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Abstract. Mesenchymal stem cells and products based on it are an effective means of treating 
diseases due to their proven effect on the tissue reparation. In recent years, large amount of data 
has accumulated showing that the therapeutic effect of mesenchymal stem cells is realized not 
by the cells themselves, but by it secretome. Preclinical studies using in vitro and in vivo disease 
models have demonstrated promising results with small extracellular vesicles derived from stem cells, 
including mesenchymal stem cells: reduction of oxidative stress, increased proliferation, survival 
and differentiation of cells, suppression of inflammation, which promotes regeneration at the site of 
damage. Isolation of the vesicular fraction of mesenchymal stem cells is the starting point for the 
production of products based on it. However, the path from the idea to the registration of such products 
is associated with many difficulties. A therapeutic strategy that allows achieving the effects of cell 
therapy without mesenchymal stem cells transplantation offers a number of advantages. The aim 
of this review is to highlight the multiple factors that contribute to the high variability of the vesicular 
fraction obtained from mesenchymal stem cells, the challenges of developing cell-free products, 
and the need for standardized protocols for the production and evaluation of extracellular vesicles.
Keywords: mesenchymal stem cells, mesenchymal stem cell secretome, extracellular vesicles, 
exosomes, extracellular vesicle-based products
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Р  езюме. Мезенхимальные стволовые клетки, а также продукты на их основе являются 
эффективным инструментом в лечении ряда заболеваний благодаря влиянию на процесс 
репарации тканей. В последние годы накапливается все больше данных о том, что терапев-
тический эффект мезенхимальных стволовых клеток реализуется не самими клетками,  а их 
секретомом. Секретом представляет собой комбинацию везикулярной и невезикулярной 
фракции, которую секретируют клетки, в том числе мезенхимальные стволовые клетки. 
Доклинические исследования с использованием моделей заболеваний in vitro и in vivo про-
демонстрировали многообещающие результаты применения малых внеклеточных везикул, 
выделенных из стволовых клеток, включая мезенхимальные стволовые клетки: снижение 
окислительного стресса, усиление пролиферации, выживаемости и дифференцировки кле-
ток, угнетение воспаления, что способствует регенерации в очаге повреждения. Изоляция 
везикулярной фракции мезенхимальных стволовых клеток служит отправной точкой для 
производства продуктов на ее основе. Однако путь от идеи до регистрации подобных про-
дуктов сопряжен с массой сложностей. При этом терапевтическая стратегия, позволяющая 
добиться эффектов клеточной терапии, не прибегая к трансплантации мезенхимальных 
стволовых клеток, обеспечивает ряд преимуществ. Цель данного обзора — подчеркнуть 
множество факторов, обусловливающих высокую вариабельность везикулярной фракции, 
получаемую из мезенхимальных стволовых клеток, сложности разработки бесклеточных 
продуктов, а также необходимость создания стандартизованных протоколов получения и 
оценки малых внеклеточных везикул.
Кл ючевые слова: мезенхимальные стволовые клетки, секретом мезенхимальных стволовых 
клеток, внеклеточные везикулы, экзосомы, продукты на основе внеклеточных везикул

Ис  точник финансирования. Авторы заявляют об отсутствии внешнего финансирования 
при проведении исследования.
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INTRODUCTION
Multipotent stem cells (MSCs) and MSC-derived 

products are opening new opportunities in biotechno-
logy and regenerative medicine. MSCs are capable of 
differentiating into osteogenic, adipogenic, and chon-
drogenic lineages, express a set of surface markers 
(CD105, CD73, and CD90), and adhere to specialized 
plastic under standard culture conditions (Fig. 1) [1].

The therapeutic application of MSCs has been ex-
tensively investigated: as of August 2025, according to 
the U.S. National Institutes of Health database (https://
clinicaltrials.gov), more than 1,300 clinical studies have 
been registered. Nevertheless, many unresolved issues 
remain. As a result, only 12 MSC-containing cell pro-
ducts have been registered to date, and only one has 
been approved by the U.S. Food and Drug Administra-
tion (FDA).

From the discovery of MSCs by Friedenstein in 
the 1970s [2] until the early 2000s, it was believed 
that the effects of MSCs were mediated by contact-
dependent signaling to other cells, as well as by their 
accumulation at sites of injury, based on their capa-
city for multipotent differentiation [3]. This concept 
began to be reconsidered following the publication by 
Gnecchi, who demonstrated that MSCs exert their ef-
fects through the secretion and release of trophic mo-
lecules [4]. Furthermore, studies tracking MSCs after 
systemic administration showed that MSCs (and stem 
cells in general) do not become incorporated into the 
damaged tissue.

In recent years, increasing evidence has indicated 
that the primary mechanism of MSC action is their pa-
racrine effect mediated by the release of biologically 
active molecules collectively known as the secretome. 
Over the past two decades, scientific interest in the cel-
lular secretome, particularly its vesicular fraction, has 
increased dramatically. Investigation of the secretome 
composition has provided new insights into intercel-

Fig. 1. Mesenchymal stem cells (the f igure is prepared by the authors)
Рис. 1. Мезенхимальные стволовые клетки (рисунок подготов-

лен авторами)

lular communication underlying numerous biological 
processes, both physiological and pathological. The 
composition of the secretome reflects the state of the 
secreting cell, and this property is already being utilized 
for disease diagnosis, prognostic assessment, and de-
tailed studies of pathogenesis. In addition, strategies for 
targeted drug delivery using the vesicular fraction of the 
secretome are being actively developed, offering high 
specificity and efficiency..

COMPOSITION OF THE MESENCHYMAL 
STEM CELL SECRETOME

The cellular secretome has been described as a 
complex mixture of products released by virtually all 
cells of the body in the form of vesicular and non-
vesicular fractions (Fig. 2) [5].

The vesicular fraction consists of vesicles that 
are classified according to their size. According to 
the recommendations of the International Society 
for Extracellular Vesicles (ISEV) issued on Feb-
ruary 7, 2024, the term extracellular vesicles (EVs) 
refers to particles released from cells and enclosed 
by a lipid bilayer that are incapable of self-replication 
(i.e., do not contain a functional nucleus) [6]. ISEV 
recommends avoiding the use of the biogenesis-
based terms exosomes and ectosomes, although 
these terms remain convenient for practical use. 
Instead, ISEV permits the use of the terms small 
extracellular vesicles (SEVs) (<200 nm) and large 
extracellular vesicles (LEVs) (>200 nm), with the 
size definition depending on the specific analytical 
method employed. In numerous scientific publica-
tions, extracellular vesicles are classified according 
to their biogenesis and release mechanisms as fol-
lows: exomeres (<50 nm), exosomes (30–150 nm), 
microvesicles (100–1000 nm), apoptotic bodies 
(1000–5000 nm), migrasomes (500–3000 nm), and 
oncosomes (1000–10000 nm) [7].

Non-vesicular extracellular particles (NVEPs) 
comprise all cell-derived particles belonging to one 
or more molecular classes that lack a delimiting li-
pid bilayer membrane [6]. NVEPs may be substan-
tially smaller than extracellular vesicles, making 
their detection challenging, while MSC secretome 
isolation methods may result in the co-isolation of 
both vesicular and non-vesicular fractions [8]. The 
most common components of the non-vesicular 
fraction of the MSC secretome are presented in 
Table 1.

The most common components of the vesicular 
fraction of the MSC secretome are summarized in 
Table 2.
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Table 1
The most frequently encountered components of the non-vesicular fraction of the mesenchymal stem cells secretome

Таблица 1
Наиболее часто встречаемые компоненты невезикулярной фракции секретома мезенхимальных стволовых клеток

Ком поненты невезикулярной 
фракции секретома мезенхимальных 

стволовых клеток
Сomponents of the non-vesicular fraction 
of the mesenchymal stem cells secretome

Примеры
Examples

Источник 
данных 

Data 
source

Цитокины
Cytokines

IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-13 [8, 9]

Хемокины
Chemokines

• Фактор стволовых клеток (SDF-1) 
Stem cell factor (SDF-1);

[8]

• белок-хемоаттрактант моноцитов (MCP1)
Monocyte chemoattractant protein (MCP1);

• хемокиновый лиганд мотива 12 (CXCL12)
Chemokine ligand 12 motif (CXCL12);

• субъединица 8 полипептида 1, содержащего шаперонин (CCT8)
Subunit 8 of polypeptide 1 containing chaperonin (CCT8);

• макрофагальный воспалительный белок 1-бета (MIP-1B)
Macrophage infl ammatory protein 1-beta (MIP-1B)

Fig. 2. Mesenchymal stem cell`s secretome (the figure is prepared by the authors)
Рис. 2. Секретом мезенхимальной стволовой клетки (рисунок подготовлен авторами)

Цитокины 
Cytokines
Хемокины
Chemokines
Факторы роста
Growth factors
Белки цитоскелета
Cytoskeleton proteins
Белки внеклеточного матрикса
Extracellular matrix proteins
Ферменты
Enzymes
Гормоноподобные вещества
Hormone-like substances
ДНК
DNA
РНК
RNA

Невезикулярная фракция
Non-vesicular 

extracellular particles)

Секретом мезенхимальной стволовой клетки
Mesenchymal stem cell’s secretome

Везикулярная фракция
Extracellular vesicles

Малые внеклеточные 
везикулы 

менее 200 нм 
Small extracellular vesicles: 

<200 nm

Большие внеклеточные 
везикулы 

более 200 нм 
Large extracellular vesicles: 

>200 nm

МЕЗЕНХИМАЛЬНАЯ СТВОЛОВАЯ КЛЕТКА
MESENCHYMAL STEM CELL
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Ком поненты невезикулярной 
фракции секретома мезенхимальных 

стволовых клеток
Сomponents of the non-vesicular fraction 
of the mesenchymal stem cells secretome

Примеры
Examples

Источник 
данных 

Data 
source

Факторы роста
Growth factors

• Фактор роста фибробластов 2 (FGF-2)
Fibroblast growth factor 2 (FGF-2);

[8]

• гранулоцитарно-макрофагальный колониестимулирующий фактор (GM-CSF)
Granulocyte-macrophage colony-stimulating factor (GM-CSF);

• фактор роста гепатоцитов (HGF)
Hepatocyte growth factor (HGF);

• субъединица А тромбоцитарного фактора роста (PDGF-1)
Platelet-derived growth factor subunit A (PDGF-1);

• трансформирующий фактор роста бета (TGF-β) 
Transforming growth factor beta (TGF-β)

Белки цитоскелета
Cytoskeletal proteins

• Актин α2 (ACTA2), актин β (ACTB), α-актин сердечной мышцы (ACTC1) 
Actin α2 (ACTA2), actin β (ACTB), cardiac α-actin (ACTC1)

[10]

Белки внеклеточного матрикса
Extracellular matrix proteins

• Фибриллин (FBN1), бета-цепь фибриногена (FGB)
Fibrillin (FBN1), fi brinogen beta chain (FGB)

[10]

Ферменты
Enzymes

• Глицеральдегид-3-фосфатдегидрогеназа индоламин 2 (GAPDH); 
супероксиддисмутаза (SOD)

   Glyceraldehyde-3-phosphate dehydrogenase indoleamine 2 (GAPDH); superoxide 
dismutase (SOD)

[8]

Гормоноподобные вещества
Hormone-like substances

• Инсулиноподобный фактор роста-1 (IGF-1)
Insulin-like growth factor-1 (IGF-1)

[8]

The table is prepared by the authors
Таблица составлена авторами

Ending of the Table 1 / Окончание табл. 1

SEVs derived from MSCs express the same sur-
face markers as MSCs themselves, including CD29, 
CD44, CD73, CD90, and CD105 [14]. These markers 
can be detected using various techniques, including 
flow cytometry and Western blotting.

SEVs are widely present in biological fluids such 
as saliva, urine, breast milk, cerebrospinal fluid, 
plasma, and serum [15]. Although their concentra-
tion varies among different biological fluids, the 
concentration of SEVs in 1 mL of blood plasma may 
reach 1010 particles [16]. Identified SEV components 
include approximately 10,000 proteins, 3,500 RNAs, 
3,000 microRNAs, and 1,000 lipids [17].

Since SEVs retain the signature of their parent 
cells, determining their composition in blood plasma is 
of considerable diagnostic and prognostic value. At the 
same time, the overall composition of plasma SEVs 
is highly heterogeneous because they originate from 
cells of most tissues. Investigation of SEV composi-
tion may substantially expand our understanding of 
disease pathogenesis and serve as a starting point for 
the development of novel SEV-based therapeutics and 
vaccines [18].

The specific protein and RNA cargo of MSC-de-
rived SEVs varies depending on the MSC source and 

culture conditions [19, 20]. Culture conditions such as 
hypoxia and cytokine stimulation can alter SEV com-
position and biological effects. Hypoxia enhances the 
secretion of pro-angiogenic factors by MSCs and their 
released SEVs, thereby improving neovascularization 
and bone tissue regeneration [21]. Cultivation with ra-
pamycin and growth factor restriction increases SEV 
release [22]. Factors such as donor age, health status, 
and the method used for MSC isolation also influence 
SEV composition [23]. For example, SEVs derived 
from adipose tissue MSCs obtained by surgical exci-
sion and liposuction exhibit different characteristics, 
and differences in microRNA profiles have been ob-
served even when the same isolation method is used 
for samples collected from different anatomical sites 
[24]. Age-related changes in donor cells affect the 
quality of released SEVs, limiting their anti-inflamma-
tory and regenerative potential [25].

Increasing attention is being paid to the nucleic 
acid fraction of SEVs. Several studies have shown that 
DNA transported within SEVs participates in horizon-
tal gene transfer between cells, including transformed 
cells, contributing to genetic diversity and potentially 
facilitating the spread of oncogenes during cancer pro-
gression [26].
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Table 2
The most common components of the vesicular fraction of the mesenchymal stem cells secretome according 

to different sources
Таблица 2

Наиболее часто встречаемые компоненты везикулярной фракции секретома мезенхимальных стволовых клеток 
согласно разным источникам

Компоненты везикулярной фракции 
секретома мезенхимальных 

стволовых клеток 
Сomponents of the vesicular fraction 

of the mesenchymal stem cells secretome 

Примеры
Examples

Источник 
данных 

Data source

Белки
Proteins

• Актин
Actin;

• β-тубулин
β-tubulin;

• тетраспанины (CD9, CD63, CD81, CD82)
tetraspanins (CD9, CD63, CD81, CD82);

• белки теплового шока (HSP770, HSP90)
heat shock proteins (HSP770, HSP90);

• белок опухолевой предрасположенности 101 (Tsg101)
tumor predisposition protein 101 (Tsg101);

• белок, взаимодействующий с запрограммированной клеточной гибелью (Alix)
programmed cell death-interacting protein (Alix);

• белки главного комплекса гистосовместимости I и II классов (MHC I, MHC-II)
proteins of the major histocompatibility complex classes I and II (MHC I, MHC-II)

[11]

Липиды
Lipids

• Церамиды
Ceramides; 

• сфингомиелин
sphingomyelin; 

• фосфатидилсерин
phosphatidylserine;

• фосфатидилинозитол
phosphatidylinositol;

• холестерин
cholesterol

[12]

Нуклеиновые кислоты
Nucleic acids

• Матричная РНК
messenger RNA;

• микроРНК 
microRNA

• рибосомальная РНК
ribosomal RNA

• ДНК
DNA 

[13]

The table is prepared by the authors
Таблица составлена авторами

Because the DNA of SEVs derived from certain tu-
mors contains characteristic genetic alterations, such 
as mutations and gene amplifications, SEVs represent 
promising targets for noninvasive diagnostic applica-
tions, including liquid biopsy. Furthermore, mitochon-
drial DNA contained in SEVs is associated with cellular 
stress responses and may play a role in immune sys-
tem intercellular signaling [27].

Various forms of RNA have also been identified 
within SEVs, including messenger RNA (mRNA), mi-
croRNA, ribosomal RNA, circular RNA, long non-co ding 
RNA and DNA. SEV-associated RNAs undergo hori-
zontal transfer between cells, resulting in phenotypic 
changes in recipient cells due to their important role in 

gene regulation and participation in diverse physiologi-
cal processes [28]. For example, SEVs derived from 
embryonic stem cells can reprogram hematopoietic 
progenitor cells through the delivery of mRNA [29]. 
During the immune response, unidirectional transfer of 
mRNA occurs from T lymphocytes to antigen-presen-
ting cells, a process that may be antigen-dependent. 
Viral microRNAs contained in SEVs released by in-
fected cells can be taken up by uninfected cells [30].

MicroRNAs are the most abundant RNA species 
found in human plasma SEVs, accounting for approxi-
mately 40% of the total RNA content, which makes 
them particularly advantageous for diagnostic applica-
tions.
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FORMATION AND BIOLOGICAL EFFECTS 
OF EXTRACELLULAR VESICLES

The secretion of small extracellular vesicles by 
cells is a fundamental process required for intercel-
lular communication under both physiological and 
pathological conditions [31] and has likely existed 
throughout evolution [32]. Under in vitro conditions, 
SEVs are released by cultured cells into the culture 
medium.

The process of vesicle formation begins with the 
invagination of the plasma membrane into the cell, lea-
ding to the formation of early endosomes, followed by 
the development of late endosomes or multivesicular 
bodies (MVBs) (Fig. 3) [33].

At this stage, MVBs contain proteins that were pre-
sent on the plasma membrane, as well as RNA and 
proteins derived from the cytoplasm. Subsequently, 
proteins from the endoplasmic reticulum and Golgi 
apparatus are incorporated into MVBs. The de novo
incorporation of various components into MVBs is 

regulated by the ESCRT protein complex (Endosomal 
Sorting Complexes Required for Transport) or medi-
ated through ceramide-/tetraspanin-dependent path-
ways [34].

Some of the formed MVBs fuse with lysosomes, 
resulting in degradation of their contents. Another 
fraction of MVBs is “tagged” by ceramides; the outer 
membrane of the MVB fuses with the plasma mem-
brane, and SEVs are released into the extracellular 
space [35].

The biogenesis and secretion of SEVs are con-
trolled by specific GTPase proteins. Small GTPases 
of the Rab family regulate intracellular vesicular 
transport. For example, Rab5 participates in endo-
some formation, whereas Rab7 promotes degra-
dation of MVB contents within lysosomes. Several 
Rab proteins (Rab35, Rab11, Rab27a, and Rab27b) 
regulate the secretion of SEVs into the extracellu-
lar space [31]. The formation and secretion of SEVs 
may be altered by intracellular processes or external 

Структура малых 
внеклеточных 

везикул
Structure of extracellular vesicles

Образование внеклеточных везикул 
Production of extracellular vesicles

Поверхностный 
антиген 

Surface antigen

Липидный рафт 
Lipid raft

Молекулы адгезии
Adhesion molecules

«Груз»
Cargo: 

нуклеиновые кислоты, 
белки, липиды 

nucleic acids, proteins, lipids

Белок тетраспаниин 
Tetraspanin

Экзоцитоз 
Exocytosis

Малые 
внеклеточные

везикулы 
Small extracelluar

vesicles

Большие 
внеклеточные

везикулы 
Large extracelluar

vesicles
Эктоцитоз 
Ectocytosis

Цитоплазма 
Cytoplasm

Ранняя 
эндосома 

Early 
endosome

Мультивезикулярное
тельце

Multivesicular 
endosome

Слияние 
с лизосомой

Lysosome fusion

Rab27A 

Fig. 3. Structure and biogenesis of extracellular vesicles (the figure is prepared by the authors)
Рис. 3. Структура и биогенез внеклеточных везикул (рисунок подготовлен авторами)
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stimuli. For example, transformed tumor cells se-
crete significantly greater numbers of SEVs than 
non-transformed healthy cells [36]. Cellular stress 
is considered a possible factor that increases SEV 
release [37].

Following their release, SEVs adhere to the sur-
face of target cells through the action of integrins 
and tetraspanins. For example, integrins αv (CD51), 
α3 (CD49c), β1 (CD29), as well as lactadherin and 
vitronectin, are involved in the adhesion of SEVs to 
leukocytes [33]. Tetraspanins present on the plas-
ma membrane are also highly expressed on SEVs 
(CD9, CD81, CD63, and CD82), allowing their use 
as specific SEV markers. Tetraspanins play a key 
role in the adhesion, fusion, and selective uptake 
of SEVs by recipient cells [38]. Changes in the ex-
pression of specific tetraspanins may modulate the 
selective targeting and uptake of SEVs, thereby 
influencing the cellular response. The specificity 
of SEVs for target cells may be determined by the 
combination of antigens with MHC class I and II 
molecules [39].

The interaction of SEVs with recipient cells may 
lead to several outcomes: (1) signal transmission 
through intracellular signaling pathways (juxtacrine 
effect); (2) fusion with the cell membrane and re-
lease of vesicular contents into the cytoplasm of the 
recipient cell; and (3) uptake of SEVs through phago-
cytosis, macropinocytosis, or receptor-mediated en-
docytosis. Within the recipient cell, the contents of 
SEVs are either degraded or induce a cellular re-
sponse. Although SEVs possess a wide range of 
biological activities, their principal significance lies 
in their ability to serve as carriers of information, fa-
cilitating long-distance intercellular communication. 
Compared with the diffusion of soluble signaling mo-
lecules, SEV-mediated intercellular communication 
is more effective both in terms of biological impact 
and specificity.

ADVANTAGES OF USING CELL-FREE 
PRODUCTS BASED ON COMPONENTS 
OF THE MESENCHYMAL STEM CELL 
SECRETOME

Despite numerous clinical studies, only 12 
mesenchymal stem cell (MSC)-containing pro-
ducts have been approved to date, and only one 
of them has received FDA approval — Prochy-
mal (Remestemcel-L) (Osiris Therapeutics Inc., 
Mesoblast Ltd.), which is used for the treatment of 
graft-versus-host disease. In this regard, the po-
tential use of cell-free products based on the MSC 

secretome or its vesicular fraction offers several 
key advantages over MSC-containing cellular pro-
ducts, namely:
1) improved patient safety and avoidance of the low 

but potentially existing risks of tumorigenesis and 
transmission of infectious agents associated with 
the transplantation of living stem cell populations; 

2) reduction in the number of invasive material collec-
tion procedures or their complete avoidance (de-
pending on the MSC source); 

3) assessment of safety and efficacy using approa-
ches similar to those applied to pharmaceutical 
agents; 

4) substantially prolonged storage life through cryo-
preservation or lyophilization without loss of bio-
logical activity; products containing viable cells are 
generally short-lived (from several hours to one 
day), requiring complex logistics for rapid delivery 
to patients; 

5) large-scale manufacturing of cell-free products 
using specially established cell lines under con-
trolled laboratory conditions (e.g., in bioreactors) to 
obtain MSC secretome components at desired con-
centrations and to tailor the secretome composition 
according to specific therapeutic goals; 

6) reduced production time and cost, with immedi-
ate availability of ready-to-use products, which is 
particularly important for the treatment of acute 
conditions such as cerebral ischemia, myocar-
dial infarction, and combat-related injuries.

CHALLENGES IN THE DEVELOPMENT 
OF CELL-FREE PRODUCTS BASED ON 
COMPONENTS OF THE MESENCHYMAL 
STEM CELL SECRETOME

Although cell-free products based on MSC se-
cretome components offer potential advantages over 
MSC-containing cellular products, their production 
and regulatory approval are associated with numerous 
challenges.

1. Heterogeneity of SEVs derived from MSCs. The 
biological variability of SEV cargo, discussed above, 
poses a challenge for the standardization and predic-
tability of therapeutic outcomes based on SEVs. Strict 
quality control measures, including the use of reference 
samples, development of calibration standards, and 
consensus guidelines for SEV research, may improve 
the reproducibility of SEV-related studies [40].

2. Use of different methods for SEV isolation and 
characterization.

To date, no standardized methods for SEV isola-
tion, purification, and characterization have been 
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established [41]. This creates uncertainty regarding 
their expected biological effects and potential clinical 
outcomes, significantly complicating the assessment 
of efficacy and safety in both clinical and experimental 
studies. Commonly used methods for SEV isolation in-
clude ultrafiltration, ultracentrifugation, size-exclusion 
chromatography, and immunoaffinity-based approa-
ches [42].

The small size of SEVs (30–150 nm), their he-
terogeneity within source samples, the presence of 
protein contaminants, and high economic costs hin-
der the selection of an optimal method for obtaining 
SEVs with predefined characteristics. Ultrafiltration, 
based on size separation, does not require expensive 
equipment but is time-consuming and associated with 
a high risk of membrane fouling by larger particles 
[43]. Ultracentrifugation, which relies on diffe rences 
in density and size, is labor-intensive, costly, techni-
cally demanding, and may result in high levels of con-
taminants (RNA, proteins) as well as damage to SEV 
integrity [44]. Size-exclusion chromatography is used 
to obtain highly purified SEVs but requires expensive 
equipment and complex procedures. Immunoaffinity-
based methods, which identify SEVs according to 
unique surface protein profiles using biotinylated 
antibodies, enable the isolation of tissue-specific 
SEVs with high purity; however, these me thods are 
costly, low-throughput, and require extensive prepa-
ration [42].

Following isolation, SEVs must be characterized. 
Since SEVs contain nucleic acids, proteins, lipids, 
and a range of characteristic surface markers, each 
of these components may be measured as a surro-
gate indicator of SEV abundance. However, none of 
these parameters perfectly correlate with the actual 
number of SEVs. SEV purity and yield may be as-
sessed using transmission or scanning electron mi-
croscopy, flow cytometry, Western blotting, and liquid 
chromatography–mass spectrometry [44]. A detailed 
description of these methods is beyond the scope of 
this review. 

3. Low SEV yield. Although SEVs represent pro-
mising therapeutic agents, they are typically not se-
creted in quantities sufficient for clinical application, 
which limits the full realization of their therapeutic 
potential. Insufficient SEV production remains one of 
the major obstacles to their effective use [45]. For 
example, 1 mL of conditioned culture medium can 
produce approximately 109 SEVs, whereas an effec-
tive therapeutic dose is generally considered to be 
around 1010 SEV particles per milliliter [46]. Further-
more, no recommendations have yet been developed 

regarding the required in vivo dose of SEVs, taking 
into account their pharmacokinetics and pharmaco-
dynamics [47].

Strategies to increase SEV release from cul-
tured cells include three-dimensional (3D) culture 
systems using bioreactors and spheroids, physical 
stimulation (mechanical, electrical, or magnetic 
field-based), chemical stimulation, physiological 
modification, and genetic manipulation of the pa-
rent cell population producing SEVs [48]. In addi-
tion to difficulties associated with obtaining high 
SEV yields from cell cultures, it should also be 
considered that interactions between SEVs and 
target cells are accompanied by partial lysosomal 
degradation, ultimately reducing their therapeutic 
potential.

4. Variable stability of SEVs. Currently, there are no 
standardized requirements or conditions for SEV sto-
rage, despite their importance for planning the manu-
facture of SEV-containing products. Three principal 
methods are commonly used for SEV preservation: 
cryopreservation, spray drying, and freeze-drying (lyo-
philization).

Cryopreservation is typically performed at −80 °C 
or −196 °C. This process involves freezing, thawing, 
and potentially refreezing SEVs following partial use. 
To preserve SEV integrity during freeze–thaw cycles, 
various cryoprotective agents are employed; these 
should ideally possess low toxicity, water solubility, 
and low cost.

Factors such as the number of freeze–thaw cycles, 
pH, storage medium composition, and osmotic pres-
sure influence the stability of SEV cargo, particularly 
proteins and microRNAs that mediate therapeutic ef-
fects, in MSC-derived SEVs [49]. For example, storage 
of SEVs in phosphate-buffered saline results in a rapid 
decline in SEV recovery within several days, whereas 
dilution of the buffer may reduce recovery within mi-
nutes [50]. The addition of human serum albumin and 
trehalose to the storage medium at −80 °C appears to 
be the most promising approach for long-term storage 
and preservation of stability through multiple freeze–
thaw cycles.

Spray drying converts a liquid suspension contai-
ning SEVs into a dry powder through rapid exposure 
to hot gas. However, this process may denature many 
surface proteins and is therefore less suitable for 
SEVs containing thermosensitive components. During 
freeze-drying (lyophilization), a two-step preservation 
process involving freezing followed by water removal 
under reduced pressure, water is removed from SEVs 
in a manner that stabilizes them [51]. After lyophili-
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zation, SEVs may be stored at room temperature for 
extended periods. Nevertheless, the choice of cryo-
protectants remains crucial for preventing aggregation 
and maintaining functional integrity following reconsti-
tution [52].

Despite the evident advantages of cell-free pro-
ducts, numerous challenges must be addressed be-
fore the first regulatory approval can be granted for a 
product containing the MSC secretome or its compo-
nents. The most pressing issues in the development 
and registration of such products are the standardi-
zation and improvement of methods for the isolation, 
storage, and characterization of the vesicular frac-
tion of the secretome. Therefore, the establishment 
of a reliable therapeutic platform for SEV-based 
products requires scalable manufacturing processes 
with clearly defined timelines and economic feasibi-
lity. Equally important are further studies on the com-
position, biogenesis, and biological effects of SEVs 
on target cells, which will enable a more detailed as-
sessment of the efficacy and safety of SEV-based 
therapeutic products and facilitate modification of 
their composition according to specific clinical ap-
plications.
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