Chinese Chemical Letters 36 (2025) 109766

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Engineering strategies of biomaterial-assisted exosomes for skin ®)
wound repair: Latest advances and challenges o

Yang Xu, Le Ma, Yang Wang, Chunmeng Shi*

Institute of Rocket Force Medicine, State Key Laboratory of Trauma and Chemical Poisoning, Third Military Medical University (Army Medical University),

Chongqing 400038, China

ARTICLE INFO

ABSTRACT

Article history:

Received 29 January 2024
Revised 11 March 2024
Accepted 12 March 2024
Available online 13 March 2024

Keywords:
Exosomes
Biomaterials
Hydrogel
Delivery system
Wound healing

The treatment of skin wounds, especially chronic wounds, remains a critical clinical challenge and places
a heavy burden on patients and healthcare systems. In recent years, the engineering strategy of using
biomaterial-assisted exosomes has emerged as a powerful tool for skin repair. Compared to treatments
such as debridement and regular dressing changes, the design of biomaterial-assisted exosomes not only
maintains the bioactivity of exosomes at the wound site but also provides an appropriate microenviron-
ment for the repair of complex tissues, thereby accelerating wound healing. This review systematically
introduces the general characteristics of exosomes and their functions in skin wound healing, highlights
recent advances in classification of natural exosomes and engineering methods which enriching their
functions in intercellular communication. Then, various emerging and innovative approaches based on
biomaterials delivery of exosomes are comprehensively discussed. The review seeks to bring an in-depth
understanding of bioactive dressings based on exosomes therapeutic strategies, aiming to facilitate new

clinical application value.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The increasing number of patients with skin injury, especially
chronic wounds such as pressure ulcer, vascular ulcers, diabetic
foot ulcer (DFU) [1], will affect an estimated 20 to 60 million peo-
ple worldwide by 2026, which will reach epidemic proportions,
placing a heavy burden on patients and healthcare systems [2,3].
Chronic wounds are mainly impeded by bacterial infections, persis-
tent inflammation, impaired angiogenesis, and high levels of reac-
tive oxygen species (ROS) [4,5], which are difficult to heal and can
eventually lead to serious consequences such as amputation and
sepsis [6,7]. Traditionally, the clinical treatment of chronic wounds
includes debridement, negative pressure treatment, regular dress-
ing change and engineered skin, etc. [8]. However, the treatment
involved lacks the ability to actively improve the wound microen-
vironment and guide the behavior of cells around the wound,
which will not restore the normal physiological structure and func-
tion of the skin, so the repair effect is usually poor [6,9].

Recent studies have shown that the positive efficacy of stem cell
therapy was largely due to the exosomes released by its paracrine
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action [10,11]. Once released from the cell surface, exosomes can
interact with the extracellular matrix or initiate reactions within
the microenvironment to promote cell proliferation, migration, and
angiogenesis, using biological barrier crossing capabilities [12,13].
Due to the complicated local microenvironment of chronic wounds
and the long healing time, free exosomes have certain limitations,
such as short half-life, instability in vivo, and fast clearance rate,
satisfactory results may not be achieved [14]. Therefore, accurate
local delivery and sustained release of exosomes to target tissues
is of great significance for chronic wound management, improving
therapeutic performance and reducing side effects [15]. As a result,
the design of biocompatible scaffolds that can maintain the func-
tion and continuous release of exosomes is crucial for exosomes-
based wound healing therapies [16]. It can not only serve as a
controlled release carrier for exosomes to maintain their biological
activity in skin wounds, but also provide a suitable microenviron-
ment for the repair of complex tissues to further accelerate wound
healing, which is a promising skin regeneration strategy [17,18].

In recent years, promising applications of exosomes in tissue
engineering have attracted tremendous attention, and some criti-
cal progress has been made, such as the central nervous systems,
brain, bone, cartilage, heart, and endodontium. Besides, biomateri-
als have drawn growing attention not only as scaffolds for cell pro-
liferation and structural support, but also as modulators to regulate
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Fig. 1. Schematic overview of biomaterials-assisted exosomes in the skin wound repair. (A) The functions of exosomes in the skin wound healing process. (B) Elements of
a typical exosome. (C) Biomaterials-assisted exosomes to achieve cell proliferation, modulation of immune response, and vascularization. (D) Exosomes from different cell

sources.

cell/tissue behaviors and can further modulate a myriad of biolog-
ical processes, from cell cycle, migration, proliferation and differ-
entiation to neural conduction, muscle contraction, embryogene-
sis, and tissue regeneration [19-21]. To the best of our knowledge,
many review articles have reported exosomes and biomaterials ap-
plying on the biomedical application, respectively, but few articles
have discussed the application of the combined therapeutic effects
of the two in skin wound healing. Considering the rapid growth
of interest in this field, this review attempts to provide a compre-
hensive discussion of regenerative medicine engineering strategies
based on macromolecular biomaterial-assisted exosomes in recent
years. Firstly, we systematically summarized the biogenesis of ex-
osomes and their biological regulatory functions in various phases
of skin wound healing (Fig. 1A); Then, the exosomes of different
cell origin and their engineering modification methods were con-
cluded; Subsequently, we focused on the biomaterials-based de-
livery systems for maintaining exosomes bioactivity and therapeu-
tic strategies for optimizing exosomes release (Figs. 1B and C); Fi-
nally, we figured out the relevant challenges and prospects. This
review aims to inspire and encourage more researchers to fur-
ther promote the development of biomaterial-assisted exosomes
biomimetic strategies for skin wound healing, hoping to realize
their clinical application value as soon as possible.

2. Biogenesis of exosomes and their functions in the wound
healing process

Traditionally, extracellular vesicles (EVs) secreted by cells have
been classified into apoptotic bodies, microvesicles and exosomes
according to their unique biological mechanisms [22,23]. Apop-
totic bodies are produced by the cell membrane to the outgoing
bud during the process of apoptosis [24]. Microvesicles are also
generated from the plasma membrane to outgoing buds but may
be accompanied by apoptosis [25]. In contrast, exosomes forma-

tion involves four distinct stages: budding, endosome formation,
fusion, and secretion [26]. At the beginning, the cell membrane
invaginates to form vesicles coated with lattice proteins, which
enter the cytoplasm to form early endosomes [27]. By this time,
proteins, lipids, or nucleic acids in the cytoplasm are specifically
sorted and packaged to form multiple intracavitary vesicles (ILVs)
[28]. And exosomes are secreted when early endosomes specialize
into polyvesicles (MVB) through inward budding of ILVs [25,29].
Finally, MVB fuses with the plasma membrane, releasing the exo-
somes into the extracellular space [30].

Exosomes are biological nanostructures that are 30-150nm
in size and compose of lipids, proteins, nucleic acids and other
bioactive substances [31,32], including proteins involved in MVB
biogenesis (Alix, Tsg101), heat shock proteins (Hsp70, Hsp90),
and tetraspanins (CD9, CD63, CD81, CD82) and other proteins
(enzymes, epidermal growth factor (EGF) receptors, metabolic
molecules), etc. [33]. Once exosomes are released from the cell sur-
face, they are internalized by the recipient cell, leading the recip-
ient cells to undergo phenotypic and behavioral changes [34,35].
In general, there are three main mechanisms by which exosomes
enter recipient cells: (1) direct fusion of exosomes with cell mem-
branes, (2) interaction with cell surface receptors (ligand-receptor
interaction), and (3) uptake of exosomes by recipient cells through
endocytosis [36,37]. Therefore, exosomes are an important commu-
nication medium between cells: on the one hand, they can transfer
endogenous bioactive molecules (such as RNA, proteins and lipids)
to the recipient cells through endocytosis or direct fusion with the
plasma membrane [36,38]; on the other hand, they can directly
interact with the extracellular matrix or trigger reactions inside
and outside the microenvironment to perform therapeutic func-
tions [28].

Skin wound healing is a highly ordered process involving
four interrelated and overlapping phases of hemostasis, inflamma-
tion, proliferation and remodeling [39]. Exosomes deliver proteins,
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mRNA, microRNA, and other signaling molecules to target cells in
the skin, mediating essential information transfer and cell-to-cell
communication necessary for maintaining cellular function and tis-
sue homeostasis [40]. In this section, we describe the biological
functions and mechanisms of action of cell-derived exosomes in
promoting different stages of skin wound healing as shown in Fig.
1A.

2.1. Hemostasis stage

Hemostasis phase occurs immediately after tissue injury. Firstly,
endothelial cells are stimulated, leading to vasoconstriction and
reduced bleeding [41]. Secondly, platelets are activated and un-
dergo changes in shape, resulting in the release of platelet se-
cretory proteins such as platelet factor, sphingosine-1-phosphate,
and fibrinogen, initiating the coagulation cascade [42]. Platelets
quickly adhere and aggregate on the injured endothelium, form-
ing a platelet plug to reduce blood flow [43]. Additionally, platelet-
derived exosomes play a crucial role in clot formation and promot-
ing hemostasis. Platelet-derived exosomes have a high affinity for
fibrinogen, allowing platelets to extend into the fibrinogen network
and contract through platelet microfilaments and myosin, making
the clot more stable and facilitating fibrin clot formation [44]. It
has been confirmed that platelet-derived exosomes can generate
superoxides through nicotinamide adenine dinucleotide phosphate
oxidase-1 (NOX-1) mediated pathways, enhancing fibrinogen bind-
ing and activating platelets to promote hemostasis [45].

2.2. Inflammation stage

During the inflammatory phase, it has been reported that extra-
cellular vesicles derived from M2 macrophages can reduce the lev-
els of pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-«¢) and interleukin-6 (IL-6), while increasing the pro-
duction of vascular endothelial growth factor (VEGF), thereby pre-
venting secondary damage at the skin wound site [46,47]. CD4"
T helper 2 (Ty2) cells and regulatory T cells (Tregs cells) se-
crete cytokines such as IL-4, IL-10, and transforming growth factor-
beta (TGF-B) to favor the transition of macrophages towards an
immunomodulatory M2-like phenotype. Like parent cells, exo-
somes from mesenchymal stem cells (MSCs) also play a role in
macrophage polarization, regulation of Treg cells, and T2 cells im-
mune responses [48]. Exosomes derived from stem cells of hu-
man deciduous teeth (SHED) can regulate macrophage function
through protein kinase B (AKT), extracellular regulated protein ki-
nases (ERK1/2) and signal transducer and activator of transcription
3 (STAT3) signaling pathways to enhance autophagy and accelerate
wound healing [49]. These studies indicate that exosomes from dif-
ferent cellular origin can regulate inflammatory responses, protect
injured tissues and accelerate wound healing.

2.3. Proliferation stage

As the inflammation subsided, a proliferative period character-
ized by cell proliferation and migration begins [50]. Some lipid
classes of exosomes (e.g., sphingolipids, glycerophospholipids) have
been proved to restore the formation and maturation of capillary
networks and coordinate the proliferation/migration of endothe-
lial cells at wound sites by adjusting the expression of VEGF [51],
platelet-derived growth factor (PDGF) [52], and fibroblast growth
factor-2 (FGF-2) [53]. For instance, exosomes derived from human
amniotic endothelial cells intensify capillary density and diabetic
wound closure [50]. Besides, fibroblasts play a significant role in
collagen synthesis, proteoglycans production, and other granula-
tion tissue components, contributing to the restoration of skin tis-
sue structure [54]. It has been reported that exosomes derived
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from keratinocytes can enhance fibroblast migration and promote
fibroblast-mediated angiogenesis by activating the phosphatidyli-
nositide 3-kinases (PI3K)/AKT pathway or Ras homologous family
member-yes-associated protein (Rho-YAP) signaling pathway, sug-
gesting their involvement in fibroblast activation and neovascu-
larization through cellular crosstalk [55]. Researchers discovered
that exosomes from MSCs can internalize and boost the prolif-
eration and migration of fibroblasts by up-regulating miR-21-5p
under the stimulation of Fe304 nanoparticles and static magnetic
fields, to perfect the angiogenic function and thus drive wound
healing [56].

2.4. Remodeling stage

During the remodeling phase, the organized and sufficient de-
position of collagen protein is a crucial step in wound healing [57].
Fibroblasts continuously secreted new extracellular matrix (ECM),
replacing the initial granulation tissue and continuously strength-
ening and hardening the ECM [58]. Fibroblasts are the main stro-
mal cell type involved in the deposition and remodeling of ECM
[59]. Hu et al. investigated that compared to monolayer cultured
cells, the exosomes secreted by human fibroblast spheroids in
three-dimensional culture significantly downregulate TNF-oc and
upregulate TGF-8, leading to increased expression of type I col-
lagen and a significant decrease in matrix metalloproteinase-1
(MMP-1) expression. This induction promotes effective collagen
synthesis, thereby improving skin photoaging and demonstrating
potential for preventing and treating skin aging [60]. Similarly, ex-
osomes derived from autologous dermal fibroblasts and adipose
mesenchymal stem cells have also been certified in several stud-
ies to accelerate collagen synthesis and promote the healing of di-
abetic wounds [61].

3. The origin and engineering methods of exosomes
3.1. Isolation and purification of exosomes

In order to realize the potential utility of exosomes in vari-
ous biomedical fields, it is of great significance to isolate and ex-
tract exosomes and analyze their composition and function [62].
Currently available exosome separation and purification techniques
are based on their size, surface charge, or immunoaffinity. There
is no “one size fits all” approach as these techniques all have ad-
vantages and limitations. For example, ultracentrifugation is the
gold standard for exosome extraction. This method has the ad-
vantages of simple operation, but it is costly and time-consuming,
and exosome aggregation exists [63]. The size-based separation
techniques mainly include ultrafiltration centrifugation and size-
exclusion chromatography. Ultrafiltration centrifugation is simple,
time-saving and does not affect the bioactivity of exosomes, but
its purity is low. Exosomes obtained by size-exclusion chromatog-
raphy have a high purity, but a long cycle. The method based on
immunoaffinity is to isolate exosomes using the principle of bind-
ing antibodies to exosome surface specific antigens [64]. It can en-
sure the integrity of exosomes, but the cost is high and it is not
easy to popularize. The precipitation method based on polyethy-
lene glycol (PEG) is simple to operate and has high yield, but it is
easy to precipitate some non-exosome pollutants [65]. Microfluidic
is a technique for microscale separation based on the physical and
biochemical properties of exosomes. The method is fast and easy to
operate but lacks large-scale clinical sample testing [66]. While no
single technique is perfect, combining the above techniques may
be a solution to meet the multiple requirements for exosome iso-
lation and purification simultaneously.
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3.2. Natural exosomes

Natural exosomes are mainly derived from endogenous cells
and carry functional molecules from progenitor cells that can be
taken up by target cells through specific binding [67]. In conse-
quence, the concept of utilizing exosomes as a therapeutic and di-
agnostic tool for diseases stems from the role of natural exosomes
in intercellular communication [24].

3.2.1. Stem cells-derived exosomes
(1) Human umbilical cord mesenchymal stem cells (HucM-

SCs): HucMSCs have the potential of high proliferation, self-
renewal and multi-function [68]. Studies have found that
HucMSCs-derived exosomes (HucMSCs-Exos) exhibit sim-
ilar efficacy to HucMSCs in a variety of diseases, such
as inhibiting apoptosis, anti-inflammatory, and promot-
ing tissue regeneration [69]. Single-cell sequencing showed
that HucMSCs-Exos could up-regulate the expression of
chemokines (CXCL3, CCL4) and CD33, thereby inducing neu-
trophil functionalization and timely clearing of cell debris
[70]. At the same time, miR-181c in HucMSCs-Exos played
a key role in regulating inflammation, reducing nuclear fac-
tor kappa-B (NF-«B)/p65 activation by targeting Toll-like re-
ceptor 4 (TLR4) to inhibit burn-induced inflammation, which
may provide a potential target for clinical treatment [71].
And fibroblasts could be recruited and stimulated to secrete
nerve growth factor (NGF), playing a crucial role in skin
nerve regeneration [72]. The great thing was that HucMSC-
Exos contains angiopoietin-2 (Ang-2), which promoted the
proliferation, migration and tube formation ability of hu-
man umbilical vein endothelial cells (HUVECs), thus exerted
a positive effect on vascularization [73]. Nevertheless, the
mechanisms underlying these benefits are unclear and most
studies have been conducted only in animal models. The
utility of HucMSCs-Exos in human clinical trials should be
further investigated.

(2) Adipose-derived stem cells (ADSCs): ADSCs are isolated from

—

adipose tissue and possess the ability of multi-lineage dif-
ferentiation, high proliferation and self-renewal character-
istics [74]. ADSCs-derived exosomes (ADSCs-Exos) are key
components of ADSCs-paracrine and exhibit various bio-
logical functions, attracting considerable interest from re-
searchers [75]. ADSCs-Exos have been demonstrated to pro-
mote skin wound healing by regulating human dermal fi-
broblasts (HDFs), human immortalized epidermal cells (Ha-
CaTs), and other major target cells through various signaling
pathways [76]. Over expression of nuclear factor erythroid 2-
related factor 2 (Nrf2) by ADSCs-Exos can promote endothe-
lial cell proliferation, accelerate vascularization, and signifi-
cantly reduce ulcer areas in the feet of diabetic rats to expe-
dite wound healing [77]. In hypertrophic scars, ADSCs-Exos
can reduce the levels of pro-fibrotic protein by inhibiting
TGF-B2/Smad3 and Notch-1 signaling pathways, regulate the
balance of collagen proportion, and further suppress the ab-
normal deposition of ECM, which may be a future candidate
for the treatment of keloid [78]. ADSCs-Exos, which was rich
in small interfering RNA (siRNA), can be directly absorbed by
epithelial cells and the skin, cut down the expression of in-
flammatory factors such as IL-4, IL-23 and TNF-c, reinforce
skin hydration and barrier function [79]. In a word, although
ADSCs-Exos play a precise control role in various stages of
wound healing, it is still necessary to further develop dosage
standards and treatment effect evaluation strategies, to ac-
tively provide a new means to accelerate wound repair [80].
Bone marrow mesenchyml stem cells (BMSCs): BMSCs are
also one of the most widely used stem cells in clinical re-

-

~
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search [81]. Comparing with HucMSCs and ADSCs, BMSCs
are more challenging to isolate and riskier to acquire. In
various experimental models, the use of BMSCs-derived ex-
osomes (BMSCs-Exos) has been investigated as a potential
approach for future therapies [82]. Recently, studies have
confirmed that BMSCs-Exos can ameliorate tissue fibrosis
and promote skin wound healing by anti-apoptosis, anti-
oxidation and regulating inflammation [83]. BMSCs-Exos
promoted the proliferation and migration of HaCaTs through
the miR-93-3p/apoptotic peptidase activator 1 (APAF1) path-
way [84]. Simultaneously, BMSCs-derived exosomes inhib-
ited the apoptosis of HUVECs by down-regulating miR-
383, accelerated VEGF signaling in the skin wounds of dia-
betic mice, stimulated angiogenesis to realize wound heal-
ing [85]. Hu et al. utilized extrusion low-temperature 3D
printing technology to prepare a porous hydrogel scaffold
(SIS/MBG@Exos) for acellular small intestinal submucosa
(SIS) combined with mesoporous bioactive glass (MBG) and
BMSCs-Exos. The results of animal experiments showed that
the use of SIS/MBG@Exos hydrogel scaffolds can increase the
blood perfusion of wounds, shorten the length of wounds,
and facilitate collagen deposition, thus offering a promis-
ing and innovative approach for the treatment of diabetic
wounds [86]. Although BMSCs-Exos have been widely adver-
tised in skin wound repair and have achieved promising re-
sults, the mechanism of influence on chronic wounds still
needs to be further explored to facilitate early clinical trans-
formation.

Induced pluripotent stem cells (iPSCs): iPSCs have the po-
tential to differentiate into any cell lineage in the body and
possess regenerative properties [87]. Recently, iPSCs-derived
exosomes (iPSCs-Exos) have been shown to possess thera-
peutic benefits for wound healing [88]. Subcutaneous in-
jection of iPSCs-MSCs-Exos at the wound site in rats has
been found to be beneficial for rapid epithelialization, re-
duced scar area and collagen maturation [89]. In addition,
Kobayashi et al. reported that treatment of diabetic ulcer
wounds in mice with undifferentiated iPSCs exosomes re-
sulted in faster closing rates and better healing. To assess
the potential of iPSCs-Exos in human clinical trials, Lu et al.
treated wounds with exosomes derived from allogeneic rhe-
sus monkey iPSCs. They observed rapid epithelialization, col-
lagen deposition and angiogenesis in skin wounds [88]. Re-
cent studies have found that iPSCs-Exos can also be utilized
to treat skin aging. Pretreatment of HDFs with iPSCs-Exos
can inhibit the cell damage caused by ultraviolet radiation
b (UVB) irradiation and the overexpression of matrix met-
alloproteinases (MMP1/MMP3), while increasing the expres-
sion level of type I collagen in HDFs [90]. Despite these en-
couraging advances, the biological distribution and safety of
iPSCs-Exos in vivo warrant careful consideration, and more
investigation and research may be needed in different dis-
ease models [91].

Epidermal stem cells (ESCs): Skin has a strong capacity
to repair itself due to its abundance of ESCs. ESCs near
the wound edge would migrate to the wound surface to
speed up re-epithelialization after skin injury [92]. Studies
have confirmed that ESCs and their exosomes (ESCs-Exos)
can accelerate wound healing. ESCs-Exos rich in miR-203a-
3p can recruit macrophages, reduce the expression of sup-
pressors of cytokine signaling 3 (SOCS3) in macrophages,
induce macrophages to polarize to M2 and release anti-
inflammatory factors by activating the JAK2/STAT3 signaling
pathway [93]. Additionally, the expression of the collagen
fiber was more denser and uniform in the mouse diabetic
foot ulcer model [79]. There was evidence that ESCs exo-
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somes inhibited TGF-83 and its downstream gene activity
by up-regulating substrates miR-1, let-16a, miR-7-425p, and
miR-5-142p to reduce inflammation, enhance proliferation
of fibroblasts at the wound site while inhibiting their exces-
sive activation and stimulate angiogenesis, thus promoting
the regeneration of damaged skin and reducing scar forma-
tion [94].

3.2.2. Macrophage-derived exosomes

The inflammatory phase is an inevitable stage of skin wound
healing and is closely related to the regulation of macrophages.
Excessive activation of M1 will aggravate tissue damage, while in-
hibition of M2 activation will impair skin healing ability [95]. In
addition, M2 macrophage-derived exosomes (M2-Exos) can regu-
late host defense and inflammation by inducing immune cell dif-
ferentiation, activating corresponding receptor cells, and regulating
the release of inflammatory mediators [96]. Zhang et al. found that
M2-Exos targets phosphatase and tensin homolog (PTEN) via miR-
21 to activate the AKT/mTOR signaling pathway, regulate the extra-
cellular matrix microenvironment, and create positive conditions
for angiogenesis in full-layer skin wound tissue [97]. A study based
on M2-derived exosomes indicated that subcutaneous injection of
M2-Exos into wound margins promotes macrophage reprogram-
ming, thereby reducing the M1/M2 ratio to enhance angiogenesis,
re-epithelialization, and collagen deposition to accelerate wound
healing [98]. Therefore, we believe that macrophage-derived exo-
somes are also potential candidates for wound treatment. However,
stable and efficient methods are needed to avoid exosomal hetero-
geneity during phenotypic treatment of macrophages.

3.2.3. Fibroblast-derived exosomes

In the process of wound healing, cytokines such as PDGF and
epidermal growth factor (EGF) were recruited at the wound site
to activate fibroblasts, stimulate their proliferation, and induce the
production of collagen fibers [99]. According to reports, exosomes
derived from autologous dermal fibroblasts have been reported to
promote diabetic skin wound healing via the AKT/B-catenin path-
way [100]. Interestingly, exosomes mediated miR-125b/Sirt7 signal-
ing from young fibroblasts significantly enhanced the abundance
and wound healing of myoblasts in older mice and improved dys-
functional extracellular matrix deposition, which may provide new
ideas for therapeutic targets for wound healing in older adults
[101].

3.2.4. Endothelial progenitor cells (EPCs)-derived exosomes

EPCs are heterogeneous populations of monocytes capable
of migrating and differentiating at wound sites or performing
paracrine functions. Consequently, EPCs-derived exosomes (EPCs-
Exos) are attractive candidates for cell-free therapies and novel
drug delivery systems [102]. Many studies have shown that EPCs-
Exos has higher stability, biocompatibility and low immunogenic-
ity, and can reduce inflammation by regulating immune cells and
oxidative stress levels, showing excellent efficacy in wound heal-
ing. In addition, EPCs-Exos can inhibit the apoptosis of HaCaTs
in high glucose environment [103]. By up-regulating angiogenis-
related factors, miR-126, miR-182-5p and miRNA-221-3p were
transmitted, and PI3K/AKT and mitogen-activated protein kinase
(MAPK)/ERK1/2 signaling pathways were activated to promote vas-
cularization and epithelialization and accelerate wound healing in
chronic diabetes [102,104]. Overall, EPCs-Exos may offer promis-
ing prospects for innovative cell-free therapies to treat chronic
wounds.

3.2.5. Plant-derived exosomes
Plant-derived exosomes play an important role in intercellular
communication, information transfer and homeostasis. Their mor-
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phology and release mechanism are similar to mammalian ori-
gin extracellular vesicles [105]. However, plant-derived exosomes
have higher yield, shorter extraction cycle and lower immuno-
genicity comparing with exosomes derived from mammalian [106].
Besides, some studies have found that exosomes from plants play
an important role in wound repair. Ginseng-derived exosomes have
been proved to possess the ability to regulate skin cell prolifer-
ation to promote wound healing and reduce inflammation [107].
Wheat-derived exosomes have a significant proliferation and mi-
gration effect on endothelial, epithelial and dermal fibroblasts, en-
hance the expression of wound healing related genes, and coordi-
nate the formation of blood vessels to accelerate wound healing
[108]. Huang et al., used multifunctional fusion nanovesicles de-
signed with grapefruits-derived exosomes with anti-inflammatory
and antioxidant effects, can target lesions to treat autoimmune
skin diseases [109]. Overall, the continued development of plant-
derived exosomes will facilitate their clinical application.

3.3. Engineering exosomes

Despite the therapeutic potential of natural exosomes, to enrich
the function of exosomes, researchers have also invested significant
efforts to modify exosomes. As a result, engineered exosomes have
expanded rapidly in the past decade, primarily through two ap-
proaches: parental cell preconditioning and direct exosomal modi-
fication, as shown in Table S1 (Supporting information) [110].

3.3.1. Preconditioning of parent cells

(1) Genetic engineering: Genetic engineering is mainly a means
of using transfected, viral or non-viral vectors to guide
the gene sequence of proteins or peptides to fuse with
the gene sequence of selected exosome membrane proteins,
thereby effectively loading therapeutic substances [111]. By
using transfection reagents, certain plasmids are delivered
into cells to produce the desired nucleic acids, proteins, or
peptides in an ectopic manner, which are then packaged
into exosomes [112]. Jiang et al. transfected MSCs to es-
tablish TNF-stimulated gene-6 (TSG-6) overexpressing cells.
In the mouse models, exosomes derived from genetically
modified TSG-6 MSCs prevented scar formation, reduced lo-
cal inflammation, and promoted collagen deposition dur-
ing wound healing process [113]. While effective and some-
what targeted, genetic engineering approaches still have
limitations, such as high cost and inability to be applied
to molecules other than genetically encoded peptides and
proteins [114].
Pretreatment: Pretreatment of parent cells with drugs, cy-
tokines, chemical agents or physical factors can optimize
the function of parent cells, offering a more direct, safer
and universal approach [45,115]. Sun et al. utilized isopro-
terenol to induce HucMSCs to be cultured in a hypoxic envi-
ronment, resulting in the development of TGF-f1-enhanced
exosomes (EMs). EMs rich in TGF-$1 imparted migration
characteristics and enhanced stem cell properties to epider-
mal keratinocytes. Treatment with EMs also improved the
quality of epidermal tissue repair and restored the struc-
tural and functional characteristics of sweat glands (SGs)
quickly [116]. Some potential cytokines are also candidates
for parental cells preconditioning. It is interesting to note
that pre-treating MSCs with interferon gamma (IFN-y) re-
sults in the secretion of exosomes with anti-inflammatory
and pro-angiogenic properties [117].

—
\S]
~

3.3.2. Direct modification of exosomes
(1) Electroporation: As one of the most commonly methods for
packaging cargo into exosomes, electroporation is a tem-

—
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porary destruction of the phospholipid layer under the ac-
tion of a high intensity electric field to instantaneously
improve the permeability of the exosome membrane, al-
lowing the absorption of drugs, proteins, or nucleic acids
[118]. Although this method is stable and efficient, high-
voltage pulse will lead to significant exosomes cracking, and
only part of which can complete membrane repair, result-
ing in low recovery efficiency [119]. Therefore, excessive ex-
osomes need to be invested. Hence, it is necessary to mon-
itor this process and optimize relevant parameters such as
the volume ratio exosome/loaded substance, electroporation
parameters (e.g., voltage), and the concentration of loaded
bioactive molecules/drugs to ensure successful loading and
avoid instability of the active substances [120].

(2) Ultrasonic treatment: Transient ultrasound treatment can

open transient pores on the plasma membrane, temporar-

ily increasing the permeability of the exosome membrane,
allowing the diffusion of bioactive substances/drugs into
the exosomal cavity [121]. With the disappearance of shear
force, the exosome membrane may recover its integrity, but
its size may change. At the same time, it is not suitable for
delivering certain therapeutic RNA as ultrasound treatment
can induce their aggregation and degradation [122]. In ad-
dition, bioactive substances/drugs may partially adsorb on
the exosome membrane and partially encapsulate in the ex-
osome, resulting in an asymmetric loading [123]. Therefore,

a two-stage release of active substances may be observed in

studies, with an initial burst release from the surface fol-

lowed by a slow release from the core [124].

Extrusion: The extrusion method involves loading a mixture

of bioactive substances/drugs and exosomes into an extruder

with a porous membrane ranging from 100nm to 400 nm
and loading bioactive substances/drugs into the exosomes
through membrane rupture [125]. Although the loading ef-
ficiency of this strategy is relatively high, the structure and
some physicochemical properties of exosome membranes
have been changed due to the application of high mechan-
ical force [124]. Kim et al. explored a micro-extruder with

a polycarbonate membrane filter to load melatonin into ex-

tracellular vesicles. This melatonin-loaded nano-visible sub-

stance advanced transdermal delivery of melatonin and en-
hanced the therapeutic efficacy of atopic dermatitis by in-
hibiting local inflammation, mast cell infiltration, and fibro-

sis [123,126].

Freeze-thaw cycle: The freeze-thaw cycle in a pro-

cess that involves incubating exosomes with bioactive

molecules/drugs at room temperature or 37 °C for a certain
period, followed by freezing them under liquid nitrogen
conditions, and subsequently thawing them at room tem-
perature [127]. Hybrid exosomes formed by freeze-thaw
method combining exosomes with polymer nanoparticles
(such as liposomes) can not only address the issues of
poor stability and rapid degradation of exosomes, but
also optimize the disadvantage of poor functional polymer
nanoparticles [54]. To increase targeting efficiency, Goh et
al. proposed the use of cell-derived nanovesicles combined
with liposomes to generate EXOPLEXs as a chimeric drug
delivery platform. Although freeze-thaw method is simple,
it has lower drug loading efficiency compared to ultrasound
or extrusion methods, and it may lead to protein inacti-
vation, exosome size change and aggregation during the

freeze-thaw process [128].

(5) Surface permeator treatment: Surface permeator treatment
is exploration of using surfactants such as saponins or tri-
ton to interact with cholesterol on the exosome membranes
to increase the permeability of the exosome membrane

(3

—

(4

=
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[129]. This method is suitable for loading small hydrophilic
molecules into the exosomes. Although surface permeator-
based strategy emerges higher loading efficiency compared
to simple incubation, the use of surface permeators can af-
fect the stability and functionality of exosomes, necessitat-
ing additional purification steps to remove the surfactants
[130].

Chemical modification: Chemical modification allows for

direct conjugation of targeting ligands or therapeutic

molecules to the surface of exosomes through non-covalent
conjugation or chemical bonds, as shown in Fig. S1 and Ta-
ble S2 (Supporting information) [131]. Click chemistry as
an effective chemical coupling reaction mechanism has at-
tracted great attention [132]. It is a fast selective reaction
with high yield and high specificity, making it suitable for
exosomes surface modification [133]. Among the different
kinds of click reactions, copper was often chosen to cat-
alyze the azide alkyne cycloaddition (CuAAC) to form tri-
azole bonds as it allowed for rapid and efficient bond-
ing between molecules and exosomes [134]. Smyth et al.
have taken advantage of cross-linking between the acety-
lene group and exosomes surface proteins to functionalize
the exosomes surface. Azide-fluor545 (the azide model) was
then combined with the alkyne group, and it was found that
this modification did not affect the size of the exosomes and

their adhesion and internalization to the target cells [135].

Nonetheless, chemical modification by click chemical reac-

tion is not site-specific and cannot determine which amino

groups or proteins on the exosomes surface will react with,
so it may change or mask the active sites of other proteins
on the exosomes surface [136]. Besides, secondary purifica-
tion of exosomes is required to remove unreacted chemicals
in a timely manner, increasing the chances of complexity

and exosome loss [137].

(7) Incubation: Passive loading is the co-incubation of exosomes
with bioactive molecules/drugs, taking advantage of the con-
centration gradient to allow the molecules/drugs to enter
the exosomes membrane [138]. Although this method is
simple and maintains the integrity of the membrane, it has
low sample loading efficiency and cannot control the dose
of bioactive molecules/drugs distributed into the exosome
membrane [139].

—
()]
=

The overview of natural exosomes and engineering exosomes is
shown in Fig. 1D and Table S3 (Supporting information). In general,
engineering exosomes not only retain the desired characteristics
of natural exosomes, such as good biocompatibility, low immuno-
genicity and cell communication ability, but also have higher preci-
sion and advantages in specific biological activity and therapeutic
targeting. Therefore, they significantly improve the specificity, ef-
ficacy and safety of exosome-based therapies, thus showing high
clinical application value.

4. Application of biomaterial-assisted exosome biomimetic
engineering strategy in skin wounds

4.1. Design strategies

Biomimetic hydrogels constructed from biomaterials have a
similar structure to the natural extracellular matrix [140]. They not
only absorb exudate from skin tissues but also provide a suitable
microenvironment for the proliferation of endogenous cells at the
wound site [141]. Therefore, encapsulating exosomes in hydrogels
is an effective strategy to achieve sustained release of exosomes
while maintaining their activity and function as shown in Table
S4 (Supporting information) [142,143]. Hydrogels are mainly com-
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posed of natural and synthetic polymers and are commonly com-
bined with exosomes through methods such as dropwise addition,
co-cultivation, and freeze-drying [144,145]. There are some strate-
gies for delivering exosomes from hydrogels. For example, we can
utilize the swelling properties of hydrogels to directly load exo-
somes into hydrogels, but this approach requires hydrogels with
larger pores. However, when the pores are too large, the controlled
release of exosomes cannot be achieved [146]. In addition, exo-
somes can be directly mixed with hydrogel precursor solutions by
means of crosslinking agents or physical binding. This strategy is
an attractive option for exosome encapsulation because they offer
a high degree of tunability of hydrogels with controllable mechan-
ical properties and degradation rates. However, a common prob-
lem is that added crosslinkers may be cytotoxic to biomolecules
[147]. Furthermore, in situ gelation strategy with double sy-
ringe is also convenient and can achieve the targeted delivery of
exosomes.

The controlled release of exosomes encapsulated in hydrogels
to host tissues mainly occurs through diffusion and erosion: (1)
diffusion involves mixing exosomes with the hydrogel precursor
solution, followed by crosslinking polymerization, and over time,
the exosomes slowly diffuse within the hydrogel; (2) erosion is
the release of exosomes by hydrolysis and degradation of hydro-
gels in response to host microenvironment (such as pH, enzyme,
temperature and light) under specific conditions [148]. This sec-
tion will summarize and discuss the related research progress in
this area.

4.2. Proteins

4.2.1. Collagen

Collagen, as one of the main components of the ECM in skin,
plays a crucial role in wound healing [149]. Dressings based on
collagen can mimic the ECM and accelerate the wound heal-
ing process [150]. Chen et al. loaded exosomes derived from
ADSCs into serum albumin nanoparticles containing nanosilver,
which were further encapsulated into injectable collagen hydro-
gel (Exos-Ag@BSA NFs/Col). The selective release of Ag and Exos
in the oxidized wound microenvironment not only effectively in-
hibited bacteria, but also optimized the regenerative microenviron-
ment. At the same time, Exos-Ag@BSA NFs/Col treatment group
was conducive to vascularization, granulation formation and re-
epithelialization by up-regulating the gene expression of PDGEF,
VEGF and HIF-1a. This resulted in higher wound closure rates
and significantly accelerated wound healing and regeneration in
diabetic mice models with silicone splint excision wounds [151].
Adipose mesenchymal stem cell-derived exosomes (ADSCs-Exos)
loaded into scaffolds rich in collagen/platelet plasma also showed
excellent anti-inflammatory and pro-angiogenic effects. Therefore,
collagen combined with exosomes provides a new therapeutic
strategy and theoretical basis for wound repair [152].

4.2.2. Gelatin

Gelatin, a hydrolyzed product of collagen, exhibits good bio-
compatibility, low immunogenicity, MMP mediated degradation,
and retention of natural cell adhesion motifs [153]. In addi-
tion, gelatin modified with methylacrylylation (GelMA) can be
crosslinked quickly under ultraviolet light to form a three-
dimensional scaffold with appropriate viscosity, flexibility and
strength [154]. This greatly improves the mechanical strength
and degradation rate of gelatin, thus maintaining the stability of
dressings. GeIMA has been widely applied in the healing of skin
wounds. It was reported that the microneedle patch (MN) prepared
by GelMA and PEGDA can successfully fulfill the transdermal and
controlled release of tazarotene and exosomes derived from HU-
VECs. In the mouse diabetic wound model, the remodeling, angio-
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genesis and re-epithelialization effects of collagen matrix in the
treatment group were significantly superior to those in the pure
material group, demonstrating the effective delivery of exosomes
and drugs by MN patches (Fig. S2A in Supporting information)
[155,156]. Wang et al. prepared epidermal stem cell-derived exo-
somes (VH-EVs) loaded with VH298, which can build up the func-
tion of HUVECs by activating HIF-o pathway. In a mouse diabetic
ulcer model, GeIMA hydrogel containing VH-EVs motivated the ef-
ficiency of wound healing by locally enhancing blood supply and
angiogenesis, exhibiting a prominent therapeutic effect (Fig. S2B
in Supporting information) [157]. Furthermore, exosomes derived
from circ-Snhg11-modified hypoxia-preconditioned ADSCs, embed-
ded in GelMA hydrogel through non-covalent interactions can rein-
force proliferation, invasion and tube formation of endothelial stem
cells, thereby playing a momentous role in restoring endothelial
cell function and presented a new strategy for the treatment of
diabetic ulcer (Fig. S2C in Supporting information) [158]. Collec-
tively, gelatin dressings loaded with exosomes have shown great
potential in promoting wound healing and regeneration. Further
research and development in this field will undoubtedly contribute
to the advancement of wound care and the improvement of patient
outcomes.

4.2.3. Silk fibroin (SF)

SF is favored by researchers for its inherent biodegradability,
mechanical robustness, signaling molecule stabilization, high wa-
ter absorption, and low immunogenicity, and is considered a spe-
cial wound repair material [159]. Multi-omics analysis showed
that fibroin was conducive to enhancing the parocrine function of
MSCs, regulating extracellular matrix deposition, angiogenesis and
immunomodulation by differentially activating integrin/PI3K/AKT
and glycolytic signaling pathways, and controlling the behavior
of various resident cells (fibroblasts, endothelial cells and phago-
cytes) in the skin wound microenvironment which effectively im-
prove skin regeneration [160]. Studies have found that encapsu-
lating platelet-rich plasma (PRP), platelet-rich plasma-derived ex-
osomes, and bone marrow mesenchymal stem cell-derived exo-
somes in a silk protein (SP)-based double-crosslinked bioactive
hydrogel dressing (SP-Exos) can be used in a full-thickness dia-
betic ulcer wound model in rats. SP-Exos not only reduce NETosis
and oxidative stress, but also persuade macrophages polarization
towards the M2 phenotype, granulation tissue matrix formation,
neovascularization, sebaceous gland and hair follicle regeneration,
and intensified collagen deposition. It exhibited a faster diabetic
wound healing rate compared to pure PRP and SP, making it a po-
tential candidate for the next generation of diabetic wound dress-
ings (Fig. S3 in Supporting information) [161]. The composite hy-
drogel prepared by fibroin protein combined with silk sericin (SS)
not only possessed suitable mechanical properties to cope with
complex wound environments, but also prolonged the release time
of exosomes derived from HucMSCs and reinforce the vitality of fi-
broblasts and the ability of vascular tube formation in vitro studies
[162]. SF-based microneedle devices have also been affirmed as an
ideal carrier for delivering sensitive biomolecules. Fu et al. found
that engineered exosomes loaded with miR146a released from silk
fibroin patches exhibited excellent inhibitory effects on the NF-xB
signaling pathway by targeting interleukin 1 receptor associated
kinase 1 (IRAK1), leading to downregulation of numerous inflam-
matory cytokines. Furthermore, they discovered increased collagen
synthesis, typical bundled collagen fibers, angiogenesis, and re-
epithelialization, all of which accelerated diabetic wound healing
[163]. In a word, SP-Exos show great promise in the field of wound
healing. Their unique properties and ability to deliver bioactive
molecules make them attractive options for developing advanced
wound dressings.
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4.3. Polysaccharides

4.3.1. Hyaluronic acid (HA)

HA is a major component of the extracellular matrix that main-
tains the structure and rigidity of the skin [164]. It interacts with
CD44 membrane receptors on a variety of cell types, and is in-
volved in inflammatory responses, angiogenesis, and tissue regen-
eration processes [165,166]. HA can be easily decorated by its
abundant active groups, such as hydroxyl and carboxyl groups to
produce hydrogels with various properties [167]. Li et al. prepared
a thermosensitive hydrogel by modifying HA with diethylene gly-
col monomethyl ether methacrylate (DEGMA). This hydrogel, when
loaded with MSCs-derived exosomes modified with miRNA 24-3p,
reduced inflammation and fibrosis, and promoted the migration of
epithelial cells [168]. Wang et al. found that encapsulating exo-
somes derived from MSCs in a double-network hydrogel (FHE@exo)
composed of oxidized hyaluronic acid, peptides, and Pluronic F127
significantly enhanced the proliferation, migration, and tube for-
mation ability of HUVECs in vitro. In vivo, the FHE@exo hydro-
gel showed better healing effects, with increased wound closure
and less scar tissue formation compared to using exosomes or
FHE hydrogel alone [169]. Researchers designed two HA deriva-
tives of dihydrazide adipate modified HA (HA-ADH) and quater-
nary ammonium (QA) and aldehyde grafted HA (HA-QA-ALD), uti-
lizing the Schiff base reaction to form a multifunctional hydrogel
with certain injectable, self-healing and tissue adhesion properties.
By accompanying M2 macrophages exosomes as a diabetic wound
dressing, the hydrogel formed a protective barrier that covered the
wound. The sustained release of M2 macrophage exosomes pro-
moted wound angiogenesis, thereby accelerating the healing of di-
abetic wounds (Fig. S4 in Supporting information) [170,171]. In
summary, the modification of hyaluronic acid to create different
types of hydrogels has shown promising results in various applica-
tions. These hydrogels, when loaded with exosomes, have demon-
strated potential in reducing inflammation, promoting cell migra-
tion, enhancing angiogenesis, and accelerating wound healing.

4.3.2. Chitosan

Chitosan is a partially deacetylated form of chitin, primar-
ily derived from the exoskeletons of crustaceans [172]. Chitosan-
based scaffolds are preeminent biomaterials for skin tissue engi-
neering, as they possess biocompatibility, biodegradability, and an-
timicrobial properties [173]. They can also be chemically modi-
fied and attached to other polymers to strengthen their mechan-
ical strength [174]. After modifying exosomes derived from syn-
ovial mesenchymal stem cells (SMSCs) with overexpression of miR-
126-3p and loading them into chitosan hydrogel, it had a posi-
tive effect on wound healing by increasing granulation tissue for-
mation and angiogenesis in rat skin wound models [175]. More-
over, Qian et al. discovered that exosomes derived from HucM-
SCs, with nano-silver adsorption, in combination with a moistur-
izing chitosan-silk fibroin-silver dressing (CTS-SF/Ag-Exos), could
manage the infected wounds well. CTS-SF/Ag-Exos can effectively
restrain the growth of bacteria and facilitate the proliferation of
human fibroblasts in vitro. In addition, immunofluorescence stain-
ing of @-SMA and neurofilament protein-200 (NF-200) was pos-
itively expressed in a pseudomonas aeruginosa infected mouse
skin wound defect model. This dressing enhanced wound heal-
ing by accelerating collagen deposition, angiogenesis, and nerve
repair [176]. The self-healing hydrogel prepared by hydroxybutyl
chitosan/oxidized-glucomannan as a carrier of BMSCs-derived ex-
osomes, can be applied for the regeneration of full-layer wounds
at the moving site. This dressing not only had certain antibacterial
properties, but also accelerated skin tissue remodeling and prevent
scar formation during the healing process of stretchable wounds
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[177]. Chitosan-based materials, when combined with exosomes,
have shown promising results in promoting wound healing.

4.3.3. Sodium alginate (SA)

SA is a natural polysaccharide whose solution encounters cal-
cium ions and can quickly undergo ion exchange to form a gel,
avoiding the use of toxic chemical crosslinking agents such as
glutaraldehyde and epichlorohydrin [178,179]. Therefore, SA gela-
tion under mild conditions prevents the deactivation of active sub-
stances [180]. Tavoosidana et al. exploited ion crosslinking to con-
struct alginate-based hydrogels for delivery of ADSCs-derived ex-
osomes. In a rat full-layer skin wound model, hydrogels contain-
ing exosomes significantly enriched wound closure, collagen syn-
thesis, and vascularization rates compared with hydrogels alone
and sterile gauze [181]. To increase the applicability of alginate
based bioactive scaffolds in clinical skin injury treatment, the influ-
ence of lyophilized spongy dressings encapsulated with exosomes
on skin wound healing was further investigated. The study found
that this strategy not only preserved the integrity of exosomes,
but also expedited the formation of granulation tissue, contribut-
ing skin remodeling by up-regulating stroma-related proteins such
as tenascin, decorin, epidermal growth factor receptor (EGFR) and
angiogenic marker nucleolin (Ncl) (Fig. S5A in Supporting informa-
tion) [182]. Zhou et al. prepared a sprayable alginate gel dressing
packaged with human dental pulp stem cells (hDPSCs)-derived ex-
osomes and oxygen-releasing. In a rat diabetic wound model, the
continuous release of exosomes and oxygen for up to 7 days cut
down the expression of hypoxic factors in fibroblasts, drove the po-
larization of macrophages towards M2 subtype, enriched angiogen-
esis and collagen deposition (Fig. S5B in Supporting information)
[183]. Therefore, although the sodium alginate materials incorpo-
rating exosomes could be a tool for the treatment of skin wound
under the safe concentration, further research is needed to opti-
mize the use of sodium alginate in exosomes studies to ensure its
safe and effective use in clinical applications.

4.4. Synthetic polymer

4.4.1. Polycaprolactone (PCL)

PCL, as one of the synthetic polymers approved by the Food and
Drug Administration (FDA), is widely explored in the manufacture
of wound dressings and is often selected as the main component of
nanofibers due to its biodegradability, spinnability, and high tough-
ness [184]. Su et al. established electrospinning to prepare PCL
fibers, and by chemically modifying the material to increase its hy-
drophilicity, they were able to anchor BMSCs-Exos onto the surface
of the polymer fiber network, resulting in a functionalized scaf-
fold called Exos-PEF. Compared to the control group, as well as the
pure material and exosomes group, Exos-PEF gave full play to the
respective roles of the material and exosomes in the process, act-
ing as a “recruitment agent” and “training agent” for immune cells.
This synergically promoted beneficial macrophage and regulatory T
cell responses in the skin wounds of mice, thus facilitating wound
healing (Fig. S6 in Supporting information) [48]. In consequence,
the research on PCL and exosomes has shown immense potential
in wound healing.

4.4.2. Polyvinyl alcohol (PVA)

PVA is one of the most commonly exploratory synthetic poly-
mers, capable of forming hydrogels through various methods such
as physical and chemical crosslinking [185]. These PVA hydrogels
are extensively emerged in a variety of biomedical applications
[186]. The mechanical strength of PVA hydrogels possesses ionic
response due to Hofmeister effect, allowing the micro-needle tips
to match the strength of different tissues under the control of envi-
ronmental ions [187,188]. Zhang et al. have developed a biomimetic
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adaptive microneedle patch for the healing of diabetic ulcers. This
dynamic intelligent delivery system consists of adjustable PVA
hydrogel micro-needles encapsulating MSCs-Exos. MSCs-Exos was
sustainably delivered by indwelling microneedles to actively reg-
ulate the proliferation and migration of fibroblasts, facilitate tube
formation of vascular endothelial cells and inhibit M1 polariza-
tion of macrophages. Therefore, indwelling microneedles have been
demonstrated to advance tissue regeneration and wound healing
in diabetic rat models of full-layer skin wounds (Figs. S7A-C in
Supporting information) [187]. Zeng et al. have created micronee-
dle patch by doping polydopamine into PVA solution, followed by
encapsulating M2 macrophages-derived exosomes within a pho-
tosensitive microneedle hydrogel (MEs@PMN). MEs@PMN hydro-
gel system has displayed excellent biocompatibility and significant
photothermal effect. After sustained delivery of exosomes to the
wound area, it can administer inflammation by down-regulating
the expression of TNF-«, IFN-y, IL-1 and inducible nitric oxide syn-
thase (iNOS), boost the formation of granulation tissue and inten-
sify angiogenesis to speed up skin wound healing (Figs. S7D-F in
Supporting information) [189]. The combination of PVA and exo-
somes holds great promise in biomedical research. Further research
is needed to fully understand the interactions between PVA and
exosomes and to optimize their combination for wound repair.

4.4.3. PEG

PEG, as a well-known synthetic skeleton, is a flexible, water-
clear polymer. PEG is broadly employed in tissue engineer-
ing and drug delivery applications due to its biocompatibility,
non-immunogenicity, tissue simulation mechanical properties, and
chemical versatility [190]. Researchers have developed a promis-
ing functional dressing by chemically modifying PEG or loading
it with bioactive substances [191]. For example, Zhang et al. have
designed a novel self-healing conductive hydrogel by coordinat-
ing and crosslinking four-arm PEG-SH with Ag. By selecting met-
formin as a model drug and ADSCs-Exos as the bioactive substance,
the hydrogel achieved dual loading. It reduced mtROS and cellu-
lar ROS production by interfering with mitochondrial fission, pro-
tected F-actin homeostasis in a high glucose environment, main-
tained microvascular integrity and barrier function, suppressed
inflammation, and promoted cell proliferation and angiogenesis,
thereby facilitating chronic wound healing (Fig. S8A in Support-
ing information) [192]. It has been also demonstrated that the
PEG smart hydrogel containing exosomes can further the prolif-
eration and migration of HDFs, HaCaTs and HUVECs by enhanc-
ing phosphorylation of AKT signaling pathway. The smart hydro-
gel containing exosomes eliminated the adverse effects of oxida-
tive stress on cell migration and drove diabetic wound healing by
contributing to re-epithelialization, collagen deposition and neo-
vascularization (Fig. S8B in Supporting information) [193]. Kim et
al. designed a hydrolytically degradable PEG hydrogel delivery sys-
tem that encapsulated macrophages-derived exosomes (Exogels)
by controlling crosslinking density and sealing property. Exogels
provided a promising therapeutic strategy for balancing pro- and
anti-inflammatory immune responses during wound healing. Ex-
ogels exhibited superior performance in stabilizing closure of full-
thickness skin wounds and enhanced dermal adipogenesis and hair
follicle regeneration during the healing process (Fig. S8C in Sup-
porting information) [194]. PEG has emerged as a valuable tool
for loading exosomes, making them more suitable for skin wound
therapy. However, further studies are required to overcome exist-
ing challenges and fully exploit the potential of PEG and exosomes
in clinical applications.

4.4.4. Polyurethane (PUAO)
PUAO is a new type of antioxidant elastomer biomaterial that
plays an important role in reducing oxidative stress and providing
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oxygen [195,196]. Kumar et al. developed an oxygen-releasing an-
tioxidant wound dressing polyurethane (OxOBand) enriched with
ADSCs-derived exosomes, which promotes migration and prolif-
eration of human keratinocytes and fibroblasts. Compared to un-
treated control wounds in diabetic rats, OxOBand dressing resulted
in faster wound closure, enhanced collagen deposition, accelerated
epithelialization, increased neovascularization, and reduced oxida-
tive stress response. The dressing strengthened the development
of mature epithelial structures, with hair follicles and epidermal
morphology resembling healthy skin (Fig. S9 in Supporting infor-
mation) [195]. It is worth noting that the long-term stability and
degradation behavior of polyurethane-Exos composites need to be
thoroughly investigated. Understanding the interactions between
Exos and the polyurethane matrix over time is crucial for the de-
velopment of durable and biocompatible materials in wound re-
pair.

5. Summary and prospect

Although biomaterials-assisted exosomes for skin wound repair
and regeneration have achieved good results in animal models,
there is still a long way to go to evaluate exosomes-based thera-
pies to accomplish clinical translation and application, and there
are still related challenges to overcome:

(1) It is well known that exosomes inherit most of the bioac-
tive molecules and biological properties from their parent
cells, but the exact content of components such as miRNA,
mRNA, proteins and lipids in exosomes is not well described.
In addition, the heterogeneity of exosomes from different
cell sources should not be ignored, even if exosomes from
the same cell type, it is impossible to tell whether there
are differences between individuals. Therefore, future stud-
ies should also consider focusing on elucidate the complex
composition, biological function and intrinsic targeting abil-
ity of natural exosomes.

(2) Because the mechanisms of exosomes-based intercellular
communication and interaction have not been fully explored,
evaluating the safety and efficacy of exosomes-based thera-
pies is still in its infancy. Moreover, there is evidence that
exosomes may induce immunosuppression and tumorigenic
risk during treatment, which remains a challenging issue for
clinical translation. Therefore, a great many of experiments
are needed to enhance the understanding of exosomes, such
as the validation of pharmacokinetic and pharmacodynamic
properties, to further determine the effective dose range of
exosomes in clinical use, and to furnish the possibility of
safe and effective application of exosomes.

(3) Although there are various methods for separating and puri-
fying exosomes at present, in general, the separation proce-
dure is costly, and the exosomes production and purity are
low which leading to the specific separation cannot be com-
pletely realized. A second issue is that there are no perfect
schemes for large-scale standardized production and long-
term preservation of high-quality exosomes for the moment.
To ensure efficacy, freshly harvested exosomes are often ex-
ploited in studies. This limitation also demands that the
place of production is not too far away from the site of use
to avoid any loss of efficacy during transportation.

(4) In order to ameliorate the targeting and therapeutic effect
of exosomes, biomaterial-based hydrogel systems have been
developed successively, but there are still many obstacles
that restrict their future clinical application. For example,
residual components in hydrogels or the employment of
crosslinkers may be toxic; it is hard to control the forma-
tion time of pH-sensitive or temperature-sensitive injectable
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hydrogels, which can easily bring about needle blockage
when injecting hydrogels with syringes. Thus, the prepara-
tion scheme of hydrogels should be further optimized. More-
over, due to the differences in the in vivo and in vitro envi-
ronment, the release rate of exosomes encapsulated in hy-
drogels in vitro may not be able to fully simulate the in vivo
microenvironment, so the delivery efficiency of exosomes in
vivo should be further explored.

In conclusion, with the rapid development in the field of re-
generative medicine, exosomes have been found to possess great
powers in anti-inflammatory, cell proliferation and angiogenesis,
and play a key role in skin wound repair. Consequently, the future
clinical application and commercialization of intelligent dressings
based on exosomes therapy designed according to the dynamic and
complex process of skin wound healing is worthy of expectation,
and further systematic evaluation is required to achieve success.
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