'.) Check for updates

Aging Cell

WILEY ‘

| REVIEW ARTICLE CETTED

Engineering Extracellular Vesicles for Anti-Aging Therapy:
Mechanisms, Applications, and Perspectives

Xian Huang!-? | Qiujie Li? | Guofang Tao® | Xulin Gan®* | Jiangjie Lu! | Sergei Krasny® | Liyun Shi?®
g J g g) g y y

ICollege of Life and Environmental Sciences, Hangzhou Normal University, Hangzhou, China | ?Key Laboratory of Artificial Organs and Computational
Medicine in Zhejiang Province, Institute of Translational Medicine, Zhejiang Shuren University, Hangzhou, China | 3Laboratory & Equipment
Management Department, Hangzhou Normal University, Hangzhou, China | *School of Public Health, Zhejiang Chinese Medical University, Hangzhou,
China | °N. N. Alexandrov National Cancer Centre of Belarus, Minsk, Belarus | ®Yuhang Institute of Medical Science Innovation and Transformation,
Hangzhou, Zhejiang, China

Correspondence: Jiangjie Lu (lujj@hznu.edu.cn) | Liyun Shi (sly0202@zjsru.edu.cn)
Received: 11 March 2026 | Revised: 4 June 2026 | Accepted: 14 June 2026

Keywords: aging | clinical translation | extracellular vesicles | targeted delivery

ABSTRACT

Aging is a multifactorial process driven by interconnected hallmarks, including chronic inflammation, mitochondrial dysfunc-
tion, genomic and epigenetic alterations, and dysregulated intercellular communication. Extracellular vesicles (EVs), naturally
derived nanoscale membrane vesicles capable of transporting diverse bioactive cargoes across tissues and biological barriers,
have emerged as a highly promising platform for regenerative and anti-aging therapeutics. In this review, we systematically
summarize the multifaceted anti-aging mechanisms of EVs, including suppression of the senescence-associated secretory phe-
notype (SASP), remodeling of the immune microenvironment, mitochondrial restoration and metabolic reprogramming, DNA
damage repair, epigenetic modulation, recovery of proteostasis, activation of regenerative signaling pathways, and cross-organ
communication-mediated rejuvenation. Beyond mechanistic insights, we integrate the targeting biology and cellular entry prop-
erties of EVs, encompassing natural tropism determinants, engineered targeting strategies, biodistribution profiles, receptor-
ligand interactions, intracellular trafficking, and subcellular cargo release. Unlike previous reviews focusing on a single EV
source or isolated pathways, we establish a comprehensive framework connecting molecular mechanisms with delivery engi-
neering, tissue targeting, biosafety assessment, scalable manufacturing, and clinical translation. We address major technical
bottlenecks limiting EV therapeutics—including EV heterogeneity, suboptimal delivery efficiency, endosomal degradation, and
the lack of standardized quality-control frameworks—while highlighting emerging solutions such as bioengineered EVs, hybrid
vesicle platforms, biomaterial-assisted delivery systems, and ultrasound-enhanced targeting technologies. By bridging funda-
mental biology, nanomedicine engineering, and clinical translation, this review provides a strategic roadmap for the develop-
ment of next-generation precision anti-aging nanotherapeutics with systemic regulatory capacity, translational feasibility, and
broad clinical potential.

1 | Introduction across molecular, cellular, tissue, and organismal levels. It is

characterized by a series of conserved hallmarks, including ge-
Aging is a complex and systemic biological process involving nomic instability, telomere attrition, epigenetic alterations, loss
multiple interconnected pathways and regulatory networks of proteostasis, mitochondrial dysfunction, cellular senescence
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and the senescence-associated secretory phenotype, stem cell
exhaustion, deregulated nutrient sensing, altered intercellular
communication, and chronic low-grade inflammation (Childs
et al. 2017; Guo et al. 2026; Kennedy et al. 2014; Lopez-Otin
et al. 2013, 2023). Collectively, these age-associated alterations
contribute to the onset and progression of disorders affecting the
cardiovascular, neurological, musculoskeletal, metabolic, and
renal systems, ultimately resulting in impaired tissue regener-
ative capacity, aggravated immunosenescence, and increased
metabolic dysfunction in aging and multimorbid populations
(Childs et al. 2017; Kennedy et al. 2014; Lopez-Otin et al. 2023).
Although small molecules, lifestyle interventions, and organ-
specific therapies have shown therapeutic benefits in certain
contexts, their ability to comprehensively modulate the com-
plex aging network remains limited due to the multifactorial
and multisystem nature of aging. Moreover, current biomark-
ers of biological aging, including epigenetic clocks, inflamma-
tory proteomic signatures, and functional indicators, still lack
standardized and clinically actionable evaluation frameworks,
thereby restricting cross-study comparability and translational
implementation. Therefore, there is an urgent need to develop
therapeutic strategies capable of broadly correcting aberrant
aging-associated signals across tissues and organ systems.
Importantly, such interventions must also exhibit robust man-
ufacturing scalability, safety, and translational feasibility to ad-
dress the growing clinical and public health challenges posed by
population aging (Childs et al. 2017; Kennedy et al. 2014; Lopez-
Otin et al. 2013).

EVs are a heterogeneous population of nanosized particles nat-
urally secreted by both prokaryotic and eukaryotic cells and
enclosed by a lipid bilayer membrane. Acting as critical me-
diators of intercellular communication, EVs transfer diverse
bioactive cargoes, including proteins, lipids, mRNAs, and non-
coding RNAs, to recipient cells. Based on their size, biogene-
sis pathways, and biological characteristics, EVs are generally
classified into three major subtypes: exosomes (30-150nm),
microvesicles (100-1000nm), and apoptotic bodies (1-5pm)
(Gyorgy et al. 2011; Kumar et al. 2024). Exosome biogenesis is
a tightly regulated intracellular process that originates within
the endosomal system. It is initiated by the inward budding of
the limiting membrane of early endosomes, leading to the for-
mation of intraluminal vesicles (ILVs) within multivesicular
bodies (MVBs). The sorting and packaging of cargo during this
process are primarily regulated through two major mecha-
nisms: the Endosomal Sorting Complex Required for Transport
(ESCRT)-dependent pathway and the ESCRT-independent path-
way (Babst 2011; Horbay et al. 2022; Wei et al. 2021). Following
maturation, MVBs are transported along the cytoskeleton to-
ward the plasma membrane, a process primarily regulated by
Rab family GTPases (Hyenne et al. 2018; Liu et al. 2025; Wei
et al. 2021). Subsequently, MVBs dock and fuse with the plasma
membrane through SNARE complex-mediated membrane fu-
sion, resulting in the release of exosomes into the extracellular
space (Fukuda 2025; Liu, Liu, et al. 2023; Yang et al. 2019). These
vesicles carry characteristic surface markers, including tetrasp-
anins, membrane transport proteins, and biogenesis-associated
proteins, which not only protect their cargoes from enzymatic
degradation but also influence their biodistribution, cellular tar-
geting, and biological functions within complex physiological
environments (Skowyra et al. 2024).

The therapeutic properties of EVs are intrinsically influenced
by their parental cell origin, thereby providing a versatile cell-
free therapeutic platform for regenerative medicine and anti-
aging interventions. The spectrum of therapeutically relevant
EVs has expanded considerably beyond mesenchymal stem cell
(MSC)-derived vesicles to include EVs originating from im-
mune cells and blood components. For instance, EVs derived
from M2-polarized macrophages and neural stem cells exhibit
potent anti-inflammatory and neuroregenerative properties,
whereas platelet-derived EVs (PEVs) are enriched in growth
factors that promote wound healing, angiogenesis, and tissue
repair (Antich-Rossello et al. 2021; Madhu et al. 2024). A major
paradigm shift in the field has been the emergence of organelle-
derived therapeutics, particularly mitochondria-derived vesicles
(MitoEVs), which are capable of transferring functional mito-
chondrial components and metabolic enzymes to recipient cells,
thereby restoring oxidative phosphorylation and ameliorating
pathological conditions ranging from lung injury to metabolic
syndrome (Ferrucci et al. 2024; Wu et al. 2024; Zhou et al. 2023).
In addition, recent advances in bioengineering have led to the
development of bacterial EVs and artificial cell-derived vesicle
mimetics, which provide highly customizable and scalable alter-
natives to naturally derived vesicles with improved production
yield and engineering flexibility (Duan et al. 2024; Robinson
et al. 2025). Compared with whole-cell therapies, these diverse
EV populations exhibit superior biosafety profiles, with mini-
mal risks of tumorigenicity, immune rejection, or vascular oc-
clusion. In addition, EVs demonstrate greater storage stability
and possess the unique capacity to penetrate complex biological
barriers, including the blood-brain barrier. Collectively, these
advantages position EVs as a promising next-generation plat-
form for precision nanomedicine in the treatment of aging and
age-related diseases (Kumar et al. 2024).

While conventional therapeutic strategies are often constrained
by single-target mechanisms and safety concerns, including
tumorigenicity and immune-related adverse effects (Conboy
et al. 2005; Mehdipour et al. 2020; Robbins and Morelli 2014;
Sahoo and Losordo 2014; Villeda et al. 2014), EVs provide a
promising cell-free alternative characterized by low immuno-
genicity, high engineering flexibility, and the ability to modu-
late multiple signaling pathways simultaneously (Kamerkar
et al. 2017; Mager et al. 2013; Tkach and Thery 2016; Wilkinson
et al. 2012; Xia et al. 2022). Nevertheless, the clinical transla-
tion of EV-based therapeutics remains substantially hindered
by several biological and technical challenges, including source
heterogeneity, rapid clearance by the reticuloendothelial sys-
tem, inefficient endosomal escape, insufficient manufacturing
standardization, and the lack of comprehensive long-term safety
evaluation frameworks. Therefore, this review focuses on two
major themes: the mechanisms underlying EV-mediated anti-
aging effects and the targeting and cellular entry properties
of EVs.

Specifically, we summarize the multifaceted anti-aging func-
tions of EVs, including immunomodulation, mitochondrial
restoration and metabolic reprogramming, genetic and epi-
genetic information transfer, regulation of proteostasis and
autophagy lysosomal pathways, and stem cell-mediated regen-
erative signaling. In parallel, we systematically discuss the tar-
geting biology of EVs, encompassing natural and engineered
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targeting determinants, delivery routes and biodistribution
patterns, receptor-ligand interaction networks, microenvi-
ronmental influences, cellular uptake and intracellular traf-
ficking, as well as cargo release and subcellular localization.
Furthermore, we integrate current evaluation frameworks re-
lated to pharmacokinetics, biosafety, toxicology, and quality
attributes, with the aim of facilitating interdisciplinary collab-
oration and accelerating the clinical translation of EV-based
anti-aging therapeutics.

In recent years, a substantial number of reviews have been
published in the field of EVs. However, most existing studies
primarily focus on a specific EV source, such as mesenchymal
stem cell-derived exosomes, individual signaling pathways, or
particular categories of aging-related diseases. Other reviews
mainly emphasize engineering modifications or drug delivery
strategies, while many regard EVs merely as passive regulators
of specific pathological phenotypes. In contrast, comprehensive
frameworks that systematically integrate the diverse anti-aging
mechanisms of EVs remain relatively scarce. In particular, the
coordinated roles of EVs in immune regulation, mitochondrial
restoration and metabolic reprogramming, genetic and epigene-
tic information transfer, proteostasis and autophagy-lysosomal
regulation, as well as stem cell-mediated regenerative signal-
ing, have rarely been discussed within a unified anti-aging
paradigm.

The present review differs substantially from previous reviews
in both conceptual scope and translational emphasis, with its
unique value primarily reflected in two major aspects. First,
rather than merely summarizing the beneficial effects of EVs in
specific aging phenotypes, we systematically examine the entire
mechanistic cascade underlying EV-mediated anti-aging func-
tions, including cellular entry pathways, intracellular traffick-
ing processes, subcellular cargo release, and their downstream
biological effects. This integrated connection between EV tar-
geting biology, intracellular dynamics, and functional outcomes
has rarely been comprehensively discussed in previous reviews.

Second, unlike most existing reviews that only briefly address
translational challenges in the concluding section, we place bio-
safety evaluation, quality control, pharmacokinetic assessment,
and manufacturing standardization at the same level of impor-
tance as fundamental mechanistic studies. In particular, we
provide an in-depth discussion of the biosafety and translational
risks of EV-based therapeutics and further propose a reference
framework for evaluating their quality attributes and clinical
applicability. Collectively, this review aims to bridge fundamen-
tal EV biology with translational nanomedicine, thereby provid-
ing a more comprehensive theoretical and practical foundation
for the development of next-generation anti-aging therapeutics.

In addition, there are few existing reviews that can take into
account the targeting strategies of natural EVs and engineered
EVs at the same time. There is also a lack of integrated analysis
of the interaction between receptor-ligand networks, microenvi-
ronment factors, and in vivo distribution differences caused by
different administration routes. This review systematically sum-
marizes the above contents, and further connects natural tar-
geting determinants, engineered modification strategies, drug
delivery routes and biodistribution, receptor-ligand interaction

networks and their microenvironment regulation, cell uptake
and intracellular transport, and cargo release and subcellular
localization into a coherent knowledge chain.

Overall, this review is not intended as a repetitive summary of
the existing literature, but rather as an effort to bridge the critical
gap between mechanistic research, bioengineering innovation,
and clinical translation. Specifically, we aim to move beyond the
descriptive observation that “EVs are effective in aging models”
toward a more comprehensive understanding of how EVs can
be safely, efficiently, and controllably developed as anti-aging
therapeutics. By integrating perspectives spanning fundamental
mechanisms, targeting biology, engineering strategies, biosafety
evaluation, and translational medicine, this review provides a
conceptual framework that combines both theoretical depth and
practical translational value for basic researchers, bioengineers,
and therapeutic developers. The multifunctional roles, engi-
neering strategies, and translational applications of EVs in anti-
aging therapy are schematically illustrated in Figure 1.

2 | Biological Characteristics of EVs
2.1 | Definition and Biological Properties

EVs are nanosized lipid bilayer-enclosed structures secreted by
nearly all cell types under both physiological and pathological
conditions. They are widely distributed in various biological flu-
ids, including blood, urine, saliva, and cerebrospinal fluid. As
critical mediators of intercellular communication, EVs encapsu-
late and transport diverse bioactive cargoes, including proteins,
lipids, nucleic acids, and metabolites, thereby regulating gene
expression, signaling pathways, and biological functions in re-
cipient cells (Chitti et al. 2024; Welsh et al. 2024; Yu et al. 2023).
According to the latest guidelines of the International Society
for EVs (MISEV2023), EVs are broadly classified into three
major subtypes based on their biogenesis pathways and size
characteristics: exosomes (30-150nm), which originate from
the endosomal pathway; microvesicles, also referred to as ec-
tosomes (100-1000nm), which are generated through direct
outward budding of the plasma membrane; and apoptotic bod-
ies (>1000nm), which are produced during programmed cell
death. This biological heterogeneity enables EVs to participate
in a wide range of physiological and pathological processes, in-
cluding the maintenance of tissue homeostasis, modulation of
disease progression, and mediation of therapeutic responses
(Konig and McBride 2024).

2.2 | Molecular Markers and Identification

Accurate characterization and identification of EVs constitute
the foundation for both basic research and translational appli-
cations in the field. According to the MISEV guidelines and re-
cent technological advances, EV identification primarily relies
on the detection of specific combinations of protein markers.
Among these, CD9, CD63, and CD81, which belong to the trans-
membrane tetraspanin family, are considered the most widely
recognized positive surface markers of EVs and are extensively
used in immunocapture, flow cytometry, and vesicle charac-
terization assays (Bonner et al. 2024; von Lersner et al. 2024;
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FIGURE1 | Schematic overview of EV based anti-aging strategies and clinical translation. Created in httpsBioRender.

Welsh et al. 2024). Because exosomes originate from MVBs,
they are typically enriched in proteins associated with the en-
dosomal sorting complex required for transport machinery, in-
cluding TSG101, ALIX, and syntenin-1. In addition, heat shock
proteins (HSPs) are commonly used as representative cytosolic
markers of EVs. To ensure the purity and reliability of EV iso-
lation, it is equally important to assess negative markers, such
as the endoplasmic reticulum-associated protein calnexin, the
Golgi apparatus marker GM130, and the mitochondrial protein
cytochrome c, thereby excluding potential contamination from
cellular debris, organelles, or cell lysates (Welsh et al. 2024).

2.3 | Biogenesis and Secretion Regulation

The biogenesis of EVs is a highly coordinated and tightly regu-
lated biological process. Exosome formation is initiated by the
inward invagination of the plasma membrane, leading to the
generation of early endosomes. During endosomal maturation,
cytosolic cargoes are selectively sorted into the lumen through
either ESCRT-dependent mechanisms or ceramide-mediated
ESCRT-independent pathways, ultimately resulting in the for-
mation of MVBs containing ILVs (Ovcar and Kovacic 2024; Yu
et al. 2023). Following maturation, MVBs are transported to-
ward the plasma membrane under the regulation of Rab family
GTPases. Subsequently, MVBs fuse with the plasma membrane
through SNARE complex-mediated membrane fusion, result-
ing in the extracellular release of ILVs as exosomes. In contrast,
the biogenesis of microvesicles represents a more direct process
that primarily depends on alterations in plasma membrane lipid
asymmetry and cytoskeletal remodeling. Under the regulation of
small GTPases such as ARF6 and RhoA, the plasma membrane

undergoes outward budding and membrane fission, ultimately
leading to microvesicle release (Mathieu et al. 2019; Yu 2021).

2.4 | Overview of Extracellular Vesicle Sources

2.4.1 | Sources of Stem Cells: The Core Power
of Regeneration

Owing to their low immunogenicity and potent paracrine regen-
erative capacity, stem cell-derived EVs have emerged as one of
the most promising platforms for cell-free regenerative thera-
pies. Among them, MSC-derived EVs are the most extensively
studied. EVs derived from adipose-derived MSCs (ADSCs) ex-
hibit strong therapeutic potential in skin rejuvenation, collagen
regeneration, and soft tissue repair, partly through microRNA-
mediated attenuation of oxidative stress and cellular senescence
(Luo et al. 2024; Wong et al. 2023; Zheng et al. 2023). Human
umbilical cord-derived MSC (hUC-MSC)-EVs possess pro-
nounced immunomodulatory and pro-angiogenic properties,
making them attractive for the treatment of autoimmune dis-
orders, acute kidney injury, and chronic wounds. In addition,
bone marrow MSC-derived EVs play important roles in bone
and cartilage regeneration as well as osteoimmune regulation,
whereas induced pluripotent stem cell (iPSC)-derived EVs have
recently gained increasing attention because of their potential
in tissue rejuvenation, senescence reversal, and neuroprotection
(Ding et al. 2024; Salehpour et al. 2024).

Collectively, the therapeutic functions of stem cell-derived EVs
are closely associated with the biological characteristics of their
parental cells, highlighting the importance of source selection
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for specific anti-aging and regenerative applications. Future
studies should further establish standardized evaluation sys-
tems to optimize EV source selection, potency, and translational
safety.

2.4.2 | Sources of Immune and Endothelial Cells:
Modulators of the Microenvironment

EVs derived from immune cells and endothelial cells are key
regulators of inflammatory microenvironments and vascular
homeostasis. Macrophage-derived EVs exhibit pronounced
functional plasticity that reflects the polarization state of
their parental cells. Pro-inflammatory M1-EVs enhance an-
timicrobial and immune defense responses, whereas anti-
inflammatory M2-EVs, enriched in IL-10 and TGF-§, suppress
tissue inflammation and promote tissue repair and regeneration
(Lin et al. 2024; Ovcar and Kovacic 2024; Xia et al. 2020). In par-
allel, dendritic cell-derived EVs express high levels of major his-
tocompatibility complex (MHC) molecules and co-stimulatory
proteins, enabling their development as endogenous nanocarri-
ers for tumor immunotherapy and vaccine delivery (Buzas 2023;
Huang et al. 2024). Endothelial cell-derived EVs also play dual
and context-dependent roles in vascular biology. Under physio-
logical conditions, they contribute to vascular integrity and co-
agulation homeostasis; however, EVs released from senescent or
damaged endothelial cells often carry inflammatory mediators
and procoagulant factors that promote atherosclerosis and vas-
cular calcification (Panda and Kubes 2023).

Together, these findings highlight the dynamic immunoreg-
ulatory and vascular-modulating properties of immune- and
endothelial-derived EVs, suggesting their considerable potential
as both therapeutic agents and disease biomarkers in aging-
associated inflammatory and cardiovascular disorders.

2.4.3 | Other Somatic, Organoid, and Special Vesicle
Sources: Emerging Frontiers

Beyond the major EV sources described above, several emerging
EV subtypes are attracting increasing attention because of their
unique biological and therapeutic properties. Platelet-derived
EVs (PEVs), the most abundant vesicle population in circu-
lating blood, are enriched in growth factors such as platelet-
derived growth factor (PDGF) and vascular endothelial growth
factor (VEGF), enabling their broad application in hemostasis,
wound healing, angiogenesis, and tissue regeneration. In paral-
lel, organoid-derived EVs have recently emerged as a promising
research direction. Owing to the ability of three-dimensional
organoid systems to more accurately recapitulate the native
tissue microenvironment, organoid-derived EVs exhibit im-
proved cargo fidelity and organ-specific targeting capabilities
compared with conventional two-dimensional culture systems,
particularly in liver, kidney, and brain organoid models (Zhou
et al. 2024). In addition, mitochondria-derived vesicles (MDVs)
represent a distinct EV subtype generated independently of
the canonical exosomal pathway through direct budding
from mitochondrial membranes. MDVs participate in mito-
chondrial quality control by transporting damaged mitochon-
drial components and mitochondrial DNA (mtDNA), thereby

influencing metabolic adaptation, innate immune signaling,
and the senescence-associated secretory phenotype (SASP).
Furthermore, advances in bioengineering have accelerated the
development of engineered EVs and plant-derived vesicles as
customizable platforms for drug delivery and precision nano-
medicine (Herrmann et al. 2021; Jeppesen et al. 2019; Zhong
et al. 2023; Ziegler and Tian 2023).

Collectively, the expanding diversity of EV sources is continu-
ously broadening the functional landscape and translational
potential of EV-based therapeutics. Future studies should focus
on clarifying source-specific biological functions, improving
scalable production strategies, and establishing standardized
quality-control systems for clinical application.

3 | Mechanisms of EV-Mediated Anti-Aging
Effects

EVs are nanoscale membrane-bound structures secreted by
nearly all cell types and serve as important mediators of intercel-
lular communication. By transporting diverse bioactive cargoes,
including proteins, lipids, mRNAs, microRNAs (miRNAs), long
non-coding RNAs (IncRNAs), and DNA, EVs regulate a wide
range of physiological and pathological processes. In recent
years, increasing evidence has demonstrated that EVs derived
from young individuals or regenerative cell sources possess sig-
nificant anti-aging potential, with the ability to delay cellular
senescence, restore tissue function, and improve organismal
homeostasis.

The anti-aging effects of EVs are mediated through multiple
interconnected mechanisms. These include suppression of the
SASP and remodeling of the immune microenvironment, regu-
lation of mitochondrial homeostasis and metabolic reprogram-
ming, modulation of DNA damage responses and epigenetic
remodeling, activation of stem cell-mediated regenerative sig-
naling, restoration of autophagy-lysosomal function, and medi-
ation of inter-organ communication networks that contribute to
systemic rejuvenation.

Collectively, these multifaceted mechanisms position EVs as
promising systemic regulators rather than passive signaling
carriers, highlighting their potential as next-generation thera-
peutic platforms for aging and age-related diseases. The major
anti-aging mechanisms mediated by EVs are discussed in the
following sections.

3.1 | Inhibition of SASP and Remodulation
of the Immune Microenvironment

The SASP is a hallmark feature of senescent cells and is char-
acterized by the persistent release of pro-inflammatory cy-
tokines, chemokines, and matrix-degrading enzymes, which
collectively drive chronic low-grade inflammation, disrupt
tissue homeostasis, and propagate senescence to neighboring
cells (Cao et al. 2025; Wallis et al. 2021). Increasing evidence
indicates that EVs can effectively suppress SASP activity by
modulating inflammatory signaling pathways, remodeling im-
mune responses, and facilitating the clearance of senescent cells
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FIGURE 2 | Extracellular vesicles delay aging by inhibiting the remodeling of the immune microenvironment and the accumulation of SASP.

(a) MSC-EVs deliver miR-21-5p to inhibit the SASP response in a mouse model of skin aging. Reproduced with permission (Peng, Liu, et al. 2024).
Copyright 2024 Theranostics. (b) EVs regulate the miR-146a-5p-mediated TRAF6/IRAK]1 signaling pathway to alleviate neuroinflammation and
improve cognitive function decline. Reproduced with permission (Hua et al. 2022). Copyright 2022 Springer Nature. (c) MSC-EVs promote the po-
larization of M2-type macrophages and inhibit inflammatory responses. Reproduced with permission (Zhao et al. 2022). Copyright 2022 Elsevier.

(El-Awady et al. 2022; Tesei et al. 2021; Zhu et al. 2025; Ziglari
et al. 2025).

Among the most extensively studied mechanisms, MSC-
derived EVs significantly inhibit NF-xB and p38 MAPK sig-
naling in senescent cells, thereby reducing the secretion of
inflammatory mediators such as IL-6 and MCP-1 and allevi-
ating both local and systemic inflammation (Zhang, Zhang,
et al. 2024; Zhang, Ji, Liu, et al. 2025). For example, human
umbilical cord MSC-EVs suppress SASP activation in aged
skin by delivering miR-21-5p to regulate the PDCD4/NF-
xB signaling axis (Figure 2a) (Palama et al. 2023; Peng, Liu,
et al. 2024). In the nervous system, EV-mediated delivery of
miR-146a-5p has been shown to attenuate neuroinflammation
and improve cognitive impairment through modulation of
TRAF6/IRAKI signaling (Figure 2b) (Hua et al. 2022; Meng
et al. 2024).

EVs also exert important immunoregulatory effects against
immunosenescence, which is typically characterized by T-cell
exhaustion, macrophage polarization imbalance, and impaired
NK cell activity (Dahlquist et al. 2024; Garabedian et al. 2025;
Tao et al. 2025). MSC-EVs promote macrophage polarization to-
ward the anti-inflammatory M2 phenotype, enhancing phago-
cytosis while suppressing excessive inflammatory responses
(Figure 2c¢) (Kim et al. 2022; Zhao et al. 2022). In addition,
adipose-derived MSC-EVs attenuate LPS-induced cytokine
storms through TSG-6-mediated anti-inflammatory signaling
(Jeong et al. 2025) whereas other EV populations help restore
immune tolerance by regulating the Treg/Th17 balance (Hu, Li,
et al. 2024).

Notably, certain EVs possess intrinsic senolytic potential
through the delivery of specific microRNAs and regulatory fac-
tors. For instance, EV-associated members of the miR17~92
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cluster target senescence-related genes such as BCL2L11 and
CDKNI1A, thereby facilitating the selective elimination of senes-
cent cells and indirectly suppressing SASP propagation (Zhang,
Zhang, et al. 2024; Zhang, Nunes, Lee, et al. 2025). Engineered
EV-mediated delivery of miR-34a inhibitors has similarly been
shown to reduce the accumulation of p16™NK42 positive senescent
cells in the lung (Gray and Johnson 1976). Collectively, EVs func-
tion as multifaceted regulators of inflammatory and immune
aging by suppressing SASP signaling, restoring immune ho-
meostasis, and limiting senescence propagation. Future studies
should further optimize EV engineering strategies to improve
tissue-specific immunomodulation and enhance the long-term
therapeutic efficacy of EV-based senotherapeutics (Gorgun
et al. 2022; Kumar et al. 2025; Morente-Lopez et al. 2023;
Morente-Lopez et al. 2022; Pulver et al. 2025; Zhang, He, Xiao,
et al. 2025).
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3.2 | Mitochondrial Regeneration and Metabolic
Reprogramming

Mitochondrial dysfunction is a central hallmark of aging and
is characterized by impaired ATP production, excessive reac-
tive oxygen species (ROS) accumulation, loss of mitochondrial
membrane potential, and dysregulated mitochondrial dynam-
ics (Figure 3a) (Berry and Kaeberlein 2021; DeBalsi et al. 2017;
Lejri et al. 2024; Panfilova et al. 2025; Shou et al. 2025; Sinha
et al. 2025; Somasundaram et al. 2024). Given the pivotal role of
mitochondria in cellular metabolism and stress responses, resto-
ration of mitochondrial homeostasis has emerged as a major ther-
apeutic target in anti-aging interventions. Increasing evidence
suggests that EVs can improve cellular energy metabolism by
transferring functional mitochondrial components and regulat-
ing mitochondria-associated signaling pathways. MSC-derived
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FIGURE 3 | Extracellular vesicles reprogram the homeostasis and metabolism of mitochondria. (a) The core feature of mitochondrial dysfunc-

tion. Reproduced with permission (Somasundaram et al. 2024). Copyright 2024 Somasundaram. (b, ¢) EVs regulate the expression of mitochondrial-
related genes by transferring functional mitochondrial components, thereby restoring the cellular energy metabolism homeostasis. Reproduced

with permission (Ikeda et al. 2021). Copyright 2021 American College of Cardiology Foundation. Reproduced with permission (Zhao et al. 2021).
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EVs have been reported to contain intact mitochondrial DNA
(mtDNA), electron transport chain proteins, and antioxidant
enzymes, which can be internalized by recipient cells and in-
corporated into existing mitochondrial networks, thereby im-
proving respiratory chain activity and reducing oxidative stress
(Figure 3b,c) (Kim et al. 2023; Lu, Zhang, et al. 2022; Peruzzotti-
Jametti et al. 2021; Zhao et al. 2021). In addition, several studies
have demonstrated that MSC-EVs are capable of transferring
functional mitochondria to injured cells, including damaged al-
veolar epithelial cells and ischemic cardiomyocytes, resulting in
increased ATP production, reduced ROS accumulation, and im-
proved cellular survival (Dutra Silva et al. 2021; Jiang et al. 2016;
Liang et al. 2023; Tolomeo et al. 2024). These findings highlight
the important role of EVs in mitochondrial quality control and
metabolic rejuvenation. Future research should further clar-
ify the mechanisms governing mitochondrial cargo loading,
intercellular mitochondrial transfer efficiency, and long-term
metabolic safety to facilitate the development of mitochondria-
targeted EV therapeutics for aging and age-related diseases.

Beyond direct mitochondrial restoration, EVs also participate
in metabolic reprogramming by regulating the balance between
glycolysis and oxidative phosphorylation. Young plasma-derived
EVs, for example, are enriched in microRNAs such as miR-126
and miR-221, which enhance glucose uptake and mitochondrial
biogenesis through activation of the PI3K/Akt signaling pathway
(Katayama et al. 2019; Li, Xu, et al. 2024; Wozniak et al. 2025).
Similarly, exosomes derived from human umbilical cord mesen-
chymal stem cells (hUCMSC-Exo) promote mitochondrial bio-
genesis and improve skeletal muscle function in aged mice by
activating the AMPK/PGC-1a pathway (Song, Liu, et al. 2023).

In addition, attenuation of oxidative stress represents another im-
portant mechanism by which EVs counteract aging-associated
metabolic dysfunction. EVs can deliver antioxidant molecules
and redox-regulatory microRNAs to recipient cells. For in-
stance, dental pulp stem cell-derived EVs reduce oxidative stress
and delay endothelial senescence through miR-200c-mediated
regulation of the Keapl/Nrf2 signaling axis (Luo et al. 2025).
Collectively, EVs contribute to mitochondrial repair and meta-
bolic rejuvenation through coordinated regulation of mitochon-
drial biogenesis, energy metabolism, and ROS clearance. These
multifunctional metabolic effects further support the potential
of EVs as promising therapeutic platforms for reversing aging-
associated energy imbalance and mitochondrial decline.

3.3 | DNA Damage Repair and Epigenetic
Remodeling

Genomic instability is a core hallmark of aging and is character-
ized by telomere attrition, accumulation of DNA double-strand
breaks (DSBs), and progressive decline in DNA repair capac-
ity (Bolzan 2021; Delabaere et al. 2017; Medoro et al. 2024).
Increasing evidence suggests that EVs can enhance genomic
maintenance and cellular resilience by delivering bioactive mol-
ecules involved in DNA damage response (DDR) pathways (Han
et al. 2025; Ribas-Maynou et al. 2025).

MSC-derived EVs are enriched in multiple DDR-associated
proteins, including ATM, BRCA1, RAD51, and PARP1, which

contribute to accelerated clearance of YH2AX foci and improved
DNA repair efficiency in recipient cells. In particular, bone mar-
row MSC-EVs have been shown to alleviate ionizing radiation-
induced DNA damage and preserve genomic stability through
activation of the ATM-Chk2-p53 signaling pathway (Firoozi
et al. 2020; Han et al. 2025; Hu et al. 2023; Mai et al. 2025).
Beyond DNA repair, EVs also participate extensively in epigen-
etic remodeling through the transfer of regulatory non-coding
RNAs and epigenetic enzymes. For example, the miR-302 family
suppresses DNMT1 expression and reduces global DNA meth-
ylation levels, thereby promoting a more rejuvenated epigenetic
state. In parallel, the long non-coding RNA MALAT1 regulates
H3K27me3 modification through interaction with EZH2, influ-
encing the transcriptional silencing of senescence-associated
genes. In addition, EV-mediated delivery of SIRT1 contributes
to telomere maintenance and suppression of p16!N¥42 expression
(Chiba et al. 2023; Peng, Zhao, et al. 2024; Zhang, Zhang, Sui,
et al. 2025; Zhang, Nunes, Lee, et al. 2025).

Collectively, these findings indicate that EVs can modulate both
genomic stability and epigenetic plasticity, highlighting their
potential to reverse aging-associated molecular damage at the
transcriptional and chromatin levels. Future studies should
further investigate the long-term genomic safety and epigenetic
specificity of EV-based interventions to optimize their transla-
tional application in anti-aging therapeutics.

3.4 | Targeting Tissue Regenerative Pathways

Aging-associated decline in tissue regenerative capacity is
largely attributed to adult stem cell exhaustion and dysregu-
lation of developmental signaling pathways. Increasing evi-
dence suggests that EVs can restore regenerative potential by
reactivating quiescent stem cells and modulating key pathways
involved in tissue repair and cellular renewal. Among these
pathways, Wnt/-catenin signaling plays a central role in stem
cell self-renulation and regeneration. MSC-derived EVs have
been reported to carry Wnt-related ligands, including Wnt3a,
Wnt5a, and LRP6, which promote §-catenin nuclear transloca-
tion and enhance neural stem cell proliferation (Cox et al. 2021;
Leedham 2020; O'Brien et al. 2017). In osteoarthritis models,
synovial MSC-derived EVs stimulate chondroprogenitor differ-
entiation through Wnt pathway activation, thereby slowing car-
tilage degeneration and joint dysfunction (Ye et al. 2022).

Notch signaling is another key regulator of stem cell fate deter-
mination and tissue regeneration. Increasing evidence suggests
that stem cell-derived EVs can modulate regenerative signaling
pathways and promote neural regeneration and neurogenesis
in aging-associated conditions (Bonetto and Grilli 2023). In
addition, EVs have been reported to activate satellite cells and
promote skeletal muscle regeneration, further supporting the
therapeutic potential of EV-mediated regenerative signaling in
age-related tissue dysfunction (Porcu et al. 2024).

EVs also regulate other conserved regenerative pathways, in-
cluding Hedgehog and YAP/TAZ signaling. Adipose-derived
MSC-EVs containing Sonic hedgehog (Shh) protein activate Glil-
dependent transcription to promote hair follicle stem cell prolif-
eration and improve alopecia-related phenotypes. In addition,
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EVs can modulate YAP/TAZ mechanotransduction signaling
through integrin-associated pathways, thereby enhancing stem
cell mechanosensitivity and regenerative responsiveness.

EVs function as potent “signal-transmitting” platforms that re-
activate developmental and regenerative programs through the
delivery of key ligands and signaling regulators. Future studies
should further investigate how engineered EVs can selectively
modulate regenerative pathways in a tissue-specific manner to
improve the precision and durability of anti-aging regenerative
therapies.

3.5 | Restoration Autophagy-Lysosomal Pathway
for Proteostasis

Age-associated decline in autophagic and lysosomal function
contributes to the accumulation of misfolded proteins and dam-
aged organelles, thereby promoting neurodegenerative disorders
and metabolic dysfunction (Cassidy et al. 2020; Guo et al. 2018;
Kaushik et al. 2021). Increasing evidence indicates that EVs can
restore proteostasis by modulating key regulators of autophagy
and intracellular degradation pathways.

MSC-derived EVs have been shown to enhance autophagic
activity through upregulation of ULK1, Beclin-1, and LC3-II,
thereby promoting autophagosome formation. Mechanistically,
EV-associated miR-214-3p suppresses PTEN expression and sub-
sequently activates autophagy through the Akt/mTORC]1 signal-
ing axis (Hou et al. 2022; Sang et al. 2020). In neurodegenerative
disease models, induced pluripotent stem cell-derived EVs
(iPSC-EVs) significantly reduce A plaque accumulation and
phosphorylated Tau deposition, partly through Transcription
Factor EB (TFEB)-mediated enhancement of lysosomal biogen-
esis and clearance capacity (Rao et al. 2025; Zheng et al. 2025).

In addition to autophagy regulation, EVs can also transport
molecular chaperones and components of the ubiquitin—prote-
asome system that facilitate the degradation of abnormal or ag-
gregated proteins (Albakova et al. 2021; Hu, Liu, et al. 2024). For
example, young liver-derived EVs enriched in the co-chaperone
Bag3 promote selective clearance of protein aggregates and at-
tenuate the progression of liver fibrosis (Chen et al. 2018; Chen,
Ma, et al. 2024). EVs restore intracellular proteostasis by coor-
dinately activating autophagy-lysosomal pathways and protein
quality-control systems, thereby alleviating aging-associated
proteotoxic stress. Future studies should focus on improving the
specificity and persistence of EV-mediated proteostasis regula-
tion to enhance therapeutic efficacy in neurodegenerative and
metabolic diseases (Van den Broek et al. 2022).

3.6 | Cross-Organ Communication and Systemic
Rejuvenation

Recent studies increasingly suggest that EVs can exert systemic
anti-aging effects through blood circulation-mediated cross-
organ communication. Evidence from heterochronic parabiosis
experiments has demonstrated that circulating factors derived
from young organisms can reverse aging phenotypes in mul-
tiple tissues of aged animals, with EVs now recognized as key

mediators of these rejuvenating effects. Notably, young plasma-
derived EVs have been shown to cross the blood-brain barrier,
enhance hippocampal neurogenesis, and improve cognitive
function in aged mice (Fitz et al. 2023). Systemically adminis-
tered EVs also exhibit broad tissue distribution and inter-organ
regulatory capacity. For example, following cardiac adminis-
tration of MSC-derived EVs, labeled vesicles were detected in
the brain, liver, and kidneys, accompanied by improved meta-
bolic activity and reduced systemic inflammation. Increasing
evidence further indicates that organ-specific EV targeting is
partially mediated by surface molecules such as integrins and
receptor-associated ligands (Hoshino et al. 2015). For example,
liver-tropic EVs express high levels of ASGPR1 ligands, whereas
brain-tropic EVs have a high concentration of transferrin re-
ceptors (Wiklander et al. 2015). Engineered EVs can also be
designed as “multi-organ delivery systems” to enable synergis-
tic interventions. Preclinical studies have confirmed that the
intravenous infusion of EVs from young donors can extend the
lifespan of progeroid mice by around 20%, as well as improving
their exercise capacity, hair density, and wound healing speed.
Preliminary human trials also demonstrate that infusion of
MSC-EVs improves inflammatory markers and immune func-
tion in elderly volunteers (Mahindran et al. 2023). Preliminary
clinical observations similarly suggest that MSC-EV adminis-
tration may improve inflammatory profiles and immune func-
tion in elderly individuals.

These findings support the concept that EVs function as sys-
temic signaling mediators capable of coordinating rejuvenation
across distant organs and tissues. Future studies should further
elucidate the mechanisms governing EV biodistribution, organ
tropism, and long-term systemic safety to facilitate the develop-
ment of EV-based systemic anti-aging therapies.

3.7 | Limitations and Prospects of Existing
Mechanism Research

Collectively, the six major anti-aging mechanisms discussed
above including immune microenvironment remodeling, mito-
chondrial restoration and metabolic reprogramming, DNA dam-
age repair and epigenetic modulation, activation of regenerative
signaling pathways, recovery of autophagy-lysosomal function,
and cross-organ communication-mediated rejuvenation high-
light the multifaceted therapeutic potential of EVs in delaying
aging and restoring tissue homeostasis. However, despite these
encouraging findings, several important technical bottlenecks
and methodological limitations continue to restrict mechanistic
understanding and translational development.

One of the most significant challenges is the pronounced het-
erogeneity of EV sources and preparation procedures. Variations
in parental cell types, culture conditions, isolation techniques,
and characterization standards across laboratories substan-
tially affect EVs' composition and biological activity, thereby
limiting reproducibility and direct comparison between stud-
ies. Consequently, even when similar signaling pathways are
investigated, the identified core effector molecules often dif-
fer considerably. In addition, most current studies rely heavily
on short-term in vitro co-culture systems or acute injury ani-
mal models, which are insufficient to recapitulate the chronic,
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progressive, and systemic nature of biological aging. Although
transient pathway activation and phenotypic improvements are
frequently observed, the long-term persistence, tolerance, and
compensatory responses associated with chronic EVs' adminis-
tration remain poorly understood.

Mechanistic validation strategies also remain limited. Most stud-
ies infer EVs function through overexpression or knockdown of
individual nucleic acids or proteins; however, EVs simultane-
ously carry hundreds of bioactive molecules that may function
synergistically or redundantly. Therefore, attributing a biologi-
cal effect solely to a single EVs-associated molecule often lacks
rigorous causal evidence. Similar limitations exist in studies of
EVs-mediated cross-organ communication. Current fluores-
cence- and bioluminescence-based tracing methods cannot re-
liably distinguish intact vesicle delivery from signals generated
by degraded labeling components. Moreover, following systemic
administration, the majority of EVs are rapidly sequestered by
the liver and spleen, while only a small fraction reaches distal
target tissues. As a result, it remains unclear whether observed
systemic rejuvenation effects arise from direct EV delivery to
target organs or from secondary signaling cascades initiated by
scavenging organs after EV uptake.

Another critical issue is that most mechanistic studies are per-
formed in young and otherwise healthy animal models. In con-
trast, aged organisms exhibit chronic inflammation, vascular
dysfunction, immune dysregulation, and impaired phagocytic
activity, all of which can substantially alter EVs biodistribution,
clearance kinetics, and cellular uptake efficiency. Consequently,
mechanistic conclusions derived from young models may
not accurately reflect EVs' behavior in aged physiological
environments.

Future studies should therefore prioritize systematic method-
ological optimization. Establishing standardized reference ma-
terials and unified characterization criteria for EVs preparation
will be essential for improving cross-study reproducibility. In
parallel, the incorporation of chronic aging models and long-
term administration paradigms will help clarify the temporal
and dose-dependent effects of EV-based interventions. Advances
in single-vesicle tracking technologies, high-resolution func-
tional imaging, and genetic tools capable of distinguishing di-
rect from indirect EV-mediated effects will also be critical for
mechanistic dissection.

Only by overcoming these methodological limitations can EVs
research truly progress from descriptive observations toward
rigorous causal validation, thereby providing a more reliable
mechanistic foundation for the development of next-generation
anti-aging therapeutics and translational nanomedicine
platforms.

4 | The Anti-Aging Application of EVs

Aging is fundamentally characterized by the progressive accu-
mulation of senescent cells and the persistent activation of the
SASP, which together drive chronic low-grade inflammation
and systemic microenvironmental dysfunction (Boulestreau
et al. 2021; Lopez-Otin et al. 2023). As important mediators

of intercellular communication, EVs have emerged as critical
regulators of healthy aging, with growing evidence support-
ing their ability to remodel the aging microenvironment, sup-
press inflammatory signaling, and alleviate tissue degeneration
(Rudnitsky et al. 2024).

Recent studies have demonstrated that EVs derived from young
mesenchymal stem cells can attenuate aging-associated inflam-
mation by delivering anti-aging microRNAs, long non-coding
RNAs, and regulatory proteins to senescent recipient cells,
thereby suppressing pro-inflammatory pathways such as NF-xB
signaling (Ala 2023; Rather et al. 2023). For example, human
umbilical cord mesenchymal stem cell-derived EVs have been
shown to reduce inflammatory factor release in skeletal muscle
and adipose tissue, leading to improved grip strength and motor
coordination in aged mouse models (Rudnitsky et al. 2024;
Zhang, Li, and Chen 2024). Beyond their natural biological
functions, engineered EVs are also being developed as targeted
senotherapeutic delivery platforms. By loading EVs with seno-
lytic agents such as the FOXO4-DRI peptide, researchers have
achieved selective induction of apoptosis in senescent cells, of-
fering a promising strategy for precise systemic anti-aging inter-
vention (Rudnitsky et al. 2024; Yuan et al. 2025). Collectively,
these findings highlight the potential of EVs not only as endog-
enous regulators of the aging microenvironment but also as
programmable therapeutic platforms for targeted senescence
modulation and precision geromedicine. Recent studies have re-
vealed that EVs derived from stem cells, plasma, immune cells,
and other biological sources exert protective effects in neuro-
degenerative diseases, pulmonary injury, cardiovascular dys-
function, and age-related tissue degeneration through distinct
molecular mechanisms. Representative applications of EVs in
aging-associated diseases are summarized in Table (Table 1).

4.1 | Application of EVs in Neurodegenerative
Diseases

In the field of neurodegenerative diseases, EVs have emerged as
promising diagnostic and therapeutic platforms because of their
ability to cross the blood-brain barrier (BBB) and transport cen-
tral nervous system (CNS)-derived molecular signals into the
peripheral circulation. This unique property enables minimally
invasive monitoring of pathological changes within the brain
microenvironment (D'Acunzo et al. 2023). Recent multicenter
studies have demonstrated that immunoaffinity enrichment
of neuron-derived EVs (NDEs) from plasma provides highly
sensitive detection of early neurodegenerative alterations. In
Alzheimer's disease (AD), analysis of EV-associated biomark-
ers such as phosphorylated tau (p-tau217) and AB42/40 ratios
has shown strong concordance with amyloid PET imaging and
can identify pathological changes years before clinical symptom
onset (Crane et al. 2024; Kwon et al. 2024). Similarly, combined
detection of a-synuclein oligomers and mitochondrial proteins
within plasma EVs has shown diagnostic value for distinguish-
ing Parkinson's disease (PD) from atypical parkinsonian syn-
dromes, highlighting the potential of EVs for precision patient
stratification (Fiorenzato et al. 2024).

Beyond diagnosis, mesenchymal stem cell-derived EVs are in-
creasingly recognized as promising cell-free therapeutics for
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TABLE1 | Therapeutic applications, key cargoes, and mechanisms of EVs in aging-associated diseases.

Disease EV source Key cargo Mechanism References
Neuroinflammation Plasma extracellular Plasma EV LINE-1 RNA Inhibition cGAS- (Yu et al. 2026)
vesicle STING pathway
Parkinson's disease Umbilical cord blood- Angiogenic proteins Inhibition of (Ye et al. 2024)
derived exosomes hyperphosphorylation
of MAPK p38 and
ERK 1/2 signaling
pathways
Lung injury Human serum- Human serum-derived EVs Inhibit the AKT (Zhou et al. 2021)
derived EVs pathway
Chronic obstructive Human umbilical Micro-RNA content of Reduced the levels of ~ (Ridzuan et al. 2021)

pulmonary disease

Cardiac dysfunction

Aging in mammals

Endothelial cell
senescence

Brain aging

cord mesenchymal
stem cell-derived EVs

Umbilical cord
mesenchymal stem
cell-derived EVs

Mouse plasma EVs

Mesenchymal stem
cell-derived exosomes

Mesenchymal stem
cell-derived exosomes

MSC-derived exosome NF-xB subunit p65

IncRNA MALATI1 Exosome/IncRNA
MALAT1/NF-xB/

TNF-a pathway

(Zhu et al. 2019)

Extracellular nicotinamide (Yoshida et al. 2019)

phosphoribosyltransferase

NAD Biosynthesis

MiR-146a in small EVs Downregulating Src (Xiao et al. 2021)

signal pathway
Mesenchymal stem Activating the SIRT1 (Zhang et al. 2023)
cell-derived exosomes signaling pathway

neurodegenerative disorders because of their intrinsic neuropro-
tective and immunomodulatory properties. Rather than directly
replacing damaged cells, MSC-EVs primarily function through
modulation of neuroinflammatory networks and restoration of
neuronal homeostasis. Mechanistically, EV-delivered microR-
NAs suppress excessive microglial activation and inhibit the
transition from the neuroprotective M2 phenotype toward the
neurotoxic M1 state, thereby alleviating chronic neuroinflam-
mation (Dietl et al. 2024). In addition, intranasal administration

Wang, et al. 2024). Collectively, these findings highlight the
dual value of EVs as both liquid biopsy biomarkers and pre-
cision therapeutic platforms for neurodegenerative diseases.
Future studies should focus on improving BBB targeting ef-
ficiency, cargo loading stability, and large-scale manufactur-
ing standardization to accelerate the clinical translation of
EV-based precision neuromedicine for disorders such as AD,
Parkinson's disease, Huntington's disease, and amyotrophic
lateral sclerosis (ALS) (Byun et al. 2023).

has emerged as an attractive delivery strategy because it enables
EVs to bypass the BBB and directly access the brain parenchyma,

leading to enhanced synaptic plasticity and reduced neuronal
apoptosis in AD models. Compared with conventional stem cell
transplantation, EV-based therapies offer improved biosafety,

4.2 | Therapeutic Applications of Extracellular
Vesicles in Lung Aging-Related Diseases
and Breakthroughs in Inhalation Delivery

lower immunogenicity, and greater translational feasibility.

Recent advances in bioengineering have further expanded the
therapeutic potential of EVs for CNS diseases. Surface mod-
ification strategies using rabies virus glycoprotein (RVG29),
Lamp2b fusion proteins, or receptor-targeting peptides sig-
nificantly enhance EV brain-targeting efficiency by promot-
ing selective interaction with neuronal receptors (Detappe
etal. 2023; Hilal et al. 2024; Zlotnick et al. 2024). Furthermore,

Recent advances in EV-based therapies for age-related lung dis-
eases have primarily focused on reversing two major patholog-
ical features of pulmonary aging: exhaustion of type II alveolar
epithelial cell (AECII) stemness and persistent fibroblast senes-
cence. Increasing evidence suggests that EVs can interrupt the
vicious cycle of fibrosis, inflammation, and tissue degeneration
through coordinated regulation of epithelial repair, metabolic
homeostasis, and immune remodeling.

engineered EVs have been successfully loaded with siRNAs

targeting BACE1 or CRISPR/Cas-based gene editing sys-
tems using electroporation and bioorthogonal conjugation
approaches (Zhang, Zhang, Zhou, et al. 2025; Werninghaus
et al. 2023). In vivo studies demonstrate that these engineered
EVs can selectively accumulate in the cortex and hippocampus
following systemic administration, reducing amyloid burden
while minimizing off-target toxicity in peripheral organs (Yu,

MSC-derived engineered EVs have been shown to deliver
anti-fibrotic microRNAs that suppress key profibrotic path-
ways, including TGF-$ and Wnt/f-catenin signaling. In aged
models of bleomycin-induced pulmonary fibrosis and silico-
sis, these EVs restored E-cadherin expression while reducing
a-SMA levels, thereby inhibiting epithelial-mesenchymal
transition (EMT) and attenuating fibrotic progression (Neary
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et al. 2024; Suades et al. 2024). In parallel, EV-mediated deliv-
ery of anti-aging regulators such as SIRT1 has been reported
to alleviate senescence-associated arrest in alveolar epithelial
cells by suppressing p53/p21 signaling and reducing excessive
DNA damage responses, ultimately promoting regeneration
of aged alveolar progenitor cells and maintaining alveolar
integrity (Mi and Graham 2023; Schaaf et al. 2024). Beyond
anti-fibrotic activity, EVs also play important roles in pul-
monary metabolic reprogramming and immune regulation.
Recent studies demonstrated that iPSC-derived MSC-EVs
can transfer functional mitochondria to injured alveolar ep-
ithelial cells and macrophages through membrane fusion or
tunneling nanotube-associated mechanisms, thereby increas-
ing ATP production, reducing ROS, and suppressing NLRP3
inflammasome activation (Curvello et al. 2024). In addition,
engineered EVs carrying anti-inflammatory cargos or specific
siRNAs can promote macrophage polarization toward repar-
ative phenotypes while reducing IL-18 and TNF-a secretion,
thus alleviating chronic inflammaging-associated lung injury
(Stanczak and Pearce 2024; Zhao et al. 2023).

Collectively, these findings highlight the multifunctional capac-
ity of EVs to simultaneously target fibrosis, mitochondrial dys-
function, epithelial senescence, and chronic inflammation in
the aging lung. Future studies should focus on improving lung-
specific delivery efficiency, optimizing long-term biosafety, and
integrating EV engineering with precision pulmonary medicine
to facilitate clinical translation for chronic age-related respira-
tory diseases.

4.3 | Application of EVs in Myocardial
Infarction Repair

The maintenance of cardiovascular homeostasis relies heavily
on intercellular vesicle-mediated communication, and EVs have
demonstrated significant therapeutic potential in myocardial
repair, angiogenesis, and vascular rejuvenation (Figure 4a).
In myocardial infarction models, EVs enriched with pro-
angiogenic factors and cardioprotective microRNAs, including
miR-21 and miR-126, activate survival signaling pathways in
injured myocardium, thereby reducing cardiomyocyte apopto-
sis, promoting microvascular regeneration, and improving car-
diac function (Ala 2023; Boulestreau et al. 2021). These effects
contribute to reduced infarct size and enhanced cardiac ejection
fraction, highlighting the regenerative potential of EV-based
therapies in ischemic heart disease.

EVs also play important roles in vascular aging and atheroscle-
rosis. Endothelial-derived EVs have been shown to suppress the
phenotypic transition of vascular smooth muscle cells, thereby
attenuating vascular calcification, stiffness, and age-associated
vascular remodeling. In parallel, circulating EV signatures are
increasingly being explored as minimally invasive biomark-
ers for early cardiovascular lesions and disease progression
(Ala 2023; Phan et al. 2022; Yuan et al. 2025).

Beyond diagnosis, engineered EVs loaded with anti-
inflammatory cargos can selectively target macrophages
within atherosclerotic plaques and suppress local inflamma-
tory responses, supporting the emerging concept of EV-based

cardiovascular theranostics that integrate both diagnostic and
therapeutic functions.

Collectively, these findings underscore the multifaceted role of
EVs in cardiovascular regeneration, vascular homeostasis, and
precision theranostics. Future research should focus on improv-
ing cardiac-targeting efficiency, optimizing large-scale manu-
facturing, and validating long-term biosafety to accelerate the
clinical translation of EV-based therapies for age-related cardio-
vascular diseases.

4.4 | EVsin Treating Osteoarthritis
and Musculoskeletal Diseases

In osteoarthritis (OA), recent advances in EV-based therapy
have focused on overcoming the limited targeting efficiency and
reparative capacity of native EVs through bioengineering strat-
egies and organelle-based therapeutic approaches (Figure 4b)
(Bhimavarapu et al. 2024; De Sota et al. 2024; Gonzalez-
Rodriguez et al. 2025; Luo et al. 2024). One representative
strategy involves the development of hybrid nanovesicles that
combine the biological activity of EVs with the targeting capa-
bility of synthetic nanomaterials. For example, a hybrid vesicle
system constructed by fusing TGF-f1-overexpressing EVs with
Col2al antibody-modified liposomes demonstrated enhanced
penetration into deep cartilage layers in a rat destabilization
of the medial meniscus (DMM) model, resulting in substantial
restoration of cartilage thickness and marked reduction of OA
severity scores (Chen, Tian, et al. 2025; Gonzalez-Rodriguez
et al. 2025; Kim et al. 2024).

In addition to molecular payload delivery, mechanisms based
on mitochondrial transfer have also been validated. A 2025
study using advanced tracking technology revealed that
mitochondria-rich extracellular vesicles (Mito-EVs) derived
from synovial mesenchymal stem cells could transport func-
tional mitochondria into damaged chondrocytes, thereby inhib-
iting cellular senescence and delaying osteoarthritis progression
(Li, Lu, et al. 2025). This process significantly inhibits chondro-
cyte senescence and apoptosis by restoring ATP synthesis and
attenuating oxidative stress via modulation of energy metabo-
lism (Belhadj et al. 2023; He et al. 2025). In addition, physical
stimulation approaches can further enhance EV production
efficiency while enriching anti-inflammatory microRNAs, en-
abling more effective inhibition of cartilage matrix-degrading
enzymes (Huan et al. 2024; Wang, Zhao, et al. 2024).

In rheumatoid arthritis (RA) and synovial inflammation, EV
research has increasingly shifted from simple cytokine sup-
pression toward immune-metabolic reprogramming and regu-
lation of pathogenic cell death pathways (Beg et al. 2024; Yuan,
Jiang, et al. 2024). Recent studies demonstrated that engineered
macrophage-derived EVs loaded with copper sulfide nanopar-
ticles can selectively induce cuproptosis in pathogenic T cells
while simultaneously promoting regulatory T-cell differentia-
tion through TGF-f signaling, thereby restoring local immune
tolerance (Wu, Su, et al. 2025). This successfully re-establishes
local immune tolerance. In terms of metabolic regulation, using
drug-loaded EVs to polarize macrophages has become the dom-
inant strategy (Yuan, Yang, et al. 2024). A 2024 study described
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FIGURE 4 | The Anti-aging Application of EVs. (a) The role of EVs in cancer, neurodegenerative diseases, and cardiovascular diseases.

Reproduced with permission (Cheng and Hill 2022). Copyright 2022 Springer Nature. (b) The potential therapy of treating osteoarthritis with EVs

derived from MSC-EVs. Reproduced with permission (Boulestreau et al. 2021). Copyright 2021 Elsevier. (c) Engineering mesenchymal interstitial

cell-loaded exosome microneedles to improve corneal healing after chemical injury. Reproduced with permission (Yu, Zhao, et al. 2024) Copyright

2024 American Chemical Society.

Icariin-loaded adipose-derived stem cell exosomes that promote
the repolarisation of synovial M1 macrophages toward an anti-
inflammatory M2 phenotype by inhibiting glycolysis. This sig-
nificantly reduces IL-18 and TNF-a concentrations in synovial
fluid (Yan et al. 2024). Other engineered EVs with high PD-L1
expression have been shown to inhibit synovial fibroblast hy-
perproliferation and pannus formation, further highlighting

the potential of EV-based cell-free immunotherapy (Silva
et al. 2024).

To improve delivery efficiency and intra-articular retention,
multiple biomaterial-assisted EV delivery systems have also
been developed. Microneedle-based EV patches and inject-
able hydrogel scaffolds can prolong EV retention within joint
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tissues, enhance ROS scavenging, and provide mechanical
support for cartilage repair through synergistic activation
of regenerative signaling pathways (Bui et al. 2024; LeBar
et al. 2024; Li, Lu, et al. 2024; Wang, Cheng, and Su 2024;
Wang, Guan, et al. 2024; Xiong et al. 2024). Moreover, sur-
face engineering strategies using cartilage affinity peptides
or folate ligands significantly improve active targeting to-
ward damaged cartilage and inflammatory macrophages,
thereby enhancing therapeutic precision and biosafety (Chen,
Ma, et al. 2024; Chen, Chen, et al. 2024; Douez et al. 2024).
Collectively, these advances demonstrate that EV-based ther-
apies for OA and RA are evolving from passive biological
interventions toward highly engineered precision nanomed-
icine platforms integrating targeting capability, metabolic
regulation, immune remodeling, and tissue regeneration.
Future studies should further optimize long-term retention,
large-scale manufacturing, and clinical-grade quality control
to accelerate translation into regenerative therapies for mus-
culoskeletal aging diseases.

4.5 | Use of EVsin Skin Aging and Visual
Degenerative Diseases

In the fields of skin regeneration and esthetic medicine,
EV-based therapies are increasingly evolving toward pre-
cise functional intervention rather than simple tissue re-
pair. Engineered EVs carrying antioxidant enzymes such
as superoxide dismutase (SOD) have been shown to effec-
tively eliminate reactive ROS in skin fibroblasts and restore
ultraviolet-induced collagen damage, highlighting their
therapeutic potential for photoaging (Nguyen et al. 2024; Xu
et al. 2020). In pathological scar models, adipose-derived mes-
enchymal stem cell (ADSC)-derived EVs enriched with miR-
29b suppress TGF-3/Smad signaling and inhibit myofibroblast
transdifferentiation, thereby attenuating hypertrophic scar
formation (Ding et al. 2023; Zhang, Fukazawa, et al. 2024).
EVs have also demonstrated promising regenerative effects in
hair loss and skin barrier disorders. In androgenetic alopecia
models, engineered EVs loaded with growth factors such as
FGF2, particularly when combined with microneedle-assisted
delivery, significantly increased hair follicle density and out-
performed conventional pharmacological therapies (Kim
et al. 2025; Yu et al. 2025). In addition, EV-mediated delivery
of ceramide synthesis-related mRNAs restored skin barrier
integrity and reduced transepidermal water loss (TEWL) in
atopic dermatitis models, suggesting potential applications in
chronic inflammatory skin diseases (Kim, Lee, et al. 2026;
You et al. 2025).

Beyond dermatological applications, EVs have shown consid-
erable promise in the treatment of degenerative ocular diseases
because of their ability to deliver therapeutic cargos with high
precision and biocompatibility. In age-related macular degener-
ation (AMD), EV-based CRISPR/Cas9 systems targeting VEGFA
successfully inhibited pathological retinal neovascularization
(McAndrews et al. 2021). In glaucoma models, MSC-derived
EVs carrying miR-21 protected retinal ganglion cells through
activation of the PI3K/Akt survival pathway (van Poppelen
et al. 2024). EVs have also demonstrated therapeutic potential
in diabetic retinopathy and corneal injury by reducing vascular

leakage, improving epithelial repair, and prolonging ocular sur-
face retention through surface engineering strategies such as
CD47 modification (Chen, Ma, et al. 2024; Yu, Zhao, et al. 2024).
Furthermore, recent studies suggest that EV-mediated delivery
of molecular chaperones such as Hsp70 may restore proteostasis
in retinal organoids, providing a potential therapeutic strategy
for retinitis pigmentosa and other retinal degenerative disorders
(Figure 4c).

Collectively, these findings highlight the versatility of EVs as
multifunctional therapeutic nanoplatforms for regenerative
dermatology and ophthalmology. Future studies should focus
on improving tissue-specific targeting, sustained delivery ef-
ficiency, and clinical-grade manufacturing to facilitate the
translation of EV-based therapies into precision regenerative
medicine and esthetic applications.

4.6 | Key Challenges at the Application Level

Among current EV-based therapeutic applications, neu-
rodegenerative diseases have achieved the most advanced
translational progress, with several studies already entering
multicenter validation stages. Nevertheless, important lim-
itations remain, particularly the lack of quantitative evidence
regarding the actual brain delivery efficiency of intranasal
EV administration. Similarly, aerosol inhalation strategies
for pulmonary diseases represent an innovative delivery ap-
proach, yet most studies continue to rely on young animal
models and fail to account for aging-associated alterations in
the lung microenvironment, such as mucus barrier thickening
and impaired pulmonary clearance, which may substantially
influence EV delivery efficiency.

In musculoskeletal diseases, osteoarthritis research has ben-
efited from relatively standardized evaluation systems such
as OARSI scoring, facilitating cross-study comparisons.
However, whether EVs can effectively penetrate deep carti-
lage layers following intra-articular administration remains
insufficiently resolved. In the fields of dermatology and oph-
thalmology, local delivery strategies are comparatively well
established, but rigorous functional validation—such as long-
term restoration of skin barrier integrity or visual function—
is still limited. Cardiovascular research currently possesses
the strongest preclinical evidence base and the closest connec-
tion to early clinical translation. Nonetheless, the apparent
discrepancy between the extremely low cardiac retention of
EVs and their substantial therapeutic efficacy suggests that
indirect systemic or immune-mediated mechanisms may play
underappreciated roles.

Overall, substantial differences remain among disease fields
in terms of evidence quality, mechanistic clarity, and transla-
tional readiness. Future studies should therefore adopt more
disease-specific optimization strategies. Diagnostic applica-
tions require standardized clinical guidelines and biomarker
validation frameworks, whereas therapeutic studies should
more rigorously distinguish direct EV-mediated effects from
secondary systemic responses. In parallel, innovative delivery
approaches must be supported by quantitative in vivo biodis-
tribution and pharmacokinetic analyses. Most importantly,
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future translational studies should gradually shift from sur-
rogate molecular endpoints toward clinically meaningful out-
comes, including functional recovery, long-term safety, and
quality-of-life improvement.

Only through these methodological and translational upgrades
can the true clinical value of EV-based therapeutics be com-
prehensively evaluated and effectively translated into next-
generation precision anti-aging medicine.

5 | Tissue Targeting and Cellular Entry Properties
of EVs

EVs are nanoscale membrane-bound vesicles released by nearly
all cell types under physiological and pathological conditions.
By transporting diverse bioactive cargos including proteins,
nucleic acids, lipids, and metabolites—they function as criti-
cal mediators of intercellular communication. In recent years,
EVs have emerged as highly promising anti-aging therapeutic
platforms because of their excellent biocompatibility, low im-
munogenicity, capacity to cross biological barriers, and strong
engineering potential. However, the therapeutic efficacy of EV-
based interventions depends largely on their ability to precisely
target senescent tissues and diseased microenvironments.

Current evidence indicates that, following systemic administra-
tion, unmodified EVs are rapidly cleared by the mononuclear
phagocyte system, particularly in the liver and spleen, with cir-
culating half-lives often shorter than 10min. As a result, only
a small fraction of administered EVs ultimately reaches target
tissues, substantially limiting therapeutic efficiency. Therefore,
understanding the mechanisms governing EV biodistribu-
tion, tissue tropism, and cellular uptake has become a central
challenge for the clinical translation of EV-based anti-aging
therapies.

Importantly, EV tropism is not entirely stochastic but is regu-
lated by a complex “homing code” composed of surface proteins,
lipids, glycans, and adhesion molecules inherited from paren-
tal cells.

These intrinsic targeting properties can also be further opti-
mized through bioengineering approaches to achieve enhanced
accumulation within aging-associated tissues and pathological
microenvironments. In the following sections, we systemati-
cally summarize the current understanding of natural EV tar-
geting mechanisms and engineered targeting strategies, with
particular emphasis on their translational potential for precision
anti-aging interventions (Table 2).

5.1 | Natural Targeting Mechanisms

The natural targeting capability of EVs is largely determined
by the biological characteristics of their parental cells. Surface
molecular compositions inherited during vesicle biogene-
sis directly influence EV biodistribution, tissue tropism, and
recipient-cell recognition in vivo. Among the most important
determinants are integrin expression patterns, tetraspanin com-
position, and membrane glycosylation signatures, all of which

collectively contribute to the establishment of EV-specific tar-
geting properties.

5.1.1 | Integrin Profiles

Integrins are among the most important adhesion molecules
governing EV targeting and tissue-specific interactions. By
mediating selective binding to extracellular matrix compo-
nents and recipient-cell receptors, integrins critically influence
EV biodistribution and organ tropism. Pioneering large-scale
proteomic studies by Hoshino Atsushi and colleagues demon-
strated that specific integrin combinations on tumor-derived
EVs are strongly associated with organ-specific metastasis. For
example, EVs expressing ITGa6f34 or ITGa6f1 preferentially ac-
cumulate in the lungs, where they activate the SI00A8/A9-NF-
xB signaling axis and promote formation of a pro-inflammatory
pre-metastatic niche. In contrast, EVs enriched in ITGavf5 ex-
hibit liver tropism, whereas high ITG@3 expression facilitates
blood-brain barrier penetration (Hoshino et al. 2015). These
findings established the conceptual framework that EV surface
integrins function as molecular “zip codes” directing tissue-
specific homing.

Importantly, similar mechanisms are now being explored in
the context of regenerative medicine and anti-aging interven-
tions. EVs derived from young tissues or mesenchymal stem
cells often exhibit elevated ITGa4f1 expression, while aged
vascular endothelial cells frequently upregulate VCAM-1. This
complementary interaction enhances EV accumulation within
aging-associated tissues such as the brain, heart, and skeletal
muscle, effectively enabling “reverse-engineered” pathological
homing (Yousef et al. 2019). Likewise, induced pluripotent stem
cell (iPSC)-derived EVs expressing ITGaLB2 have demonstrated
preferential targeting to lymphoid tissues, where they modulate
age-associated immune dysfunction and immunosenescence
(Munagala et al. 2016). These studies suggest that integrin sig-
natures not only determine EV biodistribution but also actively
participate in tissue-specific functional regulation. Future en-
gineering strategies aimed at optimizing integrin composition
may therefore provide powerful approaches for enhancing the
precision and therapeutic efficiency of EV-based anti-aging
nanomedicine.

5.1.2 | Tetraspanins

Although tetraspanins such as CD9, CD63, and CD81 are widely
recognized as canonical EV markers, their functions extend far
beyond simple vesicle identification. By organizing membrane
protein assemblies into specialized “tetraspanin-enriched mi-
crodomains,” these molecules actively regulate EV biogenesis,
membrane stability, cargo sorting, and recipient-cell recogni-
tion (Andreu and Yanez-Mo 2014). In addition, different tetra-
spanins contribute to distinct tissue-targeting properties and
biological functions. For example, CD9 is highly enriched in
sperm-derived EVs and plays an important role in sperm-egg fu-
sion and reproductive cell communication (Aalberts et al. 2014).

Emerging evidence further suggests that tetraspanins partici-
pate in the coordination of receptor clustering and membrane
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fusion events, thereby influencing EV uptake efficiency and
intracellular signaling in recipient cells. These findings indi-
cate that tetraspanins are not merely structural markers, but
functional regulators of EV targeting and intercellular commu-
nication, making them attractive candidates for future EV engi-
neering and precision delivery strategies.

5.1.3 | Glycosylation Signatures

Surface glycan structures constitute another important layer
of EV recognition signals that critically influence vesicle sta-
bility, biodistribution, and cellular interactions. Glycosylation
patterns regulate the binding affinity of EVs to recipient cells
and immune components, thereby shaping their in vivo fate.
For example, high-mannose N-glycans can be recognized by
mannose receptors expressed on macrophages, promoting
rapid immune clearance, whereas «2,3-linked sialylation
enhances EV stability and reduces complement activation
(Williams et al. 2018).

Distinct glycosylation signatures also contribute to tissue-
specific delivery properties. Milk-derived EVs, for instance, are
highly enriched in sialylated glycans that confer resistance to
acidic environments and facilitate intestinal absorption, making
them attractive natural carriers for oral drug delivery (Munagala
et al. 2016). These findings highlight glycosylation not only as a
determinant of EV biological behavior, but also as an import-
ant design element for future EV engineering strategies aimed
at improving targeting efficiency, circulation stability, and non-
invasive delivery in anti-aging therapeutics.

5.2 | Engineered Targeting Strategies

To overcome the intrinsic limitations of natural EV targeting
efficiency and biodistribution, a wide range of engineering
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strategies have been developed to endow EVs with enhanced or
novel targeting capabilities. These approaches primarily involve
genetic engineering, chemical surface modification, and phys-
ical or biomaterial-assisted techniques, enabling more precise
delivery of therapeutic cargos to specific tissues, cell popula-
tions, or aging-associated pathological microenvironments.

This section primarily focuses on the engineering principles and
surface modification strategies used to enhance EV targeting
capability, whereas the following section emphasizes how these
engineered systems improve delivery efficiency and therapeutic
performance in aging-associated diseases.

5.2.1 | Genetic Engineering for Ligand Display

To overcome the limitations of natural EV tropism, numer-
ous engineering strategies have been developed to confer EVs
with enhanced or entirely novel targeting capabilities through
genetic, chemical, and physical modifications. Among these
approaches, genetic engineering of parental cells remains the
most widely used strategy. In this method, targeting peptides or
proteins are fused with EV membrane anchor proteins, enabling
their stable presentation on the EV surface. Commonly used an-
chor molecules include lysosome-associated membrane protein
2b, PTGFRN, and CD63.

One of the most extensively studied examples involves fusion
of the rabies virus glycoprotein (RVG) peptide with Lamp2b,
which markedly enhances EV penetration across the blood-
brain barrier and promotes neuronal targeting, particularly
in AD models (Figure 5a) (Alvarez-Erviti et al. 2011; Dooley
et al. 2021). Similarly, incorporation of the cyclic RGD (cRGD)
peptide enables selective recognition of avf3 integrins,
thereby improving EV accumulation within tumors and isch-
emic tissues (Tian, Li, et al. 2014). Cardiac homing peptides
have also been engineered onto EV membranes to facilitate
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Extracellular vesicles

Engineering targeted strategies for extracellular vesicles. (a) The anti-EGFR nanobody has a high affinity for epithelial cancer cells.

Copyright 2018 Theranostics (b) The chemical technology is used to treat EVs, enabling efficient and specific connection of targeted molecules.

Copyright 2016 Elsevier.
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targeted delivery to injured myocardium following ischemic
damage (Figure 5b) (Vandergriff et al. 2018). In oncology-
related applications, anti-EGFR nanobody-modified EVs
exhibit high affinity toward epithelial tumor cells, demon-
strating the feasibility of antibody-based precision targeting
(Kooijmans et al. 2016).

Collectively, genetic engineering strategies provide highly pro-
grammable and relatively stable targeting capabilities, making
them particularly attractive for chronic aging-associated dis-
eases that require precise tissue tropism, such as neurodegen-
eration, cardiovascular injury, and osteoporosis. However, the
increased manufacturing complexity, potential immunogenicity
of exogenous ligands, and challenges in large-scale standardiza-
tion remain important barriers for clinical translation.

5.2.2 | Chemical Conjugation and Lipid Insertion

Chemical surface modification strategies provide relatively
simple and efficient approaches for rapidly enhancing EV tar-
geting capability in vitro. Among these methods, click chem-
istry has emerged as one of the most widely used techniques
because it enables highly specific conjugation of targeting
ligands while largely preserving EV structural integrity and
biological activity (Smyth et al. 2014). In addition, NHS-ester
and maleimide-based coupling reactions are commonly em-
ployed to attach peptides or antibodies containing amine- or
thiol-functionalized groups to EV membranes (Armstrong
et al. 2017). Another widely adopted approach is lipid inser-
tion, in which hydrophobic interactions are used to incor-
porate ligand-modified lipid molecules directly into the EV
membrane. This strategy is technically straightforward and
avoids complex genetic manipulation; however, the stabil-
ity and long-term retention of inserted molecules on the EV
surface are often relatively limited (Apfelthaler et al. 2017;
Kooijmans et al. 2016). Overall, chemical engineering meth-
ods offer flexible and scalable approaches for EV function-
alization, particularly in short-term targeting applications.
Future optimization should focus on improving modification
stability, minimizing unintended alterations of EV bioactivity,
and integrating multifunctional targeting systems to enhance
translational applicability in precision anti-aging therapeutics.

5.2.3 | Membrane Fusion and Hybrid Technologies

Fusion of EVs with synthetic liposomes or cellular mem-
branes has led to the development of hybrid vesicle systems
that integrate the intrinsic bioactivity of natural EVs with the
structural tunability of engineered nanomaterials. EV-lipo-
some hybrids are particularly attractive because they combine
efficient drug-loading capacity with customizable targeting
modifications, thereby enhancing both therapeutic payload
delivery and tissue specificity (Piffoux et al. 2018). Membrane
hybridization strategies can also introduce additional biolog-
ical functions. For example, incorporation of red blood cell
membranes provides EV hybrids with the “self-recognition”
molecule CD47, enabling reduced immune clearance and
prolonged circulation time in vivo (Hu et al. 2021; Kamerkar
et al. 2017). In parallel, fusion with cancer cell membranes

preserves tumor-associated antigens and facilitates the devel-
opment of EV-based cancer vaccines and immune-targeting
platforms (Fang et al. 2014).

Hybrid engineering strategies represent an important step to-
ward the development of next-generation intelligent delivery
systems with enhanced targeting capability, immune evasion,
and multifunctional therapeutic potential. Future advances in-
tegrating responsive biomaterials, programmable surface mod-
ifications, and precision cargo release mechanisms may further
expand the application of hybrid EV platforms in anti-aging
nanomedicine and translational therapeutics.

5.3 | Targeted Delivery, Efficiency Enhancement,
and Cargo Loading

A major obstacle limiting the clinical translation of native EVs
is their insufficient tissue tropism and rapid clearance by the
reticuloendothelial system following systemic administration.
To overcome these limitations, multidimensional surface engi-
neering strategies have been developed to transform EVs into
“smart” targeting nanoplatforms with enhanced homing capa-
bility and prolonged circulation time (Kim et al. 2021).

While early approaches primarily relied on genetic engineer-
ing to fuse targeting peptides with EV-associated membrane
proteins such as tetraspanins, more recent advances have in-
troduced bio-orthogonal chemistry as a flexible and minimally
disruptive method for ligand conjugation. These strategies en-
able precise surface functionalization while preserving EV
membrane integrity and biological activity. A representative
example is the VesicleVoyager platform, which combines high-
throughput in vivo screening with peptide engineering to iden-
tify targeting motifs capable of directing EVs to highly specific
tissue microenvironments and even sub-organ regions (Kawai-
Harada et al. 2025).

In central nervous system disorders, engineered EVs displaying
rabies virus glycoprotein (RVG) peptides or integrin-binding li-
gands have demonstrated significantly improved blood-brain
barrier penetration and enhanced accumulation within neural
tissues (Lu, Hu, et al. 2022; Song, Liu, et al. 2023; Zhang, Li,
Guan, et al. 2025; Zhang et al. 2021). These targeted EVs can se-
lectively deliver therapeutic cargos to microglia and other brain-
resident cells, thereby improving the treatment efficiency of
neurodegenerative diseases such as AD. Such BBB-penetrating
strategies are particularly valuable in aging-associated neuro-
degenerative disorders, where inefficient drug transport into
the central nervous system remains one of the major transla-
tional bottlenecks. Similar targeting principles have also been
extended to other aging-related disorders. For example, bone-
targeting EVs conjugated with aspartic acid octapeptides (Asp8)
exhibit strong affinity for hydroxyapatite-rich resorption sites,
enabling precise delivery of therapeutic agents to osteoclast-
associated lesions in osteoporosis models. In contrast to neuro-
degenerative applications, bone-targeting strategies emphasize
local retention and sustained accumulation within mineralized
tissues, highlighting how different aging-associated diseases
require distinct EV delivery paradigms. In renal diseases, EVs
engineered with kidney injury molecule-1 (KIM-1)-targeting
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peptides preferentially accumulate in damaged renal tubules
and significantly reduce systemic toxicity compared with free-
drug administration.

In addition to active targeting strategies, immune-evasive mod-
ifications have also attracted considerable attention. Surface
functionalization with CD47, a canonical “don't eat me” signal,
markedly decreases macrophage-mediated phagocytosis and
prolongs EV circulation time in vivo, thereby improving overall
delivery efficiency (Hu, Qian, et al. 2024). Prolonging circula-
tion time may be especially important for systemic anti-aging
interventions, in which repeated dosing and multi-organ distri-
bution are often required.

5.3.1 | Strategies for Efficiency Enhancement

A major limitation of EV-based therapeutics is the extensive ly-
sosomal degradation that occurs following cellular endocytosis,
which substantially reduces the intracellular bioavailability of
therapeutic cargos. To overcome this barrier, “endosomal es-
cape” or “barrier-breaking” engineering strategies have emerged
as an important area of investigation. Recent studies have
demonstrated that EV surface modification with pH-responsive
fusogenic peptides can destabilize endosomal membranes under
acidic conditions, thereby enhancing cytosolic cargo release and
significantly improving therapeutic efficiency (Dave et al. 2025;
Kim, Hwang, et al. 2026). In parallel, hybrid vesicle systems
generated through fusion of EVs with synthetic liposomes have
been developed to optimize membrane lipid composition, result-
ing in improved colloidal stability, membrane fusion capability,
and intracellular delivery performance (Xiong et al. 2023).

Beyond intracellular trafficking, considerable efforts have also
focused on improving macroscopic delivery efficiency through
biomaterial-assisted and physical delivery technologies.
Injectable hydrogel systems, for example, can function as local-
ized “EV reservoirs,” enabling sustained release and prolonged
retention within hostile pathological microenvironments. Such
systems have shown promising therapeutic effects in bone re-
pair and osteoimmune regulation, including the treatment of
periprosthetic osteolysis (He et al. 2024; Wang, Ju, et al. 2025).
In tissue engineering, three-dimensional bioprinting technolo-
gies have further enabled the incorporation of EVs into bioac-
tive scaffolds, which simultaneously provide structural support
and sustained osteogenic signaling, thereby accelerating tis-
sue regeneration compared with direct EV injection (Brunel
et al. 2025).

Among physical enhancement strategies, focused ultrasound
(FUS)-mediated delivery has attracted particular attention be-
cause of its ability to transiently and noninvasively increase tis-
sue permeability. When combined with microbubble-assisted
systems, FUS can facilitate EV penetration across dense biolog-
ical barriers such as the blood-brain barrier and fibrotic tumor
stroma, thereby overcoming the limitations of passive diffusion
(Guan et al. 2025). Emerging evidence further suggests that
ultrasound-assisted approaches may provide broader therapeu-
tic benefits in age-related degenerative diseases by enhancing
vascular permeability, increasing cellular uptake efficiency,
modulating mechanotransduction pathways, and synergizing

with biomaterial-based delivery systems to achieve spatiotem-
porally controlled cargo release.

Despite these advances, several important challenges remain,
including biosafety assessment, parameter standardization,
tissue-specific targeting accuracy, and scalability for clinical
translation. Nevertheless, the integration of EV engineering with
advanced biomaterials and physical stimulation technologies
represents a highly promising direction for overcoming current
delivery bottlenecks and improving the therapeutic performance
of next-generation anti-aging nanomedicine platforms.

5.3.2 | Versatile Cargo Loading

The major advantage of engineered EVs lies in their unique ca-
pacity to encapsulate and deliver complex biological cargos that
are difficult to efficiently transport using conventional synthetic
nanocarriers. Through genetic engineering of EV-associated
scaffolds such as CD63, or by utilizing specific RNA-binding
protein systems, researchers can selectively enrich large nucleic
acids—including therapeutic mRNAs encoding VEGF, collagen,
or other regenerative proteins within EVs (Toms et al. 2023).
Additionally, EVsloaded with Cas9 ribonucleoprotein complexes
have demonstrated remarkable efficacy in editing pathological
genes within neurodegenerative models. As well as nucleic acids,
EVs are being engineered to carry hydrophobic senolytic drugs
such as dasatinib or quercetin. These cargo-loading strategies
directly align with major hallmarks of aging, including cellular
senescence, mitochondrial dysfunction, impaired regeneration,
and chronic inflammation, thereby expanding EVs from passive
carriers into multifunctional anti-aging therapeutic platforms.
By encapsulating these drugs within the lipid bilayer, the tox-
icity of the drugs to non-target cells is significantly reduced
and their ability to eliminate senescent cells in aged tissues is
enhanced. The use of EVs in mitochondrial immunotherapy is
an example of how the field of cargo loading is expanding. In
this therapy, EVs derived from natural killer cells or stem cells
transfer functional mitochondria to damaged cells, restoring
oxidative phosphorylation in cases of ischaemia and metabolic
disorders (Homberg et al. 2023; Wu, Feng, et al. 2025; Zhang,
Zhang, Zhou, et al. 2025; Zhuang et al. 2024).

5.4 | Cellular Entry Mechanisms

EVs play a crucial role in intercellular communication. Their
therapeutic potential depends not only on the functional activ-
ity of their cargo, but also on their ability to efficiently enter
target cells. EVs can be taken up by cells via various endocytic
or fusion mechanisms. The efficiency, specificity, subcellu-
lar localisation, and subsequent fate of these pathways can
differ significantly. Importantly, different uptake pathways
critically determine whether EV cargos undergo lysosomal
degradation or successfully escape into the cytoplasm, thereby
directly influencing intracellular bioavailability, organelle
targeting, and the therapeutic efficacy of anti-aging cargos
such as microRNAs, mRNAs, senolytic drugs, and mitochon-
drial regulatory molecules. The physical and chemical prop-
erties of EVs, the type of receptor cells, and the state of the
microenvironment jointly regulate these mechanisms. These
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Internalization pathways of EVs and representative cellular models.

Target/Recipient cell References

EV source

Key molecular mechanism

Macrophages/Epithelial cells (Krylova and Feng 2023)

Melanoma cells

Invagination through AP-2 and

Clathrin-mediated endocytosis (CME)

Dynamin-dependent assembly

(Svensson et al. 2013)

Vascular endothelial cells/neurons

Bone Marrow MSCs

Flask-shaped structures dependent

Caveolin-mediated endocytosis (CVME)

on lipid rafts and Caveolin-1

Microglia/Dendritic cells (Parada et al. 2021)

Glioma cells

Non-specific engulfment driven by Actin-

mediated plasma membrane ruffles

Hepatocytes (Parolini et al. 2009)

Hepatic Stellate Cells

Direct lipid bilayer fusion induced by

SNARE:S or acidic environments

Macrophages/Monocytes (Patil et al. 2021)

Red Blood Cells

Recognition by opsonins or

Phosphatidylserine receptors

Mesenchymal Stem Cells Fibroblasts/Immune cells (Li et al. 2016)

Non-clathrin pathway dependent

on cholesterol and Flotillin-1

processes become particularly important in aging-associated
tissues, where chronic inflammation, oxidative stress, altered
membrane fluidity, and dysfunctional endocytic activity may
substantially reshape EV internalization behavior. A thor-
ough understanding of the cellular entry mechanisms of EVs
is crucial for optimizing their performance as anti-aging deliv-
ery systems (Table 3).

5.4.1 | Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis (CME) is one of the best-
characterized pathways for EV internalization in eukaryotic
cells. This process is initiated by the assembly of clathrin heavy
and light chains into lattice-like structures at the plasma mem-
brane, followed by recruitment of adaptor protein complexes
such as AP2 to form clathrin-coated pits. Subsequent membrane
invagination and vesicle scission are mediated by the GTPase
dynamin, ultimately leading to intracellular uptake of EVs
(Kaksonen and Roux 2018).

Accumulating evidence suggests that mesenchymal stem
cell-derived EVs (MSC-EVs) are predominantly internal-
ized by human umbilical vein endothelial cells through
CME. Pharmacological inhibition of clathrin assembly using
chlorpromazine markedly suppresses EV uptake and down-
stream VEGF signaling activation, confirming the impor-
tance of this pathway in EV-mediated vascular repair (Chen,
Tsai, et al. 2025; Tian, Zhu, et al. 2014). Importantly, aging-
associated reductions in clathrin expression and endocytic
activity within senescent endothelial cells may impair CME
efficiency, thereby limiting the regenerative potential of
therapeutic EVs in aged tissues (Shin et al. 2021). Because
many anti-aging cargos including regulatory RNAs and mi-
tochondrial protective molecules require cytoplasmic release
to remain biologically active, excessive lysosomal traffick-
ing following CME may substantially reduce therapeutic
bioavailability.

Following CME-mediated uptake, EVs are typically trafficked
to early endosomes and subsequently directed toward lysosomal
degradation pathways, which can substantially restrict the cy-
tosolic release and bioavailability of therapeutic cargos (Hung
and Leonard 2016). Therefore, strategies aimed at enhancing
CME efficiency or promoting endosomal escape have become
critical areas of investigation for improving the therapeutic per-
formance of EV-based anti-aging delivery systems.

5.4.2 | Macropinocytosis
Macropinocytosis is a non-selective, actin-dependent endo-

cytic pathway characterized by extensive membrane ruf-
fling and the formation of large intracellular vesicles known
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FIGURE 6 | The mechanism of cell entry of extracellular vesicles. (a) Cellular phagocytosis is a non-specific high-capacity endocytic mode, in
which membrane folds form large vesicles to engulf extracellular substances. Reproduced with permission (Swanson 2008). Copyright 2008 Springer

Nature. (b) Tumor-associated macrophages take up a large amount of EVs derived from tumors through phagocytosis and reprogram themselves

to a tumor-promoting phenotype. Reproduced with permission. (Azambuja et al. 2020) Copyright 2020 MDPI. (c) The process of sperm-egg fusion

involves the fusion of sperm exosomes with the integrin on the egg membrane through the interaction of CD9. Reproduced with permission (Miyado
et al. 2008). Copyright 2008 The National Academy of Sciences of the United States of America. (d) Neuronal EVs directly deliver miRNAS to post-
synaptic cells through fusion. Reproduced with permission (Fruhbeis et al. 2013). Copyright 2013 PLoS Biology.

regulated by Racl/Cdc42 GTPase activation, PI3K signaling,
and Nat/H* exchange activity, and can be specifically inhib-
ited by the small-molecule inhibitor EIPA.

Tumor-associated macrophages, for example, can internalize
large amounts of tumor-derived EVs through macropinocyto-
sis, resulting in metabolic and phenotypic reprogramming to-
ward pro-tumorigenic states (Figure 6b) (Whiteside et al. 2021;
Zheng et al. 2017). In the context of aging, increased mac-
ropinocytic activity in aged macrophages may accelerate sys-
temic clearance of therapeutic EVs, thereby reducing their
circulation time and bioavailability (Canton 2018; Macedo
et al. 2020). This phenomenon may be particularly relevant
in inflammaging-associated tissues, where chronically ac-
tivated macrophages constitute a dominant barrier to sys-
temic EVs delivery. However, this same property may also
provide therapeutic opportunities. Enhanced uptake capacity
of activated immune cells could potentially be exploited for

targeted delivery of anti-inflammatory cargos, enabling selec-
tive modulation of chronic inflammaging-associated immune
dysregulation.

5.4.3 | Direct Membrane Fusion

Direct membrane fusion represents a distinct EV entry mech-
anism in which the EV membrane merges directly with the
plasma membrane of recipient cells, allowing immediate cy-
toplasmic release of therapeutic cargos without the formation
of endocytic vesicles. Although this pathway occurs less fre-
quently than endocytosis-mediated uptake, it is particularly
attractive for therapeutic delivery because it bypasses lyso-
somal degradation and substantially improves intracellular
cargo bioavailability (Parolini et al. 2009). This property is
particularly advantageous for the delivery of fragile thera-
peutic cargos such as mRNA, CRISPR systems, transcription
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factors, and mitochondrial regulatory molecules that require
direct cytoplasmic access. Membrane fusion is highly depen-
dent on compatible lipid composition, membrane fluidity, and
the presence of specific fusion-associated proteins. A classical
example is observed during sperm-egg fusion, where sperm-
derived EVs interact with integrins on the oocyte membrane
through CD9-mediated mechanisms to facilitate membrane
merging (Figure 6¢) (Miyado et al. 2008). In the nervous sys-
tem, neuronal EVs have also been shown to directly transfer
microRNAs to postsynaptic cells via SNARE-dependent fusion
processes, enabling rapid intercellular signaling (Figure 6d)
(Fruhbeis et al. 2013).

Importantly, microenvironmental conditions strongly influence
fusion efficiency. Acidic conditions increase membrane fluidity
and promote membrane fusion, whereas aging-associated reduc-
tions in neuronal membrane flexibility may impair this process
(Tian et al. 2013). Interestingly, pathological features of aged
tissues—including chronic inflammation, oxidative stress, and
local ROS accumulation—may paradoxically enhance EV fu-
sion under certain conditions, thereby creating potential “patho-
logical windows” for selective therapeutic targeting (Franceschi
et al. 2018; Naudi et al. 2015).

5.4.4 | Phagocytosis

Phagocytosis is a specialized uptake mechanism primarily per-
formed by professional phagocytes, including macrophages,
monocytes, and microglia, for the clearance of apoptotic cells,
pathogens, and large extracellular particles. Compared with
smaller exosomes, this pathway predominantly mediates the
uptake of larger EV populations such as microvesicles and apop-
totic bodies exceeding approximately 500 nm in diameter (Imai
et al. 2015). Recognition and internalization generally depend
on Fc receptors, complement receptors, and pattern-recognition
receptors that identify opsonized or damage-associated vesicles.
Consequently, phagocytosis simultaneously represents a major
cause of premature EV clearance and a potential mechanism
for selective delivery to inflammatory immune populations in
aging tissues.

In aging-related tissues, phagocytic activity is often substan-
tially altered. For example, age-associated activation of microg-
lia in the central nervous system may accelerate the clearance
of neuroprotective EVs, thereby limiting their therapeutic per-
sistence and reducing delivery efficiency within the aging brain
(Hong et al. 2016). Conversely, this heightened phagocytic ca-
pacity may also be therapeutically advantageous, as engineered
anti-inflammatory EVs can be preferentially internalized by ac-
tivated microglia or macrophages to suppress chronic neuroin-
flammation and inflammaging.

Therefore, phagocytosis represents both a major biological clear-
ance barrier and a potential targeting mechanism for EV-based
therapeutics. Future strategies aimed at modulating phagocytic
recognition such as CD47 surface functionalization, immune-
evasive membrane engineering, or selective phagocyte-targeting
approaches may help prolong EV circulation time while simulta-
neously improving tissue-specific delivery and immunomodula-
tory efficacy in anti-aging applications.

5.4.5 | Lipid Raft-Mediated Endocytosis

Lipid raft-mediated uptake represents a clathrin- and caveolin-
independent internalization pathway that relies on cholesterol-
and sphingolipid-rich membrane microdomains known as lipid
rafts. These specialized membrane regions function as dynamic
signaling platforms and frequently mediate the uptake of sig-
naling complexes, membrane receptors, and EVs. Certain im-
mune cell-derived EVs utilize lipid raft-dependent mechanisms
to enter T cells and participate in immune synapse formation.
Experimental depletion of membrane cholesterol using methyl-
B-cyclodextrin significantly inhibits this process, highlighting
the essential role of lipid raft integrity in EV internalization
(Mittelbrunn et al. 2011). In addition, lipid rafts facilitate interac-
tions between EVs and heparan sulfate proteoglycans (HSPGs),
thereby enhancing EV uptake efficiency in hepatocytes, neu-
rons, and other highly active signaling cells (Li et al. 2022). The
disordered structure of lipid rafts in senescent cells may affect
EVs recognition and internalization, emphasizing the impor-
tance of maintaining the stability of membrane microdomains
for the effective delivery of EVs. Engineering EVs to preferen-
tially interact with altered lipid raft compositions in senescent
or inflamed cells may therefore improve tissue specificity and
therapeutic selectivity in anti-aging interventions.

5.5 | Limitations and Prospects of Targeting
and Entry Research

Although studies of natural EV tropism have identified sev-
eral key targeting determinants—including integrin profiles,
tetraspanin composition, and glycosylation signatures, most
current evidence is derived from tumor models or experiments
performed in young animals. However, aging tissues undergo
substantial alterations in extracellular matrix composition,
receptor expression, glycosylation enzyme activity, and mem-
brane protein distribution. Consequently, a critical unresolved
question remains: whether integrins displayed on EVs derived
from young donors can still be efficiently recognized by ligands
expressed in senescent target tissues.

In addition, many studies investigating natural targeting mech-
anisms rely heavily on simplified in vitro binding assays or arti-
ficial overexpression systems, which fail to accurately replicate
the complex in vivo microenvironment, extracellular matrix
barriers, and hemodynamic conditions. As a result, numerous
targeting molecules that demonstrate promising specificity
in vitro often exhibit markedly reduced targeting efficiency fol-
lowing systemic administration in vivo.

Engineered targeting strategies have further expanded the tool-
box for EV modification, yet their translational potential may
currently be overestimated. Surface engineering approaches
using ligands such as rabies virus glycoprotein (RVG) pep-
tides or cyclic arginine-glycine-aspartate (cRGD) peptides
can indeed enhance EV accumulation in the brain or ischemic
myocardium in mouse models. However, these modifications
frequently alter additional biological properties simultaneously,
including immunogenicity, circulation half-life, and clearance
kinetics. Importantly, most existing studies focus primarily on
improvements in target-organ accumulation while overlooking
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comprehensive biodistribution analyses, particularly regarding
liver and spleen sequestration after engineering modifications.

More fundamentally, the complexity introduced by engineering
modifications presents major challenges for large-scale clinical
manufacturing. Additional modification steps increase produc-
tion variability, complicate quality control, and may substan-
tially reduce reproducibility during industrial-scale preparation.
Despite the growing enthusiasm surrounding engineered EV
therapeutics, these manufacturing and regulatory challenges
have rarely been quantitatively evaluated in current literature.

Overall, future studies should place greater emphasis on eval-
uating targeting mechanisms within physiologically relevant
aging models, systematically assessing the balance between
targeting efficiency, immune clearance, and biosafety, and es-
tablishing standardized large-scale manufacturing and quality-
control frameworks. Addressing these issues will be essential
for translating engineered EV targeting strategies from proof-of-
concept studies toward clinically viable anti-aging therapeutics.

6 | Scalable Manufacturing, Standardization, and
Safety Control of EVs

6.1 | Scalable Manufacturing Technologies

The clinical translation of EV-based therapeutics requires a fun-
damental transition from small-scale laboratory isolation toward
standardized industrial-scale manufacturing. Conventional
static two-dimensional culture systems are insufficient to meet
the high production demands required for clinical dosing, par-
ticularly for systemic anti-aging applications. To overcome these
limitations, advanced culture platforms such as hollow-fiber
bioreactors and three-dimensional microcarrier suspension sys-
tems have been widely adopted. By substantially increasing the
surface area-to-volume ratio and improving nutrient exchange
efficiency, these systems can enhance EV yield by approximately
10- to 40-fold compared with traditional planar flask cultures,
while largely preserving the immunomodulatory and regenera-
tive functions of mesenchymal stem cell-derived EVs (Haraszti
et al. 2018; Todtenhaupt et al. 2023; Yang, Qiu, et al. 2025; Yin
et al. 2025).

Beyond conventional culture optimization, bio-inspired man-
ufacturing strategies have recently emerged as promising ap-
proaches for further improving production efficiency. One
notable example is the cell dehydration-induced vesiculation
strategy, in which osmotic stress triggers rapid membrane shed-
ding and large-scale release of engineered vesicles. Compared
with passive physiological secretion, this approach dramatically
increases production efficiency and offers a potentially scal-
able route for high-yield EV manufacturing (Fiszer 2023; Liu
et al. 2024).

In parallel, top-down manufacturing technologies are gaining
increasing attention as alternatives to natural EV biogenesis.
Cell extrusion methods mechanically force cells through se-
rial microfilters to generate exosome mimetics or cell-derived
nanovesicles, achieving production yields that can exceed nat-
ural exocytosis by more than 100-fold (Yang, Li, et al. 2025).

Importantly, these biomimetic vesicles retain key membrane
proteins and targeting characteristics of their parental cells. For
example, nanovesicles generated from engineered M2 macro-
phages maintain anti-inflammatory targeting capabilities and
have demonstrated strong therapeutic efficacy in inflammation
modulation models.

In addition, metabolic engineering strategies within bioreactor
systems have shown considerable promise for optimizing EV
quality during large-scale production. Manipulation of culture
conditions, including glucose and glutamine supplementation,
can influence intracellular metabolism and significantly im-
prove cargo-loading efficiency, thereby enhancing the therapeu-
tic consistency of EV preparations.

Despite these technological advances, important challenges
remain regarding batch-to-batch consistency, scalable purifica-
tion, regulatory standardization, and preservation of biological
activity during manufacturing. Future industrialization efforts
should therefore focus not only on maximizing EV yield, but
also on establishing reproducible quality-control systems and
functional evaluation standards to ensure the safety, stability,
and clinical reliability of next-generation EV therapeutics.

6.2 | Standardization and Advanced Isolation
Strategies

Establishing robust and standardized isolation and characteriza-
tion systems is essential for reducing batch-to-batch variability
during EV manufacturing and facilitating clinical translation.
Although ultracentrifugation remains the most widely used
isolation method in basic research, its limited scalability, low
reproducibility, and tendency to induce vesicle aggregation
or structural damage make it unsuitable for large-scale Good
Manufacturing Practice (GMP) production. To address these
limitations, tangential flow filtration (TFF) has emerged as a
leading strategy for industrial-scale EV isolation. TFF enables
gentle, size-based separation while preserving vesicle integrity
and biological activity, making it highly compatible with contin-
uous large-volume processing (Busatto et al. 2018; Li et al. 2017).
To further improve purity, TFF is frequently combined with size
exclusion chromatography (SEC), a complementary approach
that efficiently removes soluble proteins, protein aggregates, and
high-density lipoprotein (HDL) contaminants from EV prepara-
tions (Auquiere et al. 2025).

In addition to conventional filtration-based systems, several
novel cost-effective purification technologies have recently been
developed. One promising example is the ion osmolarity-driven
sequential concentration strategy, which induces EV precipi-
tation through controlled manipulation of ionic strength. This
approach enables efficient recovery of EVs from large-volume
culture media without the use of potentially toxic polymer-based
precipitation reagents (Thakur et al. 2024).

At the forefront of standardization, microfluidic technologies
are increasingly transforming EV manufacturing and quality
control. Microfluidic platforms utilize mechanisms such as vis-
coelastic focusing and deterministic lateral displacement to con-
tinuously sort EVs according to size, deformability, and physical
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properties. These chip-based systems enable automated produc-
tion of highly uniform vesicle populations and are being inte-
grated into “lab-on-a-chip” platforms for rapid and standardized
EV manufacturing (Hassanzadeh-Barforoushi et al. 2025).

Beyond physical isolation, precise control of biological cargo
composition is becoming equally important for next-generation
EV therapeutics. Recent studies have identified specific molec-
ular “sorting codes” that regulate selective RNA packaging into
EVs, providing a mechanistic basis for the standardized engi-
neering of RNA-enriched vesicles with predictable therapeutic
properties (Abdelgawad et al. 2025; Favret et al. 2024).

6.3 | Safety Control and Regulatory Compliance

Ensuring the biosafety of EV-based therapeutics requires rigor-
ous quality-control systems that comply with international stan-
dards such as the MISEV2023 guidelines (Welsh et al. 2024).
Among the major safety concerns, purification of drug-loaded
EVs remains particularly critical. During the encapsulation of
chemotherapeutic agents, nucleic acids, or gene-editing cargos,
residual unencapsulated “free drugs” must be efficiently re-
moved to avoid systemic toxicity and off-target adverse effects.
To address this challenge, advanced multimodal chromatogra-
phy systems have been optimized for high-resolution separation
of therapeutic EVs from free cargo molecules and other contam-
inants (Auquiere et al. 2025; Corso et al. 2019; Dufil et al. 2023).

Another major obstacle is the intrinsic heterogeneity of EV pop-
ulations. Conventional bulk characterization methods often
fail to accurately distinguish therapeutically active vesicle sub-
populations from inactive or potentially harmful particles. To
overcome this limitation, emerging single-vesicle analytical
technologies now enable high-resolution mapping of surface
marker composition and cargo distribution at the individual
particle level, thereby improving batch consistency and ensur-
ing that only EV populations with defined therapeutic identities
are selected for clinical use (Villamizar et al. 2021; Wang, Zhao,
et al. 2024).

From a regulatory and manufacturing perspective, removal of
endotoxins and host cell proteins (HCPs) is essential for min-
imizing immunogenicity and ensuring clinical safety. Current
Good Manufacturing Practice (GMP)-compatible workflows
commonly integrate depth filtration, anion-exchange chroma-
tography, and multi-step purification procedures to reduce these
contaminants to levels acceptable for human administration
(Gargett et al. 2019; Rohde et al. 2019; Witwer et al. 2019). In par-
allel, genome engineering technologies such as CRISPR-Cas9
are being applied to producer cells to eliminate immunogenic
membrane proteins or major histocompatibility complex-related
molecules, generating “universal donor” EVs with substantially
reduced risks of immune rejection (Gargett et al. 2019; Hyldig
et al. 2017).

Despite these advances, standardized release criteria for EV
therapeutics remain incompletely defined. Future efforts should
focus on establishing globally harmonized quality-control
frameworks encompassing vesicle identity, purity, potency,
cargo consistency, immunogenicity, and long-term biosafety

evaluation. Such standardization will be essential for accelerat-
ing regulatory approval and enabling the reliable clinical trans-
lation of EV-based anti-aging therapeutics.

6.4 | Limitations and Prospects of Production
and Safety Control

The balance between large-scale production and preservation
of biological function represents one of the central challenges
in EV industrialization. Although artificial induction strategies,
such as cell extrusion, osmotic stress, and starvation-mediated
vesicle release can dramatically increase EV yield, systematic
comparisons between these engineered vesicles and naturally
secreted EVs remain insufficient. In particular, the effects of
these production methods on membrane integrity, surface pro-
tein composition, lipid organization, and cargo stability have
not been comprehensively evaluated. Mechanical stress gener-
ated during extrusion procedures may alter membrane protein
conformation or induce lipid peroxidation, yet these potential
structural damages are often overlooked by conventional char-
acterization methods. Moreover, increased production -effi-
ciency is frequently achieved at the expense of cellular viability
and physiological status. Because cellular stress and senescence
can themselves alter vesicle composition and biological activity,
EVs generated under artificial high-yield conditions may differ
substantially from physiologically secreted vesicles in terms of
therapeutic function.

At the regulatory level, significant gaps also remain in current
EV safety-control systems. Although the MISEV2023 guide-
lines provide important recommendations for EV character-
ization and reporting, they do not establish specific release
criteria or standardized thresholds for clinical-grade products.
For drug-loaded EVs, there is currently no universally accepted
quality-control framework for evaluating residual free-drug
contamination. Likewise, endotoxin and host cell protein (HCP)
limits are generally adapted from traditional biologic drug stan-
dards, despite the fact that EVs possess unique physicochemical
properties as lipid nanoparticle-based therapeutics. In addi-
tion, the long-term biosafety of CRISPR-engineered “universal
donor” EVs remains largely unexplored.

A more fundamental concern is that current safety evalua-
tions focus predominantly on vesicle composition itself while
largely neglecting process-related impurities introduced during
industrial-scale manufacturing. Potential contaminants in-
cluding bioreactor leachates, residual microcarrier fragments,
membrane extrusion debris, and other manufacturing-derived
nanoparticles are rarely incorporated into existing quality-
control systems despite their possible impact on immunogenic-
ity and long-term safety.

Future progress in this field will require several important meth-
odological advances. First, large-scale manufacturing studies
should simultaneously evaluate both EV yield and functional
potency, rather than treating production efficiency as the sole
endpoint. Second, standardized equivalence criteria between
engineered vesicles and naturally secreted EVs must be estab-
lished to determine under which conditions artificial vesicles
can serve as acceptable therapeutic substitutes. Third, the focus
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of standardization should gradually shift from purely physico-
chemical characterization toward functional subgroup screening
and enrichment, supported by high-throughput single-vesicle
functional analysis technologies. Finally, safety assessment sys-
tems should expand beyond vesicle characterization alone to
include comprehensive monitoring of process-related impurities
and manufacturing-associated risks, ultimately promoting the
establishment of dedicated regulatory frameworks specifically
designed for EV-based therapeutics.

7 | Challenges and Prospects of EVs

EVs have emerged as highly promising cell-free therapeutic
platforms in anti-aging medicine owing to their excellent bio-
compatibility, low immunogenicity, intrinsic targeting capacity,
and ability to cross biological barriers such as the blood-brain
barrier. By transporting proteins, lipids, metabolites, and nu-
cleic acids, EVs modulate multiple hallmarks of aging, including
chronic inflammation, mitochondrial dysfunction, stem cell ex-
haustion, impaired proteostasis, and altered intercellular com-
munication. Compared with live-cell transplantation, EV-based
therapies exhibit lower risks of tumorigenicity and immune re-
jection while offering advantages in storage stability, manufac-
turing flexibility, and scalability.

Collectively, current clinical evidence suggests that EV-based
therapies exhibit favorable preliminary safety profiles and prom-
ising regenerative potential across multiple aging-associated dis-
eases. However, most studies remain limited to early-stage trials
with relatively small sample sizes and short follow-up durations.
In addition, substantial heterogeneity persists in EV source, iso-
lation protocols, administration routes, dosage regimens, and
therapeutic endpoints. Consequently, large-scale randomized
clinical trials and standardized GMP-compatible manufactur-
ing systems are urgently needed before EV therapeutics can
achieve widespread clinical application.

Despite encouraging advances, several major barriers continue
to limit the clinical translation of EVs. Current isolation and
purification methods frequently generate batch-to-batch vari-
ability in vesicle size, cargo composition, and biological activity.
Furthermore, most intravenously administered EVs are rapidly
cleared by the mononuclear phagocyte system, resulting in short
circulation times and insufficient accumulation within target
tissues. The limited loading capacity of native EVs also restricts
the efficient delivery of macromolecular therapeutics such
as mRNA, CRISPR/Cas systems, and recombinant proteins.
Therefore, improving manufacturing standardization, delivery
efficiency, and cargo-loading strategies remains a central objec-
tive for future development.

Biosafety also requires more systematic investigation. The fre-
quently cited “low immunogenicity” of EVs should not be in-
terpreted as universal safety, because EV-associated risks are
highly dependent on parental cell source, manufacturing pro-
cedures, dosage regimens, and recipient status. Tumor-derived
EVs may contain oncogenic or immunosuppressive cargoes,
whereas long-term toxicity data for MSC-derived EVs remain
limited. In addition, industrial-scale production may intro-
duce process-related impurities, including endotoxins, residual

host-cell proteins, microcarrier debris, and free drug contami-
nation. At present, standardized toxicological frameworks for
evaluating chronic toxicity, tumorigenicity, immunogenicity
variation, biodistribution, and off-target accumulation are still
lacking. With the gradual implementation of stricter regulatory
policies, EV therapeutics are transitioning from exploratory re-
search toward pharmaceutical-grade quality control and regula-
tory supervision.

To overcome these limitations, EV engineering is evolving from
the passive utilization of natural vesicles toward semi-synthetic
biomimetic systems and intelligent programmable nano-
platforms. Liposome-exosome hybrid vesicles, microfluidic-
generated nanovesicles, and stimulus-responsive EV systems
are being developed to improve production scalability, cargo-
loading efficiency, and controlled release performance. In par-
allel, emerging administration strategies—including inhalable
dry powders, hydrogel-assisted local delivery, and microneedle-
based transdermal systems—may further enhance tissue reten-
tion while reducing systemic clearance.

Importantly, the integration of multi-omics technologies and
artificial intelligence (AI) is expected to reshape the future de-
sign paradigm of EV therapeutics. Transcriptomics, proteomics,
lipidomics, and glycomics enable comprehensive characteriza-
tion of EV heterogeneity and identification of disease-specific
targeting signatures. Al-driven prediction models may further
optimize EV biodistribution, therapeutic efficacy, and biosafety.
More notably, Al-assisted protein design platforms such as
AlphaFold and related deep-learning frameworks may facilitate
the de novo design of EV surface ligands with enhanced receptor
specificity and tissue tropism. Such strategies could enable the
construction of tissue-specific “molecular postal codes” that se-
lectively guide EVs toward aging-associated pathological niches,
including fibrotic lungs, inflamed vasculature, neurodegenera-
tive lesions, and senescent stem cell compartments, thereby im-
proving targeting precision while minimizing off-target effects.

Another promising direction involves organoid-derived EVs.
Compared with conventional two-dimensional cell cultures,
organoids more accurately recapitulate native tissue architec-
ture and aging-associated microenvironments. Consequently,
organoid-derived EVs may better preserve physiologically rel-
evant regenerative signals and disease-specific molecular car-
goes. Brain, lung, intestinal, and vascular organoid-derived
EVs are increasingly being explored for neurodegenerative dis-
eases, pulmonary fibrosis, inflammatory disorders, and vascu-
lar aging. In addition, patient-derived organoids may provide a
foundation for personalized EV therapeutics.

Combination therapy is also emerging as an important trans-
lational strategy. EVs are increasingly being integrated with
hydrogels, senolytic agents, CRISPR systems, mitochondrial
transplantation technologies, and biomaterial-based delivery
platforms. Such combinational approaches may simultaneously
enhance tissue regeneration, eliminate senescent cells, and re-
model inflammatory microenvironments, thereby improving
overall therapeutic efficacy.

Nevertheless, several conceptual and methodological issues re-
main unresolved. Most current studies still rely heavily on young
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animal models and short-term observation periods, which in-
sufficiently reflect the chronic and progressive nature of aging.
Moreover, many reported therapeutic mechanisms remain
correlative rather than causative because EVs contain highly
complex molecular cargoes whose synergistic interactions are
difficult to dissect using conventional single-target approaches.
Quantitative evidence regarding in vivo biodistribution, target-
organ retention, and intracellular cargo release is also still lim-
ited. Future studies should therefore prioritize standardized
functional evaluation systems, long-term aging models, and
single-vesicle tracking technologies capable of distinguishing
direct therapeutic effects from indirect systemic responses.

Overall, the future clinical translation of EV-based anti-aging
therapies will require coordinated advances in biosafety assess-
ment, GMP-compatible manufacturing, intelligent targeting
design, and regulatory standardization. Future research should
prioritize long-term toxicological evaluation, Al-assisted ra-
tional engineering, organ-specific delivery strategies, and per-
sonalized therapeutic platforms. Through the integration of
bioengineering, multi-omics analysis, and artificial intelligence,
EVs may evolve from experimental nanocarriers into clinically
applicable precision therapeutics for aging-associated diseases.

Recent years have witnessed the rapid clinical translation of
EV-based therapeutics for aging-associated diseases. Compared
with live-cell transplantation, EVs exhibit several translational
advantages, including lower immunogenicity, reduced tumori-
genic risk, improved storage stability, and superior compatibility
with industrial-scale manufacturing. Multiple early-phase clin-
ical studies have evaluated EVs derived from MSCs, adipose-
derived stem cells, placental tissues, and umbilical cord-derived
cells in neurodegenerative disorders, pulmonary injury, meta-
bolic dysfunction, renal fibrosis, and inflammatory diseases.
Importantly, several EV-based therapeutics have already entered
phase I/1I clinical evaluation, particularly for inflammatory and
degenerative disorders associated with aging. Representative
ongoing and completed clinical trials of EV-based therapies are
summarized in Table 4.
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