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1 | INTRODUCTION

Extracellular vesicles (EVs) are cell-derived particles enclosed by a
phospholipid membrane that are present in biofluids [1]. Cells use
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Abstract

Extracellular vesicles (EVs) are an upcoming biomarker for disease. However, the
measured concentrations of EVs by flow cytometry are incomparable due to analyti-
cal variables. This study aimed to investigate how the choice of fluorophore, and
thereby brightness, affects the measured concentration of EVs. Four commonly used
fluorophores allophycocyanin, Brilliant Violet-421, fluorescein isothiocyanate, and
phycoerythrin, all conjugated to CDé61 antibodies, were used to label platelet-derived
extracellular vesicles (PEVs) in human plasma. PEVs were measured by flow cytome-
try. The concentration of EVs was obtained by manually set fluorescence gates, auto-
matically determined fluorescence gates, and automatically determined fluorescence
gates combined with specific size gates. Manually set fluorescence gates by five inde-
pendent experts resulted in a variation coefficient (CV) of 41% between the mea-
sured PEV concentrations labeled with the four different fluorophores. A new
algorithm for automatic determination of fluorescence gates was applied to reduce
inter-operator variability. Applying this algorithm resulted in a CV of 58%. However,
when the algorithm was combined with a size gate to correct for differences in
brightness between fluorophores, the CV reduced to 25%. In this study, we showed
that different fluorophores can detect similar concentrations of EVs by (1) determin-
ing fluorescence gates automatically, and (2) by adding a size gate to correct for dif-
ferences in brightness between fluorophores. Therefore, our research contributes to

further standardization of EV concentration measurements by flow cytometry.

KEYWORDS
automation, detection limit, extracellular vesicles, flow cytometry, fluorophores,
immunostaining, inter-operator variability, light scattering, sensitivity, standardization

EVs for intercellular communication and transporting biochemical
information, including lipids, proteins, and RNA. Thus, the biochemi-
cal composition of EVs reflects both their cellular origin as well as

the state of their parent cell [2]. Moreover, as the concentration of
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EVs changes with disease, EVs are potential biomarkers of dis-
ease [3].

The EV concentration can be measured by flow cytometry
(FCM) [4]. At present, the measured EV concentrations are incom-
parable between instruments and institutes, due to differences in
pre-analytical, analytical, and post-analytical variables [3, 5-7]. In a
flow cytometry assay, the fluorophore is a pre-analytical variable,
because it affects the labeling process, and an analytical variable,
because it affects the fluorescence brightness and detector used.
The determination and application of gates are post-analytical vari-
ables. In this manuscript, we show how the variation of measured
concentrations of immunolabeled EVs is affected by the choice of
fluorophore followed by applying [1] manually determined fluores-
cence gates, [2] automatically determined fluorescence gates, and
[3] automatically determined fluorescence gates combined with a
size gate.

We selected four commonly used fluorophores: allophycocyanin
(APC), Brilliant Violet-421 (BV421), fluorescein isothiocyanate (FITC),
and phycoerythrin (PE), which were all conjugated to the same clone
of CDé61 (VI-PL2). We selected the monoclonal antibody against
CDé1, because glycoprotein llla (CD61) is abundantly present on the
membrane of platelet-derived extracellular vesicles (PEVs) [8, 9],
which in turn are abundantly present in human blood plasma. More-
over, the concentration of PEVs is widely studied, because it may be
useful as an early biomarker of cardiovascular disease [10].

As APC, BV421, FITC, and PE differ in brightness, and only a
part of all labeled EVs will exceed the detection limit of fluorescence
detectors of the flow cytometer, we hypothesized that the choice of
fluorophore may affect the measured concentrations of PEVs [11].
Based on the brightness of the fluorophores, which is defined by
the extinction coefficient, F/P ratio, and quantum efficiency pro-
vided in Table 1, we expected that the highest PEV concentrations
are measured by the brightest dyes, that is, BV421 and PE, followed
by APC and FITC (Table S1.2). As manual gating to differentiate
labeled EVs from background fluorescence adds to the variation in
the measured PEV concentrations, we developed an algorithm to
define these fluorescence gates automatically. We further hypothe-
sized that an additional size gate, which only selects EVs exceeding
the background fluorescence of each fluorophore, further reduces
variation in the measured concentration of PEVs labeled with differ-

ent fluorophores.

2 | MATERIALS AND METHODS

21 | Sample

Blood from 20 (10 male, 10 female) healthy donors was collected with
a 21G needle in a 2.7 ml plastic citrate (3.2%) tube (no. 363083, from
Becton Dickinson, United States). All donors gave informed consent.
Plasma was prepared by centrifugation (Rotina 380R, Hettich Zentri-
fugen, Tuttlingen, Germany) at a room temperature (RT) of 20°C,
2500g (k-factor = 11,585) for 15 min without brake. Plasma was col-
lected to 10 mm above the buffy coat and the collected plasma was
centrifuged using the same settings. The platelet-depleted plasma was
collected and pooled. Aliquots of pooled plasma (100 pl) were snap-
frozen in liquid nitrogen for 15 min and stored at —80°C. Before use,
aliquots were thawed in a water bath for 1 min at 37°C, mixed and
vortexed. Plasma dilution series were prepared in Dulbecco's
phosphate-buffered saline (DPBS) from 10-fold to 316,500-fold and
the optimal dilution fold was determined for subsequent use.

2.2 | Flow cytometry

221 | Staining

Thawed plasma samples were analyzed for the presence of integrin p3
(CD61) using anti-human CDé1 clone VI-PL2. Antibodies were conju-
gated to APC (eBioscience, Waltham, MA), BV421 (Becton, Dickinson
and Company [BD], Franklin Lakes, NJ), FITC (BD), or PE
(eBioscience). For BV421 and FITC, we also evaluated CD61+ clones
RUU-PL7F12 (BD) and Y2/51 (Dako, Glostrup, Denmark), respec-
tively. To reduce background fluorescence by the presence of
unbound reagents, antibodies were independently titrated by dilution
in DPBS to find the optimal concentration of antibody that detects
the highest PEV concentration with minimum background fluores-
cence. The manufacturers' reported antibody concentrations were
used as starting concentrations for the titration series. Table 1 and
Table S1.2 contain detailed specifications of the antibodies. To meet
the optimal concentrations of the antibodies, dilutions were made and
resulted in final concentrations of 8.3 ug/ml (APC, VI-PL2), 6.3 pg/ml
(BV421, VI-PL2), 6.3 pg/ml (BV421, RUU-PL7F12), 1.6 pg/ml (FITC,
VI-PL2), 12.5 pg/ml (FITC, Y2/51), and 3.0 pg/ml (PE, VI-PL2). To

TABLE 1 Specifications of the four used fluorophores.
Fluorophore Excitation source QE Extinction coefficient (M~ cm™?) F/P ratio Brightness (M~t cm™?) Reference number
APC Red 0.68 700,000 1 4.8 x 10° [15-17]
BVv421 Violet/blue 0.69 2,500,000 - 1.7 x 10% [17]
FITC Green 0.92 72,000 2.3 1.5 x 10° [18]
PE Blue-green/yellow 0.82 1,960,000 1 1.6 x 10° [15,17]

Note: Excitation sources, quantum efficiency (QE), extinction coefficient, fluorophore to protein (F/P) ratio, and brightness of allophycocyanin (APC),
Brilliant Violet 421 (BV421), fluorescein isothiocyanate (FITC), and phycoerythrin (PE). The F/P ratio and relative quantum yield for the four different
fluorophores are either requested from the manufacturer or cited from literature.

#Assuming that the F/P ratio is 1.
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remove antibody aggregates, these prediluted antibodies were centri-
fuged (Rotina 380R, Hettich Zentrifugen, Tuttlingen, Germany) for
5 min at RT at 18,8909 (acceleration setting 9, deceleration setting
1, k-factor = 5234). Subsequently, 10 ul supernatant was collected and
transferred into a clean tube, from which 2.5 pl of the antibodies and
thereafter 20 pl optimal diluted EV sample were added to a 96 well
plate, shaken gently, and EVs were labeled in the dark for 2 h at
RT. After incubation, 200 pl DPBS was added to dilute unbound labels.
Next, samples were vortexed except for BV421, which was shaken
gently, as recommended by the manufacturer. As controls, reagents in

buffer control and plasma without reagents were included [6].

222 | Flow cytometry

Labeled samples were measured in a 96-well plate on an A60-Micro
(Apogee Flow Systems, Hemel Hempstead, UK). All samples were mea-
sured for 120 s at a flow rate of 3.0 pl/min using side scatter triggering
with a wavelength of 405 nm. The trigger threshold was set at SSC
14 arbitrary units, corresponding to a side scattering cross section of
10 nm? (Rosetta Calibration, Exometry, the Netherlands). The side scat-
tering cross section is a hypothetical area of a particle that incoming
light must impinge in order to be scattered toward the side scattering
lens and is therefore independent of assumptions about the particle
refractive index [12]. The side scattering cross section should be inter-
preted as a calibrated scale for light scattering signals that can be com-
pared among flow cytometers with the same optical configuration. To
avoid swarm detection, we made serial dilutions of plasma labeled with
a single fluorophore at a time. The highest concentration of plasma
without swarm detection was used for subsequent experiments and
did not differ between fluorophores. Concentrations were determined
by correcting the number of detected particles within defined gates for
flow rate (3.0 pl/min), measurement time (120 s), and sample dilution.
Standard deviations of the Poisson error and coefficients of variation
(CV) were calculated for the concentrations of PEVs. In all measure-
ments, the pulse height was analyzed, because for our flow cytometer
[1] the pulse height results in substantially lower CVs then pulse area
(Table $1.1) and [2] we estimated the overestimation of the registered
signal introduced by pulse height analysis to be 13% at the thresholds
of the fluorescence gates (Figure S1.2). All details of the FCM experi-
ments can be found in the attached MIFlowCyt-EV (Appendix S2).

2.2.3 | Determine fluorescent gates manually

To investigate inter-operator variability in setting fluorescence gates,
five independent FCM experts set fluorescence gates to differentiate
CD61+ labeled EVs from the background (FlowJo, 10.6.2, BD). There-
after, the CV of the measured PEV concentrations for the fluoro-

phores was calculated as follows:

_ Standard deviation
- mean

cv x 100%.
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224 | Determine fluorescent gate automatically

We developed a script to automate fluorescence gating (S3). In short,
a histogram of the fluorescence height parameter was created
(MATLAB, R2018a, MathWorks, Natick, MA) on a logarithmic scale
with 24 bins per decade (Figure 3). Values right from the peak and
higher than 35% of the peak amplitude were linearly fitted. The inter-
section of the linear fit with the horizontal-axis was multiplied with
1.7 and used as the automatically determined gate value. The gate

values were separately determined for each fluorophore.

2.2.5 | Relate scatter to diameter

To investigate whether the variation in the measured PEV concen-
trations between different fluorophores could be reduced by setting
additional size gates, we related scatter to diameter. The scatter to
diameter relationship was obtained by Rosetta Calibration [12],
which involves three steps. First, a mixture of beads with known
diameter and refractive index is measured. Second, the data are
interpreted by Rosetta Calibration software, which automatically
recognizes the beads and relates the arbitrary units of light scatter-
ing to the theoretical scattering cross section, thereby taking into
account the optical configuration of the flow cytometer. Third, the
theoretical scattering cross section is related to the diameter of EVs
by assuming that EVs are core-shell particles with a core refractive
index of 1.38, a shell refractive index of 1.48, and a shell thickness of
6 nm. Detection ranges of the scatter and fluorescence detectors
and data are reported according to MISEV and MIFlowCyt-EV cri-
teria [6, 13].

3 | RESULTS

3.1 | Optimal dilution to prevent swarm detection

To find the optimal dilution, that is, the highest count rate without
swarm detection, we made serial sample dilutions. Figure 1A verifies
that the total concentration of particles versus dilution is linear for
all fluorophores within the white area. Dilutions of 10*-fold or more
resulted in particle concentrations deviating from the linear fit due
to insignificant data and a relatively high contribution of background
counts. Dilutions of 100-fold and less deviate from the linear fit due
to swarm detection. To confirm swarm detection for dilutions of
100-fold and less, Figure 1B,C shows the median scatter and fluo-
rescence signals versus dilution. Because the median scattering
cross-section and median fluorescence increase for dilutions of
100-fold and less, which is characteristic for swarm detection as
shown in the right gray area, swarm detection is confirmed for these
dilutions. Therefore, for our flow cytometer and this particular
plasma sample, 316-fold dilution is considered optimal, since with
this dilution the highest number of particles is detected without

swarm detection.



w2 | [ @ISAC CYTOMETRY

GANKEMA ET AL.

Journal of Quantitative Cell Science

(A) Dilution

,\1010106 10°  10* 10° 102 10' 10°

. - - — - 3

3 10" —~

-fé’ 107 4 19,

© L

o c

5 110° 8
8 J (]

é 10 Y

® ©

= {10% €

§ 107 4 8

o (]

o

‘_g 410’

o

2 108

10%  10° 10¢ 10® 102 10" 10°
Reciprocal dilution

Dilution
(C) 108 105 10* 10° 102 10" 10°

60 - - - - r 60
":/L: v
g 50 4 . 450

-

8 40 [T ° Y ° ¥ A 140
o
[
§ 304 430
5]
< 20 ~ 420
€ poobSccgoraget e
o 10 4 410
g —~ A A A - A A A

0 0

10¢  10% 10* 10° 102 107 10°
Reciprocal dilution

FIGURE 1

(B) Dilution
108 10° 10* 10° 10% 10’ 10°

ey ~r T

@
o
3
E

(2]
o
n

1

ol =
o
&
hor

N
o
o
o
e
K

Median scattering cross section (nm?)
3
:

- o
Q
&

10 10* 10® 107 10" 10°
Reciprocal dilution

® APC

A BvV421

v FITC

m PE

Linear fit APC
Linear fit BV421
poooee Linear fit FITC
= =Linear fit PE
Linear fit

Selecting the optimal dilution of pooled human plasma to prevent swarm detection. (A) Total concentration of particles, (B) median

scattering cross-section, and (C) median fluorescence measured by flow cytometry versus reciprocal fold dilution of pooled human plasma labeled
with either Allophycocyanin (APC, VI-PL2), Brilliant Violet-421 (BV421, RUUPL7F12), fluorescein isothiocyanate (FITC, Y2/51), or phycoerythrin
(PE, VI-PL2). Total concentration and reciprocal dilution axes have logarithmic scales. The right vertical axis of (A) shows the count rate of events.
The median fluorescence in (C) is expressed in molecules of equivalent soluble fluorochrome (MESF) for all fluorophores. Data points within the
white area follow a linear trend, as expected, so linear fits for these data points are given. Data points in the gray areas are deviating from these
fits due to domination of particles in the reagents (left gray area) or due to swarm detection (right gray area). For the linear fit in (A) the R? is 1.00
and the slope is 1.00. For the linear fits in (B, C) a fixed slope of 0 is used. The error bars overlap with the symbols, meaning that the standard
deviations are small and therefore omitted. The 316-fold dilution is considered optimal since it detects the highest concentration of particles
without swarm detection. [Color figure can be viewed at wileyonlinelibrary.com]

3.2 | Inter-operator variability in setting gates

To investigate whether inter-operator variability in setting fluores-
cence gates affects the measured concentrations of PEVs, Figure 2
shows the measured PEV concentrations in diluted plasma labeled
with APC, BV421, FITC, or PE conjugated anti-human CDé1 (all VI-
PL2) gated by five different experts and independently from each
other. Per fluorophore, the CV of the measured PEV concentration
ranges from 12% for BV421 up to 17% for APC. Mean concentrations
of PEVs differ up to 3-fold between different fluorophores, resulting
in an overall CV of 41% for manually gated data. As expected from
the brightness of the fluorophores, BV421 resulted in detection of the
highest concentrations of PEVs in plasma, followed by PE. APC and
FITC resulted in detection of the lowest concentrations of PEVs.

33 |
gates

Automated determination of fluorescence

To automate the determination of fluorescence gates, an algorithm
was developed. Figure 3A,C,E,G shows a histogram of the fluores-
cence height parameter of diluted plasma labeled with APC, BV421,
FITC, or PE (all VI-PL2), respectively. Based on the histograms and a
fit of the background fluorescence (see Methods in Section 2), fluo-
rescence gate values were automatically determined. Figure 3B,D,F,H
shows the corresponding fluorescence intensity versus diameter plots,
and, as a reference, the resulting automatically determined gate values
(horizontal lines). The CV of the concentrations of PEVs labeled with
different fluorophores and gated with an algorithm was 58%. As the
same gating algorithm was applied to each fluorophore, the result
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FIGURE 2 Concentration of CD61+ extracellular vesicles (EVs) measured by flow cytometry in 316-fold diluted pooled human plasma
labeled with Allophycocyanin (APC, VI-PL2), Brilliant Violet-421 (BV421, VI-PL2), fluorescein isothiocyanate (FITC, VI-PL2), or phycoerythrin (PE,
VI-PL2). The boxplot shows the CD61+ EV concentrations resulting from gates defined by five independent experts. Both the mean and median
values of the concentration of CD61+ EVs gated by different experts are represented, as well as the interquartile range and outliers. Results do
not only show variability in concentrations of CD61+ EVs detected by different fluorophores, but also between experts when analyzing exactly

the same data. [Color figure can be viewed at wileyonlinelibrary.com]

shows that fluorophores are a source of variation to EV concentration
measurements.

Figure 3B,D,F,H shows further that the differences in brightness
between fluorophores result in the different signal to background
ratios. For example, FITC is a relatively dim fluorophore and therefore
below a diameter of ~300 nm (vertical dashed lines), most PEVs
labeled with FITC are below the fluorescence gate and do not exceed
the background. In comparison to FITC, PE is a relatively bright fluoro-
phore and PEVs labeled with PE do exceed the background, also for
PEVs with a diameter below ~300 nm. Thus, for our flow cytometer,
the brightness of the fluorophores particularly affects the PEV counts
below ~300 nm. Therefore, we expect that the brightness of fluoro-
phores has a negligible effect on concentration measurements of

PEVs larger than ~300 nm in diameter.

3.4 | Size gate reduces dependency of PEV
concentrations on fluorophore

To investigate whether the variation in the measured PEV concentra-
tions can be reduced by selecting a size range for which all
CDé1-labeled EVs exceed the fluorescence background regardless of
the used fluorophore, Figure 4 shows the measured PEV concentra-
tion versus the minimum diameter of an applied size gate. To exclude
platelets, the maximum of the applied size gate is set at 1000 nm.
Thus, Figure 4 shows the concentration of CD61+ EVs within a size
range between the diameter indicated at the horizontal axis and
1000 nm. As expected, the larger the selected EVs are, the more the
measured concentrations of PEVs labeled with the different fluoro-
phores converge. The CV of the measured PEV concentrations
reduces from 58% for a size gate of 0-1000 nm to 25% for a size gate
of 310-1000 nm.

4 | DISCUSSION

This study investigated the choice of commonly used fluorophores on
the measured concentrations of immunolabeled EVs by flow cytome-
try. First, manual gating resulted in a CV of 41% for the measured
concentrations of EVs labeled with different fluorophores. However,
because the fluorescence gates were set by independent experts,
inter-operator variability of the measured EV concentrations ranged
from 12% CV for BV421 up to 17% CV for APC. Second, to eliminate
inter-operator variability and obtain a more objective measure of the
variation caused by the choice of fluorophore, we developed an algo-
rithm to automatically define fluorescence gates. The automatically
determined fluorescence gates resulted in a CV of 58% for the con-
centrations of EVs labeled with different fluorophores. Third, we
applied the automatically determined fluorescence gate together with
a size gate to select only EVs exceeding the detection limit of the fluo-
rescence detector. The latter strategy reduced the CV to 25% for
measured EV concentrations labeled with different fluorophores.

Due to the small size of EVs, immunolabeled EVs typically have
orders of magnitude lower fluorescence signals than cells, and not all
fluorescently labeled EVs exceed the background noise. Consequently,
the fluorescence gate directly affects the measured EV concentration.
In the research field of EVs, it is common practice to define the fluores-
cence gate manually. Here, we show that inter-operator variability in
setting the gates affects the obtained concentrations of immunolabeled
EVs. The presence of inter-operator variability in setting the gates does
emphasize the need [1] to define gates on calibrated scales of fluores-
cence, and [2] to report the gates in order to make clinical research
studies on EVs comparable [6]. To prevent variation in the measured
concentrations of EVs between different experts, we recommend auto-
mating the determination of the fluorescence gates. Figure 3 describes

one way to automate the determination of fluorescence gates.
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The automatically determined fluorescent gates were 0.6 x 102
MESF for BV421, 1.2 x 102 MESF for PE, 1.8 x 10?> MESF for APC,
and 3.8 x 10?2 MESF for FITC. The reported MESF values of these
gates are determined by extrapolating the MESF calibration
(Figure S2.1) by one order of magnitude. Consequently, the uncer-
tainty of the reported MESF values of these gates is unknown. An
assessment of the uncertainty would require reference particles with
a brightness <500 MESF, which are currently unavailable [14].

Following the expectations, brighter fluorophores resulted in
lower gates, which in turn resulted in measuring higher concentrations
of EVs. The EV concentration detected by BV421 was substantially
higher than the concentration detected by PE, which we attribute to a
higher F/P ratio than 1 for BV421. APC and FITC (FITC with several
fluorophores attached to one CDé1-antibody) demonstrated, as

expected, the lowest concentrations of EVs, since the brightness of

these fluorophores is ~3 to 4-fold dimmer compared to BV421 and
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FIGURE 4 Concentration of CD61+ extracellular vesicles (EVs)
measured by flow cytometry in 316-fold diluted pooled human
plasma labeled with Allophycocyanin (APC, VI-PL2), Brilliant Violet-
421 (BV421, VIPL2), fluorescein isothiocyanate (FITC, VI-PL2), or
phycoerythrin (PE, VIPL2) versus minimum diameter of the selected
EVs. In addition to a relevant fluorescence gate, a size gate was
applied that ranges from the plotted minimum diameter to 1000 nm
with subsequent steps of 10 nm. A size gate of 0-1000 nm results in
up to 3.5-fold differences in the measured CD61+ EV concentrations
between fluorophores (CV = 58%). With increasing minimum
diameter, the concentrations of CD61-+ EVs labeled with different
fluorophores converge. A minimum diameter of 310 nm provides
more similar concentrations of CD61+ EVs for the different
fluorophores (CV = 28%). [Color figure can be viewed at
wileyonlinelibrary.com]

PE. Previous research has proven that the reported concentrations of
EVs, and particularly PEVs, are incomparable between instruments
and institutes, partly due to differences in pre-analytical and analytical
variables [3, 5-7]. Our results agree with the finding that the mea-
sured PEV concentrations depend, among others, on the choice of
fluorophore and the sensitivity of the fluorescence detectors. How-
ever, when we apply a size gate to select only EVs that exceed the
fluorescence background, we obtain similar PEV concentrations
(CV = 25%) while using different fluorophores. Compared to interla-
boratory standardization studies, which report CVs of 28%, 37%, and
81% [5], a CV of 25% for the measured concentration of EVs labeled
with different fluorophores is a good result. In addition, please note
that the flow cytometer itself already accounts for a CV of 8%, which
we based on unpublished repeatability experiments.

The current study was performed with anti-CD61 antibody clone
VI-PL2. However, we performed preliminary experiments to investigate
whether other anti-CD61 antibody clones yield similar results. For
example, by extending Figure 4 with the clones RUU-PL7F12 (BV421)
and Y2/51 (FITC), the CVs of the measured PEV concentrations were
50% without a size gate and 21% for a size gate of 310-1000 nm in
diameter (Figure S1.3). Thus, regardless of the used CD61 antibody
clone or fluorophore, the same number of antigens is stained at the
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surface of PEVs, which has two important implications. First, steric hin-
drance and quenching, which decrease the fluorescence intensity, are
negligible for an abundantly expressed antigen like CD61, because if
present these processes would have led to substantial differences
between the measured concentrations of PEVs labeled with different
fluorophores. Second, despite the small size of EVs compared to cells
and fluorophores, staining of EVs is robust. Further investigation is
required to confirm whether our findings hold true for other antibodies
than CDé61, other body fluids, and other flow cytometers.

In conclusion, with this study we showed that different fluoro-
phores can detect similar concentrations of EVs by automating the
determination of fluorescence gates and adding specific size ranges.
Therefore, our research contributes to a new insight into the stan-

dardization of EV concentration measurements by flow cytometry.
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