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Abstract
The interest in extracellular vesicles (EVs) has been increased in recent years
due to their potential application in diagnosis and therapy of severe diseases.
The versatile fields of application due to the numerous possible cargos and the
targeted delivery system make them a promising biopharmaceutical product.
However, their broad size range as well as varied surface protein content result
in challenges for the purification, characterization, and quantification. In this
study a novel method, based on high-resolution flow cytometry, was examined
for the enumeration of EVs in purified as well as crude process samples. In addi-
tion to quantification, samples were characterized by dynamic light scattering,
zeta potential measurement, and analytical size exclusion chromatography. It
has been demonstrated that EVs were successfully enumerated with the novel
method, offering great benefits for development andmonitoring of EV processes.

KEYWORDS
exosome, extracellular vesicles, high-resolution flow cytometry, quantification, virus counter
3100

1 INTRODUCTION

Extracellular vesicles (EVs) are highly heterogeneous
small sized lipid bilayer enclosed vesicles, released into the
extracellular space by all cell types [1,2]. These vesicles are
sub-divided depending on their size, intracellular origin,
and cargo [3,4]. The smallest EVs are exosomes (30–140 nm
[5]), generated by inward budding of endosomes resulting

Abbreviations: CHO, Chinese hamster ovary; DLS, dynamic light
scattering; EV, extracellular vesicle; mAb, monoclonal antibody; NTA,
nanoparticle tracking analysis; PDI, polydispersity index; SEC,
size-exclusion chromatography; TFF, tangential flow filtration; UF/DF
concentrate, concentrated and diafiltrated clarified cell broth
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in multivesicular bodies which can fuse with the plasma
membrane to release the contained exosomes. In contrast,
microvescicles (MVs) (100–350 nm [6]) are formed directly
from the plasma membrane. A third kind of EVs are apop-
totic bodies (50–2000 nm [2]) which are produced by apop-
totic cells in a similar fashion as MVs.
The cargo of EVs varies depending on the condition and

type of their originating cell but commonly, they carry
bioactive molecules like RNA, DNA, proteins, and lipids
between cells [7,8]. These transferred molecules can play
an important role in cell to cell communication by medi-
ating signals to regulate physiological as well as patholog-
ical processes [3, 9–11]. Therefore, the interest in EVs has
increased in recent years due to their potential application
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as diagnostic and therapeutic tools. In particular, the uti-
lization of EVs as drug delivery systems has gained promi-
nence in research, mainly through their advantageous low
immunogenicity, their ability to cross cellular barriers, and
their potential for targeted delivery [12–14]. Furthermore,
EVs and their cargo can be used as biomarkers for the
non-invasive detection of several conditions like cancer,
Alzheimer’s disease or inflammatory diseases [15].
Due to their broad size range as well as varied sur-

face proteins, EVs are challenging to purify, quantify and
analyze [2,3]. Various EV properties can be exploited for
their purification. Size-exclusion chromatography (SEC)
or sequential filtration can be used to purify EVs based
on size while ultracentrifugation can exploit density dif-
ferences [2,16]. More recent are immunological or anion
exchange chromatography purification methods which
use specific surface structures or surface charge of EVs,
respectively [17]. After purification, EVs have to be quan-
tified and characterized. This can be done with bulk
and single-particle analysis methods. Bulk analyses tech-
niques for quantification of EVs, for example, proteomics,
lipidomics, and western blotting, have the distinct disad-
vantage that they can only produce information about the
average properties of the EV sample and are not able to give
information about the contained EV subpopulations [18].
Due to this and the highly heterogeneous nature of EVs,
single-particle analysis methods are preferred to quantify
and characterize EVs [18,19].
Examples are imaging techniques like atomic force

microscopy and electronmicroscopy. However, these tech-
niques require extensive labeling, are limited in sam-
ple throughput and are only able to assess a small por-
tion of the sample and are therefore low in statistical
power [20–23]. Other techniques which are often used
in EV research are nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS), and tunable resistive pulse
sensing (TRPS) [15]. NTA works by measuring the Brown-
ian motion of individual nanoparticles and uses this infor-
mation to calculate the size distribution and concentration
of the EVs [24–26]. However, this technique has several
drawbacks for the quantification of EVs due to its low accu-
racy in heterogeneous samples as well as its inability to dif-
ferentiate contaminants like protein aggregates from EVs
[22,27,28]. Like NTA, TRPS is also used for quantification
as well as size distribution analysis and additionally pro-
vides information on the charge of the measured vesicles
[29].
An alternative and more specific EV enumeration

method is high-resolution flow cytometry, which can
detect single fluorescent molecules [30]. However, due to
the small size and low refractive indices of the EVs, flow
cytometers with light scattering based detector systems
suffer from high background noise and are not able to reli-

PRACTICAL APPLICATION

As for any other pharmaceutical agent, process
control is crucial in order to produce future extra-
cellular vesicle (EV) based medicine. In the case
of EVs, robust enumerationmethods are needed to
monitor the product concentration throughout the
manufacturing process. In combination with suit-
able fluorescent dyes, high-resolution flow cytom-
etry has great potential in the enumeration of EVs
since it can distinguish these from contaminating
particles, contrary to currently available light scat-
tering based enumeration methods. This allows
the optimization and monitoring of purification
steps from an early stage on and thus a more effi-
cient EV process development.

ably detect small EVs. For this reason,more sensitivemeth-
ods like fluorescence based high-resolution flow cytom-
etry are needed [31,32]. This method has recently been
used for the quantification of purified EVs. Dehghani et al.
were able to quantify commercially available EVs with a
no-wash staining procedurewith CellMaskOrange (CMO)
plasma membrane stain that labels the lipid membrane of
EVs [33]. However, this method has not yet been inves-
tigated for enumeration of EVs from unpurified process
samples, where the presence of impurities and different
buffer conditions pose additional challenges to a reliable
quantification method.
Therefore, in this study crude EV samples, which were

produced by a Chinese hamster ovary (CHO) cell line
and captured by ultrafiltration/diafiltration,were analyzed
by fluorescence based high-resolution flow cytometry. To
evaluate the EV enumeration capability of thismethod and
to further characterize the EV containing samples, the size
distribution and the zeta potential was assessed by DLS.

2 MATERIALS ANDMETHODS

2.1 HEK exosomes

As a control and for the development of the EV enumer-
ation method, purified, and lyophilized exosomes from
HEK293 cell culture were purchased from HansaBioMed
Life Sciences (Estonia). The lyophilized exosomes were
reconstituted according to the enclosed instructions, 1:10
diluted in 1xPBS (all chemicals were purchased from Carl
Roth, Germany), aliquoted and stored at −80◦C until
use.
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2.2 Fed-batch cultivation for EV
production

One cultivation of a CHO-DG44 suspension cell line,
genetically modified to express a monoclonal antibody
(mAb), was used for EV production in a fed-batch pro-
cess under serum free conditions. A 5 L UniVessel (Sarto-
rius, Germany) was inoculated at 3 L with a cell density
of 0.3*106 cells/mL and cultivated for a total of 6 days. A
proprietary CHO-DG44 basal as well as feed medium was
used in a fixed bolus feeding regime.
The temperaturewas set to 36.8◦C, the pH adjusted to 7.1

via CO2 sparging and addition of base (1 M Na2CO3), DO
was held at 40% by supply of O2 to the basal gassing. The
harvest was executed at day 6 as described in Section 2.3
with a viable cell density of 24.5*106 cells/mL and 98.2%
viability.

2.3 Clarification and EV capture

A CHO fed-batch cultivation broth was clarified by a
single-use Ksep centrifuge (Sartorius, Germany) at 1000
× g with subsequent sterile filtration using a 0.2 μm Sar-
topore 2 XLG capsule (Sartorius, Germany) to remove
cell debris and large EVs. To capture the EVs (separa-
tion from low molecular weight impurities) and concen-
trate the clarified broth tangential flow filtration (TFF)
with a Sartocon Slice 200 ECO 300 kDa Hydrosart filtra-
tion cassette (Sartorius, Germany) and a Sartoflow Smart
system (Sartorius, Germany) was performed. One liter
clarified broth was concentrated to 300 mL followed by
constant volume diafiltration for five volume exchanges
using 1xPBS (all chemicals were purchased from Carl
Roth, Germany). Afterwards, a final concentration step
to 45 mL was carried out by TFF, resulting in a concen-
tration factor of 22. During all TFF steps, the inlet pres-
sure was held constant at 1 bar resulting in a transmem-
brane pressure of approximately 0.5 bar. The concentrated
and diafiltrated clarified broth (UF/DF concentrate) was
aliquoted as product and frozen at −80◦C until further
use.

2.4 EV purification with size exclusion
chromatography

The UF/DF concentrate was centrifuged at 5000 × g for
5 min and 0.5 mL of the supernatant was loaded on a
IZON qEVoriginal 35 nm SEC column (Izon Science, New
Zealand) which was previously equilibrated with 1xPBS
(all chemicals purchased from Carl Roth, Germany). The

SECwas carried out according to the instructions provided
by the manufacturer. After loading of the supernatant to
the top of the column the elution was performed by adding
stepwise 20 mL degassed and 0.1 μm filtered (Sartolab RF,
Sartorius, Germany) 1xPBS in 0.5 mL fractions. The UV
absorption at 260 and 280 nm of the UF/DF concentrate
and the collected fractions was measured using an Infinite
200 Pro spectrometer (Tecan, Switzerland) and 1xPBS as
blank solution.

2.5 DLS and zeta potential
measurement

DLS and zeta potential measurements were performed
with a Zetasizer nano ZSP (Malvern Instruments, United
Kingdom) in DTS1070 zetta cuvettes (Malvern Instru-
ments, United Kingdom). Before measurement, samples
were diluted 1:5 in reverse osmosis water and centrifuged
for 5 min at 5000 × g. Measurements of the supernatants
were taken at 25◦C with a prior equilibration time of
2 min. Size measurements were always carried out before
zeta potential measurements. In addition to the cumulants
analysis, resulting in a Z-average (mean particle size in the
sample) and a polydispersity index (PDI, measure of the
heterogeneity of a sample based on size), the correlogram
was also evaluated using a size distribution analysis model
with 200 size classes, a lower size limit of 1 nm and an
upper limit of 500 nm to calculate the size distribution by
intensity. For zeta potential measurements, the unaltered
general purpose analysis method of the device was used.

2.6 EV enumeration by high-resolution
flow cytometry

EV concentration determination was done using a Virus
Counter high-resolution flow cytometer (VC3100, Sarto-
rius, Germany). A half-logarithmic dilution series of the
sample was executed in 1xPBS. Subsequently, the samples
were stained with CMO (Thermo Fisher Scientific, United
States), at a concentration of 1 μg/mL. This was done by
adding 5 μL CMO staining solution with a concentration
of 21 μg/mL to 100 μL diluted sample or 1xPBS for the
blank sample. After incubation at room temperature in
the dark for 10–60 min, stained samples were diluted 1:100
in 1xPBS and directly measured with the VC3100 with
three internal replicates. The staining procedure led to a
sample preparation dilution factor (SPDF) of 105. Mea-
surements were taken at a sample flow rate of 300 nl/min
and a sheath flow rate of 350 μL/min. The N channel
photomultiplier tube is sensitive to CMO fluorescence and
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was used with a gain setting of 0.73 V to detect the labeled
particles.
Data evaluationwas done by logarithmizing the dilution

factor (DF) and the particle concentrationmeasured in the
N channel (CN). Subsequently, a linear regression was car-
ried out in the linear range of the data. The resulting slope
(a)was used to calculate the undiluted concentration (C) of
the diluted samples measured in the linear region accord-
ing to Equation (1).

𝐶 = 10lg(𝐶𝑁)−𝑎∗𝑙𝑔(𝐷𝐹) (1)

Afterwards, themean value as well as the standard devi-
ation of the undiluted concentration in the linear region
was calculated, multiplied with the SPDF and reported as
the sample particle concentration (Cμ) and sample particle
deviation (Cσ).

2.7 Determination of mAb
concentration

The mAb concentration was determined by an analytical
high performance liquid chromatography (HPLC) system
with an SEC column [34].

3 RESULTS AND DISCUSSION

3.1 Feasibility of exosome enumeration
and characterization

In order to establish a method for EV quantification and to
verify the feasibility of enumeration of commercially avail-
able, purified EVs by fluorescence based high-resolution
flow cytometry, HEK exosomes were analyzed.
Themeasurements demonstrated a very good linear cor-

relation of the measured particle concentration for the
dilution series, indicated by a coefficient of determination
of 0.944 as well as a slope of -0.98 for the linear regres-
sion (Figure 1). To compensate for potential dilution arte-
facts like particle adsorption on the test tube wall, the
slope of the linear regression from three internal replicates
was included in the concentration calculation, instead of
using the DF of the individual samples. The particle con-
centration of the HEK exosomes was calculated to be
7.85*109 p/mL with a standard deviation of 2.55*109 p/mL.
This particle concentration is similar to themanufacturer’s
data of 1.5*1010 p/mL determined via NTA, considering
that two completely different quantificationmethods were
used and that the lyophilized HEK exosome standard had
to be reconstituted and underwent one freeze-thaw cycle
before measurement.

Negative controls are important to demonstrate that the
measured signal used for quantification is indeed a result
of present EVs. However, Dehghani et al. have already
presented extensive negative controls for purified EVs of
several origins quantified by the same high-resolution
flow cytometer and staining dye [33]. A more than ten-
fold reduction of the measured particle concentration was
obtained by lysing the EVs with the detergent TritonX-100
[33]. Therefore, focus in the present study was placed on
the measurement of crude samples and additional analy-
sis methods.
For this reason, to further characterize the HEK exo-

somes the size distribution was investigated by DLS. Two
defined peaks with different size were obtained (Fig-
ure 2A) by the size distribution analysis. The smaller frac-
tion with a size of 83 ± 7 nm most likely represents the
exosomes as it is in the range known from literature [5].
The larger fraction with approximately 400 nm probably
represents some larger impurities. However, due to the
underlying measurement methodology of DLS this frac-
tion accounts for only a small proportion, since the size
of the measured particles enters into the scattering inten-
sity signal with the sixth power. The Brownian motion
of particles or molecules in a suspension causes the laser
light to be scattered with varying intensity. Larger particles
scatter significantly more light compared to smaller ones.
The analysis of these intensity fluctuations yields the speed
of Brownian motion and thus the particle size using the
Stokes-Einstein relationship. [35].
In addition to the size distribution, the zeta potential

distribution was examined (Figure 2B). A mean value of -
28mVwith amean standard deviation of 11mV for allmea-
sured particleswas determined for theHEKexosomes. The
negative charge is in good agreementwith already reported
measurements from the literature [36] and also demon-
strates why anion exchange chromatography is often used
for further purification of EVs [17]. These results confirm
the suitability of DLS based measurements for exosome
and EV characterization. Therefore, DLS was further used
to characterize samples enumerated by fluorescence based
high-resolution flow cytometry.

3.2 Enumeration and characterization
of EVs from crude process samples

The quantification and characterization of purified
exosomes by fluorescence based high-resolution flow
cytometry and DLS was demonstrated in Section 3.1. In
the next step, crude EV containing process samples, which
are especially important for the EV process development,
were examined. Ultrafiltration/diafiltration, which is
a commonly performed first EV capture step [37,38],
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F IGURE 1 Enumeration of HEK reference exosomes. The 1, 2, and 3 labels correspond to the three internal replicates. SPDF is the
sample preparation dilution factor, Cμ is the sample particle concentration of the undiluted sample while Cσ is the corresponding standard
deviation. The coefficient of determination (R2), slope of the linear regression (lin reg) and the intercept are indicated. The blue line
corresponds to the average measured particle concentration of the blank sample

F IGURE 2 Size distribution by intensity (A) and zeta potential distribution (B) of the HEK exosomes. Analysis was performed in
triplicates (red, green, and blue lines)

was performed with a clarified CHO cultivation broth
to create a crude model solution. CHO cells are one
of the most established cell lines in biopharmaceutical
processes and naturally secrete EVs [39]. In addition,
the used cell line was genetically modified to produce
a mAb, which in this study represents a model for an
impurity of the EV product. Crude samples contain also

other process related impurities like host cell proteins
and deoxyribonucleic acids as well as mAb aggregates
which might have an influence on the analysis methods
shown here. However, since the mAb has the highest
concentration among these impurities in the sample, it
was investigated more closely as a model impurity in the
following.
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F IGURE 3 Enumeration of crude UF/DF concentrate samples. The 1, 2, and 3 labels correspond to the three internal replicates. SPDF is
the sample preparation dilution factor, Cμ is the sample particle concentration of the undiluted sample while Cσ is the corresponding
standard deviation. The coefficient of determination (R2), slope of the linear regression (lin reg) and the intercept are indicated. The blue line
corresponds to the average measured particle concentration of the blank sample

In order to examine the EV quantification capability
of the fluorescence based high-resolution flow cytome-
try the crude UF/DF concentrate sample was analyzed
(Figure 3).
For dilution factors between 316 and 10 000, correspond-

ing to a particle concentration of 2.18*107 and 6.42*105
p/mL, a linear region with a coefficient of determina-
tion of 0.990 was obtained. The internal replicates exhib-
ited a good reproducibility throughout all dilution fac-
tors. Based on these results, a concentration of 9.49*1011
± 1.31*1011 p/mL was calculated for the UF/DF concen-
trate sample. Lower dilution factors resulted in ameasured
particle concentration lower than the linear region, prob-
ably because the fluorescence signal of several EVs over-
lap at such high concentrations. Even though the particle
concentration for the UF/DF concentrate sample is signif-
icantly higher than that of the HEK reference exosomes, it
was possible to obtain a linear measurement range in both
cases by appropriate dilutions.
For further characterization of the UF/DF concentrate

the size distribution and zeta potential were subsequently
examined by DLS (Figure 4A and C). Although numerous
parameters must be fulfilled for the reliable classification
as EV these characteristics were used as indicators.
The obtained size distribution exhibited a defined sig-

nal slightly larger than 10 nm and a broad region around
approximately 100 nm. The performed triplicates exhib-
ited a high variability, which is due to the high polydisper-
sity of the crude sample caused by the broad particle size
range. However, the majority of the intensity signal was in
a range between 30 and 200 nm, which is the expected size
for small EVs [5].
The size distribution signal at 10 nm was probably

a result of the remaining mAb in the sample after the

concentration and diafiltration process. The DLS mea-
surements of a purified mAb sample (Figure 4B) exhib-
ited also a defined signal at slightly above 10 nm, corre-
sponding to the mass of the mAb (∼150 kDa) [40]. Even
though a membrane with a mean molecular weight cut
off (MWCO) of 300 kDa was used, the UF/DF concen-
trate sample exhibited a mAb concentration of 6.25 g/L.
This may be explained by the characteristic Y-shape of IgG
which results in larger hydrodynamic diameters than it is
the case in globular molecules [41] and the fact that the
MWCO of a membrane represents just the average of a
broad range of pore sizes [42]. In addition, fouling effects
could have reduced the nominal pore size of themembrane
during the ultrafiltration/diafiltration process.
The mean zeta potential of the UF/DF concentrate sam-

ple was -27mV (Figure 4C, Table 1), which is similar to that
of the commercially available HEK exosomes (Figure 2B),
indicating the presence of EVs.

3.3 SEC analysis

In order to separate the mAb as impurity from the EVs
and to further characterize the crude UF/DF concentrate
sample as well as the EV enumeration by fluorescence
based high-resolution flow cytometry, a SEC was per-
formed (Figure 5).
The first fractions contained the EV due to their rela-

tively large size, resulting in an early elution from the SEC
column. Accordingly, in fractions 2 to 5 high particle con-
centrations of up to 2.39*1011 ± 4.30*1010 p/mL (fraction
3, Figure 5 and Table 1) were determined, while the later
fractions resulted in a signal below the limit of detection.
Fraction 2 and 3, with the highest particle concentration
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F IGURE 4 Size distribution by intensity of the UF/DF concentrate sample (A) and purified mAb (B). Zeta distribution of the UF/DF
concentrate sample (C). Analysis was performed in triplicates (red, green and blue lines)

F IGURE 5 Analytical results for the SEC fractions of the crude UF/DF concentrate Sample. Error bars represent the sample particle
deviation Cσ
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TABLE 1 Summary of the analytical results for the EV containing SEC eluate fractions

Sample
Particle concentration
(p/mL)

Z-average
(nm) PDI (-) Zeta potential (mV)

UF/DF con-
centrate

1.10*1012 ± 1.75*1011 98 0.502 –27 ± 10

Fraction 2 1.57*1011 ± 3.32*1010 148 0.262 −31 ± 9
Fraction 3 2.39*1011 ± 4.30*1010 131 0.264 −25 ± 11
Fraction 4 3.08*1010 ± 7.15*109 88.4 0.293 −27 ± 16
Fraction 5 7.54*1009 ± 1.88*109 90.9 0.438 −11 ± 73

F IGURE 6 Size distribution by intensity of the SEC eluate fraction 3. Analysis was performed in triplicates (red, green and blue lines)

(Table 1), exhibited a high absorbance at 260 and 280 nm
(Figure 5) probably due to the nucleic acid and protein load
of the EVs [7,8]. This suggests that the measured particles
were indeed EVs, which was additionally supported by the
size distribution analysis of fraction 3 (Figure 6). Like in
the crude UF/DF concentrate sample, the majority of the
molecules exhibited a size between 30 and 200 nm (Fig-
ures 4A and 6), which is characteristic for EVs. The very
low absorbance signal of the first fraction was due to the
void volume of the SEC column.
While the validity of the Z-average is limited in EV

research due to the high PDI of the samples, the par-
ticle sizes decreased with progressing elution from 148
to 90.9 nm while the UF/DF concentrate has a value in
between, of 98 nm, which demonstrates how the initial
sample is separated via the SEC according to the particle
size (Table 1). The rather low value can be explained by the
signal of the mAb which was present in the crude sample.
In addition, the PDI of fractions 2, 3, and 4wasmuch lower
than that of the UF/DF concentrate, indicating a purer,
more uniform sample.
The zeta potential was very similar for fractions 2, 3, and

4 as well as the crude UF/DF concentrate sample as load of
the SEC at approximately -30mV. However, eluate fraction
5 exhibited a less negative zeta potential of -11mV (Table 1).
This was consistent with the low particle concentration,
indicating a low amount of EVs in this sample, which are
mainly responsible for the negative potential.

The mAb, as impurity model protein in this study, was
separated from the EVs by the SEC and eluted between
fraction 8 and 14 (Figure 5). This was confirmed by the
DLS results, with eluate fraction 3 exhibiting no signal at
10 nm, unlike the crude UF/DF concentrate sample (Fig-
ure 4A and 6). The particle absence in the mAb contain-
ing fractions also showed, that the used fluorescence based
high-resolution flow cytometry did not quantify smaller
molecules or impurities like the mAb.

4 CONCLUDING REMARKS

This study demonstrates the feasibility of an EV enumera-
tionmethod using fluorescence based high-resolution flow
cytometry for commercially available, purified exosome
samples as well as crude process samples. This is especially
useful for the process development and quality control of
biopharmaceutical EVs, where samples of different puri-
ties have to be analyzed.
In addition, the size distribution and the zeta potential

of the samples were used for further characterization. The
samples derived from the CHO cell line exhibited a size
between 30 and 200 nm as well as a negative zeta poten-
tial of approximately -30 mV, both characteristic values for
small EVs.
A SEC was used to successfully separate the EVs from

a mAb which was used as a model for impurities in this
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study. Only for the fractions at the beginning a high
particle concentration was obtained, while later fraction,
containing themAb, did not show anymeasurable particle
concentration.
While further studies need to be performed to charac-

terize the EVs enumerated by the fluorescence based high-
resolution flow cytometry, the method offers several bene-
fits compared to state of the art enumeration methods like
NTA which are the easy and fast procedure as well as the
ability to also measure crude samples.
A selective enumeration of only certain EV subpopula-

tions, such as exosomes,might be possible by the use of flu-
orescence labeled antibodies against specific surface pro-
teins like the tetraspanins CD9, CD63, or CD81 [43]. By
simultaneously staining EV samples with general and spe-
cific stains, and multi-channel detection, the EV charac-
terization potential could also be greatly increased. The
potential benefits obtainable by the Virus Counter plat-
form together with the proof of concept demonstrated in
this study offer great potential to allow amore efficient EV
process development.
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