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Abstract

Concentrations of extracellular vesicles (EVs) in body fluids are being explored as

disease biomarkers. Most laboratories use flow cytometry to characterize single EVs at

high throughput. A flow cytometer (FCM) detects light scattering and fluorescence

intensities of EVs. However, detection of EVs by flow cytometry is complicated for 2

reasons. First, EVs are small and have weak light scattering and fluorescence signals

compared to cells and are, therefore, hard to detect. Second, FCMs differ in sensitivity

and provide data in arbitrary units, which complicates data interpretation. Due to the

mentioned challenges, the measured concentration of EVs by flow cytometry is

cumbersome to compare between FCMs and institutes. To improve comparability,

standardization and development of traceable reference materials to calibrate all as-

pects of an FCM are needed, as are interlaboratory comparison studies. Within this

article, we will provide an overview of the standardization of EV concentration mea-

surements, including the current effort to introduce robust calibration of FCMs,

thereby enabling comparable concentration measurements of EVs, which in turn can be

used to establish clinically relevant reference ranges of EV concentrations in blood

plasma and other body fluids.
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1 | INTRODUCTION

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

ticles present in body fluids. As the composition and concentration of

EVs are disease-dependent, cell-type–specific EV concentrations are

being explored as potential biomarkers of disease, including cancer

and cardiovascular disease [1–4]. However, before EV concentrations

can be utilized as biomarkers, standardization of concentration mea-

surements is essential to obtain comparable data. Due to the het-

erogeneous nature of EVs, in particular their broad size distribution

and biochemical composition, standardization of EV concentration

measurements is challenging.

Flow cytometry is a popular technique to measure the concen-

tration of EVs due to its ability to detect and characterize single

particles at a throughput of thousands of particles per second. Flow

cytometers (FCMs) were originally designed to detect light scattering

and fluorescence signals of single cells in a hydrodynamically focused

fluid stream. Given that all cells exceed the detection threshold and

assuming that the flow rate is known, the concentration of cells can be

determined. However, sample and hardware-related issues complicate

EV concentration measurements, as illustrated in Figure 1.

EVs are so heterogeneous and small that most FCMs are unable

to detect the smallest EVs in a population, neither by light scattering

nor by fluorescence [6,7]. The red line in Figure 1A shows an indicative

size distribution of EVs in human blood plasma. The shape of the size

distribution is based on published cryoelectron microscopy measure-

ments of EVs in human plasma [5], whereas the concentration at the

vertical axis is added by fitting the size distribution onto flow

cytometry data, which are shown as black dots. Figure 1A shows that

EVs have a broad size distribution and that small EVs outnumber large

EVs.

Furthermore, only the fraction of EVs right from the vertical

dashed line is efficiently detected with this FCM. The vertical dashed

line indicates the lower limit of detection (LoD) of our FCM, which we

defined as the diameter at which the size distribution peaks. In reality,

however, the LoD of an FCM is not a straight line but a complex

function that requires a formal definition in the future. Please note

that LoDs are FCM and detector dependent and therefore differ be-

tween instruments.

To explain why EVs are difficult to detect, Figure 1B shows an

indication of the relationship between light scattering (blue line) and

diameter and fluorescence intensity (green line) and diameter

measured by an FCM. Most strikingly is not only the strong decrease

of particularly light scattering signals but also fluorescence signals for

decreasing diameters of EVs. Please note that the vertical scales are

logarithmic. By combining the data from Figure 1A, B, we obtain the

light scattering and fluorescence signal distributions of EVs, shown in

Figure 1C, D, respectively. The solid lines predict how EVs with the

size distribution shown in Figure 1A would scatter light and emit

fluorescence, whereas the data points show the actual light scattering

and fluorescence distributions measured with our FCM.

Figure 1C, D show that our FCM, and this holds true for most

FCMs, is unable to detect all EVs by light scatter or fluorescence.
Furthermore, Figure 1C, D show that optical detection of all EVs in

plasma is demanding, because scatter and fluorescence detectors

require to cover a 10 000 000-fold and 10 000-fold difference in

signal levels, respectively. Due to the LoD of the FCM, most FCMs

only detect the fraction of EVs exceeding the LoD. On the other hand,

specialized instruments with the sensitivity to detect the dimmest EVs

will miss the largest EVs due to an insufficient detection range [8].

Thus, due to differences in detection ranges, FCMs measure different

concentrations of EVs in a given sample. Consequently, standardiza-

tion requires that EV concentrations are reported within the same

signal ranges, which is difficult because flow cytometry data have

arbitrary units [6,8]. In sum, the small size and heterogeneity of EVs,

together with differences between detection ranges of FCMs and data

representation in arbitrary units, complicate data interpretation and

comparison of EV measurement results among different FCMs [6,9].

Due to the aforementioned challenges, the measured concentra-

tions of EVs by flow cytometry are hitherto incomparable between

instruments and institutes [10]. In this article, we provide an overview

of the history of EV flow cytometry standardization and currently

available reference materials (RMs) to calibrate FCMs for EV mea-

surements. We will explain what the metrological meaning of cali-

bration, RMs, and quality control samples are and how calibration of

flow rate, light scattering, and fluorescence intensity of FCMs is the

only way to achieve comparable EV concentration measurements.
2 | THE PAST

2.1 | Early detection of EVs

The first attempt to standardize EV flow cytometry measurements

was based on comparing light scattering signals between cells and

EVs. In a landmark study dating back to 1989, 3 populations of par-

ticles exposing platelet-specific proteins were identified in diluted

whole blood by flow cytometry [11]. To discuss the earlier interpre-

tation of these results, we repeated the experiment (Figure 2).

Figure 2B shows the side scattered light intensity (SSC) vs forward

scattered light intensity (FSC) of 3 different particle populations in

whole blood exposing the platelet-specific protein CD61. The bright-

est population scattered more amount of light than platelets and

therefore “appears to represent platelets associated with the larger white

blood cells” [11] (Figure 2A). Figure 2B–D shows that the dimmest

population scattered less light than platelets and was thought to

represent platelet-derived EVs having an average diameter of 100 nm.

By adding calcium ionophore to platelet-rich plasma, which stimulates

the platelets to release EVs, Nieuwland et al. [12] confirmed that the

dimmest population are indeed platelet-derived EVs (Figure 2D).

There are 2 reasons why platelet-derived EVs were thought to

have an average diameter of 100 nm. First, Sims et al. [13] showed in

1988 that platelet-derived EVs and 100 nm fluorescent reference

particles had similar FSC. As Sims et al. [13] triggered on fluorescence,

they probably did detect 100-nm reference particles and possibly a

fraction of the largest EVs. However, the used FSC detectors were



A B

C D  

 

 

100 101 102 103 104 105 106 107
104

105

106

107

108

All EVs
EVs measured with FCM

Co
nc

en
tra

tio
n

(m
L-1

)

Light scattering (a.u.)

Required
detection
range

100 101 102 103 104 105 106 107
104

105

106

107

108

All EVs
EVs measured with FCM

Co
nc

en
tra

tio
n

(m
L- 1

)

Fluorescence intensity (a.u.)

Required
detection

range

0 200 400 600 800 1000
104

105

106

107

All EVs
EVs measured with FCM
Lower limit of detection

Co
nc

en
tra

tio
n

(m
L-1

)

Diameter (nm)
0 200 400 600 800 1000

101

102

103

104

105

106

Li
gh

ts
ca

tte
r in

g
(a

.u
.)

Diameter (nm)

103

104

105

106

107

Fl
uo

re
sc

en
ce

in
te

n s
it y

(a
.u

.)

F I GUR E 1 (A) Indicative size distribution of extracellular vesicles (EVs) in human blood plasma measured with cryo-EM (red line) [5] and

measured with flow cytometry (Apogee A60-Micro) following lactadherin staining (symbols). The vertical scale is logarithmic. For flow

cytometry measurements, diameters were determined by Rosetta Calibration assuming a shell thickness of 6 nm, a shell refractive index of

1.48, and a core refractive index of 1.38. The lower limit of detection (cyan dashed line) was defined as the diameter at which the size

distribution peaks. Symbols represent only lactadherin+ EVs. (B) Theoretical light scattering- (blue line) and fluorescence-to-diameter (green

line) relationship for EVs. Fluorescence scales quadratically with diameter, whereas scattered light is even stronger diameter dependent. (C)

Concentration of all EVs (blue line) and EVs measured with our flow cytometer (FCM) following lactadherin staining (symbols) in blood plasma

vs light scattering signals in arbitrary units (a.u.). The horizontal arrows indicate the detection range required to detect all EVs. (D)

Concentration of all EVs (green line) and EVs measured with our FCM following lactadherin staining (symbols) in blood plasma vs fluorescence

intensity in a.u. The horizontal arrows indicate the detection range required to detect all EVs. For details, please see Supplementary

Information S1.
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incapable of detecting submicrometer EVs by flow cytometry [6,14]

and likely measured background noise. Second, Sims et al. [15]

assumed that the “platelet-derived EVs” measured by flow cytometry

were similar to the 100-nm microparticles observed in electron mi-

crographs of C5b-9–treated platelets. However, neither did they

provide evidence that these membrane blebs were released as EVs

nor would these membrane blebs be detectable, even not with most

state-of-the-art FCMs [6]. Altogether, it is unlikely, if not impossible

that Sims et al. [15] measured 100-nm, platelet-derived EVs at the

time.

Given the limited sensitivity of FCMs that were used in premil-

lennial studies, at best, the relatively large spherical EVs were being

studied, although it may well be that filopodia and/or empty eryth-

rocytes or platelets were being detected [5]. The interpretation of

these early days flow cytometry studies on EVs is cumbersome due to

the incomplete description of preanalytical variables, the use of anti-

bodies with unknown specificity, the use of insensitive FCMs, and the

lack of calibration. These shortcomings have led to many single-center

publications reporting orders of magnitude for different EV concen-

trations [10].
2.2 | Standardization using polystyrene bead gates

on light scattering

Between 2000 and 2010, awareness grew that clinical applications of

EV concentration measurements require comparable and reproducible

data, which could only be achieved by standardization. Throughout

this article, the term “standardization” refers to measuring a compa-

rable concentration of cell-type–specific EVs in a body fluid.

The first standardization studies aimed to standardize EV con-

centration measurements in human plasma. The approach was based

on measuring FSC signals of 500 nm and 900 nm fluorescent poly-

styrene beads, which were used to define an “MP gate”, where MP

referred to “microparticles,” which is an older term for EVs [16]. Based

on this approach, a standardization study was initiated by the Scientific

Standardization Committee on Vascular Biology of the International Soci-

ety on Thrombosis and Haemostasis in 2010 [17]. To explain the

approach, Figure 3 shows FSC vs SSC of an “MP gate” and particles in

human plasma. The lower and upper limits of the “MP gate” are

defined by the FSC signals of 500 nm and 900 nm polystyrene beads,

respectively. These studies showed that standardization of particle
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F I GUR E 2 (A) Representative dot plots

of light scattering signals in arbitrary units

(a.u.) of erythrocytes, leucocytes, and

platelets (gates) in diluted whole blood

measured by flow cytometry without

antibodies. Cells such as erythrocytes,

leucocytes and platelets can be identified

based on their scattering patterns. (B) Side

scattered light intensity (SSC, a.u.) versus

forward scattered light intensity (FSC, a.u.)

in diluted whole blood when using an anti-

platelet antibody. R1 represents platelet-

derived EVs, R2 platelets, and R3 platelet-

leucocyte complexes. (C) SSC (a.u.) versus

FSC (a.u.) in diluted blood plasma when

using an anti-platelet antibody. R1

represents platelet-derived EVs, R2

platelets, and R3 platelet-leucocyte

complexes. (D) SSC (a.u.) versus FSC (a.u.) in

diluted blood plasma with activated

platelets when using an anti-platelet

antibody. R1 represents platelet-derived

EVs, R2 platelets, and R3 platelet-leucocyte

complexes. The data was generated based

on a repeated experiment based on a

publication from Nieuwland et al. [12]. For

details, please see Supplementary

Information S2.
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concentration measurements in cell-depleted plasma is feasible but

only among FCMs of the same type.
2.3 | Standardization based on light scattering

theory

The “MP” gate assumed that the diameter and shape are the dominant

properties of particles affecting light scattering. However, also the

refractive index (RI) contrast between a particle and the medium

determines how efficiently a particle scatters light. As most EVs are
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F I GUR E 3 (A) Definition of the

“microparticle (MP) gate.” Representative

dot plot of forward scattered light intensity

(FSC) in arbitrary units (a.u.) versus side

scattered light intensity (SSC, a.u.) of the

Megamix SSC beads. The black gate shows

the construction of the “MP gate” based on

a publication from Robert et al. [16]. (B)

Extracellular vesicles (EVs) in plasma. Dot

plot of the “MP gate” on a plasma sample

measured by flow cytometry. For details,

please see Supplementary Information S3.
spherical [5], light scattering detected by an FCM can be described by

Mie theory [18]. In 2011, Chandler et al. [19] realized the importance

of the RI of EVs in light scattering measurements and developed a

light scattering model based on the Mie theory to calculate the rela-

tion between FSC and the diameter of polystyrene beads (RI, 1.59),

silica beads (RI, 1.463), and EVs (RI, 1.39). As experimental data on the

RI of EVs was lacking in 2011, the RI was based on literature values of

biological particles with a structure similar to EVs. The authors

experimentally confirmed that the “MP gate” [19] selects platelets

rather than platelet-derived EVs. Moreover, they confirmed that the

“MP gate” selects different particle size ranges at different FCMs,
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indicating that gates based on polystyrene beads cannot be used to

standardize concentration measurements of EVs within the same size

ranges among different types of FCMs.

In 2012, van der Pol et al. [14] designed a model based on Mie

theory to relate light scattering of spherical particles to their diameter

and RI. In contrast to the model of Chandler, this model also takes the

optical configuration of the FCM into account. The theory describes

the light scattering data of polystyrene and silica beads well (R2 =

0.99) and was used to establish a scatter-to-diameter relation of EVs,

again assuming an RI based on literature values of biological particles

with a structure comparable to EVs. For the first time, the scatter

signal of an FCM was related to the diameter of EVs in nm.
2.4 | Swarm detection

Due to the insights from Mie theory and the development of new par-

ticle sizing technologies, van der Pol et al. [14] discovered that duringEV

measurements byflowcytometry,multiple (hundredsormore) particles

that are present at or below the detection limit may be simultaneously

and continuously illuminated, and togetherbeerroneously registered as

single events. This effectwas called “swarmdetection,”which is a special

form of coincidence detection. Similar to coincidence detection, swarm

detection causes an erroneous estimate of EV concentrationsmeasured

by flow cytometry and can be reduced by dilution [14,20,21].
2.5 | Refractive index measurements of EVs

Calibration with Mie theory was based on the assumption that EVs

have a lower RI than silica and polystyrene. In 2012, Konokhova et al.

[22] published the first RI measurements of EVs. With a mode RI just

below 1.40, Konokhova et al. [22] experimentally confirmed the pre-

viously assumed RI values of EVs. In 2014, the low RI of EVs was

further confirmed by measurements with nanoparticle tracking anal-

ysis [23,24] and a method called flow cytometry scatter ratio [25].

The RI measurements of EVs were important to the field because

they (i) confirmed that “MP gates” based on polystyrene beads select

larger particles than EVs, such as platelets, (ii) are essential input to

Mie theory models, and (iii) substantiate the theory underlying swarm

detection. Mie theory models allow to relate measured light scattering

signals to the diameter of particles under the assumption that the RI

of a particle is known. Thus, the more accurate the RI of EVs is known,

the more accurate the diameter of EVs can be determined. Conse-

quently, the better EV concentrations can be compared between

FCMs within the same size range.
2.6 | Relevance of EV size distributions to EV flow

cytometry standardization

The reason why accurate diameter determination of EVs is relevant to

the standardization of EV concentration measurements became clear
in 2014, when 2 studies published the size distribution of EVs in hu-

man body fluids [5,26]. The studies showed that within the detection

range of most FCMs, the concentration of EVs strongly decreases with

increasing diameter, as shown in Figure 1A. Hence, measured EV

concentrations are highly dependent on particularly the LoD of the

FCM. Therefore, the reported EV concentrations should always be

accompanied by the detection limit in comparable units.
2.7 | Standardization using different polystyrene

bead gates for forward scattered light and side

scattered light

The earlier introduced “MP gate,” based on polystyrene beads, did not

lead to comparable EV concentrations among different FCMs because

the “MP gate” selects different EV sizes on FCMs with different light

collection angles. To mitigate this problem, a study initiated by the

International Society on Thrombosis and Haemostasis Scientific Stan-

dardization Committee on Vascular Biology proposed to use 2 sets of

selected beads adapted to FSC or SSC dependent on which scatter

parameter provides the best resolution to detect EVs [27]. Cointe

et al. [27] applied their approach to a selection of 26 out of 52

participating FCMs and achieved coefficient of variations of 28% and

37% for the measured platelet-derived microparticle concentrations

in 2 different samples. Although the approach resulted in comparable

EV concentrations and did not require modeling with Mie theory,

there are 3 caveats. First, the optical configuration, such as the illu-

mination wavelength and collection angles differ between FCMs. As

the optical configuration affects the scatter-to-diameter relation, a

given gate based on the light scattering signals of polystyrene beads

will lead to a selection of different EV sizes on the different FCMs and

hence result in measuring different concentrations of EVs [6]. Second,

based on current knowledge from Mie theory, the gates defined by

Cointe et al. [27] do include particles >1000 nm, such as platelets.

Third, a gating strategy based on 2 polystyrene bead sizes limits the

flexibility of users to define gates matching the detection range of

their FCM.
2.8 | Standardization by EV diameter estimation

using Mie theory

An interlaboratory comparison study was initiated involving 46 FCMs

to standardize EV concentration measurements within predefined EV

diameter ranges. With their most sensitive light scattering detector, 6

FCMs detected EVs down to 300 nm, 22 FCMs detected EVs down to

600 nm, and 32 FCMs detected EVs down to 1200 nm. Although all

study participants had a track record in EV detection by FCM, 14

FCMs were unable to detect 400 nm polystyrene beads and therefore

have none or limited utility for EV research with the settings used. The

used reference particles and Mie model, which considers the differ-

ences between optical configuration of FCMs and the RI of EVs [6],
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became commercially available under the name Rosetta Calibration

(Exometry B.V.).

The study further revealed that flow rate calibration is essential

to standardization because the actual flow rate differed up to 2-fold

from the set flow rate. Within the 1200- to 3000-nm gate, the coef-

ficient of variation of the measured EV concentration was 81% using

the Mie theory model compared with 139% using a gate based on

polystyrene beads. In sum, Mie theory modeling provides insight into

the size of detected EVs and improves the interlaboratory variability.

However, the Mie theory modeling relies on the assumed RI of EVs,

which is much lower than the RI of polystyrene beads and requires

extrapolation. In turn, the approach by van der Pol et al. did not

include calibration of the fluorescence detectors.
2.9 | Beads with a similar refractive index as EVs

Whereas “MP gates” based on polystyrene beads select particles of

unknown size that differ between FCMs, Mie theory requires an

extrapolation, as polystyrene beads have a higher RI than EVs. In

2018, Varga et al. [28] proposed an alternative to polystyrene beads,

called hollow organosilica beads (HOBs), to set EV size gates and

potentially calibrate FCMs. HOBs have an approximately 10-nm thick

organosilica shell with an RI of 1.46 and an aqueous core with an RI of

1.34. Consequently, HOBs have a similar RI distribution as EVs,

thereby mimicking the light scattering behavior of EVs.
2.10 | Standardization by fluorescence calibration

Fluorescence calibration for FCMs was already developed in the 1980s

[29,30], with molecules of equivalent soluble fluorochrome (MESF) being

the standardized unit. If a particle has a fluorescence intensity of given

MESF, this means that the particle emits the same fluorescence intensity

as an equivalent number of molecules of the fluorochrome dissolved in

solution [31]. Other units of fluorescence intensity, like antibody binding

capacity (ABC) and equivalent number of reference fluorophores (ERF),

followed in the 1990s and 2000s, respectively [32,33].

Despite the long-term existence of fluorescence calibration pro-

cedures [34], it was first used in the EV field by Mobarrez et al. [35] in

2009 and explicitly elucidated by Stoner et al. [36] and Arraud et al.

[37] in a special issue on “Measurements of EVs and other submicron size

particles by FCM” that appeared in Cytometry A in 2016. Similar to light

scattering, fluorescence signals of stained EVs are close to and below

the LoD of most FCMs [38], as shown in Figure 1D. Therefore, the

measured concentration of stained EVs depends on the applied fluo-

rescence gate, which should therefore be reported in standard units.
2.11 | Calibrating light scattering and fluorescence

In 2020, Welsh et al. [39] measured comparable concentrations of

fluorescently stained viruses by calibrating both light scattering and
fluorescence signals of 2 different FCMs. The study by Welsh et al.

[39] is an important milestone to EV flow cytometry standardization

because it confirmed that seemingly different results become com-

parable after calibration. The authors noted that “fluorescence and light

scatter calibration are not widely adopted by the small particle community

as methods to standardize flow cytometry (FCM) data,” thus “further

support in the form of education” is required. In addition, calibrations of

both scatter and fluorescence detectors could assist in standardizing

procedures to optimize acquisition settings [7,36,37].
2.12 | Standardized reporting

Data comparison between studies does not only require solid standard-

ization strategies, but also standardized reporting. In 2020 the EV flow

cytometry working group (www.evflowcytometry.org) published a

framework (MIFlowCyt-EV) to support standardized reporting of infor-

mation regarding EV flow cytometry experiments [40]. MIFlowCyt-EV

provides a structure for sharing EV-FC results, included assay controls,

data acquisition, instrument calibration, and sample preparation.

In sum, most problems of EV flow cytometry standardization have

been tackled during the past decade. The EV flow cytometry field

went from studies without calibration to standardization of both size

and fluorescence. Standardization by light scattering and fluorescence

calibration was implemented into the field of EV flow cytometry,

allowing to express the measured EV concentration within calibrated

ranges in standard units of the International System of Units (SI), like

nanometers. Table 1 [41–44] provides an overview of the history of

EV flow cytometry standardization.
3 | THE PRESENT

From the history, it became clear that calibration is the key to EV FCM

standardization [45]. Although in the EV field, the word “calibration” is

used in different contexts, in this article we refer to calibration in the

metrological context. In the next section, we will explain what cali-

bration means in metrology and whether the current standardization

procedures in EV flow cytometry are compliant with metrology.

Table 2 [47,49] provides an overview of the formal definitions and

what they mean to the EV field.
3.1 | Calibration in a metrological context

In the context of flow cytometry and metrology, the term calibration

means an operation to establish the relationship between the measured

arbitrary units and the corresponding quantity values realized by

measurement standards [45,50]. With quantity values, we mean a

number and a measurement unit that together express the magnitude

of a quantity, such as the diameter of an EV expressed in nm. Mea-

surement standards are definitions of a given quantity and are prefer-

ably expressed in base units of the SI [51], so that after a calibration, the

http://www.evflowcytometry.org


T AB L E 1 Overview of the history of extracellular vesicle flow cytometer standardization.

Year Authors What has been done Multicenter study

1986 Brown et al. [30] MESF calibration No

1988 Sims et al. [13] Detection of “100-nm platelet-derived microparticles” No

1990 Abrams et al. [11] Direct detection of “platelet-derived microparticles in humans”

Forward scatter (a.u.) does not equal particle size

No

1996 Fuller et al. [41] Fluorescence based sizing of synthetic EVs No

1997 Nieuwland et al. [12] Platelet-derived “microparticles” are procoagulant No

2009 Robert et al. [16] Standardization using polystyrene beads Yes

2010 Mobarrez et al. [35] MESF calibration in EV research No

2010 Lacroix et al. [17] Interlaboratory comparison study on platelet-derived microparticles Yes

2011 Chandler et al. [19] Mie theory to understand light scattering of EVs No

2012 van der Pol et al. [14] Mie theory and swarm detection No

2012 Konokhova et al. [22] EV refractive index measurements No

2012 van der Vlist et al. [42] EV detection by fluorescent labeling No

2013 Nolan et al. [43] Swarm detection, trigger artifact No

2014 Gardiner et al. [24],

van der Pol et al. [23]

EV refractive index measurements No

2014 Arraud et al. [5], van der Pol et al. [26] EV size distribution in human plasma and urine No

2014 Zhu et al. [8] Detection of 24-nm silica beads No

2014 Start of the EV FCM working group

2016 Stoner et al. [36] Fluorescent-based sizing No

2017 Cointe et al. [27] Interlaboratory comparison study on platelet-derived microparticles Yes

2018 de Rond et al. [7] Optimal trigger strategy depends on FCM No

2018 van der Pol et al. [6] Mie theory-based standardization study Yes

2018 Varga et al. [28] Hollow organosilica beads No

2018 de Rond et al. [9] Scatter-based sizing No

2019 Welsh et al. [40] Standardized reporting, MIFlowCyt-EV No

2020 Welsh et al. [39] Simultaneous fluorescence and light scatter calibration Yes

2022 Woud at al. [44] Fully calibrated imaging FCM No

a.u., arbitrary units; EV, extracellular vesicle; FCM, flow cytometer; MESF, molecules of equivalent soluble fluorochrome; MIFlowCyt-EV, Minimum

Information about a flow cytometry experiment (MIFlowCyt) standard in an EV flow cytometry-specific reporting framework.
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measurement results can be compared between different instruments.

An example of a measurement standard is the meter, which is the SI

unit of length and defined as 30.66331899 wavelengths of radiation

emitted by the unperturbed ground-state hyperfine transition of the

cesium 133 atom [52]. From the example, it is clear that a measurement

standard cannot be directly used to calibrate an FCM, because a

measurement standard is merely a definition. To perform a calibration

in practice, RMs are needed.
3.2 | Reference materials

RMs defined by the International Organization for Standardization guide

30:2015 is a generic term that refers to a “material, sufficiently
homogeneous and stable with respect to one or more specified properties,

which has been established to be fit for its intended use in a measurement

process” [48]. RMs can be divided into (i) quality control materials and

(ii) certified RMs, which are also called calibrants [48,53]. The quality

control materials and generally also calibrants can be used to perform

technical replicates and to develop and test detection methods and

assays [51]. However, only calibrants can be used to calibrate.

Therefore, calibrants have additional requirements such as spec-

ified quantity values that (i) cover the detection range of the instru-

ment used and (ii) have an associated uncertainty (see Section 3.3).

Metrology institutes determine the quantity value and associated

uncertainty of calibrants in a traceable manner, meaning that the

quantity value and associated uncertainty can be related to the

measurement standards in SI units through a documented unbroken



TA B L E 2 Formal definitions and what they mean (to the extracellular vesicle field).

Term Formal definition Reference Meaning to the EV fie Examples

Calibration “Operation that, under specified

conditions, in a first step,

establishes a relation between

the quantity values with

measurement uncertainties

provided by measurement

standards and corresponding

indications with associated

measurement uncertainties and

in a second step, uses this

information to establish a

relation for obtaining a

measurement result from an

indication.”

JCGM, 2008, metrology vocabulary

[45]

Calibration is a proced to relate

the arbitrary units easured

data to comparable ndard

units, preferably SI its

Relating arbitrary units of light

scattering signals to the

diameter of EVs in nm [6,46].

Relating arbitrary units of

fluorescence signals to MESF

[35,39,46].

Measurement accuracy “Closeness of agreement between a

measured quantity value and a

true quantity value of a

measurand”

Quantitative term to d ribe the

closeness of a meas d value to

the “true value.”

Measuring NIST traceable

polystyrene beads with

nanoparticle tracking analysis to

determine the difference

between the measured and

specified mean diameter.

Measurement uncertainty “Nonnegative parameter

characterizing the dispersion of

the quantity values being

attributed to a measurand, based

on the information used”

JCGM 200: 2012 [45] Uncertainty is the tech l term for

the level of doubt a ut an

obtained measurem t result.

Uncertainty is not the s e as error.

Reference value mean size and

expanded uncertainty of

Reference Material 8013

Gold Nanoparticles, 60 nm diameter

(NIST) measured by TEM is

56.0 ± 0.5 nm [47].

Primary reference measurement

procedure

“Reference measurement procedure

used to obtain a measurement

result without relation to a

measurement standard for a

quantity of the same kind.”

Method of which every pect

involved in the mea rement is

known, including th

uncertainty. Theref , primary

reference measurem t

procedures do not uire

calibration.

Specialized, well-characterized

equipment in metrology

institutes, such as electron

microscopes, atomic force

microscopes, and small-angle x-

ray scattering for dimensional

characterization.

Reference material “Material, sufficiently homogeneous

and stable with respect to one or

more specified properties, which

has been established to be fit for

its intended use in a

measurement process.”

ISO guide 30:2015 [48] A sample that can be u to

perform quality con ls and/or

calibrations

Quality control material:

Recombinant EVs [49]

Calibrant:

NIST Traceable Particle Size

Standards or MESF beads

(Continues)
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chain of comparisons, each contributing to the measurement uncer-

tainty [39,54].
3.3 | Measurement uncertainty

The establishment of measurement uncertainty is an important aspect

of a calibration. No matter how accurate the measurement technique,

a measurement does not result in an exactly determined quantity

value. The measurement uncertainty is the dispersion of the quantity

values attributed to the quantity thought to be measured. As an

example, reporting the mean diameter of measured EVs without an

uncertainty statement has little meaning, because it means that the

true mean diameter can have any value. However, reporting the mean

diameter of measured EVs with an uncertainty statement means that,

based on the uncertainty attributed to the measurement standards,

calibration procedure, and measurement procedure, the true mean

diameter lies with a known probability within the stated uncertainty

range of the reported mean diameter. Thus, the attribution of a

measurement uncertainty reveals the accuracy of a measurement

technique and is therefore helpful for data comparison, for example,

when different techniques generate different measurement results

and to judge which results to trust.
3.4 | The present state of flow cytometry

calibrations

EV FCM measurements are typically performed to determine the

number concentration of fluorescently stained EVs. The measurement

of the number concentration requires calibration of the sample vol-

ume and the assurance that all particles in the measured sample

volume are measured, which is unlikely if not impossible for EV FCM

measurements because part of the EVs have light scattering and

fluorescence signals that fall below the LoD of the FCM. Conse-

quently, light scattering signals and fluorescence also require cali-

bration, such that the detection ranges wherein EVs are measured can

be reported.

From a metrological perspective, an obvious unit for the power of

optical signals is Watt (kg⋅m2⋅s−3). However, the power in Watt has

little utilization to standardize EV FCM measurements, because a

given particle results in different optical powers when measured at

different FCMs due to hardware differences. To realize comparable

EV concentration measurements, ideally the physical properties of

EVs, such as the diameter and the number of stained biomolecules, are

derived from the measured signals, including an uncertainty statement

and an estimate of the LoD of the FCM.
3.5 | Sample volume

Concentration is the number of particles per sample volume and thus

requires calibration of the measured sample volume. FCMs exploit

https://www.iso.org/obp/ui/#iso:std:iso-iec:guide:99:ed-1:v2:en
https://www.iso.org/obp/ui/#iso:std:iso-iec:guide:99:ed-1:v2:en
https://www.iso.org/obp/ui/#iso:std:iso-iec:guide:99:ed-1:v2:en
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various techniques to nontraceably determine the analyzed sample

volume, such as a calibrated syringe pump, a flow rate sensor, and

weighing. A practical procedure to determine the sample volume

traceably, is the use of RMs with a traceably determined particle con-

centration. However, submicrometer RMs with a traceably determined

particle concentration are not commercially available. Currently, labo-

ratories, therefore, calibrate the flow rate with commercially available

submicrometer counting beads that are nontraceable, such as Apo-

geeMix (Apogee Flow Systems), or with micrometer sized counting

beads having a Conformité Européene mark for in vitro diagnostics,

such as TruCount beads (BD Biosciences). The disadvantages of using

micrometer sized counting beads are that they (i) have to be acquired

with different settings than EVs and (ii) sediment, which may affect the

accuracy of the calibration procedure. In sum, without an uncertainty

statement, the analyzed sample volumes are still unknown from a

metrological perspective.
3.6 | Light scattering intensity

Light scattering is also measured in arbitrary units. Light scattering

intensity depends on the particle diameter, shape, and RI and on the RI

of the surrounding medium [14]. Best current practice is to use beads

(eg, polystyrene or silica) with a traceably determined diameter to

calibrate scattering signals. Light scattering of beads is measured and

related to their theoretical scattering cross section, which is obtained

by Mie theory from the specified size and RI of the beads. However,

traceably determined RI measurements of the reference particles and

their surrounding medium are still missing. Furthermore, polystyrene

beads (RI, 1.61 at 488 nm) and silica beads (RI, 1.46 at 488 nm) both

have a higher RI than that of EVs (RI, <1.40 for EVs >�100 nm)

[22,23,25], resulting in more light scattering than that with similar-

sized EVs [19,24], and therefore, misinterpretation of EV size [28].

As HOBs [28] have similar light scattering properties as EVs, they

may be interesting reference particles for light scattering. However,

the theoretical scattering cross section of HOBs, which is used for

calibration, depends on the lumen RI, the shell thickness and RI, and

the diameter, which all require traceable determination. The uncer-

tainty of the theoretical scattering cross section is therefore expected

to be higher than that of the solid beads, which only require traceable

determination of the diameter and RI.
3.7 | Fluorescence intensity

Fluorescence intensities are measured in arbitrary units but can be

related to standard units with ABC beads, ERF beads, or MESF beads

[40]. MESF beads are most frequently used and have a specified fluo-

rescence intensity equal to the equivalent number of molecules of the

fluorochrome in a solution [32]. The MESF bead surface is stained with

the same fluorochromes that are conjugated to the antibodies used for

EV staining. MESF beads with fluorophores, as allophycocyanin (APC),
fluorescein isothiocyanate (FITC) or phycoerythrin (PE), are commer-

cially available. However, MESF beads have 4 limitations.

First, MESF beads and all other beads used for fluorescent cali-

bration lack an uncertainty statement, and therefore are no metro-

logical calibrants. Second, MESF beads have minimum MESF

intensities that are order of magnitudes higher than that for EVs.

Therefore, fluorescence calibration in the EV range requires extrap-

olation. Third, MESF beads are bigger, larger, and scatter more

amount of light than EVs. This may lead to practical problems

regarding triggering strategies, especially in FCMs with a narrow

sample flow. Fourth, the fluorescence spectrum and intensity depend

on the chemical composition and environment and can differ between

MESF beads and EVs [40].

ABC beads are an alternative to MESF beads. ABC beads have a

known binding capacity for immunoglobulin and capture the used

conjugated antibody. Antibody capture is specific for one species and

binding properties may differ per isotype and clone.

When both MESF or ABC beads cannot be used, ERF beads can

be used. ERF beads have a broad emission spectrum but are less ac-

curate than MESF and ABC beads [40]. Furthermore, they can only be

used to standardize an FCM with the same spectral filters.

In sum, the fluorescent beads available for calibration lack un-

certainty statements and the specified properties are not expressed in

SI units. Moreover, the currently used beads are designed for cellular

analysis and are bigger and brighter than EVs, requiring extrapolation

for application in the EV range. In the previous section we discussed

calibration and now we will continue with demonstrating how cali-

bration improves data interpretation.
3.8 | Best practice in EV flow cytometry

To demonstrate how calibration improves data interpretation, we

have applied the best current practices to calibrate light scattering

and fluorescence signals of an FCM to a plasma sample stained with

CD61-APC to identify platelet-derived EVs.

Figure 4A shows the fluorescence vs light scattering intensity or

diameter of EVs in the stained plasma sample using arbitrary units and

standard units, respectively. In Figure 4A, 2 populations exceed the

fluorescence background noise, but it remains unclear which popula-

tion represents the stained EVs. After calibration (Figure 4B), it be-

comes clear that the size and fluorescence intensity of the brightest

population is typical for platelets, whereas the properties of the

dimmest population are typical of EVs. Assay controls are required to

confirm that the dimmest population are indeed EVs [46]. Further-

more, to achieve truly reproducible flow cytometry experiments,

standardized reporting of all experimental details, including sample

preparation, assay controls, calibration, and instrument settings,

should be applied [40]. Examples and software developed to perform

such fluorescence and light scattering calibrations can be found in the

recently published “Compendium of single extracellular vesicle flow

cytometry” [6,46,55,56].
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To enable comparison of EV concentration measurements among

FCMs, standardization is needed. The key to achieve standardization

is calibration. Currently, laboratories rely on polystyrene beads to

calibrate light scattering and fluorescence signals. However, these

beads lack uncertainty statements of the number concentration,

MESF intensity, and RI.

FCM calibration requires (1) traceably characterized RMs, ie, with

an uncertainty statement, so that calibrations are reliable and (2) RMs

that resemble physical properties of EVs to avoid data acquisition with

different settings. Sample volume calibration requires small and dim

beads with a traceably determined number concentration. For light

scattering calibrations the field needs traceably determined size and

RI measurements. Last, but not least, the beads used for fluorescence

calibration should be smaller and dimmer than the currently

commercially available MESF beads, and a traceable unit for fluores-

cence should be established. Dedicated EV RMs will be useful to

define the LoD of instruments more accurately, and to perform un-

certainty evaluations of FCMs, which help to improve data reliability

and comparability.

Once a robust infrastructure for EV FCM calibration is developed,

this would enable data comparability and reliable reference studies of

EV-type–specific concentrations in body fluids, such as blood plasma.

Such reference studies open the door to multicenter studies to

explore the real clinical biomarker potential and relevance of EVs.

Efforts are being undertaken to develop RMs mimicking EV

characteristics. A project focusing on the development of EV-tailored

RMs is 18HLT01 Metrological characterisation of microvesicles from

body fluids as non- invasive diagnostic biomarkers (METVES) II

(https://www.metves.eu). METVES II is a European metrology project

in which metrology institutes, academia, and companies collaborate to
standardize EV concentration measurements in clinical samples. The

project aims to develop RMs to calibrate flow rate, light scattering and

fluorescence of an FCM, and a blood plasma-based EV-containing

quality control sample to validate the developed RMs. Recently, the

first global interlaboratory comparison study that calibrated all as-

pects of 25 FCMs has been completed. The data are currently being

analyzed. Preliminary results confirm that full FCM calibration im-

proves comparability of EV concentration measurements, thus paving

the road to clinically relevant multicenter studies on EVs.
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