention of MSC-EV in these biomaterials. EV can be incorporated into hydrogels in
different ways: (i) combining EV with polymers, and then adding crosslinkers to induce
gelation; (ii) making hydrogels first, and then incorporating EV through physical methods;
and (iii) mixing polymers together with crosslinkers and EV [88]. Of the three possibilities,
the second one has the advantage over the others in that polymerization conditions do
not affect the properties of EV. Binding can occur through electrostatic or bioactive adhe-
sion interactions [89]. In the former case, negatively-charged phospholipid membranes
of MSC-EV and cationic (positively charged) delivery systems, such as those based on
chitosan-containing hydrogels, retain MSC-EV through electrostatic forces. For bioactive
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adhesion, considering that MSC-EV express adhesion molecules (such as CD29 CD44 and
CD73, as well as some «-integrins), extracellular matrix components such as collagen I,
fibronectin and hyaluronic acid are used for biomaterial fabrication [90].

The structure and porosity of the biomaterial matrix also play a very important role
in the retention, stability and subsequent release of EV. A very promising technique for
manufacturing nanofibers, with applications in regenerative medicine, is electrospinning.
This consists of discharging a charged polymer solution through a syringe, at a given rate,
in presence of high voltage. That causes electrostatic charges to accumulate at the tip of the
polymer-droplet row, producing what is known as a Taylor cone. With increasing voltage,
a polymer jet is generated and deposited on a collector, generating nanofibers to form
non-woven mats with high porosity. They mimic the extracellular matrix, due to their small
pore size [91]. With this technique, gelatin-based nanofibers, as well as others produced by
mixing gelatin with other biopolymers, have been generated with the ability to improve
wound healing [91]. In addition, it has been demonstrated that these nanofibers have a
high capacity to store and release different drugs and bioactive agents, with therapeutic
functions. Among these agents are EV. Thus, it has recently been described that electrospun
polyvinylpyrrolidone-based nanofibers can preserve up to 12 weeks EV without significant
loss of functionality [92]. So far, to our knowledge, no nanofibers-containing MSC-EV
have been fabricated by this technique, for the treatment of cutaneous wounds. However,
other preclinical studies have been performed using both in vivo and in vitro models. They
have shown a high potential of this type of biomaterials in regenerative medicine when
applied, for example, to urethral or bone regeneration [93,94]. Among the most used wound
dressings to release MSC-EV are hydrogels based on chitosan, alginate, hyaluronic acid,
collagen and Pluronic F127. Other biomaterials produced through tissue decellularization
and from other compounds such as polyurethane also stand out, as described below.

7.1. Chitosan Hydrogels

Chitosan is one of the most widely used polymers, as a base for manufacturing hydro-
gels with healing capacity. It is a poly-cationic biopolymer derived from a thermochemical
deacetylation of chitin (a polymer found in the exoskeleton of arthropods). Chitosan has
antimicrobial properties, promotes blood clotting, and is biocompatible and biodegradable.
Therefore, it is a suitable substrate for the development of dressings, for the treatment of
skin wounds [95]. In this regard, it has also served as a scaffold to include MSC and MSC-EV.
Interestingly, a collagen- and chitosan-based hydrogel enriched in bone marrow-derived
MSC or their EV, significantly improved wound healing in a rat model over hydrogel alone.
This improvement was greater in wounds treated with a hydrogel containing MSC-EV. This
was due to an increase in the deposition and organization of collagen in the extracellular
matrix. That shows the therapeutic potential of cell-free therapies, based on hydrogels and
VE, for the treatment of skin ulcers [96]. In this sense, the use of EV has the advantage that
they can be enriched in different factors, through modifications such as genetic engineering.
Thus, for example, in synovium mesenchymal stem cells (SMSC), miR-126-3p has been
overexpressed, giving rise to EV enriched in such miRNA. Encapsulation of these EV in a
chitosan-based hydrogel and their application to wounds in a diabetic rat model improved
healing, by increasing granulation tissue formation and angiogenesis [97]. The rationale is
that miR-126-3p induces angiogenesis, through phosphatidylinositol 3-kinase (PI3K)/AKT,
as well as mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) pathways [98].

A hydrogel based on chitosan and glycerol was enriched in EV, derived from human
endometrial stem cells. It was used in an in vivo mouse model of skin healing, being
compared against treatment with hydrogel without extracellular vesicles. Treatments were
performed every three days, showing that hydrogel with MSC-EV had a greater capacity to
promote wound closure (83.6% compared to 51.5% in the control), with a high degree of
re-epithelialization and greater induction of angiogenesis and granulation tissue forma-
tion [99]. On the other hand, carboxymethyl chitosan is a derivative, that has been used
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together with poloxamer 407 (P407), for the fabrication of a thermo- and pH-sensitive hydro-
gel, by crosslinking reactions with the natural nontoxic crosslinker genipin (GP) [100]. This
hydrogel showed an adequate protective and moisturizing effect on wounds, without stim-
ulating proinflammatory processes; in addition to being biodegradable. The incorporation
of EV derived from hUCMSC provides a high healing capacity to the hydrogel, in a cuta-
neous wound rat model, when applied every three days. Thus, the hydrogel loaded with
MSC-EV significantly improved wound closure, re-epithelialization, collagen deposition
and the number of skin appendages with respect to hydrogel without MSC-EV, indicating
a higher maturation of the regenerated tissue [100]. VE-loaded chitosan-based hydrogels
can also exert their positive effect on healing, through the inhibition of apoptosis. Thus, a
methylcellulose-chitosan hydrogel loaded with EV derived from placental-mesenchymal
stem cells produced a positive effect on skin-wound healing in the db/db diabetic mouse
model. That was partly due to its ability to promote angiogenesis and inhibit apoptosis.
Indeed, this hydrogel increased the expression of VEGF and BCL-2 (anti-apoptotic) proteins,
while BAX (pro-apoptotic) expression decreased, with respect to treatment with hydrogel
or EV, separately [101].

Chitosan has also been used as a base for the manufacture of dressings with antimi-
crobial capacity. For instance, a chitosan-based dressing was developed, including silver
nanoparticles (AgNP), attached to EV derived from hUCMSC. AgNP exhibits a broad
antimicrobial spectrum, and is being widely used for the treatment of skin infections [102].
It has been combined with the regenerative effects of EV derived from MSC, and the
moisturizing capacity of the dressing. Thus, in a mouse model of wound healing in which
wounds were inoculated with Pseudomonas aeruginosa, the application of this multifunc-
tional dressing inhibited bacterial growth and accelerated healing. That was accomplished
by increasing collagen deposition, angiogenesis and nerve repair, to a greater extent than
dressing containing the components separately [103].

In addition to chitosan, chitin nanofibers have also been used to develop hydrogels
with good carrier properties, for sustained release of VE [88]. Recently, the fabrication of a
[3-chitin nanofiber (3-ChNF) hydrogel, which was loaded with EV derived from adipose-
mesenchymal stem cells, extracted from C57BL/6 mice, has been described [104]. These
MSC-EV increased proliferation and migration of the L.929 mouse fibroblast line, when
applied at 80 or 160 ug/mL. Furthermore, their incorporation into 3-ChNF hydrogels
accelerated the healing of cutaneous wounds, relative to the ones independently treated
with just hydrogel or MSC-EV, in a rat wound-healing model. This process was mediated
by a decrease in complement factor D (CFD) synthesis, with an increase in alpha-actinin-2
and aldolase A [104].

7.2. Alginate Hydrogels

Alginate has high biocompatibility, is inexpensive and easy to gel using divalent
cations. In addition, alginate gels have a high capacity to absorb large amounts of wound
exudate. These properties have allowed it to be used for drug delivery [105]. Thus,
EV derived from cultured rat adipose-tissue-derived stromal cells (ADSC) have been
encapsulated in this type of hydrogel at a concentration of 100 ug/mL. They were applied
in a rat skin-wound model, where it significantly improved wound closure, collagen
synthesis and vessel formation, with respect to treatment with alginate hydrogel only [106].
In such a study, the MSC-EV used were also found to induce human umbilical-cord-vein
endothelial cell (HUVEC) migration in vitro. That could be related to their angiogenic
activity observed in vivo [106]. Also, based on alginate, an innovative sponge-like wound
dressing has been developed. In this case, under the principles of good manufacturing
practices (GMP), it contained the total secretome derived from human AD-MSC, cultured
for 48 h, at a concentration of 4 x 10° equivalent cells per mL. The resulting sponge-like
wound dressing was freeze-dried (lyophilized). When applied to wounds in a mouse skin-
ulcer model, it was hydrated with phosphate-buffered saline (PBS) buffer. That generated a
gelatinous matrix, favoring the release of bioactive compounds from the secretome [107].
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In treated wounds, such dressing induced increased levels of proteins involved in com-
plement and coagulation cascades, cytoskeleton and extracellular matrix remodeling. Thus,
in relation to the application of only alginate sponge-like wound dressing, incorporation of
total secretomes produced an enhanced immune response. Additionally, it produced in-
creased granulation tissue formation, more vascularization and collagen deposition in such
in vivo model [107]. This study, therefore, shows the possibility of developing desiccated
or lyophilized products based on biomaterials, containing MSC-EV and/or MSC-derived
factors. This may facilitate their storage, transportation and clinical applications.

Alginate has also been used as a base for the development of more complex hydrogels,
with layers of different resistance to degradation. This may allow the release of some
particular type(s) of EV in the early stages of healing, and other(s) in later stages. Generally,
the application of MSC-EV to wounds decreases inflammation, increases angiogenesis,
promotes fibroblast proliferation and increases collagen deposition. These effects are mainly
beneficial in the inflammatory and proliferative phases of healing. But high vascularization,
fibroblast proliferation and collagen production may also favor the appearance of unwanted
hyperplastic scar tissue.

Considering this, a bilayered thiolated alginate/PEG diacrylate hydrogel has been
developed. Thus, they encapsulated BMMSC-derived EV in the first layer and BMMSC-
derived miR-29b-3p-enriched EV, genetically engineered for miRNA overexpression, in
the second layer [108]. Interestingly, it has been found that miR-29b mimics (mimicry)
inhibited excessive blood vessel formation and collagen deposition, in endothelial cells and
fibroblasts [109]. While BMMSC-derived EV promote angiogenesis and collagen formation
through activation of PI3K/Akt, Erk1/2 and Smad3/TGFf1 signaling pathways, miR-
29b-3p-enriched EV inhibited these pathways. Application of hydrogel containing both
(BMMSC-derived EV and miR-29b-3p-enriched EV) types of MSC-EV in different layers
provide a temporally separated release. That allowed greater acceleration of healing in a
full-thickness skin defect model of rat and rabbit ears. In the early phases, the hydrogel
promoted angiogenesis and collagen deposition. In the later ones, as a consequence of the
release of miR-29b-3p-enriched EV, the tissue formed was characterized by more uniform
vascularization, better rearrangement of collagen fibers, and lower volume of hyperplastic
scar tissue [108]. This study shows the therapeutic potential of this type of hydrogels, to
design effective strategies for wound healing. In addition, it highlights the importance of
knowing the mode of action of MSC-EV, to optimize their clinical application.

7.3. Hyaluronic-Acid Hydrogels

Hyaluronic acid is a natural linear polysaccharide, made of alternating units of d-glucuronic
acid and N-acetyl-d-glucosamine, connected by (3-1,3- and (3-1,4-glycosidic bonds. Due to its
biocompatibility, native biofunctionality, biodegradability, non-immunogenicity and versatil-
ity, hyaluronic acid is one of the most widely used polymers in the design of hydrogels, for
biomedical applications. The incorporation of MSC-EV into an injectable hyaluronic acid hy-
drogel allows its progressive release for more than 90 h. Moreover, it favors the polarization
of inflammatory macrophages M1, towards an anti-inflammatory and anti-fibrotic M2c phe-
notype in vivo. That decreases fibroblast activity in the late stages of healing, and thus such
treatment produced scarless skin-wound healing in a mouse model of scarring, preventing
fibrotic scar formation [110].

Also, hydrogels have been prepared from cross-linking hyaluronic acid with photo-
cleavable linkers (PCL), being attached to EV from umbilical-cord-blood mononuclear cells.
Their abilities to release EV after light activation have been evaluated. Thus, application of
a low concentration of EV (0.2 ng) twice daily, for 10 days, significantly accelerated wound
healing, in a diabetic mouse model. Surprisingly, in the same model with an application
of injectable light-triggerable hydrogel, containing 2 pg of EV, and 1 min daily activation
with light for 10 days, healing was faster than with bi-daily administration of EV, and with
the application of the hydrogel without activation with light. Thus, this study shows the
importance and clinical potential of the progressive release of MSC-EV through a hydrogel,
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allowing us to considerably reduce the number of EV applications, to achieve the desired
effect on healing [111].

7.4. Collagen Hydrogels

Collagen hydrogels are also widely used in regenerative medicine [112]. These hydro-
gels exhibit low cost, low immunogenicity, high versatility, biocompatibility and similarity
to the natural extracellular matrix. Although collagen can be obtained from animal tissues,
recombinant collagen is currently a good option to avoid some problems. They include
batch-to-batch differences or risk of contamination with pathogens that animal-derived
collagens may present [113]. Recently, recombinant human-collagen III protein (rhCol III)
has been used to develop a hydrogel, in which hUCMSC-derived EV have been encapsu-
lated [114]. This hydrogel sustainably releases MSC-EV in vitro, and has the capacity to
induce M1 to M2 macrophage polarization, L929 fibroblast migration and angiogenesis in
HUVEC. On the other hand, the application of such hydrogel every three days in a diabetic
rat skin injury model promotes healing, due to its anti-inflammatory and angiogenesis-
inducing capacity. Thus, levels of IL-6 decreased, while those of factor Ki67 proliferation
biomarker, and those of vessel formation (CD31 and «-SMA), increased with respect to
wounds treated with either rhCol III hydrogel or EV alone [114].

7.5. Pluronic F127 Hydrogels

Pluronic F127 (PF127) allows the manufacture of thermosensitive injectable hydro-
gels, because at certain concentrations the increase in temperature induces its gelation.
Furthermore, the use of PF127 has been approved by the U.S. Food and Drug Adminis-
tration (FDA) for the controlled release of drugs, due to its good biocompatibility and
absorbability [115]. Thus, the fabrication of an injectable adhesive, with thermosensitive
multifunctional polysaccharide-based hydrogel scaffolds has been described. It is gener-
ated by a reversible Schiff base reaction between PF127 grafting aldehyde pullulan and
polyethyleneimine or PF127, oxidative hyaluronic acid and Poly-¢-L-lysine. Gelification is
reached at temperatures above 30 °C. It exhibits antibacterial activity, good UV-shielding
performance, fast hemostatic ability, tissue-adhesive and self-healing behavior. In addition,
these biomaterials can be loaded with MSC-EV, through electrostatic interactions, and re-
leased in response to changes in pH [116,117]. Hydrogels were generated by incorporation
of adipose-tissue MSC-derived EV, termed FEP@exo and FHE@exo. They showed increased
proliferation, migration and formation of tubular structures in HUVEC, in vitro. In a diabetic
full-thickness cutaneous-wound mouse model, the application of FEP@exo or FHE@exo
accelerated wound healing. That promoted increased granulation tissue formation and col-
lagen deposition, enhancing extracellular matrix remodeling, and favoring the appearance
of skin appendages. Interestingly, unlike what happens when MSC-EV are directly applied
to wounds, MSC-EV in these hydrogels were progressively released throughout the healing
process for three weeks, maintaining their biological activity [116,117].

Type I and III collagens are the major components of the dermal extracellular matrix.
While collagen I is the most abundant in normal skin, collagen III is produced during
healing. Abundant deposition of the latter in the early stages of wound healing facilitates
the generation of scarless skin [118]. In the case of PF-127 hydrogels loaded with EV derived
from adipose-tissue MSC, increased production of Collagen III has been observed during
healing, favoring the formation of scar-free wounds [119]. Also, these hydrogels decrease
the inflammatory response by downregulating TNF-a and IL-6, as well as promoting
polarization from M1 into M2 macrophages [119]. EV derived from hUCMSC have also
been encapsulated in PF127-based hydrogels. They were evaluated in a streptozotocin-
induced diabetic rat model of scarring. The PF127 hydrogel protected the biological activity
of MSC-EV, increasing angiogenesis and granulation-tissue formation. That accelerated
wound healing, relative to treatment with MSC-EV or hydrogel alone [120].
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7.6. Decellularized Biomaterials

Wound dressings based on decellularized biomaterials have received much attention
in regenerative medicine, due to their natural origin [121]. Recently, the development of
hydrogels based on porcine small-intestinal submucosa (SIS), obtained by decellularization,
has been described. This biomaterial is mainly composed of collagen, and is enriched in
factors with the ability to promote tissue regeneration [122]. Such hydrogels were prepared
with SIS, to which catecholamine was added to improve their properties. In addition, fusion
peptides, consisting of collagen-binding peptides linked to CP05 peptide (CRHSQMTVT-
SRL), were generated through genetic engineering. The latter recognizes the surface protein
CD63, abundantly present on extracellular vesicles. Therefore, this modification allows
the MSC-EV to remain anchored to the biomaterials, increasing their retention capacity.
Thus, after seven days of maintenance of the hydrogel loaded with hUCMSC-derived
EV in a culture medium, EV release was more than doubled in the hydrogel containing
fusion proteins [123]. Moreover, this hydrogel increased the proliferation and migration
of NIH3T3 fibroblasts in vitro, as well as angiogenesis of EA.hy926 endothelial cells, with
respect to hydrogel without fusion proteins. On the other hand, application in wounds of
a diabetic-rat model accelerated healing, promoting the formation of granulation tissue,
collagen and skin appendages [123].

Decellularization of the human amniotic-membrane has also been used for the prepa-
ration of scaffolds for tissue and organ repair [124]. As with other non-cellular approaches,
there are no ethical problems in its use. It is readily available without the high cost, being
biocompatible. It also shows low immunogenicity, has adequate mechanical properties and
good cell adhesion. Recently, EV derived from adipose-tissue MSC were incorporated into
scaffolds, obtained from human acellular amniotic-membrane. They were used as dress-
ings, for the treatment of diabetic skinulcers [125]. The MSC-EV used favored proliferation
and migration of human dermal-fibroblasts, as well as angiogenesis of HUVEC in vitro.
Dressing consisting of human acellular amniotic-membrane plus MSC-EV was applied
every other day, three times in total, in an in vivo model of diabetic mouse, induced with
streptozotocin. The results showed that with respect to the use of human acellular amniotic
membrane dressing or VE in PBS separately, it accelerated healing. That was accomplished
through a greater immunomodulatory effect, induction of angiogenesis and promotion
of extracellular matrix production [125]. This confirms the high therapeutic potential of
dressings, designed from human acellular amniotic-membrane, together with MSC-derived
EV, for the treatment of chronic ulcers.

7.7. Complex Multifunctional Scaffolds

In order to optimize the functionality of dressing on wound healing, complex bioma-
terials are being developed. They combine EV with other biologically-active compounds
or factors, that also contribute to improving and accelerating the healing process. Among
these complex scaffolds are those based on polyurethanes. These constitute a family of
polymers with a high spectrum of physicochemical properties. They are synthesized from
reactions between polyols and diisocyanates. Currently, they have been developed with
new biobased macromolecular architectures. That has allowed us to improve their biocom-
patibility for biomedical applications, including the development of wound dressings [126].

In this regard, the fabrication of a wound dressing called OxOband has recently been
described. It is composed of oxygen-releasing antioxidant polyurethane (PUAO-CPO)
scaffolds, embedded with exosomes derived from adipose-derived stem cells from rat fat-
tissue [127]. This dressing is characterized by: (i) its antioxidant activity, as a consequence of
the ascorbic acid incorporated in it [128], releasing O, for a period of more than 10 days, due
to the incorporation of calcium peroxide [129]; and (ii) its regenerative capacity, including
MSC-EV. Due to these properties, this biomaterial has the potential to decrease oxidative
stress in wounds. Oxygen supply facilitates vascularization, further reducing the possibility
of infection. Thus, in a diabetic animal healing model, treatment with OxOband, compared
to control animals, accelerated wound closure and decreased inflammation and favored re-



Appl. Sci. 2023,13, 2702

18 of 28

epithelialization. Increased collagen formation and angiogenesis, promoting the formation
of a mature epithelium with hair follicles, similar to that of healthy skin. These effects were
also observed when wounds in the model were infected with Staphylococcus aureus and
Pseudomonas aeruginosa [127].

Another possibility to enhance or complement the regenerative effects of MSC-EV is
the incorporation of plant extracts, with positive effects on healing, into wound dressing.
For example, the combination of MSC-EV and astragalus extract in gel improved the speed
of skin healing in a murine model. This is partly enhanced by the anti-inflammatory effect
of astragalus extract [130].

8. Conclusions and Future Perspectives

New therapies based on MSC and their secretome, to enhance tissue regeneration,
have opened great expectations for chronic-wound treatments. Specifically, secretomes, and
especially fractions formed by EV, have shown in recent years to have significant therapeutic
potential in this regard. The rationale is that they carry molecules with immunomodulatory,
angiogenic, proliferation- and migration-inducing properties. They modulate cells involved
in healing, such as endothelial ones, fibroblasts and keratinocytes. However, the short half-
life of MSC-EV, when they are directly applied to damaged tissues or via the bloodstream,
complicates their clinical application. In order to overcome this limitation, numerous
biomaterials have been designed with properties of retaining, protecting and progressively
releasing MSC-EV. Thus, encapsulation of MSC-EV in these dressings has a high potential to
facilitate tissue regeneration, for the treatment of cutaneous wounds as shown schematically
in Figure 3.

However, currently, the studies performed with this strategy are mainly preclinical,
using wound-healing animal models. On the other hand, these studies have been carried
out under very different experimental conditions, in terms of cell type and culture condi-
tions used to obtain EV. Other variables are EV concentrations and treatment patterns, as
well as animal models used. Not all of them correspond to ulcers that are difficult to heal,
such as diabetic ones (Table 1). Additionally, although such data are encouraging, most
publications of translational studies are less than four years old, so they can still be con-
sidered preliminary. Thus, in clinical trials.gob <https://clinicaltrials.gov/> (accessed on
25 January 2023), we have found four studies have been reported proposing the use of EV
for the treatment of skin ulcers: (i) NCT05475418 (without starting recruitment), in which
they use adipose tissue-derived exosomes; (ii) NCT05078385 (without starting recruitment),
which uses BMMSC-derived EV for treatment of burn wounds; (iii) NCT04134676 (com-
pleted), in which stem-cell-conditioned medium is used on chronic, ulcer-wounds, albeit
without published results at the time of writing; and (iv) NCT02565264 (unknown status),
to study the effect of plasma-derived exosomes on cutaneous-wound healing. EV will be
applied in hydrogels, in studies NCT05475418 and NCT04134676, but their compositions
are not specified.

Therefore, in order to understand the real clinical potential of such strategies, it is
necessary to carry out clinical trials, to ascertain the promising results obtained so far
in animal models. To this end, it is essential to advance mainly in the development of
techniques for obtaining MSC-EV. In this regard, it is necessary to define which MSC
sources, as well as which culture conditions or manipulations through bioengineering,
would be the most appropriate to produce MSC-EV. They should have a high regenerative
capacity, without posing a relevant risk to patients. Likewise, they should be obtained in
sufficient quantities, to meet the demand required for clinical use. It is also important to
standardize concentrations and purity of EV loaded in biomaterials, to guarantee consistent
regenerative effects. That may be the main handicap to accelerating the progress of this
approach, for the treatment of chronic ulcers in humans.
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Figure 3. Scheme of therapeutic strategy for treatment of cutaneous wounds. It is based on com-
bination of biomaterials or multifunctional wound-dressings with MSC-EV. Biomaterials, such as
hydrogels, can be of different nature and can be supplemented, for example, with bioactive com-
pounds such as ascorbic acid, AgNP and plant extracts. MSC-EV can be produced from MSC derived
from different tissues and different culture conditions. Biomaterials allow the creation of adequate
microenvironments for wound healing. That includes releasing EV in a sustained manner while
biodegrading. EV accelerate wound healing through modulation of different physiological processes,
related to tissue regeneration. AgNP: silver nanoparticles; BMMSC, ADMSC, hUCMSC, SMSC and
PMSC: MSC derived from bone marrow, adipose tissue, umbilical cord, synovium and placenta,
respectively. References are shown in brackets.
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Table 1. Summary of the experimental conditions used in different in vivo studies, on the effects
of combining biomaterials with MSC-EV. For each biomaterial, MSC origin of MSC used for EV
production, culture condition, EV isolation method, EV concentration used, animal model and
treatment regimen is specified, besides reference.

Biomaterial Origin Culture Isolation [EV] Model Treatment * Ref.
80% confluent
Collagen Rat Bone cells in . Sprague-
chitosan marrow MSC LG-DMEM Ultracentrifugation EVl ézoéﬁﬁggm Dawley Not specified [96]
scaffold (BMMSCQC) serum-free rats
medium for 48 h
Human . .
Synovium 50-60% confluent l?::;t;g_
Chitosan MSC (SMSC) cells in Ultrafiltration- i i
Hydrogel and SMSC MesenGro hMSC ultracentrifugation Not specified Dawley rats Not specified 7
. - (streptozotocin-
overexpressing ~ medium for 48 h induced)
miR-126-3p
80% confluent
. HumanA cells in
Chitosan endometrial - pyENi/EID 4 Ultracentrifugation 100pg/mL pA1B/cmice  0,3and7days  [99]
Hydrogel stem cell 15% ‘ (200 uL/treatment)
(hEnSC) o exo-free
serum for 24 h
é};ﬁ?;? il Not specified ~ Ultracentrifugation 2(%8(;5 /an/L i every three 1) )
crosslinked MSCs ot spectie acentrifugatio trea tnilent) ?Z::y days
hydrogel (hUCMSC)
Methylcellulose- Human SSH/; clc\)/?e f}ﬂﬁg Exosome isolation 2 x 1012 EV/mL Diabetic mice
chitosan placental MSC and c;ﬂture time reagent (100 uL/ (C57BLKS- Not specified [101]
hydrogel (hPMSC) are not specified (Precipitation) treatment) Leprdb)
Human . .
Chitosan umbilical Size Exclusion
. Not specified Chromatography- Not specified BALB/cmice everytwodays  [103]
dressing MSCs ultrafiltration
(hUCMSC)
-chitin . 200 pg/mL Sprague-
nanofiber Mouse adipose Not specified Not specified (400 uL/ Dawley Not specified [104]
h MSC (AMSC)
ydrogel treatment) rats
80% confluent
. . . 100 pg/mL
Alginate Rat adipose cells. Medium . . . i
hydrogel MSC (AMSC) and culture time Ultracentrifugation . 530:? IItd;l/t ) Wistar rats Not specified [106]
are not specified catme
Sub-confluent .
Alginate Human cells in Ultrafiltration f\; lf géa;ejsf;?nnﬁ
sponge-like adipose MSC DMEM/F12 (isolation of soluble (500 L/ Mice Not specified [107]
dressing (AMSC) platelet lysate proteins and EV) K
free for 48 h treatment)
Bilayered Human Bone o
Thiolated Algi-  marrow MSC 80 /(;Zﬁr;fi]rl:ent Sprague-
nate/Polyethylene (hBMMSC) . . 1 -
Glycol and hBMSC LG-DMEM Ultracentrifugation 10" EV/mL Dawley Not specified [108]
Diacrylate overexpressing sgrum-free rats
Hydrogels miR-29b-3p medium for 48 h
Confluent cell
. Human not specified. 1000 pg/mL
aggfﬁ“g;g‘“el placental MSC DMEM Ultracentrifugation (100 WL/ CSZ;ECLe/ 1 Notspecified  [110]
ydrog (hPMSC) serum-free treatment)

medium for 48 h
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Table 1. Cont.

Biomaterial Origin Culture Isolation [EV] Model Treatment * Ref.
2 x 10 cells/mL
in X-VIVO 15
Hyaluronic uﬁfﬁir;l ifll;ltllrrn_gleed‘?ﬁgl Diabetic One time and
acid-light- ¢ € medi . . 200 pg/ C57BL/6 mice  light-activated
. Mononuclear supplemented Ultracentrifugation . [111]
triggerable 1l ith F1t-3 and treatment (streptozotocin-  each day for
hydrogel ces with FIt=3 an induced) 1 min
Y (hUCMNC) stem-cell factor
in hypoxia (0.5%
O,) for 18 h
Human Diabetic
e sprague-
Rhflollagen i umbilical Not specified Ultracentrifugation Not specified Dawley rats every three [114]
ydrogel MSCs (streptozotocin- days
(hUCMSC) induced)
6> 104 Diabetic ICR
Pluronic F127 - Mouse adipose ICDel\l/lIsE/l\sln:- 31‘1’; Ultracentrifugation 10 ug/mL mice Not specified [116]
hydrogel MSC (AMSC) ? & HE (streptozotocin- P
exo-free serum .
for 48 h induced)
Pluronic
F127-oxidized Diabetic ICR
hyaluronic Mouse adipose o . . mice o
acid and MSC (AMSC) Not specified Ultracentrifugation 10 pug/treatment (streptozotocin- Not specified [117]
poly-e-lysine induced)
hydrogel
80-90% confluent
cells in
. Human g o 1000 pg/mL
Ph}llm;«lg 1361127 adipose MSC %ll\tffé\/lgg"}'?vﬁ Ultracentrifugation (100 uL/ ICR mice eve;}é tgree (119]
ydrog (AMSC) treatment) y
Advanced
medium for 48 h
Human Diabetic
. e 1000 pg/mL sprague-
Plil;);fg111127 unl\;[bslggal Not specified ExoQuick-TC (100 uL/ Dawley rats Not specified [120]
treatment) (streptozotocin-
(hUCMSC) induced)
Culture medium
porcine small (DMEM + 10% Diabetic
. . Human
intestinal umbilical exo-free serum) sprague-
submucosa- MSC was collected Ultracentrifugation Not specified Dawley rats Not specified [123]
based (hUCM; ) when the cells (streptozotocin-
hydrogel reached 80-85% induced)
confluency.
Human Human 60-65% confluent Exosome isolation Diabetic every other
acellular . cell in DMEM + 100 ug/ BALB/c mice y -
o adipose MSC 5 reagent . day, three [125]
amniotic (AMSC) 10% exo-free (Precipitation) treatment (streptozotocin- times in total
membrane serum for 48 h p induced)
Antioxidant 80% confluent Diabetic
Rat adipose cells in e-MEM . . 100 pg/ wistar rats o
poli};lelzzitr}:ane MSC (AMSC) serum-free Ultrafiltration treatment (streptozotocin- Not specified [129]
& medium for 48 h induced)

* When it is not specified, we consider that the authors have only applied the treatment once at the time the

wounds were made.

Another important element for further developing this strategy is the biomaterial
or dressing, used as scaffolds to apply MSC-EV. As described in this review, there are
numerous biomaterials with well-proven properties. Their use in wounds is approved by
health authorities, with commercial products available [84,85]. However, further progress
is needed in the manufacture of new wound dressings at a low cost. They should have
adequate properties to facilitate healing, with the capacity to encapsulate, protect and
release EV in a sustained manner during the healing process. It is also important to note
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that new wound dressings should not only serve the purpose of being a vehicle for MSC-EV,
and create a barrier protecting wounds from external environments. They should also
be biologically active, promoting healing. For example, they may have antimicrobial,
antioxidant and wound pH-modulating activity, among sother properties.

Another important aspect to be taken into account is the possible cytotoxicity of
biomaterials, their components, such as the crosslinkers, and their degradation products.
For this it is necessary to evaluate their possible cytotoxicity in vitro, using suitable cellular
models, such as fibroblasts and endothelial cells [131,132]. Thus, it may be convenient
to evaluate, for instance, different crosslinkers when fabricating hydrogels, to obtain a
product with low cytotoxicity [133]. Also, in relation to possible undesired effects in the
application of MSC-EV encapsulated in biomaterials, it would be necessary to perform
studies on possible adverse effects after the end of treatments. This is because the products
derived from hydrogel degradation, and mainly the EV applied, can contain molecules
with high biological activity. Therefore, it is important to ascertain potential undesired
side-effects, as routinely done with pharmaceutical drugs-medicines. This could eventually
manifest as alterations in immune responses, appearance of tumors or other consequences.
In none of the studies reviewed has this type of research been carried out. Yet, this is an
important aspect, in which progress must be made in the future.

In conclusion, the combination of MSC-EV with multifunctional wound dressings may
have positive synergistic effects on cutaneous-wound healing. Current data show great
potential for clinical use. However, further progress is needed for a better understanding of
the molecular mechanism of action of MSC-EV, optimization of industrial production for
clinical purposes, and standardization of methodologies. Likewise, for the development of
suitable wound dressings for encapsulation, protection and release of MSC-EV. Increasing
clinical trials of biomaterials and extracellular vesicles on wound healing should be one of
the priorities in the coming years. That should allow us to ascertain the potential impact of
this new therapeutic strategy in routine clinical practice.
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