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Abstract

Regenerative medicine is undergoing a paradigm shift from live-cell therapies to cell-free strategies. Within this evolving field,
mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) have emerged as a leading platform. These nanoscale vesicles
deliver bioactive cargo that mediates critical therapeutic functions, including immunomodulation, angiogenesis, and anti-
fibrosis. Furthermore, they offer improved safety, greater potential for standardization, and enhanced scalability compared
to traditional live-cell therapies. However, clinical translation remains constrained by several challenges, such as inherent
vesicle heterogeneity, limited targeting specificity, and bottlenecks in large-scale manufacturing. This review systematically
examines the biogenesis of MSC-EVs, focusing specifically on exosomes, microvesicles, and apoptotic vesicles. We evaluate
their functional performance across diverse regeneration contexts, encompassing orofacial, barrier, musculoskeletal, and
visceral tissue regeneration. We further highlight innovative engineering strategies designed to enhance therapeutic efficacy,
such as surface modification, cargo loading, and biomaterial-integrated delivery systems. In addition, we introduce an
emerging approach utilizing engineered MSC aggregate-derived EVs inspired by organ morphogenesis. Finally, this article
details the strategic framework required for clinical translation. The framework encompasses scalable production, rigorous
quality control, comprehensive non-clinical studies, evolving regulatory pathways, and the current clinical trial landscape.
Collectively, this work provides an integrated roadmap for advancing MSC-EVs as a next-generation precision platform for
cell-free therapeutics.
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Highlights

« The biogenesis pathways and functional heterogeneity of MSC-EVs are outlined.

« Regenerative effect and mechanisms of MSC-EVs across multiple systems are examined.
« Engineering strategies to enhance targeting and efficacy of MSC-EVs are evaluated.

« Anintegrated clinical translation roadmap of MSC-EVs is proposed.

Background

Regenerative medicine is undergoing a paradigm shift from live-
cell therapies toward cell-free approaches. This shift is driven
by evidence that the therapeutic benefits of mesenchymal stem
cells (MSCs) are mediated chiefly by paracrine mechanisms,
particularly through extracellular vesicles (EVs), rather than
by durable engraftment or direct tissue replacement [1-4].
Early mechanistic studies not only demonstrated the limited

long-term engraftment of MSCs but also revealed that the apop-
tosis of infused MSCs can modulate immune responses, thereby
reinforcing the paracrine hypothesis [3, 5]. This understanding
has prompted discussions regarding a proposed name change
to better reflect their biological role as medicinal signaling cells
rather than traditional stem cells. Despite this shift in perspective,
MSC-based live-cell therapeutics continue to face significant
challenges. Notably, donor- and process-related batch variability
complicates the precise definition of cellular identity and potency.
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Thisvariability persists even following the establishment of critical
quality attributes (CQAs) by the International Society for Cell and
Gene Therapy [6, 7]. Additional limitations encompass infusion-
related risks, such as tissue factor-mediated instant blood-
mediated inflammatory reaction and complement/coagulation
activation. Furthermore, there is a high degree of complexity
and cost associated with Good Manufacturing Practice (GMP)-
compliant manufacturing and lot-release testing [6, 7]. As a result,
MSC-derived EVs (MSC-EVs) are increasingly regarded as the key
paracrine effectors, marking a promising transition to cell-free
regenerative strategies [8].

EVs are nanoscale, lipid-bilayer enclosed particles secreted by
nearly all cell types. They transport proteins, lipids, and nucleic
acids to facilitate intercellular communication across diverse
tissues [9]. Their inherent biocompatibility, ability to traverse
biological barriers, and non-replicative nature make them highly
attractive as therapeutic platforms [10, 11]. Furthermore, the field
is becoming increasingly standardized by community guidelines,
specifically the Minimal Information for Studies of Extracellular
Vesicles (MISEV2023). These guidelines establish rigorous criteria
for EV isolation, characterization, and reporting, thereby enhanc-
ing reproducibility and supporting their translation into well-
defined biological products [12, 13]. The MISEV2023 guideline
also informs the nomenclature framework used in this review,
wherein generic terms (EVs), size-based descriptors (small EVs,
sEVs; large EVs, IEVs), and biogenesis-specific terms (exosomes,
EXOs; microvesicles, MVs; apoptotic vesicles, ApoVs) are applied
according to defined evidence thresholds, as detailed in Section
2.1.1. Collectively, these properties endow EVs with superior
safety, controllability, and scalability compared to traditional live-
cell therapies, establishing them as a next-generation regenerative
treatment platform.

Among various EV sources, MSC-EVs hold a particularly distin-
guished position for regenerative applications. This prominence
originates from the unique biology of their parent cells. MSCs
inherently express low levels of major histocompatibility complex
class Il (MHC Il) molecules and secrete a broad spectrum of
immunomodulatory factors. Consequently, MSC-EVs inherit a
profile of low immunogenicity coupled with multidimensional
regenerative capacities, including immunomodulation, pro-
angiogenesis, and cytoprotection [8, 14, 15]. In addition to these
benefits, MSC-EVs possess distinct advantages over EVs derived
from other stem cell sources. For instance, induced pluripotent
stem cell-derived EVs (iPSC-EVs) carry potential risks of genomic
instability associated with somatic reprogramming [16, 17].
Meanwhile, the clinical development of embryonic stem cell-
derived EVs (ESC-EVs) remains constrained by persistent ethical
controversies [18]. This distinct profile of safety and ethical
acceptance positions MSC-EVs more advantageously than other
stem cell-derived EVs.

The advantages of MSC-EVs, however, extend beyond these
general characteristics to include remarkable functional hetero-
geneity rooted in their tissue of origin. A growing body of multi-
omics evidence reveals that the tissue source of MSCs imprints
distinct molecular signatures on their EVs, which influence,
rather than strictly determine their bioactivity [19]. For instance,
bone marrow-derived MSC-EVs (BMMSC-EVs) often carry osteo-
angiogenic regulators reflective of the marrow’s skeletal and
hematopoietic niche, enhancing bone repair in preclinical models
[20]. Umbilical cord-derived MSC-EVs (UCMSC-EVs) are enriched

with immunomodulatory factors consistent with their role in
fetomaternal immune tolerance, rendering them particularly
suitable for immunoregulatory applications [21, 22]. Adipose-
derived MSC-EVs (ADMSC-EVs), in turn, exhibit matrix-remodeling
signatures aligned with their soft-tissue origin and effectively
promote cutaneous wound healing [23]. Collectively, these
distinctions underscore why MSC-EVs are increasingly regarded as
the EV platform of choice for regenerative medicine, with special
emphasis on tissue-specific subsets.

This review comprehensively synthesizes recent advances
in MSC-EV research and tracks their translational progression
from fundamental biology to clinical applications. We begin by
systematically delineating MSC-EV biogenesis, characterization,
and functional heterogeneity. Clear distinctions are made among
EXOs, MVs, and ApoVs to establish a robust foundation for
subsequent analyses. We then critically evaluate the regenerative
efficacy of MSC-EVs across diverse tissue systems, including
orofacial, barrier, musculoskeletal, and visceral tissues. During
this evaluation, we focus specifically on shared mechanistic
principles identified throughout the literature. A dedicated
section analyzes innovative engineering strategies, such as
surface modification, cargo loading, and biomaterial-assisted
delivery systems, all of which are designed to overcome inherent
heterogeneity and enhance targeting precision. Furthermore, we
examine an emerging paradigm inspired by organ morphogenesis,
which relies on engineered MSC aggregate-derived EVs. Finally,
the review outlines the clinical translation pathway for MSC-
EVs. We address the key challenges of scalable production,
artificial intelligence (Al)-optimized manufacturing, rigorous
quality control (QC), non-clinical studies, evolving regulatory
frameworks, and the current clinical trial landscape. Collectively,
this work provides an integrated roadmap for advancing MSC-EVs
as precise, safe, and effective cell-free therapeutics in regenerative
medicine.

Review

Biogenesis and key attributes of MSC-EVs

General MSC-EVs considerations

The terminology for EVs in the MSC field exhibits heterogene-
ity and is frequently influenced by isolation and measurement
methodologies. To ensure clarity, rigor, and cross-study compa-
rability, the consistent adoption of generic EV nomenclature sup-
plemented by explicit operational qualifiers is essential [12, 24].
Therefore, we employ ‘EVs’ as the umbrella term with descrip-
tors based on measurable properties, such as size (e.g. sEVs and
|EVs, defined within method-specific size ranges), cellular origin,
density, or biochemical composition. Biogenesis-specific labels
(e.g. EXOs, MVs, or ApoVs) are avoided unless subcellular prove-
nance is rigorously demonstrated through multimodal evidence
(e.g. live-cell imaging, selective genetic/pharmacologic perturba-
tion, topology and density/size fractionation) [12].

Pre-analytical variables exert substantial and frequently
underappreciated effects on MSC-EV yield, composition, and
function (Figure 1). For MSCs specifically, these factors serve
as critical modulators that can be leveraged to educate cells
and therapeutically tailor the resulting EV output. Essential
variables include donor variability and tissue source. For instance,
bone marrow, adipose tissue, or umbilical cord derivations
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Figure 1 Major subtypes and production pipeline of MSC-EVs. This schematic summarizes three major MSC-EV subtypes and their standardized
production pipeline. The subtypes are exosomes (endosome-derived, 30-100 nm), microvesicles (plasma membrane-budded, 100-1000 nm), and
apoptotic vesicles (generated during programmed cell death, 50-5000 nm). The pipeline spans from pre-analytical variable control through isolation and
purification to orthogonal characterization. MVB multivesicular body, TNF-o tumor necrosis factor-alpha, IFN-y interferon-gamma

confer distinct molecular signatures and functional biases to
the EVs [20-23]. Furthermore, culture conditions act not as
trivial protocol details but as active determinants of EV potency.
These critical conditions include passage number, oxygen tension
(wherein hypoxia typically enhances pro-angiogenic cargo),
and inflammatory priming with cytokines such as interferon-
gamma (IFN-y) or tumor necrosis factor-alpha (TNF-«) to boost
immunomodulatory properties [25, 26]. Additionally, culture
medium formulation (including serum supplementation), cell
confluency, and conditioned medium storage or handling require
rigorous standardization. These parameters should be system-
atically documented to enable reproducible cross-study and
longitudinal comparisons [12,27-29]. Crucially, serum-derived
contaminants such as lipoproteins and protein aggregates may
alter EV biogenesis and co-isolate with EVs. This necessitates the
use of serum pre-clearing or EV-depleted supplements, paired
with the transparent reporting of depletion protocols [12,27-30].

No single isolation method currently yields an absolutely pure
EV population. Instead, each approach presents characteristic
trade-offs between recovery and specificity, as well as distinct

co-isolation biases that should be clearly documented. Widely
used techniques include ultracentrifugation, ultrafiltration, den-
sity gradient centrifugation (DGC) (e.g. usingiodixanol or sucrose),
size-exclusion chromatography (SEC), immune-affinity capture,
and polymer-based precipitation. These methods vary in their ten-
dency to co-enrich non-vesicular components, including lipopro-
teins, soluble protein complexes, nucleoprotein particles, and
other nonvesicular extracellular nanoparticles (NVEPs) (Figure 1)
[31-33]. Recent studies indicate that while ultracentrifugation is
widely regarded as the gold standard for EV isolation, it suffers
from moderate yields, lengthy processing times, and limited
purity. The co-isolation of protein aggregates and lipoproteins
is a common limitation for this technique [31-33]. In contrast,
ultrafiltration is easy to perform and requires no special reagents
or equipment, but it carries the risk of membrane clogging and
the subsequent loss of small-diameter EVs [31-33]. SEC offers a
recovery rate of 40%-80% and preserves the biological structure
and function of EVs. However, lipoprotein contamination may
still occur [31-33]. Polymer-based precipitation is simple and
suitable for large sample volumes, but it yields low purity and may
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Table 1 Comparison of MSC-EV isolation methods

Method

Yield vs Specificity

Major Co-isolated
contaminants

Recommended
applications

Mitigation strategies

Ultracentrifuga-
tion

DGC

SEC

Ultrafiltration

Immune-affinity
capture

Polymer-Based
Precipitation

Moderate to High yield;
moderate specificity

Low yield;
high specificity

High yield;
moderate specificity

High yield;
low specificity

Low yield (subtype-specific);

high specificity for target

High yield;
very low specificity

NVEPs with similar
sedimentation coefficients
(e.g. protein aggregates,
lipoproteins)

Minimal if fractions are
properly collected

Similarly sized particles such
as lipoproteins, viruses, and
protein aggregates

All particles above the MWCO,
including lipoproteins,
protein aggregates
Non-specifically bound
materials, affinity reagents
(antibodies, beads), elution
components

Polymers (e.g. PEG),
lipoproteins, protein
aggregates, nucleoprotein

Initial enrichment, large-volume
samples

EV subtype analysis, high-purity
requirements, removal of
lipoproteins/protein aggregates
Functional studies, potency
assays, gentle isolation

Volume reduction,
pre-concentration

Subtype-specific studies,
biomarker validation, single-EV
analysis

Not recommended for
purity-dependent applications

Combine with DGC or SEC to
improve specificity

Collect specific density
fractions

Combine with ultrafiltration
for concentration; combine
with DGC for higher purity
Select appropriate MWCO;
combine with SEC for
purification

Use gentle elution (avoid low
pH/proteases if possible)

Discouraged for use alone; if
used, must include polymer
removal step and combine

complexes

with SEC/DGC

MSC mesenchymal stem cell, EV extracellular vesicle, NVEPs nonvesicular extracellular nanoparticles, DGC density gradient centrifugation, SEC size-exclusion
chromatography, MWCO molecular weight cut-off, pH potential of hydrogen, PEG polyethylene glycol

introduce polymer residues that interfere with downstream anal-
yses [31-33]. Immune-affinity capture provides high specificity for
EV subtypes. Despite this, its overall yield is highly dependent on
antibody specificity, and the process may involve harsh elution
conditions [31-33]. Finally, DGC achieves high purity but remains
labor-intensive, time-consuming, and restricted to small sample
volumes [31-33]. Therefore, the choice of isolation method
should be rigorously justified in the context of the sample type
and research objectives, with detailed reporting of processing
parameters, yields, and critical loss steps (Table 1).

Orthogonal characterization remains essential for rigorous
EV analysis (Figure1l). Particle concentration and size distri-
bution should be determined using calibrated methods such
as nanoparticle tracking analysis or resistive pulse sensing,
accompanied by explicit acknowledgment of instrument detec-
tion limits and underlying model assumptions. Morphology
and membrane topology should be verified using transmission
electron microscopy or cryo-electron microscopy. Furthermore,
single-particle phenotyping and flow cytometry must adhere to
established reporting guidelines such as MIFlowCyt-EV, which
mandate full disclosure of instrument settings, trigger thresholds,
and analysis algorithms [12, 34]. Proteomic profiling via liquid
chromatography-tandem mass spectrometry (LC-MS/MS) and
quantitative immunoblotting should confirm the enrichment of
canonical EV markers alongside depletion of negative markers,
including organellar proteins such as calnexin and Golgi matrix
protein 130 (GM130), as well as apolipoproteins associated with
lipoproteins. Small ribonucleic acid (RNA) sequencing must be
conducted under conditions that effectively distinguish vesicular
RNAs from non-vesicular ribonucleoprotein complexes [12].
Finally, the use of community reporting platforms such as EV-
TRACK and compliance with minimal information guidelines are

strongly recommended to enhance reproducibility and support
future meta-analyses [12, 35].

This section has outlined the common methodological frame-
works, QC criteria, and overlapping functional attributes relevant
to MSC-EV research. Together, these elements form a unified
structure that adheres to community-endorsed recommendations
aimed at improving scientific rigor, minimizing interpretive
ambiguity, and facilitating the translation of MSC-EV biology
toward therapeutic applications. The following subsections will
now turn specifically to EXOs, MVs, and ApoVs, elucidating their
distinct biogenetic pathways and the functional properties unique
to each subtype.

EXOs

In accordance with MISEV2023 guidelines, we employ the term
‘EXOs’ specifically to denote endosome-derived EVs (Table 2).
This designation requires mechanistic evidence of intraluminal
vesicle (ILV) formation within multivesicular bodies (MVBs) and
subsequent MVB fusion with the plasma membrane [12, 36].
Morphologically, EXOs appear as saucer-shaped vesicles enclosed
by a lipid bilayer, with a diameter ranging from 30 to 100 nm,
and display a buoyant density between 1.13 and 1.19 g-ml™!
in sucrose gradients (Figure 1) [36]. These physical properties
are conserved across EXOs from diverse cellular origins. MSC-
EXOs typically conform to this size range and are enriched
in canonical tetraspanins (CD63, CD81, CD9). Beyond these
common exosomal markers, MSC-EXOs also express parental
cell-specific surface markers, including CD29, CD44, CD73, and
CD90, which serve as critical identifiers of their mesenchymal
origin [37].

Within this framework, prospective exosomal cargoes must first
be delivered to early endosomes prior to MVB maturation. These
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Table 2 Comparative summary of MSC-EV subtypes

Parameter Exosomes Microvesicles Apoptotic vesicles
Size range 30-100 nm 100-1000 nm 50-5000 nm
Buoyant density 1.13-1.19 g-ml™! 1.13-1.19 g-ml™? 1.16-1.28 g-ml~1

Biogenesis pathway

Key triggers

Hallmark markers

Cargo characteristics

Evidence for subtype

Endosomal pathway: ILV formation
within MVBs, followed by MVB-plasma
membrane fusion

Cellular activation or stress (e.g. 3D
culture, hypoxia, microgravity,
inflammatory priming, etc.)
Tetraspanins (CD63, CD81, CD9); MSC
markers (CD29, CD44, CD73, CD90)

Proteins, lipids, nucleic acids, and
metabolites

Endosomal origin via imaging of MVB
fusion, perturbation of EXO biogenesis
pathways
(ESCRT-dependent/independent), or
endosomal marker co-fractionation

Direct outward budding and fission of
the plasma membrane

Cellular activation or stress (e.g. Ca>*
influx, ATP stimulation, hypoxia, etc.)

Phosphatidylserine exposure (often
Annexin V); MSC surface markers

Cytosolic components,
membrane-associated molecules, and
functional organelles

Direct plasma membrane budding via
imaging, Ca?*-dependent lipid
scrambling, calpain activation, or
ARF6/ROCK pathway perturbation

Executed during apoptosis:
caspase-driven membrane blebbing,
apoptopodia formation, and cell
fragmentation

Apoptosis induction (e.g.
staurosporine, ultraviolet irradiation,
nutrient deprivation, etc.)
Near-universal phosphatidylserine
exposure (strong Annexin V*); MSC
markers; apoptosis-associated
proteins (e.g. FAS, calreticulin, etc.)
Chromosomal DNA, micronuclei,
partially degraded organelles, lipids,
proteins, and various RNA species
Caspase-dependent generation via
apoptosis induction, caspase activity
assays, and imaging of membrane
blebbing or apoptopodia

MSC mesenchymal stem cell, EV extracellular vesicle, /LV intraluminal vesicle, MVBs multivesicular bodies, ATP adenosine triphosphate, FAS apoptosis-mediating
surface antigen FAS, RNA ribonucleic acid, ESCRT endosomal sorting complex required for transport, ARF6 ADP-ribosylation factor 6, ROCK Rho-associated protein

kinase

cargoes arrive either via endocytosis from the plasma membrane
orthrough anterograde traffic from the trans-Golgi network before
entering the ILV-forming domain of the MVB [9] (Figure 1). EXO bio-
genesis then proceeds via two broad routes: an endosomal sorting
complex required for transport (ESCRT)-dependent pathway and,
in parallel, ESCRT-independent mechanisms. Both pathways are
conserved in mammalian systems and are relevant to MSCs, as
their EXOs carry typical endosomal markers and reflect conserved
cargo-sorting patterns [9, 38].

In ESCRT-dependent biogenesis, ESCRT-0 and ESCRT-I ini-
tially cluster ubiquitinated transmembrane cargoes within
microdomains of the MVB limiting membrane [9]. ESCRT-Il sub-
sequently recruits ESCRT-IIl, which mediates membrane budding
and scission to generate ILVs [9]. Additionally, a specialized
syndecan/syntenin/apoptosis-linked gene 2-interacting protein
X (ALIX) axis serves to link specific cargoes to the ESCRT-III
subunit charged multivesicular body protein 4. This specific
pairing facilitates ILV formation directed toward secretion rather
than lysosomal degradation. Consequently, this axis represents
a central mechanism for EXO biogenesis from endosomes in
MSCs [39]. In contrast, ESCRT-independent mechanisms rely on
lipid- and tetraspanin-organized microdomains. For example,
ceramide generated by neutral sphingomyelinase-2 can induce
negative membrane curvature to promote inward budding.
Simultaneously, tetraspanins such as CD63, CD81, CD82, and
CD9 form platforms that coordinate cargo selection and facilitate
membrane remodeling [9, 40].

Following their formation, MVBs containing ILVs undergo a
critical fate determination. These organelles face two mutually
exclusive destinies: fusion with lysosomes, resulting in the
degradation of ILVs, or fusion with the plasma membrane, leading
to the extracellular release of ILVs as EXOs [9] (Figure 1). When
the latter route is activated, the release mechanism functions

distinctly from ILV biogenesis. This secretory process proceeds
through three sequential stages: (i) outward transport of MVBs
along cytoskeletal tracks toward the cell periphery, a process
in which the small GTPase Rab27b participates by helping to
keep MVBs in a peripheral position; (ii) docking of peripheral
MVBs to the plasma membrane, mediated in part by Rab27a
through remodelling of the actin cortex; and (iii) fusion of the
MVB membrane with the plasma membrane, driven by soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complexes and synaptotagmin family proteins [41-43].
After elucidating the biogenesis of EXOs, research efforts have
shifted toward modulating their secretion through precondition-
ing strategies tailored for MSCs. A central concept underlying
these approaches is that MVBs reside at a fate-determining
junction: they may undergo fusion with lysosomes, leading to
content degradation, or alternatively fuse with the plasma mem-
brane to release EXOs. Thus, strategies that suppress lysosomal
activity or promote MVB-plasma membrane fusion can bias
MVB trafficking toward the secretory route. For example, under
three-dimensional (3D) culture conditions, the downregulation
of integrin w1 in MSCs inhibits the Ras homolog gene family
member A (RHOA)/cofilin signaling pathway, resulting in the
depolymerization of cortical actin [44]. This removal of the cortical
actin barrier facilitates MVB docking and fusion with the plasma
membrane, ultimately elevating MSC-EXO secretion by ~2.5-fold.
Similarly, hypoxic preconditioning upregulates key regulators of
EXO biogenesis (e.g. ALIX, tumor susceptibility gene 101 [TSG101])
and secretion (e.g. RAB27a, RAB27b), thereby enhancing MVB
transport and subsequent MVB-plasma membrane fusion [45].
Furthermore, microgravity culture has been established as an
effective approach. This method potently promotes MVB-plasma
membrane fusion and enhances EV secretion by 7.7-fold. This
increase is concomitant with improved immunomodulatory and
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osteogenic functions, driven primarily by the marked upregulation
of RAB27b in MSCs [46]. These molecular changes illustrate how
various preconditioning maneuvers collectively direct MVB fate
toward EXO release, although the extent and kinetics of this
response vary among different MSC sources and preconditioning
modalities.

Beyond the regulation of secretion, the biological functions
of MSC-EXOs are fundamentally determined by their molecular
cargo. These vesicles carry a diverse array of biomolecules,
including proteins, lipids, nucleic acids, and metabolites [47].
Proteomic studies have identified hundreds of proteins within
MSC-EXOs. These encompass not only evolutionarily conserved
exosomal markers and MSC-specific surface antigens, but also a
broad spectrum of functional proteins involved in tissue repair
and immunomodulation [48, 49]. With respect to nucleic acids,
MSC-EXOs are highly enriched in short RNA species, particularly
specific microRNAs (miRNAs) [49]. Importantly, the incorporation
of miRNAs into EXOs is a highly selective process mediated by
the recognition of specific nucleotide sequences, such as EXO-
motifs, in coordination with RNA-binding proteins like Aly/REF
export factor and fused in sarcoma [50]. This refined cargo-
sorting mechanism ensures that MSC-EXOs are equipped with
a well-defined molecular repertoire, enabling them to modulate
recipient cell functions upon delivery.

MVs

In contrast to EXOs, MVs (also referred to as microparticles or
ectosomes) are EVs generated through the direct outward budding
and fission of the plasma membrane. This mode of biogenesis
enables their rapid formation in response to extracellular stimuli
or intracellular signals (Table 2) [9, 12,51-53]. Morphologically,
MVs are generally larger and more heterogeneous than EXOs,
with diameters typically ranging from ~100 to 1000 nm (Figure 1)
[12, 54]. They display a buoyant density similar to that of EXOs,
generally between 1.13 and 1.19 g-ml~%, and are enclosed by a
phospholipid bilayer that closely reflects the composition of the
parent plasma membrane [55]. In the context of MSCs, MSC-MVs
carry characteristic mesenchymal surface markers, such as CD29,
CD44, and CD73. These markers not only assist in tracing their cel-
lular origin but may also influence their biodistribution and inter-
actions with target cells [56]. Across multiple cell types and under
various stimulatory conditions, MV biogenesis is often accom-
panied by the loss of membrane lipid asymmetry, most notably
the externalization of phosphatidylserine on the outer leaflet [52,
53]. This phosphatidylserine exposure allows for detection via
Annexin V binding, making it a widely used functional marker in
flow cytometry and imaging [28]. It should be noted, however, that
not all MV populations exhibit pronounced phosphatidylserine
externalization or Annexin V positivity; under certain conditions,
MVs may form while preserving lipid asymmetry [57, 58]. There-
fore, Annexin V-based assays should be interpreted in conjunction
with other characterization approaches, with due consideration
paid to the cellular source and physiological context. Collectively,
these definitional, biophysical, and surface-marker characteristics
establish MVs as a distinct EV subtype. Although considerably
heterogeneous, they are readily identifiable and possess signif-
icant potential for both mechanistic studies and translational
applications in MSC-EV-based tissue regeneration.

Unlike EXOs, which derive from the endosomal pathway, MVs
are formed by the direct outward budding and fission of the

plasma membrane. This process is typically initiated by cellular
activation or stress, which elevates intracellular Ca2t levels and
induces membrane lipid reorganization along with the remodeling
of the subcortical actin cytoskeleton [51-53, 59]. In mammalian
cells, including MSCs, MV biogenesis involves a coordinated
sequence of lipid redistribution and cytoskeletal rearrangement.
Specifically, the Ca?t-dependent activation of aminophospho-
lipid translocases (flippases and floppases), scramblases, and the
protease calpain leads to the loss of phospholipid asymmetry,
which is marked by phosphatidylserine exposure. Concurrently,
calpain causes the disassembly of the actin cortex; together, these
actions dramatically promote membrane curvature and budding
[60-62]. Simultaneously, the Ras homology (RHO) family of small
GTPases and Rho-associated protein kinase (ROCK) stimulate
actin dynamics and actomyosin contractility to facilitate vesicle
formation. Following this, the small GTPase ADP-ribosylation
factor (ARF) 6, often functioning in concert with ARF1, promotes
myosin light chain phosphorylation and actomyosin contraction
to ultimately drive vesicle scission [63-67]. Although the ESCRT
machinery is primarily associated with endosomal sorting, it
also contributes to MV formation. For example, the biogenesis
of arrestin domain-containing protein 1-mediated MVs requires
ESCRT components such as TSG101 and vacuolar protein sorting 4
for successful membrane scission [68]. Thus, MV biogenesis can be
summarized as a multi-step process involving Ca?*-induced lipid
scrambling, Rho/ROCK-dependent actomyosin remodeling, ARF6-
guided cargo sorting and contractile activity, calpain-mediated
cortical breakdown, and context-dependent ESCRT assistance.
This mechanistic framework clearly distinguishes MV formation
from the endosomal biogenesis of EXOs.

Building on the mechanistic scheme outlined above, the
secretion of MVs is directly regulated by the activation or
stress status of the cell. Consequently, it can be modulated
through preconditioning strategies that target Ca’"-dependent
lipid scrambling and actomyosin remodeling. The elevation of
intracellular Ca?* by agents such as ionophores, as well as by
the stimulation of purinergic P2X7 receptors with adenosine
triphosphate (ATP), is a well-recognized stimulus that enhances
plasma membrane budding and the subsequent shedding of
MVs across various cell types [52, 53, 69, 70]. In addition, our
studies have revealed that the hypoxic microenvironment within
MSC aggregates activates hypoxia-inducible factor 2-alpha (HIF-
2«a) signaling, which functions as a key driver enhancing the
biogenesis and release of MSC-MVs [71].

Unlike the selective cargo packaging observed in endosomes,
the loading of molecular cargo into MVs occurs concomitantly
with plasma membrane budding. This process entraps adja-
cent cytosolic components alongside membrane-associated
molecules. As a result, shed MVs typically expose phosphatidylser-
ine and are enriched in lipid raft proteins, although the precise
molecular rules governing this cargo selection remain incom-
pletely resolved [72]. Consistent with this mechanism, MVs
are capable of transporting diverse bioactive molecules. These
include membrane receptors, functional proteins, and nucleic
acids that can be translated or exert post-transcriptional regu-
latory effects in recipient cells [72]. In MSCs specifically, MSC-MVs
have been shown to deliver messenger RNA (mRNA) transcripts,
such as those encoding small ubiquitin-like modifier 1. This
delivery leads to de novo protein synthesis, which subsequently
enhances cell proliferation, resistance to apoptosis, and distinct
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mesenchymal phenotypic traits [62]. These functional effects
are abolished upon RNA inactivation. Furthermore, the RNA
profile of MSC-MVs reveals a distinct subset of transcripts and
characteristic miRNA patterns, strongly supporting a regulated,
rather than stochastic RNA packaging process [62, 73]. Reflecting
their direct biogenesis from the plasma membrane, MSC-MVs
can also encapsulate complex cytoplasmic structures, including
functional organelles. This highlights their impressive capacity to
deliver multifaceted cargo far beyond simple proteins and RNAs
[72]. In our recent studies, we further demonstrated that MSC-MVs
derived from aggregated MSCs can successfully transfer functional
lysosomal and Golgi components to recipient cells, resultingin the
restoration of corresponding organellar activities [71, 74].

ApoVs

ApoVs constitute a distinct category of EVs generated specifically
during the execution phase of programmed cell death, in contrast
to EXOs and MVs, which are released from viable cells (Table 2)
[75]. Apoptosis involves effector caspase activation, leading to a
stereotypic sequence of cellular changes, including cell shrinkage,
chromatin condensation, membrane blebbing, and ultimately
cellular fragmentation. During this process, portions of the dying
cell pinch off, or the entire cell disassembles into membrane-
bound vesicles [76, 77]. These vesicles sequester intracellular
constituents and expose PS, allowing for their prompt uptake
by phagocytes. This rapid clearance ensures an immunologically
silent clearance that prevents secondary necrotic inflammation
[78]. ApoVs exhibit considerable heterogeneity in both size and
cargo composition, with diameters ranging from 50 to 5000 nm
and a buoyant density of ~1.16 to 1.28 g-ml™! (Figure 1) [55,
78, 79]. The near-universal externalization of phosphatidylserine
renders ApoVs strongly positive for Annexin V binding, a feature
that distinguishes them from many MV populations that may
maintain lipid asymmetry [80]. Taken together, these morpho-
logical and biochemical characteristics establish ApoVs as a
highly heterogeneous population of debris-removal vesicles. Their
complex molecular content is increasingly recognized as a source
of bioactive signals with potential relevance for MSC-EV-based
regenerative strategies.

ApoVs are generated specifically during the execution phase
of apoptosis following the activation of executioner caspases
[80]. Upon the activation of caspase-3/7, the cleavage of ROCK1
occurs. This event, together with the phosphorylation of blebbing
regulators such as myosin light chain (MLC) and the caspase-
cleaved receptor Plexin-B2 (Plxnb2), induces sustained cortical
actomyosin contraction and vigorous membrane blebbing [81].
This process results in the pinching off of heterogeneously sized
ApoVs from the retracting plasma membrane. Concurrently, the
caspase-dependent activation of the phospholipid scramblase Xk-
related protein 8, along with the inactivation of ATP-dependent
aminophospholipid flippases, leads to the collapse of bilayer lipid
asymmetry. This collapse results in the near-universal external-
ization of phosphatidylserine on newly formed vesicles [78, 82].
Beyond conventional blebbing, caspase-activated pannexin-1
(PANX1) channels promote the formation of elongated ‘beads-on-
a-string’ apoptopodia. Supported by transient apoptotic micro-
tubule spikes, these protrusions undergo serial fragmentation into
chains of ApoVs, a process which is further enhanced in vitro by
fluid shear stress and physical contact with neighboring cells [79,

83, 84]. A complementary endosomal pathway also contributes
to biogenesis, wherein caspase-3-mediated sphingosine-1-
phosphate (S1P)/S1P receptors (S1PR) signaling activates the
actin cytoskeleton and drives the budding of apoptotic EXO-like
vesicles from MVBs [85, 86]. In summary, the executioner caspase-
ROCK1/MLC/PLXB2 blebbing axis, PANX1/microtubule-assisted
protrusion scission, the endosomal S1P/S1PR pathway, and
the obligatory externalization of phosphatidylserine collectively
represent the defining biogenetic and molecular features that
differentiate ApoVs from other EVs.

Operationally, MSC-ApoVs can be reliably generated through
specific  apoptosis-preconditioning  protocols. =~ Commonly
employed inductors include staurosporine (STS), ultraviolet (UV)
irradiation, nutrient deprivation, and apoptosis-receptor ligation
[80, 87, 88]. These stimuli converge mechanistically on caspase
activation, initiating the caspase-dependent execution pathways
that drive membrane blebbing, apoptopodia formation, and
vesicle scission cascades described previously. Notably, apoptosis
induction significantly enhances vesicle yield. Compared to base-
line release, MSCs undergoing apoptosis produce substantially
more ApoVs, with yield increases of up to 10-fold having been
observed [89]. Furthermore, under identical conditions, MSCs
have been reported to generate larger quantities of ApoVs than
certain immune cell types, highlighting the scalability of MSC-
ApoV production for translational applications [89]. In terms of
cellular identity, MSC-ApoVs retain key mesenchymal surface
markers [90]. Proteomic and targeted molecular analyses further
confirm that MSC-ApoVs carry a characteristic set of parental
cell proteins along with apoptosis-specific components, thereby
reinforcing both their traceability and functional relevance
[90]. Collectively, these established induction methods, yield
advantages, and identity-retention characteristics position MSC-
ApoVs as a practically manageable and phenotypically traceable
EV subclass well-suited for integration into MSC-EV-based tissue
regeneration workflows.

Consistent with their origin in apoptotic cells, ApoVs encap-
sulate a diverse array of intracellular components, including
chromosomal deoxyribonucleic acid (DNA), micronuclei, intact
or partially degraded organelles (e.g. mitochondria and Golgi
fragments), lipids, proteins, and a broad spectrum of RNA species
[75,78-80, 91]. This composition enables ApoVs to sequester and
transfer complex biomolecular information to recipient cells.
Proteomic studies further confirm that MSC-ApoVs retain char-
acteristic mesenchymal markers (e.g. CD29, CD44, CD90) as well
as apoptosis-associated proteins such as apoptosis-mediating
surface antigen FAS (FAS), integrin-«5, syntaxin-4, caveolin-1,
caveolae-associated protein 1 (cavin-1), and calreticulin [90].
Collectively, ApoVs convert the inevitability of cell death into a
deliverable, immunologically silent, and tunable source of bioac-
tive signals with potential applications in tissue regeneration and
therapy. However, several inherent challenges must be addressed
before clinical translation can be fully realized. These chal-
lenges include heterogeneity among ApoV subtypes, induction-
dependent compositional variation, and immense cargo complex-
ity. Additionally, there remains a critical need for standardized
isolation methods, precise definitions, and controlled release
systems. Addressing these issues will require established frame-
works and harmonized methodologies to ensure safety and
efficacy.

9202 1840100 Z|, U0 159nB Aq $0G |698/0€0BEM/ASUING/EE0L 0 L/10P/B[0IHE/EWNESUING/LWOD dNO"OIWSPEDE WO} PAPEOJUMOQ



Burns & Trauma, 2026, Vol. 14, tkag030

a Regeneration of orofacial tissues

W — @ = \

Pulp-dentin & periodontal complex  Craniofacial bone

b Regeneration of barrier tissues

Cutaneous system

Endogenous
stem cell activation

Salivary gland &

€ ¢

Oral mucosa

Barrier repair

® ® - ®®

—

3

A Cell death
attenuation

Skin appendages
S . b“; : U‘;

. Intestinal mucosa

Angiogesis PR ) Anti-fibrosis
4 : (—) MSC-EVs &
/% £ Immune  SZ-  / Healt
Bone tissue “ regulation /
g £ / & ./
o h i \
sy ==l L — _ }
Liver
Cartilage tissue
«® ) e%&
@f.i / / %‘i
Skeletal muscle Lung

¢ Regeneration of the musculoskelelal system

d Regeneration of visceral organs

Figure 2 MSC-EVs orchestrate multi-tissue regeneration through shared mechanisms. This schematic illustrates how MSC-EVs orchestrate multi-tissue
regeneration through six core mechanisms (inner ring): the restoration of tissue barriers, the activation of endogenous stem cells, the attenuation of cell
death, anti-fibrosis, immune regulation, and angiogenesis. These mechanisms collectively enable the regeneration of: (a) orofacial tissues, (b) barrier
tissues, (c) the musculoskeletal system, and (d) visceral organs. MSC-EVs mesenchymal stem cell-derived extracellular vesicles

Therapeutic applications of MSC-EVs in
tissue regeneration

MSC-EVs have emerged as pivotal mediators of tissue repair
and regeneration across diverse organ systems. They orches-
trate a conserved set of regenerative mechanisms, including
immunomodulation, angiogenesis, anti-fibrosis, the activation
of endogenous stem cells, the restoration of barrier integrity, and
the regulation of cell death pathways (Figure 2). Through these
functions, MSC-EVs effectively remodel pathological microenvi-
ronments and promote functional recovery within a cell-free ther-
apeutic framework. Consequently, these shared biological prop-
erties establish MSC-EVs as a versatile therapeutic platform with
the potentialto address a wide spectrum of diseases characterized
by inflammation, ischemia, fibrosis, and structural degeneration.

This section provides a systematic review of the therapeutic
applications of MSC-EVs in orofacial, barrier, musculoskeletal, and
visceral tissue regeneration. We specifically examine their effi-
cacy in treating a range of conditions, such as pulp necrosis, peri-
odontitis, craniofacial bone defects, salivary gland dysfunction,
skin wounds, oral and intestinal mucosal injuries, bone and mus-
cle defects, osteoarthritis, and damage to cardiac, hepatic, and
pulmonary tissues (Figure 2). Furthermore, we emphasize how
engineered MSC-EVs enhance targeting precision, systemic stabil-
ity, and overall regenerative outcomes. Such engineered vesicles
are typically developed through deliberate strategies, including

cargo modulation, surface functionalization, or integration with
biomaterial carriers. Ultimately, these bioengineering advance-
ments rapidly accelerate the translation of MSC-EV therapies from
preclinical validation into localized clinical application.

Regeneration of orofacial tissues
Regeneration of the pulp-dentin complex The pulp-dentin
complex constitutes an integrated functional unit, consisting of
a highly vascularized and innervated pulp core enveloped by
a mineralized dentin scaffold. Conventional root canal therapy
effectively eliminates infection but results in the irreversible loss
of thisvital structure [92]. True regeneration therefore necessitates
the coordinated reconstitution of both the soft pulp tissue and
the dentin layer, the latter of which is maintained by functional
odontoblasts. Direct MSC transplantation is hampered by high
costs and safety considerations, and chemotactic cell homing
remains unpredictable in necrotic root canals. Consequently,
MSC-EVs represent a promising cell-free alternative [93]. Given
that pulp necrosis is primarily driven by bacterial-induced inflam-
mation and hypoxic damage, MSC-EVs hold particular appeal.
They possess a dual capacity to both modulate this pathological
microenvironment and promote the integrated regeneration of
the pulp-dentin complex (Table 3) [94-112].

Mechanistically, MSC-EVs coordinate pulp regeneration through
three principal pathways. First, they promote odontoblastic
differentiation and dentin mineralization. They achieve this by
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Table 3 Functional properties of MSC-EVs in orofacial tissue regeneration

EV source Species Model Engineering strategy Outcomes Ref.
Swine DPSCs Nude mice Ectopic dental pulp —_ Pulp-like tissue formationt [94]
regeneration model Collagen depositiont
Vascularizationt
Human DPSCs 1. Nude mice Ectopic/orthotopic — Pulp-like tissue regenerationt [95]
2.Beagledogs  dental pulp Vessel densityt
regeneration model Dentin-like tissue formationt
Human DPSCs Rats Pulpotomy Encapsulation in Dentin bridge formationt [96]
PLGA-PEG-PLGA Mineralization
microspheres Collagen depositiont
Inflammation|
SHED Immunodefi- Ectopic dental pulp 3D aggregate culture Pulp-like tissue regenerationt [97]
cient regeneration model Angiogenesis?t
mice Dentin bridge formationt
Human DPSCs Mice Ligature-induced — Alveolar bone loss|, [98]
periodontitis Osteoclast formation
Human —_ — — Cementoblast proliferation [99]
PDLSCs Cementoblast migrationt
Cementoblast mineralizationt
Cementogenic gene expression?
SHED Rats Alveolar bone defect Encapsulation in 8-TCP Bone regenerationt [100]
scaffold Neovascularizationt
Human DPSCs Mice Ligature-induced 3D cell culture Alveolar bone loss|, [101]
periodontitis Th17 cellsin gingiva|
Treg cells in gingivat
Human Rats BRONJ model (tooth — Bone regenerationt [102]
BMMSCs extraction) Angiogenesis?t
Wound healingt
Senescent cells|
Human DPSCs Rats Mandibular bone Laden with collagen New bone densityt [103]
defect membrane Wound closuret
Osteogenic gene expressiont
Rat BMMSCs Rats 1. Senescent 1. Membrane modification Endogenous stem cell recruitmentt [104]
mandibular bone with Apt19s (DNA aptamer) New bone formationt
fracture 2. Loaded with miR-376b-5p  Cellular senescence],
2. Senescent 3. Encapsulated in GelMA
mandibular hydrogel
critical-sized defect
Human Mice Calvarial defect Encapsulation in New bone formationt [105]
BMMSCs decellularized fish scale Bone volume/Tissue volume?
scaffold Trabecular numbert
Human tonsil Rats Ovariectomy-induced — Submandibular gland dysfunction| [106]
MSCs submandibular gland AQP5 expressiont
dysfunction a-amylase expressiont
Human DPSCs Mice Sjogren’s syndrome —_ Salivary flow ratet [107]
AQPS expression?t
Autoantibody levels|
Rat BMMSCs Rats Streptozotocin- — Gland structure improvementt [108]
induced diabetic Serum amylase|
salivary gland Salivary IgA]
dysfunction
Rat BMMSCs Rats Cisplatin-induced — Vacuolation| [109]
parotid salivary gland Apoptotic cells|,
damage Oxidative stress|,
Human Mice Arecoline-induced —_ Pathological damage of OSF, [110]
ADMSCs OSF Submucosal collagen deposition|,
Autophagy levels in myofibroblasts,
Mouse GMSCs Mice Gingival full-thickness ~ TNF-« pretreatment Gingival wound healingt [111]
wound Local gingival inflammation|,
Human GMSCs Rats Critical-sized tongue Laden with SIS-ECM scaffold ~ Taste bud regenerationt [112]

defect

Re-innervation of taste budst
Lingual papillae regeneration
Epithelial recoveryt

MSC mesenchymal stem cell, EV extracellular vesicle, DPSCs dental pulp stem cells, PLGA-PEG-PLGA poly(lactic-co-glycolic acid)-poly(ethylene glycol)-poly(lactic-
co-glycolic acid), SHED stem cells from human exfoliated deciduous teeth, 3D three-dimensional, PDLSCs periodontal ligament stem cells, 8-TCP B-tricalcium
phosphate, BMMSCs bone marrow mesenchymal stem cells, Th17 cells T helper 17 cells, Treg cells regulatory T cells, BRONJ bisphosphonate-related osteonecrosis
of the jaw, GelMA gelatin methacryloyl, AQP5 aquaporin 5, IgA immunoglobulin A, ADMSC adipose-derived mesenchymal stem cells, OSF oral submucosal fibrosis,
GMSC gingiva-derived mesenchymal stem cells, TNF-o tumor necrosis factor-alpha, SIS-ECM small intestinal submucosa-extracellular matrix
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upregulating key dentinogenic markers, such as dentin sialophos-
phoprotein, dentin matrix protein-1, alkaline phosphatase, and
runt-related transcription factor 2. This upregulation is driven
heavily by the activation of the transforming growth factor (TGF)-
beta (8)/small mother against decapentaplegic (Smad) signaling
axis [94,113-115]. Second, MSC-EVs exert pro-angiogenic effects
through multiple mechanisms. For instance, EVs derived from
aggregated stem cells from human exfoliated deciduous teeth
(SHED-EVs), which are enriched in miRNA (miR)-26a, significantly
enhance angiogenesis and pulp regeneration in vivo by activating
the TGF-B8/Smad2/3 pathway [97]. Notably, recent studies have
revealed that within the ischemic and hypoxic microenvironment
of the root canal, transplanted dental pulp MSCs (DPSCs) undergo
apoptosis. The resulting ApoVs are subsequently internalized
by endothelial cells and deliver the mitochondrial protein Tu
translation elongation factor, mitochondrial, thereby activating
the transcription factor EB (TFEB)-mediated autophagy pathway.
This process potently enhances the angiogenic capacity of
endogenous endothelial cells and has enabled the regeneration
of vascularized pulp-like tissue in a large animal model [95].
Third, although less extensively studied, MSC-EVs showcase
considerable potential in supporting neuroregeneration. Gingival
MSC (GMSC)-EVs, for example, enhance Schwann cell proliferation
and migration by modulating c-JUN/Notchl repair phenotypes
and upregulating neurogenic markers in dental papilla cells
[116]. Furthermore, it is noteworthy that revascularization and
reinnervation often occur concurrently within these regenerated
pulp-like tissues.

To enhance the translational potential of MSC-EVs, researchers
have developed formulations involving their encapsulation within
injectable hydrogels, such as peptide-modified or thermosen-
sitive chitin-based matrices. This engineering strategy protects
MSC-EVs from rapid clearance, ensures conformal adaptation to
irregular root canal anatomy, and enables a sustained release
profile. In vivo studies demonstrate that such systems facilitate
the regeneration of pulp-like tissue characterized by aligned
collagen deposition, polarized odontoblast layers, and integrated
vascular and neural networks [94, 117, 118]. Similarly, controlled-
release systems employing polyethylene glycol-poly lactic acid-
co-glycolic acid (PEG-PLGA) microspheres or amphiphilic triblock
copolymers prevent an initial burst release, ultimately supporting
the formation of structured dentin bridges [96]. Beyond conven-
tional delivery platforms, engineered EVs can be loaded with
lineage-specifying regulators, such as nuclear factor I/C, to directly
counteract inflammation-mediated inhibition and enhance the
dentinogenic capacity of apical papilla-derived MSCs in models of
apical periodontitis [119]. Furthermore, combining decellularized
tooth matrix (DTM) with DPSC aggregates has been shown to
reestablish an odontogenic niche that amplifies EV secretion [120].
These locally secreted EVs subsequently promote odontogenic
and angiogenic differentiation, leading to functional tooth
regeneration observed in both preclinical and clinical studies.

Regeneration of the periodontal complex The periodontal com-
plex is an integrated functional unit comprising the gingiva, peri-
odontal ligament, cementum, and alveolar bone. Together, these
components secure teeth within the jaw and maintain oral tissue
homeostasis. Following a periodontal injury, dysbiotic biofilms
activate Toll-like receptor 4 (TLR4)/nuclear factor kB (NF-xB)
signaling, which leads to the increased production of TNF-«,

interleukin (IL)-1, IL-6, and IL-8. These cytokines enhance matrix
metalloproteinase (MMP) activity, promote receptor activator
of NF-«kB ligand-mediated osteoclastogenesis, and drive the
progressive destruction of the constituent tissues [121]. The
concurrentinfiltration of neutrophils and lymphocytes, along with
microvascular remodeling, sustains a state of oxidative stress that
perpetuates tissue breakdown [121]. Although scaling and root
planing combined with guided tissue regeneration remain the
standard treatments, their capacity to predictably restore lost
tissues remains limited [122]. Furthermore, the transplantation
of MSCs faces challenges related to safety and high costs. In this
context, MSC-EVs, which efficiently deliver anti-inflammatory,
osteogenic, cementogenic, and pro-angiogenic factors, represent
a promising cell-free strategy for achieving functional periodontal
complex regeneration (Table 3).

During the inflammatory phase of periodontal healing, MSC-
EVs derived from the periodontal ligament, gingiva, dental pulp,
or exfoliated deciduous teeth attenuate NF-«B signaling, lower
the levels of IL-18 and TNF-«, and promote immunomodu-
latory responses by polarizing macrophages toward an anti-
inflammatory M2 phenotype and enhancing regulatory T (Treg)
cell activity [123]. Notably, MSC-ApoVs exhibit a heightened
immunoregulatory capacity. Recent evidence indicates that
BMMSC-ApoVs are internalized by macrophages and mitigate
lipopolysaccharide (LPS)-induced inflammation via the AMP-
activated protein kinase (AMPK)/Sirtuin 1 (SIRT1)/NF-xB axis.
This molecular interaction leads to a dose-dependent reduction
in TNF-a and IL-6 alongside increased IL-10 secretion [124].
Additionally, these ApoVs suppress osteoclast differentiation
and bone resorption by downregulating the release of TNF-«
from pro-inflammatory macrophages, thereby contributing to
the preservation of periodontal bone [124]. In a complementary
manner, conventional MSC-EVs also inhibit osteoclastogenesis.
This helps to reestablish osteo-immunological equilibrium and
further limits inflammatory bone loss [98].

During the reparative phase of periodontal healing, MSC-
EVs enhance the proliferation and migration of periodontal
ligament cells through the CD73-mediated activation of the
AKT/extracellular signal-regulated kinase (ERK) pathway [125].
Concurrently, they stimulate new bone formation by activating
both the Wingless/Integrated (Wnt)/S-catenin and AMPK signaling
cascades [100, 126]. A recent paradigm established by Huang
et al. demonstrates that EVs released from SHED in aggregate
cultures exhibit potent odontogenic properties. Enriched with
developmental regulators such as axis inhibition protein 2 (Axin2),
bone morphogenetic protein (BMP) 2/4, and sonic hedgehog
(SHH), these EVs are essential for mobilizing recipient Glil™ stem
cells. They enhance the migration, proliferation, and osteogenic or
cementogenic differentiation of Glil™ cells, thereby orchestrating
a donor-recipient stem cell crosstalk that synergistically regener-
ates the tooth-periodontal ligament-bone interface and supports
the reattachment of avulsed teeth [127]. Furthermore, MSC-EVs
enhance the proliferation, migration, and cementogenic mineral-
ization of cementoblasts by activating the phosphatidylinositol
3-kinase (PI3K)/AKT signaling pathway, providing a promising
strategy for promoting cementum repair [99].

To further enhance the therapeutic efficacy of MSC-EVs, the
preconditioning of MSCs has been employed as a strategic
approach. For instance, GMSCs stimulated with TNF-a or DPSCs
pretreated with LPS yield EVs with an enriched molecular cargo.
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These specific EVs promote macrophage polarization toward
the M2 phenotype, enhance antioxidant responses, and improve
periodontal regeneration in vivo [128, 129]. Similarly, cultivating
DPSCs under 3D or hypoxic conditions increases both the total
EV yield and their pro-angiogenic and anti-inflammatory potency,
leading to improved outcomes in periodontitis models [101, 130].
Importantly, the integration of MSC-EVs with biomaterial carriers,
such as collagen sponges and B-tricalcium phosphate, enables
localized retention and controlled release. Such delivery systems
enhance the regeneration of the periodontal ligament, alveolar
bone, and vascular networks in both defect and periodontitis
models [100, 125].

Repair of the craniofacial bone defect Craniofacial bone defects
resulting from trauma, tumor resection, or surgery progress
through an initial inflammatory phase, followed by tightly
coupled angiogenesis and osteogenesis, and ultimately late
remodeling [131, 132]. However, in this anatomically exposed
region, persistent microbial challenges, limited perfusion, and
local hypoxia frequently derail orderly healing. These factors
can even predispose the tissue to osteonecrosis [131-133].
Consequently, regeneration in the skull and jaws hinges on
timely immunoregulation and revascularization, which are often
inadequate in large defects. In this context, MSC-EVs have gained
prominence as cell-free, low-immunogenicity effectors. They
concurrently temper inflammation, stimulate neovascularization,
and drive osteogenic programs. By doing so, they directly target
and resolve the principal bottlenecks associated with cranial and
maxillofacial repair (Table 3).

Mechanistically, MSC-EVs intervene during the inflammatory
phase of craniofacial bone healing to promote the resolution of
immune responses. For example, evidence from a rat model of
bisphosphonate-related osteonecrosis of the jaw demonstrates
that they suppress senescence and inflammation via downregula-
tion of cyclin-dependent kinase inhibitor 1 (P21), retinoblastoma
protein, and pro-inflammatory factors. Concurrently, they upreg-
ulate the stem cell self-renewal genes Bmil and Hmg2 [102]. This
orchestrated action fosters a pro-regenerative microenvironment
that is conducive to angiogenesis and osteogenesis, steering
the tissue away from inflammation and toward functional heal-
ing. During the subsequent pro-regenerative window, MSC-EVs
enhance endothelial angiogenesis. This fundamentally supports
the generation of highly vascularized bone within critical-size
calvarial defects [134]. Thereafter, DPSC-EVs augment jawbone
mineral density and induce new bone formation in mandibular
defects [103]. Similarly, BMMSC-ApoVs are internalized by recip-
ient BMSCs, thereby boosting their proliferation, migration, and
osteogenic differentiation via the reactive oxygen species (ROS)/c-
Jun N-terminal kinase (JNK) signaling pathway. This sequence of
signaling events enhances craniofacial bone repair [135]. Thus,
across multiple distinct healing phases, MSC-EVs help to re-
balance the immune microenvironment, couple nascent vessels
to progenitor osteoblast activity, and sustain the transition from
inflammation to structural reconstruction in craniofacial bone.

To enhance the regenerative functions of MSC-EVs in vivo,
researchers have developed engineered delivery systems and
composite biomaterials designed to leverage their inherent
therapeutic potential. This principle is exemplified by dual-
functionalized MSC-EVs that are engineered with a stem cell-
homing Apt19s (DNA aptamer) on the membrane and osteogenic

miR-376b-5p within the lumen. When applied locally, these
specially modified MSC-EVs sequentially recruit endogenous
stem cells and promoted bone formation in mandibular defects
[104]. Similarly, EVs derived from neural EGFL-like 1 (Nell1)-
overexpressing MSCs exhibit an enhanced osteogenic capacity.
This stems directly from a targeted downregulation of miR-25-5p
and the subsequent activation of the Smad2/ERK pathway. These
tailored vesicles have shown immense promise in boosting acellu-
lar bone regeneration in calvarial defects [136]. Further extending
this strategy, a decellularized fish scale scaffold has been utilized
to load and deliver BMMSC-EVs. Its inherent hierarchical porosity
enables high EV-loading capacity and sustained release, while its
native collagenous composition ensures excellent biocompatibil-
ity. This MSC-EV-enriched scaffold significantly enhanced calvarial
bone regeneration in mice, underscoring the value of biomimetic,
natural biomaterial-based EV delivery platforms [105].

Regeneration of the salivary gland Salivary glands are vul-
nerable to a spectrum of clinical insults. These include head
and neck irradiation, which induces cellular senescence and
oxidative stress, and chemotherapy, which triggers apoptosis and
ROS generation. Additional insults include hyperglycemia-driven
structural remodeling, menopause-related xerostomia, and
autoimmune Sjégren’s syndrome, which is characterized by duc-
tal inflammation. Furthermore, aging-associated ‘inflammaging’
often leads to fibrosis and the loss of aquaporin 5 (AQP5)
expression. Despite their diverse origins, these pathological
processes ultimately converge to disrupt secretory function and
diminish salivary flow. In this context, MSC-EVs have emerged as
promising cell-free therapeutic agents. They combine practical
advantages for salivary gland repair with a growing level of
translational relevance (Table 3).

Despite promising preliminary results, the peer-reviewed
literature that systematically evaluates MSC-EVs for salivary gland
regeneration remains limited. This highlights a clear need for
broader investigations across diverse models. The therapeutic
effects of MSC-EVs are multifaceted. During inflammatory and
autoimmune phases, they suppress pro-inflammatory mediators
and recalibrate adaptive immunity. This is evidenced by reduced
TNF-a and IL-6 levels in ovariectomy models. Additionally, these
vesicles help expand Treg populations and restrain T helper
(Th) 17 cell responses, leading to cytokine profile shifts in
Sjogren’s syndrome models [106, 107, 137]. In the context of
fibrotic remodeling, MSC-EVs inhibit TGF-8/Smad signaling and
downregulate collagen I/1ll and TGF-B1 expression, correlating
with the histological amelioration of fibrosis [106, 108]. Under
cytotoxic and oxidative stress conditions, they alleviate apoptosis
and oxidative damage, counteracting cellular senescence through
downregulation of senescence-associated beta-galactosidase
(SA-B-gal) and enhancement of superoxide dismutase (SOD)
activity [109, 138]. Critically, MSC-EVs also restore secretory
function by upregulating AQP5 expression in acinar cells and
enhancing pilocarpine-stimulated salivary flow in autoimmune
settings [106, 107,137-139]. Together, these coordinated mech-
anisms enable MSC-EVs to facilitate salivary gland regeneration
across diverse injury types by targeting convergent pathways
involving inflammation, fibrosis, oxidative stress, and secretory
dysfunction.

Building upon these multifaceted repair mechanisms, the ther-
apeutic potential of EVs for salivary gland regeneration can be
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significantly enhanced. Thisenhancementis achieved through the
precision screening of potent subpopulations and the engineered
cultivation of EV-secreting cells. It is noteworthy, however, that
current research on engineered vesicles or EV-composite materi-
als in this field remains limited regarding the use of MSC-EVs. For
instance, Park et al. identified that CD9* EVs derived from salivary
gland basal progenitor cells—not MSCs—are enriched with miR-
3162 and miR-1290. These miRNAs downregulate activin receptor
typelandinhibit Smad2/3 phosphorylation, thereby exerting anti-
fibrotic effects [140]. In a complementary engineering approach,
Cho et al. utilized a Wnt3A-releasing microwell scaffold to cul-
ture salivary gland epithelial stem cells, which markedly increased
EV production and reinforced their regenerative capacity via the
14-3-3 protein zeta/delta (YWHAZ)/PI3K/AKT pathway [141]. To
improve delivery, EV-hydrogel composites enable localized sus-
tained release. When combined with retroductal administration,
these composites can maximize EV retention and bioavailability at
the target site. Together, the integration of precision EV isolation,
engineered cell culture systems, and advanced delivery platforms
will accelerate the translation of EV-based therapies toward clini-
cal salivary gland regeneration.

Regeneration of the oral mucosal tissues The oral mucosa
exhibits a remarkable capacity for regeneration, healing more
rapidly and with significantly less scarring than skin [142].
This superior healing phenotype is attributed to the fetal-like
characteristics of oral mucosal fibroblasts, which resemble
the fibroblasts responsible for scarless wound healing in fetal
skin [142]. However, this inherent regenerative potential can
be disrupted by pathological conditions, such as oral sub-
mucous fibrosis (OSF). In OSF, stimuli like arecoline drive the
transformation of fibroblasts into myofibroblasts. This cellular
transformation leads to excessive collagen deposition and tissue
fibrosis [110]. Similarly, orofacial soft tissue defects resulting
from surgical trauma, radiotherapy, or congenital anomalies like
cleft lip and palate can trigger aberrant healing responses. These
responses result in scarring and fibrosis that impair maxillofacial
growth, speech, and mastication [143]. Conventional therapies
for these conditions, such as surgery or drug injections for OSF,
often only alleviate symptoms without reversing the underlying
pathology [144]. In this context, MSC-EVs have emerged as a
promising therapeutic modality. They recapitulate the paracrine
immunomodulatory and anti-fibrotic actions of their parent cells,
making them rational candidates for promoting functional oral
mucosal regeneration (Table 3).

MSC-EVs play a pivotal role in orchestrating the regeneration
of oral mucosal tissues by modulating key cellular processes.
For instance, in the context of OSF, ADMSC-EVs deliver miR-
125a-5p, which directly suppresses the TGF-8/Smad2 axis [110].
This targeted molecular intervention effectively inhibits the
transformation of resident fibroblasts into collagen-producing
myofibroblasts, thereby attenuating the excessive collagen
deposition and tissue stiffness characteristic of OSF. Beyond their
anti-fibrotic role, MSC-EVs significantly enhance the regenerative
phase of healing. Kou et al. demonstrated that GMSCs possess
an intrinsically superior capacity to produce and secrete IL-
1RA-packed EVs compared to skin MSCs [111]. This specialized
secretion process is governed by a unique Fas/Fas-associated
phosphatase 1 (Fap-1)/caveolin-1 molecular axis that regulates
SNARE-mediated exocytosis. Functional in vivo studies confirmed

that GMSC-EVs accelerate palatal wound healing in an IL-1RA-
dependent manner. Notably, this regenerative effect proved to be
far more potent than the healing induced by skin MSC-EVs applied
to dermal wounds. This multifaceted approach, which tackles the
underlying fibrotic pathology while promoting tissue restitution,
underscores theimmense therapeutic potential of native MSC-EVs
in restoring functional oral mucosa.

Theinherentregenerative capabilities of MSC-EVs can be further
augmented through engineering strategies designed to enhance
their targeting and efficacy for specific oral mucosal conditions.
For example, priming GMSCs with the pro-inflammatory cytokine
TNF-« results in the production of EVs with an enriched anti-
inflammatory profile, which includes elevated levels of the
ectoenzyme CD73 [145]. Alternatively, biomaterial-based strate-
gies focus on achieving sustained local delivery. Incorporating
MSC-EVs into biocompatible scaffolds, such as porcine small
intestinal submucosa-extracellular matrix (ECM) constructs,
creates a protective reservoir that facilitates the gradual release
of EVs at the defect site [112]. This engineered method has proven
effective in complex regeneration scenarios, such as the healing of
myomucosal tongue defects, where it supported the restoration
of specialized structures, including both papillae and taste buds.

Regeneration of barrier tissues

Cutaneous wound repair Normal cutaneous wound repair
proceeds through sequential phases of hemostasis, inflammation,
proliferation, and remodeling. In contrast, chronic and diabetic
wounds frequently arrest in a persistent inflammatory state. This
state is characterized by tissue hypoxia, oxidative stress, impaired
angiogenesis, and delayed re-epithelialization and collagen
deposition [146]. Although advanced wound management has
been improved by techniques such as topical growth factors, ECM-
based products, and bioengineered skin substitutes, complete
closure is still not achieved in up to half of all cases [147]. MSC-EVs
offer a promising alternative by recapitulating the multifaceted
paracrine functions of MSCs across these wound healing stages
[146, 147]. They modulate inflammatory responses, promote
angiogenesis, stimulate keratinocyte and fibroblast proliferation,
and support structured remodeling. All of these functions occur
within a cell-free framework that confers favorable safety and low
immunogenicity (Table 4) [148-157].

During the early inflammatory phase, UCMSC-EVs enriched
in miR-181c suppress TLR4 signaling, thereby mitigating hyper-
inflammation following burn injury. In parallel, LPS-primed
UCMSC-EVs, which are highly enriched in the miRNA let-7b,
promote macrophage polarization toward the M2 phenotype and
reduce the secretion of pro-inflammatory cytokines [158, 159].
Similarly, MSC-ApoVs have been demonstrated to enhance M2
macrophage polarization and inhibit pyroptosis by attenuating
oxidative stress, accelerating wound closure in both normal and
diabetic mouse models [160, 161]. As healing progresses to the
angiogenic stage, pro-vascular cargoes delivered by MSC-EVs play
a decisive role. For instance, Wnt4-positive UCMSC-EVs activate 8-
catenin signaling in endothelial cells [148]. Concurrently, nuclear
factor erythroid 2-related factor 2 (Nrf2)-overexpressing ADMSC-
EVs upregulate senescence marker protein-30 (SMP30), vascular
endothelial growth factor (VEGF), and vascular endothelial growth
factor receptor 2 (VEGFR2) phosphorylation, thereby promoting
endothelial progenitor cell proliferation and new vessel formation
[150]. Subsequently, MSC-EVs support the proliferative phase
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Table 4 Functional properties of MSC-EVs in barrier tissue regeneration

EV source Species Model Engineering strategy = Outcomes Ref.
Human UCMSCs Rats Skin deep —_ Wound healingt [148]
second-degree burn Angiogenesist
model
Human UCMSCs Rats Skin deep — Re-epithelializationt [149]
second-degree burn Collagen I/lll ratiot
model Skin cell apoptosis|,
Human ADMSCs Rats Diabetic foot ulcer Nrf2 overexpression Wound closuret [150]
Granulation tissue formation
Angiogenesist
Human ADMSCs Rats Diabetic wound 1. Hypoxic pretreatment Wound healingt [151]
2. Circ-Snhgl1 Angiogenesist
overexpression Inflammation
Endothelial progenitor cell apoptosis|,
Mouse BMMSCs Mice Depilation-induced —_ Telogen-to-anagen transitiont [152]
telogen-to-anagen Hair regrowtht
transition Hair follicle activationt
Mouse ADMSCs Nude mice De novo hair follicle —_ Hair numbert [153]
regeneration Hair follicle maturationt
Anagen-associated growth factorst
Catagen-associated factors|
Human UCMSCs Mice DSS-induced colitis; —_ Mucosal healingt [154]
TNBS-induced colitis Intestinal epithelial integrityt
Lgr5T ISC regenerationt
Epithelial proliferationt
Human UCMSCs Mice DSS-induced colitis —_ Colonic inflammationy [155]
Intestinal tissue damage|,
Human UCMSCs Rats DSS-induced colitis 1. IL-27 overexpression Colonic inflammation|, [156]
2. Encapsulation into Intestinal epithelial barrier integrityt
bioadhesive GelMA/DMA  Tight junction proteinst
hydrogel microcarriers
Rat BMMSCs Rats DSS-induced colitis EphB2 overexpression Colonic inflammation|, [157]

Intestinal barrier integrity
Oxidative stress|,

MSC mesenchymal stem cell, EV extracellular vesicle, UCMSCs umbilical cord mesenchymal stem cells, ADMSCs adipose-derived mesenchymal stem cells, Nrf2
nuclear factor erythroid 2-related factor 2, Circ-Snhg11 circular RNA Snhgll, BUMSCs bone marrow mesenchymal stem cells, DSS dextran sulfate sodium, TNBS
2,4,6-trinitrobenzenesulfonic acid, Lgr5 leucine-rich repeat-containing G-protein coupled receptor 5, ISC intestinal stem cell, IL-27 interleukin-27, GelMA gelatin

methacryloyl, DMA dopamine methacrylamide, EphB2 ephrin type B receptor 2

of repair. Both BMMSC-EVs and UCMSC-EVs enhance fibroblast
and keratinocyte proliferation in a dose-dependent manner.
This is accompanied by the upregulation of proliferating cell
nuclear antigen (PCNA), cytokeratin-19, and collagen | expression,
which facilitates re-epithelialization and granulation tissue
formation [148, 149, 162]. Finally, during the tissue remodeling
phase, MSC-EVs reduce scarring by modulating key molecular
ratios (e.g. collagen lll:collagen I, TGF-83:TGF-B1) and inhibiting
myofibroblast differentiation. These effects are mediated at least
in part by specific miRNAs in MSC-EVs, such as miR-21-5p and
miR-125b-5p [163, 164].

To enhance these therapeutic effects, studies demonstrate that
stem cell aggregation, hypoxic or inflammatory preconditioning,
Nrf2 transfection, orintentional loading of specific molecules such
as miR-21-5p or circular RNAs can significantly boost the anti-
inflammatory and pro-angiogenic capacity of EVs [150, 151,165~
167]. Furthermore, injectable delivery systems, including Pluronic
F-127 (PF-127) hydrogel and chitosan-based hydrogels, prolong
EV retention to enable sustained release. These systems markedly
accelerate wound closure and enhancing vascularization in
diabeticulcer models [168, 169]. Nevertheless, while initial clinical

trials confirm the therapeutic potential of MSC-EVs for wound
healing, the field now requires large-scale, rigorously controlled
trials to establish standardized protocols, determine optimal
dosing, and confirm long-term benefits for broad clinical adoption
[170].

Regeneration of skin appendages The restoration of fully
functional skin requires not only re-epithelialization but also
the regeneration of cutaneous appendages. Structures such
as hair follicles, sebaceous glands, eccrine sweat glands, and
peripheral nerves are essential for reestablishing barrier integrity,
thermoregulation, lubrication, and sensory perception [171, 172].
However, current tissue-engineered skin substitutes primarily
recapitulate only the epidermal or dermal components, fre-
quently lacking these critical appendages and neural elements.
Consequently, patients often experience persistent sensory
deficits and chronic pain, highlighting a key limitation in current
regenerative strategies [172].

Current research in skin regeneration predominantly
focuses on cell-based and scaffold-based approaches. Meanwhile,
MSC-EVs remain underexplored in systematic studies. Existing
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investigations are largely confined to hair follicle biology, thereby
overlooking the broader potential of these EVs in multi-appendage
regeneration (Table 4). Mechanistically, MSC-EVs coordinate hair
follicle regeneration through multiple pathways. They deliver
Wnt ligands to activate Wnt/B-catenin signaling, accelerate the
telogen-to-anagen transition, and promote a pro-angiogenic
microenvironment. In murine models, the intradermal adminis-
tration of MSC-EVs upregulates cutaneous Wnt3a and Wnt5a. This
treatment also increases the expression of the anagen-associated
proteoglycan versican in dermal papilla cells, successfully induc-
ing the follicle transition from telogen to anagen phase [152].
Beyond Wnt-mediated signaling, MSC-EVs promote dermal papilla
cell proliferation and migration, elevate the levels of VEGF and
insulin-like growth factor 1, and facilitate anagen entry following
intradermal delivery [152]. In a complementary approach, ADMSC-
EVs co-transplanted with dermal and epidermal cells generate
more mature follicles in vivo. This regeneration is accompanied
by the upregulation of platelet-derived growth factor and VEGF,
alongside the downregulation of TGF-81 in the skin tissue [153].
Collectively, these findings establish MSC-EVs as a cell-free
platform capable of activating epithelial-mesenchymal signaling
pathways and reinstating the anagen program during hair follicle
regeneration.

Looking forward, skin appendage stem/progenitor cells may
serve as a highly specific source of EVs for appendage regenera-
tion. These cells represent unique epithelial populations residing
in the bulge, junctional zone, and duct regions of the tissue.
They actively maintain and regenerate appendages, despite their
epithelial rather than mesenchymal origin. Importantly, these
cells can be directed toward appendage-specific fates both in
vitro and in vivo. For instance, under specific signaling cues,
epidermal or epithelial progenitors can be induced to differentiate
into sweat gland-like cells and form ductal/secretory structures
in engineered skin. Such critical cues include the activation
of the epidermal growth factor (EGF)/ERK and ectodysplasin
(EDA)/NF-kB pathways [173-175]. This functional plasticity
supports the rationale that EVs derived from these progenitor cells
may carry biologically relevant signals conducive to appendage
regeneration.

Regeneration after intestinal injuries In a range of conditions,
spanning from inflammatory and ischemic injuries to neoplastic
and iatrogenic damage, the regeneration of the intestinal mucosa
is critically impaired by coexisting epithelial barrier defects
and sustained inflammatory signaling [176]. Barrier dysfunction
presents as the disruption of tight junctions, elevated intesti-
nal epithelial cell death, and dense immune infiltration [177,
178]. Concurrently, ongoing inflammation disrupts the normal
coordination of tissue repair mechanisms. Under physiological
conditions, repair is initiated by the activation of intestinal stem
cells (ISCs), particularly the leucine-rich-repeat-containing G-
protein-coupled receptor 5 (Lgr5)-positive population residing
at the crypt base [176]. These activated ISCs give rise to a
population of proliferative progenitor cells, which then undergo
a well-orchestrated sequence of proliferation, differentiation, and
migration to replenish the various epithelial cell lineages and
restore the mucosal barrier [176]. Under pathological conditions,
however, sustained exposure to pro-inflammatory factors and
the coordinated induction of diverse cell death pathways (e.g.
apoptosis, necroptosis, pyroptosis, and ferroptosis), collectively

sustain barrier loss and impede mucosal healing [177]. These
limitations have prompted the exploration of MSC-EVs as a novel
therapeutic approach. These EVs exhibitimmunomodulatory and
pro-regenerative functions, coupled with low immunogenicity
and favorable delivery properties, making them a promising
strategy for restoring mucosal homeostasis (Table 4).

In response to the pathological obstacles outlined above,
MSC-EVs first recalibrate the inflammatory milieu by decreasing
TNF-o, IL-18, IL-6 while increasing IL-10 and TGF-8, thereby
removing cytokine-driven impediments to tissue restitution and
restoring mucosal homeostasis [179]. In parallel, UCMSC-EVs
accelerate the regenerative axis by promoting ISC activation and
epithelial renewal through Wnt pathway engagement [154]. At
the barrier interface, MSC-EVs reinforce epithelial tight junctions
by upregulating claudin-1 and zonula occludens-1. Moreover,
they activate the Snail/Claudins pathway, which further expedites
epithelial repair [180, 181]. In addition, BMMSC-EVs significantly
attenuate the apoptosis of colonic epithelial cells by suppressing
the cleavage of caspase-3, caspase-8, and caspase-9. Concur-
rently, they alleviate oxidative stress by reducing myeloperoxidase
activity and malondialdehyde (MDA) levels while increasing SOD
activity and glutathione (GSH) levels [182]. Finally, to counter
inflammasome-driven barrier injury, UCMSC-EVs enriched with
miR-378a-5p protect against dextran sulfate sodium (DSS)-
induced colitis. They achieve this protection through the inhi-
bition of NACHT, LRR, and PYD domains-containing protein 3
(NLRP3) inflammasome activation and subsequent pyroptosis
[155].

To enhance the therapeutic potential of MSC-EVs for intestinal
repair, engineering strategies focus on improving vesicle targeting
and localized efficacy. Nie et al. developed MSC-EVs engineered to
overexpress the anti-inflammatory cytokine IL-27 [156]. These EVs
were then encapsulated into adhesive hydrogel microparticles,
creating a system that firmly adheres to the colon for sustained
local release, significantly reducing inflammation and promoting
barrier healing. In another approach, Yu et al. enhanced the inher-
ent homing ability of MSC-EVs by engineering parent MSCs to
overexpress ephrin type B receptor 2 (EphB2) [157]. The resulting
EphB2-EVs demonstrated superior targeting to inflamed colon tis-
sue following systemic administration. Once localized, they effec-
tively restored immune balance and promoted mucosal repair.

Regeneration of the musculoskeletal system

Repair of bone defect The successful repair of bone defects
requires the coordinated recruitment and osteogenic differen-
tiation of mesenchymal progenitors, coupled with early and
sustained neovascularization to deliver oxygen, nutrients, and
signaling molecules to the repair site [183, 184]. The coupling
of angiogenesis and osteogenesis is particularly critical in bone
tissue and serves as a fundamental principle for effective bone
regeneration [183, 184]. Conventional bone tissue engineering
strategies rely on three core components: scaffolds, seed cells,
and osteoinductive signals. However, their efficacy is often
compromised by poor vascular infiltration into the construct and
the unstable spatiotemporal presentation of bioactive factors
[185]. These limitations frequently result in incomplete or failed
healing. In this context, MSC-EVs represent a cell-free therapeutic
strategy that intrinsically packages proteins, miRNAs, and other
regulatory molecules. This natural packaging enables the targeted
delivery of both pro-angiogenic and pro-osteogenic signals to
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Table 5 Functional properties of MSC-EVs in the musculoskeletal system regeneration

EV source Species Model Engineering strategy Outcomes Ref.
Mouse BMMSCs Mice Femoral fracture —_ Fracture healingt [20]
Bone and cartilage tissue
formation4 Osteoblast differentiationt
Mouse BMMSCs Mice OVX-induced — Bone mass and strengtht [186]
osteoporosis Trabecular bone loss |,
Cartilage damage
Mouse BMMSCs Mice OVX-induced 1. Surface modification Bone mass?t [187]
osteoporosis with bone-targeting Osteoporosis progression,
peptide (DSS)g
2. Intraluminal loading
of RNF146
Human DPSCs Rats 1. Subcutaneous 1. Osteogenic Bone formationt [188]
ectopic osteogenesis pre-conditioning Angiogenesist
2. Rat femoral condyle 2. Encapsulation into Inflammation|
defect mHA/PEG hydrogel
Mouse BMMSCs Mice Cardiotoxin-induced —_ Muscle regenerationt [189]
tibialis anterior injury Myofiber formation & maturationt
Mouse BMMSCs Mice Contusion-induced —_ Muscle regenerationt [190]
tibialis anterior injury Inflammation|
Fibrosis|
Human BMMSCs Mice Duchenne muscular Surface Muscle inflammation| [191]
dystrophy functionalization witha  Muscle regenerative potentialt
dimerized IL6ST decoy
receptor
Human UCMSCs Rats Nerve injury-induced Encapsulation in Muscle function recoveryt [192]
denervated muscle pH/ultrasound Muscle atrophy|
atrophy dual-responsive Fibrosis|
hydrogel
Human SMSCs Rats Surgical-induced OA —_ Cartilage damage| [193]
Chondrocyte apoptosis|
Human BMMSCs Rats Surgical-induced OA Hypoxia preconditioning  Cartilage repairt [194]
Proteoglycan loss|,
OARSI score|,
Human SMSCs Rats Surgical-induced OA Loaded with miR-140-5p  OA prevention?t [195]
Chondrocyte proliferationt
Cartilage tissue regenerationt
Human UCMSCs Rats Osteochondral defect Laden with DCM scaffold  Endogenous MSC chondrogenesist [196]

Cartilage ECM depositiont
Osteochondral repairt
Subchondral bone regenerationt

MSC mesenchymal stem cell, EV extracellular vesicle, BMMSCs bone marrow mesenchymal stem cells, OVX ovariectomy, DPSCs dental pulp stem cells, mHA/PEG
mussel-inspired hyaluronic acid/polyethylene glycol, /L6ST interleukin 6 signal transducer, UCMSCs umbilical cord mesenchymal stem cells, pH potential of
hydrogen, SMSCs synovial mesenchymal stem cells, OA osteoarthritis, OARSI score osteoarthritis research society international score, DCM decellularized cartilage

extracellular matrix, ECM extracellular matrix

the defect site, thereby effectively coupling angiogenesis with
osteogenesis (Table 5) [186-196].

Mechanistically, BMMSC-EVs transport miR-335, which specif-
ically targets and downregulates vesicle-associated membrane
protein-associated protein B, thereby activating the Wnt/g-
catenin signaling pathway and significantly enhancing osteogenic
differentiation and bone defect repair [20]. In parallel, BMMSC-
EVs deliver ubiquitin-specific protease (USP) 7, a deubiquitinating
enzyme that stabilizes yes-associated protein (YAP) 1, leading
to Wnt/B-catenin pathway activation. This mechanism not only
promotes osteogenesis but also suppresses osteoclastogenesis,
effectively restoring bone metabolic homeostasis [186]. Regarding
angiogenesis, Nidogenl-enriched EVs derived from BMMSCs

interact with myosin-10. This interaction disrupts focal adhesion
formation and assembly, thereby reducing the adhesion strength
between endothelial cells and the ECM. These changes collectively
enhance endothelial cell migration and tube formation, thereby
accelerating vascularization during bone regeneration [197].
Furthermore, recent studies demonstrate that SHED-EVs facilitate
the mitochondrial translocation of dynamin-related protein 1
(Drp1). This translocation remodels mitochondrial dynamics and
reverses the functional decline of BMMSCs induced by replicative
senescence. Consequently, this process restores the innate
pluripotency, immunomodulatory capacity, and therapeutic
potential of these stem cells [198]. Additionally, MSC-EVs are
enriched with Syntaxin 5 (STX5), an essential Golgi regulatory
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protein. STX5 effectively repairs damaged Golgi structures in
senescent BMMSCs and restores vesicular secretion function.
Ultimately, this significantly improves bone defect repair capacity
while ameliorating osteoporotic phenotypes in aged mice [74].
Collectively, these findings highlight the promising potential
of MSC-EVs in modulating endogenous stem cell senescence,
facilitating angiogenesis-osteogenesis coupling, and achieving
functional bone regeneration.

To enhance and sustain these therapeutic effects, various
engineering strategies have been developed by researchers. These
include hypoxic preconditioning to upregulate pro-angiogenic
cargo, genetic modification such as BMP2 overexpression, and
integration with biomaterials like B-tricalcium phosphate (8-
TCP) or hydroxyapatite for sustained local release [199-202].
Notably, recent advances also encompass the engineering of
MSC-ApoVs. Strategies such as surface modification with bone-
targeting peptides or epigenetic reprogramming using histone
deacetylases (HDAC) inhibitors, such as MI192, significantly
enhance both osteogenic differentiation and bone-targeting
capability [187, 203]. Beyond these approaches, the integration
of engineered MSC-EVs with advanced hydrogels represents a
particularly powerful strategy. A prominent example is the study
by Wang et al., in which DPSC-EVs derived from osteogenically
induced cells were incorporated into a multifunctional, mussel-
inspired adhesive hydrogel. When applied to a rat femoral
condyle defect, this system demonstrated robust capabilities
in promoting angiogenesis, accelerating mineralization, and
facilitating substantial bone regeneration [188].

Regeneration of the skeletal muscle Following skeletal muscle
injury, tissue repair proceeds through interconnected inflamma-
tory, regenerative, and remodeling phases that are coordinated
by precise intercellular communication among immune cells,
satellite cells, and stromal components [204]. During the inflam-
matory phase, neutrophils and macrophages are recruited to clear
cellular debris and activate satellite cells, with anti-inflammatory
macrophages subsequently facilitating myoblast differentiation
and inflammatory resolution [204]. Recently, MSC-EVs have
emerged as key mediators that exert beneficial therapeutic effects
across all stages of the muscle repair process (Table 5).

During the initial inflammatory phase, MSC-EVs modulate
the microenvironment by promoting macrophage polarization
toward an anti-inflammatory phenotype and suppressing NF-
kB signaling, thereby reducing fibrosis and improving muscle
function in vivo [205, 206]. As regeneration proceeds, BMMSC-
EVs enhance the muscle cross-sectional area, diminish fibrotic
deposition, and increase capillary density [207]. In parallel,
ADMSC-EVs deliver angiogenic proteins, such as platelet endothe-
lial cell adhesion molecule (PECAM) and VEGF. When subjected
to hypoxic conditions, these vesicles further enrich repair-
associated miRNAs. Collectively, these molecular cargoes foster
a pro-regenerative macrophage phenotype [205]. Notably, MSC-
ApoVs enhance myoblast fusion and muscle regeneration by
promoting creatine release. This vital release occurs through
activated Pannexin 1 channels located on myoblast-derived
ApoVs, revealing a novel metabolite-mediated mechanism
of intercellular communication [189]. Furthermore, UCMSC-
EVs promote peripheral nerve regeneration and muscle mass
recovery by downregulating the pro-inflammatory cytokines IL-
6 and IL-18 while upregulating the anti-inflammatory cytokine

IL-10. Similarly, when administered post-contusion, BMMSC-
EVs successfully reprogram macrophage polarization, attenuate
fibrosis, and improve muscle contractile strength [190, 208].

The direct engineering of MSC-EVs or the specialized precon-
ditioning of their parent MSCs can extensively refine cargo com-
position and targeting specificity. These modifications compre-
hensively amplify reparative target signaling within skeletal mus-
cle. For example, researchers have developed engineered MSC-
EVs that express a decoy receptor for the IL-6 signal transducer
(IL6ST). These customized vesicles selectively inhibit IL-6 trans-
signaling in muscle tissue while fully preserving classical IL-6 path-
way activity [191]. Moreover, the hypoxic pretreatment of parent
cells can modulate the molecular content of the resulting MSC-
EVs. This environmental priming enhances regenerative outcomes
and limits fibrotic responses [209]. Furthermore, the integration of
MSC-EVs with tissue-engineered platforms enables sustained local
release and improves skeletal muscle repair. In one illustrative
case, an injectable hydrogel responsive to both ultrasound and
potential of hydrogen (pH) triggers was designed to control the
release of MSC-EVs. This responsive system effectively preserved
muscle function in a rat denervation model by restoring muscle
strength and mass while reducing inflammation and oxidative
stress [192].

Osteoarthritis alleviation and cartilage protection Osteoarthri-
tis (OA) is a highly prevalent chronic joint disease, frequently orig-
inating from prior articular cartilage injury. The inherently limited
regenerative capacity of cartilage tissue often leads to progressive
degeneration, chronic pain, and functional impairment [210].
Pathophysiologically, OA is characterized by the disruption of
chondrocyte homeostasis, resulting in an imbalance between ECM
synthesis and degradation. Furthermore, this destructive process
is accompanied by synovial inflammation, which synergistically
accelerates terminal joint destruction [211]. As conventional sur-
gical and cell-based therapies face considerable limitations, MSC-
EVs have emerged as a promising cell-free alternative, offering
reduced immunogenicity and simplified clinical implementation
(Table 5) [210].

Building on this foundation, MSC-EVs have been shown to
enhance chondrocyte viability, proliferation, and migration
while promoting the synthesis of key ECM components such as
aggrecan (ACAN) and collagen Il. Concurrently, they suppress
the expression of catabolic enzymes, including MMP-13 and a
disintegrin and metalloproteinase with thrombospondin motifs-
5 (ADAMTS-5) [212-215]. Notably, synovial MSC (SMSC)-EVs
enriched with miR-140-5p promote matrix synthesis and attenuate
OA progression in rat knee joints, partially through activation of
the Hippo/YAP pathway [195]. Similarly, EV-derived miR-26a-5p
from SMSCs, which targets phosphatase and tensin homolog,
reduced apoptosis and inflammation in chondrocytes [193]. In
a parallel mechanism, EV-derived miR-155-5p enhances their
proliferation, migration, and ECM secretion [216].

Furthermore, preconditioning or engineering strategies applied
to MSC-EVs heavily enhance their anti-catabolic and pro-
chondrogenic effects in preclinical OA models. Prominent exam-
ples logically include hypoxic treatment or specific vesicular
enrichment of miR-92a-3p as cargo [194, 217]. Notably, MSC-
ApoVs have recently been identified as a novel and potent
therapeutic entity. They orchestrate cartilage repair by delivering
specific miRNAs, including miR-100-5p and let-7i-5p, which
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concurrently promote macrophage polarization toward the M2
phenotype and enhance endogenous chondrogenesis. When
combined with decellularized cartilage ECM scaffolds, these
vesicles demonstrate significant regenerative potential [196]. In
parallel, the use of biomaterial-based delivery platforms, such
as 3D printed ECM/gelatin-methacrylate scaffolds, has improved
intra-articular retention and led to superior International Cartilage
Repair and Joint Preservation Society (ICRS) scores compared to
treatment with MSC-EVs alone [215]. Nevertheless, therapeutic
efficacy may diminish in advanced or metabolically driven OA,
and the standardization of EV isolation, dosing, and purity remains
essential for clinical translation [218].

Regeneration of visceral organs

Cardiac repair Cardiac repair progresses through a sequence of
interconnected pathological stages, including acute inflamma-
tion, oxidative stress, programmed cardiomyocyte death, and
fibrotic ECM remodeling. These factors collectively compromise
pump function and limit endogenous regenerative capacity
[219]. Furthermore, due to the limited proliferative potential of
adult cardiomyocytes and the predominance of fibrotic scarring,
conventional pharmacological or revascularization strategies
cannot reverse established scarring or regenerate functional
myocardium [219, 220]. In this context, MSC-EVs play a critical
role in cardiac repair by reprogramming cardiac, vascular, and
immune cells within the injured myocardium (Table 6).

Accordingly, during the initial inflammatory phase, miR-181a
derived from UCMSC-EVs suppresses c-FOS expression and atten-
uates inflammation induced by ischemia-reperfusion injury [233].
Concurrently, MSC-EVs promote macrophage polarization toward
the anti-inflammatory M2 phenotypes via the S1P/sphingosine
kinase 1 (SK1)/S1PR1 signaling axis [234]. Under conditions of
oxidative stress, tissue inhibitor of metalloproteinases 2-enriched
MSC-EVs enhance antioxidant capacity by increasing SOD and GSH
levels, reducing MDA, and activating the AKT/secreted frizzled-
related protein 2 pathway. Meanwhile, MSC-EVs support myocar-
dial ATP production and inhibit c-JNK phosphorylation by pro-
moting the phosphorylation of AKT and glycogen synthase kinase-
3beta [235, 236]. In the regulation of cell death, miR-25-3p carried
by MSC-EVs suppresses the Fas ligand/phosphatase and tensin
homolog pathway to reduce cardiomyocyte apoptosis, while miR-
182-5p downregulates gasdermin D to limit pyroptosis [221, 237].
Furthermore, MSC-EVs activate AMPK and inhibit mechanistic tar-
get of rapamycin (mTOR) to enhance autophagy in viral myocardi-
tis models [222]. During the remodeling phase, MSC-EV-derived
miR-125a-3p targets transforming growth factor beta receptor 1 to
inhibit fibroblast activation and attenuate cardiac fibrosis [238].
Beyond suppressing adverse remodeling, MSC-EVs actively pro-
mote reparative processes such as angiogenesis. Notably, Liu et al.
demonstrated that ApoVs from transplanted MSCs are engulfed by
endothelial cells, where they activate TFEB-mediated lysosomal
biogenesis and autophagy. This enhanced autophagic flux subse-
quently stimulates angiogenesis via the AKT/nitric oxide synthase
(NOS) 3 pathway, significantly contributing to functional recovery
after myocardial infarction [239].

Based on these intrinsic therapeutic properties, engineered
MSC-EVs and their biomaterial composites demonstrate enhanced
efficacy in cardiac repair. For instance, researchers have devel-
oped miR-222-engineered EVs functionalized with cardiac-
ischemia-targeting peptides and encapsulated within gelatin

methacryloyl (GelMA) hydrogels [223]. This engineered system
improves myocardial repair by enhancing cellular uptake and acti-
vating mechanotransduction pathways. Similarly, mitochondria-
enriched MSC-EVs facilitate macrophage polarization toward the
M2 phenotype, restore mitochondrial function, and ameliorate
cardiac dysfunction in diabetic myocardial infarction models
[224]. Moreover, a biomimetic and NOS-responsive nanomotor
has been developed from hybrid MSC and macrophage mem-
branes [240]. This system is loaded with a mitochondrial ROS scav-
enger to enable deep tissue targeting. It alleviates oxidative DNA
damage, restarts cardiomyocyte proliferation, and significantly
improves cardiac function after ischemia-reperfusion injury.

Liver regeneration Following acute or chronic hepatic injury,
liver repair typically progresses through three distinct phases. The
first is an initial inflammatory phase dominated by Kupffer cells,
dendritic cells, natural killer cells, and natural killer T cells within
the sinusoidal niche. This is followed by a subsequent resolution
phase and, finally, a proliferative remodeling stage that restores
parenchymal structure and function [241]. However, excessive
oxidative stress and damage-associated molecular patterns
amplify JNK activation and NLRP3 inflammasome signaling,
which perpetuate hepatocyte death and impair endogenous
regenerative capacity [242]. In this context, MSC-EVs represent
a novel cell-free platform characterized by inherent liver tropism
and low immunogenicity, making them a promising therapeutic
strategy for promoting liver regeneration after injury (Table 6).

Aligned with the hepatic repair process, MSC-EVs exert mul-
tifaceted effects during the inflammatory phase. They achieve
this by promoting the polarization of hepatic macrophages
toward anti-inflammatory phenotypes, suppressing the LPS/TLR4
signaling axis, and reducing levels of pro-inflammatory cytokines
including TNF-«, IL-18, and IL-6 [243, 244]. Notably, MSC-ApoVs
are efferocytosed by liver macrophages via surface-exposed
calreticulin, thereby restoring macrophage homeostasis and
attenuating chronic inflammation [225]. During the resolution
phase, MSC-EVs mitigate hepatocyte apoptosis and enhance
autophagic flux, partly through the delivery of glutathione
peroxidase (GPX) 1, which facilitates oxidative stress control
and promotes cytoprotection in acute liver injury [245, 246].
Simultaneously, they modulate the crosstalk between hepatic
stellate cells and macrophages by delivering EV-derived miR-
148a. This specific miRNA targets the Krueppel-like factor (KLF)
6/signal transducer and activator of transcription 3 (STAT3)
pathway in macrophages, thereby alleviating fibrotic barriers to
tissue regeneration [226]. Finally, during the proliferative phase,
MSC-EVs promote parenchymal repopulation by upregulating
proliferative markers such as PCNA and cyclin D1, and by
transiently inducing a hepatocyte-to-progenitor-like (oval cell)
transition [247, 248]. Furthermore, MSC-ApoVs assemble with the
hepatocyte Golgi apparatus to form a chimeric organelle complex
that promotes microtubule acetylation and cytokinesis, thereby
significantly enhancing liver regeneration [91].

To further enhance liver repair, researchers have recently
developed multiple engineered and composite delivery strategies.
For instance, preconditioning MSCs in a diabetic environment
yields EVs that suppress hepatocyte pyroptosis through the
action of Peroxiredoxin-1 (PRDX-1) [227]. In parallel, genetically
modified MSC-EVs engineered to overexpress USP10 ameliorate
liver fibrosis by reprogramming macrophages via the KLF4/MMP12

9202 1840100 Z|, U0 159nB Aq $0G |698/0€0BEM/ASUING/EE0L 0 L/10P/B[0IHE/EWNESUING/LWOD dNO"OIWSPEDE WO} PAPEOJUMOQ



Burns & Trauma, 2026, Vol. 14, tkag030 19
Table 6 Functional properties of MSC-EVs in visceral organ regeneration
EV source Species Model Engineering strategy Outcomes Ref.
Mouse BMMSCs Mice I/R injury — Infarct size| [221]
Cardiomyocyte apoptosis
Inflammationy
Human UCMSCs Mice CVB3-induced viral myocarditis —— Myocardial injury|, [222]
Cardiac functiont
Cardiomyocyte apoptosis
Human UCMSCs Mice I/R injury 1. Loaded with miR-222 Cardiac functiont [223]
2. CTPs functionalization Fibrosis|
3. Encapsulation into GelMA Cardiomyocyte apoptosis
hydrogel
Rat ADMSCs Rats Diabetic myocardial infarction  Enucleation and extrusion into Cardiac functiont [224]
mitochondria-containing EVs Fibrosis|
M2 macrophage polarization
Human BMMSCs ~ Mice HFD-induced diabetic liver —_ Hepatic steatosis| [225]
injury Liver insulin sensitivityt
Liver macrophage infiltration,
Human UCMSCs Mice CCl4-induced liver fibrosis —_ Liver fibrosis| [226]
Hepatic inflammation|,
Human UCMSCs Mice MCD diet-induced NAFLD Diabetic microenvironment Lipid accumulation| [227]
preconditioning Hepatocyte pyroptosis|
Inflammation|
Mouse BMMSCs Mice CCl4-induced ALF 1. Biomimetic mineralization with  Oxidative stress| [228]
MnO2 Hepatocyte ferroptosis|,
2. Loaded with Dexamethasone M1 macrophage polarization|
Human UCMSCs Mice CLP-induced sepsis (with lung  IL-18 preconditioning Lung tissue injury| [229]

injury)

Human BMMSCs ~ Mice Bleomycin-induced IPF —_

Human BMMSCs  Mice LPS-induced acute lung injury ——

Human UCMSCs Mice Naturally aged pulmonary

fibrosis

Anti-CD38 scFv functionalization

Macrophage infiltration|,

Pulmonary fibrosis| [230]
Collagen deposition|,

Myofibroblast activation|,

Lung tissue injury [231]
Alveolar permeability|

Inflammation|

Pulmonary fibrosis| [232]
Senescent cell clearancet

Metabolic functiont

MSC mesenchymal stem cell, EV extracellular vesicle, BMMSCs bone marrow mesenchymal stem cells, //R ischaemia-reperfusion, UCMSCs umbilical cord mesenchy-
mal stem cells, CVB3 coxsackievirus B3, CTPs cardiac-ischemia-targeting peptides, GelMA gelatin methacryloyl, ADMSCs adipose-derived mesenchymal stem cells,
HFD high-fat diet, CCl4 carbon tetrachloride, MCD diet methionine- and choline-deficient diet, NAFLD nonalcoholic fatty liver disease, ALF acute liver failure, CLP
cecal ligation and puncture, /L-18 interleukin-1p8, IPF idiopathic pulmonary fibrosis, LPS lipopolysaccharide, CD38 cluster of differentiation 38, scFv single-chain

variable fragment

axis [249]. Additionally, a biomimetic mineralized system com-
prising MSC-EVs surface-modified with MnO, and loaded with
dexamethasone was developed to alleviate ferroptosis and
inflammation via ROS scavenging and stabilization of the solute
carrier family 7 member 11/GPX4 pathway [228]. More recently, a
sustained-release hydrogel encapsulating aminoethyl anisamide-
functionalized MSC-EVs has been shown to mitigate hepatic
fibrosis by reducing oxidative stress and collagen deposition [250].
Together, these multifaceted engineering and delivery strategies
underscore the potential of integrated platforms for precise and
effective liver regeneration.

Pulmonary repair Pulmonary repair following injury progresses
through distinct phases. It begins with the initial disruption of the
alveolar-capillary barrier, which is characterized by protein-rich
edema and inflammatory cell infiltration. This is followed by a
proliferative stage and, if dysregulated, a gradual progression to
fibrotic remodeling [251]. Persistent injury is driven by epithelial

apoptosis, dysregulated autophagy, endothelial hyperperme-
ability, macrophage activation, and neutrophil extracellular trap
formation [252]. Consequently, effective interventions must
restore epithelial and endothelial integrity while rebalancing
innate immune responses. In this context, MSC-EVs exhibit the
ability to modulate inflammation, enhance alveolar epithelial
regeneration, repair microvascular permeability, and attenuate
fibrogenesis, while being more stable and less immunogenic than
their parent cells (Table 6) [221-232].

MSC-EVs actively engage in repair mechanisms across these
pathological stages. During the initial injury phase, they attenuate
inflammatory cytokine cascades and reprogram innate immune
responses. For instance, MSC-EVs deliver specific miRNAs, includ-
ing miR-146a and miR-27a-3p, which promote macrophage
polarization toward an anti-inflammatory M2 phenotype [229,
231]. Similarly, MSC-ApoVs suppress inflammation by engag-
ing the PDL1-PD1 axis to shift macrophage metabolism from
glycolysis to oxidative phosphorylation, thereby inducing an
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anti-inflammatory phenotype [253]. Concurrently, MSC-EVs
reduce early neutrophil infiltration into lung tissue and decrease
levels of macrophage inflammatory protein-2 (MIP-2) in bron-
choalveolar lavage fluid. They achieve this through the delivery
of cargo such as keratinocyte growth factor mRNA [254]. At the
pulmonary epithelial interface, MSC-EVs exert protective effects
by upregulating G Protein-coupled receptor class C group 5
member A to inhibit apoptosis and restore barrier integrity. They
also induce autophagy and transfer functional mitochondrial
DNA to preserve cellular function [255-257]. In the pulmonary
microvascular endothelium, MSC-EVs enhance barrier function
by delivering angiopoietin-1 mRNA and hepatocyte growth
factor, which upregulate junctional proteins. Simultaneously,
they suppress hyperpermeability by inhibiting the transient
receptor potential vanilloid 4/Ca®* pathway [258-260]. During
the remodeling phase, MSC-EVs attenuate fibrosis by modulating
fibroblast activation through the delivery of miR-186 and miR-29b-
3p. These miRNAs target SRY-related HMG box transcription factor
4, dickkopf-1, and frizzled 6, respectively [230, 261].

To further enhance the therapeutic efficacy of MSC-EVs,
engineered variants have been developed. For example, MSC-
EVs modified with the CD38 antigen receptor specifically tar-
get senescent alveolar epithelial cells, restoring nicotinamide
adenine dinucleotide (NADT) levels and reversing epithelial-
mesenchymal-transition in pulmonary fibrosis models [232]. In
parallel, integrating EVs with mucoadhesive biomaterials, such
as chitosan or hyaluronic acid that electrostatically anchor to
airway mucus, prolongs retention time and enhances resistance
to mucociliary clearance [262]. Additionally, smart responsive
materials enable the on-demand EV release in inflammatory
microenvironments [262]. Clinically, nebulized UCMSC-EVs have
demonstrated favorable safety profiles and significantly improved
pulmonary function parameters, including forced vital capacity
and quality of life scores, underscoring the translational potential
of MSC-EVs for precision pulmonary repair [263].

Collectively, the therapeutic applications discussed in Section
2.2 demonstrate that MSC-EVs orchestrate tissue repair across
orofacial, barrier, musculoskeletal, and visceral systems through
a conserved set of core mechanisms. These mechanisms include
immunomodulation, angiogenesis, anti-fibrosis, the activation of
endogenous stem cells, the restoration of barrier integrity, and
the regulation of cell death pathways. These shared biological
properties, coupled with their low immunogenicity and inher-
ent amenability to engineering modifications, establish MSC-EVs
as a versatile and adaptable platform for regenerative medicine.
However, the clinical translation of these promising preclinical
findings is contingent upon overcoming common hurdles. The
most notable challenges include the inherent heterogeneity of
natural MSC-EVs, their limited targeting specificity, and the urgent
need for scalable and standardized manufacturing processes with
rigorous QC. These challenges underscore the necessity for the
advanced engineering strategies and clinical translation frame-
works discussed in the following sections.

Engineering modification and clinical
translation of MSC-EV therapy

Clinical translation bottlenecks of natural MSC-EVs

Numerous studies have underscored the substantial promise of
natural MSC-EVs in tissue repair and disease treatment. However,

several challenges need to be addressed before they can be suc-
cessfully translated into clinical applications. A primary concern
is heterogeneity. MSC-EVs constitute a highly heterogeneous pop-
ulation encompassing EXOs, MVs, and ApoVs, which differ in size,
biogenesis, and biological functions. Moreover, variations in tissue
sources, inter-donor differences, and culture conditions consid-
erably affect the proteomic and miRNA profiles of MSC-EVs [264-
269]. These factors contribute to batch-to-batch variability in ther-
apeutic efficacy, hampering the consistency and reproducibility
required for clinical applications. Another key challenge is the
limited inherent homing capacity of natural MSC-EVs. Following
systemic administration, the majority are rapidly cleared by the
mononuclear phagocyte system in the liver and spleen, result-
ing in < 1% reaching the target tissue [10]. Furthermore, natural
MSC-EVs often exhibit suboptimal cargo composition. Specifically,
they lack the optimally coordinated molecular combinations nec-
essary for synergistic effects, and they may concurrently carry
both therapeutic and undesirable components. These limitations
collectively lead to restricted and often unpredictable biological
outcomes [270]. In response to these limitations, engineered MSC-
EVs have emerged as a promising next-generation strategy to over-
come the shortcomings of their natural counterparts [271, 272].
Through purposeful molecular and functional modifications, engi-
neered MSC-EVs can overcome challenges related to heterogene-
ity, limited targeting, and suboptimal therapeutic cargo, thereby
enabling the rational design of EVs with enhanced and more pre-
dictable therapeutic performance [273].

Engineering strategies: precise manipulation from
internal loading to surface modification

Engineered EVs are natural EVs that have been artificially mod-
ified through biological, physical, or chemical strategies. These
modifications enhance the ability of EVs to specifically recognize
and target recipient cells or tissues, thereby enabling the precise
delivery of encapsulated therapeutic cargo. This strategy holds
substantial promise for a wide range of biomedical applications
[274]. Commonly employed engineering approaches include sur-
face modification, therapeutic cargo loading, and the metabolic
reprogramming of EVs (Figure 3a).

Surface modification of engineered MSC-EVs Surface modifica-
tion involves the design and incorporation of functional ligands
onto the EV membrane, enabling specific recognition and binding
to receptors on target cells [275-277]. Pre-secretion modification
entails genetically or functionally engineering donor cells so that
the resulting EVs inherit the desired modifications through nat-
ural biogenesis or artificial preparation. The principal approach
is genetic engineering, wherein a target protein is expressed as
a fusion partner with an endogenous membrane protein, lead-
ing to its display on the EV surface. For instance, Wang et al.
fused an ischemic myocardium-targeting peptide with the exoso-
mal membrane protein lysosomal associated membrane protein
2B (LAMP2B). The resulting engineered MSC-EVs exhibited signifi-
cantly enhanced accumulation in ischemic myocardial tissue and
promoted cardiac repair and regeneration [276].

In contrast, post-secretion modification employs simpler
mechanisms and offers broader applicability. This strategy
involves directly anchoring exogenous functional molecules onto
isolated EVs via physical adsorption or chemical conjugation.
Chemical conjugation relies on reactions between functional
modules and chemical groups present on EV membrane proteins.
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Click chemistry, particularly the azide-alkyne cycloaddition using
dibenzocyclooctyne (DBCO), is widely adopted due to its rapid
kinetics and high efficiency [278, 279]. In this approach, azide
or alkyne groups are introduced onto isolated EVs, which allows
for covalent binding to complementary functional molecules,
thereby achieving surface functionalization [280]. For example,
Tian et al. conjugated azide-modified cyclo (Arg-Gly-Asp-D-Tyr-
Lys) peptide [c(RGDyK)] peptides to DBCO-modified MSC-EVs,

yielding vesicles that targeted cerebrovascular endothelial cells
with high affinity and showed therapeutic efficacy in models of
ischemic brain injury and stroke [281].

The most common physical modification method is hydropho-
bic insertion, in which ligands are covalently conjugated to
hydrophobic anchors to create amphiphilic molecules. When
incubated with pre-isolated EVs, the hydrophobic moieties of
these conjugates spontaneously insert into the lipid bilayer of EV
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membranes, displaying the linked functional ligands on the vesi-
cle surface. In a representative application, Gu et al. conjugated
the cardiomyocyte specific peptide with 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[hydroxysuccinimidyl (polyethylene
glycol)-2000] and inserted this construct into BMMSC-EV mem-
branes. Theresulting engineered EVs effectively delivered miR-302
to cardiomyocytes with enhanced cardiac targeting, providing a
novel therapeutic strategy for alleviating myocardial ischemia-
reperfusion injury [282].

Although surface modification techniques enhance the target-
ing specificity of EVs, they may interfere with natural cargo sort-
ing, alter membrane properties, and potentially induce immuno-
genic responses or nonspecific adsorption [283-285]. To over-
come these limitations, research has shifted toward biomimetic
internalization strategies. In this context, biohybrid vesicles, fab-
ricated through membrane fusion technology, have emerged as
a promising alternative. These vesicles integrate biological mem-
branes with homologous or heterologous components to achieve
functional surface properties [286]. Forinstance, Li et al. fabricated
biohybrid nanovesicles by fusing platelet membranes with MSC-
EVs via co-extrusion. The resulting vesicles retained the innate tar-
geting ability of platelets toward injured cardiac tissue while inher-
iting the MSC-derived functions of vascular repair and angiogene-
sis promotion. This membrane fusion strategy is not limited to nat-
ural biological membranes but can also be extended to synthetic
systems [287]. In another study, Chen et al. fused MSC membranes
with cyclosporine A-loaded liposomes through co-extrusion. The
resulting hybrid vesicles preserved the complete proteomic pro-
file of MSC membranes, including key functional proteins such
as C-X-C chemokine receptor type 4 and very late antigen-4, con-
ferring inflammatory targeting and immune evasion capabilities.
Moreover, these vesicles maintained the high drug-loading capac-
ity and sustained-release characteristics of liposomes [288]. In
summary, biohybrid vesicles represent a successful integration
of bionic principles and engineering design, creating a versatile
nanoplatform that combines the complex biological functionality
of natural membranes with the controllable drug delivery and high
payload capacity of synthetic carriers.

Functional molecule loading of engineered MSC-EVs Functional
molecule loading refers to the process of encapsulating specific
small-molecule drugs, nucleic acids, and proteins within EVs
[289]. The pre-secretion loading of functional molecules (pre-
loading) primarily employs two approaches: co-incubation and
transfection [290]. Co-incubation relies on passive uptake, in
which donor cells are incubated with functional molecules,
leading to their spontaneous encapsulation into EVs during
biogenesis. Transfection, in contrast, utilizes genetic engineering
to directly modify donor cells, enabling the resulting EVs to carry
and deliver the desired molecular cargo. In our previous work,
we combined the adenoviral transduction of the osteogenic
factor RING finger protein146 into BMMSC-ApoVs with surface
modification using a bone-targeting peptide (Asp-Ser-Ser)s
((DSS)¢). This engineered EV system significantly promoted
bone regeneration in osteoporosis models [187]. For EVs that
have been isolated and purified from donor cells, therapeutic
agents can either be associated with the EV membrane or
encapsulated within the lumen using passive or active loading
strategies. These techniques are collectively referred to as
post-loading [291]. Passive loading typically relies on simple

co-incubation, whereas active loading employs physical or chem-
ical techniques to transiently enhance membrane permeability,
thereby facilitating drug entry. Commonly used active methods
include electroporation, sonication, extrusion, repeated freeze-
thaw cycles, chemical agents mediated permeabilization, and
transfection-based approaches [292-294].

Pre-loading and post-loading strategies differ significantly in
their biological properties. Pre-loading maintains the native mem-
brane architecture of EVs, preserving their superior biocompat-
ibility and inherent targeting capabilities, which are particularly
crucial for regenerative applications requiring complex cell-cell
communication. In comparison, post-loading offers greater engi-
neering flexibility, but the requisite physical or chemical treat-
ments can compromise membrane integrity. This may result in
cargo leakage and the denaturation of surface-targeting proteins,
ultimately diminishing the vesicle’s biological functionality. Con-
sequently, pre-loading is the preferred choice for investigating
intrinsic EV functions or conducting complex signaling studies in
basic research, whereas post-loading provides superior engineer-
ing flexibility for targeted drug delivery applications.

Metabolism-based engineering strategy for EVs Metabolic
modification involves adjusting the culture conditions of parent
cells to regulate their activity and metabolic state, thereby
indirectly modulating the production and composition of EVs. For
instance, SHED-derived EVs produced under hypoxic conditions
demonstrate enhanced potential in promoting angiogenesis and
osteogenesis, showing a 1.6-fold increase in OCN expression
and 1.4-fold increase in calcium deposition in vitro, as well
as a 95% increase in bone volume in vivo [295]. Similarly, EVs
harvested from metformin-treated MSCs alleviate mitochondrial
dysfunction and impaired autophagy in senescent cells through
the remodeling of energy metabolism, consequently improving
wound healing in aged mouse models [296]. While such strategies
rely on primarily exogenous metabolic interventions to modify
cellular metabolism, naturally occurring metabolic reprogram-
ming signals within complex physiological environments can
also guide cells to secrete therapeutically potent EVs [297]. For
example, preconditioning MSCs with neonatal serum-derived
EVs can precisely modulate the metabolic pathways of parent
cells, reverting the cells to a more juvenile state with enhanced
regenerative capacity [298]. The EVs subsequently released
by these rejuvenated MSCs exhibit significantly improved pro-
angiogenic activity and accelerate cutaneous wound healing.
Looking forward, future advances will focus on achieving more
precise and intelligent metabolic engineering of EVs, likely involv-
ing the use of metabolomic profiling to identify specific metabolite
signatures responsible for functional EV properties, combined
with machine learning approaches for the targeted design and
predictive functional optimization of EV-based therapeutics.
Beyond these preconditioning approaches, there is growing
interest in directly targeting specific metabolic pathways in MSCs
to enable more precise engineering of EV function. Preliminary
investigations offer initial clues, though direct evidence remains
limited. One study found that inhibiting oxidative phosphoryla-
tion in MSCs diminished the pro-angiogenic activity of their EVs,
while the inhibition of glycolysis had no significant effect [299].
Another report showed that exposing MSCs to advanced glycation
end products modulated the miRNA cargo of their EVs, with differ-
ential miRNA expression linked to glycolysis and tricarboxylic acid
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cycle pathways, and these EVs subsequently induced metabolic
changes in recipient endothelial cells [300]. These findings suggest
a potential link between MSC metabolic states and EV functional
properties, highlighting the need for further investigation.

Intelligent delivery systems: Achieving accurate
release in time and space

The limited tissue retention and rapid systemic clearance of
EVs have prompted the development of advanced delivery
systems using bioactive materials (Figure 3b). These systems are
designed to enhance spatiotemporal control over EV delivery,
thereby improving their bioavailability and therapeutic efficacy
in target tissues [301]. By achieving more precise targeting, EVs
can exert their therapeutic effects more efficiently at the desired
site, particularly in applications such as anti-inflammatory and
immunomodulatory therapies. Optimizing these systems not only
improves the delivery efficiency but also minimizes potential side
effects, thereby enhancing overall therapeutic outcomes.

Hydrogel systems Hydrogels have emerged as ideal carriers for
EV delivery owing to their excellent biocompatibility, biodegrad-
ability, and tunable structural properties, which facilitate the
controlled release of EVs at target sites [302-304]. Based on
their release mechanisms, hydrogels can be classified into three
categories: sustained-release, microenvironment-responsive,
and physical signal-triggered systems [305-307]. Sustained-
release hydrogels function by modulating the crosslinking density
and pore architecture of the hydrogel matrix, thus achieving
gradual and prolonged EV release as the material undergoes
degradation [308]. This type is particularly suitable for long-term
regenerative applications, such as chronic wound healing and
post-infarction myocardial repair. Microenvironment-responsive
hydrogels are engineered to react to pathological signals, such
as acidic pH, elevated ROS, or inflammatory markers [309, 310].
For example, Li et al. developed an intelligent ROS-responsive
hydrogel based on a RhB-AC monomer, which exhibits high
selectivity for hypochlorous acid (HCIO/CIO™), which is a key
oxidizing agent and inflammatory mediator in pulpitis. The
oxidation of the RhB-AC component triggers controlled hydrogel
degradation, resulting in the sustained release of dental follicle-
derived MSC-EVs. Compared to free EV administration in pulpitis
models, this delivery system reduces DNA oxidative damage (8-
OHdG™CD90™ cell ratio) by 40%, increases reparative dentin
volume by 50%, and lowers inflammatory scores by 33% [311].
Physical signal-triggered hydrogels utilize external stimuli such as
light, ultrasound, or magnetic fields to achieve spatiotemporally
controlled EV release [312]. A representative example is the
GelMA-based hydrogel developed by Liu et al., which incorporates
UCMSC-EVs and Fe304@BaTiO3 core-shell nanoparticles. The key
innovation of this magnetic hydrogel lies in its Fe304 core, which
converts externally applied magnetic energy into mechanical
vibrations. These vibrations are efficiently transduced into local-
ized microcurrents via the piezoelectric BaTiO3 shell, enabling
remote and non-invasive magnetoelectric stimulation. This
approach acts synergistically with the immunomodulatory func-
tions of the loaded EVs, effectively suppressing early inflammatory
responses, promoting neurogenesis and axonal regeneration in
spinal cord injury models, and ultimately facilitating functional
neural recovery [313].

3D printed scaffolds 3D printed scaffolds can synergistically
remodel the regenerative microenvironment with EVs through
structural and material design, thereby facilitating efficient,
safe, and durable tissue regeneration. In a study by Zheng
et al., EVs isolated from growth differentiation factor-5 (GDF-5)-
preconditioned SMSCs were incorporated into a photocrosslink-
able 3D-bioprinted glycyrrhizic acid (GA)/hyaluronic acid (HA)
scaffold. This composite scaffold not only leverages the anti-
inflammatory properties of GA but also protects the EVs from
enzymatic degradation within the joint cavity, thereby enhancing
the repair of cartilage defects [314]. Furthermore, 3D printed
scaffolds can be customized to conform to the spatial architecture
of the defect site. For example, Jiang et al. fabricated a bionic
scaffold that mimics natural microchannel structures and cortical
bone networks. They then immobilized engineered ADMSC-EVs
onto the scaffold, thus establishing a local microenvironment
conducive to vascularization and osteogenesis within the defect
area [315].

Beyond directly loading exogenous EVs onto 3D-printed scaf-
folds, emerging strategies are exploring ways to actively recruit
endogenous EVs to the scaffold interface. For instance, Liu et al.
developed an innovative ‘in vivo EV shuttle system’ based on CD63
antibody-conjugated magnetic nanoparticles, which captures cir-
culating EVs from the host serum and releases them under acidic
conditions [316]. When integrated into a scaffold system, such a
strategy could enable the scaffold not only to serve as a structural
support but also to actively recruit and concentrate endogenous
EVs carrying reparative signals. Combining EV-capturing nanopar-
ticles with 3D-printed scaffolds could create a dual-mode platform
capable of both the active recruitment and localized release of
EVs, laying the foundation for a new generation of ‘intelligent
regenerative scaffolds’ that detect and respond to the disease
microenvironment.

Engineered MSC aggregate-derived EVs based on
organ morphogenesis principles

Although significant progress has been made in developing
engineered vesicle strategies to enhance function, most methods
still rely on exogenous interventions. These methods are limited
by factors such as high procedural complexity, potential risks
associated with the introduction of external components, and
a lack of multidimensional functional regulation. Tissue and
organ regeneration are complex processes that involve the
spatiotemporal coordination of multiple developmental signals,
and their regulatory mechanisms often surpass the capabilities of
any single engineering strategy. During embryonic development,
mesenchymal condensation is a critical event in organ morpho-
genesis [317, 318]. In this process, MSCs maintain stemness,
exhibit multi-directional differentiation potential, and regulate
spatiotemporal gene expression through cell self-assembly,
mechanical contraction, and ECM remodeling [318-321].

Inspired by the self-organizing and regenerative properties
of MSCs, our team has introduced an innovative strategy for
constructing stem cell aggregate-derived vesicles (CA-EVs) [322]
(Figure 3c). Unlike traditional exogenous intervention methods,
this approach induces adult MSCs to form aggregates, simulating
mesenchymal condensation, activating intrinsic developmental
and regenerative programs, and stimulating the MSCs to natu-
rally produce and release vesicles enriched with physiological
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developmental signaling molecules. These CA-EVs possess
excellent biocompatibility and signal integration capabilities,
making them ideal mediators for developmental regeneration
and providing a novel research approach for the functional
reconstruction of complex tissues and organs.

Regarding the engineered construction of MSC aggregates,
conventional methods often use ultra-low attachment plates
or AggreWell microplates to allow high-density cells to spon-
taneously aggregate into spheres through surface tension and
gravity [323-325]. Additionally, bioactive materials like hydrogels
can serve as scaffolds to promote close cell contact and aggregate
formation by physically confining cells within a narrow space
[326-328]. However, these methods rely heavily on external
regulation. Moreover, due to spatial constraints and short culture
durations, ECM deposition is limited, which creates a significant
gap compared to the ECM abundance found in physiological mes-
enchymal condensation [329, 330]. To overcome this limitation,
our team has developed a self-assembled cell sheet aggregate
technology, which facilitates the formation of cell sheets rich in
natural ECM through self-assembly [331-333]. After gentle detach-
ment and 3D shaping, MSC aggregates that mimic physiological
mesenchymal condensation are constructed. This method max-
imizes the retention of autocrine ECM, effectively promoting cell
survival, stemness, and lineage differentiation. Furthermore, cell
sheets derived from various sources, such as PDLSCs and BMMSCs,
can be stacked to create a biomimetic ‘regenerative cementum-
periodontal ligament-alveolar bone interface,” offering a novel
solution for complex tissue repair [334, 335].

Notably, compared to monolayer culture systems, MSC aggre-
gate culture significantly improves both the production efficiency
and functional activity of CA-EVs. This is primarily reflected in the
enhanced paracrine function of the cells [120, 167]. For example,
in skin regeneration studies, CA-EVs derived from UCMSC aggre-
gates exhibit a 2.5-fold increase in protein content and a 3.2-fold
increase in particle number compared to those from monolayer
cultures [167]. In subsequent tooth regeneration studies, specific
microenvironment have been shown to play a crucialrolein ampli-
fying vesicle release. For instance, in the odontogenic microenvi-
ronment provided by DTM, SHED aggregates release ~3.2 times
more vesicles [120]. These findings confirm that aggregate cul-
ture effectively promotes MSC vesicle release, and the synergistic
effects of specific microenvironments can further enhance this
process, thereby providing strong experimental evidence for opti-
mizing vesicle yield and function.

At the molecular level, aggregate-derived EVs exhibit signifi-
cant functional enhancement by having optimized miRNA and
protein cargo compositions. In dental pulp regeneration, CA-EVs
are enriched in miR-26a, which activates the TGF-8/Smad2/3
signaling pathway to promote angiogenesis [97]. In skin wound
repair, CA-EVs are rich in pro-angiogenic proteins such as nicastrin
and presenilin-1, which activate the Notch signaling pathway
and specifically induce the generation of regeneration-associated
vascular subtypes. Functional verification shows that CA-EVs
possess strong capabilities in promoting endothelial differenti-
ation, vascular network formation, and tissue regeneration both
in vitro and in vivo. They can also reverse the inhibitory effects of
pathological conditions, such as high glucose, on angiogenesis,
thus providing key experimental evidence for the development of
efficient cell-free regenerative therapies [167].

Moreover, CA-EVs play a crucial role in mobilizing and restor-
ing the function of endogenous stem cells, supporting efficient
tissue regeneration [74, 127]. Specifically, CA-EVs can mobilize
quiescent or in situ endogenous stem cells and restore the activity
of aged or functionally impaired stem cells. In periodontal tissue
regeneration, CA-EVs successfully activate host endogenous Gli1™
stem cells to promote tissue regeneration [127]. In bone tissue
regeneration, CA-EVs carry key proteins such as STX5, which repair
the Golgi apparatus in aged BMMSCs, restoring their self-renewal
and osteogenic differentiation capabilities. This ultimately pro-
motes bone defect healing and improves osteoporosis [74]. In
conclusion, CA-EVs constructed using these engineered strategies
not only significantly increase vesicle yield but also comprehen-
sively optimize their quality, function, and therapeutic potential
by mimicking the mesenchymal condensation microenvironment.
This strategy offers distinct advantages over traditional MSC-EVs
in regenerative medicine, providing a novel approach to the func-
tional reconstruction of complex tissues and organs.

Advancing to clinical practice

Scalable production processes

MSC-EVs demonstrate considerable therapeutic promise across
various pathological conditions, including tissue and organ
injuries, inflammatory disorders, and age-related degenerative
diseases. This broad applicability highlights their potential in
regenerative medicine. However, translating these results into
reliable clinical applications presents a significant challenge, par-
ticularly in achieving stable and scalable production that meets
the stringent QC requirements for therapeutic use [336, 337].

Technical challenges and process optimization for large-scale
production The manufacturing process for MSC-EVs comprises
multiple stages, including cell culture, EV secretion, isolation,
purification, formulation, filling, final product preparation,
storage, and distribution [338]. Optimizing EV yield begins with
enhancing the cell culture conditions (Figure 4a). In industrial-
scale production, 3D culture systems provide larger surface
areas and better simulate in vivo environments, which have
been reported to increase EV yields by 19.4-fold compared to
conventional two-dimensional (2D) cultures [339]. The compo-
sition of the culture medium and environmental parameters
also influence EV secretion. For instance, serum-free media
minimize contamination risks and can upregulate EV secretion
[340]. Specific conditions like low pH, hypoxia, and mechanical
stimulation have also been reported to enhance EV production
[341-344]. However, the efficacy of these strategies remains
variable and unreliable due to the inherent heterogeneity among
cellular sources and the complex, nonlinear regulation of EV
secretion by culture conditions [345-347].

The isolation and purification of EVs are critical steps for
enhancing both sample purity and concentration (Figure 4b).
Commonly employed techniques include ultracentrifugation,
tangential flow filtration (TFF), UF, SEC, and polymer-based
precipitation [339]. These methods separate EVs based on physical
characteristics such as size, density, and solubility, offering broad
applicability while helping to retain the native biological features
of the EVs. However, a key trade-off persists: methods with
high recovery rates often yield lower purity, whereas high-purity
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methods frequently suffer from limited recovery. Consequently,
hybrid strategies that combine multiple physical separation
principles have become mainstream. For instance, Liu et al.
developed a fully automated platform named ‘FACTORY’ for
EV isolation, which integrates continuous-flow centrifugation
with TFF. This system enables the automated, standardized,
and high-quality isolation of UCMSC-EVs from 10-liter samples,
achieving a 3-fold higher yield than conventional methods while
significantly reducing inter-batch variability [348]. Nevertheless,
these methods primarily enrich EVs that share similar physical
properties without ensuring consistency in their biological func-
tion [349]. For applications requiring high specificity, immune-
affinity capture provides an alternative by selectively isolating EVs
through antibody-antigen interactions [350]. Another promising
technology is microfluidics, which enables precise fluid manipu-
lation through microfabricated structures [351, 352]. Microfluidic
systems can integrate multiple separation mechanisms (e.g.
physical and affinity-based methods) and combine sample
processing, isolation, purification, and downstream detection
into a single platform. In summary, no single isolation method
is universally applicable, and scalable EV production strategies
must be rationally designed for specific clinical applications.

Al-optimized manufacture for intelligent scaled production
of EVs In the face of the complex and nonlinear challenges
inherent in production processes, Al offers a novel technological
pathway to address the issues of standardization and control
in the large-scale production of MSC-EVs [353]. Through data-
driven approaches, Al is transforming the process optimization,

which was previously reliant on experience, into a predictable
and controllable intelligent production flow [354, 355]. In the
critical phase of large-scale production, particularly regarding
the isolation and QC of MSC-EVs, Al can substantially enhance
the standardization and efficiency of the preparation process
through data-driven approaches. For example, Al can dynam-
ically optimize the operating parameters of critical separation
equipment, such as ultracentrifugation and TFF. This optimization
improves EV purity and yield while maximizing vesicle integrity
and bioactivity to meet the GMP standards required for the large-
scale production of therapeutic EVs [356]. In the characterization
phase, the integration of deep learning architectures with
rapid detection technologies, such as surface-enhanced Raman
scattering, enables the high-throughput, non-destructive analysis
of individual EV surface markers [357]. This has the potential
to replace traditional, time-consuming, and less-reproducible
manual methods, thereby serving as a powerful tool for online
quality monitoring. Additionally, the development of Al-based
probabilistic models and intelligent affinity separation strategies
allows for the efficient and accurate capture of target EVs from
complex samples, providing the technological foundation for the
production of high-purity EV formulations [358, 359].

Interms of functional enhancement, Al provides new approaches
for the precise engineering of MSC-EVs, which is crucial for
producing standardized EV products with specific therapeutic
functions. By simulating the interactions between MSC-EVs and
specific tissue cells, Al can predict and optimize their natural
tissue-homing ability, thereby guiding the design of more efficient
targeting strategies [360]. Machine learning algorithms can also be
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applied to the large-scale screening of specific targeting peptides
or the optimization of therapeutic molecule loading schemes,
thereby selectively enhancing MSC-EVs therapeutic efficacy in
specific tissue regeneration contexts. In the areas of mechanism
analysis and therapeutic efficacy evaluation, Al integrates multi-
omics data to systematically reveal the regenerative potential of
MSC-EVs and provide new standards for batch release and QC
in large-scale production [361]. For example, by analyzing key
proteins or nucleic acids that Al predicts to be related to tissue
regeneration, functional maps can be constructed to evaluate the
therapeutic potential of MSC-EVs products as CQAs. Models such
assupport vector machines and graph neural networks can deeply
analyze the complex signaling networks mediated by MSC-EVs,
providing new insights into core mechanisms, such as immune
modulation and angiogenesis [361]. Furthermore, Al-based ana-
lytical systems can even predict individual responses to MSC-EVs
treatment by analyzing EV characteristics in patient body fluids,
which lays the foundation for personalized regenerative therapies
[353]. In conclusion, Al technology is playing a significant role in
the standardization of MSC-EVs preparation, targeted functional
optimization, and mechanism analysis. The deep integration of
Al with large-scale MSC-EV production systems will effectively
promote the translation of this advanced regenerative medicine
strategy from the laboratory to clinical applications, achieving
stable, efficient, and controllable industrialization goals.

Strategic framework for MSC-EV clinical translation
across quality control, non-clinical studies and
regulatory pathways

The clinical translation of MSC-EVs requires a well-defined
strategic framework that integrates three fundamental pillars:
comprehensive QC, systematic non-clinical studies, and clearly
defined regulatory pathways. First, robust quality management
systems must be implemented throughout the manufacturing
process. This requires a thorough characterization of critical qual-
ity attributes to ensure product safety, consistency, and efficacy
[362]. These attributes encompass identity verification, particle
size distribution, concentration analysis, component profiling,
purity assessment, and impurity detection. Identity is confirmed
through the detection of positive surface markers, including CD9,
CD63, and CD81, via flow cytometry or western blot. Crucially,
the absence of negative markers such as Calnexin and GM130
must also be verified to rule out cellular or endoplasmic reticulum
contamination [362]. Particle size distribution and concentration
are quantitatively analyzed using nanoparticle tracking analysis
or nanoflow cytometry, which reflects the correlation between
particle size distribution and particle number [362]. Component
profiling involves the qualitative and quantitative analysis of
EV lipids, proteins, and nucleic acids via omics technologies.
Purity is assessed by defining the particle-to-protein ratio and
quantifying lipoprotein impurities, including Apolipoprotein
Al and Apolipoprotein B which are common process-related
contaminants. Impurity detection identifies non-membranous
particles and free molecules, such as nucleic acids, proteins,
and lipids, that lack membrane integrity [362]. For engineered
EVs, additional evaluations, including the identification of loaded
therapeutic molecules and drug-loading parameters, are essential
to guarantee product quality.

While these physicochemical parameters are essential for prod-
uct consistency, they do not directly predict therapeutic efficacy.
For therapeutic applications, establishing potency is paramount.

Potency must be assessed based on the mechanism of action
relevant to the intended clinical indication. This is typically
achieved through multi-level evaluations that include molecular,
cellular, and in vivo models to confirm dose-dependent efficacy.
A robust potency assay is critical for batch-to-batch consistency
and regulatory approval, as it directly links product quality
to clinical outcomes [362]. Determining the ideal therapeutic
dose remains a translational hurdle. A scoping review revealed
substantial heterogeneity in dosage units across registered
MSC-EV trials, including volume, total particle number, and
protein mass, which complicates cross-study comparisons [363].
Optimal dosing should integrate nonclinical pharmacokinetic and
pharmacodynamic data with early-phase dose-escalation trials,
and it must be justified by disease-specific pathophysiology and
the chosen administration route.

Second, comprehensive non-clinical validation should demon-
strate therapeutic potential through rigorous pharmacokinetic
and safety assessments in biologically relevant models [364-
368]. These studies must characterize key parameters including
biodistribution patterns, clearance rates, metabolic pathways,
and biological half-lives. Additionally, a thorough evaluation of
potential impacts on major physiological systems including respi-
ratory, neurological, and cardiovascular functions is crucial. The
assessment should address both the targeted toxicity resulting
from active pharmaceutical ingredients carried by EVs and the
broader safety considerations related to product characteristics
and administration.

A critical concern for clinical translation is long-term safety and
tumor-related risks. MSC-EVs are not living organisms and cannot
replicate, which inherently eliminates the risk of abnormal cell dif-
ferentiation or tumor formation associated with live cell therapies.
However, because EVs are rich in bioactive molecules including
non-coding RNAs and proteins with transformation potential, the-
oretical risks cannot be entirely dismissed. The Japanese Phar-
maceuticals and Medical Devices Agency (PMDA) review empha-
sizes that when EVs are derived from immortalized cell lines, they
may contain retrotransposon sequences that could theoretically
transfer malignant phenotypes to normal cells, warranting careful
evaluation of genomic stability during cell bank establishment.
Therefore, long-term toxicity studies should monitor for potential
tumor-promoting effects, particularly when usingimmortalized or
long-term cultured cells for large-scale production [369].

In parallel with these long-term considerations, off-target
effects represent another important safety dimension. For
native MSC-EVs, off-target effects are considered minimal due
to the inherent target specificity of their constituent molecules
[369]. However, for engineered MSC-EVs such as those modified
with targeting ligands or loaded with exogenous therapeutic
molecules, engineering modifications may alter surface topol-
ogy, biodistribution patterns, and cellular uptake. This could
potentially lead to unintended organ accumulation or biological
activity in non-target cells [362]. These risks warrant case-by-case
evaluation, with particular attention paid to the safety of any
introduced chemical or genetic modifications.

Afurther consideration relates to immunogenicity and immune-
related risks. MSC-EVs are generally considered to have low
immunogenicity due to their non-replicative nature and the
absence of cellular components [362]. However, the PMDA review
notes that when allogeneic human-derived EVs are adminis-
tered repeatedly, immune responses may develop, potentially
attenuating therapeutic efficacy or causing adverse reactions
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Table 7 Summary of representative clinical trials on MSC-EVs for regenerative applications

NCT number Condition/disease  EV source Sponsor Phase Brief summary
NCT05078385 Second-degree burns Human BMMSCs Aegle Therapeutics Phase 1 Evaluates BMMSC-EVs for treating
deep second-degree burns, aiming
to enhance wound healing and
reduce scarring.
NCT05243368 Diabetic skin ulcers Unclear Maimoénides Not Applicable  Assesses MSC-EVs for healing
Biomedical Research chronic skin ulcers, particularly in
Institute of Cérdoba diabetics, by improving the
regenerative microenvironment.
NCT05813379 Skin rejuvenation Unclear Isfahan University of Phase 1 Aims to slow skin aging using
Medical Sciences Phase 2 MSC-EVs, primarily by stimulating
collagen production for cutaneous
regeneration.
NCT05971342 Alveolar Bone Healing ~ Human UCMSCs Fifth Affiliated Hospital ~ Not Applicable  Tests gelatin sponge-loaded
of Guangzhou Medical UCMSC-ApoVs for regenerating
University alveolar bone after mandibular
third molar extraction.
NCT04270006 Periodontitis Human ADMSCs Beni-Suef University Early Phase 1 Evaluates autologous ADMSC-EVs
injected into periodontal pockets to
assess their regenerative effect.
NCT05060107 Knee osteoarthritis Unclear (allogeneic)  Francisco Espinoza Phase 1 A Phase | trial assessing the safety
of intra-articular injections of
allogeneic MSC-EVs for knee
osteoarthritis.
NCT05261360 Degenerative meniscal Human SFMSCs Eskisehir Osmangazi Phase 2 Compares the efficacy of
injuries University intra-articular SFMSC-EVs versus
the parent MSCs in the same
patient.
NCT05871463 Liver cirrhosis Human UCMSCs Research Institute for Phase 2 Evaluates the safety and efficacy of
Gastroenterology and UCMSC-EVs as a potential therapy
Liver Diseases for decompensated liver cirrhosis.
NCT05787288 COVID-19 Unclear First Affiliated Hospital ~ Early Phase 1 Investigates the safety and efficacy
of Wenzhou Medical of nebulized MSC-EVs for alleviating
University COVID-19-induced lung injuries
alongside standard therapy.
NCT04213248 GVHD-related dryeye ~ Human UCMSCs Zhongshan Ophthalmic  Phase 1 Determines if UCMSC-EVs can
Center, Sun Yat-sen Phase 2 alleviate dry eye symptoms in

University

patients with chronic GVHD.

MSC mesenchymal stem cell, EV extracellular vesicle, NCT number national clinical trial number, BMMSCs bone marrow mesenchymal stem cells, UCMSCs umbilical
cord mesenchymal stem cells, ADMSCs adipose-derived mesenchymal stem cells, SFMSCs synovial fluid-derived mesenchymal stem cells, GVHD graft-versus-host

disease

[369]. Additionally, impurities such as residual culture medium
components or process-related contaminants may elicit allergic
or inflammatory responses, which underscores the importance of
rigorous purification and QC [369]. For engineered EVs carrying
exogenous molecules, immunogenicity assessment becomes
even more critical, as chemical modifications or foreign proteins
may trigger unwanted immune activation [362].

Third, navigating the evolving regulatory landscape requires
an understanding of the classification pathways established by
major regulatory authorities [370-372]. China’s Center for Drug
Evaluation has classified EVs within the Advanced Therapy Medic-
inal Products framework, while the United States Food and Drug
Administration regulates them as biological products requiring
Investigational New Drug applications. Similarly, the European
Union follows biological medicinal product regulations for EV-
based therapies.

The synchronization of these interconnected elements includ-
ing QC, non-clinical evidence, and regulatory strategy forms

a solid foundation for translating MSC-EVs research into clin-
ically viable therapies. This integrated approach ensures that
product development progresses with clearly defined quality
standards, comprehensively demonstrated biological activity,
and full compliance with international regulatory requirements.
Consequently, it effectively bridges the gap between laboratory
research and clinical applications while maintaining the highest
standards of patient safety and therapeutic potential.

Clinical trials

Currently, the number of clinical trials evaluating MSC-EVs is
rapidly increasing, and they have become a primary focus of
EV therapy research (Table 7). MSC-EVs are primarily isolated
from various tissues, including the bone marrow, adipose tissue,
neonatal tissues, and synovial fluid. More than half of the
registered trials are designed as controlled studies, with most
adopting randomization, double-blind, or triple-blind protocols.
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Early-phase trials primarily focus on safety assessments while also
exploring preliminary therapeutic efficacy [363].

In the dermatological field, several early-stage clinical studies
have been initiated, including trials for second-degree burns
(NCT05078385), diabetic skin ulcers (NCT05243368), and skin
rejuvenation (NCT05813379) [373]. In the oral and maxillofacial
region, one study evaluated the role of lyophilized MSC-ApoVs
following the extraction of impacted mandibular third molars
(NCT05971342) [374]. The results showed that these ApoVs
remained stable when stored at 4°C for up to three months and
significantly reduced hemostasis time and promoted alveolar
bone regeneration by upregulating tripartite motif containing
71 (TRIM71) and activating the ERK signaling pathway. This
was the first study to confirm the safety and efficacy of ApoVs
as a cell-free therapy in oral tissue repair. In musculoskeletal
diseases, trials have explored the potential of intra-articular MSC-
EVs injections for treating OA (NCT05060107) and degenerative
meniscal injuries (NCT05261360) [335]. In the respiratory system,
COVID-19 and related acute respiratory distress syndrome have
become research hotspots. One clinical study reported that a
single intravenous infusion of BMMSC-EVs in critically ill COVID-
19 patients significantly improved oxygenation. Specifically,
the average arterial oxygen partial pressure to inspired oxygen
fraction ratio (PaO,/FiO,) increased by 192%. The treatment also
reduced inflammation markers and restored lymphocyte subpop-
ulations. The infusion was associated with no treatment-related
adverse events, suggesting potential for alleviating respiratory
failure and immune dysregulation [375]. In immunological and
hematological disorders, graft-versus-host disease (GVHD) has
been a key research focus. A case report showed that after four
treatments with placenta MSC-EVs, a 39-year-old chronic GVHD
patient experienced improved skin pigmentation, ulcer healing,
and reduced inflammation markers, without side effects [376].
Further studies have formulated the MSC-EVs into eye drops,
which were applied to 14 patients with refractory GVHD-related
dry eye (NCT04213248). The results showed reduced corneal
damage, improved tear film stability, and increased tear secretion,
leading to significant improvements in patient symptoms and
quality of life [377].

Although current clinical results demonstrate the potential of
MSC-EVs in treating various diseases, challenges remain, includ-
ing a lack of standardization in EV preparation and characteri-
zation, small sample sizes, and significant heterogeneity across
studies [378-380]. Notably, a comprehensive analysis of registered
trials found that none of the 49 MSC-EV studies reported suffi-
cient details to satisfy the MISEV2018 guidelines, which under-
scores the need for standardized reporting [363]. Future trials
should mandate comprehensive characterization data, including
isolation protocols, particle size, concentration, surface marker
profiles, purity, and mechanism-based potency assays. This will
enable meaningful data aggregation and accelerate clinical trans-
lation. Future research should also focus on large-scale, standard-
ized EV production and the conduct of multi-center, large-sample
randomized controlled trials to further explore the underlying
mechanisms of action.

Conclusions

MSC-EVs have established themselves as a transformative acel-
lular platform in regenerative medicine through their immense

therapeutic potential for orofacial, barrier, musculoskeletal, and
visceral tissue repair. This versatility arises from their inherently
low immunogenicity, multifaceted biological activity, and expan-
sive potential for functional engineering. The primary advantage
of these vesicles is their ability to deliver complex bioactive car-
goes consisting of proteins, lipids, and nucleic acids that collec-
tively orchestrate immune responses, angiogenesis, anti-fibrotic
remodeling, and cell death, while promoting barrier restoration
and endogenous stem cell activation. Despite significant preclin-
ical successes and encouraging results from early clinical inves-
tigations, widespread translation remains constrained by inher-
ent vesicle heterogeneity, insufficient targeting specificity, and
bottlenecks in large-scale manufacturing and QC standardization.
Realizing the full clinical promise of MSC-EVs requires a strate-
gic integration of injury microenvironment analysis, functional
engineering, and intelligent manufacturing frameworks to better
align mechanistic insights with product development. As high-
throughput sequencing, Al, and advanced biomanufacturing sys-
tems continue to evolve, MSC-EV-based therapies are poised to
lead regenerative medicine into a new era of precision and indi-
vidualized therapy.

Acknowledgements

None declared.

Author contributions

Shi-Han Mu (Conceptualization [lead], Formal analysis [lead],
Investigation [lead], Writing—original draft [lead]), Rang Li
(Investigation [equal], Visualization [equal], Writing—original draft
[equal]), Peng-Fei Wang (Formal analysis [equal], Visualization
[equal], Writing—original draft [equal]), Ying-Shuang Shi (Investi-
gation [equal]), Yu-Wei Zhou (Investigation [equal]), Yan Jin (For-
mal analysis [equal], Funding acquisition [equal], Methodology
[equal], Writing—review & editing [equal]), Fang Jin (Funding
acquisition [equal], Methodology [equal], Writing—review &
editing [equal]), Bing-Dong Sui (Funding acquisition [lead], Project
administration [lead], Writing—review & editing [lead]).

Conflicts of interest

The authors declare no conflict of interest.

Funding

This work was supported by grants from the National Key
Research and Development Program of China (2021YFA1100600),
the National Natural Science Foundation of China (82371020,
82471011), Project of State Key Laboratory of Oral & Maxillo-
facial Reconstruction and Regeneration (2024MS04, 2024KB02,
2025KA02, and 2025QN01), and Partner Laboratory Cooperation
and Exchange Program Project of Fourth Military Medical Univer-
sity (2024HB014).

References

1. Caplan Al. Mesenchymal stem cells: time to change the
name! Stem Cells Transl Med. 2017;6:1445-51. https://doi.
org/10.1002/sctm.17-0051.

9202 1840100 Z|, U0 159nB Aq $0G |698/0€0BEM/ASUING/EE0L 0 L/10P/B[0IHE/EWNESUING/LWOD dNO"OIWSPEDE WO} PAPEOJUMOQ


https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051

Burns & Trauma, 2026, Vol. 14, tkag030

29

10.

11.

12.

13.

14.

15.

Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-
derived extracellular vesicles: toward cell-free therapeutic
applications. Mol Ther. 2015;23:812-23. https://doi.org/10.
1038/mt.2015.44.

von Bahr L, Batsis I, Moll G, Hagg M, Szakos A, Sundberg B,
et al. Analysis of tissues following mesenchymal stromal cell
therapy in humans indicates limited long-term engraftment
and no ectopic tissue formation. Stem Cells. 2012;30:1575-8.
https://doi.org/10.1002/stem.1118.

Lei J, Xin Z, Liu N, Ning T, Jing Y, Qiao Y, et al. Senescence-
resistant human mesenchymal progenitor cells counter
aging in primates. Cell. 2025;188:5039-61.e35. https://doi.
org/10.1016/j.cell.2025.05.021.

Zheng D, Bhuvan T, Payne NL, Heng TSP. Secondary lym-
phoid organs in mesenchymal stromal cell therapy: more
thanjust a filter. Front Immunol. 2022;13:892443. https://doi.
org/10.3389/fimmu.2022.892443.

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach I, Marini
F, Krause D, et al. Minimal criteria for defining multipo-
tent mesenchymal stromal cells. The International Soci-
ety for Cellular Therapy position statement. Cytotherapy.
2006;8:315-7. https://doi.org/10.1080/14653240600855905.
Levy O, Kuai R, Siren EMJ, Bhere D, Milton Y, Nissar N, et al.
Shattering barriers toward clinically meaningful MSC ther-
apies. Sci Adv. 2020;6:eaba6884. https://doi.org/10.1126/
sciadv.aba6884.

Kou M, Huang L, Yang J, Chiang Z, Chen S, Liu J, et al.
Mesenchymal stem cell-derived extracellular vesicles for
immunomodulation and regeneration: a next generation
therapeutic tool? Cell Death Dis. 2022;13:580. https://doi.
org/10.1038/s41419-022-05034-x.

van Niel G, D’Angelo G, Raposo G. Shedding light on the
cell biology of extracellular vesicles. Nat Rev Mol Cell Biol.
2018;19:213-28. https://doi.org/10.1038/nrm.2017.125.
Wiklander OP, Nordin JZ, O’Loughlin A, Gustafsson Y, Corso
G, Mager |, et al. Extracellular vesicle in vivo biodistribution
is determined by cell source, route of administration and
targeting. J Extracell Vesicles. 2015;4:26316. https://doi.org/
10.3402/jev.v4.26316.

Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ.
Delivery of siRNA to the mouse brain by systemic injection of
targeted exosomes. Nat Biotechnol. 2011;29:341-5. https://
doi.org/10.1038/nbt.1807.

Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas El, Blenkiron
C, Bussolati B, et al. Minimal information for studies of
extracellular vesicles (MISEV2023): from basic to advanced
approaches. J Extracell Vesicles. 2024;13:e12404. https://doi.
org/10.1002/jev2.12404.

Elsharkasy OM, Nordin JZ, Hagey DW, de Jong OG, Schif-
felers RM, Andaloussi SE, et al. Extracellular vesicles as
drug delivery systems: why and how? Adv Drug Deliv
Rev. 2020;159:332-43. https://doi.org/10.1016/j.addr.2020.
04.004.

Phinney DG, Pittenger MF. Concise review: MSC-derived
exosomes for cell-free therapy. Stem Cells. 2017;35:851-8.
https://doi.org/10.1002/stem.2575.

Pittenger MF, Discher DE, Péault BM, Phinney DG, Hare JM,
Caplan Al. Mesenchymal stem cell perspective: cell biology
to clinical progress. npj Regener Med. 2019;4:22. https://doi.
org/10.1038/s41536-019-0083-6.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Laurent LC, Ulitsky I, Slavin I, Tran H, Schork A, Morey R,
et al. Dynamic changes in the copy number of pluripo-
tency and cell proliferation genes in human ESCs and iPSCs
during reprogramming and time in culture. Cell Stem Cell.
2011;8:106-18. https://doi.org/10.1016/j.stem.2010.12.003.
Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall
JO. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat
Cell Biol. 2007;9:654-9. https://doi.org/10.1038/ncb1596.

Yu L, Wen H, Liu C, Wang C, Yu H, Zhang K, et al.
Embryonic stem cell-derived extracellular vesicles rejuve-
nate senescent cells and antagonize aging in mice. Bioact
Mater. 2023;29:85-97. https://doi.org/10.1016/].bioactmat.
2023.06.011.

Ding Z, Greenberg ZF, Serafim MF, Ali S, Jamieson JC, Trak-
tuev DO, et al. Understanding molecular characteristics of
extracellular vesicles derived from different types of mes-
enchymal stem cells for therapeutic translation. Extracell
Vesicle. 2024;3:100034. https://doi.org/10.1016/].vesic.2024.
100034.

Hu H, Wang D, Li L, Yin H, He G, Zhang Y. Role of microRNA-
335 carried by bone marrow mesenchymal stem cells-
derived extracellular vesicles in bone fracture recovery. Cell
Death Dis. 2021;12:156. https://doi.org/10.1038/s41419-021
-03430-3.

Li C, Wu F, Mao J,Wang Y, Zhu J, Hong K, et al. Mesenchymal
stem cells-derived extracellular vesicles ameliorate lupus
nephritis by regulating T and B cell responses. Stem Cell
Res Ther. 2024;15:216. https://doi.org/10.1186/s13287-024
-03834-w.

Peltzer J, Montespan F, Thepenier C, Boutin L, Uzan
G, Rouas-Freiss N, et al. Heterogeneous functions of
perinatal mesenchymal stromal cells require a preselection
before their banking for clinical use. Stem Cells Dev.
2015;24:329-44. https://doi.org/10.1089/scd.2014.0327.

Hu L, Wang J, Zhou X, Xiong Z, Zhao J, Yu R, et al. Exosomes
derived from human adipose mesenchymal stem cells
accelerates cutaneous wound healing via optimizing the
characteristics of fibroblasts. Sci Rep. 2016;6:32993. https://
doi.org/10.1038/srep32993.

Semeradtova A, Liegertova M, Herma R, Capkova M, Brignole
C, Del Zotto G. Extracellular vesicles in cancer’s communica-
tion: messages we can read and how to answer. Mol Cancer.
2025;24:86. https://doi.org/10.1186/s12943-025-02282-1.

Li L, Mu J, ZhangY, Zhang C,Ma T, Chen L, et al. Stimulation
by exosomes from hypoxia preconditioned human umbili-
cal vein endothelial cells facilitates mesenchymal stem cells
Angiogenic function for spinal cord repair. ACS Nano. 2022;
16:10811-23. https://doi.org/10.1021/acsnano.2c02898.

Su Y, Xu C, Cheng W, Zhao Y, Sui L, Zhao Y. Pretreated
mesenchymal stem cells and their Secretome: enhanced
immunotherapeutic strategies. Int J Mol Sci. 2023;24:1277.
https://doi.org/10.3390/ijms24021277.

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD,
Andriantsitohaina R, et al. Minimal information for stud-
ies of extracellular vesicles 2018 (MISEV2018): a position
statement of the International Society for Extracellular Vesi-
cles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750. https://doi.org/10.1080/20013078.
2018.1535750.

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1002/stem.1118
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.1016/j.cell.2025.05.021
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.3389/fimmu.2022.892443
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1016/j.addr.2020.04.004
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1016/j.stem.2010.12.003
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1016/j.vesic.2024.100034
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1038/s41419-021-03430-3
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1186/s13287-024-03834-w
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1089/scd.2014.0327
https://doi.org/10.1038/srep32993
https://doi.org/10.1038/srep32993
https://doi.org/10.1038/srep32993
https://doi.org/10.1038/srep32993
https://doi.org/10.1038/srep32993
https://doi.org/10.1038/srep32993
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1186/s12943-025-02282-1
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.1021/acsnano.2c02898
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3390/ijms24021277
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750

30

Burns & Trauma, 2026, Vol. 14, tkag030

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chen D, Zhao Z, Zhang K, Jin F, Zheng C, Jin Y. Protocol for
differential centrifugation-based separation and characteri-
zation of apoptotic vesicles derived from human mesenchy-
mal stem cells. STAR Protoc. 2022;3:101695. https://doi.org/
10.1016/j.xpro.2022.101695.

Xing SJ, Zhang KC, Tang SY, Liu L, Cao Y, Zheng CX, et al.
Isolation, characterization, and therapeutic application of
extracellular vesicles from cultured human mesenchymal
stem cells. J Vis Exp. 2022;187:e64135. https://doi.org/10.
3791/64135.

Karimi N, Cvjetkovic A, Jang SC, Crescitelli R, Hosseinpour
Feizi MA, Nieuwland R, et al. Detailed analysis of the plasma
extracellular vesicle proteome after separation from lipopro-
teins. Cell Mol Life Sci. 2018;75:2873-86. https://doi.org/10.
1007/s00018-018-2773-4.

Yang M, Guo J, Fang L, Chen Z, Liu Y, Sun Z, et al. Qual-
ity and efficiency assessment of five extracellular vesi-
cle isolation methods using the resistive pulse sensing
strategy. Anal Methods. 2024;16:5536-44. https://doi.org/10.
1039/d4ay01158a.

Ahmad P, Estrin N, Farshidfar N, Zhang Y, Miron RJ. Isolation
methods of exosomes derived from dental stem cells. Int
J Oral Sci. 2025;17:50. https://doi.org/10.1038/s41368-025
-00370-y.

ZhangQ, Jeppesen DK, Higginbotham JN, Franklin JL, Coffey
RJ. Comprehensive isolation of extracellular vesicles and
nanoparticles. Nat Protoc. 2023;18:1462-87. https://doi.org/
10.1038/s41596-023-00811-0.

Welsh JA, Van Der Pol E, Arkesteijn GJA, Bremer M, Brisson A,
Coumans F, et al. MIFlowCyt-EV: a framework for standard-
ized reporting of extracellular vesicle flow cytometry exper-
iments. J Extracell Vesicles. 2020;9:1713526. https://doi.org/
10.1080/20013078.2020.1713526.

Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S, Anck-
aert J, et al. EV-TRACK: transparent reporting and centraliz-
ing knowledge in extracellular vesicle research. Nat Methods.
2017;14:228-32. https://doi.org/10.1038/nmeth.4185.
Théry C, Zitvogel L, Amigorena S. Exosomes: composition,
biogenesis and function. Nat Rev Immunol. 2002;2:569-79.
https://doi.org/10.1038/nri855.

Luo T, von der Ohe J, Hass R. MSC-derived extracellular vesi-
cles in Tumors and therapy. Cancers. 2021;13:5212. https://
doi.org/10.3390/cancers13205212.

Xunian Z, Kalluri R. Biology and therapeutic potential
of mesenchymal stem cell-derived exosomes. Cancer Sci.
2020;111:3100-10. https://doi.org/10.1111/cas.14563.
Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geer-
aerts A, et al. Syndecan-syntenin-ALIX regulates the biogen-
esis of exosomes. Nat Cell Biol. 2012;14:677-85. https://doi.
org/10.1038/ncbh2502.

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D,
Wieland F, et al. Ceramide triggers budding of exosome
vesicles into multivesicular endosomes. Science. 2008;
319:1244-7. https://doi.org/10.1126/science.1153124.
Ostrowski M, Carmo NB, Krumeich S, Fanget |, Raposo G, Sav-
ina A, et al. Rab27a and Rab27b control different steps of the
exosome secretion pathway. Nat Cell Biol. 2010;12:19-30.
https://doi.org/10.1038/ncb2000.

Sinha S, Hoshino D, Hong NH, Kirkbride KC, Grega-Larson
NE, Seiki M, et al. Cortactin promotes exosome secretion

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

by controlling branched actin dynamics. J Cell Biol. 2016;
214:197-213. https://doi.org/10.1083/jcb.201601025.

Jahn R, Cafiso DC, Tamm LK. Mechanisms of SNARE proteins
in membrane fusion. Nat Rev Mol Cell Biol. 2024;25:101-18.
https://doi.org/10.1038/s41580-023-00668-x.

Yang Z, Li X, Lin Q, Zhou F, Liang K, Li JJ, et al. Cortical actin
depolymerisation in 3D cell culture enhances extracellular
vesicle secretion and therapeutic effects. J Extracell Vesicles.
2025;14:e70109. https://doi.org/10.1002/jev2.70109.

Gupta S, Rawat S, Krishnakumar V, Rao EP, Mohanty
S. Hypoxia preconditioning elicit differential response in
tissue-specific MSCs via immunomodulation and exosomal
secretion. Cell Tissue Res. 2022;388:535-48. https://doi.org/
10.1007/s00441-022-03615-y.
DingY,FuY,SunM,LiVY,LiA,LiY. Microgravity-driven Rab27B
activation amplifies mesenchymal stem cell-derived extra-
cellular vesicle production and functions. Stem Cell Res Ther.
2025;16:590. https://doi.org/10.1186/s13287-025-04711-w.
Vakhshiteh F, Atyabi F, Ostad SN. Mesenchymal stem
cell exosomes: a two-edged sword in cancer therapy. Int
J Nanomedicine. 2019;14:2847-59. https://doi.org/10.2147/
[JN.S200036.

Wen S, Dooner M, Cheng Y, Papa E, Del Tatto M, Pereira M,
et al. Mesenchymal stromal cell-derived extracellular vesi-
cles rescue radiation damage to murine marrow hematopoi-
etic cells. Leukemia. 2016;30:2221-31. https://doi.org/10.
1038/leu.2016.107.

Lin Z, Wu Y, Xu Y, Li G, Li Z, Liu T. Mesenchymal stem
cell-derived exosomes in cancer therapy resistance:
recent advances and therapeutic potential. Mol Cancer.
2022;21:179. https://doi.org/10.1186/512943-022-01650-5.
Garcia-Martin R, Wang G, Brandao BB, Zanotto TM, Shah
S, Kumar Patel S, et al. MicroRNA sequence codes for
small extracellular vesicle release and cellular retention.
Nature. 2022;601:446-51. https://doi.org/10.1038/s41586
-021-04234-3.

Cocucci E, Racchetti G, Meldolesi J. Shedding microvesicles:
artefacts no more. Trends Cell Biol. 2009;19:43-51. https://
doi.org/10.1016/j.tcb.2008.11.003.

Bianco F, Pravettoni E, Colombo A, Schenk U, Méller T, Matte-
oli M, et al. Astrocyte-derived ATP induces vesicle shedding
and IL-1 beta release from microglia. J Immunol. 2005;174:
7268-T77. https://doi.org/10.4049/jimmunol.174.11.7268.
Thomas LM, Salter RD. Activation of macrophages by
P2X7-induced microvesicles from myeloid cells is mediated
by phospholipids and is partially dependent on TLRA4.
J Immunol. 2010;185:3740-9. https://doi.org/10.4049/
jimmunol.1001231.

Biancone L, Bruno S, Deregibus MC, Tetta C, Camussi G.
Therapeutic potential of mesenchymal stem cell-derived
microvesicles. Nephrol Dial Transplant. 2012;27:3037-42.
https://doi.org/10.1093/ndt/gfs168.

Fakouri A, Razavi ZS, Mohammed AT, Hussein AHA, Afkhami
H, Hooshiar MH. Applications of mesenchymal stem cell-
exosome components in wound infection healing: new
insights. Burns. Trauma. 2024;12:tkae021. https://doi.org/
10.1093/burnst/tkae021.

Wei XJ, Zhang HC, Shen ZZ, Wang F, Wang Y, Guo ZK, et al.
Investigation on the internalization pathway of microparti-
cles into human umbilical cord endothelial cells. Zhongguo

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.1016/j.xpro.2022.101695
https://doi.org/10.3791/64135
https://doi.org/10.3791/64135
https://doi.org/10.3791/64135
https://doi.org/10.3791/64135
https://doi.org/10.3791/64135
https://doi.org/10.3791/64135
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1039/d4ay01158a
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41368-025-00370-y
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1080/20013078.2020.1713526
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.3390/cancers13205212
https://doi.org/10.3390/cancers13205212
https://doi.org/10.3390/cancers13205212
https://doi.org/10.3390/cancers13205212
https://doi.org/10.3390/cancers13205212
https://doi.org/10.3390/cancers13205212
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1111/cas.14563
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1002/jev2.70109
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.1186/s13287-025-04711-w
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.2147/IJN.S200036
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1038/leu.2016.107
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.1016/j.tcb.2008.11.003
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.4049/jimmunol.1001231
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/ndt/gfs168
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021
https://doi.org/10.1093/burnst/tkae021

Burns & Trauma, 2026, Vol. 14, tkag030

31

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Shi Yan Xue Ye Xue Za Zhi. 2015;23:495-9. https://doi.org/10.
7534/j.issn.1009-2137.2015.02.039.

Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL,
Ahn YS. Endothelial cells release phenotypically and quan-
titatively distinct microparticles in activation and apopto-
sis. Thromb Res. 2003;109:175-80. https://doi.org/10.1016/
s0049-3848(03)00064-1.

Connor DE, Exner T, Ma DD, Joseph JE. The majority of cir-
culating platelet-derived microparticles fail to bind annexin
V, lack phospholipid-dependent procoagulant activity and
demonstrate greater expression of glycoprotein Ib. Thromb
Haemost. 2010;103:1044-52. https://doi.org/10.1160/TH09
-09-0644.

Tricarico C, Clancy J, D’Souza-Schorey C. Biology and
biogenesis of shed microvesicles. Small GTPases. 2017;8:
220-32. https://doi.org/10.1080/21541248.2016.1215283.
Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L, Guha A,
etal. Intercellular transfer of the oncogenic receptor EGFRvIII
by microvesicles derived from tumour cells. Nat Cell Biol.
2008;10:619-24. https://doi.org/10.1038/ncb1725.

Piccin A, Murphy WG, Smith OP. Circulating microparti-
cles: pathophysiology and clinical implications. Blood Rev.
2007;21:157-71. https://doi.org/10.1016/j.blre.2006.09.001.
Bruno S, Grange C, Deregibus MC, Calogero RA, Saviozzi S,
Collino F, et al. Mesenchymal stem cell-derived microvesi-
cles protect against acute tubular injury. J Am Soc Nephrol.
2009;20:1053-67. https://doi.org/10.1681/ASN.2008070798.
D’Souza-Schorey C, Chavrier P. ARF proteins: roles in
membrane traffic and beyond. Nat Rev Mol Cell Biol.
2006;7:347-58. https://doi.org/10.1038/nrm1910.
Muralidharan-Chari V, Clancy J, Plou C, Romao M, Chavrier
P, Raposo G, et al. ARF6-regulated shedding of tumor cell-
derived plasma membrane microvesicles. Curr Biol. 2009;
19:1875-85. https://doi.org/10.1016/j.cub.2009.09.059.

Li B, Antonyak MA, Zhang J, Cerione RA. RhoA triggers
a specific signaling pathway that generates transforming
microvesicles in cancer cells. Oncogene. 2012;31:4740-9.
https://doi.org/10.1038/0onc.2011.636.

Sedgwick AE, Clancy JW, Olivia Balmert M, D’Souza-Schorey
C. Extracellular microvesicles and invadopodia mediate
non-overlapping modes of tumor cell invasion. Sci Rep.
2015;5:14748. https://doi.org/10.1038/srep14748.
Schlienger S, Campbell S, Claing A. ARF1 regulates the
rho/MLC pathway to control EGF-dependent breast cancer
cellinvasion. Mol Biol Cell.2014;25:17-29. https://doi.org/10.
1091/mbc.E13-06-0335.

Nabhan JF, Hu R, Oh RS, Cohen SN, Lu Q. Formation and
release of arrestin domain-containing protein 1-mediated
microvesicles (ARMMs) at plasma membrane by recruit-
ment of TSG101 protein. Proc Natl Acad Sci U S A. 2012;
109:4146-51. https://doi.org/10.1073/pnas.1200448109.
Bianco F, Perrotta C, Novellino L, Francolini M, Riganti
L, Menna E, et al. Acid sphingomyelinase activity triggers
microparticle release from glial cells. EMBO J. 2009;28:
1043-54. https://doi.org/10.1038/emb0j.2009.45.

Cao Z, Li P, Zhang M, Cai S, Li N, Luo M, et al. Erythrocyte
extracellular vesicles amalgamate into the hair and skin to
maintain homeostasis. J Extracell Vesicles. 2025;14:e70080.
https://doi.org/10.1002/jev2.70080.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

. LiYY, Ma B, Lu JW, Zhang KC, Ma C, Bai SF, et al. Lysosome-

featured cell aggregate-released extracellular vesicles
regulate iron homeostasis and alleviate post-irradiation
endothelial Ferroptosis for mandibular regeneration. Adv
Sci.  2025;12:e05070. https://doi.org/10.1002/advs.20250
5070.

Camussi G, Deregibus MC, Bruno S, Cantaluppi V, Biancone
L. Exosomes/microvesicles as a mechanism of cell-to-cell
communication. Kidney Int. 2010;78:838-48. https://doi.org/
10.1038/ki.2010.278.

Collino F, Deregibus MC, Bruno S, Sterpone L, Aghemo G,
Viltono L, et al. Microvesicles derived from adult human bone
marrow and tissue specific mesenchymal stem cells shut-
tle selected pattern of miRNAs. PLoS One. 2010;5:e11803.
https://doi.org/10.1371/journal.pone.0011803.

Liu P, Guo H, Huang X, Liu A, Zhu T, Zheng C, et al. Golgi-
restored vesicular replenishment retards bone aging and
empowers aging bone regeneration. Bone Res. 2025;13:21.
https://doi.org/10.1038/s41413-024-00386-w.

FuY,HeY, Wu D, Sui B, JinY, Hu X, et al. Apoptotic vesicles:
emerging concepts and research progress in physiology and
therapy. Life Med. 2023;2:lnad013. https://doi.org/10.1093/
lifemedi/lnad013.

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinet-
ics. Br J Cancer. 1972;26:239-57. https://doi.org/10.1038/
bjc.1972.33.

Atkin-Smith GK, Poon IKH. Disassembly of the dying: mech-
anisms and functions. Trends Cell Biol. 2017;27:151-62.
https://doi.org/10.1016/j.tch.2016.08.011.

Battistelli M, Falcieri E. Apoptotic bodies: particular extracel-
lular vesicles involved in intercellular communication. Biol-
ogy. 2020;9:21. https://doi.org/10.3390/biology9010021.

Lin R, Zhang T, Gao J. Apoptotic vesicles of MSCs: the natural
therapeutic agents and bio-vehicles for targeting drug deliv-
ery. Small. 2023;19:e2301671. https://doi.org/10.1002/smll.
202301671.

Ou Q, Huang W, Wang B, Niu L, Li Z, Mao X, et al.
Apoptotic vesicles: therapeutic mechanisms and critical
issues. J Dent Res. 2024;103:1057-65. https://doi.org/10.
1177/00220345241265676.

Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF.
Membrane blebbing during apoptosis results from caspase-
mediated activation of ROCK I. Nat Cell Biol. 2001;3:339-45.
https://doi.org/10.1038/35070009.

Nagata S, Suzuki J, Segawa K, Fujii T. Exposure of
phosphatidylserine on the cell surface. Cell Death Differ.
2016;23:952-61. https://doi.org/10.1038/cdd.2016.7.

Poon IK, Chiu YH, Armstrong AJ, Kinchen JM, Juncadella
1J, Bayliss DA, et al. Unexpected link between an antibiotic,
pannexin channels and apoptosis. Nature. 2014;507:329-34.
https://doi.org/10.1038/nature13147.

Atkin-Smith GK, Tixeira R, Paone S, Mathivanan S, Collins C,
Liem M, et al. A novel mechanism of generating extracellu-
lar vesicles during apoptosis via a beads-on-a-string mem-
brane structure. Nat Commun. 2015;6:7439. https://doi.org/
10.1038/ncomms8439.

Park SJ, Kim JM, Kim J, Hur J, Park S, Kim K, et al. Molec-
ular mechanisms of biogenesis of apoptotic exosome-like

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.7534/j.issn.1009-2137.2015.02.039
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1016/s0049-3848(03)00064-1
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1160/TH09-09-0644
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/ncb1725
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1016/j.blre.2006.09.001
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1681/ASN.2008070798
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1091/mbc.E13-06-0335
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/jev2.70080
https://doi.org/10.1002/advs.202505070
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1371/journal.pone.0011803
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1038/s41413-024-00386-w
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1093/lifemedi/lnad013
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.1016/j.tcb.2016.08.011
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1002/smll.202301671
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1038/35070009
https://doi.org/10.1038/35070009
https://doi.org/10.1038/35070009
https://doi.org/10.1038/35070009
https://doi.org/10.1038/35070009
https://doi.org/10.1038/35070009
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/nature13147
https://doi.org/10.1038/ncomms8439
https://doi.org/10.1038/ncomms8439
https://doi.org/10.1038/ncomms8439
https://doi.org/10.1038/ncomms8439
https://doi.org/10.1038/ncomms8439
https://doi.org/10.1038/ncomms8439

32

Burns & Trauma, 2026, Vol. 14, tkag030

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

vesicles and their roles as damage-associated molecular
patterns. Proc Natl Acad Sci U S A. 2018;115:E11721-e30.
https://doi.org/10.1073/pnas.1811432115.

Dieudé M, Bell C, Turgeon J, Beillevaire D, Pomerleau L, Yang
B, et al. The 20S proteasome core, active within apoptotic
exosome-like vesicles, induces autoantibody production
and accelerates rejection. Sci Transl Med. 2015;7:318ra200.
https://doi.org/10.1126/scitranslmed.aac9816.

Zheng L, Hu X, Wu H, Mo L, Xie S, Li J, et al. In vivo
monocyte/macrophage-hitchhiked Intratumoral accumula-
tion of Nanomedicines for enhanced tumor therapy. J Am
Chem Soc. 2020;142:382-91. https://doi.org/10.1021/jacs.
9b11046.

Chang CL, Leu S, Sung HC, Zhen YY, Cho CL, Chen A, et al.
Impact of apoptotic adipose-derived mesenchymal stem
cells on attenuating organ damage and reducing mortal-
ity in rat sepsis syndrome induced by cecal puncture and
ligation. J Transl Med. 2012;10:244. https://doi.org/10.1186/
1479-5876-10-244.

Wang R, Hao M, Kou X, Sui B, Sanmillan ML, Zhang X,
et al. Apoptotic vesicles ameliorate lupus and arthritis via
phosphatidylserine-mediated modulation of T cell receptor
signaling. Bioact Mater. 2023;25:472-84. https://doi.org/10.
1016/j.bioactmat.2022.07.026.

Zhang X, Tang J, Kou X, Huang W, Zhu Y, Jiang Y, et al.
Proteomic analysis of MSC-derived apoptotic vesicles identi-
fies Fas inheritance to ameliorate haemophilia a via activat-
ing platelet functions. J Extracell Vesicles. 2022;11:€12240.
https://doi.org/10.1002/jev2.12240.

Sui B, Wang R, Chen C, Kou X, Wu D, Fu Y, et al. Apoptotic
vesicular metabolism contributes to organelle assembly and
safeguards liver homeostasis and regeneration. Gastroen-
terology. 2024;167:343-56. https://doi.org/10.1053/j.gastro.
2024.02.001.

Ahmad P, Estrin N, Farshidfar N, Zhang Y, Miron RJ. Mech-
anistic insights into dental stem cells-derived exosomes in
regenerative endodontics. Int Endod J. 2025;58:1384-407.
https://doi.org/10.1111/iej.14269.

Ivica A, Zehnder M, Weber FE. Therapeutic potential of mes-
enchymal stem cell-derived extracellular vesicles in regen-
erative endodontics. Eur Cell Mater. 2021;41:233-44. https://
doi.org/10.22203/eCM.v041a17.

Chen Y, Ma Y, Yang X, Chen J, Yang B, Tian W. The appli-
cation of pulp tissue derived-exosomes in pulp regener-
ation: a novel cell-homing approach. Int J Nanomedicine.
2022;17:465-76. https://doi.org/10.2147/1JN.5342685.

Li Z, Wu M, Liu S, Liu X, Huan Y, Ye Q, et al. Apoptotic vesicles
activate autophagy in recipient cells to induce angiogenesis
and dental pulp regeneration. Mol Ther. 2022;30:3193-208.
https://doi.org/10.1016/j.ymthe.2022.05.006.

Swanson WB, Gong T, Zhang Z, Eberle M, Niemann D, Dong
R, et al. Controlled release of odontogenic exosomes from a
biodegradable vehicle mediates dentinogenesis as a novel
biomimetic pulp capping therapy. J Control Release. 2020;
324:679-94. https://doi.org/10.1016/j.jconrel.2020.06.006.
Wu M, Liu X, Li Z, Huang X, Guo H, Guo X, et al. SHED aggre-
gate exosomes shuttled miR-26a promote angiogenesis in
pulp regeneration via TGF-8/SMAD2/3 signalling. Cell Prolif.
2021;54:e13074. https://doi.org/10.1111/cpr.13074.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Shimizu Y, Takeda-Kawaguchi T, Kuroda I, Hotta Y, Kawasaki
H, Hariyama T, et al. Exosomes from dental pulp cells
attenuate bone loss in mouse experimental periodontitis.
J Periodontal Res. 2022;57:162-72. https://doi.org/10.1111/
jre.12949.

Li S, Guan X, Yu W, Zhao Z, Sun Y, Bai Y. Effect of human
periodontal ligament stem cell-derived exosomes on cemen-
toblast activity. Oral Dis. 2024;30:2511-22. https://doi.org/
10.1111/0di.14671.

Wu J, Chen L, Wang R, Song Z, Shen Z, Zhao Y, et al.
Exosomes secreted by stem cells from human exfoliated
deciduous teeth promote alveolar bone defect repair
through the regulation of angiogenesis and Osteogenesis.
ACS Biomater Sci Eng. 2019;5:3561-71. https://doi.org/10.
1021/acsbiomaterials.9b00607.

Zhang Y, Chen J, Fu H, Kuang S, He F, Zhang M, et al. Exo-
somes derived from 3D-cultured MSCs improve therapeutic
effects in periodontitis and experimental colitis and restore
the Th17 cell/Treg balance in inflamed periodontium. Int
J Oral Sci. 2021;13:43. https://doi.org/10.1038/s41368-021
-00150-4.

Watanabe J, Sakai K, Urata Y, Toyama N, Nakamichi E,
Hibi H. Extracellular vesicles of stem cells to prevent
BRONJ. J Dent Res. 2020;99:552-60. https://doi.org/10.1177/
0022034520906793.

Lee AE, Choi JG, Shi SH, He P, Zhang QZ, Le AD. DPSC-
derived extracellular vesicles promote rat jawbone regener-
ation. J Dent Res. 2023;102:313-21. https://doi.org/10.1177/
00220345221133716.

Qi L, Wang J, Yan J, Jiang W, Ge W, Fang X, et al. Engineered
extracellular vesicles with sequential cell recruitment and
osteogenic functions to effectively promote senescent bone
repair. J Nanobiotechnology. 2025;23:107. https://doi.org/
10.1186/s12951-025-03168-6.

Wang Y, Kong B, Chen X, Liu R, Zhao Y, Gu Z, et al.
BMSC exosome-enriched acellular fish scale scaffolds pro-
mote bone regeneration. J Nanobiotechnology. 2022;20:444.
https://doi.org/10.1186/s12951-022-01646-9.

Kim JM, Kim JH, Kim K, Shin SC, Cheon YI, Kim HS, et al.
Tonsil mesenchymal stem cells-derived extracellular vesi-
cles prevent submandibular gland dysfunction in ovariec-
tomized rats. Aging. 2022;14:2194-209. https://doi.org/10.
18632/aging.203947.

Hu S, Chen B, Zhou J, Liu F, Mao T, Pathak JL, et al.
Dental pulp stem cell-derived exosomes revitalize salivary
gland epithelial cell function in NOD mice via the GPER-
mediated cAMP/PKA/CREB signaling pathway. J Transl Med.
2023;21:361. https://doi.org/10.1186/s12967-023-04198-0.
AbuBakr N, Haggag T, Sabry D, Salem ZA. Functional and
histological evaluation of bone marrow stem cell-derived
exosomes therapy on the submandibular salivary gland
of diabetic albino rats through TGFB/ Smad3 signaling
pathway. Heliyon. 2020;6:e03789. https://doi.org/10.1016/j.
heliyon.2020.e03789.

Zakaria A, Sultan N, Nabil N, Elgamily M. Exosomes derived
from bone marrow mesenchymal stem cells ameliorate
chemotherapeutically induced damage in rats’ parotid sali-
vary gland. Oral Maxillofac Surg. 2025;29:39. https://doi.org/
10.1007/s10006-025-01331-9.

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1021/jacs.9b11046
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1186/1479-5876-10-244
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1016/j.bioactmat.2022.07.026
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1053/j.gastro.2024.02.001
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.1111/iej.14269
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.22203/eCM.v041a17
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.ymthe.2022.05.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/jre.12949
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1111/odi.14671
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1038/s41368-021-00150-4
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/0022034520906793
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1177/00220345221133716
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.1186/s12951-022-01646-9
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.18632/aging.203947
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9
https://doi.org/10.1007/s10006-025-01331-9

Burns & Trauma, 2026, Vol. 14, tkag030

33

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Xu J, Wang Y, Shao Z, Zhou Y, Bin X, Liu L, et al. Adipose-
derived stem cell exosomes attenuates myofibroblast trans-
formation via inhibiting autophagy through TGF-8/Smad2
axis in oral submucosal fibrosis. J Nanobiotechnology.
2024;22:780. https://doi.org/10.1186/512951-024-03067-2.
Kou X, Xu X, Chen C, Sanmillan ML, Cai T, Zhou Y, et al.
The Fas/Fap-1/Cav-1 complex regulates IL-1RA secretion
in mesenchymal stem cells to accelerate wound healing.
Sci Transl Med. 2018;10:eaai8524. https://doi.org/10.1126/
scitranslmed.aai8524.

Zhang Y, Shi S, Xu Q, Zhang Q, Shanti RM, Le AD. SIS-
ECM laden with GMSC-derived exosomes promote taste bud
regeneration. J Dent Res. 2019;98:225-33. https://doi.org/10.
1177/0022034518804531.

Huang CC, Narayanan R, Alapati S, Ravindran S. Exosomes as
biomimetic tools for stem cell differentiation: applications
in dental pulp tissue regeneration. Biomaterials. 2016;111:
103-15. https://doi.org/10.1016/j.biomaterials.2016.09.029.
Hu X, Zhong Y, Kong Y, Chen Y, Feng J, Zheng J. Lineage-
specific exosomes promote the odontogenic differentia-
tion of human dental pulp stem cells (DPSCs) through
TGFB1/smads signaling pathway via transfer of microRNAs.
Stem Cell Res Ther. 2019;10:170. https://doi.org/10.1186/
$13287-019-1278-x.

Li J, JuY, Liu S, Fu Y, Zhao S. Exosomes derived from
lipopolysaccharide-preconditioned human dental
pulp stem cells regulate Schwann cell migration and
differentiation. Connect Tissue Res. 2021;62:277-86. https://
doi.org/10.1080/03008207.2019.1694010.

Yu S, Chen H, Gao B. Potential therapeutic effects of exo-
somes in regenerative endodontics. Arch Oral Biol. 2020;120:
104946. https://doi.org/10.1016/j.archoralbio.2020.104946.
Lan BY, Lin X, Chen WJ, Xie J, Chen WX. Effect of
lipopolysaccharide-stimulated exosomes from human
dental pulp stem cells combined with stromal cell-derived
factor-1 on dental pulp regeneration. Zhonghua Kou Qiang
Yi Xue Za Zhi. 2022;57:60-7. https://doi.org/10.3760/cma.].
cnl12144-20210911-00408.

Wang S, Xing X, Peng W, Huang C, Du Y, Yang H, et al.
Fabrication of an exosome-loaded thermosensitive chitin-
based hydrogel for dental pulp regeneration. J Mater Chem
B. 2023;11:1580-90. https://doi.org/10.1039/d2tb02073d.
Yang$, Liu Q,Chen S, ZhangF, LiY, Fan W, et al. Extracellular
vesicles delivering nuclear factor 1/C for hard tissue engi-
neering: treatment of apical periodontitis and dentin regen-
eration. J Tissue Eng. 2022;13:20417314221084095. https://
doi.org/10.1177/20417314221084095.

Guo H, Li B, Wu M, Zhao W, He X, Sui B, et al. Odontogenesis-
related developmental microenvironment facilitates decid-
uous dental pulp stem cell aggregates to revitalize an
avulsed tooth. Biomaterials. 2021;279:121223. https://doi.
org/10.1016/j.biomaterials.2021.121223.

Mousavi E, Khosravi A, Sedigh SS, Mayanei SAT, Banakar
M, Karimzadeh M, et al. Exosomes derived from mesenchy-
mal stem cells: heralding a new treatment for periodon-
titis? Tissue Cell. 2023;82:102070. https://doi.org/10.1016/j.
tice.2023.102070.

Zhang X, Gao H, Lin L. The extracellular vesicle-based treat-
ment: a developing strategy for periodontal diseases. Front

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Immunol. 2025;16:1480292. https://doi.org/10.3389/fimmu.
2025.1480292.

Huang X, Wang H, Wang C, Cao Z. The applications and
potentials of extracellular vesicles from different cell sources
in periodontal regeneration. Int J Mol Sci. 2023;24:5790.
https://doi.org/10.3390/ijms24065790.

Ye Q, Xu H, Liu S, Li Z, Zhou J, Ding F, et al. Apop-
totic extracellular vesicles alleviate Pg-LPS induced inflam-
matory responses of macrophages via AMPK/SIRT1/NF-«xB
pathway and inhibit osteoclast formation. J Periodontol.
2022;93:1738-51. https://doi.org/10.1002/JPER.21-0657.
Chew JRJ, Chuah SJ, Teo KYW, Zhang S, Lai RC, Fu JH,
et al. Mesenchymal stem cell exosomes enhance periodon-
tal ligament cell functions and promote periodontal regen-
eration. Acta Biomater. 2019;89:252-64. https://doi.org/10.
1016/j.actbio.2019.03.021.

Wang M, Li J, Ye Y, He S, Song J. SHED-derived condi-
tioned exosomes enhance the osteogenic differentiation of
PDLSCs via Wnt and BMP signaling in vitro. Differentiation.
2020;111:1-11. https://doi.org/10.1016/].diff.2019.10.003.
Huang X, Sui B, Liu A, Guo H, Zheng C, Liu P, et al.
Odontogenesis-empowered extracellular vesicles safeguard
donor-recipient stem cell interplay to support tooth regen-
eration. Small. 2024;20:e2400260. https://doi.org/10.1002/
smll.202400260.

Wang T, Zhou Y, Zhang W, Xue Y, Xiao Z, Zhou Y, et al. Exo-
somes and exosome composite scaffolds in periodontal tis-
sue engineering. Front Bioeng Biotechnol. 2023;11:1287714.
https://doi.org/10.3389/fbioe.2023.1287714.

ShiW, Guo S, Liu L, Liu Q, Huo F, Ding Y, et al. Small extracel-
lular vesicles from lipopolysaccharide-preconditioned den-
tal follicle cells promote periodontal regeneration in an
inflammatory microenvironment. ACS Biomater Sci Eng.
2020;6:5797-810. https://doi.org/10.1021/acshiomaterials.
0c00882.

Liu P, Qin L, Liu C, Mi J, Zhang Q, Wang S, et al. Exosomes
derived from hypoxia-conditioned stem cells of human
deciduous exfoliated teeth enhance angiogenesis via the
transfer of let-7f-5p and miR-210-3p. Front Cell Dev Biol.
2022;10:879877. https://doi.org/10.3389/fcell.2022.879877.
Xia EJ, Zou S, Zhao X, Liu W, Zhang Y, Zhao IS. Extracellular
vesicles as therapeutic tools in regenerative dentistry. Stem
Cell Res Ther. 2024;15:365. https://doi.org/10.1186/s13287
-024-03936-5.

Xing X, Han S, Li Z, Li Z. Emerging role of exosomes
in craniofacial and dental applications. Theranostics.
2020;10:8648-64. https://doi.org/10.7150/thno.48291.

Liu M, Liu X, Su Y, Li S, Chen Y, Liu A, et al. Emerging role
of mesenchymal stem cell-derived extracellular vesicles in
oral and craniomaxillofacial tissue regenerative medicine.
Front Bioeng Biotechnol. 2022;10:1054370. https://doi.org/
10.3389/fbioe.2022.1054370.

ZhuangY, Cheng M, Li M, Cui J, Huang J, Zhang C, et al. Small
extracellular vesicles derived from hypoxic mesenchymal
stem cells promote vascularized bone regeneration through
the miR-210-3p/EFNA3/PI3K pathway. Acta Biomater. 2022;
150:413-26. https://doi.org/10.1016/j.actbio.2022.07.015.

Li M, Xing X, Huang H, Liang C, Gao X, Tang Q, et al.
BMSC-derived ApoEVs promote craniofacial bone repair via

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1186/s12951-024-03067-2
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1126/scitranslmed.aai8524
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1177/0022034518804531
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1186/s13287-019-1278-x
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1080/03008207.2019.1694010
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.1016/j.archoralbio.2020.104946
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.3760/cma.j.cn112144-20210911-00408
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1039/d2tb02073d
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1177/20417314221084095
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.1016/j.tice.2023.102070
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3389/fimmu.2025.1480292
https://doi.org/10.3390/ijms24065790
https://doi.org/10.3390/ijms24065790
https://doi.org/10.3390/ijms24065790
https://doi.org/10.3390/ijms24065790
https://doi.org/10.3390/ijms24065790
https://doi.org/10.3390/ijms24065790
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1002/JPER.21-0657
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.1002/smll.202400260
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.3389/fbioe.2023.1287714
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.3389/fcell.2022.879877
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.1186/s13287-024-03936-5
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.7150/thno.48291
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.3389/fbioe.2022.1054370
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015
https://doi.org/10.1016/j.actbio.2022.07.015

34

Burns & Trauma, 2026, Vol. 14, tkag030

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

ROS/JNK Signaling. J Dent Res. 2022;101:714-23. https://doi.
org/10.1177/00220345211068338.

Lan Y, Xie H, Jin Q, Zhao X, Shi Y, Zhou Y, et al. Extra-
cellular vesicles derived from neural EGFL-like 1-modified
mesenchymal stem cells improve acellular bone regen-
eration via the miR-25-5p-SMAD2 signaling axis. Bioact
Mater.2022;17:457-70. https://doi.org/10.1016/j.bioactmat.
2022.01.019.

Li B, Xing Y, Gan Y, He J, Hua H. Labial gland-derived mes-
enchymal stem cells and their exosomes ameliorate murine
Sjogren’s syndrome by modulating the balance of Treg and
Th17 cells. Stem Cell Res Ther. 2021;12:478. https://doi.org/
10.1186/s13287-021-02541-0.

Dong J, Sakai K, Koma Y, Watanabe J, Liu K, Maruyama
H, et al. Dental pulp stem cell-derived small extracellu-
lar vesicle in irradiation-induced senescence. Biochem Bio-
phys Res Commun. 2021;575:28-35. https://doi.org/10.1016/
j.bbrc.2021.08.046.

Desouky HO, Halawa AM, Hassan R. Role of mesenchymal
stem cell exosomes and injectable platelet rich fibrin on
structure and function of submandibular salivary gland of
aged albino rats. Saudi Dent J. 2025;37:46. https://doi.org/
10.1007/s44445-025-00056-5.

Park S, Yoon YJ, Hong Y, Yu J, Cho JM, Jeong YJ, et al.
CD9-enriched extracellular vesicles from chemically repro-
grammed basal progenitors of salivary glands mitigate sali-
vary gland fibrosis. Bioact Mater. 2025;47:229-47. https://
doi.org/10.1016/j.bioactmat.2025.01.019.

Cho JM, Ahn S, Yoon YJ, Park S, Lee HS, Hwang S, et al.
Extracellular vesicles derived from salivary gland stem cells
cultured on microwell scaffolds loaded with WNT3A pro-
mote the recovery of salivary gland function damaged by
radiation via the YWHAZ-PI3K-AKT pathway. Bioact Mater.
2025;52:492-510. https://doi.org/10.1016/j.bioactmat.2025.
06.024.

Borowiec BM, Dyszkiewicz-Konwifska M, Bukowska D, Now-
icki M, Budna-Tukan J. Small extracellular vesicles and oral
mucosa: the power couple in regenerative therapies? Cells.
2024;13:1514. https://doi.org/10.3390/cells13181514.

Wang Z, Knight R, Stephens P, Ongkosuwito EM, Wagener
F, Von den Hoff JW. Stem cells and extracellular vesicles to
improve preclinical orofacial soft tissue healing. Stem Cell
Res Ther. 2023;14:203. https://doi.org/10.1186/s13287-023
-03423-3.

Shih YH, Wang TH, Shieh TM, Tseng YH. Oral submucous
fibrosis: a review on Etiopathogenesis, diagnosis, and ther-
apy. Int J Mol Sci. 2019;20:2940. https://doi.org/10.3390/
ijms20122940.

Nakao Y, Fukuda T, Zhang Q, Sanui T, Shinjo T, Kou X, et al.
Exosomes from TNF-a-treated human gingiva-derived MSCs
enhance M2 macrophage polarization and inhibit periodon-
tal bone loss. Acta Biomater. 2021;122:306-24. https://doi.
org/10.1016/j.actbio.2020.12.046.

Wei Q, Liu X, Su JL, Wang YX, Chu ZQ, Ma K, et al. Small
extracellular vesicles from mesenchymal stem cells: a poten-
tial weapon for chronic non-healing wound treatment.
Front Bioeng Biotechnol. 2022;10:1083459. https://doi.org/
10.3389/fbioe.2022.1083459.

Bray ER, Kirsner RS, Badiavas EV. Mesenchymal stem cell-
derived extracellular vesicles as an advanced therapy for

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

chronic wounds. Cold Spring Harb Perspect Biol. 2022;14:
a041227. https://doi.org/10.1101/cshperspect.a041227.
Zhang B, Wu X, Zhang X, Sun Y, Yan Y, Shi H, et al. Human
umbilical cord mesenchymal stem cell exosomes enhance
angiogenesis through the Wnt4/g-catenin pathway. Stem
Cells Transl Med. 2015;4:513-22. https://doi.org/10.5966/
sctm.2014-0267.

Zhang B, Wang M, Gong A, Zhang X, Wu X, Zhu Y, et al.
HucMSC-exosome mediated-Wnt4 Signaling is required for
cutaneous wound healing. Stem Cells. 2015;33:2158-68.
https://doi.org/10.1002/stem.1771.

Li X, Xie X, Lian W, ShiR,Han S, Zhang H, et al. Exosomes from
adipose-derived stem cells overexpressing Nrf2 accelerate
cutaneous wound healing by promoting vascularization in
a diabetic foot ulcer rat model. Exp Mol Med. 2018;50:1-14.
https://doi.org/10.1038/512276-018-0058-5.

Shi R, Jin Y, Zhao S, Yuan H, Shi J, Zhao H. Hypoxic
ADSC-derived exosomes enhance wound healing in diabetic
mice via delivery of circ-Snhgll and induction of M2-like
macrophage polarization. Biomed Pharmacother. 2022;153:
113463. https://doi.org/10.1016/j.biopha.2022.113463.
Rajendran RL, Gangadaran P, Bak SS, Oh JM, Kalimuthu
S, Lee HW, et al. Extracellular vesicles derived from MSCs
activates dermal papilla cell in vitro and promotes hair fol-
licle conversion from telogen to anagen in mice. Sci Rep.
2017;7:15560. https://doi.org/10.1038/s41598-017-15505-3.
Wu J, Yang Q, Wu S, Yuan R, Zhao X, Li Y, et al. Adipose-
derived stem cell exosomes promoted hair regeneration.
Tissue Eng Regen Med. 2021;18:685-91. https://doi.org/10.
1007/s13770-021-00347-y.

Liang X, Li C, Song J, Liu A, Wang C, Wang W, et al. HucMSC-
Exo promote mucosal healing in experimental colitis by
accelerating intestinal stem cells and epithelium regen-
eration via Wnt Signaling pathway. Int J Nanomedicine.
2023;18:2799-818. https://doi.org/10.2147/1JN.S402179.
Cai X, Zhang ZY, Yuan JT, Ocansey DKW, Tu Q, Zhang X,
etal. hucMSC-derived exosomes attenuate colitis by regulat-
ing macrophage pyroptosis via the miR-378a-5p/NLRP3 axis.
Stem Cell Res Ther. 2021;12:416. https://doi.org/10.1186/
$13287-021-02492-6.

Nie M, Huang D, Chen G, Zhao Y, Sun L. Bioadhesive
microcarriers encapsulated with 1L-27 high expressive MSC
extracellular vesicles for inflammatory bowel disease treat-
ment. Adv Sci. 2023;10:€2303349. https://doi.org/10.1002/
advs.202303349.

YuT,Chus, LiuX,LiJ,Chen Q, Xu M, et al. Extracellular vesi-
cles derived from EphB2-overexpressing bone marrow mes-
enchymal stem cells ameliorate DSS-induced colitis by mod-
ulating immune balance. Stem Cell Res Ther. 2021;12:181.
https://doi.org/10.1186/513287-021-02232-w.

Li X, Liu L, Yang J, Yu Y, Chai J, Wang L, et al. Exosome
derived from human umbilical cord mesenchymal stem
cell mediates MiR-181c attenuating burn-induced excessive
inflammation. EBioMedicine. 2016;8:72-82. https://doi.org/
10.1016/j.ebiom.2016.04.030.

Ti D, Hao H, Tong C, Liu J, Dong L, Zheng J, et al. LPS-
preconditioned mesenchymal stromal cells modify
macrophage polarization for resolution of chronic inflam-
mation via exosome-shuttled let-7b. J Transl Med. 2015;13:
308. https://doi.org/10.1186/s12967-015-0642-6.

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1177/00220345211068338
https://doi.org/10.1177/00220345211068338
https://doi.org/10.1177/00220345211068338
https://doi.org/10.1177/00220345211068338
https://doi.org/10.1177/00220345211068338
https://doi.org/10.1177/00220345211068338
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1016/j.bioactmat.2022.01.019
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1016/j.bbrc.2021.08.046
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1007/s44445-025-00056-5
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.01.019
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.1016/j.bioactmat.2025.06.024
https://doi.org/10.3390/cells13181514
https://doi.org/10.3390/cells13181514
https://doi.org/10.3390/cells13181514
https://doi.org/10.3390/cells13181514
https://doi.org/10.3390/cells13181514
https://doi.org/10.3390/cells13181514
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.1186/s13287-023-03423-3
https://doi.org/10.3390/ijms20122940
https://doi.org/10.3390/ijms20122940
https://doi.org/10.3390/ijms20122940
https://doi.org/10.3390/ijms20122940
https://doi.org/10.3390/ijms20122940
https://doi.org/10.3390/ijms20122940
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.3389/fbioe.2022.1083459
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.1101/cshperspect.a041227
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1002/stem.1771
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1016/j.biopha.2022.113463
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1038/s41598-017-15505-3
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.1007/s13770-021-00347-y
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.2147/IJN.S402179
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1186/s13287-021-02492-6
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1002/advs.202303349
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1186/s13287-021-02232-w
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1016/j.ebiom.2016.04.030
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6

Burns & Trauma, 2026, Vol. 14, tkag030

35

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Wang Y, Jing L, Lei X, Ma Z, Li B, Shi Y, et al. Umbilical
cord mesenchymal stem cell-derived apoptotic extracellular
vesicles ameliorate cutaneous wound healing in type 2 dia-
betic mice via macrophage pyroptosis inhibition. Stem Cell
Res Ther. 2023;14:257. https://doi.org/10.1186/s13287-023
-03490-6.

Liu J, Qiu X, Lv Y, Zheng C, Dong Y, Dou G, et al. Apop-
totic bodies derived from mesenchymal stem cells promote
cutaneous wound healing via regulating the functions of
macrophages. Stem Cell Res Ther. 2020;11:507. https://doi.
org/10.1186/s13287-020-02014-w.

Tutuianu R, Rosca AM, lacomi DM, Simionescu M, Titorencu
I. Human mesenchymal stromal cell-derived exosomes pro-
mote In vitro wound healing by modulating the biological
properties of skin keratinocytes and fibroblasts and stimu-
lating angiogenesis. Int J Mol Sci. 2021;22:6239. https://doi.
org/10.3390/ijms22126239.

Zhang Y, Pan Y, Liu Y, Li X, Tang L, Duan M, et al. Exo-
somes derived from human umbilical cord blood mesenchy-
mal stem cells stimulate regenerative wound healing via
transforming growth factor-8 receptor inhibition. Stem Cell
Res Ther. 2021;12:434. https://doi.org/10.1186/s13287-021
-02517-0.

Wang L, Hu L, Zhou X, Xiong Z, Zhang C, Shehada HMA, et al.
Exosomes secreted by human adipose mesenchymal stem
cells promote scarless cutaneous repair by regulating extra-
cellular matrix remodelling. Sci Rep. 2017;7:13321. https://
doi.org/10.1038/s41598-017-12919-x.

Shi R, Jin Y, Hu W, Lian W, Cao C, Han S, et al. Exosomes
derived from mmu_circ_0000250-modified adipose-derived
mesenchymal stem cells promote wound healing in diabetic
mice by inducing miR-128-3p/SIRT1-mediated autophagy.
Am J Physiol Cell Physiol. 2020;318:C848-c56. https://doi.
org/10.1152/ajpcell.00041.2020.

An'Y, Zhao J, Nie F, Qin Z, Xue H, Wang G, et al. Exosomes
from adipose-derived stem cells (ADSCs) overexpressing
miR-21 promote vascularization of endothelial cells. Sci Rep.
2019;9:12861. https://doi.org/10.1038/s41598-019-49339-y.
Liu L, Zheng CX, Zhao N, Zhu T, Hu CB, Zhang N, et al.
Mesenchymal stem cell aggregation-released extracellular
vesicles induce CD31(+) EMCN(+) vessels in skin
regeneration and improve diabetic wound healing. Adv
Healthc Mater. 2023;12:e2300019. https://doi.org/10.1002/
adhm.202300019.

Yang J, Chen Z, Pan D, Li H, Shen J. Umbilical cord-derived
mesenchymal stem cell-derived exosomes combined
Pluronic F127 hydrogel promote chronic diabetic wound
healing and complete skin regeneration. Int J Nanomedicine.
2020;15:5911-26. https://doi.org/10.2147/1JN.S249129.
Geng X, Qi Y, Liu X, Shi Y, Li H, Zhao L. A multifunctional
antibacterial and self-healing hydrogel laden with bone mar-
row mesenchymal stem cell-derived exosomes for accelerat-
ing diabetic wound healing. Biomater Adv. 2022;133:112613.
https://doi.org/10.1016/j.msec.2021.112613.

Kishta MS, Hafez AM, Hydara T, Hamed Z, Bahr MM, Shamaa
AA, et al. The transforming role of wharton’s jelly mesenchy-
mal stem cell-derived exosomes for diabetic foot ulcer heal-
ing: arandomized controlled clinical trial. Stem Cell Res Ther.
2025;16:559. https://doi.org/10.1186/s13287-025-04690-y.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Gonzales KAU, Fuchs E. Skin and its regenerative powers: An
alliance between stem cells and their niche. Dev Cell. 2017,
43:387-401. https://doi.org/10.1016/j.devcel.2017.10.001.
Weng T, Wu P, Zhang W, Zheng Y, Li Q, Jin R, et al. Regen-
eration of skin appendages and nerves: current status and
further challenges. J Transl Med. 2020;18:53. https://doi.org/
10.1186/s12967-020-02248-5.

Wei Q, An Y, Zhao X, Li M, Zhang J. Three-dimensional bio-
printing of tissue-engineered skin: biomaterials, fabrication
techniques, challenging difficulties, and future directions:
a review. Int J Biol Macromol. 2024;266:131281. https://doi.
org/10.1016/j.ijbiomac.2024.131281.

Cui CY, Schlessinger D. EDA signaling and skin appendage
development. Cell Cycle. 2006;5:2477-83. https://doi.org/10.
4161/cc.5.21.3403.

Huang S, Xu Y, Wu C, Sha D, Fu X. In vitro constitution
and in vivo implantation of engineered skin constructs with
sweat glands. Biomaterials. 2010;31:5520-5. https://doi.org/
10.1016/j.biomaterials.2010.03.060.

Yang JZ, He LY, Lu XZ. The therapeutic potential of mes-
enchymal stem cells in intestinal diseases: from mecha-
nisms to clinical translation. Stem Cell Res Ther. 2025;16:393.
https://doi.org/10.1186/s13287-025-04523-y.

Akanyibah FA, He C, Cai P, Wang X, Wang Y, Mao F. Mecha-
nism of cell death and its application in the repair of inflam-
matory bowel disease by mesenchymal stem cells. Front
Immunol. 2025;16:1597462. https://doi.org/10.3389/fimmu.
2025.1597462.

Wang PF, Mu SH, Jin F, Sui BD. Mesenchymal stem cell ther-
apy for ulcerative colitis: opportunities and challenges in
precision medicine. Clin Transl Disc. 2025;5:e70101. https://
doi.org/10.1002/ctd2.70101.

Clua-Ferré L, Suau R, Vafié-Segarra |, Ginés I, Serena C,
Manyé J. Therapeutic potential of mesenchymal stem cell-
derived extracellular vesicles: a focus on inflammatory
bowel disease. Clin Transl Med. 2024;14:e70075. https://doi.
org/10.1002/ctm2.70075.

Gu L, Ren F, Fang X, Yuan L, Liu G, Wang S. Exosomal
MicroRNA-181a derived from mesenchymal stem cells
improves gut microbiota composition, barrier function, and
inflammatory status in an experimental colitis model. Front
Med. 2021;8:660614. https://doi.org/10.3389/fmed.2021.
660614.

Li YY, Xu QW, Xu PY, Li WM. MSC-derived exosomal miR-
34a/c-5p and miR-29b-3p improve intestinal barrier function
by targeting the snail/Claudins signaling pathway. Life Sci.
2020;257:118017. https://doi.org/10.1016/j.1fs.2020.118017.
Yang J, Liu XX, Fan H, Tang Q, Shou ZX, Zuo DM, et al.
Extracellular vesicles derived from bone marrow mesenchy-
mal stem cells protect against experimental colitis via atten-
uating colon inflammation, oxidative stress and apopto-
sis. PLoS One. 2015;10:e0140551. https://doi.org/10.1371/
journal.pone.0140551.

ShangF,YuY, Liu S, MingL, ZhangY, Zhou Z, et al. Advancing
application of mesenchymal stem cell-based bone tissue
regeneration. Bioact Mater. 2021;6:666-83. https://doi.org/
10.1016/j.bioactmat.2020.08.014.

Irfan D, Ahmad |, Patra I, Margiana R, Rasulova MT,
Sivaraman R, et al. Stem cell-derived exosomes in bone

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-023-03490-6
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.1186/s13287-020-02014-w
https://doi.org/10.3390/ijms22126239
https://doi.org/10.3390/ijms22126239
https://doi.org/10.3390/ijms22126239
https://doi.org/10.3390/ijms22126239
https://doi.org/10.3390/ijms22126239
https://doi.org/10.3390/ijms22126239
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1038/s41598-017-12919-x
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1038/s41598-019-49339-y
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.1002/adhm.202300019
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1016/j.msec.2021.112613
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1186/s13287-025-04690-y
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1016/j.devcel.2017.10.001
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1186/s12967-020-02248-5
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.1016/j.ijbiomac.2024.131281
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.4161/cc.5.21.3403
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1016/j.biomaterials.2010.03.060
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.1186/s13287-025-04523-y
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.3389/fimmu.2025.1597462
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctd2.70101
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.1002/ctm2.70075
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.3389/fmed.2021.660614
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1016/j.lfs.2020.118017
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1371/journal.pone.0140551
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014

36

Burns & Trauma, 2026, Vol. 14, tkag030

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

healing: focusing on their role in angiogenesis. Cytotherapy.
2023;25:353-61. https://doi.org/10.1016/j.jcyt.2022.08.008.
Fan J, Lee CS,Kim S, Chen C, Aghaloo T, Lee M. Generation of
small RNA-modulated exosome Mimetics for bone regenera-
tion. ACS Nano. 2020;14:11973-84. https://doi.org/10.1021/
acsnano.0c05122.

Wang X, Zou C, Hou C, Bian Z, Jiang W, Li M, et al. Extra-
cellular vesicles from bone marrow mesenchymal stem cells
alleviate osteoporosis in mice through USP7-mediated YAP1
protein stability and the Wnt/S-catenin pathway. Biochem
Pharmacol. 2023;217:115829. https://doi.org/10.1016/j.bcp.
2023.115829.

Gui L, Ye Q, Yu L, Dou G, Zhou Y, Liu Y, et al. Bone-
targeting peptide and RNF146 modified apoptotic extracel-
lular vesicles alleviate osteoporosis. Int J Nanomedicine.
2024;19:471-88. https://doi.org/10.2147/1JN.S433511.
Wang L, Wei X, He X, Xiao S, Shi Q, Chen P, et al.
Osteoinductive dental pulp stem cell-derived extracellular
vesicle-loaded multifunctional hydrogel for bone regener-
ation. ACS Nano. 2024;18:8777-97. https://doi.org/10.1021/
acsnano.3c11542,

Ye Q, Qiu X, Wang J, Xu B, Su Y, Zheng C, et al. MSCs-derived
apoptotic extracellular vesicles promote muscle regenera-
tion by inducing Pannexin 1 channel-dependent creatine
release by myoblasts. Int J Oral Sci. 2023;15:7. https://doi.
0rg/10.1038/s41368-022-00205-0.

Luo Z, Lin J, Sun Y, Wang C, Chen J. Bone marrow stromal
cell-derived exosomes promote muscle healing following
contusion through macrophage polarization. Stem Cells Dev.
2021;30:135-48. https://doi.org/10.1089/scd.2020.0167.
Conceicdo M, Forcina L, Wiklander OPB, Gupta D, Nordin
JZ, Vrellaku B, et al. Engineered extracellular vesicle decoy
receptor-mediated modulation of the IL6 trans-signalling
pathway in muscle. Biomaterials. 2021;266:120435. https://
doi.org/10.1016/j.biomaterials.2020.120435.

Bu Z, Jing J, Liu W, Fan Z, Huang J, Zhou Z, et al.
Treatment of Denervated muscle atrophy by injectable
dual-responsive hydrogels loaded with extracellular vesi-
cles. Adv Sci. 2025;12:€2412248. https://doi.org/10.1002/
advs.202412248.

Lu L, Wang J, Fan A, Wang P, Chen R, Lu L, et al. Synovial
mesenchymal stem cell-derived extracellular vesicles con-
taining microRNA-26a-5p ameliorate cartilage damage of
osteoarthritis. J Gene Med. 2021;23:e3379. https://doi.org/
10.1002/jgm.3379.

Zhang B, Tian X, Qu Z, Hao J, Zhang W. Hypoxia-
preconditioned extracellular vesicles from mesenchymal
stem cells improve cartilage repair in osteoarthritis. Mem-
branes. 2022;12:225. https://doi.org/10.3390/membranesl
2020225.

Tao SC, Yuan T, Zhang YL, Yin WJ, Guo SC, Zhang CQ.
Exosomes derived from miR-140-5p-overexpressing human
synovial mesenchymal stem cells enhance cartilage tissue
regeneration and prevent osteoarthritis of the knee in a
rat model. Theranostics. 2017;7:180-95. https://doi.org/10.
7150/thno.17133.

Tian G, Yin H, Zheng J, Yu R, Ding Z, Yan Z, et al. Promotion
of osteochondral repair through immune microenvironment
regulation and activation of endogenous chondrogenesis via
the release of apoptotic vesicles from donor MSCs. Bioact

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Mater.2024;41:455-70. https://doi.org/10.1016/j.bioactmat.
2024.07.034.

ChengP,Cao T, Zhao X, Lu W, Miao S, Ning F, et al. Nidogen1-
enriched extracellular vesicles accelerate angiogenesis and
bone regeneration by targeting Myosin-10 to regulate
endothelial cell adhesion. Bioact Mater. 2022;12:185-97.
https://doi.org/10.1016/j.bioactmat.2021.10.021.

Peng Y, Zhao T, Rong S, Yang S, Teng W, Xie Y, et al.
Young small extracellular vesicles rejuvenate replicative
senescence by remodeling Drpl translocation-mediated
mitochondrial dynamics. J Nanobiotechnology.2024;22:543.
https://doi.org/10.1186/512951-024-02818-5.

Qi X, Zhang J, Yuan H, Xu Z, Li Q, Niu X, et al. Exosomes
secreted by human-induced pluripotent stem cell-derived
mesenchymal stem cells repair critical-sized bone defects
through enhanced angiogenesis and Osteogenesis in osteo-
poroticrats. IntJBiol Sci. 2016;12:836-49. https://doi.org/10.
7150/ijbs.14809.

Yang S, Zhu B, Yin P, Zhao L, Wang Y, Fu Z, et al. Integration
of human umbilical cord mesenchymal stem cells-derived
exosomes with hydroxyapatite-embedded hyaluronic
acid-alginate hydrogel for bone regeneration. ACS
Biomater Sci Eng. 2020;6:1590-602. https://doi.org/10.
1021/acshiomaterials.9b01363.

Deng J, Wang X, Zhang W, Sun L, Han X, Tong X, et al. Ver-
satile hypoxic extracellular vesicles laden in an injectable
and bioactive hydrogel for accelerated bone regeneration.
Adv Funct Mater. 2023;33:2211664. https://doi.org/10.1002/
adfm.202370132.

Huang CC, Kang M, Lu Y, Shirazi S, Diaz JI, Cooper LF, et al.
Functionally engineered extracellular vesicles improve bone
regeneration. Acta Biomater. 2020;109:182-94. https://doi.
org/10.1016/j.actbio.2020.04.017.

Lu W, Ji K, Lawlor L, Saha S, Hempshall A, Jin Y, et al.
The effect of epigenetic reprogramming using MI192 HDAC
inhibitor on enhancing the osteogenesis of human adipose-
derived stem cells in vitro. Biosci Rep. 2023;43:BSR20221635.
https://doi.org/10.1042/BSR20221635.

Porcu C, Dobrowolny G, Scicchitano BM. Exploring the
role of extracellular vesicles in skeletal muscle regenera-
tion. Int J Mol Sci. 2024;25:5811. https://doi.org/10.3390/
ijms25115811.

Lo Sicco C, Reverberi D, Balbi C, Ulivi V, Principi E, Pas-
cucci L, et al. Mesenchymal stem cell-derived extracellular
vesicles as mediators of anti-inflammatory effects: endorse-
ment of macrophage polarization. Stem Cells Transl Med.
2017;6:1018-28. https://doi.org/10.1002/sctm.16-0363.
Mellows B, Mitchell R, Antonioli M, Kretz O, Chambers D,
Zeuner MT, et al. Protein and molecular characterization
of a clinically compliant amniotic fluid stem cell-derived
extracellular vesicle fraction capable of accelerating mus-
cle regeneration through enhancement of angiogenesis.
Stem Cells Dev. 2017;26:1316-33. https://doi.org/10.1089/
5¢d.2017.0089.

Nakamura Y, Miyaki S, Ishitobi H, Matsuyama S, Nakasa T,
Kamei N, et al. Mesenchymal-stem-cell-derived exosomes
accelerate skeletal muscle regeneration. FEBS Lett. 2015;
589:1257-65. https://doi.org/10.1016/j.febslet.2015.03.031.
Ma Y, Dong L, Zhou D, Li L, Zhang W, Zhen Y, et al. Extra-
cellular vesicles from human umbilical cord mesenchymal

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1016/j.jcyt.2022.08.008
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.2147/IJN.S433511
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1038/s41368-022-00205-0
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1089/scd.2020.0167
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/advs.202412248
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.3390/membranes12020225
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2024.07.034
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.1186/s12951-024-02818-5
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1021/acsbiomaterials.9b01363
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1002/adfm.202370132
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1042/BSR20221635
https://doi.org/10.1042/BSR20221635
https://doi.org/10.1042/BSR20221635
https://doi.org/10.1042/BSR20221635
https://doi.org/10.1042/BSR20221635
https://doi.org/10.1042/BSR20221635
https://doi.org/10.3390/ijms25115811
https://doi.org/10.3390/ijms25115811
https://doi.org/10.3390/ijms25115811
https://doi.org/10.3390/ijms25115811
https://doi.org/10.3390/ijms25115811
https://doi.org/10.3390/ijms25115811
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1089/scd.2017.0089
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031

Burns & Trauma, 2026, Vol. 14, tkag030

37

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

stem cells improve nerve regeneration after sciatic nerve
transection in rats. J Cell Mol Med. 2019;23:2822-35. https://
doi.org/10.1111/jcmm.14190.

Han YD, Bai Y, Yan XL, Ren J, Zeng Q, Li XD, et al.
Co-transplantation of exosomes derived from hypoxia-
preconditioned adipose mesenchymal stem cells promotes
neovascularization and graft survival in fat grafting. Biochem
Biophys Res Commun. 2018;497:305-12. https://doi.org/10.
1016/j.bbrc.2018.02.076.

Tan SSH, Tjio CKE, Wong JRY, Wong KL, Chew JRJ, Hui JHP,
et al. Mesenchymal stem cell exosomes for cartilage regen-
eration: a systematic review of preclinical In vivo studies.
Tissue Eng Part BRev.2021;27:1-13. https://doi.org/10.1089/
ten.TEB.2019.0326.

Bao C, He C. The role and therapeutic potential of MSC-
derived exosomes in osteoarthritis. Arch Biochem Bio-
phys. 2021;710:109002. https://doi.org/10.1016/j.abb.2021.
109002.

Pifieiro-Ramil M, Gémez-Seoane |, Rodriguez-Cendal Al,
Fuentes-Boquete |, Diaz-Prado S. Mesenchymal stromal
cells-derived extracellular vesicles in cartilage regeneration:
potential and limitations. Stem Cell Res Ther. 2025;16:11.
https://doi.org/10.1186/s13287-025-04135-6.

Hu H, Dong L, Bu Z, Shen Y, Luo J, Zhang H, et al. miR-23a-
3p-abundant small extracellular vesicles released from Gel-
ma/nanoclay hydrogel for cartilage regeneration. J Extracell
Vesicles. 2020;9:1778883. https://doi.org/10.1080/20013078.
2020.1778883.

Sanjurjo-Rodriguez C, Crossland RE, Reis M, Pandit H,
Wang XN, Jones E. Characterization and miRNA profiling
of extracellular vesicles from human osteoarthritic
subchondral bone multipotential stromal cells (MSCs).
Stem Cells Int. 2021;2021:7232773. https://doi.org/10.1155/
2021/7232773.

Chen P, Zheng L, Wang Y, Tao M, Xie Z, Xia C, et al.
Desktop-stereolithography 3D printing of a radially ori-
ented extracellular matrix/mesenchymal stem cell exosome
bioink for osteochondral defect regeneration. Theranostics.
2019;9:2439-59. https://doi.org/10.7150/thno.31017.

Wang Z, Yan K, Ge G, Zhang D, Bai J, Guo X, et al. Exo-
somes derived from miR-155-5p-overexpressing synovial
mesenchymal stem cells prevent osteoarthritis via enhanc-
ing proliferation and migration, attenuating apoptosis, and
modulating extracellular matrix secretion in chondrocytes.
Cell Biol Toxicol. 2021;37:85-96. https://doi.org/10.1007/
$10565-020-09559-9.

Mao G, Zhang Z, Hu S, Zhang Z, Chang Z, Huang Z, et al.
Exosomes derived from miR-92a-3p-overexpressing human
mesenchymal stem cells enhance chondrogenesis and sup-
press cartilage degradation via targeting WNT5A. Stem Cell
Res Ther. 2018;9:247. https://doi.org/10.1186/s13287-018
-1004-0.

Su J, Qi Y, Niu L, Wang Y, Wei B, Ma B, et al. The role of
synovial mesenchymal stem cell-derived exosomes in carti-
lage repair: a systematic review. Front Pharmacol. 2025;16:
1617874. https://doi.org/10.3389/fphar.2025.1617874.

Tan SJO, Floriano JF, Nicastro L, Emanueli C, Catapano F.
Novel applications of mesenchymal stem cell-derived exo-
somes for myocardial infarction therapeutics. Biomolecules.
2020;10:707. https://doi.org/10.3390/biom10050707.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Cs6bdnyeiové M, Beerova N, Klein M, Debreova-Cehékova M,
Danisovi¢ L. Cell-based and selected cell-free therapies for
myocardial infarction: how do they compare to the current
treatment options? Int J Mol Sci. 2022;23:10314. https://doi.
org/10.3390/ijms231810314.

Peng Y, Zhao JL, Peng ZY, Xu WF, Yu GL. Exosomal miR-
25-3p from mesenchymal stem cells alleviates myocardial
infarction by targeting pro-apoptotic proteins and EZH2. Cell
Death Dis. 2020;11:317. https://doi.org/10.1038/s41419-020
-2545-6.

Gu X, Li Y, Chen K, Wang X, Wang Z, Lian H, et al. Exo-
somes derived from umbilical cord mesenchymal stem cells
alleviate viral myocarditis through activating AMPK/mTOR-
mediated autophagy flux pathway. J Cell Mol Med. 2020;
24:7515-30. https://doi.org/10.1111/jcmm.15378.

Wang Y, Meng D, Shi X, Hou Y, Zang S, Chen L, et al.
Injectable hydrogel with miR-222-engineered extracellular
vesicles ameliorates myocardial ischemic reperfusion injury
via mechanotransduction. Cell Rep Med. 2025;6:101987.
https://doi.org/10.1016/j.xcrm.2025.101987.

Dong Z, Liu S, Liu X, He D, Chu Q, Zhong L, et al. Therapeutic
mitochondrial transfer via mesenchymal stem cell-derived
microvesicles for macrophage modulation in myocardial
infarction complicated by diabetes. Biomaterials.
2026;325:123563.  https://doi.org/10.1016/j.biomaterials.
2025.123563.

Zheng C, Sui B, Zhang X, Hu J, Chen J, Liu J, et al. Apoptotic
vesicles restore liver macrophage homeostasis to counteract
type 2 diabetes. J Extracell Vesicles. 2021;10:e12109. https://
doi.org/10.1002/jev2.121009.

Tian S, Zhou X, Zhang M, Cui L, Li B, Liu Y, et al. Mesenchy-
mal stem cell-derived exosomes protect against liver fibrosis
via delivering miR-148a to target KLF6/STAT3 pathway in
macrophages. Stem Cell Res Ther. 2022;13:330. https://doi.
org/10.1186/s13287-022-03010-y.

Wang A, Li B, SuW, Zhang H, Hu R, Zhang Y, et al. Exosomes
derived from diabetic microenvironment-preconditioned
mesenchymal stem cells ameliorate nonalcoholic fatty liver
disease and inhibit pyroptosis of hepatocytes. Exp Cell
Res. 2024;443:114325. https://doi.org/10.1016/j.yexcr.2024.
114325.

Tian Y, Zhang J, Jia Z, Pan X, Hu Z, Kang R, et al. Biomimetic
mineralized mesenchymal stem cell-derived exosomes for
dual modulation of ferroptosis and lactic acid-driven inflam-
mation in acute liver injury therapy. J Colloid Interface
Sci. 2025;687:489-506. https://doi.org/10.1016/].jcis.2025.
02.078.

Song Y, Dou H, Li X, Zhao X, Li Y, Liu D, et al. Exosomal miR-
146a contributes to the enhanced therapeutic efficacy of
interleukin-18-primed mesenchymal stem cells against sep-
sis. Stem Cells. 2017;35:1208-21. https://doi.org/10.1002/
stem.2564.

Zhou J, LinY, Kang X, Liu Z, Zhang W, Xu F. microRNA-186 in
extracellular vesicles from bone marrow mesenchymal stem
cells alleviates idiopathic pulmonary fibrosis via interaction
with SOX4 and DKK1. Stem Cell Res Ther.2021;12:96. https://
doi.org/10.1186/s13287-020-02083-x.

Wang J, Huang R, Xu Q, Zheng G, Qiu G, Ge M, et al.
Mesenchymal stem cell-derived extracellular vesicles alle-
viate acute lung injury via transfer of miR-27a-3p. Crit

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1111/jcmm.14190
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1016/j.bbrc.2018.02.076
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1186/s13287-025-04135-6
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.1155/2021/7232773
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.7150/thno.31017
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/biom10050707
https://doi.org/10.3390/ijms231810314
https://doi.org/10.3390/ijms231810314
https://doi.org/10.3390/ijms231810314
https://doi.org/10.3390/ijms231810314
https://doi.org/10.3390/ijms231810314
https://doi.org/10.3390/ijms231810314
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1038/s41419-020-2545-6
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1111/jcmm.15378
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.xcrm.2025.101987
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1016/j.biomaterials.2025.123563
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1186/s13287-022-03010-y
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.yexcr.2024.114325
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1016/j.jcis.2025.02.078
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1002/stem.2564
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x
https://doi.org/10.1186/s13287-020-02083-x

38

Burns & Trauma, 2026, Vol. 14, tkag030

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Care Med. 2020;48:€599-610. https://doi.org/10.1097/CCM.
0000000000004315.

LongY, Yang B, Lei Q, Gao F, Chen L, Chen W, et al. Targeting
senescent alveolar epithelial cells using engineered mes-
enchymal stem cell-derived extracellular vesicles to treat
pulmonary fibrosis. ACS Nano. 2024;18:7046-63. https://doi.
org/10.1021/acsnano.3c10547.

Wei Z, Qiao S, Zhao J, Liu Y, Li Q, Wei Z, et al. miRNA-
181a over-expression in mesenchymal stem cell-derived
exosomes influenced inflammatory response after myocar-
dial ischemia-reperfusion injury. Life Sci. 2019;232:116632.
https://doi.org/10.1016/.1fs.2019.116632.

Deng S, Zhou X, Ge Z, Song Y, Wang H, Liu X, et al. Exosomes
from adipose-derived mesenchymal stem cells ameliorate
cardiac damage after myocardial infarction by activat-
ing S1P/SK1/S1PR1 signaling and promoting macrophage
M2 polarization. Int J Biochem Cell Biol. 2019;114:105564.
https://doi.org/10.1016/j.biocel.2019.105564.

Ni J, Liu X, Yin Y, Zhang P, Xu YW, Liu Z. Exosomes derived
from TIMP2-modified human umbilical cord mesenchymal
stem cells enhance the repair effect in rat model with
myocardial infarction possibly by the Akt/Sfrp2 pathway.
Oxidative Med Cell Longev. 2019;2019:1958941. https://doi.
0rg/10.1155/2019/1958941.

Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor EN,
etal. Mesenchymal stem cell-derived exosomes increase ATP
levels, decrease oxidative stress and activate PI3K/Akt path-
way to enhance myocardial viability and prevent adverse
remodeling after myocardial ischemia/reperfusion injury.
Stem Cell Res. 2013;10:301-12. https://doi.org/10.1016/].scr.
2013.01.002.

Yue R, Lu S, Luo Y, Zeng J, Liang H, Qin D, et al. Mesenchy-
mal stem cell-derived exosomal microRNA-182-5p alleviates
myocardialischemia/reperfusion injury by targeting GSDMD
in mice. Cell Death Discov. 2022;8:202. https://doi.org/10.
1038/s41420-022-00909-6.

Gao L, QiuF,CaoH,LiH,DaiG,MaT,etal Therapeutic deliv-
ery of microRNA-125a-5p oligonucleotides improves recov-
ery from myocardial ischemia/reperfusion injury in mice
and swine. Theranostics. 2023;13:685-703. https://doi.org/
10.7150/thno.73568.

Liu H, Liu S, Qiu X, Yang X, Bao L, Pu F, et al. Donor MSCs
release apoptotic bodies to improve myocardial infarction
via autophagy regulation in recipient cells. Autophagy.
2020;16:2140-55. https://doi.org/10.1080/15548627.2020.
1717128.

Chu Q, He D, Xie W, Li S, Dong Z, Fu X. Gelated microvesicle-
mediated delivery of mesenchymal stem cell mitochondria
for the treatment of myocardial infarction. Proc Natl Acad Sci
U S A. 2025;122:e2424529122. https://doi.org/10.1073/pnas.
2424529122.

Wu R, Fan X, Wang Y, Shen M, Zheng Y, Zhao S, et al.
Mesenchymal stem cell-derived extracellular vesicles in
liverimmunity and therapy. Front Immunol. 2022;13:833878.
https://doi.org/10.3389/fimmu.2022.833878.

Shokravi S, Borisov V, Zaman BA, Niazvand F, Hazrati R,
Khah MM, et al. Mesenchymal stromal cells (MSCs) and their
exosome in acute liver failure (ALF): a comprehensive review.
Stem Cell Res Ther. 2022;13:192. https://doi.org/10.1186/
$13287-022-02825-z.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Watanabe T, Tsuchiya A, Takeuchi S, Nojiri S, Yoshida T,
Ogawa M, et al. Development of a non-alcoholic steatohep-
atitis model with rapid accumulation of fibrosis, and its treat-
ment using mesenchymal stem cells and their small extracel-
lular vesicles. Regen Ther. 2020;14:252-61. https://doi.org/
10.1016/j.reth.2020.03.012.

Ohara M, Ohnishi S, Hosono H, Yamamoto K,
Yuyama K, Nakamura H, et al. Extracellular vesicles
from amnion-derived mesenchymal stem cells ameliorate
hepatic inflammation and fibrosis in rats. Stem
Cells Int. 2018;2018:3212643. https://doi.org/10.1155/2018/
3212643.

YanY, Jiang W, Tan Y, Zou S, Zhang H, Mao F, et al. hucMSC
exosome-derived GPX1 is required for the recovery of hep-
atic oxidant injury. Mol Ther. 2017;25:465-79. https://doi.
org/10.1016/j.ymthe.2016.11.019.

Wang Y, Wang JL, Ma HC, Tang ZT, Ding HR, Shi XL. Mes-
enchymal stem cells increase heme oxygenase 1-activated
autophagy in treatment of acute liver failure. Biochem Bio-
phys Res Commun. 2019;508:682-9. https://doi.org/10.1016/
j.bbrc.2018.11.146.

Tan CY, Lai RC, Wong W, Dan YY, Lim SK, Ho HK. Mesenchy-
mal stem cell-derived exosomes promote hepatic regenera-
tion in drug-induced liver injury models. Stem Cell Res Ther.
2014;5:76. https://doi.org/10.1186/scrt465.

Wu HH, Lee OK. Exosomes from mesenchymal stem cells
induce the conversion of hepatocytes into progenitor oval
cells. Stem Cell Res Ther. 2017;8:117. https://doi.org/10.
1186/s13287-017-0560-z.

Tian S, Zhou X, Zheng L, Liu J, Zhang M, Ma S, et al. Engi-
neered mesenchymal stem cell-derived small extracellular
vesicles mitigate liver fibrosis by delivering USP10 to repro-
gram macrophage phenotype. Biomater Res. 2025;29:0244.
https://doi.org/10.34133/bmr.0244.

Sun Z, Zheng Q, Zhang Y, Bai C, Wang F, Yang P, et al. Hydro-
gel loaded with Aminoethyl Anisamide-modified exosomes
attenuates hepatic fibrosis by targeting activated hepatic
stellate cells. ACS Nano. 2025;19:34575-95. https://doi.org/
10.1021/acsnano.5c06003.

Abreu SC, Lopes-Pacheco M, Weiss DJ, Rocco PRM.
Mesenchymal stromal cell-derived extracellular vesicles in
lung diseases: current status and perspectives. Front Cell
Dev Biol. 2021;9:600711. https://doi.org/10.3389/fcell.2021.
600711.

Hu Q, Zhang S, Yang Y, Yao JQ, Tang WF, Lyon CJ, et al.
Extracellular vesicles in the pathogenesis and treatment of
acute lung injury. Mil Med Res. 2022;9:61. https://doi.org/10.
1186/s40779-022-00417-9.

Jiang T, Xia Y, Wang W, Zhao J, Liu W, Liu S, et al. Apop-
totic bodies inhibit inflammation by PDL1-PD1-mediated
macrophage metabolic reprogramming. Cell Prolif. 2024;57:
e13531. https://doi.org/10.1111/cpr.13531.

Zhu YG, Feng XM, Abbott J, Fang XH, Hao Q, Monsel A, et al.
Human mesenchymal stem cell microvesicles for treatment
of Escherichia coli endotoxin-induced acute lung injury in
mice. Stem Cells. 2014;32:116-25. https://doi.org/10.1002/
stem.1504.

Mao GC, Gong CC, Wang Z, Sun MX, Pei ZP, Meng WQ,
et al. BMSC-derived exosomes ameliorate sulfur mustard-
induced acute lung injury by regulating the GPRC5A-YAP

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1021/acsnano.3c10547
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.lfs.2019.116632
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1016/j.biocel.2019.105564
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1155/2019/1958941
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.1038/s41420-022-00909-6
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.7150/thno.73568
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.1073/pnas.2424529122
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.3389/fimmu.2022.833878
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1186/s13287-022-02825-z
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1016/j.reth.2020.03.012
https://doi.org/10.1155/2018/3212643
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.ymthe.2016.11.019
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1016/j.bbrc.2018.11.146
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.1186/s13287-017-0560-z
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.34133/bmr.0244
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.1021/acsnano.5c06003
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1111/cpr.13531
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504
https://doi.org/10.1002/stem.1504

Burns & Trauma, 2026, Vol. 14, tkag030

39

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

axis. Acta Pharmacol Sin. 2021;42:2082-93. https://doi.org/
10.1038/s41401-021-00625-4.

Wei X, Yi X, Lv H, Sui X, Lu P, Li L, et al. MicroRNA-377-3p
released by mesenchymal stem cell exosomes ameliorates
lipopolysaccharide-induced acute lung injury by targeting
RPTOR to induce autophagy. Cell Death Dis. 2020;11:657.
https://doi.org/10.1038/s41419-020-02857-4.

Maremanda KP, Sundar IK, Rahman |. Protective role of mes-
enchymal stem cells and mesenchymal stem cell-derived
exosomes in cigarette smoke-induced mitochondrial dys-
function in mice. Toxicol Appl Pharmacol. 2019;385:114788.
https://doi.org/10.1016/j.taap.2019.114788.

Tang XD, Shi L, Monsel A, Li XY, Zhu HL, Zhu YG, et al.
Mesenchymal stem cell microvesicles attenuate acute lung
injury in mice partly mediated by Ang-1 mRNA. Stem Cells.
2017;35:1849-59. https://doi.org/10.1002/stem.2619.

Wang H, Zheng R, Chen Q, Shao J, Yu J, Hu S. Mes-
enchymal stem cells microvesicles stabilize endothelial bar-
rier function partly mediated by hepatocyte growth factor
(HGF). Stem Cell Res Ther. 2017;8:211. https://doi.org/10.
1186/513287-017-0662-7.

Yu Q, Wang D, Wen X, Tang X, Qi D, He J, et al. Adipose-
derived exosomes protect the pulmonary endothelial
barrier in ventilator-induced lung injury by inhibiting the
TRPV4/Ca(2+) signaling pathway. Am J Physiol Lung Cell
Mol Physiol. 2020;318:L723-141. https://doi.org/10.1152/
ajplung.00255.2019.

Wan X, Chen S, FangY, Zuo W, Cui J, Xie S. Mesenchymal stem
cell-derived extracellular vesicles suppress the fibroblast
proliferation by downregulating FZD6 expression in fibrob-
lasts via micrRNA-29b-3p in idiopathic pulmonary fibrosis. J
Cell Physiol. 2020;235:8613-25. https://doi.org/10.1002/jcp.
29706.

Zhang SW, Edwards DA, Langer R, Cheng K. Inhalable materi-
als and biologics for lung defence and drug delivery. Nat Rev
Mater. 2025;11:90-116. https://doi.org/10.1038/s41578-025
-00841-y.

Li M, Huang H, Wei X, Li H, Li J, Xie B, et al. Clinical inves-
tigation on nebulized human umbilical cord MSC-derived
extracellular vesicles for pulmonary fibrosis treatment. Sig-
nal Transduct Target Ther. 2025;10:179. https://doi.org/10.
1038/s41392-025-02262-3.

Charif N, Li YY, Targa L, Zhang L, Ye JS, Li YP, et al. Aging
of bone marrow mesenchymal stromal/stem cells: implica-
tions on autologous regenerative medicine. Biomed Mater
Eng.2017;28:S57-s63. https://doi.org/10.3233/BME-171624.
Ulum B, Teker HT, Sarikaya A, Balta G, Kuskonmaz B, Uckan-
Cetinkaya D, et al. Bone marrow mesenchymal stem cell
donors with a high body mass index display elevated endo-
plasmic reticulum stress and are functionally impaired. J
Cell Physiol. 2018;233:8429-36. https://doi.org/10.1002/jcp.
26804.

Costa LA, Eiro N, Fraile M, Gonzalez LO, Saa J, Garcia-
Portabella P, et al Functional heterogeneity of
mesenchymal stem cells from natural niches to culture
conditions: implications for further clinical uses. Cell Mol Life
Sci. 2021;78:447-67. https://doi.org/10.1007/500018-020-
03600-0.

Rong X, Liu J, Yao X, Jiang T, Wang Y, Xie F. Human
bone marrow mesenchymal stem cells-derived exosomes

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

alleviate liver fibrosis through the Wnt/B-catenin path-
way. Stem Cell Res Ther.2019;10:98. https://doi.org/10.1186/
$13287-019-1204-2.

Jiang W, Tan Y, Cai M, Zhao T, Mao F, Zhang X, et al. Human
umbilical cord MSC-derived exosomes suppress the devel-
opment of CCl(4)-induced liver injury through antioxidant
effect. Stem Cells Int. 2018;2018:6079642. https://doi.org/10.
1155/2018/6079642.

Courageux Y, Monguié-Tortajada M, Prat-Vidal C, Bayes-
Genis A, Roura S. Clinical translation of mesenchymal stro-
mal cell extracellular vesicles: considerations on scien-
tific rationale and production requisites. J Cell Mol Med.
2022;26:937-9. https://doi.org/10.1111/jcmm.17112.

Li M, Fang F, Sun M, Zhang Y, Hu M, Zhang J. Extracellular
vesicles as bioactive nanotherapeutics: An emerging
paradigm for regenerative medicine. Theranostics.
2022;12:4879-903. https://doi.org/10.7150/thno.72812.
Chen Y, Li M, Yang J, Chen Y, Wang J. Engineerable mes-
enchymal stem cell-derived extracellular vesicles as promis-
ing therapeutic strategies for pulmonary fibrosis. Stem Cell
Res Ther. 2025;16:367. https://doi.org/10.1186/s13287-025
-04490-4.

Tang J, Wang X, Lin X, Wu C. Mesenchymal stem cell-derived
extracellular vesicles: a regulator and carrier for target-
ing bone-related diseases. Cell Death Discov. 2024;10:212.
https://doi.org/10.1038/s41420-024-01973-w.

Shimizu Y, Ntege EH, Inoue Y, Matsuura N, Sunami H, Sowa
Y. Optimizing mesenchymal stem cell extracellular vesicles
for chronic wound healing: bioengineering, standardization,
and safety. Regen Ther. 2024;26:260-74. https://doi.org/10.
1016/j.reth.2024.06.001.

Zheng D, Ruan H, Chen W, Zhang Y, Cui W, Chen H, et al.
Advances in extracellular vesicle functionalization strate-
gies for tissue regeneration. Bioact Mater. 2023;25:500-26.
https://doi.org/10.1016/j.bioactmat.2022.07.022.

Chen Y, Huang Y, Li J, Jiao T, Yang L. Enhancing osteo-
porosis treatment with engineered mesenchymal stem cell-
derived extracellular vesicles: mechanisms and advances.
Cell Death Dis. 2024;15:119. https://doi.org/10.1038/s41419-
024-06508-w.

WangX, ChenY, ZhaoZ,Meng Q,YuY, Sun J, etal. Engineered
exosomes with ischemic myocardium-targeting peptide for
targeted therapy in myocardial infarction. J Am Heart Assoc.
2018;7:e008737. https://doi.org/10.1161/JAHA.118.008737.
Yang J, Wu S, He M. Engineered exosome-based Senolytic
therapy alleviates stroke by targeting p214CD86+
microglia.  Exploration.  2025;5:20240349. https://doi.
org/10.1002/EXP.20240349.

Gaytan SL, Beaven E, Gadad SS, Nurunnabi M. Progress and
prospect of nanotechnology for cardiac fibrosis treatment.
Interdiscip Med. 2023;1:€20230018. https://doi.org/10.1002/
INMD.20230018.

Jewett JC, Bertozzi CR. Cu-free click cycloaddition reactions
in chemical biology. Chem Soc Rev. 2010;39:1272-9. https://
doi.org/10.1039/b901970g.

FeiZ,Zheng J, Zheng X, Ren H, Liu G. Engineering extracellu-
lar vesicles for diagnosis and therapy. Trends Pharmacol Sci.
2024;45:931-40. https://doi.org/10.1016/j.tips.2024.08.007.
Tian T, Zhang HX, He CP, Fan S, Zhu YL, Qi C, et al
Surface functionalized exosomes as targeted drug delivery

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1016/j.taap.2019.114788
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1002/stem.2619
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1186/s13287-017-0662-7
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1152/ajplung.00255.2019
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1002/jcp.29706
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41578-025-00841-y
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.1038/s41392-025-02262-3
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.3233/BME-171624
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1007/s00018-020-03600-0
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.1111/jcmm.17112
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.7150/thno.72812
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1186/s13287-025-04490-4
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1038/s41420-024-01973-w
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.reth.2024.06.001
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1038/s41419-024-06508-w
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/EXP.20240349
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1002/INMD.20230018
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.tips.2024.08.007

40

Burns & Trauma, 2026, Vol. 14, tkag030

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

vehicles for cerebral ischemia therapy. Biomaterials. 2018;
150:137-49. https://doi.org/10.1016/j.biomaterials.2017.10.
012.

Gu J, You J, Liang H, Zhan J, Gu X, Zhu Y. Engineered bone
marrow mesenchymal stem cell-derived exosomes loaded
with miR302 through the cardiomyocyte specific peptide
can reduce myocardialischemia and reperfusion (I/R) injury.
J Transl Med. 2024;22:168. https://doi.org/10.1186/s12967
-024-04981-7.

Garcia-Manrique P, Matos M, Gutiérrez G, Pazos C, Blanco-
Lépez MC. Therapeutic biomaterials based on extracellu-
lar vesicles: classification of bio-engineering and mimetic
preparation routes. J Extracell Vesicles. 2018;7:1422676.
https://doi.org/10.1080/20013078.2017.1422676.
Berggreen AH, Petersen JL, Lin L, Benabdellah K, Luo Y.
CRISPR delivery with extracellular vesicles: promises and
challenges. J Extracell Biol. 2023;2:e111. https://doi.org/10.
1002/jex2.111.

YangC, Feng J, Liu Z, Jiang J, Wang X, Yang C, et al. Lubricant-
entrenched slippery surface-based nanocarriers to avoid
macrophage uptake and improve drug utilization. J Adv Res.
2023;48:61-74. https://doi.org/10.1016/j.jare.2022.08.015.
Sun M, Yang J, Fan Y, Zhang Y, Sun J, Hu M, et al.
Beyond extracellular vesicles: hybrid membrane Nanovesi-
cles as emerging advanced tools for biomedical applica-
tions. Adv Sci (Weinh). 2023;10:e2303617. https://doi.org/10.
1002/advs.202303617.

Li Q, Song Y, Wang Q, Chen J, Gao J, Tan H, et al. Engineer-
ing extracellular vesicles with platelet membranes fusion
enhanced targeted therapeutic angiogenesis in a mouse
model of myocardial ischemia reperfusion. Theranostics.
2021;11:3916-31. https://doi.org/10.7150/thno.52496.
ChenH,Yin W, Yao K, Liang J, Cai J, Sui X, et al. Mesenchymal
stem cell membrane-camouflaged liposomes for
biomimetic delivery of cyclosporine a for hepatic ischemia-
reperfusion injury prevention. Adv Sci (Weinh). 2024;
11:€2404171. https://doi.org/10.1002/advs.202404171.
Geng Z, Sun T, Yuan L, Zhao Y. The existing evidence for the
use of extracellular vesicles in the treatment of osteoporosis:
a review. Int J Surg. 2025;111:3414-29. https://doi.org/10.
1097/JS9.0000000000002339.

Akbari A, Nazari-Khanamiri F, Ahmadi M, Shoaran M,
Rezaie J. Engineered exosomes for tumor-targeted drug
delivery: a focus on genetic and chemical functionalization.
Pharmaceutics. 2022;15:66. https://doi.org/10.3390/
pharmaceutics15010066.

Thakur A, Ke X, Chen YW, Motallebnejad P, Zhang K, Lian
Q, et al. The mini player with diverse functions: extra-
cellular vesicles in cell biology, disease, and therapeu-
tics. Protein Cell. 2022;13:631-54. https://doi.org/10.1007/
$13238-021-00863-6.

Wang Z, Mo H, He Z, Chen A, Cheng P. Extracellular vesicles
as an emerging drug delivery system for cancer treatment:
current strategies and recent advances. Biomed Pharma-
cother. 2022;153:113480. https://doi.org/10.1016/j.biopha.
2022.113480.

Tian Y, Li S, Song J, Ji T, Zhu M, Anderson GJ, et al. A
doxorubicin delivery platform using engineered natural
membrane vesicle exosomes for targeted tumor therapy.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Biomaterials. 2014;35:2383-90. https://doi.org/10.1016/].
biomaterials.2013.11.083.

Zhang G, Huang X, Xiu H, Sun'Y, Chen J, Cheng G, et al. Extra-
cellular vesicles: natural liver-accumulating drug delivery
vehicles for the treatment of liver diseases. J Extracell Vesi-
cles. 2020;10:€12030. https://doi.org/10.1002/jev2.12030.
Gao Y, Yuan Z, Yuan X, Wan Z, Yu Y, Zhan Q, et al. Bioin-
spired porous microspheres for sustained hypoxic exo-
somes release and vascularized bone regeneration. Bioact
Mater.2022;14:377-88. https://doi.org/10.1016/.bioactmat.
2022.01.041.

Zhuang, Jiang S, Deng X, Lao A, Hua X, Xie Y, et al. Energy
metabolism as therapeutic target for aged wound repair by
engineered extracellular vesicle. Sci Adv. 2024;10:eadl0372.
https://doi.org/10.1126/sciadv.adl0372.

ZhangS, Zhang K, Zheng CX, Gao YF, Deng GR, ZhangX, et al.
D-mannose alleviates type 2 diabetes and rescues multi-
organ deteriorations by controlling release of pathological
extracellular vesicles. Exploration. 2025;5:20240133. https://
doi.org/10.1002/EXP.20240133.

Qiu X, Liu J, Zheng C, Su Y, Bao L, Zhu B, et al. Exosomes
released from educated mesenchymal stem cells accelerate
cutaneous wound healing via promoting angiogenesis. Cell
Prolif. 2020;53:€12830. https://doi.org/10.1111/cpr.12830.
Lee R. Effects of Metabolism on Mesenchymal Stem Cell-
Derived Extracellular Vesicles (Thesis). College Park:
University of Maryland, 2020. https://doi.org/10.13016/
pqwk-kjap.

Liang J, Cheng S, Song Q, Tang Y, Wang Q, Chen H, et al.
Effect of mesenchymal stem cell-derived extracellular vesi-
cles induced by advanced glycation end products on energy
metabolism in vascular endothelial cells. Kidney Int Rep.
2024;10:227-46. https://doi.org/10.1016/j.ekir.2024.10.015.
Man K, Brunet MY, Federici AS, Hoey DA, Cox SC. An ECM-
mimetic hydrogel to promote the therapeutic efficacy of
osteoblast-derived extracellular vesicles for bone regener-
ation. Front Bioeng Biotechnol. 2022;10:829969. https://doi.
org/10.3389/fbioe.2022.829969.

Wang Y, Wen J, Lu T, Han W, Jiao K, Li H. Mesenchymal
stem cell-derived extracellular vesicles in bone-related
diseases: intercellular communication messengers and
therapeutic engineering protagonists. Int J Nanomedicine.
2024;19:3233-57. https://doi.org/10.2147/1JN.S441467.
LiuS,WangZ,LiY,PanZ,HuangL, CuiJ,etal. Erythropoietin-
stimulated macrophage-derived extracellular vesicles in
chitosan hydrogel rescue BMSCs fate by targeting EGFR
to alleviate inflammatory bone loss in periodontitis.
Adv Sci. 2025;12:€2500554. https://doi.org/10.1002/advs.
202500554.

YangS, SunY, Yan C. Recent advances in the use of extracellu-
lar vesicles from adipose-derived stem cells for regenerative
medical therapeutics. J Nanobiotechnology. 2024;22:316.
https://doi.org/10.1186/s12951-024-02603-4.

Wan-Chiew N, Baki MM, Lokanathan Y, Fauzi MB, Azman
M. Genipin cross-linked gelatin hydrogel for encapsulating
Wharton jelly mesenchymal stem cells and basic fibrob-
last growth factor delivery in vocal fold regeneration. Front
Cell Dev Biol.2024;12:1489901. https://doi.org/10.3389/fcell.
2024.1489901.

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1080/20013078.2017.1422676
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1002/jex2.111
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1016/j.jare.2022.08.015
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.1002/advs.202303617
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.7150/thno.52496
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1002/advs.202404171
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1007/s13238-021-00863-6
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biopha.2022.113480
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1126/sciadv.adl0372
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1002/EXP.20240133
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.1111/cpr.12830
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.13016/pqwk-kjap
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.1016/j.ekir.2024.10.015
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.3389/fbioe.2022.829969
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.2147/IJN.S441467
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1002/advs.202500554
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901
https://doi.org/10.3389/fcell.2024.1489901

Burns & Trauma, 2026, Vol. 14, tkag030

41

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Yin B, Dodda JM, Wong SHD, Roshan Deen G, Bate JS,
Pachauri A, et al. Smart injectable hydrogels for periodon-
tal regeneration: recent advancements in biomaterials and
biofabrication strategies. Mater Today Bio. 2025;32:101855.
https://doi.org/10.1016/j.mtbio.2025.101855.

Wang S, Qiu Y, Qu L, Wang Q, Zhou Q. Hydrogels for treat-
ment of different degrees of osteoarthritis. Front Bioeng
Biotechnol. 2022;10:858656. https://doi.org/10.3389/fbioe.
2022.858656.

Thang NH, Chien TB, Cuong DX. Polymer-based hydrogels
applied in drug delivery: An overview. Gels. 2023;9:523.
https://doi.org/10.3390/gels9070523.

Moon YE, Jeong JO, Choi H. Inflammation-responsive hydro-
gels in perioperative pain and wound management: design
strategies and emerging potential. Gels. 2025;11:691. https://
doi.org/10.3390/gels11090691.

LuP,RuanD,HuangM, Tian M, Zhu K, Gan Z, et al. Harnessing
the potential of hydrogels for advanced therapeutic appli-
cations: current achievements and future directions. Signal
Transduct Target Ther. 2024;9:166. https://doi.org/10.1038/
$41392-024-01852-x.

Li M, Tian J, Yu K, Liu H, Yu X, Wang N, et al. AROS-responsive
hydrogel incorporated with dental follicle stem cell-derived
small extracellular vesicles promotes dental pulp repair by
ameliorating oxidative stress. Bioact Mater. 2024;36:524-40.
https://doi.org/10.1016/j.bioactmat.2024.06.036.

Yuan W, Li Z, Xie X, Zhang ZY, Bian L. Bisphosphonate-
based nanocomposite hydrogels for biomedical applica-
tions. Bioact Mater. 2020;5:819-31. https://doi.org/10.1016/
j.bioactmat.2020.06.002.

Liu W, Liu Q, Li Z, Zhang C, Li Z, Ke H, et al. Multifunctional
magneto-electric and exosome-loaded hydrogel enhances
neuronal differentiation and immunoregulation through
remote non-invasive electrical stimulation for neurologi-
cal recovery after spinal cord injury. Bioact Mater. 2025;48:
510-28. https://doi.org/10.1016/j.bioactmat.2025.02.034.
Zheng Y, Fu L, Zhang Z, Wu J, Yuan X, Ding Z, et al. Three-
dimensional bioprinting of growth differentiation factor 5-
preconditioned mesenchymal stem cell-derived exosomes
facilitates articular cartilage endogenous regeneration. ACS
Nano.2025;19:15281-301. https://doi.org/10.1021/acsnano.
4c13492.

Jiang W, Zhan Y, Zhang Y, Sun D, Zhang G, Wang Z, et al.
Synergistic large segmental bone repair by 3D printed bionic
scaffolds and engineered ADSC nanovesicles: towards an
optimized regenerative microenvironment. Biomaterials.
2024;308:122566.  https://doi.org/10.1016/j.biomaterials.
2024.122566.

Liu S, Chen X, Bao L, Liu T, Yuan P, Yang X, et al. Treatment of
infarcted heart tissue via the capture and local delivery of cir-
culating exosomes through antibody-conjugated magnetic
nanoparticles. Nat Biomed Eng. 2020;4:1063-75. https://doi.
org/10.1038/s41551-020-00637-1.

Jing J,FengJ,YuanY,GuoT, Lei J, PeiF, et al. Spatiotemporal
single-cell regulatory atlas reveals neural crest lineage diver-
sification and cellular function during tooth morphogenesis.
Nat Commun. 2022;13:4803. https://doi.org/10.1038/s41467
-022-32490-y.

Mammoto T, Mammoto A, Torisawa YS, Tat T, Gibbs A,
Derda R, et al. Mechanochemical control of mesenchymal
condensation and embryonic tooth organ formation. Dev

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331

Cell. 2011;21:758-69. https://doi.org/10.1016/j.devcel.2011.
07.006.

Biggs LC, Makeld OJ, Myllymaki SM, Das Roy R, Narhi K, Pispa
J, et al. Hair follicle dermal condensation forms via Fgf20
primed cell cycle exit, cell motility, and aggregation. eLife.
2018;7:e36468. https://doi.org/10.7554/eLife.36468.

Liu Y, Mufioz N, Tsai AC, Logan TM, Ma T. Metabolic recon-
figuration supports reacquisition of primitive phenotype
in human mesenchymal stem cell aggregates. Stem Cells.
2017;35:398-410. https://doi.org/10.1002/stem.2510.
Palmquist KH, Tiemann SF, Ezzeddine FL, Yang S, Pfeifer
CR, Erzberger A, et al. Reciprocal cell-ECM dynamics gen-
erate supracellular fluidity underlying spontaneous follicle
patterning. Cell. 2022;185:1960-73.e11. https://doi.org/10.
1016/j.cell.2022.04.023.

Sui BD, Zheng CX, Zhao WM, Xuan K, Li B, Jin Y. Mesenchy-
mal condensation in tooth development and regeneration: a
focus on translational aspects of organogenesis. Physiol Rev.
2023;103:1899-964. https://doi.org/10.1152/physrev.00019.
2022.

Chen H, Fu H, Wu X, Duan Y, Zhang S, Hu H, et al. Regener-
ation of pulpo-dentinal-like complex by a group of unique
multipotent CD24a(+) stem cells. Sci Adv. 2020;6:eaay1514.
https://doi.org/10.1126/sciadv.aay1514.

Cesarz Z, Funnell JL, Guan J, Tamama K. Soft elasticity-
associated Signaling and bone Morphogenic protein 2 are
key regulators of mesenchymal stem cell spheroidal aggre-
gates. Stem Cells Dev. 2016;25:622-35. https://doi.org/10.
1089/scd.2015.0356.

Murphy KC, Hung BP, Browne-Bourne S, Zhou D, Yeung
J, Genetos DC, et al. Measurement of oxygen tension
within mesenchymal stem cell spheroids. J R Soc Interface.
2017;14:20160851. https://doi.org/10.1098/rsif.2016.0851.
Yang T, Zhang Q, Xie L, Zhang R, Qian R, Tian VY, et al.
hDPSC-laden GelMA microspheres fabricated using electro-
static microdroplet method for endodontic regeneration.
Mater Sci Eng C Mater Biol Appl.2021;121:111850. https://doi.
org/10.1016/j.msec.2020.111850.

Garzdn |, Martin-Piedra MA, Carriel V, Alaminos M, Liu X,
D’Souza RN. Bioactive injectable aggregates with nanofi-
brous microspheres and human dental pulp stem cells: a
translational strategy in dental endodontics. J Tissue Eng
Regen Med. 2018;12:204-16. https://doi.org/10.1002/term.
2397.

Zhang R, Xie L, Wu H, Yang T, Zhang Q, Tian Y, et al. Algi-
nate/laponite hydrogel microspheres co-encapsulating den-
tal pulp stem cells and VEGF for endodontic regeneration.
Acta Biomater. 2020;113:305-16. https://doi.org/10.1016/j.
actbio.2020.07.012.

Sui BD, Jin Y. Theory and practice of mesenchymal con-
densation directing tooth development and regeneration.
Zhonghua Kou Qiang Yi Xue Za Zhi. 2024;59:418-25. https://
doi.org/10.3760/cma.j.cn112144-20240131-00060.

Kim J, Ma T. Endogenous extracellular matrices enhance
human mesenchymal stem cell aggregate formation and
survival. Biotechnol Prog. 2013;29:441-51. https://doi.org/
10.1002/btpr.1686.

Sui BD, Zhu B, Hu CH, Zhao P, Jin Y. Reconstruction of
regenerative stem cell niche by cell aggregate engineering.
Methods Mol Biol. 2019;2002:87-99. https://doi.org/10.1007/
7651_2018_186.

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.1016/j.mtbio.2025.101855
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3389/fbioe.2022.858656
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels11090691
https://doi.org/10.3390/gels11090691
https://doi.org/10.3390/gels11090691
https://doi.org/10.3390/gels11090691
https://doi.org/10.3390/gels11090691
https://doi.org/10.3390/gels11090691
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2024.06.036
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2020.06.002
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1016/j.bioactmat.2025.02.034
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1021/acsnano.4c13492
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1016/j.biomaterials.2024.122566
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1038/s41467-022-32490-y
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.1016/j.devcel.2011.07.006
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.7554/eLife.36468
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1002/stem.2510
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1016/j.cell.2022.04.023
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1089/scd.2015.0356
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1098/rsif.2016.0851
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1002/term.2397
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.3760/cma.j.cn112144-20240131-00060
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1002/btpr.1686
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186
https://doi.org/10.1007/7651_2018_186

42

Burns & Trauma, 2026, Vol. 14, tkag030

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

Na S, Zhang H, Huang F, Wang W, Ding Y, Li D, et al.
Regeneration of dental pulp/dentine complex with a three-
dimensional and scaffold-free stem-cell sheet-derived pel-
let. J Tissue Eng Regen Med. 2016;10:261-70. https://doi.org/
10.1002/term.1686.

Yang ZH, Jin F, Zhang XJ, Liu X, Zhang YF, Liu JQ,
et al. A novel possible strategy based on self-assembly
approach to achieve complete periodontal regeneration.
Artif Organs. 2010;34:603-9. https://doi.org/10.1111/j.1525
-1594.2009.00991.x.

Zhang H, Liu S, Zhu B, Xu Q, Ding Y, Jin Y. Composite
cell sheet for periodontal regeneration: crosstalk between
different types of MSCs in cell sheet facilitates complex
periodontal-like tissue regeneration. Stem Cell Res Ther.
2016;7:168. https://doi.org/10.1186/513287-016-0417-X.
Matsuzaka Y, Yashiro R. Therapeutic strategy of
mesenchymal-stem-cell-derived  extracellular  vesicles
as regenerative medicine. Int J Mol Sci. 2022;23:6480.
https://doi.org/10.3390/ijms23126480.

Huang J, Chen H, Li N, Liu P, Yang J, Zhao Y. Emerging tech-
nologies towards extracellular vesicles large-scale produc-
tion. Bioact Mater. 2025;52:338-65. https://doi.org/10.1016/
j.bioactmat.2025.06.005.

Li Z,Yan J, Li X, Chen H, Lin C, Zhang Y, et al. Advancements
in extracellular vesicles biomanufacturing: a comprehensive
overview of large-scale production and clinical research.
Front Bioeng Biotechnol. 2025;13:1487627. https://doi.org/
10.3389/fbioe.2025.1487627.

Giancaterino S, Boi C. Alternative biological sources for
extracellular vesicles production and purification strate-
gies for process scale-up. Biotechnol Adv. 2023;63:108092.
https://doi.org/10.1016/j.biotechadv.2022.108092.

Cao J, Wang B, Tang T, Lv L, Ding Z, Li Z, et al. Three-
dimensional culture of MSCs produces exosomes with
improved yield and enhanced therapeutic efficacy for
cisplatin-induced acute kidney injury. Stem Cell Res Ther.
2020;11:206. https://doi.org/10.1186/s13287-020-01719-2.
Kim JY, Rhim WK, Seo HJ, Lee JY, Park CG, Han DK. Com-
parative analysis of MSC-derived exosomes depending on
cell culture Media for Regenerative Bioactivity. Tissue Eng
Regen Med. 2021;18:355-67. https://doi.org/10.1007/s13770
-021-00352-1.

Logozzi M, Mizzoni D, Angelini DF, Di Raimo R, Falchi M,
Battistini L, et al. Microenvironmental pH and exosome
levels interplay in human cancer cell lines of different
Histotypes. Cancers. 2018;10:370. https://doi.org/10.3390/
cancers10100370.

Hao R, Hu S, Zhang H, Chen X, Yu Z, Ren J, et al. Mechanical
stimulation on a microfluidic device to highly enhance small
extracellular vesicle secretion of mesenchymal stem cells.
Mater Today Bio. 2023;18:100527. https://doi.org/10.1016/].
mtbio.2022.100527.

Gorgun C, Ceresa D, Lesage R, Villa F, Reverberi D,
Balbi C, et al. Dissecting the effects of preconditioning
with inflammatory cytokines and hypoxia on the
angiogenic potential of mesenchymal stromal cell (MSC)-
derived soluble proteins and extracellular vesicles (EVs).
Biomaterials. 2021;269:120633. https://doi.org/10.1016/].
biomaterials.2020.120633.

Otsuka K, Yamamoto Y, Ochiya T. Uncovering temperature-
dependent extracellular vesicle secretion in breast cancer.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

JExtracell Vesicles. 2020;10:€12049. https://doi.org/10.1002/
jev2.12049.

Haraszti RA, Miller R, Dubuke ML, Rockwell HE, Coles AH,
Sapp E, et al. Serum deprivation of mesenchymal stem cells
improves exosome activity and alters lipid and protein com-
position. iScience. 2019;16:230-41. https://doi.org/10.1016/
j.isci.2019.05.029.

Kang H, Bae YH, Kwon Y, Kim S, Park J. Extracellu-
lar vesicles generated using bioreactors and their ther-
apeutic effect on the acute kidney injury model. Adv
Healthc Mater. 2022;11:2101606. https://doi.org/10.1002/
adhm.202101606.

Guo S, Debbi L, Zohar B, Samuel R, Arzi RS, Fried Al, et al.
Stimulating extracellular vesicles production from engi-
neered tissues by mechanical forces. Nano Lett. 2021;21:
2497-504. https://doi.org/10.1021/acs.nanolett.0c04834.
Liu XC, Tian JW, Xu JY, Chen LG, Ye ZW, Huang J, et al.
Extracellular vesicle manufacture via FACTORY: fully auto-
mated collection technology and optimum machinery for
clinical translational applications. Trends Biotechnol. 2025;
43:2947-69. https://doi.org/10.1016/j.tibtech.2025.06.020.
Clos-Sansalvador M, Monguié-Tortajada M, Roura S, Fran-
quesa M, Borras FE. Commonly used methods for extracellu-
lar vesicles’ enrichment: implications in downstream analy-
sesand use. Eur J Cell Biol. 2022;101:151227. https://doi.org/
10.1016/j.ejcb.2022.151227.

Zhang K, Yue Y, Wu S, Liu W, Shi J, Zhang Z. Rapid
capture and nondestructive release of extracellular
vesicles using Aptamer-based magnetic isolation. ACS
Sens. 2019;4:1245-51. https://doi.org/10.1021/acssensors.
9b00060.

ZengL,HuS, ChenX, Zhang P, Gu G, Wang, et al. Extraction
of small extracellular vesicles by label-free and biocompati-
ble on-chip magnetic separation. Lab Chip.2022;22:2476-88.
https://doi.org/10.1039/d2lc00217e.

Lan M, Ren Z, Cheng C, Li G, Yang F. Small extracellular
vesicles detection using dielectrophoresis-based microflu-
idic chip for diagnosis of breast cancer. Biosens Bioelec-
tron. 2024;259:116382. https://doi.org/10.1016/j.bios.2024.
116382.

Lu H, Zhang J, Shen T, Jiang W, Liu H, Su J. Harnessing
artificial intelligence for engineering extracellular vesicles.
Extracell Vesicles Circ Nucl Acids. 2025;6:522-46. https://doi.
org/10.20517/evcna.2025.35.

Frankin RT, Reid L, Theodore DR. The role of artificial intel-
ligence in shaping dentistry through advancement in data
acquisition, clinical practice, education, and research. Den-
tal Res. 2026;1:100005. https://doi.org/10.1016/].dtrs.2025.
100005.

Ning Y, Srinivas SR, Nigel B, Saso |, Han PP. Salivary large
extracellular vesicle associated bacterial DNA reflects peri-
odontal disease status and non-surgical periodontal ther-
apy response. Dental Res. 2026;1:100006. https://doi.org/10.
1016/j.dtrs.2025.100006.

Ma CY, Zhai Y, Li CT, Liu J, Xu X, Chen H, et al. Translating
mesenchymal stem cell and their exosome research into
GMP compliant advanced therapy products: promises, prob-
lems and prospects. Med Res Rev. 2024;44:919-38. https://
doi.org/10.1002/med.22002.

DongZ,LiuX, ZhouS, ZhuY, Chen J, Liu Y, et al. Microsphere
lens array embedded microfluidic chip for SERS detection

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1002/term.1686
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1111/j.1525-1594.2009.00991.x
https://doi.org/10.1186/s13287-016-0417-x
https://doi.org/10.3390/ijms23126480
https://doi.org/10.3390/ijms23126480
https://doi.org/10.3390/ijms23126480
https://doi.org/10.3390/ijms23126480
https://doi.org/10.3390/ijms23126480
https://doi.org/10.3390/ijms23126480
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.1016/j.bioactmat.2025.06.005
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.3389/fbioe.2025.1487627
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1016/j.biotechadv.2022.108092
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1186/s13287-020-01719-2
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.1007/s13770-021-00352-1
https://doi.org/10.3390/cancers10100370
https://doi.org/10.3390/cancers10100370
https://doi.org/10.3390/cancers10100370
https://doi.org/10.3390/cancers10100370
https://doi.org/10.3390/cancers10100370
https://doi.org/10.3390/cancers10100370
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.mtbio.2022.100527
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1002/jev2.12049
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1002/adhm.202101606
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1021/acs.nanolett.0c04834
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.tibtech.2025.06.020
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1039/d2lc00217e
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.1016/j.bios.2024.116382
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.20517/evcna.2025.35
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100005
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1016/j.dtrs.2025.100006
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002
https://doi.org/10.1002/med.22002

Burns & Trauma, 2026, Vol. 14, tkag030

43

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

with simultaneous enhancement of sensitivity and stabil-
ity. Biosens Bioelectron. 2024;261:116505. https://doi.org/
10.1016/j.bios.2024.116505.

Xiao X, Wu K, Yan A, Wang JG, Zhang Z, Li D. Intelligent prob-
abilistic system for digital tracing cellular origin of individual
clinical extracellular vesicles. Anal Chem. 2021;93:10343-50.
https://doi.org/10.1021/acs.analchem.1c01971.

Wang YT, Cai MD, Sun LL, Hua RN. A rapid and facile
separation-detection integrated strategy for exosome profil-
ing based on Boronic acid-directed coupling Immunoaffin-
ity. Anal Chem. 2021;93:16059-67. https://doi.org/10.1021/
acs.analchem.1c03643.

Greenberg ZF, Graim KS, He M. Towards artificial
intelligence-enabled extracellular vesicle precision drug
delivery. Adv Drug Deliv Rev. 2023;199:114974. https://doi.
org/10.1016/j.addr.2023.114974.

Reel PS, Reel S, Pearson E, Trucco E, Jefferson E. Using
machine learning approaches for multi-omics data analysis:
a review. Biotechnol Adv. 2021;49:107739. https://doi.org/
10.1016/j.biotechadv.2021.107739.

Xu G, Jin J, Fu Z, Wang G, Lei X, Xu J, et al. Extracellu-
lar vesicle-based drug overview: research landscape, qual-
ity control and nonclinical evaluation strategies. Signal
Transduct Target Ther.2025;10:255. https://doi.org/10.1038/
$41392-025-02312-w.

Duong A, Parmar G, Kirkham AM, Burger D, Allan DS.
Registered clinical trials investigating treatment with cell-
derived extracellular vesicles: a scoping review. Cytotherapy.
2023;25:939-45. https://doi.org/10.1016/j.jcyt.2023.04.007.
Takakura Y, Matsumoto A, Takahashi Y. Therapeutic appli-
cation of small extracellular vesicles (sEVs): pharmaceu-
tical and pharmacokinetic challenges. Biol Pharm Bull.
2020;43:576-83. https://doi.org/10.1248/bpb.b19-00831.
Hu XM, Wang CC, Xiao Y, Liu Y, Huang HR, Jiang P, et al. Non-
clinical safety evaluation of exosomes derived from human
umbilical cord mesenchymal stem cellsin Cynomolgus mon-
keys. Int J Nanomedicine. 2024;19:4923-39. https://doi.org/
10.2147/1JN.S454438.

Huang L, Xiao L, Jung Poudel A, Li J, Zhou P, Gauthier M,
et al. Porous chitosan microspheres as microcarriers for 3D
cell culture. Carbohydr Polym. 2018;202:611-20. https://doi.
org/10.1016/j.carbpol.2018.09.021.

Loch-Neckel G, Matos AT, Vaz AR, Brites D. Challenges in the
development of drug delivery systems based on small extra-
cellular vesicles for therapy of brain diseases. Front Phar-
macol. 2022;13:839790. https://doi.org/10.3389/fphar.2022.
839790.

Su X, Wang H, Li Q, Chen Z. Extracellular vesicles: a review
of their therapeutic potentials, sources, biodistribution, and
administration routes. Int J Nanomedicine. 2025;20:3175-99.
https://doi.org/10.2147/1JN.S502591.

Takakura Y, Hanayama R, Akiyoshi K, Futaki S, Hida
K, Ichiki T, et al. Quality and safety considerations for

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

therapeutic products based on extracellular vesicles. Pharm
Res. 2024;41:1573-94. https://doi.org/10.1007/s11095-024
-03757-4.

VermaN, Arora S. Navigating the global regulatory landscape
for exosome-based therapeutics: challenges, strategies, and
future directions. Pharmaceutics. 2025;17:990. https://doi.
org/10.3390/pharmaceutics17080990.

Fujita M, Hatta T, Ikka T, Onishi T. The urgent need for clear
and concise regulations on exosome-based interventions.
Stem Cell Reports. 2024;19:1517-9. https://doi.org/10.1016/
j.stemcr.2024.09.008.

Wang CK, Tsai TH, Lee CH. Regulation of exosomes as bio-
logic medicines: regulatory challenges faced in exosome
development and manufacturing processes. Clin Transl Sci.
2024;17:13904. https://doi.org/10.1111/cts.13904.

Ding JY, Chen MJ, Wu LF, Shu GF, Fang SJ, Li ZY, et al.
Mesenchymal stem cell-derived extracellular vesicles in skin
wound healing: roles, opportunities and challenges. Mil
Med Res. 2023;10:36. https://doi.org/10.1186/s40779-023-00
472-w.

Jiang Y, Li X, Huang R, Lei F, Li L, Yang B, et al. Lyophilized
apoptotic vesicles improve hemostasis and bone regenera-
tion in traumatic patients with impacted third molar extrac-
tion. Mol Ther. 2025;33:2931-44. https://doi.org/10.1016/j.
ymthe.2025.02.033.

Sengupta V, Sengupta S, Lazo A, Woods P, Nolan A, Bre-
mer N. Exosomes derived from bone marrow mesenchy-
mal stem cells as treatment for severe COVID-19. Stem
Cells Dev.2020;29:747-54. https://doi.org/10.1089/scd.2020.
0080.

Kordelas L, Rebmann V, Ludwig AK, Radtke S, Ruesing
J, Doeppner TR, et al. MSC-derived exosomes: a novel
tool to treat therapy-refractory graft-versus-host disease.
Leukemia. 2014;28:970-3. https://doi.org/10.1038/leu.20
14.41.

Zhou T, He C, Lai P, Yang Z, Liu Y, Xu H, et al. miR-204-
containing exosomes ameliorate GVHD-associated dry eye
disease. Sci Adv. 2022;8:eabj9617. https://doi.org/10.1126/
sciadv.abjo617.

Li Q, Ding Y, Shi Y, Qiu C, Lei L, Li S, et al. 80 years of
extracellular vesicles: from discovery to clinical translation.
Extracell Vesicles Circ Nucl Acids. 2026;7:165-233 10.20517/
evcna.2025.161.

Zhang KC, Mu SH, Song RF, Gao YR, Zhang S, Zheng CX,
et al. Multiorgan repair by MSC-derived extracellular vesicles
in hepatorenal syndrome through necroptosis alleviation,
immune reprogramming and fibrosis resolution. Extracell
Vesicles Circ Nucleic Acids. 2026;7:34-50. https://dx.doi.org/
10.20517/evcna.2025.99.

Tong L, van Wijnen AJ, Wang H, Chen D. Advancing bone
biology: the mutual promotion of biology and pioneering
technologies. Innov Life. 2024;2:100078. https://doi.org/10.
59717/j.xinn-life.2024.100078.

© The Author(s) 2026. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the
original work is properly cited

Burns & Trauma, 2026, 14, tkag030
htps://doi.org/10.1093/burnst/tkag030

Review

9202 1990J20 Z| U0 1sanB Aq $0G1698/0£0BEN)/ISUING/EE0L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJ) Papeojumoq


https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1016/j.bios.2024.116505
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c01971
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1021/acs.analchem.1c03643
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.addr.2023.114974
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1038/s41392-025-02312-w
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1016/j.jcyt.2023.04.007
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.1248/bpb.b19-00831
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.2147/IJN.S454438
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.1016/j.carbpol.2018.09.021
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.2147/IJN.S502591
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.3390/pharmaceutics17080990
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1016/j.stemcr.2024.09.008
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1111/cts.13904
https://doi.org/10.1186/s40779-023-00472-w
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1016/j.ymthe.2025.02.033
https://doi.org/10.1089/scd.2020.0080
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
https://doi.org/10.1126/sciadv.abj9617
10.20517/evcna.2025.161
10.20517/evcna.2025.161
10.20517/evcna.2025.161
10.20517/evcna.2025.161
10.20517/evcna.2025.161
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://dx.doi.org/10.20517/evcna.2025.99
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://doi.org/10.59717/j.xinn-life.2024.100078
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/burnst/tkag030

	 Tissue regeneration strategies based on mesenchymal stem cell-derived extracellular vesicles: from bench to bedside
	Background
	Review
	Conclusions
	 Acknowledgements
	Author contributions
	Conflicts of interest
	Funding


