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ABSTRACT 

Stem cell therapy is currently undergoing clinical research in China for conditions that are resistant to or incurable by traditional 
pharmaceutical interventions. Stem cell-derived extracellular vesicles (EVs) exhibit therapeutic effects similar to those of their 
parent stem cells, positioning them as an alternative or adjunctive approach to stem cell therapy. In recent years, given the 
tremendous potential for EVs in disease treatment, many researchers have focused on the development of stem cell-derived EVs 
and have achieved substantial progress in large-scale production and quality-related studies. However, at present, there are no 
specific or targeted regulatory requirements issued by authorities in China regarding the regulation of this novel therapeutic 
modality or the assurance of its safety and efficacy. In this paper, based on the biological properties of EVs, recent research advances, 
current understanding of their mechanisms of action, manufacturing processes and quality control strategies, a comprehensive 
framework for the quality evaluation of stem cell-derived EV-based therapeutic products is proposed. This framework is intended 
to serve as a reference for researchers and developers and may help to facilitate further discussion to facilitate further discussion, 
thereby supporting and promoting the development, regulatory oversight and establishment of quality standards and evaluation 
systems for stem cell-derived EVs in China. 
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 Introduction 

n recent years, China has emerged as a global leader in the
esearch and development of stem cell-based therapies, includ-
ng the use of stem cell-derived extracellular vesicles (EVs)
or therapeutic applications (Rahnama et al. 2024 ). Stem cells,
articularly mesenchymal stem/stromal cells (MSCs), induced
luripotent stem cells (iPSCs) and embryonic stem cells (ESCs),
ave demonstrated tremendous potential in the treatment of
arious diseases, such as autoimmune conditions (Choi et al.
ao Na and Kehua Zhang contributed equally to this study. 

his is an open access article under the terms of the Creative Commons Attribution-NonC
rovided the original work is properly cited, the use is non-commercial and no modificat
2026 The Author(s). Journal of Extracellular Vesicles published by Wiley Periodicals, LL

ournal of Extracellular Vesicles , 2026; 15:e70297 
ttps://doi.org/10.1002/jev2.70297
2025 ), neurodegenerative disorders (Ramalingam et al. 2025 )
and cardiovascular diseases (Liao et al. 2025 ). The therapeutic
properties of stem cells are attributed not only to their intrinsic
biological functions and capacity to differentiate into multiple cell
types but also to their secretion of EVs (Riazifar et al. 2017 ). 

EVs are nano- to micro-sized vesicles enclosed by a lipid bilayer
that are released into the extracellular space and are incapable
of replication. All types of cells, including both eukaryotic and
prokaryotic cells, release EVs (Rohde et al. 2019 ; Kalluri LeBleu
ommercial-NoDerivs License, which permits use and distribution in any medium, 
ions or adaptations are made. 
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020 ; Hur et al. 2021 ; Levy et al. 2023 ). The lipid bilayer membrane
f EVs not only protects their contents from rapid degradation but
lso facilitates immune evasion and enables efficient delivery of
argo to target cells. EVs carry diverse molecular cargo, including
roteins, lipids, nucleic acids, metabolites and sugars, which
eflect the characteristics of their parent cells. EVs mediate long-
istance cell-to- cell communication by interacting with or being
nternalised by recipient cells, thereby releasing their cargo into
hese cells. Such interaction can modulate the function and
etabolism of target cells, including promoting tissue repair,
egulating immune responses or facilitating disease initiation
nd progression, such as tumour metastasis (van Niel et al.
022 ). 

iven their diverse biological functions and ongoing techno-
ogical advancements, EVs hold significant potential for break-
hroughs in diagnosis, drug delivery and disease treatment.
Vs can be classified into various subtypes based on factors
uch as cellular origin, size, biogenesis pathways, biological
unctions, secretion mechanisms and applications. Based on
ize and biogenesis pathways, EVs are commonly classified
nto exosomes and ectosomes as described in the MISEV2023
uidelines (Bordanaba-Florit et al. 2021 ; Welsh et al. 2024 ).
ccording to specific cellular processes, EVs can also be classified
s apoptotic bodies, which result from programmed cell death,
r migrasomes, which arise during cell migration (Welsh et al.
024 ). In addition, EVs may be categorised according to their
ell of origin, such as MSC-derived EVs (Kou et al. 2022 ),
PSC-derived EVs (Kmiotek-Wasylewska et al. 2024 ) or adult
ardiomyocyte-derived EVs (Prieto-Vila et al. 2024 ). Further-
ore, EV classification can be based on intracellular origin and
argo content, including mitochondrial-content-containing EVs,
eferred to as mitoEVs (Lou et al. 2025 ), or Golgi apparatus-
nriched, Golgi- derived EVs (Li et al. 2025 ). With ongoing
esearch, an expanding variety of EV subtypes has been identified,
ncluding large oncosomes, migrasomes, ectosomes, exomeres,
upermeres and membrane particles (Cocucci and Meldolesi
015 ; Kumar et al. 2024 ) (Figure 1 ). Despite substantial efforts to
solate pure exosomes, identify specific markers for exosome char-
cterization, and elucidate their biological functions, exosomes
annot yet be unequivocally distinguished from other EVs using
urrently available characterization methods. Therefore, it may
e appropriate to use the broader term ‘extracellular vesicles’ or
small extracellular vesicles (sEVs)’ when their size distribution
s strictly controlled within appropriate range (e.g., less than
00 nm) for therapeutic products unless the subcellular origin
nd exact proportion of exosomes can be precisely demonstrated
Zhou et al. 2025 ). 

urrently, the development of stem cell-derived EVs-based ther-
peutic applications has gained significant attention. Globally,
housands of researchers are engaged in the development of
herapeutic EV products, and dozens of EV-based products are
urrently in various stages of clinical trials, several of which
re expected to enter the market in the near future (Mizenko
t al. 2024 ). Numerous preclinical studies have demonstrated
hat EVs hold substantial promise for disease treatment. EVs
re being explored as carriers for the delivery of small molecule
rugs, proteins, genes and other bioactive substances, enabling
argeted delivery to specific cells for therapeutic purposes (Huang
t al. 2025 ). Owing to their lipid bilayer structure, EVs possess
of 27
distinct advantages over other nano carriers, including the ability
to penetrate biological barriers, such as the blood-brain barrier
(Mehdizadeh et al. 2025 ). Compared with synthetic nanoparticles,
such as lipid nanoparticles (Herrmann et al. 2021 ), EVs demon-
strate superior capabilities in targeting specific cells, tissues
and organs, as well as enhanced efficiency in crossing both
extracellular and intracellular membranes. This unique property
enables EVs to mediate the delivery of functional molecules,
including chemicals, nucleic acids, proteins and lipids—from one
cell to another, even across long distances within the body (Le
Saux et al. 2021 ). 

While significant progress and promising results have been
achieved in EV research, the application of EVs as therapeutic
products remains at an early stage compared with stem cell-
based therapies. Challenges persist, particularly in the quality
evaluation of therapeutic EV products (Rahnama et al. 2024 ).
As research advances, various countries have begun developing
frameworks and guidelines to address the challenges associated
with EVs, particularly with respect to production, quality
control, characterization and regulatory approval for clinical
use. Although no global standard currently exists, several
countries have made notable progress in establishing quality
evaluation frameworks, setting a precedent for other nations
to develop similar standards. According to US regulations of
the Public Health Service (PHS) Act Section 351 (HCT/P), EV
products are regulated as human cells, tissues and cell- and
tissue-based products. This classification includes stem cell-
derived EVs and provides recommendations on manufacturing
controls, quality assessment, characterization, safety and
mechanisms of action (Wang, et al. 2024 ). To evaluate the
effectiveness and safety of EVs in humans, the US Food
and Drug Administration (FDA) emphasises the need for
additional clinical trials ( https://www.fda.gov/vaccines-blood- 
biologics/safety-availability-biologics/public-safety-notification- 
exosome-products ). Furthermore, due to the lack of standardised
isolation and analytical procedures, EV-based therapies have
not yet been approved by the FDA (Yousefian et al. 2024 ). On
11 July 2025, the biotechnology firm Capricor Therapeutics
announced that its Biologics License Application (BLA) for
Deramiocel—a cellular therapy based on exosome-mediated
mechanisms developed for the treatment of cardiomyopathy
associated with Duchenne muscular dystrophy (DMD)—
w as not approved by the FDA because it failed to meet the
statutory requirement for substantial evidence of effectiveness.
This case further underscores the FDA’s continued emphasis
on the need for robust evidence to substantiate the safety,
efficacy and mechanism of action of EV-based therapies
( https://www.biospace.com/fda/capricor-plunges-on-fda- 
rejection- of- dmd- cell- therapy). Although the European
Medicines Agency (EMA) does not have specific guidelines
exclusively for EVs, it classifies them under the broader category
of biologics or advanced therapy medicinal products (ATMPs),
depending on whether the EVs contain functional translated
RNA (EMA Scientific recommendations on classification of
ATMP: https://www.ema.europa.eu/en/human-regulatory- 
overview/marketing- authorisation/advanced- therapies- 
marketing- authorisation/scientific- recommendations- 
classification- advanced- therapy- medicinal- products ). In Japan,
EVs that do not contain living cellular components are not
considered regenerative medical products or medical devices;
Journal of Extracellular Vesicles, 2026
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FIGURE 1 Extracellular vesicles (EVs) can be classified into several subtypes based on factors, such as size and biogenesis, cellular processes and 
cell of origin. 
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nstead, they are classified as biologics (Tsuchiya et al. 2022 ;
ang, et al. 2024 ). 

riven by a rapidly advancing biomedical industry, substantial
nvestments in stem cell and regenerative medicine research,
nd a growing demand for advanced medical therapies, China
as made significant progress in both basic and clinical research
n stem cell-derived EVs (Wang et al. 2023; Zhang et al. 2023 ).
ccording to data from ClinicalTrials.gov, China is now the
econd-largest country in terms of registered EV clinical trials,
urpassed only by the United States. Among the 161 registered
tudies, 42 of them focus on therapeutic EVs, while the remaining
tudies investigate the use of EVs as biomarkers for disease
iagnosis, treatment prognosis or clinical status assessment. With
ontinuous advancements in EV research, substantial efforts
ave been made to accelerate the development of therapeutic
Vs. For example, from 2016 to 2022, only 11 therapeutic EV
tudies were registered on ClinicalTrials.gov; however, in nearly
 years since 2023, this number has increased to approximately
hree times the previous total (Figure 2A ). Geographically,
herapeutic EV research is primarily concentrated in Shang-
ai, Guangdong Province and Beijing (Figure 2B ). Among the
urrently registered therapeutic EV studies, over 95% involve
atural stem cell-derived EVs, with MSCs accounting for the
argest proportion, representing approximately 60% of registered
herapeutic EVs (Figure 2C ). Among these MSCs-derived EVs,
ournal of Extracellular Vesicles, 2026
12% are adipose-derived EVs, 44% are umbilical cord-derived EVs
and the remaining 44% are of unspecified origin due to incom-
plete registration information, precluding further source analysis
(Figure 2D ). Beyond therapeutic EVs, other EV-related applica-
tions and research areas have also progressed relatively rapidly in
China. For instance, in 2024, EV-based cosmetic products were
not approved for registration because they did not comply with
existing regulations and technical specifications. In addition,
the National Institutes for Food and Drug Control (NIFDC)
issued a notice explicitly recommending that EVs should not
be regulated as medical devices ( https://www.nifdc.org.cn/nifdc/
bshff/ylqxbzhgl/qxxxgk/fljd/202410311058301301565.html ). 

To address emerging products such as EVs, the Centre for Drug
Evaluation (CDE) of the China National Medical Products
Administration (NMPA) issued the ‘Scope, Classification,
and Interpretation of Advanced Therapeutic Medicinal
Products (ATMPs) (Draft for Consultation)’ on 10 June 2025
( https://www.cde.org.cn/main/news/viewInfoCommon/ 
0d19d9228c90f124053e92cda08331e0 ). This document clarified
that EVs fall within the regulatory scope of ATMPs. Moreover,
China’s regulatory landscape has continued to evolve to
support innovation in this field, though challenges remain in
developing specific frameworks for the quality control and
clinical application of these products (Lu et al. 2024 ). To promote
the research and regulatory development related to EVs in China
3 of 27
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FIGURE 2 Statistic overview of EV clinical studies registered on ClinicalTrials.gov by institutions in China. (A) Annual number of EVs studies 
registered between 2016 and 2025 (Therapeutic refers to EVs registered for therapeutic purposes; Biomarker refers to studies using EVs as biomarkers 
for disease diagnosis, treatment prognosis or clinical status assessment.). (B) Geographic distribution of EV clinical studies registered in China, with 
therapeutic EV ranked from highest to the lowest by number. (C) Distribution of cell sources among registered therapeutic EVs. (D) Distribution of stem 

cell-derived EVs used for therapeutic purposes. MSCs, mesenchymal stem/stromal cells; PSCs, pluripotent stem cells; undefined, EVs with incomplete 
registration information; iPSCs, induced pluripotent stem cells; Ad-MSCs, adipose-derived MSCs; UC-MSCs, umbilical cord-derived MSCs. (Data are 
current through September 2025.). 
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nd to establish appropriate quality evaluation systems, this
rticle focuses on the most extensively studied stem cell-derived
Vs (Figure 3 ). Quality requirements for different types of
tem cell-derived EVs primarily differ across multiple aspects
hile ensuring the safety and efficacy of the corresponding EV
roducts. Therefore, quality control strategies can be tailored
o the specific characteristics of each type of stem cell-derived
Vs, with corresponding requirements and methods developed
ccordingly. 

ased on the biological properties of EVs, current research
rogress, and the growing understanding of their mechanisms
f action, manufacturing processes and quality control strategies
Xu et al. 2025 ), detailed considerations for the quality evaluation
trategies of stem cell-derived EV products have been proposed
or reference. These strategies do not represent formal regulatory
uidelines but are intended solely as a reference for researchers
nd developers working on EV-based products. The proposed
trategies may provide a reference framework for systematic qual-
ty assessment and may also contribute to ongoing discussions
n regulatory alignment and the clinical development of EV
roducts in China. 

 Considerations for Quality Evaluation of Stem 

ell-Derived EV Products 

he proposed considerations for the quality evaluation of stem
ell–derived EV products are provided as a reference to encourage
of 27
more systematic and comprehensive investigations of EV prop-
erties. Such efforts may facilitate the identification of additional
relevant critical quality attributes (CQAs) and ultimately improve
the overall quality and consistency of EV-based therapeutics.
According to the ICH Q8–Q10 framework (International Council
for Harmonizations of Technical Requirements for Pharmaceu-
ticals for Human Use, available from: https://www.ich.org/page/
quality-guidelines ), CQAs for EV products are established during
development based on the quality target product profile and
risk assessment, and are subject to continual verification and
refinement throughout the product lifecycle. In alignment with
ICH Q10 and Q12, post-approval quality research and lifecycle
management enable dynamic adjustments of CQAs and quality
specifications as new knowledge and clinical evidence emerge. As
deeper insights into structure–function–clinical correlations are
gained, CQAs may be redefined or reprioritised, thereby driving
corresponding refinements in quality specifications and control
strategies. This iterative process underpins lifecycle quality man-
agement and ensures sustained product consistency, safety and
therapeutic efficacy over time. 

2.1 Stem Cell Bank System 

Quality control of raw materials is a fundamental component of
the production of stem cell-derived EVs. In this context, stem
cells should be regarded as the primary raw material for EV
production, as the content and biological properties of EVs may
reflect the specific characteristics and functions of their parent
Journal of Extracellular Vesicles, 2026
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FIGURE 3 Classification of stem cells used for therapeutic EVs production. In this paper, the term ‘stem cell’ includes adult stem cells (also referred 
to as somatic stem cells or tissue stem cells), such as MSCs, adult neural stem cells; pluripotent stem cells (PSCs), including ESCs and iPSCs, and various 
types of PSC-derived cells. All stem cells involving genetic modification are collectively categorised as genetically modified stem cells. 
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tem cells. Establishing a stem cell banking system is therefore
ssential to ensure consistent quality across different batches of
V production. It is generally advisable that developers evaluate
he suitability of stem cells for EV product development prior to
he establishment of a cell bank. For example, when allogeneic
SCs are used, the primary cells suitable for MSC-based cellular
herapies may differ from those optimal for EV product develop-
ent. For MSCs intended for EV production, a comprehensive
valuation of key parameters—such as the average level of EV
ecretion and the stability of EV production across passages—
s considered necessary. Before cell bank establishment, stem
ells are thoroughly characterised and validated through rigorous
esting to ensure the safety and efficacy of the resulting EV prod-
cts for their intended therapeutic application. In addition, stem
ells subjected to genetic editing, reprogramming or extensive
n vitro passaging may undergo morphological, phenotypic or
enetic alterations (Yang et al. 2018 ; Turchiano et al. 2021 ; Vaz
t al. 2021 ). These changes may affect the quality and yield of
tem cell-derived EVs. During the establishment of a cell bank,
enetically modified stem cells therefore undergo comprehensive
uality evaluations, including genetic stability assessments, to
onfirm the absence of abnormalities. For PSC-differentiated
ells, both the quality of the PSCs and that of the corresponding
ournal of Extracellular Vesicles, 2026
differentiated cell banks may be evaluated. However, the limited
proliferative capacity of certain PSC terminally differentiated
cells may render them unsuitable for cell bank establishment.
In such cases, the quality of terminally differentiated cells used
directly for EV production may be directly assessed. 

In China, stem cell banks used for therapeutic EV production
are subject to regulatory requirements, such as the Chinese
Pharmacopoeia and the ‘Technical Guideline for Pharmaceutical
Research and Evaluation of Human Stem Cell Products (for
Trial Implementation)’ ( https://www.cde.org.cn/main/news/
viewInfoCommon/1dfacaa7804aca84d648edb83b10c40b ). Stem
cell banks are required to undergo testing for cell identity,
sterility, mycoplasma, exogenous and endogenous contaminants,
cell viability, tumourigenicity, cytogenetics stability and cell-
specif ic biological functions, among other parameters (Table 1 ).
Only stem cell banks that meet these requirements are eligible
to serve as a cell source for therapeutic EV production. The
quality control contents listed in Table 2 for each type of cell
bank are provided for reference only. The specific tests to be
conducted are determined based on factors such as the cell
manufacturing process, cell type and the quantity of cells
available. 
5 of 27
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TABLE 1 Considerations for quality control of stem cell bank for EVs production. 

Quality control contents of Stem cell bank for EVs production Recommendations 

1. Identity test Morphology It is generally considered to be consistent with the 
characteristics of specific cell type. 

Source identification Includes species, individual or tissue origin, as appropriate for 
the specific cell type. 

Cell markers Semi-quantitative or quantitative testing may be performed. The 
selected markers are appropriately expressed and meet the 

acceptance criteria. In addition, negative markers for potential 
unrelated cell types are included in the testing panel. 

Inter-species cell 
contamination testing 

Should be negative. 

Genetic modified Testing is used to detect the insertion site(s), copy number, and 
expression of the target gene. 

2. Test for sterility Bacteria and fungi Using methods in accordance with the ChP. 
3. Test for mycoplasmas / 
4. Test for adventitious and 
endogenous viruses 

In vitro assay Using methods in accordance with the ChP. 
In vivo assay 
Retroviruses 

Species-specific viruses Testing should be based on species-related viruses that may be 
introduced during cell isolation, acquisition, culture, expansion, 
passage and cryopreservation. Methods in accordance with the 

ChP should be used. 
Other selected viruses Viruses specifically used for cell line development such as 

reprogramming or gene editing should be tested. Viruses 
specifically used during cell line development, such as those 
involved in reprogramming or gene editing, should be tested. 

5. Biological function 
evaluation 

General biological function Biological functions that are expected to be possessed by the 
specific cell type. 

Specific biological function To detect changes in the specific biological functions of stem 

cells resulting from genetic modification. 
6. Test for cell activity Cell viability, cell cycle, etc. Cell activity is required to meet the requirements for EV 

production. 
7. Test for tumourigenicity In vitro assay Testing can be conducted, particularly for genetically modified 

cells. In vivo assay 
8. Test for oncogenicity In vitro assay 

In vivo assay 
9. Genomic stabilitya Multiple methods Tests are conducted at multiple levels using karyotyping, 

whole-exome sequencing (WES) and transcriptomic analyses. 
The tested cell passage number is expected to be at least 

equivalent to the maximum passage number expected to be 
reached at the end of the EV production process. 

10. Residue testing Gene editing-related residues Materials used in the gene editing process, including plasmids 
and small molecules, are assessed. 

Residual cells For pluripotent stem cell-derived differentiated cells, testing is 
conducted to detect residual undifferentiated cells, partially 
differentiated cells, or abnormally differentiated cell types. 

11. Test for gene editing (for 
genetically modified stem 

cells) 

Editing efficiency In addition to assessing editing efficiency and off-target effects, 
it is also important to consider whether gene modification or 
off-target effects alter cellular functions and the components of 

the secreted EVs. 
Off-target effects 

Abbreviation: ChP, Chinese pharmacopoeia. 
a Genetic modified stem cells and PSCs are tested. 

6 of 27 Journal of Extracellular Vesicles, 2026
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TABLE 2 Recommendations for quality control of stem cell banks used for EV production. 

Quality control contents PCB MCB WCB 

1. Identity test + + + 

2. Test for sterility + + + 

3. Test for mycoplasmas + + + 

4. Test for adventitious and endogenous viruses — + —
5. Biological function evaluation — + —
6. Test for cell activity — + + 

7. Test for tumourigenicity — — + 

8. Test for oncogenicity — — + 

9. Genomic stability + + + 

10. Residue Testing + — —
11. Test for gene editing (for genetically modified stem cells) + — —

Note: + : Required to test; –: Not mandatory, select tests based on the actual situation. 
Abbreviations: MCB, master cell bank; PCB, primary cell bank; WCB, working cell bank. 
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.2 Stem Cell-Derived EVs 

Vs are a diverse group of nanoparticles that vary in size,
omposition and function. Multiple factors can affect the quality
nd yield of EVs, including technical aspects such as isolation
nd quantification procedures, as well as biological factors such
s cell type, culture medium composition and culture conditions
Gudbergsson et al. 2016 ). Therefore, it is essential to perform a
omprehensive quality evaluation of EVs to assess their safety and
fficacy from multiple perspectives, taking into account different
uality attributes, multiple aspects within each attribute, as well
s product consistency and stability. 

t a minimum, quality evaluation typically includes characteri-
ation, physicochemical properties, exogenous and endogenous
ontamination, strength, purity, biological functions and safety.
ogether, these quality attributes provide a comprehensive profile
f isolated EV products, offering insights into their heterogeneity,
rigin, purity, potential contamination and desired biological
unctions. 

.2.1 Identity 

he identity of stem cell-derived EVs is considered a critical com-
onent of their quality evaluation framework. All relevant char-
cteristics of EVs are thoroughly considered to ensure effective
uality control for subsequent therapeutic purposes, including
afety, efficacy and reproducibility in clinical applications. 

Vs contain fragments of cellular genomic DNA as well as
itochondrial DNA (Pegtel and Gould 2019 ). Identification of
he individual origin of EVs ensures the correct source cell and
reservation of its unique biological properties for therapeutic
pplications. EVs derived from different cell sources exhibit
ifferent characteristics and functions, and a better understand-
ng of these differences may provide new opportunities for
recision therapy (Jiao et al. 2024 ). Takakura et al. suggested
ournal of Extracellular Vesicles, 2026
that pooling cells from multiple donors and establishing a cell
bank may be preferable, as MSCs and other stem cells can
vary depending on donor source, and their properties may also
differ between batches (Takakura et al. 2024 ). Consistently, other
studies reported that pooling MSCs from different donors reduced
heterogeneity and yielded MSCs with more consistent functional
profiles (Kannan et al. 2024 ). Similarly, pooling individual EV
samples was shown to reduce biological variation, although this
approach may mask the biological significance of individual EVs
populations (Raj et al. 2012 ). However, more recent evidence
indicated that pooling MSCs from multiple donors does not
reduce inter-donor variability or heterogeneity; rather, it obscures
these differences, while only reducing the variability of the
obtained data (Kukaj et al. 2025 ). In addition, pooling stem cell-
derived EVs from multiple donors may introduce potential risks,
including immunogenicity and other safety concerns. Therefore,
to ensure the safety, traceability and functional stability of EV
products, pooling EVs derived from different cell sources may not
be advisable. Instead, greater emphasis can be placed on ensuring
functional consistency of EV across production batches derived
from well-characterised and traceable cell sources. To confirm the
individual cellular origin of EVs and exclude contamination from
other donors or human cells, short tandem repeats (STR) profiling
can be employed (Tanudisastro et al. 2024 ). 

Currently, in most reported studies, EVs characterization based
on protein composition generally follows the MISEV2023 recom-
mendations (Welsh et al. 2024 ). However, these protein markers
are largely shared across different cell types and therefore cannot
provide specific information regarding the individual donor, cell
type, tissue origin or genetic modification status of EVs. Such
information is particularly crucial for stem cell-derived EV-based
therapeutic products, as it is closely associated with product
efficacy and safety. Accordingly, phenotypic characterization of
EVs can be divided into two categories: general markers and
specific markers. 

For general EV markers, the five categories of protein compo-
nents suggested in by MISEV2023 remain appropriate. Based on
7 of 27

e C
om

m
ons L

icense



c  

n  

a  

m  

c  

2  

t  

a  

d  

a  

p  

(  

s  

a  

E  

f  

a  

p  

o  

o  

t  

v  

e  

r  

w

I  

m  

p  

s  

E  

a  

s  

w  

r  

m  

d  

2  

c  

p  

a  

c  

r  

r  

2  

t  

p  

i  

p  

t

C  

r  

r  

o  

m  

s  

m  

e  

m  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 20013078, 2026, 5, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.70297, W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
urrent evidence, the use of confirmed non-EV components as
egative markers (Welsh et al. 2024 ) may also be considered to
ssess purity and control potential impurities. These negative
arkers can be classified into three groups: (i) major components
o-isolated with EVs but not originating from EV (Huang et al.
021 ); (ii) proteins associated with intracellular structures other
han the plasma membranes and endosomes (Iovine et al. 2021 );
nd (iii) secreted proteins that are non-specifically recovered
uring EV isolation (Badosa et al. 2023 ). Importantly, there
re currently no universal markers that are present in all EV
opulations or across all intracellular EV biosynthetic pathways
Fordjour et al. 2022 ). Proteomic studies of EVs have demon-
trated that commonly used tetraspanins, including CD9, CD63
nd CD81, are not uniformly expressed in all EVs, and that
Vs derived from different cell types exhibit distinct proteomic
eatures (Kugeratski et al. 2021 ). Therefore, tetraspanins such
s CD9, CD63 and CD81 are not used as sole indicators of EV
urity. Instead, the expression frequency of individual markers
r defined co-expressed patterns may be considered indicators
f process stability for the quality control of EVs produced from
he same donor source or manufacturing process. With rigorous
alidation, the expression levels of these general EV markers,
ither individually or in combination, may serve as efficacy-
elated quality attributes, provided that they can be correlated
ith the functional activity of EV products. 

t may be appropriate to establish targeted positive and negative
arkers based on specific source cell type and production
rocess for quality control. In early studies of MSC-derived EVs,
urface markers such as CD73 and CD105 were proposed for
V characterization (Rohde et al. 2019 ). In 2024, Nguyen et
l. 2024 identified CD73, CD105 and CD44 as robust positive
pecific markers for minimally identifying MSC-derived EVs,
hile CD11b, CD14, CD19, CD45 and CD79 were proposed as
eliable negative markers. These findings were based on a novel
ultiplex bead-based EV flow cytometry assay panel involving 11
ifferent MSC-EV products from five laboratories (Nguyen et al.
024 ). In 2024 Chen et al. confirmed that PODXL and SSEA4
ould serve as specific markers for PSC-derived EVs, with a
ositivity rate exceeding 70%, as demonstrated through proteomic
nalysis, immunoblotting screening, and validated by nano-flow
ytometry (Chen et al. 2024 ). Subsequently, in 2025, the same
esearch team identified CD13, CD29 and CD90 with a positive
ate exceeding 60% in MSC-sEV as putative markers (Luo et al.
025 ). Negative markers play a critical role in excluding non-
arget vesicles or non-vesicular components introduced during
rocedures such as EV isolation and purification, and mitigat-
ng potential residual risks, including viral particles that may
ersist following genetic modification of source cells via viral
ransduction. 

urrently, there is no unified standard for the antigen positivity
ates of marker molecules on stem cell-derived EVs. Positivity
ates are influenced by multiple factors, including the source
f the cells, cell and EV manufacturing processes, EV isolation
ethods, detection techniques, analytical instruments, and the
pecificity and affinity of the antibodies used. In the absence of
ature and validated reference methodologies, developers can
stablish internal detection standards based on data derived from
ultiple production batches, in accordance with the specific
anufacturing processes of their products. Furthermore, these
of 27
standards are correlated with other relevant quality attributes,
such as efficacy for specific indications, membrane integrity and
impurity profiles. This integrated approach would enable devel-
opers to define appropriate thresholds for marker positivity rates,
establish product-specific quality control criteria, and determine
lot release standards, thereby ensuring the efficacy and safety of
EV-based therapeutic products. 

For genetically modified stem cell-derived EVs, it is essential
to evaluate whether the EVs contain the genetic modification
targets, particularly when these targets are closely associated
with EV properties or biological functions. In such cases, the
proportion of EVs positive for the genetic modification needs to be
quantitatively assessed. For PSC-derived EVs, those originating
from spontaneously differentiated PSCs are also taken into
consideration. In addition, the presence of EVs secreted by undif-
ferentiated cells or cells undergoing unintended differentiation
is characterised and evaluated in the final EV product. If direct
evaluation of these EVs subpopulations is not feasible due to their
low abundance or insufficient characterization, the proportion of
the corresponding cell populations among all EV-producing cells
can, at a minimum, be assessed and predefined during the EV
harvesting process. 

2.2.2 Physicochemical Properties 

The size of EVs typically ranges from 30 to 150 nm, as reported in
most current therapeutic studies. This size range falls below the
diffraction limit of conventional optical microscopes (Noble et al.
2020 ), rendering optical microscopes unsuitable for obtaining
clear images of EVs. Consequently, EV morphology is pri-
marily observed using electron microscopy-based techniques,
including scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and cryo-electron microscopy (cryo-
EM) (Shao et al. 2018 ). Vacuum conditions and the fixation and
dehydration steps involved in sample preparation for electron
microscopy analysis often result in a characteristic cup-shaped
appearance of EVs, which may not accurately reflect their native
morphology may lead to misinterpretations (Wu et al. 2015 ;
Jeppesen et al. 2019 ). Therefore, morphological assessment of EVs
emphasises the verification of the presence and integrity of the
lipid bilayer, rather than focusing solely on vesicle shape. Indeed,
evaluation of lipid bilayer integrity represents a critical parameter
EV morphology characterization. 

The size distribution of EVs is a critical quality attribute in EV
characterization. Multiple factors, including isolation methods,
detection instruments, sample concentration, the proportion of
vesicles with different sizes and the sampling volume used for
analysis, can influence the measurement of EV size distribution
(Woo et al. 2016 ; Vestad et al. 2017 ; Comfort et al. 2021 ; Williams
et al. 2023 ). Within the size range of 30–150 nm, the surface area
and volume of the largest vesicles theoretically differ from those
of the smallest vesicles by up to 25- and 125-fold, respectively.
Therefore, accurate determination of EV diameter distribution
and the corresponding particle concentration is essential to
minimise heterogeneity arising from measurement variability
and to ensure batch-to-batch consistency of EV products. 
Journal of Extracellular Vesicles, 2026

e C
om

m
ons L

icense



T  

v  

a  

r  

p  

a  

P  

i  

s  

s  

b  

i  

l  

t  

p  

b  

b  

t  

m  

a  

s  

2  

a  

a  

l  

t

G  

d  

(  

t  

c  

t  

i  

e  

d  

i  

m  

t  

l  

f  

e  

c
d  

a  

f  

o  

r  

p  

5  

p  

v  

d  

c  

d

O  

s  

l  

e  

a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

J

 20013078, 2026, 5, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.70297, W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
o ensure measurement accuracy, it may be appropriate to
alidate the instrument used for size determination prior to
nalysis. Validation may include the use of calibrated nanoscale
eference standards to assess the working size range, accuracy,
recision and limit of detection (LOD) of the instrument, such
s Nanoparticle Tracking Analysis (NTA), Tunable Resistive
ulse Sensing (TRPS) or nano-flow cytometry. In addition, the
nstrument’s resolution can be validated when analysing EV
amples with continuous size distributions. Mixtures of size-
tandards with defined but varying proportions are used to
etter mimic the continuous diameter distribution character-
stic of EV samples. Unlike EVs, which are enclosed by a
ipid bilayer, commercially available nanoscale standards are
ypically composed of materials with different physicochemical
roperties, such as silicon dioxide or polystyrene. Therefore,
eyond instrument validation, reference EV preparations can
e established with physicochemical properties comparable to
hose of the test samples. This approach may help minimise
easurement artefacts arising from difference in refractive index
nd other intrinsic material properties between artificial size
tandards and EV samples (Chandler et al. 2011 ; Koritzinsky et al.
017 ). Furthermore, the application of orthogonal measurement
pproaches using different analytical platforms is encouraged,
s this strategy can reduce biases introduced by the inherent
imitations and underlying principles of individual measurement
echnologies (Arab et al. 2021 ). 

enomic analysis has revealed that EV subpopulations within
ifferent size range, such as large EVs (90–120 nm) and small EVs
60–80 nm), possess unique biological and physical characteris-
ics, including differences in N-glycosylation patterns, proteins
omposition, lipids profiles, nuclei acids content. Moreover,
hese EV subpopulations exhibit different distribution patterns
n various organs, suggesting distinct biological functions (Zhang
t al. 2018 ). Consistently, studies have also shown significant
ifferences among EV subpopulations within defined size ranges
n cardiac repair responses. Cardiac progenitor cell-derived
iddle-sized and smallest-sized sEV subpopulations exhibited
he highest pro-angiogenic and anti-fibrotic activities, while the
argest-sized subpopulation showed no effect on any of the
unctional assays (van de Wakker et al. 2024 ). Therefore, when
xperimental evidence indicates that EV size distribution is
orrelated with their specific biological functions, size range–
ef ined EV subpopulations are considered as distinct quality
ttributes, and corresponding specifications may be established
or these subpopulations. For size distribution analysis, vesicles
utside the designated size range are also evaluated, as their
elative proportions can reflect EV purity from a size-based
erspective. Previous studies suggest that particles smaller than
0 nm in diameter are predominantly non-vesicular extracellular
articles (NVEPs), including protein complexes, lipoproteins or
iral particles (Zhang et al. 2018 ). Accordingly, although size
istribution represents an important quality attribute for EV
haracterization, it is not sufficient as the sole criterion for
emonstrating EV purity. 

wing to their high surface-to-volume ratio, EVs are more
trongly affected by electrostatic stabilization mechanisms than
arger particles. Zeta potential is therefore an important param-
ter reflecting the colloidal stability of EV dispersion. A high
bsolute zeta potential value indicates strong electrostatic repul-
ournal of Extracellular Vesicles, 2026
sion between EVs, which helps prevent aggregation and main-
tain colloidal stability or adhesion to other available surfaces
(Midekessa et al. 2020 ). Previous studies have shown that the
zeta potential of EV suspensions decreases with increasing buffer
ionic strength. In contrast, the presence of surfactants (such as
Tween-20) or acidic pH conditions can increase the magnitude of
the negative zeta potential. Furthermore, cations such as Na+ , K+ 

and Ca2 + reduce the negative zeta potential of EVs, with this effect
positively correlated with cation valence (Midekessa et al. 2020 ).
Notably, a recent study reported significant associations between
the expression levels of miRNA-30 and miRNA-155 and the zeta
potential of EVs (Mendivil-Alvarado et al. 2023 ). Collectively,
these findings indicate that zeta potential not only affects the
physicochemical stability of EVs but may also represent a critical
quality attribute associated with EV biological function. 

2.2.3 Strength 

The strength of EV products is typically expressed as the amount
of a specific active component per defined number of EV
particles, reflecting the quantification of a particular functional
attribute of the EV product. This parameter may indicate the
biological activity or therapeutic potential of stem cell-derived
EVs. EV concentration represents a fundamental quality attribute
related to EV strength, as EVs exert their biological functions
through intercellular communication by delivering diverse bioac-
tive molecules, including proteins, lipids and nucleic acids (Tian
et al. 2022 ; Li et al. 2024 ; Wang, et al. 2025 ; Wang, et al.
2023 ). Given the complexity and heterogeneity of EV cargo,
their biological activities are often mediated through multiple
mechanisms. Therefore, when specific bioactive molecules are
rigorously validated and demonstrated to be directly associated
with the intended biological function or therapeutic indications,
the quantified level of such components may be considered a
potency-related parameter of EV products. Based on comprehen-
sive functional and analytical studies, quality standards for EV
strength can be established and applied as one of the key release
criteria for therapeutic stem cell-derived EV products. 

Statistical data from preclinical and clinical studies suggest that
EV dosing is primarily determined based on particle concen-
tration, EV protein content or the total amount of specific
active components, such as marker protein or nucleic acids
(e.g., miRNA) (Gupta et al. 2021 ). Webber and Clayton fur-
ther demonstrated that a particle-to-protein ratio greater than
3 × 1010 particles per microgram protein has been regarded
as indicative of high vesicular purity, whereas a reduced ratio
generally reflects the presence of contaminating protein (Webber
and Clayton 2013 ). Accurate determination of EV concentration
is essential and is considered a fundamental requirement for
appropriate dose definition, assessment of long-term storage
stability, and calculation of intended dilutions prior to adminis-
tration. In addition, EV concentration is incorporated as a critical
quality attribute for evaluating the potency and safety of EV-
based products. Despite its apparent conceptual simplicity and
broad recognition, precise quantification of EV concentration
remains technically challenging and therefore requires careful
methodological consideration. Accordingly, validated analytical
platforms may be used for EV concentration measurement,
9 of 27
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ncluding NTA (Comfort et al. 2021 ), TRPS (Vogel et al. 2016 ) or
ano-flow cytometry (Tian et al. 2020 ). However, EV concentra-
ion alone is insufficient for interpretation and can be evaluated in
onjunction with size distribution, as this combined assessment
ore accurately reflects EV biological strength and functional
elevance (van der Pol et al. 2014 ). When evidence demonstrates
hat a specific size range is closely associated with EV potency,
t may be appropriate to restrict EV quantification to particles
ithin the defined size range, rather than reporting total particle
ounts alone. Based on these considerations, instrument vali-
ation requirements for EV concentration measurements prior
o analytical assays are aligned with those established for size
istribution analysis, to ensure data robustness, reproducibility
nd comparability across studies. 

o accurately determine EV concentration, a nanoparticle refer-
nce standard with a known concentration is required (Welsh
t al. 2020 ). Unlike size standards, there is a shortage of nanoparti-
le references with certified particle number concentration values
Farkas et al. 2025 ). The most widely used method for determining
he particle number concentration of a nanoparticle reference
tandard with uniform material is to calculate it by dividing
he total mass by the particle volume and density (Shang and
ao 2014 ). To accurately determine EV concentration, the use of
anoparticle reference standards with well-defined and traceable
article number concentrations may be appropriate (Welsh et al.
020 ). However, in contrast to size reference materials, there
emains a significant lack of nanoparticle standards with certified
article number concentration values, which limits the robust
valuation of measurement accuracy (Farkas et al. 2025 ). For
anoparticle reference materials composed of homogeneous and
niform particles, the most applied approach for estimating par-
icle number concentration is to calculate it by dividing the total
article mass by the volume and density of individual particles
Shang and Gao 2014 ). Despite the validation of detection instru-
ents, EV concentration determined using calibrated analytical
latforms is not assumed to represent true particle concentration
ithout further confirmation. Therefore, EV concentration mea-
urements may be complemented by corresponding biological
ctivity or functional studies, which can provide an objective
ssessment of EV strength under varying conditions. Such studies
re particularly important when evaluating factors that may
nfluence particle concentration measurements, including long-
erm storage, formulation strategies and the incorporation of
xcipients, all of which have the potential to affect the accuracy
nd reliability of particle-based assays. 

he total amount of protein, nucleic acids and lipids may not
lways directly serve as reliable strength markers for EVs. When
onsidering the quality attributes to strength, multiple factors are
aken into account. EVs typically contain cell membrane proteins,
ignalling molecules, enzymes and other bioactive components.
hese proteins determine the functional characteristics of EVs,
uch as cell recognition and signal transduction (Sanghvi et al.
025 ). The activity and stability of proteins within EVs are crucial
or their biological functions (Ahmadian et al. 2024 ). Therefore,
nce a target protein has been identified and validated, it is
ecessary to quantify the protein as a marker of EV strength
Cvjetkovic et al. 2016 ); this principle also applies to other func-
0 of 27

le C
tionally relevant target components as well. Given the complexity
of EV protein composition, which is strongly influenced by
factors such as donor variability, cell types and culture conditions,
functional studies are required in addition to quantifying the
target protein at the intended therapeutic dose (Zaborowski et al.
2015 ; Vagner et al. 2019 ). This combined approach ensures that
protein abundance and functionality meet the requirements of
the intended application. Nucleic acids, particularly RNA species
(e.g., miRNA, mRNA, etc.), are highly susceptible to degradation.
Therefore, in addition to quantifying the target RNA, integrity
assessments are also performed (Schroeder et al. 2006 ; Miceli
et al. 2024 ). Similar to protein-based markers, it is essential
not only to measure the amount of the target nucleic acid
but also to verify that the RNA content within EVs meets the
functional requirements of the intended application (Lee et al.
2020 ; Sivanantham et al. 2022 ). 

Lipids are crucial components of the EV membrane and play
key roles in determining EV stability, delivery capacity, targeting
ability and other functional properties (Skotland et al. 2020 , 2023 ).
The lipid composition of EVs is generally associated with the
membrane characteristics of their source cells. Different lipid
classes (such as phospholipids, sphingolipids) significantly influ-
ence membrane fluidity, stability and overall EV functionality
(Lai and Lim 2019 ; Fyfe et al. 2023 ; Ghadami and Dellinger 2023 ).
Therefore, when lipid components are considered as strength-
characterising attributes, their effects on EV targeting ability
and biocompatibility are systematically evaluated to determine
whether they meet predefined performance criteria. 

Degradation processes occurring during storage following EV
preparation can adversely affect the quality of strength charac-
terization components (Ahmadian et al. 2024 ). Consequently,
the stability and functional integrity of these components are
thoroughly investigated, and appropriate release specifications
are established to ensure that EV products remain safe and
effective throughout long-term storage (Jeyaram and Jay 2017 ;
Görgens et al. 2022 ; Yang et al. 2024 ). 

2.2.4 Adventitious Contamination 

The source cells used to produce stem cell-derived EVs are strictly
managed in accordance with established cell bank requirements.
As a result, the risk of contamination originating directly from
source cells is generally low. However, during downstream
processes, including EV isolation, purification and formulation,
EVs may be exposed to various types of contaminants that can
adversely affect their safety and efficacy (Raab-Traub and Dittmer
2017 ; Pham et al. 2021 ; McConnell et al. 2022 ; Wang, et al. 2024 ).
Such contaminants not only compromise EV quality but may also
lead to serious adverse effects. For example, pathogenic viruses
have been reported transmissible via EVs (Giannessi et al. 2020 ). 

Therefore, particular attention is focused on adventitious contam-
inants that may be introduced during EV isolation, purification
and formulation as well as reagents, equipment or contact
materials used in the manufacturing process (Stolk and Seifert
2015 ; McConnell et al. 2022 ; Wang, et al. 2024 ). Among these,
Journal of Extracellular Vesicles, 2026
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he most common microbial contaminants include bacteria,
ungi, mycoplasma and endotoxins. Mycoplasma contamination
ay alter the immunological activity of EVs ( Quah O’Neill
007 ), while endotoxin can significantly interfere with—or even
bscure—the true biological effects of EVs (Babula et al. 2023 ).
hese contaminants are therefore routinely tested in accordance
ith the requirements for therapeutic products and relevant
pecifications. In addition, the potential risk of viral contamina-
ion related to the source species should be carefully evaluated
Pham et al. 2021 ) when human- or animal-derived reagents are
sed during EV production. Because viruses are often similar in
ize to EVs, they are particularly difficult to detect and may be
verlooked due to unknown origins or limitations of conventional
etection methods (Nolte-‘t Hoen et al. 2016 ; Raab-Traub and
ittmer 2017 ; Yang et al. 2021 ; Moulin et al. 2023 ). Accordingly,
he use of in vitro non-specific virus detection assays may be
onsidered, and the application of next-generation sequencing
NGS) technologies is being explored to enable comprehensive
etection of potential exogenous viral contaminants (Tesovnik
t al. 2021 ; Chow and Morphew 2023 ). 

eyond microbial contamination, consideration is also given to
oreign substances derived from reagents or materials used during
ell culture or EV isolation. For example, proteins or nucleic
cid components originating from the culture media or ancillary
eagents may be unintentionally introduced into EV preparations,
otentially affecting product efficacy and safety (Stolk and Seifert
015 ). Therefore, appropriate analytical tests are performed to
xclude contamination by exogenous proteins, genetic material
r other unintended substances. 

.2.5 Purity 

urity is a key factor in ensuring the safety and effectiveness of
tem cell-derived EVs. The purity of EVs refers to the relative
roportion of EVs possessing specific characteristics. Impurities
an be identified from multiple aspects, such as morphology,
article size distribution, functional components and chemical
r biological composition (Webber and Clayton 2013 ; Wang, et al.
024 ). 

EM can be used to determine if EVs are contaminated with
ellular debris or other particles (Corona et al. 2023 ). The portion
f EVs within a designated size range can also be regarded as
ne of the parameters of purity. Techniques such as NTA, TRPS
nd nano-flow cytometry can be used to assess the particle size
istribution of EVs. EV products are expected to exhibit a uniform
article size distribution, avoiding excessive size variation or
articles outside the designated range. Additionally, cellular
ebris or protein aggregates are detected to minimise the presence
f non-EV components (Gandham et al. 2020 ). 

uring the separation and purification of EVs, protein contam-
nation may occur. Cell membrane proteins or plasma proteins
hat have not been fully separated can mix with the EVs, affecting
heir purity and function. Immunoglobulins and coagulation
actors may adhere to the EV surface, impacting their bio-
ogical properties. For example, these proteins could alter the
ournal of Extracellular Vesicles, 2026
ability of EVs to bind to target cells or trigger unnecessary
immune responses (Buzas 2023 ). Additionally, cell membrane
proteins may interfere with EV recognition and endocytosis,
reducing uptake efficiency by target cells (Zhang et al. 2019 ).
Techniques such as Western blotting, nano-flow cytometry and
mass spectrometry can confirm whether EVs are enriched with
specific membrane proteins and detect contaminating proteins
from various sources. Assessment of EVs purity also includes
evaluation of exogenous proteins from the culture medium or
external environment. 

It is essential to assess whether nucleic acids are contaminated
and evaluate their quality for functional studies. Nucleic acid
contamination may arise from the cell’s genome or from tran-
scripts within the EVs. If these contaminants are not removed
during purification, they can lead to genomic instability or other
negative effects. DNA contamination can cause genomic insta-
bility, potentially leading to disease (Cai et al. 2013 , 2016 ), while
RNA contamination may interfere with the normal function of
target cells or activate the host immune system, triggering unnec-
essary immune responses (Kouwaki et al. 2017 ; Williams, et al.
2023 ). 

Moreover, some EVs may trigger immune responses due to pro-
teins or nucleic acids attached to their outer membranes. Apart
from detecting the contaminants themselves, their immuno-
genicity may also be evaluated to ensure the safety of EVs for
clinical application and prevent immune rejection. 

In addition to the exogenous impurities, membrane integrity
is an important purity indicator related to the intrinsic source
of EVs and is closely associated with their efficacy and safety.
The EVs membrane plays crucial biological roles, including
protecting the contents, interacting with target cells and par-
ticipating in intercellular communication. Membrane integrity
can be affected by various factors (such as pH, temperature,
ionic strength), potentially leading to the leakage of EV contents
or membrane rupture. Therefore, assessment of EV membrane
integrity under different conditions, particularly during storage
and transportation, is crucial to ensure the preservation of EVs
function. 

TEM provides detailed structural information about the EV
membrane, including its integrity, thickness, and whether any
damage or rupture is present. However, due to the limited
number of EVs that can be observed, TEM cannot fully reflect the
membrane integrity of entire batch of EVs. Several approaches
have employed membrane-permeant enzymatic substrates to
label EVs, such as carboxyfluorescein diacetate succinimidyl ester
(CFSE), calcein acetoxymethyl ester (calcein-AM) or fluorescein
diacetate (FDA). These molecules can be cleaved by esterases
present inside cells and their secreted EVs. Once cleaved, the
fluorescent signals from these molecules can reflect membrane
integrity (Gray et al. 2015 ). By evaluating the permeability of
these dyes, the integrity of the EV membrane can be assessed
(Adamo et al. 2025 ). In addition, various other methods are also
used to evaluate the membrane integrity of EVs from different
perspectives and mechanisms. Regardless of the method used,
thorough validation is required before its application in EV qual-
11 of 27
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FIGURE 4 Considerations for quality control strategy in the EV production process. If the cell culture supernatant is not immediately processed 
for subsequent purification but is instead stored frozen prior to EV isolation and purification, it is crucial to assess the presence of intact cells, organelles 
or nuclei. This evaluation is necessary to prevent the introduction of potential contaminants during the freeze-thaw process. 
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ty evaluation. Membrane integrity evaluation is not an isolated
uality attribute; it can be combined with particle size distribu-
ion and active component analysis to assess the proportion of
embrane-intact EVs within the EV particle size distribution
ange, or the proportion of EVs containing active components.
hese integrated approaches provide a more accurate count of
ffective EV numbers, which is beneficial for evaluating the safety
nd efficacy of EVs. 

or PSC-derived EVs, obtaining a substantial quantity of EVs from
onditioned medium requires culturing PSCs for longer periods
han usual (Hsueh et al. 2023 ). During long-term cultivation,
pontaneous differentiation may occur in PSCs. Additionally, EVs
erived from incompletely or unintentionally differentiated cells
e.g., residual undifferentiated cells, progenitor cells, precursor
ells) may contain tumourigenic factors, which could pose safety
isks (Wang 2023 ). Strict evaluation is required to identify the
resence of EVs from these non-target cells. 

n summary, the establishment of a comprehensive strategy
hat includes morphology, particle size distribution, component
nalysis and membrane integrity enables the evaluation of EVs
urity. This approach will enable effective quality control of
roduction processes and ensure consistency across multiple
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batches of products, safeguarding the safety and efficacy of
EV-based therapies. 

2.2.6 Biological Functions 

EVs serve as important mediators of cellular communication and
regulation in various physiological and pathological processes
(Yates et al. 2022 ). Currently, stem cell-derived EVs are among
the extensively studied due to their diverse biological functions,
such as immune modulation, tissue repair and regeneration,
angiogenesis and antioxidation (Rafieezadeh and Rafieezadeh
2024 ). In addition, EVs derived from different stem cell sources
exhibit specific biological functions that are suited to therapeutic
applications (Malik et al. 2025 ). Given the diverse EV biolog-
ical functions of EVs, their roles can be categorised into two
groups according to the intended therapeutic application. When
targeting specific indications, the biological functions that are
closely related to their therapeutic effects can be regarded as
specific biological functions, whereas other biological functions
are considered general biological functions. For example, recent
studies have shown that EVs derived from human keratinocytes
enhance the ability of melanocytes to generate dendrites and
mature melanosomes, thereby promoting their efficient transfer.
This effect can be considered a specific biological function of EVs
Journal of Extracellular Vesicles, 2026
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TABLE 3 Quality evaluation considerations for stem cell-derived EVs.a 

Quality control contents of stem cell-derived EVs Recommendations 

1. Identity Markers It may be appropriate to determine negative and positive 
markers reflecting EV identity and source cell specificity. 

Source The source of EVs, including the individual, cell type or 
tissue of origin, may be tested. 

2. Physicochemical 
properties 

Morphology EVs are characterised by a lipid bilayer boundary. 
Particle size EVs size range, average diameter, peak size and size 

distribution are preferably reported. If size distribution 
correlates with biological functions, a specific size range 

distribution standard is warranted. 
Zeta potential It may be appropriate to ensure that EVs fall within a zeta 

potential range that maintains stability. 
3. Adventitious 
contamination 

Test for sterility Methods specified in the ChP are recommended to be 
used. If a method different from the ChP requirements is 
applied, sufficient sensitivity is ensured to guarantee the 

safety of the EV product. 
Test for mycoplasmas 

Test for specific contaminants Testing may be based on potential contaminants that may 
be introduced during EV processing, such as specific 

viruses, small molecules or xenogeneic proteins derived 
from related reagents. 

Test for endotoxin Methods specified in the ChP are recommended to be used. 
4. Strength Particle concentration Total particle concentration, as well as the concentration of 

particles within the designated size range or with an intact 
lipid bilayer, may be reported. 

Total protein, nucleic acids or 
lipids, etc. 

Results may be reported in terms of protein, nucleic acid or 
lipid content per a defined number of particles. 

Bioactive component The parameter may be verified for its relevance to efficacy. 
Where feasible, the potency is determined based on intact 
membrane particles and/or particles within a designated 
size range. For safety considerations, it may also be 
appropriate to define the acceptable range of the total 
amount of bioactive components per defined number of 
particles, or the expression level or copy number of 
bioactive components in a single particle or a defined 

number of particles. 
5. Purity Membrane integrity The proportion of particles with intact lipid bilayers is 

quantitatively assessed. 
Particles within size range The proportion of particles, or intact membrane particles 

within the designated size range may be reported. Particles 
derived from excipients or protective agents in the 

preparations are also assessed. 
Rate of particles with bioactive 

component 
The ratio of particles positive for bioactive components to 
total particles (or membrane-intact particles) may be 

reported. 
Non-target cells origin For PSC differentiated cell-derived EVs, the proportion of 

EVs originating from undifferentiated, incompletely 
differentiated or abnormally differentiated cells may be 
considered. For gene-modified stem cell-derived EVs, 

consideration is also given to the proportion of EVs derived 
from non-modified cells. 

6. Biological function Mechanisms of action related 
components 

Bioactive components—such as cytokines (including 
growth factors, immune factors, chemokines), nucleic 

acids, proteins and lipid—as well as activities related to the 
designated indications (e.g., angiogenesis, immune 

regulation and migration) may be analysed and reported as 
positivity rate, average content or potency, as evaluated 

using in vitro/in vivo models. 

(Continues) 
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TABLE 3 (Continued) 

Quality control contents of stem cell-derived EVs Recommendations 

Intrinsic properties Function-related properties, including membrane fluidity, 
protein corona components and/or zeta potential, be 

determined. Where feasible, the threshold range of these 
function-related properties may be analysed. 

General function Given that most stem cell-derived EVs exhibit biological 
activities such as promoting migration and angiogenesis. 

These characteristics may be investigated as 
comprehensively as possible to provide traceable evidence 
for the future development of treatments for specific 

indications. 
7. Safety Carcinogenicity or 

tumourigenicity related factors 
Risk factors—such as cytokines, miRNA, nucleic acids and 
lipids—may be quantitatively determined. If unavoidable 
risk factors are present, the threshold ranges that trigger 
these risks may be investigated and comprehensively 

validated using in vitro and in vivo models. 
Haemolysis/Coagulation Testing in accordance with pharmacopoeia requirements 

may be performed. The effects of excipients or protective 
agents are taken into account. 

Immunogenicity Related risk factors may be determined and validated using 
in vivo and/or in vitro models. The effects of excipients or 

protective agents should be evaluated. 
8. Test for preparation Preparation related 

characterizations 
Sterility, mycoplasma contamination, endotoxin levels and 
species-related residues (such as bovine serum albumin) 
should be tested. In addition, parameters such as pH value, 
osmotic pressure, Zeta potential, particle size, particle 
number, membrane integrity, active ingredients and 

related materials (such as excipients or protective agents) 
are evaluated as appropriate. As excipients or protective 
agents may introduce interference in particle counting, 
assessment of intact membrane particles is considered 

particularly important for such preparations. 
a The quality evaluation considerations for stem cell–derived EVs listed in the table are intended to serve as references. As product development advances 
and clinical research progresses, these considerations are expected to be continuously refined, supplemented and optimised in practice. 
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erived from human keratinocytes (Prospéri et al. 2024 ). General
iological functions of EVs may serve as indispensable auxiliary
unctions to their overall therapeutic effectiveness. Therefore, it
s essential to evaluate not only the specific biological functions
f EVs but also as many of their general biological functions
s possible. This approach enables a more comprehensive func-
ional assessment and facilitates a deeper understanding of the
nderlying mechanisms of action. 

rom a quality control perspective, the following considerations
ay be taken into account when evaluating the biological activity
f EVs. Firstly, appropriate in vitro quality evaluation methods
re systematically established for different biological activities,
uch as promotion of cell proliferation, anti-apoptotic effects and
ther biological responses, to enable reliable assessment of EV
iological activity. During the early stages of development, when
fficacy-related quality control has not been clearly established, it
s advisable to employ multiple complementary methods to anal-
se or quantify as many potential active components as possible.
ystematic collection and curation of the resulting data enable the
onstruction of a comprehensive product research database. This
pproach will facilitate the identification of quality control targets
hat are closely associated with efficacy through subsequent in-
4 of 27
depth investigation. Once one or more efficacy-related targets
have been identified, quantitative analytical methods are applied
to establish robust quality control indicators for product efficacy,
thereby ensuring better control of product quality and confirming
product safety and effectiveness. Secondly, for biological func-
tions associated with specific indications, the therapeutic efficacy
and corresponding biological activities of EVs are rigorously
assessed using both in vitro and in vivo models. Wherever
feasible, quantitative potency assays may be considered to assess
these indication-specific functions. Thirdly, relevant biomarkers
for each target indication are assessed through both in both in
vitro and in vivo studies to determine appropriate dose ranges. In
parallel, the establishment of clear evaluation criteria, including
total biomarker content per defined number of EVs and particle
positivity rates, ensures batch-to-batch consistency, particularly
regarding safety and efficacy in clinical applications. Finally, the
stability of EVs is systematically assessed using efficacy-related
biomarkers, with particular emphasis on potential changes under
different storage conditions, including temperature, storage dura-
tion and repeated freeze-thaw cycles. The preservation of biolog-
ical activity over time is verified to ensure reliability in clinical
applications. Overall, research on EV biological functions is
focused on understanding underlying mechanisms and develop-
Journal of Extracellular Vesicles, 2026
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TABLE 4 Considerations for candidate CQA attributes of EV-based therapeutic products. 

CQA category 
Candidate 
attributesa Analytical methodsb Notes 

Identity Positive and negative 
markers 

WB, Nano Flow 

cytometry, 
Fluorescence NTA 

Negative markers are typically selected based 
on a risk-based approach and tailored to 
process- and product-specific impurities. 

Physicochemical 
properties 

Particle size 
distribution, Zeta 

potential 

NTA, TRPS, Nano Flow 

cytometry, ELS 
If particle size is associated with specific 

biological activity, this relationship typically 
requires rigorous validation. 

Adventitious 
contamination 

Endotoxin, sterility, 
mycoplasmas 

LAL assay, 
culture-based methods; 

RMM; qPCR 

Presence of these contaminations may 
indirectly affect the biological activity or 

potency of EV products. 
Strength Particle concentration NTA, TRPS, Nano Flow 

cytometry 
EV concentration is a dosing-related attribute 
rather than a potency-defining attribute. 

Purity/Impurities Membrane integrity; 
stability profile; 
HCPs; residual 
nucleic acid 

Nano Flow cytometry, 
Fluorescence NTA, 
ELISA, qPCR 

HCPs and residual nucleic acid are generally 
regarded as non-vesicular, free or 
process-related contaminants. 

Potency Bioactive ingredients, 
functional assays 

Proteomics, nucleic 
acid analysis, 

lipidomics, in vitro 
assays or in vivo assays 

Potency assays should be considered surrogate 
measures of biological activity rather than 
direct indicators of clinical outcome. 

Specific tests for 
preparations 

pH value, osmotic 
pressure, Zeta 

potential, appearance, 
nominal fill volume, 

Water 
Content/Residual 
Moisture, related 

materials 

pH meter, Osmometer, 
ELS, Visual inspection, 
volumetric apparatus, 
Karl Fischer titrator, 

HPLC, MS 

The selection and performance of tests for the 
preparation are dependent on the final dosage 
form of the EV preparation. For example, 
water content testing is applicable only to 

lyophilised preparations, whereas tests such as 
pH for lyophilised preparations shall be 
performed after reconstitution with the 

appropriate solvent in accordance with the 
product instructions for use. 

Abbreviations: ELS, electrophoretic light scattering; HCPs, host cell proteins; HPLC, high-performance liquid chromatography; LAL, limulus amoebocyte lysate; 
MS, mass spectrometry; NTA, nanoparticle tracking analysis; RMM, rapid microbiological methods; TRPS, tunable resistive pulse sensing; WB, Western blotting. 
a The candidate attributes listed here are general and broadly applicable to most stem cell–derived EV products. Developers may further refine or modify these 
attributes based on specific factors such as the manufacturing process, cell source and intended use. 
b Other methods not listed here may also be adopted as appropriate. 
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ng the development of robust, standardised quality control strate-
ies to ensure safety, efficacy and reproducibility in therapeutic
se. 

n addition to considering the substances carried by EVs, the
ntrinsic physicochemical characteristics of the EVs themselves
ay also influence their biological functions. Therefore, eval-
ation of factors such as membrane fluidity, protein corona
ormation and zeta potential is performed during quality research
o ensure the consistency of the biological functions of EVs across
ifferent batches. 

embrane fluidity affects the ability of EVs to fuse with target
ell membranes. If membrane fluidity is too low, fusion with
arget cells may be incomplete, thereby reducing the efficiency of
argo delivery. EVs with higher membrane fluidity are generally
ore effective at encapsulating and delivering their compo-
ents, particularly lipophilic molecules, and can also adapt more
eadily to varying environmental conditions (such as changes
ournal of Extracellular Vesicles, 2026
in temperature or pH), thereby enhancing their stability and
biocompatibility (Suga et al. 2021 ). It has been reported that
freeze-thaw tolerance differs between cryopreserved synovial
MSCs and human umbilical vein endothelial cells (HUVECs).
Alterations in EV membrane fluidity contributed to pore-induced
DMSO influx into the cytoplasm and increased reactive oxygen
species production, resulting in greater cytotoxicity in HUVECs
(Mizuno et al. 2022 ). Membrane fluidity can be investigated using
techniques such as fluorescence recovery after photobleaching
(FRAP), which monitors the diffusion behaviour of membrane
proteins or lipids in real time; surface plasmon resonance, which
indirectly assesses membrane fluidity by analysing membrane
binding and dissociation processes; and single-molecule tracking,
which evaluates membrane fluidity by monitoring the movement
of individual molecules within the membrane (Verweij et al.
2021 ). 

Protein corona is another inherent characteristic of EVs that sig-
nificantly impacts their biological functions. It not only affects the
15 of 27
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tability and structure of EVs but also regulates their interactions
ith target cells, immune evasion, signal transduction and their
bility to deliver cargo (Önal Acet et al. 2024 ; Ragni and Taiana
024 ). The protein corona primarily originates from components
n the cell culture medium, particularly proteins such as albumin,
mmunoglobulins and fibrinogen (Panico et al. 2022 ). When EVs
re exposed to biological fluids, either in vivo or in vitro, they
nteract with proteins in the fluid and absorb them onto their
urface, forming a layer of various proteins known as the protein
orona. The composition and characteristics of the protein corona
re influenced by factors such as the source of the EVs, the
ype of biological fluid and environmental conditions (Dar et al.
025 ). These components play important roles in the protein
orona of EVs. The protein corona is not a ‘contaminant’, but
ather a crucial modification layer that imparts specific biological
dentity and functions to EVs. Understanding and controlling
he protein corona is essential for the development of efficient,
afe and controllable EV-based therapeutic applications. The
rotein corona exerts several effects on the function of EVs (Liam-
r et al. 2024 ). Firstly, it may alter the immune characteristics
f EVs, affecting how they are recognised and cleared by the
mmune system (Ding and Sun 2020 ). Some proteins may make
Vs resemble autologous cells, reducing immune recognition
nd extending their circulation time in the body (Liam-Or et al.
024 ), while other proteins may make EVs recognisable as foreign,
riggering an immune response (Dietz et al. 2023 ). Secondly,
he composition of the protein corona can directly affect the
unctions of EVs. For instance, some proteins adsorbed onto the
V surface may promote interactions with specific cell receptors,
nhancing their affinity for and internalisation by target cells. In
ome cases, the protein corona may change the zeta potential
r functionality of EVs, impacting biological processes such as
ell-to-cell signalling, material transport and gene expression reg-
lation (Wolf et al. 2022 ). Thirdly, the composition of the protein
orona may determine how EVs interact with and are taken up by
pecific cells (da Costa Marques et al. 2023 ). Some proteins may
acilitate entry into cells or uptake via specific receptor-mediated
athways. Finally, the formation of the protein corona increases
he stability of EVs, protecting them from degradation in blood
r bodily fluids. The protein corona shields EVs from enzymatic
egradation in serum while helping maintain their structural
ntegrity (Heidarzadeh et al. 2023 ). During the preparation of EVs,
he composition of the protein corona may include exogenous
roteins present in the medium, which poses a challenge for
uality control. The potential impact of the protein corona may
e underestimated in consistent quality assays across different EV
atches. For example, some developers use the most abundant EV
roteins as indicators of batch consistency to demonstrate process
tability. While these proteins often appear stable across batches,
he influence of protein corona components from the same cell
ulture system may be overlooked. Conversely, variability in the
rotein corona between batches may affect the consistency, safety
nd functionality of EVs. Quality control of the protein corona
an be performed using techniques such as mass spectrometry
r protein arrays to analyse its composition, as well as Western
lotting or ELISA to detect specific proteins present in the protein
orona. In addition, the impact of protein corona on biological
unctions may be evaluated by comparing primary EVs and
rotein corona depletion EVs (Wolf et al. 2022 ). Based on current
cientific understanding and available methodologies, defining
he protein corona as a CQA for EVs may be premature. However,
6 of 27
careful consideration of its potential contribution to EV quality
during development ensures process robustness, efficacy and
safety. 

As one of the intrinsic characteristics of EVs, zeta potential plays
a crucial role in their function. In addition to its impact on
EV stability, zeta potential can influence several other aspects
of EV behaviour (Midekessa et al. 2020 ). Firstly, zeta potential
affects the binding ability of EVs to target cells. Positively charged
EVs are more likely to interact with negatively charged cell
membranes, thereby promoting EV uptake, and vice versa (Dietz
et al. 2023 ; Gul et al. 2024 ). Secondly, changes in zeta potential can
influence the immunological properties of EVs (Dietz et al. 2023 ).
EVs with a strong positive charge may evade immune recognition
through specific immune evasion mechanisms. By modulating
the zeta potential, the immune evasion capability, biodistribution
and in vivo target delivery of EVs may be regulated (Rakshit Pal
2024 ). Thirdly, Zeta potential may indirectly affect the loading of
cargo—such as RNA, proteins—onto EVs and influence their in
vivo activities (Nakase et al. 2021 ). Adjusting the zeta potential
may optimise their functionality in the biological environment
(Gul et al. 2024 ). Overall, zeta potential is a key factor influencing
EV function of EVs. It not only affects EV stability but also
plays an important role in interactions with target cells, immune
responses and cargo delivery. If zeta potential is identified as a
factor affecting EV product quality, it may be considered as a
CQA, in alignment with established regulatory precedents for
nanomedicines, such as liposomes. 

2.2.7 Safety 

As a therapeutic product, the safety risks associated with EVs
can be broadly categorised into three aspects: the intrinsic
components of EVs, risks arising from cell culture and EV
preparation processes, and risks related to EV storage and han-
dling. These safety concerns primarily include carcinogenicity,
cytotoxicity, immunogenicity and contamination. A systematic
and comprehensive evaluation of these factors is essential to
minimise safety risks and maximise the therapeutic efficacy of
EV-based interventions. 

2.2.7.1 Carcinogenicity or Tumourigenicity. EVs are
non-replicative vesicles, and most researchers consider EVs to
be a safe therapeutic product. However, stem cell-derived EV
still may carry a risk of carcinogenesis or tumour promotion.
Dysregulation of tumour suppressor genes, apoptosis-related
genes and angiogenesis-related genes is closely associated with
tumour occurrence, proliferation and development. Studies
have found that expression of certain miRNAs may lead to
tumour initiation, development, metastasis, angiogenesis and
drug resistance. For instance, umbilical cord MSC-derived
EVs carrying miR-21 significantly promote corneal epithelial
cell proliferation, migration and wound healing in rats (Liu
et al. 2022 ), while another study also demonstrates their
ability to protect β-cells from hypoxia-induced apoptosis by
alleviating endoplasmic reticulum stress and inhibiting p38
MAPK signalling (Chen et al. 2020 ). However, miR-21 also
exhibits carcinogenic properties, and increasing evidence
suggests that miR-21 serves as a tumour biomarker (Li and
Tie 2024 ). Mechanistically, miR-21 primarily downregulates
Journal of Extracellular Vesicles, 2026
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TEN expression, thereby activating the PI3K/Akt signalling
athway during cancer progression. Overexpression of miR-
1 suppresses apoptosis, enhances glycolysis to promote
umour growth, induces epithelial-mesenchymal transition
EMT), increases the expression of MMP-2 and MMP-9, and
onsequently facilitates tumour metastasis (Hashemi et al.
023 ). Recent studies have shown that small EVs secreted by
ardiac stromal cells following myocardial infarction carry
ultiple tumourigenic factors, which can accelerate tumour
rowth (Caller et al. 2024 ). In addition, accumulating evidence
inks EV-associated proteins, miRNAs, RNAs and lipids to
arcinogenesis or tumourigenesis, underscoring the necessity
or stringent control of EV components (Jiang et al. 2022 ; Patel
t al. 2025 ). Therefore, several strategies may be considered to
itigate the carcinogenic or tumourigenic risks of EV-based
herapeutics. First, establishing a comprehensive database of EV
omponents that are highly associated with carcinogenicity or
umourigenicity could facilitate risk assessment and component
creening. Secondly, limiting the abundance of high-risk
omponents in EVs may help reduce potential safety concerns.
or components that exhibit both therapeutic efficacy and
arcinogenic or tumourigenic potential, careful characterisation
nd regulation of their expression levels in EVs would be
dvisable, ensuring that the effective dose remains well below
he risk-associated threshold. In addition, it may be important
o evaluate whether the disease-specific microenvironment in
ivo enhances the activity or synergistic effects of high-risk
omponents. Finally, routine monitoring of multiple batches
f EV-producing cells and the associated variability in EV
omponents could contribute to improved quality control. A
horough assessment of carcinogenic or tumourigenic risks
ithin the permissible fluctuation ranges of critical components
ould provide a solid foundation for maintaining product quality
onsistency and ensuring clinical safety. 

.2.7.2 Coagulation and Haemolysis. Although EVs play
n important role in physiological processes, their dysregulated
ctivity under certain pathological conditions may raise safety
oncerns, particularly in thrombosis (coagulation promotion)
nd red blood cell rupture (haemolysis). 

nder normal physiological conditions, EVs contribute to
aemostasis by promoting coagulation. However, in specific
athological contexts, they may trigger aberrant thrombotic
vents. EVs promote excessive thrombus formation by enhancing
he activation of coagulation factors and platelet aggregation
He and Wu 2023 ). For instance, in chronic diseases such as
ardiovascular disease, cancer and diabetes, EVs may increase
oagulation activity, leading to inappropriate thrombus formation
ithin blood vessels (He and Wu 2023 ). This hypercoagula-
le state can result in life-threatening complications, including
troke, myocardial infarction or deep vein thrombosis. Mech-
nistically, EVs expose negatively charged phospholipids, such
s phosphatidylserine (PS), which provide a catalytic surface
or coagulation reactions and accelerate the coagulation cascade
Tripisciano et al. 2017 ). Consequently, EVs may act as contribu-
ors to thrombotic disorders in susceptible patients. In addition,
ertain EV populations may carry fibrinolysis inhibitors, poten-
ially delaying thrombus dissolution and further exacerbating
hrombosis risk, thereby compromising the safety of thrombus
esolution (Shiotsu et al. 2024 ). 
ournal of Extracellular Vesicles, 2026
Haemolysis refers to the rupture of red blood cells, resulting in
the release of haemoglobin into the bloodstream. Although EVs
generally contribute to maintaining extracellular homeostasis,
they may also be implicated in haemolysis under certain condi-
tions (Weber et al. 2025 ). Interaction between EVs and red blood
cell membranes can induce membrane damage or exacerbate
haemolytic processes through the release of cytotoxic molecules.
The physicochemical stability of EVs directly influences their
safety in circulation. If EVs are unstable or inadequately cleared,
they may exacerbate damage to red blood cells or the vascular
endothelium, thereby increasing the risks of both haemolysis and
coagulation. Although the involvement of EVs in coagulation
and haemolysis is physiologically relevant, their potential safety
implications in clinical applications and disease progression
warrant further investigation and careful control. 

2.2.7.3 Immunogenicity. EVs can induce immune
responses through multiple mechanisms, including
immunogenic reactions, immune activation, immune rejection,
immune evasion, and, under certain conditions, autoimmune
reactions. The immunomodulatory effects of EVs are complex
and involve multiple immune pathways. Key mechanisms
underlying EV-induced immune response include immune
recognition, activation of immune effector cells and alterations
in immune tolerance. 

EVs may contain molecules that are recognised by the immune
system as ‘non-self’, thereby eliciting an immune response (Chen
et al. 2019 ). Proteins, lipids and RNA species located on or
within EVs may be perceived as foreign by the host immune
system, particularly when their cellular origin differs from
that of the recipient. Consequently, EVs may be cleared by
immune cells such as macrophages, dendritic cells or B cells.
This immune-mediated clearance may compromise the stability
and therapeutic efficacy of EVs in vivo. For example, EVs may
carry immunogenic proteins, including major histocompatibility
complex (MHC) class I molecules, tumour-associated antigens,
which can activate antigen-presenting cells, such as dendritic
cells, thereby stimulating T cell responses and inducing antigen-
specif ic immunity. EVs can also activate the host immune system
through specific molecules they carry, such as RNA or proteins.
For example, EVs can carry immune-active molecules, including
cytokines, chemokines and lipid mediators, which can activate
immune cells (Kumari et al. 2024 ). MicroRNAs (miRNAs), long
non-coding RNAs (lncRNAs), or mRNAs carried by EVs can
trigger immune responses via immune receptors such as Toll-
like receptors (TLRs) or RIG-I receptors. In addition, the protein
corona, cell-derived surface markers or membrane receptors may
lead to recognition and clearance of EVs by the host immune
system. Conversely, some EVs can evade immune system recog-
nition through mechanisms such as protein corona formation,
alterations in surface charge or other surface modifications (Dietz
et al. 2023 ). Although immune evasion may reduce immune
clearance and enhance therapeutic efficacy, it can also negatively
affect the effectiveness of EV-based therapies in certain contexts.
For instance, EVs containing exogenous RNA have been reported
to act as damage associated molecular patterns, thereby triggering
innate immune response mechanisms (Essola et al. 2024 ). EVs
containing specific proteins may enhance immune system’s
reaction, such as inducing interleukin-6 (IL-6) production (Kitai
et al. 2017 ). Moreover, EVs enriched in heat shock proteins (e.g.,
17 of 27
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SP60 and HSP90) expressing highly immunogenic molecules,
ncluding MHC-I, MHC II, CD40, CD86, RANTES and IL-1 β,
ay stimulate adaptive immune responses (Chen et al. 2006 ).
n some situations, EVs may trigger autoimmune responses (Lu
t al. 2021 ). This can occur when EVs carry self-antigens or
omponents released from damaged cells, leading the immune
ystem to attack the body’s own tissues. In certain autoimmune
iseases, EVs may contribute to the breakdown of immune
olerance by transporting self-antigens. For example, in systemic
upus erythematosus (SLE), EVs may carry components derived
rom damaged cells, thereby triggering immune responses against
hese self-components and exacerbate autoimmune reactions
Fortin et al. 2016 ). 

o explore the potential risk of immune responses associated
ith EVs, analytical approaches such as mass spectrometry or
estern blot could be used to examine whether EVs carry or
verexpress specific receptors or ligands (e.g., TLR, MHC-I/II
olecules) that might contribute to immune activation. EVs-
nduced immune cell responses could also be explored using
n vitro cell models, such as co-cultures systems with human
endritic cells or macrophages. In addition, cytotoxicity assays
e.g., MTT, CCK-8) could preliminary insights into the potential
oxicity of EVs to immune cells (e.g., T cells, B cells, and
acrophages), as highly cytotoxic EVs may be associated with
ocalised or systemic immune responses. Animal models and in
itro experiments could further help to explore whether EVs are
ssociated with specific immune responses or with modulation
f T cell activity under different immune conditions. Finally, RT-
PCR or RNA- sequencing could be used to examine changes
n gene expression in recipient cells following EVs treatment,
articularly in genes related to immune responses, including
mmune suppression or activation. 

lthough EVs hold broad therapeutic potential, careful con-
ideration of their immunological characteristics is essential in
herapeutic applications to minimise the risk of adverse immune
esponses. A comprehensive understanding of the interactions
etween EVs and the immune system is essential for the
evelopment of safer and more effective EV-based therapeutic
roducts. 

.2.7.4 Residues. During the preparation of EVs, various
hemicals (e.g., solvents, reagents) may be used. If these chem-
cals are not adequately removed, they can result in chemical
ontamination. Residual solvents may cause cytotoxicity, while
ertain reagents could trigger immune responses or interfere with
V function, such as inhibiting their binding to or endocytosis by
arget cells (Barragán-Martínez et al. 2012 ). Therefore, chemicals
ssociated with higher risks, including cytotoxicity or tumouri-
enicity, are taken into careful consideration during cell culture
s well as EV isolation and purification processes. The residual
evels of these components are assessed in the final EV product
o ensure compliance with the requirements for therapeutic
pplications. 

or genetically modified stem cell-derived EVs, it may be
dvisable not only to evaluate the EVs populations lacking the
ntended components but also to assess the potential presence
f unintended exogenous genes or genetic material, in order to
educe the risk of gene contamination (Kawamura et al. 2017 ).
8 of 27
For PSC-derived EVs, EV containing relatively high levels of spe-
cific transcription factors may warrant additional evaluation. In
addition, for PSC-differentiated cell-derived EVs, consideration
could be given to assessing whether residual differentiation-
inducing reagents are present in the EV preparations, particularly
those known to pose tumourigenic or pro-tumourigenic risks.
Similarly, for immortalised cell-derived EVs, it may be appro-
priate to evaluate whether they contain transcription factors or
other bioactive components associated with tumourigenicity or
pro-tumourigenicity. 

2.2.7.5 Special Considerations for Cell Types. The qual-
ity requirements for different types of stem cell-derived EVs
may vary depending on differences in their compositions and
biological activities, which could influence the applicable quality
standards. In general, stability and immunogenicity may be
considered key aspects to ensure that stem cell-derived EVs do
not elicit excessive immune responses. It may also be impor-
tant to assess whether these EVs have the potential to induce
uncontrolled cell proliferation or undesirable immune reactions.

MSC-derived EVs are commonly explored for applications in
tissue repair and immune modulation; therefore, maintaining
anti-inflammatory, immunoregulatory and tissue repair–related
activities may be desirable. Quality control strategies for these EVs
could focus on the stability and bioactivity of critical components,
such as cytokines, miRNAs and relevant molecular or surface
markers. 

PSC-derived EVs play an important role in regenerative medicine
applications. However, EVs from PSCs may pose a tumourigenic
risk due to the presence of components that could promote
excessive cell proliferation or abnormal differentiation. Accord-
ingly, quality control for these EVs involves the identification
and mitigation of potential tumourigenic risks. Monitoring the
stability and activity of stem cell-related transcription factors and
specific miRNAs, particularly with respect to their roles in cell
proliferation, is important. In addition, preventing elevated levels
of residual pluripotency markers in EV preparations is critical to
minimising potential tumourigenic risks. 

Genetically modified stem cell-derived EVs, such as those pro-
duced using CRISPR/Cas9 or other gene-editing technologies,
may carry specific genetic modifications. Therefore, stringent
quality monitoring is necessary to ensure that these modi-
fications do not result in genetic instability or unintended
side effects. The presence and expression levels of genetically
modified components in EVs helps prevent the introduction
of potential mutations or unsafe gene expressions. In addition,
genetic modification may alter the intrinsic biological properties
of EVs. Therefore, comprehensive investigations are necessary
to determine whether such modifications affect the expression
of EV-associated risk factors, induce the upregulation of risk-
related molecules, or influence immunogenicity. Furthermore,
it is essential to elucidate whether genetic modification alters
the inherent biological functions of EVs and to clarify whether
these functions act synergistically or antagonistically with the
engineered therapeutic functions in specific disease indications.
Ultimately, the use of in vivo models enables assessment of the net
outcome of EVs derived from genetically modified cells within the
relevant disease microenvironment, thereby determining their
Journal of Extracellular Vesicles, 2026
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ctual therapeutic efficacy and safety for particular indications,
uch as cancer. 

mmortalised stem cells, which are genetically modified to pos-
ess unlimited proliferative capacity, may produce EVs that carry
omponents associated with cell proliferation. Quality control for
hese EVs therefore involves ensuring they do not contain factors
hat could promote tumour formation, such as proteins involved
n cell cycle regulation, proliferation or apoptosis. 

.2.8 Stability 

he stability of EVs is closely associated with their efficacy
nd safety, and may encompass structural, compositional, func-
ional and safety-related aspects. The membrane structure of
Vs may be affected by the external conditions encountered
uring processes such as isolation, purification and storage,
otentially leading to changes in morphology and size, as well as
embrane rupture or particle aggregation. In addition, EVs may
e influenced by environmental factors, including temperature,
H, ion strength or concentration gradients across the membrane,
hich could affect cargo integrity, membrane stability and overall
unction. Alterations in EV structure and composition may
onsequently influence their biological activity and safety. For
xample, membrane damage could result in the leakage or loss
f bioactive molecules, leading to reduced biological efficacy.
oreover, exposure of immune-active components following
embrane disruption might be associated with unintended
mmune responses. EVs may also undergo oxidation damage or
egradation during storage or transportation, further affecting
heir stability and biological activity. 

ipid components of the EV membrane could be susceptible to
xidation, potentially compromising membrane integrity or func-
ion, while EV-associated proteins and RNA may degrade under
uboptimal or prolonged storage conditions, thereby diminishing
heir biological effects. Accordingly, appropriate quality control
easures may be considered at critical stages of the EV lifecycle,
ncluding isolation, purification, packaging, storage and trans-
ortation. Monitoring EV stability throughout the entire process
ould be important to support their safety and efficacy in clinical
pplications. 

.2.9 Differences Between the Aforementioned 
uality Evaluation Strategies and MISEV Guidelines 

s discussed above, the MISEV guidelines are widely recognised
s among the most authoritative and comprehensive guidance
ocuments in the EV research field to date. They have played a
ivotal role in promoting standardised terminology and improv-
ng experimental design, thereby enhancing scientific rigour and
eproducibility. The latest version, MISEV2023 (Welsh et al. 2024 ),
ncorporates a range of emerging technologies and offers valuable
irection for the continued refinement of EV basic research.
n comparison, the quality evaluation strategies described in
his paper seek to explore how CQAs might be systematically
stablished to help ensure product safety and efficacy, particularly
n the context of regulatory submissions to agencies such as the
ournal of Extracellular Vesicles, 2026
NMPA. From this complementary and translational perspective,
certain distinctions may arise between the framework proposed
here and the EV analysis and characterization approaches
outlined in the MISEV guidelines. 

2.2.9.1 Differences in Purpose. When ISEV released the
first version of MISEV in 2014 (Lötvall et al. 2014 ), its pri-
mary aim was to standardise terminology and propose baseline
experimental validation criteria for vesicle-related research, with
the goal of improving rigour and reproducibility. Within this
framework, a central question was how to demonstrate that
the entities under investigation were indeed EVs, and that the
observed biological effects could be attributed specifically to EVs
rather than to non-EV components. Such research standards
are unquestionably foundational for the advancement of EV-
based therapeutics. However, from the standpoint of regulatory
science and product development, additional dimensions may
merit consideration. The quality evaluation strategies outlined in
this paper are therefore intended to further address issues related
to safety and efficacy assurance in the context of pharmaceutical
development and regulatory evaluation. 

2.2.9.2 Further Specification of Certain Requirements.
Using ‘Identity’ as an example, MISEV recommends the use
of broadly accepted positive and negative protein markers (e.g.,
tetraspanins CD9, CD63, CD81 and selected cytoplasmic proteins)
to support vesicle characterization. While these markers are
highly valuable for confirming EV-associated features, they are
generally shared across multiple cell types and may not fully
distinguish donor origin, tissue source or genetic modification
status. For therapeutic product development, it may therefore be
appropriate to consider incorporating additional source-specific
markers that are closely linked to defined cell origins and
manufacturing processes. In this context, it may not only be
important to demonstrate that the product consists of EVs, but
also to provide evidence of derivation from specific cell types
(e.g., well-characterised MSCs or iPSCs). Where feasible, aligning
such markers with functional relevance to potency could further
strengthen product characterisation. 

2.2.9.3 Significant Expansion in Certain Evaluation
Dimensions. With respect to in vitro and in vivo studies,
MISEV2023 places substantial emphasis on appropriate exper-
imental controls. In a translational and clinical development
setting, however, additional evaluation dimensions may warrant
systematic consideration. For example, safety assessment strate-
gies intended to support clinical application might incorporate
more detailed quality control parameters, including tumouri-
genicity, immunogenicity, coagulation or haemolysis risk, and the
detection of exogenous residues. Although these aspects extend
beyond the primary scope of research-oriented guidelines, they
may become particularly relevant as EV products progress toward
clinical use. 

2.2.9.4 Evaluation Throughout the Entire Manufactur-
ing Process. Using cells as an illustrative example, MISEV2023
recommends reporting cell sources and culture conditions. In the
context of therapeutic product manufacturing, more extensive
characterisation of the production cell bank may be advisable, as
it represents an early and critical element of EV manufacturing
and quality control. Notably, cell lines deemed suitable for cell
19 of 27
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herapy applications may not necessarily be optimal for EV
roduction. Accordingly, additional evaluations—such as EV
ecretion yield, phenotypic stability and passage consistency—
ould be considered to support manufacturing robustness and
atch-to-batch consistency. 

.2.9.5 Greater Alignment With Pharmaceutical Def-
nitions. MISEV2023 tends to use particle numbers or total
rotein content as quantitative metrics. From a pharmaceutical
erspective, however, particle count alone may not be sufficient as
 release specification and may need to be interpreted in conjunc-
ion with functional bioactivity data. In this regard, the present
aper discusses the potential incorporation of pharmaceutical
oncepts such as strength and potency. Specifically, Strength may
e defined as the quantity of defined active components (e.g.,
elected miRNAs or proteins) per unit particle number. Potency,
n turn, would ideally be established through validated biological
ctivity assays that are mechanistically and clinically relevant to
he intended indication. 

.2.9.6 Different Strategies for Analytical Method
election. In addition to the previously mentioned detection
ethods, MISEV2023 introduces numerous new technologies
nd proposes the use of orthogonal methods (multiple methods
alidating each other) for characterising EV critical quality
ttributes. We, however, distinguish between the Research and
evelopment (R&D) phase and the Release Testing phase. 

&D Phase: Consistent with MISEV recommendations, high-
hroughput, comprehensive and orthogonal methods (e.g., RNA
equencing) may be particularly valuable for in-depth character-
sation and mechanistic understanding. 

elease Phase: Greater emphasis may be placed on efficiency,
obustness, reproducibility and validated assays suitable for
outine batch release. For instance, targeted qPCR assays might
e considered as practical alternatives to sequencing methods,
hich may be less feasible for routine quality control due to time
nd cost constraints. 

n summary, MISEV may be viewed primarily as a broadly
pplicable research standard aimed at strengthening the rigour
nd reproducibility of EV basic research. The quality evalu-
tion strategies discussed in this paper are intended to com-
lement this foundation by addressing considerations that
ay become increasingly important in industrial translation
nd clinical development, particularly in light of regulatory
xpectations and the practical challenges associated with the
evelopment and commercialisation of EV-based therapeuti
 products. 

.3 Considerations on EVs Preparation 

hen considering the preservation of EV preparations, the
election of an appropriate storage method is critical for main-
aining cargo stability and preserving biological activity for
linical applications. In the quality control of EV preparations,
n addition to general quality attributes (such as purity, stability,
ize distribution, etc.), application-specific requirements may also
0 of 27
need to be carefully monitored to support efficacy and safety
across different use scenarios. 

Currently, EV preparations are commonly available in two main
forms: lyophilised (freeze-dried) and non-lyophilised (liquid)
(Shen et al. 2025 ). Available evidence suggests that EVs may
undergo structural and functional alterations when exposed to
suboptimal storage conditions, including temperature fluctua-
tions and repeated freeze-thaw cycles (Ahmadian et al. 2024 ).
To improve stability, EVs preparations may be formulated with
additional excipients intended to preserve membrane integrity
and functional activity. For long-term storage, various buffer
additives, such as bovine serum albumin (Abraham and Goel
2025 ), sucrose (Walker et al. 2022 ), human serum albumin plus
trehalose (Görgens et al. 2022 ) and PLGA-PEG (Khoshravan
et al. 2022 ) have been explored for their potential to enhance
EVs stability. Compatibility of these additives with EVs and
the absence of adverse effects on biological function or safety
are essential considerations. For EV formulations, particle size
uniformity and size may represent important factors influencing
biological activity and therapeutic efficacy. Therefore, it may be
important to confirm that the formulation remains within an
acceptable size range, avoiding excessive aggregation, oversized
particles or precipitation. In addition, potential interactions
between additives EV surface receptors or proteins are assessed,
as such interactions could disrupt the lipid bilayer or lead to
the loss of surface-associated proteins, thereby reducing efficacy.
Finally, consideration may also be given to screening for species-
specif ic viruses that could potentially be introduced through
animal- or human-derived additives. 

EVs may be susceptible to aggregation, precipitation or functional
loss during long-term storage as a result of environmental
factors such as temperature and pH variations. Therefore, it
may be important to define and optimise appropriate storage
conditions to help maintain the stability of EV preparations
during transportation and prolonged storage. For lyophilised EV
formulations, particular attention could be given to ensuring
that the freeze-drying process does not compromise EV integrity
or biological activity, and that the EVs are able to recover
their original functionality upon reconstitution. In addition, the
physical appearance of the lyophilised preparations may also
be examined to confirm uniformity and the absence of visible
precipitation, aggregation or insoluble particles. 

EV preparations may also require predefined release characteris-
tics to support the controlled and effective delivery of functional
molecules. In vitro release studies could be employed to charac-
terise release profiles and to evaluate the stability and sustained
activity of EV-associated bioactive components. 

Immunogenicity represents an important consideration for EV
preparations and may need to be assessed to reduce the risk of
unintended immune activation or adverse immune responses.
Accordingly, immunogenicity testing could be considered an
integral component of quality control. Furthermore, the com-
patibility of EV preparations with target cells or tissues may
be evaluated, including their ability to enter cells and deliver
functional cargos without inducing cytotoxicity or adverse cellu-
lar responses. Finally, comprehensive chemical characterization
of all components within EV preparations including EVs them-
Journal of Extracellular Vesicles, 2026
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elves, residual chemicals and formulation excipients, could be
erformed to verify component identity, purity and consistency,
hile excluding unnecessary or potentially harmful substances. 

onsistency between production batches is an important con-
ideration for EV preparations. Compliance of each batch with
redefined quality requirements supports the reliability and
afety of therapeutic applications. Batch consistency may encom-
ass parameters such as particle size distribution, strength, purity,
iological activity, potency and formulation stability. For clinical
pplications of EV preparations, determination of an appropriate
ose may require animal studies or preclinical investigations to
nsure that EVs exert the intended biological effects within a
uitable dosage range. Biological activity assays may be necessary
o confirm that EV preparations retain their specific functional
roperties during treatment, such as immune regulation, cell
epair and anti-inflammatory activity. To support batch-to-batch
onsistency, each step of the manufacturing process may need to
e carefully monitored. This includes quality oversight of EV iso-
ation, purification, packaging, lyophilisation and reconstitution
rocesses, which collectively contribute to the overall consistency
nd quality of the final EV preparation. 

uring long-term storage of EV formulations, degradation may
e unavoidable. Therefore, stability and quality studies could
nclude characterisation and control of degradation products
ormed during storage. Analytical techniques such as high-
erformance liquid chromatography (HPLC) or mass spectrom-
try may be applied to compare EV samples stored at different
ime points, enabling the detection of protein fragments, new
omponents or other molecular degradation products. Such anal-
ses could help confirm the occurrence of degradation, identify
egradation products and evaluate the extent of degradation. In
ddition, periodic monitoring of parameters such as purity (e.g.,
embrane integrity) and biological activity may provide indirect
ndicators of EV stability over time. 

V preparations may need to be dissolved or dispersed in water or
ther solvents prior to use; therefore, evaluating their solubility
nd dispersibility in different solvents may be important to
nsure formulation suitability for therapeutic applications. Fur-
hermore, stability studies under varying temperature, humidity
nd light conditions could be conducted to assess whether EV
reparations retain their biological activity during transportation
nd storage. 

he selection of packaging material for EV preparations rep-
esents another important consideration. Packaging provides
rotection against moisture, air and potential contaminants.
aterials such as glass containers or aluminium-sealed vials are
ommonly used; their compatibility with EVs may need to be
valuated to ensure the absence of adverse interactions. Following
ackaging, container closure integrity testing could be performed
o verify that the packaging remains impermeable to external
ontamination during transportation and storage. Maintaining
ealing integrity may be crucial to prevent environmental factors
rom compromising the quality of EV preparations. 

verall, quality control of EV preparations may involve not only
he characteristics of the EVs themselves but also consideration of
tability, dosage, immunogenicity, purity and batch consistency
ournal of Extracellular Vesicles, 2026
throughout the manufacturing process. Systematic monitoring of
these parameters could help support the safety and efficacy of EV
preparations intended for therapeutic use. 

2.4 Considerations on Methods 

Quality evaluation of EV-based products is inherently multi-
faceted. During product and process development, complemen-
tary analytical platforms may be employed to enhance under-
standing of specific EV attributes. However, once an attribute
is established as a CQA, selection of analytical methods for
in-process control and release testing is determined by fitness
for purpose, suitability for validation, interpretability for qual-
ity decision-making, reproducibility and lifecycle suitability. In
accordance with the ICH Q8–Q12 framework, exploratory and
advanced methodologies may be appropriate during development
to support CQA identification, whereas release testing methods
are required to be scientifically justified, validated in accordance
with ICH Q2, and directly linked to safety and efficacy as outlined
in ICH Q6B. Therefore, analytical tool selection may follow
a lifecycle-based, risk-driven approach, prioritising robustness
and relevance over technological complexity. Ultimately, CQA
evaluation relies on the most appropriate method rather than the
most advanced one. 

In EV quality control, the use of multiple detection methods
to evaluate the same parameter may be appropriate; however,
careful method selection depends on specific analytical objectives
and the characteristics of each technique. 

Firstly, applying orthogonal methods to measure the same
parameter may help address methodological limitations from dif-
ferent perspectives and enable cross-validation of results, thereby
improving data reliability. Secondly, the choice of detection
methods depends on whether the analytical goal is qualitative or
quantitative. Qualitative and quantitative analyses serve distinct
purposes and have different requirements; therefore, method
selection is aligned with the intended detection objective. In
practice, these approaches are often complementary. Qualitative
analyses can be used to confirm the presence and composition
of EVs, whereas quantitative analyses provide numerical data to
assess whether EV products (or EV preparations) meet predefined
standards and specifications. The selection of detection methods
may also depend on the intended application of the EVs. For
instance, when the objective is to characterise basic EV proper-
ties, qualitative techniques such as Western blotting may suffice.
In contrast, when precise determination of the concentration or
activity of a specific EV subpopulation is required, quantitative
methods such as nano-flow cytometry may be more appropriate.
Combining multiple analytical techniques may therefore provide
a more comprehensive assessment of EV quality. As an example,
protein quantification can be performed using colourimetric
methods, Western blotting and mass spectrometry to evaluate
total protein content, identify specific proteins and quantify target
protein levels, respectively. Thirdly, different methods vary in
sensitivity and specificity. The use of multiple techniques may
help broaden the detectable range and mitigate the limitations
associated with individual methods. For low-abundance targets
or applications with high sensitivity requirements, advanced
quantitative techniques such as mass spectrometry or real-
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ime quantitative PCR may be preferable. For example, EV size
istribution can be assessed using NTA, TRPS or nano-flow
ytometry, each of which differs in particle size detection range,
ptimal concentration requirements and resolution. A combined
pproach may enable more complete coverage of the EV size
istribution, including particles outside the primary target size
ange. Fourthly, some methods may provide incomplete informa-
ion for certain parameters, whereas complementary techniques
an help fill these gaps. For example, conventional NTA and
RPS allow measurement of EV size distribution but do not
irectly provide information on surface protein expression. In
uch cases, protein labelling or immunodetection approaches,
uch as fluorescence-based NTA or nano-flow cytometry, may
e used to supplement the analysis. Finally, analytical methods
iffer in cost, time requirements and operational complexity.
n EV quality control, method selection may therefore need to
onsider the specific objectives and requirements at different
tages, such as quality research and release testing. During the
uality research stage, the focus is typically on comprehen-
ive characterisation of EV properties, including composition,
unction, stability and related attributes. This stage may require
ore sensitive, detailed and comprehensive analytical techniques
o support R&D activities. In contrast, release testing aims to
onfirm that EV products meet predefined quality specifications
rior to clinical use or market release, with an emphasis on
fficiency, accuracy and reproducibility. Accordingly, methods
sed at this stage are often high throughput, standardised and
elatively simple to operate, providing rapid and reliable quan-
itative data to support batch consistency and product safety.
or instance, while high-throughput RNA sequencing may be
nformative for comprehensive RNA profiling during research,
t may be costly and time-consuming for routine testing. In
elease testing, targeted real-time quantitative PCR for specific
NAs may represent a more practical, efficient and cost-effective
lternative. 

n summary, the use of multiple analytical methods to assess the
ame parameter can be advantageous in EV quality control; how-
ver, the selection of an appropriate combination of methods is
ased on specific analytical needs and the inherent characteristics
f each technique to ensure both accuracy and comprehensive
valuation of results. 

.5 Summary 

ased on the key quality attributes of stem cell-derived EV
roducts discussed above, a proposed quality evaluation strategy
s summarised in Figure 4 . This figure illustrates the major
uality control points throughout the EV production process,
ogether with corresponding quality control elements, which are
rovided as reference examples. During the development of EV-
ased therapeutic products, additional control points may need
o be established according to product type, potential risk factors,
nd process-specific considerations. For example, if cell culture
upernatants are not immediately processed for downstream
urification and are instead stored under frozen conditions
rior to EV isolation and purification, it may be important to
ssess the presence of intact cells, cellular organelles or nuclei.
uch evaluation could help minimise the risk of introducing
ontaminants associated with freeze-thaw-induced cell damage.
2 of 27
Furthermore, for each quality control element, developers may
select appropriate analytical and testing strategies based on pro-
cess characteristics, potential risks and the intended application
of the material at each critical control point, as illustrated in the
figure. 

The considerations outlined above primarily focus on the quality
evaluation of stem cell-derived EVs, including identification,
purity, impurities, biological activity and safety. These aspects are
closely linked to various stages of production, ranging from the
cell culture harvest medium to the final product. Table 3 presents
detailed recommendations corresponding to each quality evalua-
tion content. It is important to emphasise that, when evaluating
the quality of EV samples at different stages, alteration of the
condition or morphology of the samples is avoided during the
testing process. Unnecessary operations, such as the pH or ion
strength of the solution, or filtering samples prior to testing to
remove aggregated particles, are generally avoided during quality
evaluation. Such operations may distort the intrinsic characteris-
tics of the EV samples, potentially leading to evaluation results
that do not accurately or consistently reflect the final efficacy and
safety of the product. 

To enhance the practical applicability of the proposed framework,
a summary table of representative CQAs commonly applicable to
EV-based therapeutic products is provided in Table 4 . This table
summarises relatively generalisable CQAs that are less sensitive
to variations in cell source, manufacturing process and intended
use, and is intended to serve as a conceptual reference rather than
prescriptive guidance. The analytical methods are presented as
indicative examples rather than prescriptive standards. Accord-
ingly, the table presented here should not be interpreted as a
fixed or universally applicable standard. In particular, attributes
related to specific molecular cargo (e.g., proteins, RNAs) or
mechanism-of-action–dependent potency may vary substantially
between products and therefore require case-by-case evaluation.
The omission of such product-specific CQAs from the summary
table reflects an intentional effort to avoid overgeneralization
and to maintain alignment with a risk-based and science-driven
approach. For specific products, additional attributes may be
introduced or existing ones adjusted based on the principles
outlined in this manuscript. 

3 Conclusion 

Stem cell-derived EVs have demonstrated significant potential
as therapeutic products in the fields of regenerative medicine in
recent years. However, their clinical translation continues to face
several challenges. Large-scale production and standardisation of
stem cell-derived EVs remain difficult. Variations in cell sources
and culture systems, as well as differences in isolation and
purification processes, may lead to discrepancies in the purity,
biological activity and stability of EVs across different batches.
Such variability could affect the reproducibility and safety of their
clinical applications. 

Like other therapeutic products, quality evaluations play a central
role in the development and application of stem cell-derived
EVs. From the R&D stage through clinical trials, systematic
quality evaluation is important at each stage to support the safety
Journal of Extracellular Vesicles, 2026
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nd potential effectiveness of EV-based products. During the
evelopment of EV-based therapies, studies on product safety and
fficacy may be designed to be comprehensive and well designed,
ith sufficient data accumulation to provide traceable references
nd supporting evidence. Efficacy evaluations may benefit from
he inclusion of clearly defined quantitative indicators to more
omprehensively assess the biological activity and therapeutic
otential of EVs. The establishment of quality strategies and con-
rol measures is often guided by risk management principles that
ake into account factors such as cell types, production process
nd intended clinical application. Such approaches may help sup-
ort the consistency, stability and safety of EV research products.
s research in this field continues to advance, it is anticipated that
ore standardised production and quality control frameworks for
Vs will be gradually developed. These may include guidance on
ell culture conditions, EV isolation and purification methods, as
ell as storage and transportation practices, to facilitate clinical
ranslation. It is also worth noting that non-cell-based therapies
o not inherently ensure safety, as biological effects observed in
nimal models may not fully translate to humans, particularly
ith respect to dosing and toxicity. Therefore, prior to first-
n-human studies, the advanced development of appropriate
valuation and risk mitigation strategies is generally considered
dvisable. 

n conclusion, stem cell-derived EVs represent an emerging
lass of therapeutic candidates with considerable potential.
ngoing advances in EV biology, manufacturing technologies
nd analytical methodologies are expected to further elucidate
ey determinants of EV quality and function. The consider-
tions proposed in this article are not intended to serve as
fficial regulatory guidelines but are provided for reference and
iscussion among researchers and developers engaged in EV-
elated product development. As these efforts continue, more
efined and harmonised approaches to EV characterisation and
uality assessment may gradually emerge, fostering a deeper
nderstanding of EV-based mechanisms and informing their
uture development in therapeutic research. 
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