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ABSTRACT

Small extracellular vesicles originating from human mesenchymal stem cells (MSC-sEVs) exhibit notable
immunomodulatory and tissue-regenerative properties. Nonetheless, the absence of well-defined specific markers
for these vesicles remains a critical barrier to their effective clinical deployment. In the present work, proteomic
profiles of MSC-sEVs generated from three different cellular origins were examined in parallel. Candidate surface
antigens commonly expressed by MSCs were identified based on their prominent representation within the MSC-
SEV proteome. MSC-sEVs isolated from adipose tissue, umbilical cord, and induced pluripotent stem cells were
subsequently labeled using fluorescein-conjugated antibodies and subjected to high-resolution analysis by
NanoFCM at the individual vesicle level. The surface markers CD13, CD29, and CD90 displayed positive
detection rates exceeding 60% across SEVs from all three MSC sources, in contrast to the generally lower rates
observed for other tested candidates. These strong expression levels were further corroborated in MSC-sEVs
obtained through alternative isolation procedures. Complementary validation by high-resolution microscopy
confirmed the substantial presence of these markers on MSC-sEVs. Importantly, non-MSC-derived sEVs failed
to show concurrent positivity for CD13, CD29, and CD90 above 40%, supporting the utility of this three-marker
panel—applied with a minimum 50% positivity threshold for each marker—as a selective discriminator between
MSC-sEVs and vesicles from other sources. In addition, the performance of this marker combination was
monitored in SEVs released by MSCs over increasing culture passages. A progressive reduction in CD29 and
CD90 positivity was observed with higher passage numbers, coinciding with diminished proliferative activity of
the corresponding sEVs. Overall, this study establishes a reliable, quantifiable marker panel suitable for
standardized characterization of MSC-SEVs, thereby aiding the development of robust quality control assays and
supporting accelerated clinical advancement of MSC-sEV-based therapies.
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Introduction

Small extracellular vesicles (SEVS) constitute a class of cell-secreted nanoparticles measuring less than 200 nm in
diameter and surrounded by a phospholipid bilayer [1, 2]. These vesicles mediate intercellular signaling by
transporting a variety of bioactive molecules—such as proteins, lipids, and nucleic acids—to both nearby and
remote target cells, thereby influencing recipient cell behavior and physiological processes [3-6]. In recent years,
SEVs derived from human mesenchymal stem cells (MSC-sEVs) have demonstrated encouraging therapeutic
benefits in preclinical models of disorders affecting multiple physiological systems, including dermal [7],
musculoskeletal [8, 9], urinary [10, 11], cardiovascular [12, 13], neurological [14, 15], and immune-related
conditions [16, 17]. Their beneficial actions encompass stimulation of cell proliferation and migration, prevention
of programmed cell death, control of inflammation, and induction of new blood vessel formation [18, 19]. A key
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advantage of MSC-sEVs over whole-cell therapies lies in their ability to bypass risks such as tumor development
and embolic complications associated with stem cell transplantation [18, 20, 21]. Additional favorable attributes
include limited immunogenicity, effective transit across biological barriers, and practical advantages in
manufacturing and distribution [21]. These features have positioned MSC-sEVs as promising therapeutic
candidates currently being evaluated in multiple clinical trials [21, 22].

For instance, Li et al. investigated the administration of nebulized human umbilical cord MSC-sEVs in patients
suffering from pulmonary fibrosis [23]. Treatment over seven days resulted in meaningful gains in respiratory
symptoms and objective lung function measures. In a separate phase I/11 study, Xie et al. evaluated intranasal
delivery of allogeneic human adipose-derived MSC-sEVs for Alzheimer’s disease and reported improvements in
cognitive performance after twelve weeks [15]. Registry data from ClinicalTrials.gov indicate that at least 67 trials
exploring stem cell-derived SEV therapies have been initiated worldwide, many of which have reached completion
or remain active. To support safe and effective clinical translation of MSC-SEVs, it is essential to define
standardized parameters for their identification and quality assessment [21, 24].

The MISEV2023 guidelines outline essential steps for EV characterization, including confirmation of EV-
associated markers, exclusion of non-EV contaminants, evaluation of size distribution, quantitative analysis, and
morphological assessment [1]. While these parameters adequately address purity and quantity, they do not reliably
establish the cellular source of the vesicles. Evidence indicates that SEVs produced by different cell types or by
the same cells under varying conditions can differ substantially in molecular cargo and functional outcomes [24].
Optimal characterization of MSC-sEVs should therefore combine conventional EV analyses with the application
of origin-specific markers that uniquely identify MSC-derived vesicles and distinguish them from those of non-
MSC origin. Such markers would not only authenticate the source of MSC-SEV preparations but also enable
precise single-vesicle quantification, laying the foundation for improved quality assurance frameworks in MSC-
SEV manufacturing.

The biogenesis and secretion pathways of small extracellular vesicles (SEVs) suggest that antigens specific to their
cells of origin can be transferred into the vesicles, positioning these molecules as potential identifiers for sEVs [2,
5]. Our previous studies, for instance, established that certain pluripotency-associated proteins (PODXL, OCT4,
Dnmt3a, LIN28A, and SSEA4) serve as distinctive signatures for SEVs released by pluripotent stem cells [25].
Building on this concept, surface antigens characteristic of mesenchymal stem cells (MSCs) are likely to offer
detectable signatures for MSC-derived sEVs. The International Society for Cellular Therapy has defined minimal
criteria for multipotent mesenchymal stromal cells, requiring positive expression of CD73, CD90, and CD105,
along with the absence of CD45, CD34, CD14/CD11b, CD79a/CD19, and HLA class Il [26]. Additional
investigations have documented further MSC surface molecules, such as CD10, CD13, CD29, CD44, CD49a,
CD106, CD146, and CD166 [27-30].

Analysis of published proteomic datasets by Van Balkom et al. revealed frequent detection of CD73, CD90, and
CD105 in MSC-sEVs, while MSC-negative markers (CD14, CD34, and CD11b) were consistently absent [31].
Ramos et al. reevaluated conventional flow cytometry approaches for phenotyping small EVs (<900 nm) from
human bone marrow-derived MSCs (B-MSCs) and confirmed the presence of CD44, CD73, and CD90 together
with the lack of CD34 and CD45 [32]. Munshi et al. employed bead-based flow cytometry to screen 37 known
EV surface markers and MSC-related membrane proteins on B-MSC sEVs, identifying prominent expression of
CD63, CD81, CD29, CD44, CD105, CD146, and MCSP [33]. Similar patterns, with the notable exception of
CD146, were observed by Wiklander et al. in SEVs from human Tert+ immortalized B-MSCs [34].

Although these reports substantiate the incorporation of various MSC surface antigens into MSC-sEVs, several
critical gaps persist. Given the wide range of MSC origins—including bone marrow, adipose tissue, umbilical
cord, and additional sources [29, 35, 36]—consistency of marker expression across SEVs from different MSC
types remains undetermined. Moreover, quantitative evaluations of these markers are largely absent. It is also
unclear which markers can serve as dependable discriminators between MSC-sEVs and vesicles from non-MSC
cells. Identifying such quantifiable and selective markers is therefore a key priority.

This study applied quantitative proteomic profiling to SEVs isolated from MSCs of adipose tissue, umbilical cord,
and induced pluripotent stem cell (iPSC) origins. MSC-related surface antigens were ranked according to their
relative abundance in these preparations, allowing selection of highly enriched candidates. Positive rates for each
candidate were measured at the single-vesicle level across the three MSC-sEV populations. Markers achieving
positive rates above 60% (CD13, CD29, and CD90) were advanced as candidate identifiers. High-resolution
microscopy subsequently confirmed the localization of these candidates on MSC-sEVs. Their presence was then

114



Silva et al., A Quantifiable CD13/CD29/CD90 Marker Panel Defines Human Mesenchymal Stem Cell-Derived Small
Extracellular Vesicles

evaluated on sEVs derived from six non-MSC cell types, establishing that MSC-sEVs can be clearly distinguished
from non-MSC counterparts through assessment of positive rates for the selected markers. This approach led to
the definition of a targeted marker panel specific to MSC-sEVs. Additionally, positive rates of CD29 and CD90
were found to decrease with advancing MSC passage numbers, paralleling a significant reduction in functional
potency. These results lay the foundation for developing standardized, measurable, and reproducible methods to
characterize MSC-sSEV preparations, supporting their broader clinical implementation.

Materials and Methods

Cell culture and conditioned medium collection

Human adipose-derived mesenchymal stem cells from three donors (A-MSC-1, A-MSC-2, A-MSC-3) were
acquired from ThermoFisher Scientific Inc. (StemPro™ Human Adipose-Derived Stem Cells, R7788115). Human
umbilical cord-derived mesenchymal stem cells from three donors (U-MSC-1, U-MSC-2, U-MSC-3) were
obtained from Shownin Biotechnologies Co., Ltd. (Primary hMSC, RC02003). Both A-MSCs and U-MSCs were
propagated in serum-free ncMission hMSC Medium (RP02010, Shownin Biotechnologies Co., Ltd.), with
conditioned medium (CM) collected at passages 3, 5, 7, 10, and 12. Three iPSC-derived MSC lines (i-MSC-1, i-
MSC-2, i-MSC-3) were differentiated from human iPSC lines (nciPS01, nciPS02, and nciPS03, Shownin
Biotechnologies Co., Ltd.) using an established differentiation protocol (provided in Supporting Information S1)
[7-9]. These i-MSCs were maintained in the same serum-free ncMission hMSC Medium for CM harvesting.
Human foreskin fibroblasts (HFF1), 293T embryonic kidney cells, lung carcinoma lines (A549, H460), and breast
carcinoma lines (MCF7, MDA-MB-231) were sourced from the Stem Cell Bank of the Chinese Academy of
Sciences. Non-MSC lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
4.5 g/L glucose (Corning) and 10% (v/v) fetal bovine serum (FBS, Gibco).

Conditioned medium was prepared by culturing cells in 75-cm? flasks with complete growth medium until ~80%
confluence was reached. After removing the growth medium and performing two washes with sterile phosphate-
buffered saline (PBS, Corning), cells were incubated in basal medium (ncMission basal medium for MSCs or
glucose-containing DMEM for other lines). Following 48 hours, the supernatants were collected as CM for
subsequent use.

Isolation of small extracellular vesicles (SEVs)
Differential ultracentrifugation

Small extracellular vesicles were isolated by differential ultracentrifugation (dUC) according to previously
reported approaches [1, 37]. All spins were carried out at 4°C. The process began by distributing 150 mL of
conditioned medium into 50-mL tubes, followed by centrifugation at 300 x g for 10 min to sediment dead cells.
The collected supernatant was spun at 2000 x g for 20 min to remove cell debris and then at 10,000 x g for 30
min to eliminate larger vesicles. After these steps, the supernatant was passed through a 0.22-um PES filter
(Millipore, Cat# SCGPUO5SRE) for additional clearance of large particles. Ultracentrifugation of the filtered
material was performed at 100,000 x g for 90 min with a SW 32 Ti Rotor (Beckman Coulter). The pellet obtained
was resuspended in sterile PBS and subjected to a second identical ultracentrifugation run. Ultimately, the purified
sEVs were resuspended in 1 mL of sterile PBS for immediate use or kept at —80°C for no longer than one month.

Sucrose density gradient centrifugation

For density gradient ultracentrifugation (DGUC), the early stages replicated the dUC workflow up to the initial
ultracentrifugation of the supernatant at 100,000 x g for 90 min in a SW 32 Ti Rotor. The pellet was then
redispersed in 2 mL of sterile PBS. Sucrose solutions at 60%, 50%, 40%, 30%, and 20% (w/v) were separately
prepared in PBS using sucrose reagent (10021418, Sinopharm Chemical Reagent Co., Ltd.). These solutions were
layered (2 mL each) in ascending order of density into Beckman Coulter tubes to create a discontinuous gradient,
onto which the 2-mL sEVs suspension was gently placed [25, 38]. The assembled gradients were centrifuged at
150,000 x g for 10 h in a SWA41 Ti Rotor (Beckman Coulter). Twelve fractions were gathered one by one from
the top. Each fraction was brought to a volume of 12 mL with sterile PBS and underwent a second centrifugation
at 150,000 x g for 2 h using the same rotor. Pellets recovered from the fractions were each resuspended in 500 pL
sterile PBS ahead of further evaluation.
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Size exclusion chromatography
Size exclusion chromatography (SEC) for SEVs isolation started identically to dUC until the first
ultracentrifugation step at 100,000 x g for 90 min in a SW 32 Ti Rotor. The pellet was resuspended in 1 mL sterile
PBS and loaded onto an Exosupur® purification column (ES914, Echo Biotech) per the manufacturer’s directions.
Columns were first equilibrated at room temperature for 30 min and rinsed with 20 mL sterile PBS. After sample
application, elution with sterile PBS produced 20 fractions of 0.5 mL each [39]. Particle counts and protein
amounts were measured across the collected fractions.

Characterization of SEVs
Morphology

Morphological examination of SEVS was conducted via transmission electron microscopy (TEM). A 10 puL
volume of sEVs suspension (roughly 1 x 10 particles/mL) was applied to a formvar-carbon coated 230-mesh
copper grid (BZ110223b, Beijing Zhongjingkeyi Technology Co., Ltd.) for 5 min before excess liquid was
absorbed with filter paper. The vesicles were fixed on the grid with 1% glutaraldehyde for 1 min, rinsed with
deionized water, and negatively stained using 5 pL of 2% phosphotungstic acid for 1 min. Once dried, the samples
were imaged on a Talos L120C G2 120 kV transmission electron microscope (ThermoFisher).

Particle concentration and size distribution
A NanoFCM system (U30, NanoFCM Inc.) served to quantify particle concentration and determine size
distribution of the sEVs [40-42]. Calibration standards included 250 nm SiNPs beads (QS2503, NanoFCM Inc.)
for concentration and a Silica Nanosphere Cocktail (S16M-Exo with particles of 68, 91, 113, and 155 nm,
NanoFCM Inc.) for sizing. Measurements were based on 1-minute data acquisitions that generated histograms
and dot-plots. Dilution in PBS was adjusted to maintain particle detection rates between 3000 and 10000 per
minute, with analysis performed at 1.0 kPa pressure. Buffer-only runs provided background controls. The capillary
was cleaned with washing buffer (C1801, NanoFCM Inc.) between successive samples. Final analysis relied on
NanoFCM Software V1.17 (NanoFCM Inc.).

Total protein
Quantification of total protein in SEVS preparations was achieved with the Pierce BCA Protein Assay Kit
(Cat#23225, ThermoFisher) as specified by the manufacturer.

Western blot analysis of protein composition
Cell lysates and SEVs isolates were prepared in RIPA lysis buffer (Beyotime Biotechnology) supplemented with
PMSF (10 puL per mL of buffer, Beyotime Biotechnology). After determining protein levels, samples were
combined with 5x SDS-PAGE loading buffer (Beyotime Biotechnology) and boiled for 15 min at 95°C. Ten
micrograms of protein per lane were separated on 10% SDS-PAGE gels run at 80 V, then transferred to PVDF
membranes (Millipore) at 300 mA. Membranes were blocked for 30 min and probed overnight at 4°C in the dark
with primary antibodies diluted 1:1000. Antibodies targeted CD9 (ab92726, Abcam), CD63 (ab134045, Abcam),
TSG101 (sc-7964, Santa Cruz), Calnexin (2679, Cell Signaling Technology), and GM130 (ab52649, Abcam).
Following TBST washes, HRP-linked secondary antibodies were applied for 1 h at room temperature in the dark.
Bands were revealed with an enhanced chemiluminescence kit and documented using a Bio-Rad imaging system.

Immunofluorescent staining and single-vesicle protein phenotyping of SEVs

Immunofluorescent labeling of SEVs followed previously published procedures [25, 39-43]. A 100 pL aliquot of
sEVs suspension (approximately 1 x 10 particles/mL) was combined with fluorescein-conjugated antibody and
incubated for 60 min at 37°C in the dark. Following incubation, unbound antibodies were removed by diluting
the mixture with 1 mL PBS and transferring it to a fresh tube. The sample underwent ultracentrifugation at 100,000
x g for 17 min at 4°C in a Beckman Coulter MAX-XP centrifuge fitted with an MLA-150 rotor. The pellet was
redispersed in 1 mL PBS and centrifuged again under identical conditions. After this washing step, the final pellet
was resuspended in 50 uL PBS prior to NanoFCM analysis. Bivariate dot-plots of FITC-A versus SS-A were
examined in NanoFCM Software V1.17, with linear gating used to separate fluorescein-conjugated antibody-
positive SEVs from the unlabeled negative population.
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Antibodies utilized in the immunofluorescent staining were: Alexa Fluor 488 (AF488) Mouse Anti-Human CD9
(NanoFCM, NHA009-A488-50T, 1:10), AF488 Mouse Anti-Human CD63 (NanoFCM, NHA063-A488-50T,
1:10), FITC Mouse Anti-Human CD81 (NanoFCM, NHA-FITC-50T, 1:10), Anti-Human CD13 Antibody
(EOOXOM, PS04MO13F, 1:10), Anti-Human CD29 Antibody (EOOXOM, PS04MO029F, 1:10), Anti-Human
CD44 Antibody (EOOXOM, PS04M044F, 1:10), Anti-Human CD73 Antibody (EOOXOM, PS04MO073F, 1:10),
Anti-Human CD90 Antibody (EOOXOM, PS04MO090F, 1:10), Anti-Human CD105 Antibody (EOOXOM,
PS04M105F, 1:10), AF488 anti-Human CD146 Antibody (BioLegend, 361019, 1:20), AF488 anti-Human CD166
Antibody (ThermoFisher, MA523565, 1:20), AF488 anti-Human CD34 Antibody (BioLegend, 343517, 1:20),
FITC Mouse Anti-Human CD45 (BD Pharmingen, 560976, 1:20), and AF488 anti-Human HLA-DR Antibody
(BioLegend, 307619, 1:20). Triple staining for CD9/CD63/CD81 involved simultaneous incubation with the
respective antibodies at 1:20 each. Triple staining for CD34/CD45/HLA-DR used the corresponding antibodies
at 1:50 each.

High-resolution microscopic imaging and computational image analysis

The sEVs were then labeled with the lipophilic membrane dye Dil (Thermo Fisher Scientific, V22885, 1:200) for
30 min at 37°C in the dark. No additional washing was necessary to remove excess Dil, given its low fluorescence
intensity when not incorporated into membranes. Ten microliters of the stained sample were applied to an adhesion
slide (188105, Citotest) and gently covered with a coverslip. High-resolution fluorescence images were acquired
using a 100x oil immersion objective on an IXplore SpinSR10 super-resolution microscope (Olympus).

Image processing and particle analysis were conducted in ImageJ. Signals from fluorescein-conjugated antibodies
(marker detection) were assigned green (RGB: 0, 255, 0), while Dil-labeled sEVs were assigned red (RGB: 255,
0, 0) in the microscope output, and merged-channel images were saved. These images were separated into
individual color channels and converted to grayscale. The green channel represented marker-specific signals, the
red channel corresponded to Dil-stained SEVs, and the blue channel was discarded due to lack of useful data.
Grayscale images from the green and red channels underwent smoothing and background subtraction using
ImageJ default settings, then were converted to binary format. Particles were detected and enumerated in both
channels via the “Analyze Particles” tool with standard parameters. Spots appearing in both channels
simultaneously were identified as colocalized and counted separately. The percentage of protein-positive SEVs
was determined according to the equation: Positive rate (%) = (Number of colocalized spots / Number of spots in
red channel) x 100%.

Assay for sEVs-mediated promotion of cell proliferation

HFF1 cells were seeded into 96-well plates at 2000 cells per well. After 24 h of growth arrest, the cells received
treatment with MSC-derived SEVS at a final concentration of 1 x 10° particles/mL in culture medium or an
equivalent volume of control medium (MSC-sEVs/PBS mixed with culture medium at a 1:9 ratio, v/v). Cell
proliferation was evaluated using the Cell Counting Kit-8 (CCK-8) assay (Dojindo) per the manufacturer’s
guidelines. On days 0, 1, 2, and 3, 10 pL of CCK-8 solution was added to each well, followed by incubation at
37°C for 1 h. Absorbance readings were taken at 450 nm with a microplate reader (Bio-Rad).

Statistical analysis

All experiments were repeated independently at least three times with biological replicates, and data are reported
as mean = standard deviation (SD). Two-group comparisons were analyzed using Student’s t-test, while multiple-
group differences were assessed by one-way analysis of variance. All statistical evaluations were performed with
GraphPad Prism 9 software.

Results and Discussion

Isolation and characterization of MSC-SEVs

This investigation examined small extracellular vesicles (SEVs) generated by human adipose tissue-derived
mesenchymal stem cells (A-MSC-sEVs), human umbilical cord-derived mesenchymal stem cells (U-MSC-SEVS),
and induced pluripotent stem cell-derived mesenchymal stem cells (i-MSC-sEVs). Three independent donor-
derived cell lines were included for each MSC type. sEVs were harvested from the conditioned medium of the
nine MSC lines using differential ultracentrifugation (dUC). Characterization of the resulting MSC-sEVs adhered
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to the MISEV2023 standards along with supplementary established criteria [1, 44]. Transmission electron
microscopy (TEM) micrographs (Figure 1a) confirmed the presence of characteristic cup-shaped morphology in
SEVs isolated from all nine cell lines. Analysis by NanoFCM showed that particle size distributions (Figure 1b)
displayed an asymmetric right-skewed profile with a prominent peak around 80 nm. Average particle diameters
for the nine preparations (Figure 1c) were largely consistent. However, the quantity of sEVs secreted by the
different MSC lines varied considerably, as evidenced by differences in particle (Figure 1d) and total protein
(Figure 1e) concentrations in the conditioned medium. Despite these variations, particle-to-protein ratios for all
MSC-SEVs exceeded 1 x 10”8 particles per microgram (pg) of protein (Figure 1f). A-MSC-sEVs specifically
yielded ratios of 1.69 £ 0.11, 1.90 £ 0.30, and 1.61 + 0.34 (x 10”8 particles/ug protein), which were lower
compared with U-MSC-sEVs (3.13 + 0.48, 2.58 £ 0.19, 1.98 £ 0.44 x 10”8 particles/ug protein) and i-MSC-SEVs
(3.65 = 1.11, 3.65 + 0.52, 4.34 £ 0.31 x 10”8 particles/ug protein). Immunoblotting verified the enrichment of
established EV markers CD9, CD63, and TSG101 in every MSC-sEVs sample (Figure 1g), whereas the
contaminants GM130 and Calnexin were undetectable (Figure 1g). Overall, these observations established that
the isolated vesicles fulfilled essential quality requirements for use in subsequent studies.
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Figure 1. Characterization of small extracellular vesicles obtained from mesenchymal stem cells (MSC-
SEVs) generated by nine MSC lines representing three distinct tissue origins.
(a) Transmission electron microscopy images of MSC-sEVs. Scale bar = 100 nm. (B, C) Size distribution
profiles (b) and mean diameters (c) of MSC-sEVs as measured by NanoFCM. (d, e) Assessment of SEVs
production levels through particle concentration (d) and protein concentration () (h = 3). (f) Calculated
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particle-to-protein ratios derived from dividing particle counts by protein amounts (n = 3). (g) Western blot
results for positive EV markers (CD9, CD63, and TSG101) and negative markers (Calnexin and GM130) in
both parent MSCs and purified MSC-sEVs.

Screening for candidate markers of MSC-sEVs through quantitative proteomic analysis

Quantitative proteomics was applied to A-MSC-sEVs, U-MSC-sEVs, and i-MSC-sEVs to identify suitable marker
candidates. The protein composition of i-MSC-sEVs was determined directly by liquid chromatography tandem
mass spectrometry (LC-MS/MS). Pre-existing quantitative proteomic datasets for A-MSC-sEVs [45] and U-
MSC-sEVs [46] were obtained from relevant publications that employed analogous analytical strategies. Parallel
proteomic profiling of all three MSC-sEVs types yielded the results summarized in Figure 2. A total of 2275
proteins were detected in A-MSC-sEVs, 1149 in U-MSC-sEVs, and 2243 in i-MSC-sEVs, with 87.8%, 96.3%,
and 92.2% of these entries respectively matching records in the Vesiclepedia database (Figure 2a). The
comparatively smaller number of proteins identified in U-MSC-sEVs was likely attributable to differences in mass
spectrometry instrumentation and batch-related effects between studies. The top 100 EV proteins, ranked by
occurrence frequency in Vesiclepedia datasets, showed strong representation, with 96 of them present in the
proteomic profiles of all three MSC-sEVSs types (Figure 2b). In keeping with the MISEV2023 five-component
framework for EV protein reporting [1], representative proteins and their relative quantities were documented for
each MSC-sEVs source. Multiple signature EV proteins, such as CD63, CD81, Alix, Syntenin-1, HSC70, and
HSP84, displayed notable enrichment across all samples (Figure 2c). The relative contributions of proteins
potentially originating from non-EV structures, non-plasma membrane/endosomal compartments, and secreted
factors are illustrated in Figure 2d. Extracellular matrix constituents (e.g., FN1, COL6A3, COL1Al, and MFGES)
were among the most abundant components, while cytokines, growth factors, and unrelated non-membrane
proteins occurred at minimal levels or were absent. These proteomic patterns indicated a high degree of similarity
in EV protein composition among the three MSC sources and validated the datasets for downstream marker
screening.
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Figure 2. Proteomic characterization of mesenchymal stem cell-derived small extracellular vesicles (MSC-
SEVs). Liquid chromatography tandem mass spectrometry (LC-MS/MS) followed by bioinformatics
processing was utilized to catalog protein constituents within MSC-sEVs.

(a) Venn diagram depicting shared and unique proteins identified in A-MSC-sEVs, U-MSC-sEVs, and i-
MSC-sEVs in relation to the Vesiclepedia database. (b) Venn diagram highlighting the overlap of the top 100
EV proteins with those detected in MSC-sEVs. (C—E) Heatmaps based on corrected Log?2 label-free
quantification (LFQ) intensity displaying the five-component EV protein framework (c, d) and selected
MSC-associated membrane proteins (e) across the MSC-sEVs proteomic datasets (n = 3).

Standard MSC surface antigens documented in the proteomic datasets—such as CD73(+), CD90(+), CD105(+),
CD10(+), CD13(+), CD29(+), CD44(+), CD49a(+), CD49d(+), CD54(+), CD71(+), CD106(+), CD146(+),
CD166(+), CD45(-), CD34(-), CD14(-), CD11b(-), CD19(-), and HLA-DR(—) [26-30]—were specifically
evaluated. Their expression levels in A-MSC-sEVs, U-MSC-sEVs, and i-MSC-sEVs are shown in Figure 2e.
Proteins CD29, CD13, CD44, CD90, CD73, CD166, and CD105 were abundantly represented in sEVs from all
three MSC origins. Conversely, negative markers (CD45, CD34, CD14, CD11b, CD19, and HLA-DR) appeared
at trace levels or were completely absent. Accordingly, CD29, CD13, CD44, CD90, CD73, CD166, and CD105
were advanced as promising candidate markers for further examination in these MSC-sEVs populations.

Identification of MSC-sEVs markers at single-vesicle resolution

Single-vesicle flow cytometry via NanoFCM was utilized to determine the exact proportion of vesicles expressing
each candidate surface marker. The analysis encompassed the selected MSC-sEVs candidates (CD13, CD29,
CD44, CD73, CD90, CD105, and CD166) along with three broadly recognized EV markers (CD9, CD63, and
CD81). CD146, noted for its limited presence in the proteomic survey, was additionally examined to confirm
consistency with LC-MS/MS results. Samples were processed through immunofluorescence labeling followed by
removal of free antibodies prior to NanoFCM measurement (Figure 3). Positivity for CD9 displayed notable
variation among sEVs from the nine MSC lines representing the three sources (Figure 3a). CD63 positivity
remained relatively stable near 50% across all preparations (Figure 3b). CD81 achieved a substantially higher
average positivity rate of 66.9 + 3.8% (Figure 3c). Triple labeling for the CD9/CD63/CD81 combination yielded
consistent positivity approaching 80% in the MSC-sEVs population (Figure 3d).

Regarding the candidate markers, CD13 maintained strong positivity exceeding 70% in sEVs from every MSC
line, averaging 83.2 + 5.1% (Figure 3e). CD29 and CD90 likewise showed reliable detection above 60% in all
nine lines, with mean values of 74.1 £ 5.5% and 70.3 + 4.4% (Figures 3f and 3i). CD44 positivity fluctuated
more widely between 23.0% and 53.1% (Figure 3g). Conversely, CD73 (Figure 3h), CD105 (Figure 3j), CD146
(Figure 3k), and CD166 (Figure 3l) registered positivity rates under 30%. Combined assessment of negative
MSC markers revealed negligible signals across the tested sEVs. CD34, frequently expressed by several cell
populations that commonly share the MSC microenvironment (e.g., fibroblasts, preadipocytes, endothelial cells,
and hematopoietic stem cells [47-51]), was undetectable in MSCs and their SEVs from all sources, indicating its
value as an exclusion marker. Overall, CD13, CD29, and CD90 stood out with consistently high positivity rates
above 60% in SEVs derived from the three MSC types (Figure 3m), highlighting their potential as characteristic
markers.
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Figure 3. Detection of potential markers on mesenchymal stem cell-derived small extracellular vesicles
(MSC-sEVs) using single-vesicle resolution techniques. (a—d) NanoFCM results for common EV markers
CD9 (a), CD63 (b), CD81 (c), and the CD9/CD63/CD8L triple combination (d). (e—I) NanoFCM results for
candidate MSC-sEVs markers CD13 (e), CD29 (f), CD44 (g), CD73 (h), CD90 (i), CD105 (j), CD146 (k),
and CD166 (l). Left panels (i) display fluorescence intensity histograms; right panels (ii) present bar graphs
of positivity rates across nine MSC-sEVs lines (n = 3). (M) Heatmap illustrating average positivity rates for
each marker in the nine MSC-sEVs preparations (n = 3). Combi, CD9/CD63/CD81 combination.

Validation of candidate markers in MSC-sEVs obtained by DGUC and SEC
To account for possible differences in protein profiles arising from alternative purification strategies [1, 52], MSC-
SsEVs were additionally isolated using sucrose density gradient ultracentrifugation (DGUC) and size exclusion
chromatography (SEC) (Figure 4a). Fractions from both methods were evaluated for particle concentration,

protein content, and particle-to-protein ratios (Figures 4b and 4c). The top three fractions demonstrating superior

particle enrichment and optimal ratios were selected for NanoFCM testing. Positivity rates observed for universal
EV markers (CD9, CD63, CD81) and candidate MSC markers (CD13, CD29, CD90) in DGUC- and SEC-derived
SEVs closely matched those from dUC isolation (Figures 4d—4j). These outcomes reinforced that CD13, CD29,
and CD90 function as robust and consistently abundant markers irrespective of the isolation technique applied.
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Figure 4. NanoFCM evaluation of candidate markers in nine lines of mesenchymal stem cell-derived small
extracellular vesicles (MSC-sEVs) purified via density gradient ultracentrifugation (DGUC) and size
exclusion chromatography (SEC). (a) Procedural overview for DGUC and SEC isolation. (b, c) Profiles of
particle concentration, protein concentration, and particle-to-protein ratios for fractions collected through
DGUC (b) and SEC (c) (n = 3). sEVs-enriched fractions are indicated by red rectangles. (d—j) NanoFCM data
for selected markers. Left panels (i) show fluorescence histograms; right panels (ii) display bar graphs of
positivity rates (n = 3).

High-resolution microscopic imaging of candidate markers on MSC-sEVs

An orthogonal validation approach employing high-resolution fluorescence microscopy was adopted to reduce
method-specific bias [41, 53] and directly visualize universal EV markers (CD9, CD63, CD81) as well as
candidate MSC-sEVs markers (CD13, CD29, CD90). sEVs were initially labeled with green fluorescein-
conjugated antibodies targeting the respective proteins. Excess antibodies were removed, after which vesicles
were stained with the lipophilic dye Dil and examined by super-resolution microscopy (Figure 5a).
Computational image analysis was subsequently applied to count Dil-positive (purple) spots representing sEVS,
green marker signals, and overlapping colocalized events (Figure 5b). Positive rates were expressed as the
percentage of colocalized spots among total Dil-labeled vesicles. Microscopy-based quantification (Figure 5c)
produced results comparable to NanoFCM data: CD9 (63.4 + 5.8%), CD63 (54.3 + 4.0%), CD81 (70.9 £ 2.3%),
and the CD9/CD63/CD81 combination (76.8 + 2.5%). The candidate markers similarly demonstrated strong
performance with CD13 at 74.0 = 9.4%, CD29 at 73.7 + 4.0%, and CD90 at 73.2 £ 6.5%. These independent
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single-vesicle imaging results provide further confirmation that CD13, CD29, and CD90 serve as reliable markers
for MSC-derived SEVs.
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Figure 5. High-resolution imaging-based quantification of candidate markers present on mesenchymal stem
cell-derived small extracellular vesicles (MSC-sEVs). (a) Representative super-resolution micrographs of A-
MSC-sEVs stained with Dil (561_CF) and fluorescein-conjugated antibodies specific for the indicated
markers (488 CF). Scale bar = 5 pum. (b) Enumeration of purple (SEVs), green (marker), and colocalized
spots per image. Connected data points correspond to measurements from the same image. (c) Calculated
positive rates based on the fraction of colocalized spots relative to Dil-positive vesicles (n = 3). Combi,
CD9/CD63/CD81 combination.

Specificity of the candidate MSC-sEVs markers

Specificity of the proposed markers was examined by performing detailed NanoFCM profiling on sEVs generated
from six distinct non-MSC cell lines. These included vesicles isolated via differential ultracentrifugation from
HFF1, 293T, A549, H460, MCF7, and MDA-MB-231 cells, all of which were subjected to standard
characterization. Direct comparison of marker positivity was conducted between the nine MSC-sEVs lines and
the six non-MSC sEVs samples for both common EV markers (CD9, CD63, CD81) and the candidate MSC
markers (CD13, CD29, CD90) (Figure 6). In MSC-derived vesicles, positivity for the candidate markers remained
above 60% in every case. By comparison, non-MSC sEVs failed to show simultaneous positivity above 40% for
this set of markers (Figures 6a—6d). Universal EV markers such as CD9 and CD63, along with the
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CD9/CD63/CD8L1 triple combination, offered limited discriminatory power between the two groups. Only CD81
displayed noticeably higher positivity within MSC-sEVs (Figures 6e-6i). The data therefore establish CD13,
CD29, and CD90 as highly specific identifiers of MSC-sEVs when analyzed at single-vesicle resolution.
Application of a 50% positivity threshold across all three markers enables reliable differentiation of MSC-sEVs
from vesicles originating from non-MSC sources.
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Figure 6. Evaluation of specificity for candidate markers associated with mesenchymal stem cell-derived
small extracellular vesicles (MSC-sEVs). Validation involved sEVs prepared from six non-MSC cell lines.
(a—c) NanoFCM-based surface phenotyping of candidate markers CD13 (A), CD29 (b), and CD90 (c) on
vesicles from MSC and non-MSC origins. (d) Compiled positivity rates for the candidate MSC-sEV's markers
(n = 3). (e-h) NanoFCM phenotyping of universal EV markers CD9 (e), CD63 (f), CD81 (g), and the
CD9/CD63/CD8L triple combination (h) across the complete set of SEVS. (i) Summary of positivity rates for
universal EV markers (n = 3). (j) Heatmap summarizing average positivity for each marker across all SEVs
examined (n = 3). Combi, CD9/CD63/CD81 combination.

Association between the marker panel and functional performance of MSC-sEVs

The practical significance of the marker panel was further explored by examining its relationship to the biological
activity of MSC-sEVs. Vesicles were harvested from MSCs cultured through passages 5, 7, 10, and 12, and their
ability to enhance fibroblast (HFF1) proliferation was tested via CCK-8 assay. Progressive loss of proliferative
stimulation was evident with advancing passage number (Figure 7a), consistent with declining functional capacity
of MSC-sEVs over extended culture. Surface marker expression on the parent MSCs for CD13, CD29, CD44,
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CD73, CD90, and CD105 showed only minor fluctuations across these passages. However, when assessed on the
released SEVSs, positivity for CD29 and CD90 exhibited a clear downward trend, dropping beneath 50% by passage
12, while CD13 positivity persisted at approximately 80% (Figures 7b and 7c). These results imply that declining
positivity for CD29 and CD90 in sEVs may reliably indicate reduced functional quality.
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Figure 7. Link between the marker panel and functional characteristics of mesenchymal stem cell-derived
small extracellular vesicles (MSC-sEVS). SEVs were collected from MSCs maintained at passages 5, 7, 10,
and 12. (a) Proliferation fold-change in HFF1 cells following exposure to SEVs from MSCs at increasing
passages, determined by CCK-8 measurement on day 3 (n = 5). (b) NanoFCM surface phenotyping of the
marker panel (CD13, CD29, and CD90) on SEVs released by MSCs at successive passages. (c) Positivity
rates recorded for CD13, CD29, and CD90 in sEVs from MSCs at different passage numbers (n = 3).

Mesenchymal stromal cell-derived small extracellular vesicles (MSC-sEVS) have attracted growing attention as
candidate therapeutic agents and are now being assessed in multiple clinical trials [21, 22]. Nevertheless,
universally accepted standards for defining and qualifying human MSC-sEVs preparations are still absent [21,
24]. The unavailability of reliable, quantifiable, and selective markers for these preparations has complicated data
exchange and cross-comparison of batches produced independently, thereby delaying their successful clinical
development. The current study employed detailed NanoFCM profiling and, for the first time, demonstrated that
MSC-sEVs isolated from three different sources—adipose tissue, umbilical cord, and induced pluripotent stem
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cells—exhibited positive rates for CD13, CD29, and CD90 that consistently surpassed 60% when analyzed at the
single-vesicle level. In addition, the study confirmed the specificity of this protein combination, showing that the
panel consisting of CD13, CD29, and CD90 could effectively separate MSC-sEVs from vesicles derived from
non-MSC cells. Moreover, a clear positive association was established between the functional potency of MSC-
SEVs and the surface positivity for CD29 and CD90. These observations support the proposal of CD13, CD29,
and CD90 as a distinctive marker panel for MSC-sEVs generated from the three examined sources.

To account for source-related heterogeneity, the investigation included adipose-derived MSCs (A-MSCs),
umbilical cord-derived MSCs (U-MSCs), and iPSC-derived MSCs (i-MSCs) in order to pinpoint shared surface
markers on the secreted sEVs. Both A-MSCs and U-MSCs can be readily obtained from routine medical by-
products, representing an abundant and practical resource [35, 36]. iPSCs, with their extensive self-renewal
capacity and potential for indefinite expansion, enable ongoing generation of i-MSCs and are therefore well suited
for scaled-up manufacturing of MSC-sEVs [54, 55]. By thoroughly characterizing the surface proteome and
phenotype of SEVs released by these three MSC types, the study uncovered a consistent group of highly expressed
markers common to all. Earlier proteomic work by Van Balkom et al. examined published EV datasets from
MSCs of several origins, including placenta, bone marrow, umbilical cord, adipose tissue, and embryonic stem
cells, although coverage of the sources was not uniform [31]. Similarly, Nguyen et al. analyzed eleven MSC-sEVs
preparations originating from five independent laboratories that varied in cell source, culture parameters, and
isolation procedures [56]. Unlike many prior reports that focused on a single MSC type or origin [32-34],
incorporating vesicles from multiple sources enhanced the robustness and broader applicability of the marker
validation. As expected, some variation in candidate marker positivity was observed across the different MSC-
SEV populations.

Adequate definition of MSC-sEVs preparations depends not only on suitable markers but also on the availability
of reproducible, standardized measurement techniques [24]. In previous decades, researchers have relied on a
range of qualitative or semi-quantitative approaches to evaluate MSC-sEVs surface markers. For example, Munshi
et al. captured sEVs from bone marrow-derived MSCs using CD63-coated beads and profiled 37 reported human
CD antigens, revealing stronger signals for CD81, CD29, CD44, CD105, CD146, and MCSP relative to CD63
[33]. In contrast, Jakl et al., employing a comparable bead-based flow cytometry strategy, noted reduced
expression of CD81, CD44, and CD105 compared with CD63 on B-MSC-derived sEVs [52]. Nguyen et al.
extended such testing across eleven preparations that differed in origin, culture, and isolation methods, designating
CD44, CD73, and CD105 as positive and CD11b, CD45, and CD197 as negative markers [56]. Wiklander et al.
pointed out that bead-based assays are highly sensitive to the choice of tetraspanin-targeted capture reagents (such
as CD9, CD63, or CD81), which may underlie contradictory findings in the literature [34]. These methods lack
single-vesicle resolution, cannot accurately quantify the fraction of marker-positive vesicles, and are influenced
by immobilization conditions on beads, limiting their utility for standardized quantitative work. The present study
therefore utilized NanoFCM, which provides true single-vesicle resolution without requiring vesicle
immobilization, to determine the proportion of MSC-sEVs expressing each marker [41]. This approach confirmed
that CD13, CD29, and CD90 positivity remained above 60% across sEVs from diverse MSC sources. In
comparison, CD44 positivity showed marked source-dependent variability among nine MSC lines, and positivity
for CD73, CD105, CD146, and CD166 stayed below 30%. Consequently, CD13, CD29, and CD90 emerged as
superior marker candidates. To exclude bias introduced by isolation procedures, MSC-sEVs prepared by
differential ultracentrifugation (dUC), density gradient ultracentrifugation (DGUC), and size-exclusion
chromatography (SEC) were tested; positivity for the three selected markers stayed consistently above 60%
regardless of the method. Orthogonal confirmation was obtained through high-resolution imaging, which visually
corroborated the NanoFCM results. Collectively, these lines of evidence establish CD13, CD29, and CD90 as
robust and reliable markers for MSC-sEVs.

Verifying the discriminatory power of the proposed panel represents another critical requirement. Many surface
antigens, including CD13, CD29, CD44, CD73, CD90, and CD105, are expressed across numerous cell lineages
[26-30]. A single antigen is therefore insufficient for specific identification of MSCs or their vesicles, and
combinations are routinely used. Earlier investigations had not clarified which antigens best separate MSC-sEVs
from non-MSC-derived vesicles. Here, positivity for CD13, CD29, and CD90 was quantified in MSC-sEVs from
the three sources and benchmarked against SEVs from six non-MSC cell lines. Individual markers alone failed to
provide clear separation. For instance, HFF1-sEVs displayed 53.8 + 2.3% CD13 positivity, and MDA-MB-231-
SEVs reached 76.5 + 2.2% CD29 positivity, values overlapping with MSC-sEV profiles (Figure 6). Importantly,
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MSC-sEVs consistently showed >60% positivity for each of the three markers, whereas non-MSC-sEVs rarely
exceeded 40% positivity for all three simultaneously. These data indicate that requiring >50% positivity for CD13,
CD29, and CD90 together at the single-vesicle level offers a specific criterion for distinguishing MSC-SEVs.
The study also explored the relationship between marker expression and vesicle function. Progressive passaging
of MSCs, which leads to replicative senescence, was accompanied by a gradual decline in the biological activity
of derived sEVs, particularly their capacity to stimulate cell proliferation. This functional deterioration coincided
with decreasing positivity for CD29 and CD90, while CD13 levels remained largely unchanged. The positive
correlation between CD29/CD90 expression and SEV functionality suggests that quantitative single-vesicle
measurement of these two markers can serve as a practical surrogate for quality control. Such an approach
provides a straightforward, scalable method for monitoring MSC-sEVs during large-scale production and clinical
application, supporting their standardization as therapeutic products.

Conclusion

Overall, MSC-sEVs have demonstrated consistent immunomodulatory and tissue-regenerative effects, prompting
substantial clinical interest [32, 33]. A growing number of registered trials are now investigating their therapeutic
performance [21, 22]. This work establishes CD13, CD29, and CD90 as a specific marker panel applicable to A-
MSC-sEVs, U-MSC-sEVs, and i-MSC-sEVs. Implementation of this panel will facilitate the creation of
quantifiable, reproducible assays for both identification and quality assurance of MSC-SEVs preparations. These
improvements should promote better comparability and data integration across independently generated batches.
To increase robustness and translational impact, future studies should expand testing to MSCs from additional
tissue origins, donor backgrounds, and disease contexts; examine vesicles produced under varied culture and
manufacturing conditions; and further validate the marker panel. Parallel functional evaluations of MSC-sEVs—
assessing effects on cell proliferation, migration, apoptosis suppression, and inflammation modulation—will also
be necessary. Ongoing research and scientific dialogue are required to define reliable functional assays tailored to
different clinical indications. The development of consensus-based standardized criteria for MSC-sEVs will
significantly accelerate their safe and effective translation into clinical therapies.
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