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Exosomes (Exos) are tiny extracellular vesicles containing a variety of active biomolecules that play
important parts in intercellular communication and influence the functions of target cells. The potential
of Exos in the treatment of dermatological diseases has recently been well appreciated. This review
highlights the constituents, function, and delivery of Exos, with a particular focus on their applications
in skin therapy. Firstly, we offer a concise overview of the biochemical properties of Exos, including their
sources, structures, and internal constituents. Subsequently, the biomedical functions of Exos and the
latest advances in the extraction and purification of Exos are summarized. We further discuss the modes
of delivery of Exos and underscore the potential of biomaterials in this regard. Finally, we summarize
the application of Exo-aided therapy in dermatology. Overall, the objective of this review is to provide a
comprehensive perspective on the applications and recent advancements of Exo-based approaches in
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treating skin diseases, with the intention of guiding future research efforts.

Introduction

Exosomes (Exos) are small extracellular granular vesicles. These
species are biologically functional and undergo secretion from
the intracellular space to the extracellular environment, ulti-
mately influencing the biological activities of recipient cells [1].
Initially, it was assumed that Exos functioned as a vehicle for the
elimination of undesired intracellular proteins. Subsequently,
Exos have been recognized for playing an important role in
mediating inflammatory responses, facilitating cell proliferation,
regulating the extracellular microenvironment, and eliciting the
body's immune response [2,3]. Consequently, the potential of
Exos as a viable substitute for cell therapy in disease treatment
has become increasingly apparent.

However, the extraction and purification of Exos face major
challenges due to their heterogeneity in terms of origin, size
variation, and content diversity [4]. The presence of other extra-
cellular vesicles (EVs), including microvesicles and apoptotic
vesicles, can also complicate these processes due to their similar
densities and structures, which can lead to sample contamina-
tion and reduced purity levels. In addition, the characteristics
of lipoproteins overlap with those of Exos in terms of density
and size, presenting similar purification and isolation chal-
lenges [5,6]. Currently employed methods for Exos purification
include ultracentrifugation, ultrafiltration (UF), microfluidics,
polymer precipitation, immunocapture, and exclusion chro-
matography, each tailored to a specific scenario [7,8]. Here, we
provide an overview of Exos separation techniques, along with
a comparative analysis of diverse sample types. This should aid
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readers in selecting an appropriate separation method that pro-
vides the optimal yield and purity for their system.

The characterization of Exos is necessary to assess the effi-
cacy of Exos isolation and the quality of the resulting Exos. For
example, protein content is frequently used as a reliable indica-
tor for quantifying the purity of Exos [9]. However, performing
such quantitative and phenotypic studies is challenging due to
the small sizes and low protein content of Exos. In addition,
many existing assays for Exos, such as nanoparticle tracking
analysis (NTA) [10] and total protein assays [11], lack specific-
ity and can be influenced by other proteins and cytokines,
thereby compromising the accuracy and sensitivity of the
results. Although antibody-based methods allow for the spe-
cific analysis of Exos [12], they are relatively insensitive to
detecting rare Exos isoforms or low concentrations of Exos.
Additionally, purification and centrifugation steps introduce
additional experimental variables [13]. This review provides a
summary of analytical identification techniques that map the
different properties of Exos, along with a summary of some
emerging techniques.

Recently, Exos have been explored in the development of per-
sonalized medicines owing to their homotypic targeting and
self-recognition capabilities. However, in clinical applications,
Exos present a new set of challenges, including low stability and
poor targeting abilities. To improve the therapeutic efficacies of
Exos, their surfaces can be engineered using homing peptides or
ligands through a variety of engineering methods to impart them
with targeting capabilities [14]. For example, receptor-specific
molecules can be employed to bind Exos surface receptors,
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enabling their targeted delivery to the desired cells or tissues [15].
Furthermore, nanotechnology can be used to encapsulate drugs
in nanoparticles and attach them to Exos, thereby enhancing
their stability and targeting capabilities [16]. In addition to
improving Exos delivery efficiency, for therapeutic purposes, it
is also essential to ensure their safe and effective transport to the
target site [3]. Therefore, the choice of biomaterial must be care-
fully considered when designing the delivery system. For
instance, biomaterials such as chondroitin sulfate, alginate (Alg),
and filipin protein have been widely used in carrier systems
owing to their excellent biocompatibility and mechanical stabil-
ity, which enable the effective protection and delivery of Exos
[17]. Moreover, it is essential to achieve sustained release while
maintaining adequate activity during treatment. Different for-
mulations can therefore be selected based on specific require-
ments, such as loading capacity, to ensure that enough active
Exos particles or liquid formulations are released at the disease
site within an appropriate time frame. Therefore, additional
efforts are necessary to overcome the current challenges in the
clinical application of Exo, including optimizing the surface
modification strategies to improve therapeutic efficacy, selecting
appropriate biomaterials as loading systems to ensure safe and
effective delivery, and exploring diverse formulations to meet the
demands for sustained release.

Recently, increasing evidence has suggested that Exos can
be extensively employed in the treatment of various dermato-
logical conditions [18,19]. Exos can activate a variety of signal-
ing pathways. By regulating the expression of relevant genes,
Exos promote the activation and proliferation of target organ-
related cells, which, in turn, repair damage [20]. Notably, anti-
oxidants in Exos help reduce oxidative stress in the skin and
improve skin texture. Additionally, Exos can penetrate the
stratum corneum to reach the dermis and promote the synthe-
sis of collagen and elastin, thereby slowing down the process
of skin aging [21]. Exos not only are involved in skin physio-
logical processes but also play a role in specific messaging when
lesions occur in the skin microenvironment. They regulate the
secretion of pro-inflammatory cytokines in the skin microen-
vironment and promote vascularization and collagen deposi-
tion in skin defects, thus maintaining the healthy state of the
skin [22]. Moreover, exogenous Exos, especially those derived
from mesenchymal stem cells (MSCs) [23,24], have immense
potential for use in dermatological therapy and skin regenera-
tion owing to their unique abilities to deliver biomolecules and
modulate the cellular responses that contribute to restoring
cellular function and immune homeostasis [25,26]. It is there-
fore evident that Exos hold great potential as diagnostic and
therapeutic targets for the management of dermatologic disor-
ders. Regarding the application of Exos to the skin, several
reviews have summarized related topics [27,28], but the rela-
tionship between the multifunctionality of Exos and their appli-
cation in treating dermatologic diseases has been less discussed.
Additionally, the therapeutic effects of multifunctional Exo-
aided therapy in dermatology have not been systematically
analyzed and compared.

Here, we present an introduction to Exos, including their
various sources, structures, internal components, and biomedi-
cal functions. We summarize the latest methods for extracting
and purifying Exos, comparing their advantages and disadvan-
tages. In addition, we present methods for identifying and modi-
fying Exos for specific applications. Furthermore, we highlight
biomaterials that can be used to deliver Exos and evaluate some
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Fig. 1. Introduction to exosomes (Exos). (A) Schematic of Exo production. (B) Forms
of Exo action. (C) Exo biomarkers. The figure is reproduced with modifications from
Ref. [31] (Copyright 2021, Gurung etal.).

common forms of Exos delivery that are currently being used
in disease treatment. Finally, we discuss the use of Exos in
dermatologic therapy, along with the challenges that these
particles face in the clinical setting. Potential future research
directions are also presented. In conclusion, this review aims
to provide a comprehensive overview of Exos-based applica-
tions and recent advances in the treatment of dermatologic
diseases, and inform research efforts in skin therapy and related
systemic diseases.

Exosomes

Exos are formed during the formation of intracellular multive-
sicular bodies, and they are known to contain luminal vesicles
encapsulated by a lipid bilayer membrane. These vesicles contain
various biologically active molecules including small RNA,
proteins, and metabolic molecules [29]. Exos measure approxi-
mately 40 to 160 nm in diameter [30] and are thought to origi-
nate from endocytosis [31,32] (Fig. LA). They act as intercellular
vectors [33], exerting their biological effects through membrane
fusion, endocytosis, and binding to receptor ligands in target
cells to achieve information transfer (Fig. 1B). In addition to
their unique molecular compositions (Fig. 1C), several exosomal
proteins have been identified as potential marker molecules for
disease diagnosis [34,35]. For example, serum levels of miR-141
in prostate cancer patients differentiate between metastatic
and localized disease. An analysis of Exos extracted from urine
revealed a microRNA (miRNA) profile that can be used to detect
urothelial carcinoma of the bladder [36]. Furthermore, Exos not
only protect enzyme-sensitive substances from degradation but
also possess intrinsic properties, such as small size, excellent
biocompatibility, and notable CD47 surface expression, which
enable them to evade phagocytosis and enhance their stability
in vivo [37]. Consequently, Exos hold great promise as thera-
peutic agents owing to prolonged circulation time in the blood
vessels. In addition, Exos can be used as a novel drug delivery
system. The desired drug is loaded onto the surface or inside of
Exos using exogenous or endogenous drug delivery technologies.
As drug carriers, Exos can deliver drug molecules to target cells
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efficiently and specifically, providing a new concept and practical
technology for the targeted therapy of diseases [38].

Sources and heterogeneity of Exos
The heterogeneity of Exos can be attributed to variations in
size, content, function, and cellular origin [39]. For example,
size heterogeneity is primarily due to the nonuniform invagina-
tion of membranes during Exos biogenesis, while content het-
erogeneity is associated with different invagination and protein
sorting mechanisms within various cell types [40]. In addition,
source heterogeneity is related to the organ and tissue of Exos
origin [41]. It has been shown that even within the same source,
Exos can exhibit size and content variabilities due to differences
in their subcellular structures and cellular states [42]. Cancer
cell Exos, for example, demonstrate unique properties, includ-
ing organ tropism and uptake by different cell populations [43].
Exos are widely found in the body fluids of various organ-
isms and can also be released from cultured cells in vitro [44].
The role of Exos is determined by the specific cell type from
which they originate. For instance, MSCs, macrophages, and
tumor cells are all capable of releasing Exos. Due to this
heterogeneity, variation exists in the abundance of markers
across different Exos. Consequently, specific combinations
of antibodies can be used to selectively isolate different types
of Exos from samples. Furthermore, Exos derived from dif-
ferent sources exhibit variations in their yields, component
contents, functions, and drug-carrying capacities, resulting
in potential differences in their therapeutic efficacy. Therefore,
the careful selection of appropriate sources for Exos isola-
tion could minimize the side effects associated with drug
delivery.

MSC-derived Exos

MSCs exert their therapeutic effects by secreting neurotrophic
factors and angiogenesis regulators, in addition to promoting
nerve regeneration and neoangiogenesis [45]. They also possess
immunomodulatory properties, suppress inflammation, and
facilitate tissue regeneration in various disease models [46].
However, using MSCs as novel drug systems raises safety con-
cerns due to potential unwanted differentiation after transplanta-
tion, the malignant transformation of MSCs, and alloimmune
responses that can lead to graft rejection [47]. Research has
shown that MSC Exos play an important role in facilitating inter-
cellular communication, which serves as a pivotal mechanism
in determining their therapeutic efficacy [48,49]. MSC Exos pos-
sess various advantages, such as convenient storage and transfer-
ability characteristics. Furthermore, MSC Exos are known to
exhibit enkephalinase and insulin-degrading enzyme activities,
which are responsible for reducing amyloid beta plaque deposi-
tion in Alzheimer's disease transgenic mice, thereby indicating
their potential neurological effects [50]. Additionally, MSC Exos
inhibit lymphocyte proliferation and induce anti-inflammatory
lymphocyte differentiation. Moreover, MSC Exos may amelio-
rate inflammatory disorders by modulating DNA methylation
levels to inhibit inflammation [51], thereby promoting the
expression of molecules associated with epigenetic modifica-
tion. In addition, MSC Exos inhibit inflammation and restore
homeostasis in the body by activating relevant signaling path-
ways using their multiple RNA components. According to
the miRNA profile of MSC Exos, cell proliferation is regulated
by miR-191, miR-222, and miR-21, whereas angiogenesis is pro-
moted by miR-222, miR-21, and Let-7a [52]. In addition,

Lei et al. 2025 | https://doi.org/10.34133/bmr.0148

endothelial differentiation is promoted by miR-6087, muscle
growth is facilitated by miR-494, and the inflammatory response
is reduced by miR-181c [53].

Overall, MSC Exos can be regarded as a safe substitute for MSCs,
serving as a novel cell-free therapy that modulates the inflam-
matory response and facilitates tissue repair and regeneration.
Therefore, MSC Exos open up new therapeutic possibilities for
treating various diseases and show great potential for clinical use.

Macrophage-derived Exos

As a crucial element of the immune system, macrophages dem-
onstrate high adaptability and are notable contributors to inflam-
matory reactions. They are mainly divided into M1 and M2 types.
M1 macrophages can release numerous pro-inflammatory mol-
ecules that serve to enhance the inflammatory reaction, eliminate
pathogens, and impede tumor development. Conversely, M2
macrophages release anti-inflammatory molecules that modu-
late the immune response while fostering tumor progression and
spread. Macrophage Exos have been demonstrated to play crucial
roles in the pathogenesis of numerous diseases. For example,
M2 macrophages Exos can act as immunomodulators, enhanc-
ing the immune microenvironment of bone by activating the
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)
pathway, facilitating the polarization of M1 macrophages to the
M2 type, and accelerating diabetic fracture healing [54]. Moreover,
M2 Exos have been shown to enhance the advancement and
spread of tumors in colorectal, hepatocellular, and lung cancers
[55]. In addition, since Exos possess characteristics that reflect
their parent cells, differences can exist between Exos originating
from different macrophage phenotypes. For example, Exos
released from adipose tissue-derived M1 macrophages contain
abundant miRNAs, such as miR-155 and miR-146a, which can
induce insulin resistance in mice. Moreover, the secretion of
miR-155-containing M1 Exos after a myocardial infarction exac-
erbates cardiac injury by acting on post-infarction vascular endo-
thelial cells and inhibiting neoangiogenesis [56].

Tumor cell-derived Exos

Tumor cells actively release a range of soluble biomolecules,
including cytokines, chemokines, and growth factors, which play
various roles in creating the environment around a tumor [57].
Tumor Exos contain various molecular components such as
lipids, membrane-associated proteins, and RNAs. These com-
ponents can modify the behavior of recipient cells and create
pathways for malignant cell growth [58]. It is becoming increas-
ingly clear that tumor Exos play important roles as immuno-
modulatory factors in the tumor microenvironment [59]. For
example, Shang et al. [60] showed that novel colorectal cancer-
derived Exos can act as pro-oncogenic molecules to promote
proliferation, migration, invasion, and N1-N2 neutrophil dif-
ferentiation of colorectal cancer cells through the miR-142-3p/
miR-506-3p-TGF-P1 axis. In addition, renal cell carcinoma
(RCC)-derived Exos promote tumorigenesis by altering activated
IncRNA in sunitinib-resistant RCC (IncARSR)-induced macro-
phage polarization [61]. Tumor Exos could also be utilized as
indicators for the early detection and diagnosis of disease, where
targeting metastasis-associated Exos provides new ways for the
development of effective antitumor therapies [62]. Following the
modification of tumor cells, they may also facilitate cancer ther-
apy [63]. In solid tumors, tumor Exos containing proteins and
nucleic acids primarily enter vascular endothelial cells by endo-
cytosis to stimulate neovascularization. Therefore, targeting Exos
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to induce angiogenesis holds great promise as a potential new
approach for cancer therapy [64].

Plant-derived Exos

Plant-derived Exos are small EV's secreted by plant cells, with
similar contents to animal Exos but with a slightly larger particle
size. Exos can be extracted from most plant cells, and as interest
in plant Exos has increased in recent years, more types of Exos
from a wider variety of sources are being studied [65]. Compared
to animal Exos, plant Exos offer advantages such as low toxicity,
low immunogenicity, high cellular uptake efficiency, high bio-
compatibility, and stability. They have the potential for large-scale
production due to their low acquisition cost and technical
requirements [66]. Studies have reported that plant Exos from
various sources retain the biological functions of their original
plants. Plant Exos can use their contents, such as small RNAs,
miRNAs, long noncoding RNAs, etc., as extracellular messengers
to mediate communication between plant and animal cells, par-
ticipate in the defense against pathogens, and regulate the innate
immunity of plants. They also act as carriers to transfer mRNAs,
miRNAs, bioactive lipids, proteins, and other drugs. These fea-
tures support biological activities such as anti-inflammatory,
antitumor, and antiaging effects in animal cells. For example, Qi
et al. developed a formulation by extracting Exo-like nanovesi-
cles from aloe vera and mixing them with aloe vera hydrogel,
which effectively regulated the balance between oxidative and
antioxidative states. This improved the repair of natural barrier
function in inflammatory lesions and wound sites [67], providing
new insights into the rational design of Exo-like nanovesicle
formulations based on natural plant-derived components.

Structure and Composition of Exos

Exos are produced when cell membranes undergo inward bud-
ding, leading to the formation of endosomes within the cell.
This involves a range of processes, and as a consequence of
directional assembly and migration, fusion with the cell mem-
brane occurs, resulting in the release of Exos. Exos are vesicular
structures whose cholesterol- and diacylglycerol-rich mem-
branes consists of a double layer of phospholipids and proteins,
including the conventional transmembrane proteins, heat shock
proteins, lysosomal proteins, tumor-sensitive gene 101, and
fusion proteins [68]. The interior consists of a hydrophobic
vesicle containing various bioactive molecules from the micro-
environment and the cytoplasm of the parent cell [69]. Exos
can carry signaling molecules, including growth factor recep-
tors, kinases, and cytokines, which can interfere with the signal-
ing and function of recipient cells. Consequently, the structures
and compositions of these biomolecules are closely related to
the resulting Exos function.

Primary Functions of Exos

Mediating cell-to-cell communication

As an important vehicle for intercellular communication, Exos
play an indispensable role in maintaining the homeostasis of the
organism [70]. These nanoscale vesicles carry an abundance of
biomolecules that can accurately reflect the cellular state and
transmit signaling molecules between cells, thereby regulating
the gene expression and biological functions of target cells. In
terms of biogenesis, Exos formation, content selection, and Exos
release are finely regulated [71]. This precise molecular sorting

Lei et al. 2025 | https://doi.org/10.34133/bmr.0148

mechanism ensures that Exo-mediated intercellular commu-
nication is highly specific. During signaling, Exos interact
with target cells mainly through ligand-receptor binding,
membrane fusion, or endocytosis. These interactions can
trigger downstream signaling cascades that regulate key bio-
logical processes such as cell metabolism, proliferation, and
differentiation [72]. Given the important role of Exos in inter-
cellular communication, their role in disease pathogenesis
has received increasing attention. Exos exhibit unique bio-
logical functions in tumor microenvironment regulation and
immune response modulation [73]. These findings provide
an important theoretical basis and application perspective
for the development of novel Exos-based diagnostic markers
and therapeutic strategies.

Immunomodulatory function

Research has shown that Exos possess a range of immuno-
modulatory functions [74]. More specifically, Exos can regulate
immune responses by carrying immunomodulatory molecules
or messages, and such modulation can be either positive or
negative [75]. For instance, certain Exos carry the inhibitory
cytokines transforming growth factor-p (TGF-B) [76] and
interleukin-10 (IL-10) [77], which suppress inflammatory and
autoimmune responses and act as immunosuppressors. Among
these cytokines, MSC Exos exhibit an immunomodulatory role
by inhibiting lymphocyte proliferation while inducing their
differentiation toward anti-inflammatory phenotypes [78]. In
addition, adipose MSC Exos inhibit T cell differentiation, acti-
vation, and proliferation, while also inhibiting the production
of the pro-inflammatory cytokine interferon-y. Exos also influ-
ence the immune system and control immune cell functions.
For instance, Exos can inhibit the activities of macrophages
and dendritic cells to reduce the body's ability to fight pathogens
[79], thereby exerting an immunosuppressive effect. Conversely,
some Exos stimulate the activity of natural killer cells and CD8*
T cells to enhance their cytotoxicity against tumor cells and
infectious agents, thereby acting as immune activators [80].
Exos therefore participate in notable complex regulatory mech-
anisms for the effective balancing and regulation of the immune
response.

Tissue repairing

Exos include a variety of cell proliferation factors, pro-angiogenic
factors, anti-inflammatory agents, and antioxidants, giving them
crucial therapeutic potential in facilitating tissue repair [81]. Firstly,
in the context of promoting cell proliferation and regeneration,
MSC Exos have been shown to increase skin cell proliferation and
migration and accelerate wound healing as shown in Fig. 2A [82].
Umbilical cord MSC (UCMSC) Exos have the potential to enhance
fibroblast proliferation and collagen synthesis through the up-
regulation of genes related to N-cadherin, cyclin-1, and collagen
type 1, among others [83]. Additionally, adipose MSC (ADMSC)
Exos improved wound healing and angiogenesis (Fig. 2B) in rats
with spinal cord injuries (SCI) [84].

In terms of promoting revascularization, the vascular endo-
thelial growth factor and fibroblast growth factor (FGF) in Exos
can promote angiogenesis, improve tissue oxygenation and nutri-
ent delivery, and accelerate wound healing [85]. Indeed, the
promotion of vascular regeneration is a primary mechanism by
which MSC Exos facilitate skin damage repair. This process
primarily involves stimulating smooth muscle cell proliferation
and migration, along with recruiting vascular endothelial cells to
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(Copyright ©2022, Nano Letters, published by the American Chemical Society).

restore damaged blood vessels [86]. MSC Exos are also enriched
with a diverse array of proteins and RNAs that are associated
with angiogenesis, thereby stimulating the expression of numer-
ous trophic factors [87].

In addition, inflammation is a crucial process in the body's
defense system, recruiting neutrophils and macrophages to elimi-
nate foreign particles and damaged tissues, ultimately aiding in
skin regeneration [88]. Exos contain a variety of anti-inflamma-
tory and antioxidant factors, which can inhibit the inflammatory
response and degree of oxidative damage to wounds, thereby
promoting wound healing [89]. M2 Exos have been shown to
facilitate receptor macrophage conversion to the anti-inflammatory
M2 phenotype (Fig. 2C) [90]. They also promote the activation,
differentiation, and proliferation of B cells while inhibiting the
proliferation of T cells. Moreover, they have the ability to trans-
form activated T lymphocytes into regulatory T cells, leading to
an immunosuppressive impact [48].

Exos also modulate cellular interactions and signaling through
the transport of different biomolecules [91]. In addition, they
have been demonstrated to regulate matrix synthesis, thereby
promoting tissue repair and regeneration [92]. The extracellular
matrix (ECM) is composed of various biomolecules, including
collagen, elastin, polysaccharides, and proteoglycans, which are
critical for ensuring its stability and biological function. By regu-
lating both the matrix synthesis and degradation processes, Exos
affect ECM composition and biological function [93,94]. In
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particular, certain biomolecules present in Exos, such as miR-
NAs and proteins, can translocate into target cells to modulate
the genes and signaling pathways that are associated with matrix
synthesis [95,96]. For example, the miR-21 and miR-29 com-
ponents of Exos can increase collagen and elastin production
by targeting genes that are involved in matrix synthesis. In addi-
tion, specific proteins such as TGF- within Exos can promote
cell growth and differentiation by influencing the synthesis
of the ECM. Notably, it has been observed that traditional
2-dimensional (2D) culture methods result in a decline in the
stemness of MSCs over time, thereby restricting the therapeutic
potential of MSC Exos. Conversely, 3-dimensional (3D) culture
conditions result in high therapeutic efficacies for Exos-based
therapies, as presented in Fig. 2D [97]. Compared with 2D cul-
ture, 3D culture not only increased MSC cell stemness but also
remarkably improved the efficiency of Exo production and more
efficiently attenuated SCI-induced neuroinflammatory response
and glial scarring.

Neuromodulation

Exos use several mechanisms to regulate neuronal development,
including tRNA transfer and the release of neurotrophic factors.
More specifically, Exos release neurotrophic factors that regulate
neuronal development by delivering them to target cells, and
they also transfer RNA from specific genes into neurons via
RNA-containing vectors, thereby regulating neuronal expression
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at the transcriptional and translational levels, ultimately affecting
neuronal development [98]. Exos contain many neurotrophic
factors, antioxidants, and other components that help neurons
combat environmental stressors, such as oxidative damage and
inflammation, thereby providing neuroprotection [99]. In this
context, Ji et al. [100] found that MSC Exos attenuate excessive
reactive oxygen species (ROS) production, lipid peroxidation,
mitochondrial dysfunction, and apoptotic gene expression. In
addition, Exos are known to contain numerous anti—inﬂammatory
substances; therefore, it is possible that controlling the inflamma-
tory response may promote Exos release, leading to potential
implications for neuronal protection. By transporting molecules
involved in the regulation of inflammation (e.g., regulatory T cells
and interleukins), Exos can modulate the inflammatory responses
of neurons, thereby influencing their function and survival.
Notably, proteins encapsulated within the exosomal cargo may
also be involved in modulating these responses. For example,
exosomal neurotrophic factors maintain neuronal homeostasis
by regulating apoptosis and inflammation. It has also been reported
that Exos actively regulate immune cell responses toward neuronal
inflammation. In particular, they can suppress monocyte polar-
ization and activation, thereby attenuating the intensity of the
inflammatory response. Moreover, Exos influence the interplay
between neurons and glial cells to modulate the inflammatory
response within the neural tissues. These vesicles induce immune
responses that are essential for maintaining the integrity of the
nervous system. In particular, under conditions where environ-
mental factors such as ultraviolet (UV) light irradiation can induce
damage to neurons, the immune-mediated release of Exos can
provide effective protection [101].

Extraction and Purification of Exos

Differential centrifugation

Differential centrifugation (DC) is the most commonly used
method for isolating Exos due to their small sizes [102]. DC is
a separation method based on the difference in size and density
of Exos compared to contaminant particles. Although DC is
widely recognized as the most effective method for isolating
Exos due to its ability to effectively remove cellular debris and
contaminants, the application of DC across numerous cycles
can potentially lead to a reduction in Exos retention within the
sample, resulting in diminished yields. Moreover, high-speed
centrifugation can induce fusion between pellets and contami-
nants or proteins, ultimately affecting the physical properties
of Exos [103]. In addition, the DC method requires skilled
operators, which hinders its application in the clinical environ-
ment [104].

To address these issues, the density gradient centrifugation
method was developed to separate Exos from protein aggre-
gates and nonmembranous particles based on differences in
density and size. During this process, the vesicles and bio-
molecules are separated by adding separation media (e.g.,
sucrose and iodixanol) to generate a gradient system, such as
that employed by D’Acunzo et al. [105]. They demonstrated
that compared to a sucrose-based gradient, an iodixanol-
based gradient exhibited superior efficacy in separating vari-
ous categories of EVs, including distinct subpopulations such
as microvesicles, Exos, and mitochondrial vesicles. Although
the total EV yields were similar between the 2 gradients, the
iodixanol-based gradient demonstrated enhanced separation
capabilities.
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Ultrafiltration

UF is based on the retention of EVs by membranes with differ-
ent pore sizes, and it is known to facilitate the separation of
Exos by allowing the isolation of particles from 2 to 100 nm in
diameter [106]. For example, when working with cell superna-
tants, Exos with diameters between 30 and 150 nm can be
effectively filtered using a filter with a small pore size (0.22 pm),
thereby excluding larger particles. The filtrate obtained after
this step is collected and subjected to UF through a column
(3 to 10 kD) to eliminate the smaller proteins present in the
filtrate. In terms of its efficiency, economy, and simplicity, UF
offers advantages over ultracentrifugation, in addition to allow-
ing batch processing to be carried out. However, it should be
noted that the narrow pores of UF membranes are prone to
clogging, and the resulting excessive pressure can cause defor-
mation of the EVs. As a result, the UF method tends to produce
Exos in lower yields and purities. Thus, UF has been employed
as a complementary technique to an ultra-isolation method
and has also been combined with other purification methods
to improve the purification results. For example, Gao et al.
[107] compared UF-size-exclusion chromatography (UF-SEC)
with the ExoQuick-TC precipitation method to isolate Exos
from equal volumes of adipose tissue-conditioned medium.
They observed that the UF-SEC approach gave higher yields
along with acceptable purity levels. The use of UF in conjunc-
tion with other substances that exhibit specific affinities for
Exos has also been considered to enhance the purification
process. Xiang et al. [108] combined the UF technology with
titanium dioxide micromaterials, initially using UF to decrease
the urine volume and subsequently using the titanium dioxide
micromaterials to enrich the urinary Exos through targeted
interactions with the phosphate groups present on the surfaces
of their phospholipid bilayers.

Microfluidics

Currently, ultracentrifugation and UF methods are com-
monly employed to extract Exos from cells. However, these
approaches are time-consuming and may compromise the
structural integrity of the biological particles. In contrast,
microfluidics provides a high-throughput approach to selec-
tively trap Exos while allowing other components to pass
through unaffected. This enables the efficient separation and
analysis of Exos from low-density fluids [109]. Microfluidic
devices with different isolation mechanisms, such as active
(e.g., electric, magnetic, and acoustic fields) or passive (e.g.,
ciliated microcolumns, viscoelastic flow, and tangential flow
filtration with polycarbonate membranes) mechanisms, play
a crucial role in sample treatment [110]. Therefore, it is essential
to design highly selective and affinity-based microfluidic devices
to ensure the efficient extraction of Exos using this technique
[111]. For example, Exos can be captured and enriched by acous-
tically activated nano-sieves in microfluidic chips. Ultrasonic
excitation of the microspheres creates an interparticle Bjork force
that helps capture small nanoparticles (100 nm in diameter)
as they pass through the filled bed. Consequently, the Exos can
be isolated by binding to fluorescently labeled antibodies pre-
immobilized on the surfaces of polystyrene microspheres, fol-
lowed by detection using fluorescence microscopy. In addition,
Zhao et al. [112] developed a 3D porous sponge microfluidic
chip based on CD9 antibody functionalization to produce an
efficient Exos enrichment platform. The authors found that this
chip achieved an Exos capture efficiency of approximately 90%.
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However, despite the advantages of microfluidic methods, such
as ease of integration, low sample consumption, and high-
throughput capabilities, their widespread use is hampered by
the complexity associated with device design, fabrication, and
operation.

Polymer precipitation

The polymer precipitation method involves using extremely
hydrophilic polymers to create a hydrophobic microenvironment
by binding to the water molecules surrounding the Exos. This
results in the precipitation of Exos, which can then be isolated
through low-speed centrifugation. Polyethylene glycol (PEG) is
one of the most widely used polymers for this purpose. In this
approach, the sample is first centrifuged at a low speed to remove
cellular debris. PEG is then added to the supernatant, and the
Exos are concentrated by centrifugation. Washing and additional
centrifugation steps are subsequently performed to remove the
PEG and any other contaminants. Notably, this approach is
simpler to use compared to the widely used ultracentrifugation
method, featuring shorter analysis times and not requiring
specialized equipment. However, it can be difficult to completely
remove the polymers introduced during precipitation, which can
also contain numerous impurities, resulting in relatively low
purities and recoveries. These factors can hinder subsequent
experimental analyses [104]. To address these issues, Antopolsky
etal. [113] used a chemical coprecipitation technique to prepare
magnetic Fe;O, nanoparticles coated with PEG. By controlling
nanoparticle movement, they captured proteins from the serum
and purified the Exos via magnetic precipitation.

Immunoaffinity capturing

Immunoaffinity capture methods employ antibodies to selectively
capture Exos that express specific markers. Compared to the com-
monly used ultracentrifugation approach, these techniques yield
notably higher Exos purities [114]. However, if the antibody can-
not be readily dissociated from the vesicle following precipitation,
it may compromise the integrity of the Exos. Consequently, many
solutions have been developed to meet this challenge. Cai et al.
employed the host-guest interactions between p-cyclodextrin
(B-CD) and 4-aminoazobenzene to conjugate antibodies with
superparamagnetic nanoparticles to provide immunoaffinity
superparamagnetic nanoparticles. This method enabled the efhi-
cient capture of Exos in cell culture supernatants and body fluids
with a capture rate of 80% [115]. The subsequent competitive
elution of the captured Exos was achieved using a-CD, resulting
in a release rate of 86%. Furthermore, Lim et al. employed an
agarose gel-based method using antibody cocktail-conjugated
magnetic nanowires to efficiently isolate homogeneous popula-
tions of Exos from small plasma samples obtained from patients
with cancer. Although they demonstrated rapid isolation with
relatively high purities [116], this immunoaffinity capture approach
only captured Exos that were successfully recognized by the anti-
bodies, resulting in low yields.

Size-exclusion chromatography

In SEC, smaller molecules are retained due to their permeation
into the stationary phase, while molecules larger than the pore
size of the stationary phase retain in the mobile phase and are
eluted earlier than the smaller molecules. As previously reported,
Exos extracted using SEC exhibit higher Exos recoveries com-
pared to those obtained through ultracentrifugation [117]. This
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method offers numerous advantages, such as good cost-
effectiveness, reproducibility, and high speed, thereby serving as
an alternative for clinical samples in proteomics studies [118].
SEC is commonly employed for EV analysis in blood samples.
For instance, Karimi et al. [119] described using SEC with a
density pad to facilitate the separation of EVs from lipoproteins
with lower densities. Furthermore, it has been found that load-
ing floating EV's onto an SEC column allows for their separation
from smaller soluble proteins and lipoproteins, thereby enabling
detailed plasma EV proteome analysis. This combined approach
expected to provide valuable insights into future Exos purifica-
tion methods. However, it should be noted that SEC cannot dif-
ferentiate between Exos and microbubbles of similar sizes; hence,
it is often used in conjunction with other techniques [120].

Characterization of Exos

The qualitative and quantitative characterization of Exos is
commonly employed to evaluate the isolation effectiveness and
Exos quality based on biomolecule yields and purities. For
example, the evaluation of protein content is a common means
to quantify Exos. Currently, fluorescence correlation spectros-
copy (FCS), mass spectrometry, and marker protein assays are
commonly used to identify specific protein markers. In addi-
tion, mass spectrometric analysis of the lipid compositions of
Exos membranes can successfully distinguish between different
subtypes of Exos. The ratio of the targeted lipids to the total
Exos can be used as a metric to assess the purity of specific
Exos. In contrast, quantitative analysis typically involves particle-
counting methods, such as NTA and dynamic light scattering
(DLS) [121].

Particle size detection

NTA is a high-throughput visualization technique used to moni-
tor the Brownian motion of particles in suspension, enabling
the determination of the mean size, mode, and size distribution
of Exos. The measurement process typically requires only a few
minutes to complete, and in certain cases, the sample can be
recovered after measurement (i.e., when sample dilution is not
required for measurement) [122]. However, NTA has several
limitations, including a lack of specificity toward Exos, inade-
quate discrimination between some species (e.g., nanoparticles,
large protein aggregates, and biological vesicles), and potential
interference from lipoproteins and protein aggregates during
the quantification process.

Similar to NTA, DLS estimates the particle size by analyzing
the scattered light resulting from the Brownian motion of par-
ticles. However, compared to NTA, DLS offers advantages in
terms of its user-friendly nature and its capability to analyze
small sample volumes [122]. Additionally, DLS is noninvasive,
allows the rapid analysis of large numbers of particles, and per-
mits complete sample recovery at a low cost. However, DLS also
has some limitations. For example, the scattered light intensity
is affected by the sixth power of the particle diameter, rendering
detection challenging for smaller particles, and leading to biased
data favoring larger sizes when mixtures are present in suspen-
sions. Consequently, inaccurate particle counts may be obtained
for samples with low purities [123]. Furthermore, nonexosomal
contaminants measuring 30 to 100 nm (e.g., protein aggregates
and lipoproteins) can be mistakenly identified as Exos using DLS
methodology, resulting in an overestimation of the Exos quantity
measured by this technique. DLS can therefore be considered
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suitable for monodisperse systems, but unsuitable for complex
Exos samples with wide size ranges. Moreover, it cannot deter-
mine the Exos concentration accurately or differentiate contami-
nating proteins from similarly sized particles that are combined
with the Exos.

Fluorescence correlation spectroscopy

FCS is a high-throughput statistical technique used for charac-
terizing molecular counts and diffusion coefficients [124]. FCS
involves irradiating a small volume of a fluorescently labeled
sample (e.g., DiR, DiO, DiD, FM 4-64, CFSE, PKH-26, or PKH-
67) with a laser to observe the fluctuations in fluorescence inten-
sity caused by Brownian motion. The change in fluorescence
intensity over time is subsequently used to estimate the particle
concentration. However, it should be noted that FCS has several
limitations because the employed lipophilic fluorescent dyes are
not specific to Exos, and as a result, they stain lipid-containing
particles and vesicles present in the sample. Moreover, in salt-
containing buffers, these lipid dyes tend to form micelles or
aggregates that partially overlap with other components of the
Exos, making their removal challenging [125]. To address this
issue and enable the high-throughput screening and character-
ization of Exos based on antibody-vesicle interactions, FCS
can be considered an innovative approach. Compared to other
methods, such as flow cytometry or protein blotting, which
operate on similar principles, FCS represents a sensitive high-
throughput approach [125].

Mass spectrometry

Mass spectrometry is a powerful qualitative and quantitative
analytical method that is commonly used to identify and quan-
tify a wide range of clinically relevant analytes. Following ion
sorting based on their mass-to-charge ratio (m/z), the ions are
measured and displayed on a mass spectrum. This technique
enables the systematic characterization of Exos-specific pro-
teins when combined with bioinformatics. Consequently, such
approaches are commonly employed in the analysis of cancer-
related biomarkers, such as Exos derived from infected cells
[126]. These Exos can be sourced from serum [127] or urine
[128], which holds notable importance in the context of early
cancer detection and prognosis.

Marker protein detection
Immunoassays are analytical techniques used to identify poly-
clonal or monoclonal antibodies specific to any antigens pres-
ent in each given sample. Exos possess a variety of proteins
on their membranes that can serve as potential markers (e.g.,
CD63, Tsgl01, CD9, and CD81). However, although marker
protein assays allow for the qualitative or quantitative analy-
sis of these markers in Exos, they are complicated and time-
consuming procedures with variable detection efficiencies.
Although flow cytometry is rapidly advancing, the major-
ity of instruments have a detection limit between 200 and
500 nm, which falls short of the size range of EVs [129].
Another challenge arises when high concentrations of Exos
are present or when aggregation occurs during isolation, as
flow cytometry often struggles to accurately identify and
distinguish multiple vesicles from a single entity, leading to
potential inaccuracies in the results [130]. Additionally, the
fluorescence signal obtained by flow cytometry can be influ-
enced by cellular debris and cytoplasmic proteins. Therefore,
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precise quantification of the particle counts using flow cytom-
etry necessitates samples with high purity. To address these
commonly encountered issues, a viable solution involves the
use of latex beads coated with monoclonal antibodies that spe-
cifically bind to proteins on the Exos surfaces. Once immobi-
lized on the surface of the bead, the fluorescently conjugated
antibodies target the antigens expressed on the Exos surfaces.
This not only allows for high-throughput analysis but also per-
mits easy quantification based on antigen expression.

Western blotting is also commonly employed for Exos analy-
sis due to its simplicity and capability to identify both sur-
face and internal proteins [131]. Moreover, the enzyme-linked
immunosorbent assay approach, which is an immunolabeling
technique based on antibody recognition of peptides and pro-
teins, enables the detection of protein markers and the quan-
tification of specific antigens present on the Exos [132]. The
high specificity and rapidity associated with this assay allow for
the precise analysis of marker proteins [133].

Electron microscopy

Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) are commonly employed techniques
for assessing EV morphologies [134]. Both approaches utilize
electron beams to generate high-resolution images of submi-
cron particles; however, the distinction between these 2 methods
lies in their respective electron detection protocols. In SEM,
the electrons are scattered upon interaction with the sample
particles. These scattered electrons are subsequently captured
and detected, resulting in particle imaging. In TEM, noninter-
acting electrons pass through the sample and are detected by
a fluorescent screen; dark areas or shadows on the phosphor
screen generated by the sample particles produce the final image.
Overall, electron microscopy enables direct observation of
the Exos morphology and structure; SEM facilitates surface
structure examination whereas TEM provides insights into
the internal structure and information regarding the particle
size distribution. However, due to its intricate operation and
more demanding sample preparation requirements, TEM is
not suitable for rapid, high-volume measurements. As an alter-
native approach, atomic force microscopy accounts for less
than 5% of Exos studies compared with the widely employed
TEM,; its primary application lies in morphological evalua-
tions [135].

Targeted Modification of Exos

Genetic engineering modification

Genetic engineering modification involves the fusion of gene
sequences from target molecules with the gene sequence of a
specific Exos membrane protein [136,137]. The surface protein
LAMP-2B is frequently utilized in Exos research. For instance,
Liang et al. [138] fused the chondrocyte affinity peptide to
LAMP-2B by gene editing to form a hybrid Exos, endowing
this species with the ability to target chondrocytes in the treat-
ment of osteoarthritis. Additionally, transfection of the relevant
plasmids into donor cells is known to allow the expression of
Exos containing target proteins. In this context, Du et al. [139]
successfully constructed a CD47-overexpressing Exos loaded
with the inducer erastin and the photosensitizer rose bengal,
which evaded phagocytosis by the mononuclear phagocytic
system and exhibited increased distribution levels in tumors,
thereby inducing ferroptosis in tumor cells.


https://doi.org/10.34133/bmr.0148

Biomaterials Research

Chemical surface modification

Chemical modification involves the binding of natural or syn-
thetic ligands to Exos proteins through coupling reactions
or lipid assembly processes. Click chemistry is a widely used
technique for the surface modification of Exos, with the acety-
lene group stacking reaction being one of the most common
click chemistry reactions employed in Exos modification. For
instance, Kang et al. used copper-free click chemistry to cova-
lently attach myocardial-targeting peptides to the surfaces of
human peripheral blood-derived Exos and attached choles-
terol-modified siRNAs to the Exos surfaces. Consequently, the
targeted delivery of siRNA was achieved, and cardiac function
was remarkably improved [140].

Physical handling

Various physical methods such as coincubation, electroporation,
freeze-thaw cycling, saponin treatment, ultrasound exposure,
and extrusion techniques have been shown to enhance the car-
rier functions of Exos. Although coincubation is a straightfor-
ward approach for loading hydrophobic or small-molecule
drugs into Exos, it is not suitable for loading hydrophilic drugs.
Electroporation facilitates the entry of drugs and nucleic acids
into Exos by creating transport channels across the exosomal
membrane, whereas ultrasound irradiation induces shear defor-
mation of the exosomal membranes to enable efficient drug
delivery. Furthermore, compression ruptures the Exos mem-
brane to facilitate cargo loading, whereas freeze-thaw cycling
modifies both the structure and functionality of the Exos mem-
brane to ensure effective cargo encapsulation. Notably, all these
physical methods (except for coincubation) introduce additional
substances into the Exos system to varying degrees and affect its
membrane architecture.

For example, Yang et al. [141] introduced plasmid DNA into
different types of cells and then applied focused, temporary elec-
trical stimulation to induce Exos with transcribed mRNAs and
specific peptide release. In another study, Shi et al. [142] evalu-
ated the incubation, sonication, extrusion, freeze-thaw cycling,
saponin-assisted, and electroporation methods to enhance drug
loading into Exos. They found that the Exos prepared by extru-
sion had the largest drug loading capacity, which was 2.45 times
higher than that prepared by direct incubation. Minimal mor-
phological changes were observed in the Exos obtained by the
freeze-thaw cycling method.

Exo-liposome hybridization can also be used to optimize
the properties of the Exos surface to increase their half-lives in
the bloodstream, ultimately enhancing Exos uptake by the tar-
get cells in vivo [143]. In this context, Sato et al. [144] fabricated
hybrid Exos by merging membranes with liposomes via the
freeze-thaw technique and demonstrated that the transport
capabilities of Exos could be altered through membrane fusion.
Furthermore, Li et al. [145] fused CD47-expressing tumor Exos
and liposomes to form hybrid nanoparticles for the codelivery
of miR-497 and triptolide to achieve targeted treatment for
ovarian cancer.

Biomaterials for Exos Delivery

Although Exos are widely utilized in disease treatment research,
their clinical application is hindered by low yield and efficiency,
as well as a limited duration of delivery. Specifically, the rapid
clearance of Exos by the immune system remarkably reduces
their retention time in vivo, compromising their therapeutic
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efficacy [146]. To address these challenges, numerous studies
have explored combining Exos with various biomaterials to
enhance tissue therapeutic effects and repair efficiency. By
maintaining Exos activity, prolonging their action, and promot-
ing controlled release, these biomaterials serve as effective car-
riers. Exos are combined with biomaterials primarily through
surface grafting, internal encapsulation, and the incorporation
of nanoparticles to leverage the strengths of both components
for more efficient delivery of therapeutics [147]. Biomaterials
commonly used for Exos loading include chondroitin sulfate,
hyaluronic acid (HA), and chitosan (CS).

Chondroitin sulfate

Chondroitin sulfate is a glycosaminoglycan with excellent bio-
compatibility, known to possess anti-inflammatory, antioxidant,
and antidegradation properties. It is abundantly present in vari-
ous mammalian tissues, including bone, cartilage, skin, neural
tissues, the ECM, and blood vessels [148]. As polysaccharides
are abundant natural compounds containing diverse reactive
groups, they can be easily modified to prepare chondroitin
sulfate-based drug carriers for extensive biomedical applica-
tions. The use of chondroitin sulfate for Exos delivery has been
considered an innovative approach, as demonstrated by Nikhil
and Kumar [149], who developed cryogel cartilage scaffolds
composed of chondroitin sulfate, gelatin, and chondroitin sul-
fate as biomaterials for efficient Exos delivery in the context of
cartilage repair.

Alginate

Alg is a linear polysaccharide widely used in tissue engineering
due to its excellent biocompatibility, cost-effectiveness, and simi-
lar properties to the human ECM [150]. In addition, Alg hydro-
gels can be gelled with divalent cations under mild conditions,
rendering them potential encapsulation materials for loading
Exos [151]. The combination with hydrogels prevents premature
Exos degradation and provides a sustained and pronounced
therapeutic effect by ensuring a concentrated dose of Exos; this
is achieved by placing the Exos-containing hydrogel directly at
or near the target site. For example, Zhang et al. [152] prepared
an injectable Alg-based composite gel by combining an Alg
hydrogel with Exos secreted by dendritic cells. This composite
gel effectively improved the therapeutic effects of Exos in enhanc-
ing cardiac function in a mouse myocardial infarction model.
In another study, Gan et al. loaded MSC Exos inside sodium Alg
microspheres, which created a moist environment to maintain
the MSC Exo activity. Subsequently, the MSC Exos were encap-
sulated with gelatin to protect them from degradation in the
acidic and enzymatic environment of the gastrointestinal tract,
ensuring their release at the appropriate site to fulfill their bio-
logical function. Notably, this material has been used in thera-
peutic models of inflammatory bowel disease [153].

Silk fibroin

Silk fibroin (SF) is a naturally occurring protein polymer that
has been successfully employed as a drug delivery system [154].
SF exhibits exceptional mechanical strength, slow in vivo bio-
degradability, and high biocompatibility [155]. Similar to Alg
salts, SF can be loaded with sensitive drugs (proteins and
nucleic acids) through a gentle aqueous process [156]. For
example, Rui et al. [157] employed in situ photocrosslinking
of filipin protein hydrogels (Exos@SFMA) encapsulating MSC
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Exos to modulate the immune microenvironment in rheuma-
toid arthritis. In addition, Han et al. [158] demonstrated that
delivering miR-675 via filipin protein hydrogel-encapsulated
stem cell Exos prevented age-related vascular dysfunction in
mouse hindlimbs. In another study, Li et al. [159] proposed
engineering Exos that were modified to carry miR146a attached
to a filipin protein patch for promoting diabetic wound healing.
Therefore, SF has gained notable attention in the field of wound
healing due to its potent antimicrobial properties.

Hyaluronic acid

HA is the most abundant acidic mucopolysaccharide in the skin,
synthesized by fibroblasts and keratinocytes present in skin tis-
sue. HA plays a crucial role in the ECM, providing physical sup-
port while also participating in the regulation of cellular functions
(e.g., promoting cell adhesion and angiogenesis) [160]. HA-based
hydrogels and scaffolds have been used to improve the therapeu-
tic efficacies and stabilities of Exos [161]. For example, Liu et al.
[162] showed that a combination of HA with AMSC Exos could
expedite wound healing by enhancing epithelial regeneration and
vascularization. Furthermore, Derkus [163] integrated cardiac
Exos with HA hydrogels to demonstrate their potential in pro-
moting cardiac tissue regeneration. Moreover, due to its inherent
ability to bind specifically to tumor cells that overexpress the
CD44 receptor, HA has found extensive application as a targeting
ligand for drug delivery systems.

Chitosan

CS is a natural polysaccharide obtained from crustacean shells,
which exhibits good biocompatibility and biodegradability
[164]. Studies have shown that CS can induce bone formation
and promote osteoblast growth in vivo, and it has been dem-
onstrated that CS scaffolds can prolong drug release and encap-
sulate drugs for targeted delivery [165]. Thus, CS is an ideal
vehicle for the sustained release of nanoparticles such as
Exos. In one study, Bahar et al. [166] found that Exos-loaded
CS/hydroxyapatite composites exhibited favorable bioactiv-
ity, induced angiogenesis, and wound healing, and increased
bone mineral density in rat cranial defects. Additionally, Liu
et al. [167] identified a novel 3D-printed collagen/CS scaffold
loaded with insulin-like growth factor-1-pretreated NMSC
Exos that enhanced repair and functional recovery after trau-
matic brain injury in rats.

Polylactic acid

Polylactic acid (PLA) is a polyester obtained by the polymerization
oflactic acid and is considered one of the most attractive polymer
candidates for controlled drug delivery [168]. However, despite
the mechanical stability and cytocompatibility advantages asso-
ciated with PLA, further surface modifications are required to
improve its bioactivity. In this context, PLA scaffolds modified
with Exos have recently been used for bone repair. For example,
Gandolfi et al. [169] used Exos-enriched PLA scaffolds to promote
osteogenesis in human adipose MSCs, whereas Zhang et al. [170]
demonstrated that bioactive 3D-printed PLA scaffolds modified
with MSC Exos have immunomodulatory potential to favor osteo-
genic differentiation, indicating their promise for application
in bone tissue regeneration. Additionally, Han et al. [171] con-
structed poly(aspartic acid)-poly(lactic acid)-hydroxyacetic acid
copolymer Exos microcapsules with good stability, which pro-
moted bone tendon healing in rotator cuft tears.
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The Delivery Approaches of Exos
Hydrogels

Hydrogels are biocompatible and mechanically robust, resorb-
able biological platforms composed of 3D hydrophilic polymers
that not only provide a suitable nutrient environment for the
growth of endogenous cells but also exhibit injectable and adhe-
sive properties [172]. This facilitates their maneuverability
and promote the long-term attachment of endogenous cells
to wounds during the healing process. The incorporation of Exos
into hydrogels enhances their stability, maintains their biological
activity, and represents a widely employed strategy for Exos deliv-
ery [173,174]. For example, Zhang et al. [175] fabricated a self-
healing conductive hydrogel loaded with an Exos—-metformin
hybrid to improve wound healing by inhibiting mitochondrial
fission. In addition, Yang et al. [176] constructed a gel system
consisting of hUCMSC-Exos and Pluronic F-127 that promotes
effective Exos delivery and enhances their therapeutic effects
in diabetic wound treatment. In another study, Guan et al.
[177] incorporated gelatin methacryloyl (GM) with aldehyde-
functionalized chondroitin sulfate (OCS) to create GMOCS
hydrogels, which were subsequently loaded with Exos. They
found that the incorporation of OCS remarkably enhanced ECM
synthesis within the GMOCS hydrogel. Moreover, the GMOCS-
Exo-based hydrogel improved the adhesion of chondrocytes by
reducing inflammation, leading to enhanced growth plate regen-
eration through remodeling of the ECM.

In recent years, the combination of Exos with other drugs
for hydrogel loading has received increasing research attention
[178]. In addition, self-healing hydrogels have gained attention
for their ability to rebuild broken bonds after damage, thereby
restoring their original mechanical, chemical, and electronic
properties. Furthermore, as bacterial infection in the wound
environment can prolong the healing process, it is necessary to
develop hydrogel materials exhibiting both antimicrobial activ-
ity and self-healing properties. For example, Wang et al. used
a simple chemical modification of HA and poly-e-L-lysine to
prepare hydrogels with self-healing ability via a Schiff base reac-
tion and showed that the addition of Pluronic F127 imparted
thermal responsiveness to the gels. Subsequently, AMSC Exos
were loaded by electrostatic adsorption and used to promote
chronic diabetic wound healing [179].

Microspheres

Although Exos can be employed as effective agents in stem cell
transplantation, their clinical use is limited by high clearance
rates. It has therefore been considered that the encapsulation
of Exos into hydrogels, which possess low viscosities and are
easily injectable, may provide a promising approach for achiev-
ing sustained release. Nevertheless, the rapid and uncontrollable
release rates of Exos from hydrogels fail to meet the require-
ments for continuous delivery. Although hydrogels with higher
viscosities could potentially enhance Exos retention, these
pose challenges for injection into the skin. As an alternative
approach, microspheres have garnered vital interest due to
their multiscale structures, functional properties, and inject-
able nature.

Microspheres are polymeric particle dispersion systems con-
taining spherical or subspherical particles characterized by small
sizes and high specific surface areas [180]. To date, they have
been widely used as Exos carriers for controlled release, sustained
release, and targeted delivery applications [174]. By adjusting the
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structures and compositions of microspheres, Exos release rates
and characteristics can be modified [181]. For example, Gao et al.
[182] prepared Exos-adsorbed poly(lactide-co-glycolide)-coated
poly(dopamine) microspheres (PMS-PDA), which efficiently
adsorbed Exos and allowed their sustained release for up to 21 d
(Fig. 3A). Notably, these Exos retained high biological activity
and promoted vascularized bone regeneration in rat skull defects
measuring 5 mm. In addition, Li et al. [183] fabricated rapamycin-
loaded Exos-mimetic nanoparticles (RNs) derived from the
human macrophage cell line U937 using an extrusion technique.
Subsequently, the RNs were encapsulated within polylactic-co-
glycolic acid (PLGA) microspheres (RNMs) (Fig. 3B). Both the
RN and RNM species were demonstrated to potently inhibit cell
proliferation, induce substantial apoptosis, and effectively sup-
press angiogenic factor expression in hemangioma stem cells. In
another study, Yang et al. developed an injectable hydrogel sys-
tem composed of the matrix metalloproteinase-1-sensitive self-
assembling peptide KLDL-MMP1, GelMA. Bone marrow MSC
Exos were then encapsulated within the hydrogel microspheres
[184], which exhibited an average particle size range of 50 to
70 pm, rendering them suitable for use in minimally invasive injec-
tions. This innovative approach holds great promise as an effec-
tive delivery platform for Exos to accelerate neovascularized bone
healing. In another study, microfluidics was used to encapsulate
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specific Exos within microspheres, enabling the development of
engineered stem cells capable of sustainably releasing T34 Exos
(TP4-ASCs) that promote collateral formation after myocardial
infarction, offering a promising alternative to clinical hemotrans-
fusion reconstruction (Fig. 3C) [185].

Microneedles
Microneedles (MNs) are minimally invasive devices that pain-
lessly penetrate the outer layer of the skin to facilitate the entry
of large molecules. As MNs come into direct contact with the skin
and the needle tips are partially inserted into the skin to achieve
continuous drug release, the biodegradability and long-term bio-
compatibility of the MN material must be carefully optimized
during the design process [186]. In this context, Song et al. [187]
fused borneol-modified liposomes with Exos derived from MSCs
and loaded ziconotide (ZIC) to prepare biocompatible MNs that
enhanced the blood-brain barrier crossing efficiency of ZIC (Fig.
4A). In addition, Yang et al. developed a keratin-based MN trans-
dermal delivery device for the codelivery of a hair follicle stem
cell activator, MSC Exos, and the small-molecule drug UK5099.
Using this system, follicular cycle transition was successfully
modulated, and hair regeneration was promoted [188].

To enhance the therapeutic effectiveness of Exos, several
innovative strategies have been proposed based on conventional
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MNs. For example, Zeng et al. [189] simultaneously inhibited
inflammation and promoted angiogenesis at the wound site by
incorporating M2 macrophage Exos in the needle tip and poly-
dopamine nanoparticles in the backing layer. Notably, the use
of mild photothermal therapy, facilitated by the photosensitive
backing layer generating gentle heat (40 °C), contributed to
enhanced angiogenesis and diabetic wound healing. Although
MN arrays provide a noninvasive transdermal delivery system
for Exos, passive diffusion limits the ability of Exos to fully reach
the injury site, leading to reduced delivery efficiency. To address
this, Liu et al. developed a detachable MN array to deliver nitric
oxide nanomodified Exos for the treatment of Achilles tendi-
nopathy. These nanomotors undergo a chemical reaction based
on their surroundings (e.g., acid, H,O, or glucose), enabling
their movement in the exhaust gases or solid waste (Fig. 4B)
[190]. To alleviate the discomfort caused by substrate adhesion
to the skin, indwelling MNs can be detached after application
while preserving the needle tip within the tissue. In another
study, Shi et al. [191] designed detachable MNs consisting of a
dissolvable polyvinyl alcohol tip and a dissolvable HA matrix.
Once inserted into the skin, the matrix was dissolved, whereas
the dissolvable tip remained intact, permitting the continuous
release of hair growth activators (Exos and L-lactate). These
non-drug-dependent dissolvable MNs exhibit no side effects,
ensuring good patient compliance with this treatment.

3D printing

ECM is essential for controlling cell proliferation, differentia-
tion, and physiological functions. To replicate the natural char-
acteristics of the ECM, it is crucial to develop tissue-engineered
biomimetic scaffolds that can provide an appropriate microen-
vironment. Among the various approaches reported to date,
the decellularized ECM (dECM) stands out for its ability to
replicate the complexity of the native ECM [192]. However,
traditional techniques, such as freeze-drying, fall short in terms
of fully emulating the natural ECM structure. Thus, in recent
years, 3D printing has emerged as a novel tool for precisely
fabricating tissues or organs with intricate spatial architectures
due to its high degree of freedom [193]. The exploitation of this
technology for Exos delivery has gained notable attention for
its ability to enhance therapeutic effects.

Exos delivery can be achieved via 3D printing by 2 main
routes: encapsulation within a scaffold material or coating onto
the scaffold itself. For example, using the 3D dECM technology,
Liet al. [194] successtully regenerated cartilage and subchondral
bone tissue by encapsulating Exos within a bionic hydrogel scat-
fold. In addition, Chen et al. [195] showcased the ability of an
externally loaded 3D GelMA hydrogel to serve as a graft delivery
system for Exos, enabling their noninvasive injection into injured
lesions and inducing neurological recovery after SCI. Notably,
the biocompatible 3D hydrogel-loaded Exos exhibited sustained
release capabilities while promoting neural stem cell survival and
neural differentiation in vitro. Furthermore, the implantation of
the 3D hydrogel facilitated Tuj-1-positive neuron differentiation
reduced astrocyte scarring and enhanced axonal growth, ulti-
mately leading to neurological recovery post-SCI.

Despite these advances, the rapid degradation profiles of
mono-material hydrogels hinder the process of tissue regen-
eration, and traditional photocrosslinking techniques pose
challenges in terms of material patterning, particularly in 3D
modeling. To address these issues, additional biomaterials, such
as gelatin, Alg, collagen, and their derivatives, can be introduced
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to increase the applicability of the dECM hydrogel in 3D
printing. For example, Chen et al. [195] combined MSC Exos,
decellularized cartilage ECM, and a GelMA hydrogel as a bio-
ink to fabricate 3D-printed scaffolds for osteochondral defect
regeneration.

Electrostatic spinning

Electrostatic spinning is a processing technique employed to fab-
ricate ultrafine polymer fibers by subjecting a charged polymer
solution to an electrostatic field beam. Electrospun fiber scaffolds,
which exhibit structural similarity with the ECM, have become
a prominent area of research interest. Exos can be incorporated
into these electrospun fibers through surface adsorption, mixing,
or emulsion methods. For example, Kang et al. [196] employed
electrostatic spinning to fabricate a composite scaffold compris-
ing PLGA and Mg-gallic acid metal-organic framework polymer
co-hybrids, followed by the integration of Exos onto the com-
posite scaffold. Subsequently, these functionalized scaffolds were
implanted into rats for the treatment of cranial defects, and it was
shown that the scaffolds promoted bone regeneration and angio-
genesis, in addition to exhibiting anti-inflammatory effects.
Phosphatidylserine (PS), a lipid present on the cell surface fol-
lowing axonal injury, has been demonstrated to play a key role
in the detection and facilitation of axonal fusion and regenera-
tion after injury. In this context, Su et al. [197] synthesized a PS
aptamer, which was combined with extracted Exos via self-assem-
bly techniques to construct PS-targeting Exos. Using electrostatic
spinning technology, a bionic periosteum with a guided micro-
structure was fabricated to activate these Exos. The resulting
bionic periosteum successfully enhanced neural axonal fusion,
vascular regeneration, and bone regeneration. Consequently, this
innovative bionic periosteum holds great promise for use as a
therapeutic strategy for bone regeneration.

Exos in Dermatologic Therapeutics

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) affects multiple systems and
organs and is characterized by an autoimmune-mediated pathol-
ogy with diverse clinical manifestations, ranging from mild skin
damage to severe multiorgan dysfunction [198]. Conventional
treatments for SLE, such as immunomodulators and immuno-
suppressive drugs, have limited efficacy in controlling inflam-
mation. Consequently, long-term immunosuppression is often
required [199], which can lead to various adverse effects, including
infections, secondary malignancies, and organ failure. Therefore,
there is an urgent requirement for effective therapeutic options
that offer sustained immunosuppressive effects with minimal
side effects.

In recent years, Exos have been used for SLE early diagnosis
and therapy. For example, Chuang et al. [200] identified a
bactericidal/permeability-increasing protein (BPI), an exo-
somal protein from T cells of patients with SLE, and demon-
strated that the overexpression of BPI in Exos plays a crucial
role in triggering an autoimmune response. These findings sug-
gest that Exos-containing BPI may have potential implications
for the early diagnosis of SLE nephritis. In addition, Exos exert
inhibitory effects on specific effector cells involved in the innate
and adaptive immunities associated with SLE [45]. For example,
MSC Exos maintain M2-type macrophage homeostasis by facili-
tating macrophage polarization toward anti-inflammatory phe-
notypes while also activating Treg cells [201]. Furthermore, MSC
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Exos suppress the immune responses mediated by the effector
cells implicated in both innate and adaptive immunities while
enhancing autoantibody-induced autoimmune reactions. In one
study, Dou et al. [202] investigated the effects of MSC Exos on
the M1-type polarization of macrophages and evaluated their
underlying mechanism. They observed that MSC Exos sup-
pressed the M1-type polarization of macrophages, leading to
decreased levels of TNF-a and IL-1P. Conversely, they found
that the removal of tsRNA-21109 from MSC Exos resulted in
the up-regulation of M1 markers (CD 80, NOS 2, and MCP 1),
down-regulation of M2 markers (CD 206, ARG 1, and MRC
2), and increased production of TNF-a and IL-1f in macro-
phages. These findings suggest that MSC Exos may inhibit
macrophage M1-type polarization by transferring tsRNA-
21109, thereby highlighting a possible therapeutic target for
SLE. Additionally, Exos play an important role in recipient
cells through miRNA-mediated mechanisms [203]. Among
these miRNAs, miR-155 is highly conserved in mammals and
has been implicated as a key regulator of cell proliferation in
autoimmunity. Notably, miR-155 has been shown to regulate
B cell activation during the immune response in SLE. In this
context, Zhao et al. [204] demonstrated that Exos modulate
B cell activation via the extracellular signal-regulated kinase
signaling pathway by targeting miR-155 expression in B cells.
This modulation effectively suppressed the persistent acti-
vation of autoreactive B cells and attenuated lupus-like dis-
ease progression.

Atopic dermatitis

Atopic dermatitis (AD) is a chronic and highly sensitized form
of skin inflammation characterized by the infiltration of immune
cells [205]. The pathogenesis of AD is primarily associated with an
enhanced Th2-mediated inflammatory response [206], where the
impaired skin barrier function triggers inflammation. Although
current therapeutic agents for AD (e.g., cortisol, calcineurin phos-
phatase inhibitors, and immunosuppressants) exhibit favorable
efficacy against AD symptoms; their long-term use may be hin-
dered by adverse effects. Therefore, effective and safe therapeutic
strategies for AD are urgently needed.

Exos have been shown to attenuate AD-like symptoms by
suppressing the expression levels of several inflammatory cyto-
kines [207], and they also exhibit the potential for promoting
skin regeneration [208]. For example, Cho et al. [209] demon-
strated for the first time in an in vivo mouse model that ASC
Exos improve AD by reducing the expression of various inflam-
matory cytokines. Yoon et al. used Exos secreted from IFN-y-
triggered multifunctional MSCs (iMSCs) to treat Aspergillus
fumigatus-induced AD in mice. The results showed that I[FN-
y-iExo improved the skin barrier function in AD mice, and
this process was mediated by suppressing the T cell immune
response [210].

Psoriasis

The pathogenesis of psoriasis is closely linked to immune dys-
regulation, characterized by the overactivation of immune cells
and interactions with keratinizing cells through inflammatory
cytokines. This creates a vicious cycle within the cytokine net-
work, resulting in progressive amplification of the inflam-
matory response at the lesion site, and ultimately leading to
psoriasis [211]. Current therapeutic options for psoriasis are
limited. In this context, Exos therapies have demonstrated
promising outcomes in the treatment of psoriasis because of
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their exceptional biocompatibility, low cytotoxicity, and immu-
nogenicity profiles, as well as their excellent target-specific
nature.

MSCs have been widely studied due to their established
safety record in human patients and their current approval
for treating highly refractory inflammatory diseases. A study
by Zhang et al. [212] showed that MSC Exos exert regulatory
effects on psoriasis-like skin inflammation, in addition to
attenuating imiquimod-induced psoriasis-like inflammation.
It has also been demonstrated that neutrophil-derived vesicles
are known to independently modulate the adaptive immune
responses by targeting specific cell types. For example, Shao
et al. [213] characterized the morphologies and compositions
of neutrophil Exos while investigating their impact on gener-
alized pustular psoriasis-related gene expression in keratino-
cytes. Their findings highlighted the involvement of neutrophil
Exos in autoinflammatory responses associated with general-
ized pustular psoriasis.

Recently, Exos have also been used as carriers for drug delivery.
For example, Jia et al. [214] employed melanoma cell Exos for the
targeted delivery of pristimerin (a naturally occurring triterpe-
noid bioactive compound that inhibits activated CD4* T cells and
keratinocytes) to overactive cells during psoriasis inflammation
(Fig. 5A). It was found that the pristimerin/Exos system effectively
targeted cutaneous psoriatic lesions in mice. Furthermore, the
dysregulation of several miRNAs has been identified in psoriasis.
In this context, Liu et al. [215] demonstrated the therapeutic
potential of Exos in delivering miR-124-3p to keratinocytes to
modulate cytokine expression, thereby offering novel insights into
the treatment of psoriasis.

Skin aging

With advancing age, the fibroblasts in the skin experience a
decline in vitality and functionality, leading to reduced pro-
duction of collagen, elastic fibers, and HA. Consequently, this
results in dermal thinning accompanied by sagging and wrin-
kling of the skin. Henceforth, the diminished vitality and quan-
tity of fibroblasts serve as the fundamental cause underlying
skin aging [216]. The aging process is also influenced by dam-
age to the ECM [217], such as oxidative stress, which induces
ECM degradation and disintegration. At the same time, senes-
cent and damaged cells cause inflammation and erythema dur-
ing skin aging. Thus, to mitigate skin aging, research in the field
of regenerative medicine has primarily focused on exploring
novel antioxidants and immunomodulators, including the
direct application of MSCs [218].

Exos have also been found to modulate histone methylation
to reverse aged tendon stem/progenitor cells (AT-SC) aging
(Fig. 5B) [219]. Furthermore, the antiaging role of Exos derived
from various stem cell sources has been extensively studied [27].
For example, Hu et al. [220] used needle-free jet injection to
administer 3D cultured human dermal fibroblast (HDF) Exos into
nude mice exposed to ultraviolet B (UVB) irradiation (311 nm)
and observed that these Exos effectively restored the function
of the aged HDFs. They also demonstrated that the 3D HDEF-
EXO system could modulate dermal fibroblasts, promoting
collagen biosynthesis and alleviating the skin inflammation
induced by UVB irradiation. Xia et al. [221] found that the
Exos miRNA-125b derived from young fibroblasts promotes
myofibroblast differentiation and wound healing in aged mice
(Fig. 5C). In addition, it is well known that adipose-derived
stem cells (ADSCs) possess a self-renewal ability leading to a
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capacity to reduce the appearance of photoaging wrinkles and
enhance collagen production in photoaging fibroblasts in vitro
[222]. With this in mind, Guo et al. [223] compared the effects
of ADSC Exos on the cell activity and morphology of skin fibro-
blasts cultured in vitro to investigate their antiaging potential.
Compared with adipose stem cells alone, ADSC Exos offered
various advantages, such as stable preservation capability, low
tumorigenicity, and low immunogenicity, thereby representing
a promising cell-free therapeutic approach for combating aging.

As an alternative, plant Exos are also extensively employed
in the field of dermatology. Similar to animal Exos, plant Exos
exhibit a comparable size distribution, surface charge, surface
morphology, and content composition. These vesicles encap-
sulate a diverse array of molecules, including RNA, proteins,
and lipids, which are known to govern various physiological
processes [224]. In this context, Trentini et al. [225] investi-
gated the effects of apple-derived nanovesicles (ADNVs) on
skin aging and repair and found that the ADNVs improved
type I collagen synthesis and reduced matrix metallopro-
teinase (MMP) production in primary dermal fibroblasts by
attenuating Toll-like receptor 4 (TLR4)-induced signaling
and down-regulating the NF-xB pathway. In addition, milk
has been used as an effective nutrient in skin care and health.
Recent research shows that milk Exos can be used to achieve
skin antiaging in a number of dimensions, including barrier
repair, promotion of natural moisturizing factor production,
inhibition of collagen degradation, and promotion of trauma
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repair [226]. For example, Han et al. [227] showed that bovine
colostrum Exos enhanced collagen production while concur-
rently reducing ROS and melanin synthesis in diverse skin cell
types, thereby indicating the potential applicability of bovine
milk Exos in advanced cell-free skin rejuvenation therapies.

Wound healing

Poor wound healing is currently a major clinical problem and
can be attributed to various factors, including insufficient angio-
genesis, inflammation, and chronic hypoxia [228,229]. As the
wound microenvironment is unfavorable for stem cell survival
and function, the use of MSC Exos containing mRNA, miRNA,
cytokines, and growth factors presents a novel cell-free approach
to support wound healing and skin regeneration.

The role of Exos in promoting wound healing is mediated
by their ability to modulate the inflammation, proliferation, and
remodeling phases of wound healing [230]. During the inflam-
matory phase, Exos exhibit immunomodulatory capabilities
similar to those of MSCs. They can influence various immune
cells, such as inducing macrophages toward an anti-inflamma-
tory M2 phenotype, inhibiting B cell maturation, suppressing
T cell proliferation, and converting T cells into T regulatory
cells. In addition, during the proliferative phase, Exos directly
impact resident cell proliferation and differentiation while also
promoting angiogenesis at the injury site [231]. Moreover, dur-
ing the matrix remodeling phase, Exos facilitate collagen and
elastin synthesis to minimize scar formation [232].
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The sustained release of Exos at the wound site often requires
a carrier to function effectively, as Exos are rapidly cleared by
the body upon application [233]. In this context, Yang et al. [176]
used Pluronic F-127 for the retention and continuous release of
hUCMSC Exos in damaged tissue, which promoted wound repair.
The study found that at 14 days after wound modeling, wounds
in the hUCMSC Exos/PF-127 group were almost completely
healed, while the wound healing rates in the hUCMSC Exos
group and the PF-127 hydrogel group were only 8.95% and
14.52%, respectively. This suggests that the effective delivery of
hUCMSC Exos and improved Exo capacity in PF-127 hydrogel
can promote diabetic wound healing. Furthermore, Kwak et al.
utilized PEG hydrogels for the sustained release of Exos to guide
macrophage polarization in skin wound healing (Fig. 6A). The
results showed that wounds treated with Exogels demonstrated
accelerated wound closure and enhanced healing quality by
promoting the polarization of macrophages from M1 to M2
type [234].

Wound infection is also a major cause of delayed wound
healing, and the synergistic effect of Exo and antimicrobial
materials to promote wound healing is a novel idea. In this
context, Xiong et al. [235] designed an injectable HA@MnO,/
FGF-2/Exo hydrogel (Fig. 6B), in which MnO, acts as an anti-
microbial agent and FGF-2/Exos synergistically promote angio-
genesis, attenuate inflammation, and reduce oxidative stress
levels. This hydrogel demonstrated the ability to form a protec-
tive barrier that covers the wound, facilitating rapid hemostasis
and providing long-term antimicrobial protection to enhance
wound healing.

Systemic sclerosis

Systemic sclerosis (SSc) is a group of systemic autoimmune dis-
eases characterized by dermal fibrosis and tissue induration. The
pathogenesis of SSc remains intricate and incompletely elucidated,
posing challenges in terms of patient classification and treatment
selection [236]. Numerous preclinical and clinical investigations

A . Components of 8P-TS hydrogel for M2-Exo loading

are currently underway to explore the therapeutic potential of stem
cells, particularly MSCs, for the treatment of SSc [237]. However,
due to the large sizes of MSCs, it is challenging for them to access
and undergo transplantation at the target site. The small EVs
of stem cells have recently been demonstrated to modulate the
immune system through multiple mechanisms [238].

Macrophages and fibroblasts were demonstrated to be involved
in the crosstalk process in SSc skin, leading to mutual activation,
inflammation, and ECM deposition. Regulation of the M1/M2
macrophage balance is, therefore, an effective strategy for the
treatment of SSc. In addition, Yu et al. [239] demonstrated that
hUCMSC Exos increased ECM deposition and inhibited the
epithelial-mesenchymal transition process. Combined with their
potential antifibrotic and anti-inflammatory effects, hUCMSC
Exos could be considered a candidate therapy for SSc. Moreover,
the miRNAs present in Exos have been demonstrated to play a
pivotal role in fibrosis pathogenesis. By inducing the disruption
or translational repression of specific nRNAs, miRNAs can exert
precise control over gene expression and serve as crucial epigen-
etic regulators during the development of dermatofibrosis. In this
context, Wang et al. [240] elucidated that ADMSC Exos attenuated
fibrosis in restrictive scleroderma through modulation of the let-
7a-5p/TGF-PR1/Smad axis. Xie et al. showed that Exos hold great
potential for drug delivery to target skin fibrosis. More specifically,
the miR-214 delivered by their developed BMSC Exo system miti-
gated skin fibrosis by inhibiting the IL-33/ST2 axis in both SSc
cells and animal models [241].

Summary and Outlook

As a current research hotspot, Exos have demonstrated their
potential in various areas of tissue regeneration, including those
related to the skin. Possessing a variety of effective properties
for use in skin therapy, their angiogenic, collagen-synthesizing,
and inflammation-modulating abilities enable Exos to overcome
the limitations of current skin therapies. As a result, they are
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expected to play an important role in the field of aesthetics as
key ingredients in skin care products. However, the high costs
associated with Exos technologies have hindered their wide-
spread adoption to date. Current methods for the extraction
and purification of Exos tend to be expensive, low-yielding, and
time-consuming, in addition to providing limited purity levels.
Although recent studies have demonstrated that a strategic com-
bination of multiple techniques can effectively address these
challenges, further investigations are necessary to determine
the optimal combination of techniques that can provide efficient
and cost-effective extraction and purification methods. To over-
come the low yields and expensive nature of Exos, cell-derived
nanovesicles (CDNs) could be considered as an alternative.
CDNs can be artificially synthesized using living cells and offer
100- to 250-fold higher yields compared to naturally secreted
Exos. Although the therapeutic efficacies of CDNs are still under
investigation, they exhibit similar biochemical, structural, and
functional properties to natural Exos. The future application of
CDNs in biomedicine is therefore expected to hold great prom-
ise. Despite the availability of numerous assays for character-
izing Exos, there is a lack of standardized guidelines for assessing
their purity. Discrepancies in the measurement results obtained
from different methods can be attributed to variations in the
minimum detection size associated with each technique. TEM
enables the detection of even the smallest vesicles, whereas dedi-
cated flow cytometry allows for the accurate and rapid analysis
of the vesicle size. However, currently, there is no definitive gold
standard available for Exos identification; therefore, a combina-
tion of multiple identification methods is necessary to achieve
comprehensive characterization. In addition, current biological
experiments involving Exos are primarily limited to mouse and
rat models, necessitating additional animal model experiments
to validate their therapeutic effects in other organisms. Moreover,
validation studies investigating the therapeutic efficacies of Exos
often include blank control experiments but fail to demonstrate
their superiority over other therapeutic agents within their class.
In addition to the heterogeneity of Exos, the biogenesis of Exos
involves multiple steps regulated by various mechanisms. How
these different regulatory mechanisms work together remains
an open question. Moreover, the specific mechanisms that char-
acterize most Exos have not yet been elucidated.

In conclusion, Exos have garnered attention in the field of
regeneration as a novel cell-free approach. As potential biomark-
ers and therapeutic targets, the application of Exos in clinical
diagnosis and therapy has attracted notable attention. Particularly
in the fields of tumor diagnosis, neurodegenerative diseases, and
cardiovascular diseases, Exos show great potential for applica-
tion. More clinical studies are needed in the future to verify the
validity and reliability of Exos as diagnostic markers. Further
investigations are warranted to elucidate the molecular mecha-
nisms underlying stem cell Exos therapy, including their source,
isolation methods, culture conditions, and drug delivery proto-
cols. Moreover, expedited efforts toward achieving standardized
mass production are anticipated. It is envisaged that in the future,
stem cell Exos will not only revolutionize dermatology but also
lead to remarkable breakthroughs in the treatment of various
systemic diseases.
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