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Extracellular vesicles (EVs) represent an important mode of intercellular communication in both disease

and developmental biology, exposing their potential in diagnostics and therapeutics. Recently, aptamer-

based sensors, i.e. aptasensors, have been gradually applied in EV analysis due to their high selectivity and

sensitivity. A fluorescent aptasensor enables easy readout by flow cytometry (FCM) and has more accu-

racy and convenience than conventional immunoassays for EV analysis. Here, we develop a fluorescent

aptasensor-based method for quantitative analysis of nano-sized membrane vesicles by using high-

resolution FCM. EVs as small as 100 nm are detected and quantified using a dual-staining procedure with

the fluorescent aptasensor targeting CD63 and a cytoplasmic dye. Nano-sized EVs derived from bone

marrow mesenchymal stem cells, human neural stem cells and human cornea epithelial cells are ana-

lyzed, and the result shows that their amount varies from 6.79 × 106 mL−1 to 2.08 × 108 mL−1 in culture

media. The technique is also used to evaluate the bioactivity of EVs and, in the future, it may develop into

a versatile tool to analyze and quantify EVs from a variety of biological objects with conventional cyto-

metric instruments.

Introduction

EVs are lipid-bilayer-delimited particles derived from cells.
They play key roles in cell communication during various bio-
logical processes via transportation of their inner biological
materials, such as nucleic acids, proteins and lipids.
Therefore, EVs have been extensively studied in recent years
and shown great potential in both diagnostics and thera-
peutics.1 The sizes of EVs range from 30 nm to 2000 nm in dia-
meter depending on their origin,2 although the vast majority
of EVs are thought to have a size in the region of 100 nm to

200 nm.3 Because of their small geometries, quantification of
nano-sized EVs remains a major challenge.4 In earlier studies,
the EV amount was usually measured using the total protein
content, and thus was often overestimated due to the contami-
nation with proteins of high molecular weight from the EV iso-
lation procedure. In recent years, Nanoparticle Tracking
Analysis (NTA) and Fluorescence-NTA have been increasingly
used to quantify and analyze individual EVs in liquid media
based on the relationship between the rate of Brownian
motion and the particle size. The obtained information is then
used to mathematically calculate the concentration and size
distribution of EVs.5,6 However, the accuracy can be affected by
factors such as size heterogeneity, contaminants with similar
sizes or optical properties to EVs, etc.7

FCM has been widely used for high-throughput quantifi-
cation and multiparameter characterization of individual bio-
logical samples with sizes ranging from micrometers to nano-
meters. Nevertheless, conventional FCM can be utilized to
count EVs larger than 500 nm, but not smaller ones
(<300 nm).8,9 Lately, the high-resolution FCM (HSFCM) tech-
nique has become available, and has been used to quantify
EVs or exosomes as small as 65 nm.10,11 HSFCM overcomes
the detection limitation (∼500 nm in size) of conventional
FCM, and its detection range covers the majority of EVs.
Therefore, it can be widely used for characterization of nano-
sized vesicles. Although this technique has the potential to
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analyze EVs over their full size range, HSFCM is more appli-
cable for the size range of 100–500 nm.

A sufficient labeling method is critical when using the
HSFCM technique for EV analysis. The most commonly used
cytoplasmic dye to stain the inner proteins of EVs is 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CFSE).12

The fluorescent membrane intercalating dye Di-alkyl
Indocarbocyanine (Dil) and PKH lipophilic dye are widely used
to label the EV membrane, and both of them present high
efficiency, leaving the fluorogenic moiety exposed near the
outer surface of EVs.13 Moreover, the tetraspanin CD63, CD81
and CD9 proteins on the lipid membrane prove to be typical
biomarkers of EVs.14,15 Therefore, their counterparts, i.e. anti-
CD proteins with fluorescent markers, have been widely uti-
lized to label EVs.16 In previous studies, nano-sized EVs were
analyzed by using a so-called dual-staining procedure with two
labeling markers together. CFSE and PKH were used to detect
and quantify individual EVs by FCM, showing better accuracy
than that using a single-step labeling strategy.17

Immunolabeling with anti-CD proteins in addition to the PKH
dye was also applied for EV analysis, though the operating
steps were complex.18 However, it has been reported that these
labeling methods can affect the populations and biological
activities of EVs19,20 and then have a great impact on the
results. For instance, Dil and PKH can stain other subcellular
components non-specifically and generate false positive
signals,21 while the fluorescent anti-CD proteins may cause

underestimation in EV quantification due to the complex
immunolabeling protocol.22 Besides, recent research showed
that the size shift towards larger vesicles can be observed
under all PKH staining conditions, even those below the fluo-
rescence threshold,23 indicating that the dual-staining with
the PKH dye can cause overestimation of EV sizes. Nowadays,
the HSFCM technique allows high-throughput analysis of
nano-sized EVs if an adequate labeling method is applied.
Therefore, a highly sensitive labeling strategy is required for
high-precision characterization of EVs.

Aptamer-based biosensors, known as aptasensors, have
been used for a wide variety of applications.24 An aptasensor
contains two important functional components, i.e. a target
recognition element (to recognize biological macromolecules,
EVs, cells etc.) and a signal transduction element.25

Aptasensors are promising alternatives to antibodies because
of their versatility and extremely high specificity to the targets,
as well as their advances in small size.26 Among the EV bio-
markers from the tetraspanin family, e.g. CD9, CD63 or CD81,
the aptasensor to interact with CD63 (Apt_CD63) has been
used in EV analysis27–30 and diagnostic analysis.31 Compared
to the antibodies used in conventional immunoassays, apta-
sensors enable easy readout without washing steps.32 Here, we
proposed the use of a fluorescent aptasensor in combination
with the CFSE dye for analysis of nano-sized EVs by HSFCM.
As schematically illustrated in Fig. 1, EVs were isolated using
high-speed centrifugation and then stained by CFSE and

Fig. 1 Schematic illustration of fluorescent aptasensor-based dual staining for nano-sized EV characterization by HSFCM. EVs were isolated from
the cell culture supernatant (Step 1) using high-speed centrifugation (Step 2). The CFSE dye was incubated with EV samples (Step 3) for adequate
interaction with esterases to convert CFSE to a fluorescent carboxyfluorescein molecule. The molecule formed stable covalent crosslinks with pro-
teins both inside and outside EVs to generate a well-retained green fluorescence. Then the CFSE-labeled EVs were further stained with the aptamer
conjugated with Cy5.5 (red fluorescence) (Step 4), which targeted the membrane protein CD63 of EVs for HSFCM analysis (Step 5). The VSSC intensi-
ties of EVs with and without Apt_CD63 were carefully monitored to optimize the dual-staining protocol (Step 6) for fluorescence analysis of EVs
(Step 7).
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Apt_CD63, respectively. These two labels were used to quantify
nano-sized EVs and characterize their biological activities.
FCM analysis was performed using a commercially available
Backman Coulter flow cytometer. Quantification of Apt_CD63-
labeled EVs was performed using the Violet Side Scatter (VSSC)
channel, and the biological activities of EVs were analyzed
using the fluorescent channels of the HSFCM. Cell-derived
vesicles with sizes ranging from 100 nm to 500 nm from vari-
able samples were analyzed, demonstrating the potential of
this technique for high-resolution quantification of bioactive
nanoparticles.

Experimental
Cell culture

Bone marrow-derived mesenchymal stem cells (BM-MSCs)
(Cat#HUXMF-01001, Cyagen) were subcultured in MSC Growth
Kit Medium (Cat#HUXMF-90011, Cyagen). Human neural stem
cells (NSCs) (Cat#N7800-100, Invitrogen) were cultured using
serum-free Dulbecco’s modified Eagle’s medium and Ham’s
F12 medium (v : v = 1 : 1) (DMEM/F12) (Cat#11320033,
Invitrogen) in the presence of 2% neural supplement
(Cat#A1050901, Invitrogen), 10 ng mL−1 basic fibroblast
growth factor (bFGF) (Cat#100-18B, PeproTech) and 20 ng
mL−1 human epidermal growth factor (EGF) (Cat#AF-100-15,
PeproTech). Human cornea epithelial cell-2 (HCE-2) was pur-
chased from American Type Culture Collection (ATCC) and cul-
tured with DMEM/F-12 basic medium (Cat#11320033,
Invitrogen), 6% fetal bovine serum (Cat#A3161001, Gibco), 1%
penicillin streptomycin (Cat#SV30010, Hyclone) and 10 ng
mL−1 bEGF (Cat#100-18B, PeproTech). The trypsin activity was
quenched using an appropriate medium for each cell type.
Cells were then washed at 300 relative centrifugal force (RCF)
and plated at the equivalent density of 106 cells per ml in T-25
flasks (Cat#156367, Thermo Fisher). All cells were grown in a
humidified atmosphere in an incubator (HERAcell150i,
Thermo Scientific) with 5% CO2 at 37 °C.

EV isolation

Due to the high purity of its product, high-speed centrifu-
gation was used for EV isolation instead of commercially avail-
able isolation kits.33 All experiments were performed by cultur-
ing 5 × 106 cells in 5 mL medium for 48 hours. The super-
natant was collected after centrifugation of the cell culturing
medium at 300 RCF for 10 minutes. To avoid cell debris, the
supernatant was then centrifuged using 2000 RCF for
10 minutes at 4 °C. The media derived from different cell types
were extracted and further purified at 20 000 RCF for
30 minutes at 4 °C in an ultracentrifuge (JXN-30, Beckman
Coulter),34,35 the supernatant was discarded, and the EV pellet
was stored on ice for further use. For control experiments, the
detergent Triton X-100 (Cat#T8787, Merck) was added to the
EV-containing samples to a final concentration of 1% (v/v).
After vortexing for 30 seconds, the EV lysis was carried out at
room temperature for 1 hour.

Transmission electron micrograph (TEM) analysis

Firstly, 20 μL of the EV sample was added dropwise on
formvar/carbon-coated electron microscopy grids for 1 min
and then dried with filter paper. Next, the EVs were negatively
stained with 10 μL of 2% (w/v) uranyl acetate for 5 min and
dried with filter paper. A TecnaiTM G2 Spirit BioTWIN TEM
(FEI, USA) was used to detect the EVs at 80 kV.

NTA analysis

The NTA analyzer was calibrated with commercial fluorescent
nanoparticles with a diameter of 100 nm and 200 nm before
each test, and all procedures were conducted at room tempera-
ture. Then the size and concentration of the isolated EVs were
evaluated using the NTA analyzer (ZetaView PMX 110, Particle
Metrix, Germany) with repeated tests (n = 3).

Aptasensor

The Cy5.5-labeled biotinylated DNA aptamer against CD63
(Apt_CD63) was purchased from GENEWIZ Inc. The
DNA sequence is 5′-CACCCCACCTCGCTCCCGTGACACTAATGC-
TA-Cy5.5.31 Mass spectrum assessment was performed for
quality control. Apt_CD63 was dissolved in Tris-EDTA (TE)
buffer and a stock concentration of 1 mM was made. The solu-
tion was then stocked in a refrigerator at −20 °C for long-term
use (see ESI Section 1†). Once the Apt_CD63 was diluted in
PBS buffer to its working concentration, it is necessary to heat
the sample to at least 85 °C for 5 minutes, and then cool it to
room temperature (∼15 minutes) for further use.

Apt_CD63-based dual-staining of EVs

To fluorescently label their inner proteins, the isolated EVs
were incubated in CFSE (Cat#65-0850-84, Thermo Fisher) solu-
tion of 20 μM for 30 minutes at 37 °C. In the meantime, a
series of Apt_CD63 in PBS buffer with concentrations from
0.01 nM to 100 nM were prepared (see ESI Section 4†). After
CFSE staining, Apt_CD63 solution was directly added into the
sample, and the sample was then kept at room temperature for
10 minutes to ensure a complete reaction. The experiments
were carried out in the dark all the time.

FCM measurement and data analysis

The flow cytometer (CytoFLEX S, Backman Coulter) was cali-
brated before experiments on each day by using a set of refer-
ence beads, including 100 nm fluorescent silica microspheres
(Cat#PSI-G0.1, Kisker Biotech), as well as 200 nm, 300 nm and
500 nm silica microspheres, respectively (Cat#PSI-0.2,
Cat#PSI-0.3, Cat#PSI-0.5, Kisker Biotech). Beads were diluted
in ddH2O and made to a final concentration of 10 nM. After
the system calibration procedure, the EV samples were diluted
100 to 500 times to ensure detected events of 500 to 2500 per
second, until the total detected events reached 50 000. The
CFSE dye (excitation peak: 492 nm, emission peak: 517 nm)
was excited with a 488 nm laser and the fluorescent signal on
the emission spectrum between 505 nm and 545 nm was col-
lected by the FITC channel of the FCM. The Cy5.5 dye (exci-
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tation peak: 565 nm, emission peak: 693 nm) conjugated on
Apt_CD63 was excited with a 561 nm laser and the signal on
the spectrum between 665 nm and 715 nm was collected by
the PerCP PC5 channel. Moreover, the light scattering signal
from the samples illuminated with a 405 nm laser was col-
lected by the VSSC channel. CytExpert 2.3 software (Backman
Coulter) was used for FCM result analysis. Graphpad Prism 5.0
software (Graphpad) was used for statistical analysis and
drawing the figures.

Results and discussion
Size distribution of EVs

A clear membrane structure with the typical cap-shaped mor-
phology of EVs was observed by TEM on EVs derived from
MSCs (see Fig. 2A). Moreover, the size and concentration of
EVs were evaluated by NTA. The results revealed that the size
distribution of the EVs ranged from 70 nm to 200 nm, with a
narrow peak at 110 nm (see Fig. 2B). The concentration of the
isolated EVs was approximately 2.0 × 1010 particles per mL−1,
of which there were 77.9 ± 2.2% of EVs with sizes larger than
100 nm (see Fig. 2C).

Before FCM-enabled EV analysis, reference beads with sizes
ranging from 100 nm to 500 nm were used to assess the FCM’s
light scattering and fluorescence performance (both sensitivity
and resolution). The VSSC channel was utilized instead of the
Side Scatter (SSC) channel because the illumination with a
shorter wavelength actually increases the amount of light scat-
tered by small particles.36 Silica beads of 100 nm in size could
be fully resolved by VSSC of FCM.11 Moreover, it has been
reported that the refractive index (RI) of the majority of EVs is
less than 1.42,37 while the rest of the particles (such as lipopro-
teins) are with a RI larger than 1.42.38 Silica beads with the
refractive index of 1.45 ± 0.02 were reported in previous papers
to exclude contamination to a large degree for FCM
calibration.7,16,39 In our study, fluorescent silica beads with a
size of 100 nm were used for system calibration in both fluo-
rescent and VSSC channels. The detection region (the region
close to 100 nm) was set according to the detection limit of the

fluorescent signal, which helped the sample to be distin-
guished from the background noise (see ESI Section 2 and
Fig. S2†). This step of FCM calibration is critical to set the
minimum threshold of the signal. Then, the maximum
threshold of 500 nm was set using beads of different sizes and
their mixture (see ESI Section 2 and Fig. S3†). With the
described calibration procedure, the EV samples derived from
BM-MSCs were prepared and analyzed accordingly, and the
FCM results showed that the detected particles were mainly in
the region of 100 nm to 200 nm. Moreover, to verify that these
particles were lipid membrane-encapsulated EVs, the phospho-
lipid bilayer of the EV membrane was lysed by vesicle deter-
gents,40 and the result showed very low signals on the detected
particles, indicating that the EVs derived from BM-MSCs were
mainly with sizes from 100 nm to 200 nm (see ESI Section 2
and Fig. S4†), which is similar to the result obtained by NTA
(see Fig. 2C).

Aptamer as a biosensor for EV analysis

CD63 is a transmembrane protein and normally used as an
important biomarker due to its high enrichment on the EV
membrane.41 The aptamer targeting CD63, i.e. Apt_CD63, was
chosen for EV analysis in this work because of its high speci-
ficity and affinity to the CD63 protein.32,42,43 The bioinformatic
analysis on its secondary and tertiary structures showed its
“pocket” shape in three dimensions (see ESI Section 3 and
Fig. S5†), indicating the possible interaction site for CD63.
After Apt_CD63 was synthesized and conjugated with Cy5.5
dye, mass-spectrometry assessment of the primers was per-
formed for quality control (see ESI Section 3 and Fig. S6†).

It is reported that the binding between the aptamer
(Apt_CD63) and CD63 on the EV membrane is specific and
effective in several kinds of buffers, such as PBS,44 TBE,45 and
HEPES.46 In this work, we chose PBS to dissolve DNA aptamers
as all the EV samples were also stored in PBS (see ESI Section
4 and Fig. S7†). To validate the labelling efficiency of
Apt_CD63, a series of concentrations from 0.01 nM to 100 nM
were investigated by FCM, respectively. In the overlay histo-
gram, there was no visual difference among the Forward
Scatter (FSC)-, SSC- and VSSC-channels (see ESI Section 4 and

Fig. 2 Characterization of EVs derived from MSCs. (A) TEM image of EVs isolated from MSCs. Scale bar, 100 nm. (B) Size distribution and concen-
tration of EVs obtained by NTA. (C) The proportion of EVs derived from MSCs. Error bars represent the standard error (SE) of the mean with three
individual repeats.
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Fig. S8†), suggesting that the distribution of Apt_CD63 was
uniform and homogeneous in water without interference with
the signal due to different concentrations. When the concen-
tration of Apt_CD63 reached more than 1 nM (see ESI Section
4 and Fig. S9†), the relative fluorescence intensity increased
when increasing the concentration of Apt_CD63, as shown in
Fig. 3A. The labeling efficiency of Apt_CD63 represented its
correlative response to concentrations with statistical signifi-
cance, and it increased exponentially when the concentration
of Apt_CD63 varied from 1 nM to 100 nM (Fig. 3B).

EVs derived from BM-MSCs were isolated and sup-
plemented with Apt_CD63 for FCM analysis. In the FSC-
channel, EVs with and without Apt_CD63 showed high simi-
larity, indicating that the evaluation of the size of EVs was
unaffected by Apt_CD63 (see Fig. 3C). In the SSC channel, only
a slight trend towards an increased surface granularity of EVs
was obtained after supplementation with Apt_CD63. This
phenomenon was not obvious because the EVs with sizes
ranging from 100 nm to 150 nm were undetectable by the SSC-
channel. However, the VSSC-channel with a higher resolution
on small particles showed a significant difference between the
EVs labelled with or without Apt_CD63, as shown in Fig. 3C,
suggesting that it was suitable for the analysis of Apt_CD63-
labelled EVs. Moreover, the relative fluorescence labeling
efficiency represented the correlative response to the dosage of

Apt_CD63 with statistical significance, which showed a linear
dependence when the concentration of Apt_CD63 increased
from 10 nM to 80 nM, as shown in Fig. 3D. However, when the
concentration of Apt_CD63 reached 100 nM, the CFSE labeling
signal enhanced intensively (see ESI Section 4 and Fig. S10†),
indicating that this concentration of the aptamer was over the
sufficient labelling maximum. Therefore, 80 nM was the
optimal concentration of Apt_CD63 to label EVs for further
analysis by both fluorescent and VSSC channels.

When the EVs were labeled with Apt_CD63, the signal
increased along with the aptamer concentration in the VSSC-
channel, whereas there was no difference in the FSC-channel
(see ESI Section 4 and Fig. S11†). This indicated that the
surface granularity of EVs showed synchronous changes with
the dosage of Apt_CD63. On the other hand, the interaction
between Apt_CD63 and EVs could be indirectly clarified and
read out in the VSSC-channel of FCM. These results revealed
that Apt_CD63 showed almost no impact on the size of EVs,
but presented great effects on the surface granularity,
especially with the increase of the dosage. Moreover, the
changes in surface granularity also proved that Apt_CD63
interacted with CD63 on the membrane of EVs. Therefore,
Apt_CD63 with a concentration of 80 nM was appropriate for
EV analysis in our study.

Apt_CD63-based analysis of various EVs

Several studies have provided convincing evidence that EVs
derived from stem cells, particularly, MSCs and NSCs, have
great potential in therapeutic applications.47,48 However, the
difference in the EVs from these two kinds of stem cells
remains unclear. Besides, we also investigated the EVs from
human cornea epithelial cells in this study due to the lack of
original data.49 These three kinds of cells were cultured separ-
ately using their own media. Later, the cell culture supernatant
was collected for EV isolation and staining. After FCM analysis,
the fluorescent labeling efficiencies showed correlative
responses to the dosage of Apt_CD63 in all three kinds of EVs.
All of them showed statistical significance. Referring the whole
component to reach 100% relative labeling efficiency,
Apt_CD63-labeled bioactive EVs extracted from the BM-MSC
supernatant reached over 50%, while it was less than 40% for
those from the NSC sample and only 20% for EVs from the epi-
dermal cell sample (see Fig. 4). These data suggest that EVs
derived from MSC possess the highest purity among the three
samples, which is also the better choice for discussing the
dual-staining procedure and EV analysis method.

Apt_CD63-based dual-staining for EV analysis

The EVs derived from BM-MSC were labeled with CFSE and
Apt_CD63, and then measured using FCM. The result showed
that the fluorescent Apt_CD63 did not affect the CFSE channel,
and vice versa (see ESI Section 5 and Fig. S12†). Nevertheless, a
slight shift of peaks onwards from EVs with single staining of
Apt_CD63 to those with dual-staining was observed (see ESI
Section 5 and Fig. S12B†), revealing a minor enhanced fluo-
rescent signal induced by CFSE in the presence of Apt_CD63.

Fig. 3 Application of Apt_CD63 to the EV sample. (A) Change of the
fluorescence intensity of Apt_CD63 in a dosage-dependent manner. (B)
Labeling efficiency of Apt_CD63 in varying concentrations as indicated
in (A), and asterisks indicate three biological repeats at each point, R2 =
0.9665. (C) Dot plot of EVs with and without Apt_CD63 indicating that
the size of EVs is unaffected. (D) Corresponding relative fluorescence
intensity of detectable Apt_CD63 in the presence of EVs. Statistically,
line repression is utilized to estimate the correlation between the
dosage of the aptamer and its detectable signal, and asterisks indicate
three biological repeats at each point, R2 = 0.9409. Relative labeling
efficiency = [Labeling Efficiency (Apt with EVs)] – [Labeling Efficiency
(Apt without EVs)].
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This may relate to the complexity of solution contents intro-
duced by CFSE. The dual-staining of EVs derived from BM-MSC
was performed by using a series of amounts of Apt_CD63, and
the result was summarized, as shown in Fig. 5. The staining
efficiency of CFSE remained highly stable over 80% under
varying conditions. Both the single staining using Apt_CD63
and dual-staining using Apt_CD63 and CFSE showed a statisti-
cal correlation between the aptasensor concentrations and the
relative fluorescent labeling efficiencies. The slope of dual stain-
ing is a little lower than that of the single staining method, indi-
cating that the majority of the aptamer interacted with the
CD63 proteins on the EV membranes.

The fluorescent signal thresholds were set according to the
minimal fault dots in fluorescence quadrants from the

unstained EVs of BM-MSCs (see Fig. 6A). After single staining
using Apt_CD63 or CFSE, there was 53.93% detected in the
2nd quadrant (Fig. 6B) and 80.76% in the 3rd quadrant
(Fig. 6C). Then the dual staining was applied, and the labeled
EVs reached 53.19% in the 4th quadrant (Fig. 6D) compared to
0.13%, 0.76% and 0.93% in Fig. 6A–C, respectively. The CFSE-
stained particles occupied over 36%, indicating that the corres-
ponding ingredient was protein aggregates and 7.41% was the
unstained component which could be the other kinds of con-
taminants in the sample, and only 2.79% of Apt_CD63 was
detected in solution, showing that the concentration of the
aptamer was sufficient and without much excess (Fig. 6D).

EVs from NSCs and epidermal cells were also analyzed and
the results are listed in Table 1. The detected particles from
BM-MSCs were about two times more than those from epider-
mal cells and 18 times more than those from NSCs. The pro-
portion of bioactive EVs derived from BM-MSCs was the
highest at 53.19%, and that of EVs from NSCs and epidermal
cells was 31.28% and 19.4%, respectively. Moreover, it was
found that the HCE-2 cells cultured in different media, i.e.
normal FBS or exosome-depleted FBS, secreted equivalent
amounts of EVs (see ESI Section 6†). The absolute amount of
EVs in each cell type was then calculated, and the value of EVs

Fig. 4 Relative labeling efficiency of EVs derived from epidermal cells
(Epi), MSCs and NSCs using Apt_CD63. Lines of EVs are as follows: red
line, EVs derived from MSCs, R2 = 0.9062; green line, EVs derived from
NSCs, R2 = 0.9409; blue line, EVs derived from epidermal cells, R2 =
0.8657, respectively.

Fig. 5 Dual staining of EVs using Apt_CD63 and CFSE. Lines are as
follows: orange line, Apt_CD63, R2 = 0.9409; green line, EVs with CFSE
staining, R2 = 0.9947; blue line: EVs with CFSE and Apt_CD63 staining,
R2 = 0.9466, respectively.

Table 1 Quantitative analysis of EVs from different cell types

Name of EVs Labeled particles Bioactive EVs (%) EV amount

MSC_EVs 3.92 × 108 53.19 2.08 × 108

NSC_EVs 2.17 × 107 31.28 6.79 × 106

HCE_EVs 1.38 × 108 19.4 2.68 × 107

Fig. 6 Multiplexed analysis of EVs using the Apt_CD63-based dual
staining method. MSC-derived EVs without (A) and with Apt_CD63
staining (B); with CFSE staining (C) and CFSE and Apt_CD63 staining (D)
were analyzed.
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from BM-MSCs remained the highest, which is 30 times higher
than that of EVs from NSCs. These results indicated that
BM-MSCs release more EVs with bioactivities compared to NSCs
and epidermal cells, suggesting that EVs derived from MSCs are
a good model to study for both scientific research and clinical
applications. As the control experiments, EVs were also labeled
with the anti-CD63 antibody, and the results were compared
with those obtained from Apt_CD63. It should be noted that
Apt_CD63 showed a similar labeling efficiency to the anti-CD63
antibody but with a faster response, as discussed in ESI Section
7.† A plot of double staining of the anti-CD63 antibody and
CD63 aptamer also showed the high labelling efficiency of
Apt_CD63 but a much shorter incubation time (see ESI Section
7†). Moreover, a Cy5.5-labeled mutated aptamer with the
sequence of TGTGCGGCGAAATATTATAGCTACCGCAATTAC was
used to label the EVs as well, and the results suggested that the
detected unspecific binding of Apt_CD63 is very low and well
controlled (see ESI Section 8†). The results of the control experi-
ments together indicate the high efficiency and adequate speci-
ficity of Apt_CD63.

Conclusions

EVs have been extensively studied in recent years and shown
great potential in both diagnostic and therapeutic appli-
cations. However, due to their small sizes, the commonly used
particle analyzing/counting tool in lab, i.e. conventional FCM,
cannot analyze EVs smaller than 500 nm in a fast and versatile
fashion. We proposed a fluorescent aptasensor-based labeling
strategy to realize the quantitative analysis of nano-sized mem-
brane vesicles by FCM. The aptamer targeting CD63 as the bio-
sensor is a suitable candidate for EV analysis, and together
with CFSE staining it provides an easy, fast and highly efficient
method to quantify EVs with biological activities while also
revealing the composition information of the EV samples. EVs
derived from BM-MSCs are proven to have more EV amount
with biological activities, compared to those from NSCs and
HCE-2. We think that in the future, due to the straightforward-
ness of this approach, the Apt_CD63-based dual-staining
method will be a robust and versatile tool that can be used to
label EVs derived from a variety of biological objects for con-
ventional cytometric analysis. This will allow easily accessible
characterization of EVs.
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