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STEM CELL-DERIVED EXOSOMES: BIOGENESIS, CHARACTERIZATION,

ISOLATION AND PRECONDITIONING

Introduction. Exosomes are nanoscale extracellular vesicles of endosomal origin (approximately 30—150 nm)
secreted by almost all cell types, which mediate intercellular communication by carrying proteins, lipids and nucleic
acids. Because stem cell-derived exosomes reproduce much of the paracrine activity of the parent cell without
the drawbacks of cell transplantation, they offer a promising option in cell-free regenerative medicine.

The aim of the study — to summarise current data on the structure, molecular markers, cellular sources
and isolation of stem cell-derived exosomes, and on the preconditioning strategies used to modulate their

properties.

Research Methods. The peer-reviewed literature was searched in the PubMed, Web of Science and Scopus

databases, with priority given to primary experimental studies, widely cited reviews and the international reporting
framework for extracellular vesicles.

Results and Discussion. The review distinguishes exosomes from microvesicles and apoptotic bodies;
describes exosome structure (the lipid bilayer, the tetraspanins CD9, CD63 and CD81, the proteins ALIX
and TSG101, and the internal contents); sets out identification by positive and negative markers; outlines the main
stem cell types (mesenchymal cells from bone marrow, adipose tissue, umbilical cord and dental tissues; pluripotent,
including induced pluripotent, cells; and neural and other progenitors) and how they are obtained; and compares
the isolation methods (ultracentrifugation, size-exclusion chromatography, precipitation and filtration) with reported
figures. Exosome composition depends strongly on the source cell and culture conditions.

Conclusions. Both the stem cell source and the preconditioning regimen (hypoxia, cytokines, three-
dimensional culture and pharmacological agents) markedly influence exosome properties. Standardised
production remain essential if exosomes are to progress from a research material toward a clinically applicable,
cell-free therapeutic.

KEY WORDS: exosomes; extracellular vesicles; mesenchymal stem cells; exosome biogenesis;

exosome isolation; preconditioning; regenerative medicine.

INTRODUCTION. Signalling between cells
depends not only on diffusible molecules but
also on a diverse assortment of membrane-
bounded particles that are discharged into the
extracellular space. This collection of particles
is referred to as extracellular vesicles (EVs) and
includes several subpopulations that differ in
the manner of their formation; among them, the
exosomes — the smallest species, generated
within the endosomal compartment — have
received the closest scrutiny [1; 2]. An exosome
is enclosed by a phospholipid bilayer whose

© P. Mittal, O. O. Shevchuk, A. I. Dovgalyuk,
Ya. |. lvankiv, M. M. Korda, 2026

composition resembles that of the plasma
membrane and carries a defined assortment of
proteins, lipids and nucleic acids inherited from
the cell that produced it; once taken up by a
target cell, it discharges this content and can
thereby redirect the target cell's behaviour [2;
3]. The observation that such content can be
conveyed between cells in a functional form,
and can consequently alter the phenotype of
the recipient, confirmed that exosomes act as
authentic carriers of intercellular signals [4; 5].

For many years the regenerative benefit
of mesenchymal and related stem cells was
ascribed to their incorporation into damaged
tissue; it has since become evident, however,
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that much of this benefitis exerted at a distance
and is conveyed by the exosomes these cells
release [6; 7]. Recognition of this paracrine
mechanism has stimulated the pursuit of “cell-
free” treatments built upon stem cell-derived
exosomes, several of which have entered
preclinical testing and initial clinical trials [8;
9]. The advance of the field is nevertheless
hampered by unsettled terminology and by
the variability that stems from the many cell
sources and preparation procedures in use.
With this in mind, the present article reviews
what is currently known of the architecture,
molecular markers, cellular origins and
separation of stem cell-derived exosomes, as
well as the preconditioning approaches used
to alter their composition and therapeutic
behaviour.

RESEARCH METHODS. The material for
this review was drawn from peer-reviewed
publications located through searches of
the PubMed, Web of Science and Scopus
databases, combining the terms “exosome”,
“extracellular vesicle”, “mesenchymal
stem cell”, “induced pluripotent stem cell”,
“exosome markers”, “exosome isolation” and
“preconditioning”. Emphasis was placed on
primary experimental work, on frequently cited
review articles, and on the consensus reporting
recommendations issued by the International
Society for Extracellular Vesicles. Consistent
with editorial policy, works originating in — or
written in the language of — the aggressor
states were omitted. The literature so

assembled was organised by theme rather
than by type of study.

RESULTS AND DISCUSSION. The sections
that follow deal in turn with the classification
of extracellular vesicles, the makeup of the
exosome, the markers relied upon for its
identification, the leading stem-cell sources and
the vesicles they release, the procedures by
which exosomes are separated and examined,
and the preconditioning approaches used to
adjust their composition.

Types of extracellular vesicles

Three main categories of extracellular
vesicle are customarily recognised, separated
from one another by how they form and
by their dimensions (Fig. 1, Table 1). The
exosomes (roughly 30-150 nm) take shape
inside the endosomal system as the internal
vesicles of multivesicular bodies and are
discharged when those bodies merge with
the cell surface [2; 10]. Microvesicles (roughly
100-1 000 nm) instead form by the outward
protrusion and pinching-off of the plasma
membrane [10], while apoptotic bodies (on the
micrometre scale, around 1-5 um) are shed by
cells undergoing programmed death [2]. Since
these categories overlap in size and cannot
be cleanly resolved from one another, current
guidelines favour the neutral label “small
extracellular vesicles” wherever an endosomal
origin has not been directly proven [11]. To
remain consistent with most of the works cited
here, the word “exosome” is nonetheless used
throughout, on the understanding that many

The three main types of extracellular vesicles

=~
=
[=N] Exosome
f;‘ Microvesicle
—~ 30-150 nm
o formed inside the cell, 100-1000 nm
then released buds directly from Apoptotic body
he cell surface 1000-5000 nm - released by dying cells
Fig. 1. The three main types of extracellular vesicles, shown by relative size [2; 10]
Table 1 - Main types of extracellular vesicles [2; 10]
Type of vesicle Size Where it comes from Note
Exosome 30-150 nm Formed inside the cell, then released | Smallest; the focus of this review
Microvesicle 100-1 000 nm | Buds directly from the cell surface Overlaps exosomes in size
Apoptotic body |1 000-5 000 nm |Released by dying cells Largest of the three
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preparations are in fact mixed populations of
small vesicles.

Structure of an exosome

Theboundaryoftheexosomeisaphospholipid
bilayer whose lipid make-up departs from that of
the plasma membrane, showing enrichment in
cholesterol, sphingomyelin, glycosphingolipids
and phosphatidylserine — features that lend
the particle stability (Fig. 2) [12; 13]. Set into
this membrane are various proteins, the most
distinctive of which belong to the tetraspanin
family; three of these — CD9, CD63 and CD81 —
occur abundantly in many exosome samples
and are commonly used to recognise them
[2; 14]. The surface also carries adhesion
molecules, integrins and other proteins that
direct the attachment and uptake of the vesicle
by recipient cells [10].

CD63

~
N
N

cpel

Fig. 2. The structure of an exosome [12; 14]

Within the vesicle lies a carefully selected
portion of the parent cell’s proteins and
transcripts, together with cytosolic proteins,
lipids and, notably, RNA — chiefly messenger
RNA (MRNA) and microRNA (miRNA) able to

proteins and nucleic acids from a wide range of
celltypes, indicating that the molecular contents
are drawn selectively, rather than at random,
from the cell of origin [15; 16]. Because these
molecules are biologically active and their
profile shifts with cell type, exosomes have
drawn attention both as diagnostic indicators
and as therapeutic carriers [17]. The reliance
of the contents on the identity of the producing
cell is a thread that runs through the remainder
of this review.

Exosome surface markers

Because single vesicles cannot be
distinguished by ordinary means, molecular
markers are essential for confirming the
identity of exosome preparations and for
judging their quality [18]. Two kinds of marker
are considered (Table 2). Those expected to
be present — the positive markers — comprise
the surface tetraspanins CD9, CD63 and CD81
alongside the internal proteins ALIX (ALG-2-
interacting protein X) and TSG101 (tumour
susceptibility gene 101), each of which takes
part in the formation of exosomes [14; 18]. The
negative markers, which belong to other parts
of the cell, ought to be scarce; their presence
in quantity signals that non-vesicular cellular
material has been carried through with the
vesicles.

Marker data must nevertheless be read
with care. Careful quantitative work has shown
that not one of CD9, CD63 or CD81 is found
on every exosome, that none is confined to
exosomes alone, and that the amount of each
differs appreciably from one preparation and
one cell source to the next [19; 20]. Sound
practice therefore calls for examining several
markers together and for showing both that the
expected positive markers are enriched and
that the negative ones are absent [18].

Stem cells and their exosomes

Understanding the stem cells that act as
exosome sources is a necessary step toward

influence gene expression in the receiving cell.  understanding the vesicles they yield. A stem E[
DNA fragments have likewise been noted in cell is characterised by two capacities: it §
some preparations, though their quantity and can renew itself and can give rise to one or | =
exact position within the vesicle continue to be  more specialised cell types. The chief cell =
disputed [10; 15]. Hand-curated databases now  populations used to produce exosomes are set
list many thousands of exosome-associated out in Figure 3.
Table 2 - Exosome markers [14; 18; 19]
Marker group Examples What it tells us

Positive surface markers | CD9, CD63, CD81 (tetraspanins) | Common on exosomes; used to identify them
Positive inner markers | ALIX, TSG101 Take part in exosome formation; enriched inside

the vesicle
Negative markers Calnexin, GM130, cytochrome ¢ Belong _to other cell parts; should be low or

absent in a pure sample
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Main stem cell types and the exosomes they produce

Bone marrow
stem cell

Fat (adipose)
stem cell

exosomes rich in
repair signals

Umbilical cord
stem cell

Reprogrammed
stem cell (iPSC)

Nerve (neural)
stem cell

| |
®

exosomes rich in
nerve-related

Fig. 3. Main stem cell types used to produce exosomes and the different strengths of their exosomes;

iPSC — induced pluripotent stem cell [21; 39; 40]

The most frequently used source is the
mesenchymal stromal/stem cell (MSC). The
International Society for Cellular Therapy lays
down three defining features: attachment to
plastic in standard culture, a surface phenotype
positive for CD73, CD90 and CD105 but lacking
haematopoietic antigens, and the ability to
give rise to bone, cartilage and fat cells in the
laboratory [21]. Such cells are obtainable from
bone marrow, adipose tissue, the umbilical cord
and dental tissue, among other sites [7; 21].
A further group is the pluripotent stem cells — the
embryonic stem cells and the induced pluripotent
stem cells (iPSCs), the latter being ordinary
somatic cells returned to a pluripotent condition,
an achievement first realised in mouse [22]
and later in adult human fibroblasts [23]. Other,
more specialised sources are used as well,
among them embryonic [24], neural [25; 26],
endothelial-progenitor and cardiac progenitor
cells [27; 28], each stamping its own molecular
character on the exosomes it releases.

Obtaining exosomes from different stem
cells

Two matters govern exosome production:
where the parent cells come from and how
the vesicles are recovered from the culture
fluid; these are laid out in Table 3 and Figure
4, respectively. The tissues of origin are
collected in different ways. Bone marrow
MSCs are drawn from the iliac crest by
aspiration [21]; adipose MSCs are gathered
with comparatively little trauma from fat
obtained by liposuction [29]; and umbilical
cord MSCs are taken from cord tissue left over
after birth, a source that is otherwise discarded
and raises no ethical objection [7]. Similar
vesicles are supplied by other tissues of the
perinatal period, amniotic fluid in particular
[30]. Dental stem cells can be retrieved from
extracted or naturally shed teeth [31], whereas
iPSCs and the cells derived from them can
be grown almost without limit in culture [32;
33]; exosomes from iPSCs behave differently

=~
=
g Table 3 — Stem cell sources and their collection [7; 21; 29]
8 Stem cell source How the cells are collected Notes on the exosomes
Needle draw from the hip bone S S
Bone marrow stem cell P Lo ; Rich in repair signals
(aspiration); collection is invasive
Fat (adipose) stem cell From fat removed by minor liposuction Ea§¥ o obtain in Iarge numbers;
anti-inflammatory signals
. From the cord after a normal birth; non- | . o
Umbilical cord stem cell . . . : . Tissue-repair signals
invasive, otherwise-discarded tissue
Dental stem cell From extracted or naturally shed teeth | Repair and blood-vessel signals
Made and grown in the laboratory / are
Pluripotent (iPSC / embryonic) obtained from the inner cell mass of the | Early, flexible signals
embryo at the blastocyst stage
Nerve / heart / blood-vessel cells | From the matching tissue Signals matched to that tissue
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How exosomes are obtained from stem cells

1. Take the tissue 2, Grow the

€.g. bone marrow, multiply the cells
in culture dishes

3. Collect the
stem cells liquid

4. Purify the

exosomes 5. Check quality

spin or filter to confirm size and
separate them surface markers

Fig. 4. Workflow for obtaining exosomes from stem cells [35; 38]

from those obtained from MSCs [34]. Since
exosomes can neither divide nor become
tumours, exosome preparations sidestep the
main cancer-related risk that accompanies
the grafting of pluripotent cells — although the
purity and safety of each preparation must still
be checked individually [32; 33].

Exosomes released into the culture fluid are
collected by several long-standing techniques
(Table 4). Differential ultracentrifugation, the
classic method of reference, drives the vesicles
into a pellet at roughly 100 000-110 000 x g,
giving preparations of high purity but
requiring lengthy processing and scaling up
only with difficulty [35; 36]. Size-exclusion
chromatography sorts the vesicles by their
size as they pass through a porous column,
keeps them intact and yields comparably pure
material; a refined ultracentrifugation scheme
has been described that clears away more than
95 % of the accompanying plasma proteins
[36; 37]. Precipitation with polymers and
filtration are quicker and more readily scaled
but give material of lower purity [35]. Whatever
the method, the size range of the recovered
vesicles is wusually checked against the

expected 30-150 nm window by nanoparticle
tracking analysis [38]. Side-by-side proteomic
comparisons confirm that the parent cell largely
dictates what an exosome contains: vesicles
from bone marrow, adipose and umbilical cord
MSCs hold many proteins in common yet also
show source-specific differences that leave
their mark on the end product [39; 40].
Preconditioning to improve exosomes
Since the contents of an exosome track
the condition of the cell that made it, culture
conditions are often altered deliberately before
the vesicles are collected — an approach termed
preconditioning — in order to strengthen the
properties of the resulting exosomes [41]; the
main strategies are gathered in Table 5. The
commonestis exposure tolow oxygen (hypoxia),
which stabilises hypoxia-inducible factor 1-alpha
(HIF-1a) and steers the exosomal contents
toward mediators that promote blood-vessel
formation [42]; the same HIF-1a response has
also been found to improve the survival of the
producing MSCs themselves [43]. Treatment
with inflammatory cytokines — chiefly tumour
necrosis factor-alpha (TNF-o) and interferon-
gamma (IFN-y) — redirects the contents toward

Table 4 — Methods of exosome isolation [35-37]

Isolation method

How it works

Real figures and notes

Ultracentrifugation

Very high-speed spinning that pellets the

About 100 000-110 000 x g for

ISSN 2410-681X. MenuuHa Ta KiIiHiuHa XiMis. 2026. T. 28. Ne 3

vesicles ~70-120 min; clean but slow
Size-exclusion Separates particles by size through a porous | Gentle and high-purity; keeps vesicles
chromatography column intact o~
Optimised . Removed more than 95 % of =
. . Several careful spin cycles S ; =
ultracentrifugation contaminating blood proteins =
- - - 0
Precipitation or filtration | Chemical precipitation, or filtering by size Fast and _'slmple, more material but @)
lower purity
Table 5 — Preconditioning methods and their reported effects [41; 42; 44]
Preconditioning method | What is done to the cells Reported effect on the exosomes
Low oxygen (hypoxia) Grow the cells in a low-oxygen | More blood-vessel-forming signals (through the
Y9 yp environment protein HIF-1a)
Inflammatory signals Add TNF-a, IFN-y, or similar Better at calming inflammation; more repair-friendly
(cytokines) molecules immune signals
. Grow the cells as small three- | More exosomes produced; more anti-
3D culture (spheroids) . . . .
dimensional balls inflammatory signals
Drugs e.g. melatonin or deferoxamine | Change how exosomes form, or mimic low oxygen
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immune-modulating mediators and encourages
a repair-oriented macrophage state [44;
45]; jointly applying TNF-a and IFN-y raised
the level of pro-angiogenic proteins in MSC
vesicles and was accompanied by a tendency
toward stronger responses in endothelial cells
[46]. Growing the cells as three-dimensional
spheroids rather than as a flat layer increases
both the number of exosomes obtained and
their content of anti-inflammatory mediators
[47]. Drug-based preconditioning has been
tried as well: melatonin affects how exosomes
are formed, and deferoxamine mimics low
oxygen chemically, although the evidence for
the latter concerns the whole secreted fraction
rather than isolated exosomes and should be
weighed accordingly [48; 49]. Taken together,
these levers — oxygen level, cytokine exposure,
culture geometry and drugs — provide a flexible
way of shaping what an exosome carries.

CONCLUSIONS. Exosomes are vesicles of
endosomal origin that carry proteins, lipids and
nucleic acids between cells, and they have risen
to a leading position in cell-free regenerative
medicine by reproducing the paracrine effects
of stem cells while avoiding the drawbacks
of transplanting the cells themselves. As set
out above, an exosome consists of a lipid-
bilayer membrane displaying its characteristic
tetraspanins (CD9, CD63, CD81) and holding
a purposefully selected cargo; confirming
its identity calls for a set of markers rather
than any one alone; and recovering it begins
with the fluid in which stem cells have been
cultured. The tissue from which the parent cell
is taken, and the preconditioning applied to
it — low oxygen, inflammatory cytokines, three-
dimensional culture or drugs — strongly shape
what the resulting exosomes contain and how
they act.

Two reservations deserve emphasis. First,
most samples called “exosomes” are really
mixed populations of small vesicles together
with co-purified particles, so that results
depend heavily on how the vesicles were made,
separated and examined. Second, much of the
present evidence is still limited to laboratory
or early clinical settings, and features such as
purity, dose and safety have to be established for
every individual preparation before firm clinical
claims can be made. Further advance will rest

on standardising how exosomes are produced
and characterised and on mapping out, for
each cell source and each preconditioning
method, exactly what the resulting vesicles
carry — the groundwork required to turn stem
cell-derived exosomes into dependable and
clinically usable treatments.
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M. MiTTan, O. O. LeBuyk, A. |. floBraniok, 4. I. IBaHkis, M. M. Kopga
TEPHOIMI/IbCbKUN HALIOHA/TbHU MEANYHW YHIBEPCUTET
IMEHI I. . FTOPBEAYEBCBKOIrO MO3 YKPAIHU

EK30COMM, OTPUMAHI 31 CTOBBYPOBUX K/IITUH:
BIOT'EHE3, XAPAKTEPUCTHUKA, BUAIVIEHHA TA IIPEKOHAUIIIOHY BAHHSA

AHoTauis

Bcmyn. Ek30COMU — HaHOPO3MIPHI MO3akK/AiMuUHHI Be3UKysu diamempom npubiusHo 30-150 HM, SKi
ceKkpemyromsbCcs MPakmu4HoO 8ciMa murnamu K/1imuH i 0rocepeokKosyromb MKK/TIMUHHY KOMYHIKayiro, nepeHocsyu
6inku, nimidu ma Hyk/IeiHoBi Kucsiomu. Ek30comMu, ompumaHi 3i cmos6ypOBUX KJ/IMUH, 3HA4YHOK MIpOH
B8IOMBOPIOMb NapakpuHHy aKmuBHICMb MamepUHCLKOI KAIMUHU, He nompebyrodu i mpaHcrnaaHmayii, momy
po32/190atombCsl SIK nepcrnekmusHUl 3aci6 6e3k/1iMmUHHOI pe2eHepamusHOi MEOUYUHU.

Mema 0ocnidxeHHs1 — y3az2a/lbHUMU cy4yacHi 0aHi npo 6y0osy, MOIEKY/ISIPHI MapKepu, KAIMUHHI oxepena
ma Memoou BUOI/IEHHST eK30COM CMOB6YPOBO20 MOXOOXXEHHS, & MaKOX PO cmpameaii IPpeKOHOUYIOHYBaHHS, SKi
MOOY/IOIOMb IXHI B/1aCMUBOCMI.

Memodu 0ocidxeHHs. 30ilCHeHO 027190 HayKoBoi limepamypu 3 6a3 daHux “PubMed”, “Web of Science”
i “Scopus”; npiopumem giddasa/iu MePBUHHUM eKcriepuMeHmasibHUM OO0C/IIOKEHHSIM, WUPOKO yumoBaHUM
oe/ig0am i MiXXHapoOHUM HacmaHosam Wo00 03ak/1imUuHHUX BE3UKY/I.

Pe3synbmamu (i 0620BOpPEHHSI. PO3MexX0BaHO €K30COMU, MIKPOBE3UKy/lu U anonmomuyHi miibys;
oxapakmepu308aH0 6yd08y ek30coM (ninidHul biwap, mempacnaHiHu CD9, CD63, CD81, 6inku ALIX i TSG101
ma BHympIWHIl BmMicm); BUK/IAOEHO MPUHYyUNu ideHmudbikayii 3@ no3umusHUMU | He2amusHUMU MapkKepamu;
OKpPEec/IeHO OCHOBHI murnu cmosbypoBuUX K/AIMUH (Me3eHXIMaslbHi 3 KICMKOBO20 MO3KY, XUPOBOI MKaHUHU,
MyrnoBuUHU ma 3y6HUX MKaHUH; M/II0PUNOMeHMHi, 30Kkpema, iHOyKoBaHi M/rpunomeHmHi; HelpasbHi U iHwi) i
Crocobu ix 3abopy; oxapakmepusosaHO Memoou BUOI/IEHHST eK30CoM (y/ibmpayeHmpudby2yBaHHs, eKCK/I03itHa
Xpomamoepadgpis, npeyunimayis, isibmpayisi) i3 HasedeHHsIM peasibHUX MoKa3HUKiB. [NokazaHo, wWo ck/ad
€K30COM 3a/1eXXumb B8i0 mury K1imuHu-0epesa U yMoB8 Ky/lbmuByBaHHSI.

BucHoBku. Turn cmos6ypoBuUX K/IIMUH i PeXUM MPEeKOHOUYIOHyBaHHS (2iMOKCis, YUMOKIHU, MpUBUMIpHE
Ky/ZlbmusyBaHHs,  (hapMako/l02i4Hi a2eHmu) 3Ha4yHOK MIPOK  BU3HAYarOmb  B/1aCMUBOCMI  €K30COM.
CmaHdapmus3ayisi Memodi8 OMPUMaHHs 3a/1U@EmbCSl  K/IOYOBOKO YMOBOKO [1epexody eK30COM  Bi0
0d0c1iOHUYbKO20 06’'ekma 00 K/1iHIYHO 3aCMOCOBHO20 6€3K/IIMUHHO20 3aco06y.

KNHOYOBI CNNOBA: ek3ocoMu; NO3aK/liTUHHI BE3UKY/IM; Me3eHXiMasibHi CTOBOYPOBI KNiTUHW; GioreHes
€K30COM; BUAiNIEHHA €K30COM; NMPEKOHANLIOHYBaHHSA; pereHepaTtuBHa MeauumHa.
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