
ORIGINAL ARTICLE

Standardization of extracellular vesicle measurements by flow
cytometry through vesicle diameter approximation

E . VAN DER POL ,*†‡ A. STURK ,†‡ T . VAN LEEUWEN,*‡ R . N IEUWLAND†‡ and F . COUMANS*†‡FOR

THE ISTH-SSC-VB WORKING GROUP1

*Department of Biomedical Engineering and Physics, Academic Medical Center, University of Amsterdam; †Department of Clinical Chemistry,

Academic Medical Center, University of Amsterdam; and ‡Vesicle Observation Center, Academic Medical Center, University of Amsterdam,

Amsterdam, the Netherlands

To cite this article: van der Pol E, Sturk A, van Leeuwen T, Nieuwland R, Coumans F, for the ISTH-SSC-VB Working group. Standardiza-

tion of extracellular vesicle measurements by flow cytometry through vesicle diameter approximation. J Thromb Haemost 2018; 16:

1236–45.

Essentials

• Platelet extracellular vesicles (EVs) concentrations mea-

sured by flow cytometers are incomparable.

• A model is applied to convert ambiguous scatter units

to EV diameter in nanometer.

• Most included flow cytometers lack the sensitivity to

detect EVs of 600 nm and smaller.

• The model outperforms polystyrene beads for compara-

bility of platelet EV concentrations.

Summary. Background: Detection of extracellular vesicles

(EVs) by flow cytometry has poor interlaboratory compara-

bility, owing to differences in flow cytometer (FCM) sensi-

tivity. Previous workshops distributed polystyrene beads to

set a scatter-based diameter gate in order to improve the

comparability of EV concentration measurements. However,

polystyrene beads provide limited insights into the diameter

of detected EVs. Objectives: To evaluate gates based on the

estimated diameter of EVs instead of beads. Methods: A

calibration bead mixture and platelet EV samples were dis-

tributed to 33 participants. Beads and a light scattering

model were used to set EV diameter gates in order to mea-

sure the concentration of CD61–phycoerythrin-positive
platelet EVs. Results: Of the 46 evaluated FCMs, 21

FCMs detected the 600–1200-nm EV diameter gate. The

1200–3000-nm EV diameter gate was detected by 31 FCMs,

with a measured EV concentration interlaboratory vari-

ability of 81% as compared with 139% with the bead diam-

eter gate. Part of the variation in both approaches is caused

by precipitation in some of the provided platelet EV sam-

ples. Flow rate calibration proved essential because systems

configured to 60 lL min�1 differed six-fold in measured

flow rates between instruments. Conclusions

EV diameter gates improve the interlaboratory variability

as compared with previous approaches. Of the evaluated

FCMs, 24% could not detect 400-nm polystyrene beads,

and such instruments have limited utility for EV research.

Finally, considerable differences were observed in sensitiv-

ity between optically similar instruments, indicating that

maintenance and training affect the sensitivity.

Keywords: blood platelets; cell-derived microparticles;

exosomes; extracellular vesicles; flow cytometry;

standardization.

Background

Extracellular vesicles (EVs) are membrane-enclosed, cell-

derived particles [1]. The pathology of many diseases,

including arterial thrombosis, is characterized by elevated

concentrations of circulating EVs [2]. As a basis for

diagnosis, EV concentrations need to be detectable with

sufficient reproducibility between laboratories. EV con-

centrations can be determined with flow cytometry. A

flow cytometer (FCM) can simultaneously detect light

scatter and fluorescence signals of single EVs at a rate in

excess of 1000 s–1, provided that swarming is avoided [3].

However, because of the diameter of EVs, both scatter

and fluorescence signals are dim, and the smallest detect-

able EV diameter differs between FCMs, owing to differ-

ences in sensitivity between instruments. Because the
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smallest EVs are at least an order of magnitude more fre-

quent than the larger EVs [4,5], the minimum EV diame-

ter detectable by each FCM will directly affect the

measured EV concentration. A method for measuring

EVs in the same diameter range should therefore result in

comparable EV concentrations between instruments.

Two previous workshops were initiated by the Scientific

Standardization Committee on Vascular Biology of the

ISTH to standardize a detected diameter range of EVs

[6,7]. These workshops reduced the interlaboratory vari-

ability of platelet EV concentration measurements by set-

ting diameter gates based on measuring polystyrene

beads. The second workshop accounted for differences

between forward scatter (FSC) and side scatter (SSC) col-

lection angles, by applying different beads for FSC and

SSC. However, neither workshop accounted for variations

in FSC and SSC collection angles, or for newer, high-sen-

sitivity, FCM designs [8,9]. For both workshops, the

diameter range of the selected EVs within the applied

bead diameter gate is unknown.

Therefore, the aim of this study was to standardize

concentration measurements of EVs within the same

diameter range by modeling the scatter–diameter relation-

ship for different FCMs. The scatter–diameter relation-

ship depends on the refractive index (RI) of EVs and the

FCM configuration, including fluidics, optics, electronics,

and settings. In previous studies, the RI of EVs was typi-

cally assumed to be constant, with a value near 1.40

[10,11]. All RIs given in the text are for a wavelength of

488 nm. The scatter–diameter relationship can be com-

puted for FCM configurations by the use of MATLAB

scripts from M€atzler [12], based on Mie theory [13]. In

our approach, polystyrene beads are used to establish the

scatter–diameter relationship for EVs [3]. Figure 1 shows

the scatter–diameter relationships for three FCMs that

differ in optical configuration, and therefore have differ-

ent scatter–diameter relationships. Figure 1A shows FSCs

and Fig. 1B and Fig. 1C show two different SSC configu-

rations of three different FCMs. The scatter signal of a

400-nm polystyrene bead (RI = 1.61, black ball in the

inset) corresponds to an EV diameter of 700 nm

(Fig. 1A), 1790 nm (Fig. 1B), and 1450 nm (Fig. 1C; the

orange line and the inset green ball both indicate the EV

diameter for RI = 1.40) [3]. From this example, it is clear

that adjustment for the differences in collection optics

between instruments is essential to set comparable EV

diameter gates. In the approach tested here, the scatter–
diameter relationship for EVs is used to find the EV

diameter gates.

The choice of EV diameter gate needs consideration.

Because some FCMs are insensitive by design, an all-

inclusive strategy will suffer from the least sensitive FCM,

and thus ends up gating only large EVs. On the other

hand, requiring all EV researchers to work only on FCMs

with ‘state-of-the-art’ sensitivity is not feasible. Therefore,

we decided to determine the concentrations of EVs in

three different diameter gates, whereby EVs within the lar-

gest diameter gate are expected to be detectable by most

FCMs, and those within the smallest diameter gate by

only a few FCMs. These three ranges are 300–600 nm,

600–1200 nm, and 1200–3000 nm. Because the 1200–3000-
nm diameter range of EVs considerably overlaps with pla-

telet diameters, it is impossible to distinguish platelet-

derived EVs from platelets within this diameter range.
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Fig. 1. Scatter–diameter relationships for three commercial flow cytometers (FCMs). The measured scatter signal for polystyrene beads (black

markers) is fitted with a Mie model (black line). The scatter–diameter relationship for extracellular vesicles (EVs) is extrapolated (green line).

The orange dashed line shows the scatter signal from a 400-nm polystyrene bead on the vertical axis, and the corresponding vesicle diameter

on the horizontal axis. The two spheres in the inset show the relative diameter difference between the 400-nm polystyrene sphere and the vesicle

with the same scatter signal. (A) BC Gallios 700 nm. (B) BD LSR II 1800 nm. (C) BC Astrios MoFlo 1430 nm. The dashed blue line shows

the scatter signals corresponding to a 1200-nm vesicle for the three FCMs. a.u., arbitrary units; FSC, forward scatter; RI, refractive index;

SSC, side scatter.
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Objective

To evaluate a scatter–diameter model to standardize EV

concentration measurements on FCMs.

Methods

Outline

Study participants first calibrated their instruments to

determine the EV diameter gates that they could measure.

Participants who could measure at least one EV diameter

gate proceeded to measure the flow rate and CD61–phyco-
erythrin (PE)-stained EV samples. The EV concentration

was determined on the basis of immunofluorescence and

the detectable EV diameter gates. For comparison, the EV

concentration was also determined for a bead diameter

gate and by fluorescence alone (i.e. no diameter gate).

Participants

All participants had a publication track record on detec-

tion of EVs by flow cytometry. In addition, two partici-

pants without an EV track record but who were very

knowledgeable about FCMs or standardization were

invited to take part.

Samples and distribution

We distributed frozen aliquots of platelet EVs, also

known as ‘platelet microparticles’. See Data S1 for addi-

tional details.

The concentrations of staining reagents were

5.2 lg mL�1 for lactadherin–fluorescein isothiocyanate

(FITC) (Haematologic Technologies, Essex Junction, VT,

USA), 0.65 lg mL�1 for CD61–PE (VIPL2; BD Bio-

sciences, San Jose, CA, USA), and 1.8 lg mL�1 for

IgG1–PE (mouse BALB/c IgG1, j; BD Biosciences).

Simultaneously, an aliquot of the sample was thawed on

melting ice for 1 h and diluted 1 : 7 (v/v) with phosphate-

buffered saline (PBS). The sample was visually inspected

for clumps. For staining, 5 lL of lactadherin–FITC and

5 lL of antibody conjugate (either CD61–PE or IgG–PE)
was added to 40 lL of sample and incubated for 15 min

in the dark. Then, the mixture was diluted with 550 lL
of PBS. Besides isotype controls, PBS with and without

staining reagent was measured.

Software and beads for standardization

The Rosetta Calibration system (Exometry, Amsterdam,

the Netherlands) was used to determine the diameter gates

for each flow cytometer. Rosetta Calibration consists of

software and a mixture of seven types of polystyrene bead

with traceable mean diameters between 100 nm and

1000 nm. Fluorescent polystyrene beads of 400 nm are

included as a marker. The bead mixture is analyzed on the

FCM, with the settings for EV analysis. The measurement

data are analyzed by a standalone software package that

automatically recognizes the bead populations and fits a

Mie model to derive the parameters describing the optical

configuration of the used FCM. Starting from the manu-

facturer’s specification for each FCM, these optical param-

eters are fitted to different values for each FCM,

accounting for differences in both design and FCM align-

ment; see [14,15] for more details. With the assumption of

an RI of 1.40 for EVs [10], the scatter–diameter relation-

ship for EVs is estimated. The output of the software is the

Mie model for spheres of various RIs, including EVs

(RI = 1.40) [10,15], polystyrene (RI = 1.61), and silica

(RI = 1.44). Furthermore, EV diameter gates are given in

scatter units that correspond to three EV diameter ranges:

1200–3000 nm, 600–1200 nm, and 300–600 nm. These

gates in scatter units can then be applied in the analysis

software of the user. The gates were carefully selected to

avoid inflection points of the scatter–diameter relationship

at gate boundaries for the included FCMs.

First assessment of sensitivity

Each participant measured the Rosetta Calibration bead

mixture, and sent the data files to the coordinating labo-

ratory. The files were analyzed with the Rosetta Calibra-

tion software to determine the detectable gates. Whenever

the sensitivity was less than expected based on the FCM

specifications, participants were asked to change their

measurement settings to evaluate whether the sensitivity

could be improved. Participants who could measure the

1200–3000-nm gate continued to perform measurements

on the platelet EVs. To validate the fitted model, partici-

pants measured a silica bead mixture containing 391-nm

and 772-nm silica beads (Exometry).

Flow rate calibration

Determination of the EV concentration, defined as the

number of EVs per milliliter, requires the number of EVs

detected and the sample volume. The measured sample

volume can be derived from the product of flow rate and

measurement time. Although several FCM interfaces

allow setting of the flow rate in lL min–1, this flow rate is

typically unmonitored and requires calibration before the

actual flow rate is known. We evaluated two independent

methods for determining the flow rate: TruCount beads

(BD Biosciences) and mass discharge. TruCount was per-

formed as described in the product insert. Briefly, a pellet

containing a known number of beads is dissolved in a

known volume, and the number of beads measured per

unit time is directly correlated with the sample volume

processed during that time. The mass discharge is deter-

mined by weighing a sample tube before and after a

10-min measurement.
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Sample measurement

Participants configured their FCMs according to local

procedures. We suggested applying a flow rate of

60 lL min�1, measuring for 1 min, setting the scatter

voltages such that no saturation occurs, and setting the

fluorescent voltages such that isotype control signals are

in the first log-decade. Participants who preferred a lower

flow rate were asked to measure for longer time to detect

a sufficient number of EVs. Participants measured the

data and performed their own data analysis, and submit-

ted the determined ungated and EV diameter-gated con-

centrations together with the data files to the

coordinating laboratory.

Determination of reproducibility

First, we determined the EV concentration on the basis

of immunofluorescence alone to establish the performance

of a no diameter gate. Second, we selected polystyrene

bead diameter gates for comparison with earlier bead-

based approaches [4,5]. Similarly to the latest FCM

workshop [7], we selected two bead diameter gates to

compensate for differences between SSC and FSC. This

resulted in a 400–800-nm bead diameter gate for SSC and

a 600–1000-nm bead diameter gate for FSC, both which

are comparable to a 1200–3000-nm EV diameter gate

(FACSCanto versus Gallios). Third, the EV concentration

in the 1200–3000-nm EV diameter gate was compared with

those in the no diameter gate and the bead diameter gate.

Furthermore, we determined EV concentrations in EV

diameter gates of 600–1200 nm and 300–600 nm. Figure 2

shows the no diameter gate, bead diameter gate, 1200–
3000 nm EV diameter gate, 600–1200 nm EV diameter

gate and 300–600 nm EV diameter gate in a randomly

selected sample. To summarize the results, for each gate

we determined the coefficient of variation (CV) (ratio of

standard deviation over mean) of EV concentrations from

all participating FCMs. The bead diameter gates were

applied centrally with FLOWJO VX (FlowJo, Ashland, OR,

USA) because the scatter signals for the beads were not

shown in the Exometry software. All other gating was per-

formed by the participants. All statistical data analysis was

performed in MATLAB 2014a (Mathworks, Natick, MA,

USA). Data files are available upon request.

Results

Inclusion

The 33 participants registered a total of 64 FCMs. A total

of 23 FCMs recorded data from platelet EV samples. Fig-

ure 3 summarizes the reasons for exclusion. Of the 64

FCMs, 18 did not return data, 15 because the participant

had registered multiple (up to six) FCMs, but only

intended to measure on one or two FCMs. Two FCMs

could not be tested, owing to customs issues, and one

FCM was no longer available. The remaining 46 FCMs

measured the Rosetta Calibration beads to assess the sen-

sitivity. Of these 46 FCMs, 23 were excluded, 11 because

the FCMs could not measure scatter from a 400-nm fluo-

rescent polystyrene bead, which is required for the FCM

calibration, three because the laboratory had already sub-

mitted data from a similar FCM, three because they were

no longer available, and three because participants did

not submit any data.

FCM light scatter sensitivity

All participants measured the Rosetta Calibration beads

with the FCM settings that they previously applied to

study EVs (Fig. 4). Fourteen FCMs were not sensitive

enough to detect 400-nm fluorescent polystyrene beads.

Because detection of these 400-nm beads is essential for

identification of the different bead populations, the proce-

dure could not determine the optical configuration of the

FCM, so no scatter–diameter relationship for these FCMs

could be determined. In contrast to the previous work-

shops [6,7], we require the signals of marker beads to

exceed the background noise to allow the algorithm to

automatically find the peaks. Thus, a scatter signal that is

dominated by noise is not adequate for reliable EV diam-

eter determination. The model was applied to FSC for

the BC EPICS XL, Gallios, Navios and Astrios and BD

Influx systems [7]. Of the BC FCMs, the Astrios FCM,

two of four Gallios FCMs and one of six Navios FCMs

could detect the 400-nm beads. The model was applied to

SSC for the remaining 30 FCMs. Among these, all five

105

105

No 300–600-nm EV gate detectable

600–1200-nm EVs

400–800-nm beads

1200–3000-nm EVs

No diameter gate

104

104

CD61–PE

S
S

C

103

103

0

0

Fig. 2. Example of the five gates set on a BD FACSCanto flow

cytometer. A no diameter gate (green) selects all extracellular vesicles

(EVs) with CD61–phycoerythrin (PE). The 400–800-nm polystyrene

bead diameter gate (orange) and the 1200–3000-nm EV diameter

gate (red) overlap. The 600–1200-nm EV diameter gate (beige) is

detectable, but the 300–600-nm EV diameter gate is not. SSC, side

scatter.
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BD Accuri C6 FCMs and one FACS Canto II FCM

could not detect the 400-nm beads. For the FCMs in this

study, the scatter from 400-nm polystyrene beads corre-

sponds to vesicle diameters of 700–900 nm on FSC and

1200–1900 nm on SSC, with the exact value depending

on the configuration of the FCM (Fig. 1). Thus, it is pos-

sible for FSC-sensitive FCMs to detect the 1200–3000-nm
EV diameter gate, but impossible for them to detect the

600–1200-nm EV diameter gate. An FCM that cannot

detect in the 600–1200-nm EV diameter gate has limited

utility for EV research.

For the 32 FCMs that could detect the 400-nm fluores-

cent beads, the model could be applied to determine the

EV diameter gates. All participants could apply the EV

diameter gates in their own analysis software. The mean

diameters of silica validation beads (391 nm and 772 nm)

were estimated to be 373 nm (CV of 5.8%) and 772 nm

(CV of 3.7%) (see Table S1 and Fig. S1 for data per

FCM). The largest error translates into an uncertainty of

+ 100 nm/� 80 nm on the 1200-nm EV boundary. This is

a small range as compared with the 700–1800-nm EV

diameter corresponding to the signal of a 400-nm polystyr-

ene bead, depending on the FCM configuration. Further-

more, the three FCMs with the largest errors in silica bead

diameter estimates had relatively high CVs for bead mea-

surements, suggesting that performance may be improved

by optical alignment and/or fluidics maintenance.

Of the FCMs that could be calibrated, 32 had sufficient

sensitivity to detect EVs in the 1200–3000-nm gate. Of these

32 FCMs, 22 could measure EVs in the 600–1200-nm gate,

and six could measure EVs in the 300–600-nm gate.

Flow rate calibration

The sample flow rate was set to 60 lL min�1 by 18 of 23

participants, and five participants used a flow rate

between 5 lL min�1 and 30 lL min�1 because their

FCMs had better CVs at lower flow rates. Figure 5A

shows the configured rate versus the rate measured with

TruCount beads. The FCMs that were configured to

60 lL min�1 had flow rates that varied between

20 lL min�1 and 121 lL min�1, which underlines the

need to determine the actual flow rate when reporting a

measured concentration.

The comparison between TruCount beads and mass

discharge shows that these methods are in agreement with

each other (R2 = 0.81), and flow rates measured by mass

discharge were, on average, 14% higher than flow rates

measured with TruCount beads (Fig. 5B). Three partici-

pants reported sheath fluid falling into the test tube

before or after the measurement time, which will result in

an underestimation of the flow rate measured by mass

discharge. In fact, only one mass discharge rate was

below the TruCount rate. Mass discharge could not be

determined for the Apogee A50, because this FCM has

an actuated syringe to control the flow rate. An actuated

syringe should provide a more reliable flow rate than

could be determined with either TruCount or mass dis-

charge. Because no participant made remarks about the

TruCount method, the platelet EV concentrations in this

article are based on flow rates determined with TruCount

beads.

CV of EV concentrations

Five participants reported visible precipitation in the pla-

telet EV samples after thawing, and the precipitation was

also observed after thawing of a second aliquot. Precipita-

tion may change the concentration and diameter distribu-

tion of CD61+ platelet EVs. The number of CD61+

platelet EVs lL–1 was determined within the five gates as

described in Methods (Fig. 2). The ranges of CD61+ pla-

telet EVs lL–1 were 8–85 159 (CV of 144%, 10 000-fold

difference) for fluorescence only, 1–751 (CV of 139%) for

the bead diameter gate, 32–875 (CV of 81%) for the

1200–3000-nm EVs, 1–16 331 (CV of 82%) for the 600–
1200-nm EVs, and 2–156 906 (CV of 115%) for the 300–
600-nm EVs (Figs 6 and 7). Because of the reporting of

clumps, we expect that the observed variation is mostly

attributable to intersample variation, and is thus not

caused by the FCM and data analysis. As a contingency,

the workshop also distributed erythrocyte EV samples

(Data S2). For these samples, the CV was 100% for the

CD235a–PE gate, 93% for the bead diameter gate, and

55% for the 1200–3000-nm EV diameter gate.

Discussion and conclusions

We applied a scatter–diameter model to reduce the inter-

laboratory variability of platelet EV measurements per-

formed in laboratories worldwide and on the most

common types of FCM. Despite problems with
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flow cytometer.
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precipitation in the EV samples, we found that the CV

improved from 139% to 81% for a polystyrene bead-

based gate to an EV diameter-based gate, respectively.

This improvement suggests that the light scattering

model assuming an RI of 1.40 for EVs is a step in the

right direction, which is supported by the CVs of 93%

for the bead diameter gate and 55% for the 1200–3000-
nm EV diameter gate for erythrocyte EV samples

(Data S2). Furthermore, a scatter–diameter model con-

verts arbitrary scatter units to nanometers, and thus pro-

vides valuable information on the measured particles.

For example, an SSC gate on 400–800-nm polystyrene

beads approximately detects platelet EVs of 1200–
3000 nm. Thus, from the measurement data, it is not

possible to tell whether CD61+ particles within the

1200–3000-nm gate are small platelets [16] or platelet-

derived EVs. In general, if the diameter distributions of

EVs and the cell of origin overlap, an EV identification

marker is needed, which is so far unavailable.

For standardization, in addition to the determination

of the detected diameter in nanometers, it is important to

calibrate the fluorescence channels and the sample flow

rate. Fluorescence channels can be calibrated to mean

equivalent soluble fluorochromes [17], and the fluores-

cence resolution limit can be determined [18]. This is cur-

rently being evaluated for EV samples by a joint working

group from the ISTH, the International Society for the

Advancement of Cytometry, and the International Society

for Extracellular Vesicles (evflowcytometry.org). This

fluorescence information is essential to assess whether

differences in EV concentrations may be attributable to

differences in the fluorescence resolution limit between

FCMs. Furthermore, for concentration measurements,

calibration of the flow rate is essential. Both the Tru-

Count beads method and the mass displacement method

are adequate approaches for flow rate calibration. Tru-

Count beads are applicable for all FCMs, and are easier

to use.

Because EVs are commonly defined as membrane-

enclosed particles with a diameter between 50 nm and

1000 nm, any FCM applied for EV research should at

least be able to measure EVs within the 600–1200-nm EV

diameter gate. However, to our surprise, only 22 of the 46

participating FCMs were able to measure the entire 600–
1200-nm EV diameter gate (Fig. 4). This relative insensi-

tivity can be attributed to the design, the state of
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Fig. 4. Assessment of flow cytometer (FCM) sensitivity. Blue mark-

ers indicate whether an FCM was capable of detecting the signal of

1200-nm, 600-nm and/or 300-nm vesicles above the threshold level.

For a number of FCMs this threshold could not be determined,

because their scatter was too insensitive to detect 400-nm fluorescent

polystyrene beads (red cross). Whether the model was applied to for-

ward scatter (FSC) or side scatter (SSC) is shown in parentheses

after the FCM name. EV, extracellular vesicle. [Color figure can be

viewed at wileyonlinelibrary.com]
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maintenance and the day-to-day operational configuration

of the FCM, and/or the training level of the operator. The

operator training level needs to be higher for more

complex instruments such as the BD Influx or the BC

Astrios. For example, the performance of the BD Accuri is

most likely attributable to the FCM design. In addition,
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60 lL min�1, flow rates determined by TruCount were between 20 lL min�1 and 121 lL min�1. (B) The mass discharge flow rate is 14%

higher on average than the TruCount flow rate. [Color figure can be viewed at wileyonlinelibrary.com]
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the same model of FCM showed marked differences in

performance. For example, of the three BD FACSCanto

II FCMs, one could not detect the 400-nm polystyrene

beads, one could detect 1200–3000-nm EVs, and one could

also detect 600–1200-nm EVs. This discrepancy shows that

FCM maintenance, alignment and settings are crucial for

optimal results. In fact, another FCM measured a CV of

22% for a 1000-nm polystyrene bead, and probably

needed maintenance. Evidence for improper settings can

also be found within the data; for example, on one FCM

the gain and voltage were set so high that noise on scatter

was in the fourth log-decade of a five-log-decade range,

resulting in an extremely narrow, and thus useless, detec-

tion range. Improper settings are resolvable through train-

ing, which is available from several companies and

scientific societies in the flow cytometry field. On the posi-

tive side, these standardization workshops are a way to

benchmark and make improvements. One of the partici-

pants who measured and calibrated at several settings to

compare performance commented ‘This study has defi-

nitely broadened my view of the way in which we analyze

EVs on our cytometer and has helped me realize that a few

small changes can make a big difference to EV analysis!’.
In this study, we selected a flow rate of 60 lL min�1

because this flow rate is available on most FCMs. It is

reasonable to assume that a lower flow rate will improve

the reproducibility of measurements, provided that the

total number of detected platelet-derived EVs is main-

tained by reducing the sample dilution and/or increasing

the measurement time.

See Data S3 for a detailed description of the model

approach. Improvements to the model approach may be

achievable in three ways: a robust method for determining

the scatter resolution limit, refinement of the RI of EVs,

and inert beads that mimic EV scatter properties. First, in

the present approach, we provided an EV diameter gate

when any event was measured at the lower gate boundary.

This procedure is not ideal because, for some FCMs in this

study, the background noise on the scatter channel fell

within the diameter gate, resulting in an artefactual eleva-

tion in EV concentration. The Rosetta Calibration mixture

may allow determination of the scatter resolution limit

analogous to approaches developed for fluorescence [18].

Second, we assumed that EVs are spheres with a uniform

RI of 1.40. Estimates for EV RIs range between 1.37 and

1.45 [10,11,15], and, although the true EV-RI is unknown

and may be different for different EV subpopulations, the

RI has a profound impact on the calculated diameter of

EVs for a particular scatter signal. For example, the same

scatter signal is expected for EVs with RIs of 1.37, 1.40

and 1.45 with diameters of 2700, 1200 and 820 nm, respec-

tively. Third, it may be more appropriate to describe EVs

as an intravesicular fluid with a low RI that is surrounded

by a membrane with a high RI. If the low-RI core–high-
RI shell is a good approximation for an EV, a hollow

silica bead [Z Varga , M Pálmai, R Garcia-Diez, C Goll-

witzer, M Krumrey, JL Fraikin, N Hajji, E van der Pol,

TG van Leeuwen, R Nieuwland, under review] may scatter

light comparably to EVs of similar diameter. Such a refer-

ence bead should have long-term stability as compared

with biological reference materials, and may be applied for

gating in lieu of the model-based approach. In any case, a

scatter-based diameter gate requires the RI of EVs to be

approximately constant. If this EV RI is not constant, the

alternative approach is to derive the EV diameter by using

a fluorescent membrane marker [19], but, thus far, the

staining intensity of EVs in plasma samples has been low

[20], or has required elaborate protocols [8]. Several of

these assumptions are not valid for platelets, which con-

tain dense granules and are discoid. The dense granules

are expected to make a substantial contribution to the

SSC signal, but less of a contribution to the FSC signal,

thus invalidating the assumption that EVs have a uniform

RI of 1.40. When comparing volume estimates for

600–1200-nm EVs 300–600-nm EVs× 104
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Fig. 7. Determined concentrations of platelet extracellular vesicles (EVs) on different flow cytometers for 600–1200-nm EVs and 300–600-nm
EVs. Brackets to the right indicate the 25th, 50th and 75th percentiles of all data; marker and whiskers indicate median and maximum/mini-

mum concentrations of three repeats. [Color figure can be viewed at wileyonlinelibrary.com]
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platelets obtained with our model with an impedance-

based volume measurement (Fig. S4), we found that the

mode platelet volume was underestimated by 30%, and

that the mean platelet volume and platelet distribution

width were overestimated by two-fold and three-fold,

respectively. Because we lack information regarding the

shape and contents of large platelet EVs, it is not possible

to assess whether an overestimation of diameter occurred

in the 1200–3000-nm platelet EV gate.

Taken together, the data presented here suggest that an

EV diameter model may be more effective for reducing

interlaboratory variability than polystyrene bead-based

gating, and that knowledge on the detected EV diameter

itself is valuable for the interpretation of results.
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Fig. S2. The volume distribution of platelets by the scat-

ter model compared to a hematology impedance analyzer.

Fig. S3. Determined concentrations of extracellular vesi-

cles (EVs) from erythrocytes on different flow cytometers

for three different gating strategies.

Fig. S4. Determined concentrations of erythrocyte EVs

on different flow cytometers for 600–1200-nm EVs and

300–600-nm EVs.

Fig. S5. Size to scatter relationships for FCMs that mea-
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