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making EVs more difficult to detect than cells. This technical mismatch together with
complexity of EV-containing fluids causes limitations and challenges with conduct-
ing, interpreting and reproducing EV FCM experiments. To address and overcome
these challenges, researchers from the International Society for Extracellular Vesicles
(ISEV), International Society for Advancement of Cytometry (ISAC), and the Inter-
national Society on Thrombosis and Haemostasis (ISTH) joined forces and initiated
the EV FCM working group.

To improve the interpretation, reporting, and reproducibility of future EV FCM
data, the EV FCM working group published an ISEV position manuscript outlin-
ing a framework of minimum information that should be reported about an FCM
experiment on single EVs (MIFlowCyt-EV). However, the framework contains lim-
ited background information. Therefore, the goal of this compendium is to provide
the background information necessary to design and conduct reproducible EV FCM
experiments. This compendium contains background information on EVs, the inter-
action between light and EVs, FCM hardware, experimental design and preanalytical
procedures, sample preparation, assay controls, instrument data acquisition and cali-
bration, EV characterization, and data reporting. Although this compendium focuses
on EVs, many concepts and explanations could also be applied to FCM detection of
other particles within the EV size range, such as bacteria, lipoprotein particles, milk
fat globules, and viruses.

KEYWORDS
calibration, extracellular vesicles, flow cytometry, microparticles, MIFlowCyt-EV, nanoparticles, standard-
ization

85U8017 SUOWILLOD BA 81D 3|geoljdde sy Ag peusenob ale sejoie VO ‘88N Jo se|n. Joj Ariqi78uljuQ /8|1 UO (SUORIPUOD-pUR-SWIBIW0D A8 1M A1 Ul |UO//SdNL) SUORIPUOD PUe SWB | 84} 88S *[£202/20/60] UO ARiqi8uljuo £8]IM ‘Pue(od UeIYd0D Aq 6622T 2/8|/200T OT/10p/Wwod"Ae | Arelq1jeuljuo//sdiy wioiy pepeojumod ‘2 ‘€202 ‘820£T002


mailto:M.H.M.Wauben@uu.nl
mailto:jnolan@scintillon.org
mailto:r.nieuwland@amsterdamumc.nl
mailto:e.vanderpol@amsterdamumc.nl

A MIFLowCYT-EV COMPANION .’ ISEV 30f70

2.4 Alternative flow cytometer implementations .. ... ........euueuentnetten ittt 33
2.4.1 FIOW CYLOIMELIY SOTTEIS .. v v vv vttt ettt et ettt et et e e et et et et et et et et et et et et e e e e ae e eaeanenes 33
2.4.2 Imaging flow CYLOIMETETS . ..« vttt ettt ettt et et et e e et e e e e e 34

2,421 8igNal PrOCESSINE ...t u ettt ettt ettt e e 34

2.4.3 Spectral flow CYLOMELETS .. ..ottt ettt ettt e ettt e e ettt e e e e 35

2.5 Flow cytometer characterization and calibration ..............oiui it 35

3 Experimental design and pre-analytical procedures .............c.ouiuiniiit it e 36

3.1 Experimental desigil ... ...ttt e 36

3.2 Pre-analytical procedures . ... ... ... . .o i e e 36
3.2.1 Ultracentrifugation ...........ouin it 37
3.2.2 Density gradient centrifiugation .. .. .......o.ouuee ottt 37
3.2.3 Size exclusion chromatographiy .. .........o.oiuin i e e 37
324 Ultrafiltration ... ... . 38

4 Sample PreParatiOn . ... .vuu ettt e et e e e e e e e e e e e e e e e e 38

4.1 Fluorescent StalNing ... ... ....o.iuouin ittt e 39

4.1.1 Immunofluorescence STAIMING . . ... v u ottt ettt ettt et e et e e e e et e e e 38
4.1.1.1 Direct and indirect immunofluorescence Staining .. ...........o.vuenuerenineineninenreneneneenenenenn. 39
4.1.1.2 Antibody alternatives .. .........o.ouutu ittt e 40
4.1.1.3 FIuorophore SEleCtion . ... .. ...ttt ettt 40
4.11.4 Types of fluorophiore .. ... .. . e 40
4115 Tandem dYes .. ...ttt e 41
4.1.1.6 New fluorophore developments for EVECM .. ... .ottt eeaes 41
4.1.1.7 Other fluorophore considerations ... ...........oiuiin ittt e 41

4.1.2 Generic fluorescent StalNIng . ... ....o.outu ittt e 42
4.1.2.1 Membrane and amine reactive dyes ........ ... e 42
4.1.2.2 Nucleic acid Stalns .. ....o. oo e 42

4.1.3 Genetic expression of flUOrescent Proteins .. ... .....eueeen e et ettt neneeenenenn. 42

4.2 StainIng PrOCEAUIE . ...\ttt ettt ettt et e e e e e 43
4.2.1 Staining conditions, considerations and procedure ........ ... ... e 43

4.2.1.1 Removal of staining reagent ag@regates ... .........o.vutuutn ettt 43

4.2.1.2 Estimation of EV concentration . ..............ouiuiiuiniititi i e 43

4.2.1.3 Titration of StainiNg FEAZEITS . ...t u vttt ettt ettt et ettt e et et et et et e e e a e e eae e eenenns 43

4.2.1.4 Optimization of incubation time and temMPerature ..............cueeeeneneeneneneenenrnennenenennenns 44

4.2.1.5 Reduction of unbound reagents .. .............oiuiniiit it e 44

4.3 Detection of stained EVs by flow cytometry ... ...t e 44

5 ASSAY CONLIOLS ...ttt et et et e e e 45

5.1 BUffer-only CONLIOLS .. ... nte ettt e e e ettt e e e e e e e 46
S.LIPIOCedUIe . ... 47

5.2 Buffer with reagents CONLIOLS ... .. ... .tn ittt ettt 47
5.21Procedure .. ... 47

5.3 Unstained CONLIOLS ... ..ot 47
531 Procedure ... ... 48

5.4 ISOLYPE CONLIOLS . .o .v ettt ettt et e et et et e et e e e e e e e e e e e e e e e 48
SALPIOCEAUIE ...ttt 48

5.5 Fluorescence-minus-one and single-stained cOntrols ................iuiuiitin it 48
55.1Procedure ... ... i 49

5.6 Procedural CONLIOlS .. ... ... . e 49
5.6.1PTOCEAUIE ...t 49

5.7 Serial dilution controls . ... ... . . 49
571Procedure .. ... 50

5.8 Detergent treatment CONLIOLS ... .. ... tu ittt ettt ettt et et 50
58I PIOCEdUIe . ..ot 51

6 Instrument data acquisition and calibration ........ ... o 51

6.1 Trigger detector and threshold ... ... .. . . e e 51
6.1.1 Selecting the trigger deteCtor(S) « ... v vut ettt ettt et e e e e 51
6.1.2 Selecting the trigger threshold ........ ... . i e 51

85UBD17 SUOWWOD BAER1D) 3|edl|dde au Aq paueA0B 88 S3PIe YO ‘88N JO S9N 404 Afeiq1 ] 8UIUO /|1 UO (SUOIPUOD-PUR-SLLBH WD A3 | IM Afe.q)1)BU1|UO//'SA1L) SUORIPUOD PUe SWS 1 8U3 39S *[£202/20/60] U0 ARiqi8ulluO /B |IM ‘PURiod 8LRI400D Aq 6622T 2/R1/200T 0T/I0p/W0o &S| im AReiq Ul juo//Sdny WOl pepeojumoq ‘g ‘€202 ‘8L0ETO0Z



4 0f70 .9 ISEV A MIFLowCyT-EV COMPANION

6.2 Sample volume determination and flow rate stability ......... ... i 53
6.2.1 Calibrated PUMP . ... e ettt et e ettt e e e 53

6.2.2 Counting beads .. ... ...t e 53

6.2.3 Determine sample volume weight . ... ... . 53

6.2.4 FLOW Tat@ SEIISOT .. e vt vttt ettt ettt et et e e e et e et e e e et e e e e e e e et et e e e e e e 54

6.3 Calibration ... ...ttt e e e 55
6.3.1 Fluorescence calibration ... ... ....o.uiu ottt e e 55

6.3.11 ProCedUIes .. ..ottt e e 55

6.3.1.2 LIMItations ... uut it e 57

6.3.1.3 Cross calibration using hard-dyed beads ....... ... . i 57

6.3.2 Light scatter calibration . ... ... ittt e e 57

6.3.2.1 ProCedULIE . ...ttt ittt et e e e e e e e 58

6.3.2.2 LIMItations . ... .et it e e 59

7 Extracellular vesicle characterization ..............oiuiin it e e 59
7.1 Diameter, surface area and volume approximation of extracellular vesicles ........... ... ... ... oo i 59
T0IProCedures . .. ...ttt e e e e e e 60

712 LIMITAtIONS .ottt e e e 60

7.2 Refractive index approximation of extracellular vesicles ... ....... ... .o i e 61
T.21Procedures . ...t e e 61

722 LIMItatiONS ..o ou et e 62

7.3 Antibody and antigen number approximation . ............o.eiu ittt e 62

8 Data TEPOTTING . . oottt et e 62
8.1 EV number CONCENTIAtiON .. ... .tutttt ettt ettt ettt e et e e e et et e et e e e e e e 62
8.2 EV Drightness . ..ottt e e 63
8.3 EV size distribution .. ... e e 63

L O35 T LU ) o) - 64
AcKNOWIEAGEMENLS . . ..ottt e e e e e e 64
RETEIENCES .ottt ettt et e e e e e e 65

1 | INTRODUCTION

Extracellular vesicles (EVs) are the generic term for particles naturally released from the cell that are delimited by a lipid bilayer
and cannot replicate (Théry et al., 2018). Consequently, EVs are present in fluids contacting cells. As cells and EVs interact
continuously, applications of EVs include liquid biopsy biomarkers, therapeutic agents, and quality monitoring of ecosystems and
food production (Biller et al., 2014; Cai et al., 2018; Khamsi, 2020; van der Pol et al., 2012). However, realization of EV applications
is challenging because (1) the subcellular size of EV's hampers their detection and characterization (van der Pol et al., 2014; van
der Pol et al., 2010; Vogel et al., 2021), and (2) EV's originating from different cell types co-exist with non-EV particles (Tian et al.,
2020). Flow cytometry (FCM) offers a multiparametric technology capable of identifying single EVs and measuring their cellular
origin.

Figure 1 shows that flow cytometers measure fluorescence and light scattering signals originating from thousands of single
particles per second in a fluid stream (Shapiro, 2003). At optimal conditions, particles flow one by one through the centre of one
or more focused laser beams. Next, the fluorescence and light scattering signals are collected, detected, processed by electronics
and stored on a computer. The fluorescence signals can be used together with fluorescent staining to confirm the presence and
quantify the number of biomolecules associated with EVs, including antigens and phospholipids (de Rond et al., 2019, 2018).
Knowledge on the presence of antigens is typically used to establish the cellular origin of EVs. The light scattering signals can be
used to derive the diameter and refractive index of EVs (de Rond et al., 2018; Konokhova et al., 2012; van der Pol et al., 2018). Per
identified EV population, FCM can further be used to derive the number concentration (van der Pol et al., 2018) of the particles
analyzed.

Most flow cytometers are designed to detect cells, which are larger than EVs. Whereas cells exceed the background noise,
signals originating from EVs partly overlap with the background noise, thereby making EVs more difficult to detect than cells.
This technical mismatch together with the complexity of EV-containing fluids causes limitations and subsequent challenges
with conducting, interpreting and reproducing EV FCM experiments. To address and overcome these challenges, researchers
from the International Society for Extracellular Vesicles (ISEV), International Society for Advancement of Cytometry (ISAC),
and the International Society on Thrombosis and Haemostasis (ISTH) joined forces and initiated the EV FCM working group
(www.evtlowcytometry.org).

85U8017 SUOWILLOD BA 81D 3|geoljdde sy Ag peusenob ale sejoie VO ‘88N Jo se|n. Joj Ariqi78uljuQ /8|1 UO (SUORIPUOD-pUR-SWIBIW0D A8 1M A1 Ul |UO//SdNL) SUORIPUOD PUe SWB | 84} 88S *[£202/20/60] UO ARiqi8uljuo £8]IM ‘Pue(od UeIYd0D Aq 6622T 2/8|/200T OT/10p/Wwod"Ae | Arelq1jeuljuo//sdiy wioiy pepeojumod ‘2 ‘€202 ‘820£T002


http://www.evflowcytometry.org

A MIFLowCyT-EV COMPANION .9 ISEV 50f 70

Sample flow

Sheath flow

o

BN

Laser(s) \ . / Detector(s)  Electronics Computer
— © — ‘)—P »

FIGURE 1  Schematic representation of a flow cytometer. Particles in a sample flow are hydrodynamically focused by a sheath flow and guided through
the center of one or more focused lasers. Fluorescence and light scattering signals from particles are detected, processed by electronics and stored on a
computer. Figure 7 shows a more detailed schematic of a flow cytometer.

While there are no gold standards for EV collection, handling, isolation, and detection, it has become clear that reporting all
experimental variables will allow a better degree of reproducibility. This insight led to the publication of comprehensive literature
on preanalytical variables to consider and report, such as the methodological guidelines to study EVs (Coumans et al., 2017), min-
imal information for studies of EV's (MISEV) (Létvall et al., 2014; Théry et al., 2018), and transparent reporting and centralizing
knowledge in EV research (EV-TRACK) (Van Deun et al., 2017). To improve the interpretation, reporting, and reproducibility
of future EV FCM data, the EV FCM working group published an ISEV position manuscript outlining a framework of mini-
mum information that should be reported about an FCM experiment on single EVs (MIFlowCyt-EV) (Welsh et al., 2020). As
MIFlowCyt-EV focuses on reporting, the framework contains limited background information. This compendium serves as a
companion to MIFlowCyt-EV to provide readers with background information and rationale for the elements within the report-
ing framework. The concepts covered in this current work, although EV-centric, will be applicable to FCM measurements of all
other particles within the EV size range.

This compendium starts with providing a background to EV's (Section 2.1), concepts around light (Section 2.2), and FCM hard-
ware (Section 2.3) that are required to understand later chapters. After the background chapter, the chapters follow the structure
of the MIFlowCyt-EV framework and cover experimental design (Section 3.1) and preanalytical procedures (Section 3.2), sample
preparation (Chapter 4), assay controls (Chapter 5), instrument data acquisition and calibration (Chapter 6), EV characterization
(Chapter 7), and data reporting (Chapter 8). In addition, Table 1 highlights the main differences between FCM experiments on
cells and EVs, Table 2 provides a list of frequent misconceptions, and Table 3 contains an index of terms and abbreviations used
throughout this compendium.

2 | BACKGROUND

This chapter contains background information on EV FCM and starts with providing a physical description of EVs and EV
samples (Section 2.1) and the interaction between light and EVs and other particles (Section 2.2). Next, the working principles
of FCM in general (Section 2.3) and of FCM sorters, imaging flow cytometers, and spectroscopic flow cytometers (Section 2.4)
are discussed.

2.1 | Extracellular vesicle samples
2.1.1 | Physicochemical properties of extracellular vesicles

By definition, an EV is a particle with a phospholipid membrane that is naturally released by a cell and does not contain a nucleus
(Théry et al., 2018). Figure 2(A) shows a schematic representation of an EV. The phospholipid membrane of an EV has a typical
thickness between 4 and 7 nm (Arraud et al.,, 2014; Lewis & Engelman, 1983; Mitra et al., 2004; Perissinotto et al., 2021), but
may be thicker due to the presence of proteins (Palviainen et al., 2020). To facilitate detection and characterization of EVs by
FCM, lipids and proteins present in or associated with the membrane can be fluorescently stained (Section 4.1). Depending on
the membrane composition, proteins can diffuse freely within the membrane (Vorselen et al., 2018). The membrane composition
also determines the membrane refractive index, which in turn affects how efficiently the membrane scatters light (Section 2.2.3.1).
Assuming that EVs and cells have a similar membrane composition, the refractive index of the membrane of EV's ranges from
1.40 to 1.52 (Ducharme et al., 1990; Horvath et al., 2003; Kienle et al., 2014; van Manen et al., 2008).
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TABLE 1 Main differences between flow cytometry (FCM) experiments on cells and extracellular vesicles (EVs). APC: allophycocyanin; CD: cluster of
differentiation; FSC: forward scattered light; PE: phycoerythrin; SSC: side scattered light

Chapter

3. Experimental
design &
pre-analytical
procedures

4. Sample
preparation

5. Assay controls

Topic

Fluorophore
selection

Fluorescent
staining

Sample washing

Buffer only
controls

Buffer with
reagents
controls

Unstained
controls

Isotype controls

Single-stained
controls

Procedural
controls

Serial dilution
controls

Cells

Cells have a large surface area,
express many different proteins
and have a large cytosolic
volume for intracellular
staining compared to EVs.
Therefore, it is feasible to detect
more than 40 markers
simultaneously.

In most cases the protein
expression is high enough that
modern flow cytometers can
detect most fluorophores.
Limitations in fluorophore
detection mainly arise when
larger fluorescent antibody
panels are being built where
there is significant spectral
overlap and marker abundance
needs to be accounted for.

When stained, cells are bright due
to expressing high numbers of
receptors, making it easy to
stain a known number of
receptors and remove unbound
dye.

Minor cell loss, because cells pellet
down efficiently.

Cells exceed background noise.

Antibody aggregates have signals
lower than cells.

Reagents do not affect the count
rate of cells

Non-specific binding to Fc
receptors

Spectral spill over

Staining methods require specific
processing steps after staining

Flow cytometer electronics are
typically designed to detect and
remove coincidence events.
While two or three events may
be coincidentally detected as
doublets or triplets, this can
usually be removed from
analyses using parameter
height, width, area
comparisons.

EVs

Multiple factors limit the
detection of multiple markers
on EVs. These include limited
surface area resulting in steric
hindrance and flow cytometers
typically having only 2-3
detectors capable of detecting
<10 copies of a fluorophore.

EV detection using FCM requires
the use of the brightest possible
fluorophores, for example, PE,
APC

Due to limited numbers of
receptors, stained EVs are dim,
which hampers the detection of
all EVs in a sample as well as
antibody titration. In addition,
the removal of unbound
reagents typically results in
dilution and loss of EVs and
therefore is difficult,
particularly for
high-throughput scenarios.

EVs may be discarded, because
EVs are small and do not pellet
down efficiently.

EVs are close to and below the
background noise.

Antibody aggregates may have
signals similar to EVs.

Reagents may affect the count rate
of EVs

Non-specific binding to Fc
receptors

Spectral spill over

Staining methods require specific
processing steps after staining

Multiple (hundreds or more) EVs
may be artefactually counted as
one event (swarm detection)

(Continues)
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TABLE 1 (Continued)

SISEV Lo~

Chapter Topic Cells EVs
Detergent N/A Unclear whether detected
treatment particles are envisioned EV's or
controls other particles
6. Instrument data FSC vs. SSC Cells scatter majority of light in EV light scatter becomes more
acquisition and FSC direction. FSC is often isotropic as they become
calibration used to determine relative size smaller. FSC is less sensitive to
while SSC is a means of resolve EVs than SSC on the
determining relative granularity majority of flow cytometers and
of cells. SSC can be used in combination
with Mie modelling to
approximate the EV diameter.
Trigger Cells scatter the majority of light EVs are not fully detectable by
channel(s) in FSC direction and exceed the flow cytometers. The best
and thresholds limit of detection. The FSC trigger channel and threshold
threshold is sufficient for for the maximum signal to
majority of cell applications noise ratio will depend upon
the assay and will likely be an
SSC or fluorescent trigger.
Flow Flow rate is generally not a Flow rate should be carefully
rate/volumetric concern for typically cellular considered for EV analysis and
quantification analysis given that the input the impact of changing the flow
material is typically a diluted to rate to the sensitivity should be
a set concentration for staining assessed. In many cases
for example,10° cells/ml increasing the flow rate can
decrease the sensitivity and
increase the signal variation.
Fluorescence Fluorescence calibration was Fluorescence calibration is
calibration developed to help determine required to determine
lymphocyte epitope abundance, instrument sensitivity and
for example, CD4 epitopes enable comparisons across
platforms with difference limits
of detection. Fluorescence
calibration is also used for EV
characterization, such as
epitope abundance.
Light scatter Light scatter calibration not Light scatter calibration is
calibration required due to the ease of required to determine

cellular detection on
commercial cytometers.

instrument sensitivity and
enable comparisons across

platforms with difference limits
of detection. Light scatter
calibration is also used for EV
characterization, such as
diameter or refractive index
approximation.

EVs contain an intraluminal region, composed of water and proteins, along with other biomolecules, including DNA, ions,
lipids, and RNA. Comparable to the membrane, EV cargo can also be fluorescently labelled. The cargo of an EV determines its
luminal refractive index, which in turn affect how efficiently the intravesicular lumen scatters light (Section 2.2.3.1). Assuming
that the lumen of cells and EV's have a similar chemical composition, the refractive index of the lumen of EVs ranges from 1.34
to 1.42 (Brunsting & Mullaney, 1974; Curl et al., 2005; Ghosh et al., 2006; Maltsev et al., 2011; Valkenburg & Woldringh, 1984; van
Manen et al., 2008). The relation between the refractive index distribution of an EV and the intensity of scattered light will be
detailed in Section 2.2.3.4.

EVs are smaller than their cell of origin and therefore the size of EVs is an important property in differentiating EVs from
cells. Size distributions of EVs have three general properties. First, EVs are polydisperse, meaning that EVs differ in size. Most
fluids probably have a continuum of EV sizes that range from the smallest EVs to the smallest cells. Second, EVs have a minimum
size depending on their composition. As a reference, the smallest EVs in human blood plasma have a diameter between 30 and
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TABLE 2  List of frequent misconceptions regarding flow cytometry (FCM) experiments on extracellular vesicles (EVs). S/N: signal to noise ratio; RI:
refractive index

Misconception

Flow cytometers detect the entire
size range of EVs

Flow cytometers are incapable of
detecting EVs smaller than the
wavelength of light

The shortest illumination
wavelength will provide the
best EV light scatter sensitivity

The scatter intensity of a
polystyrene or silica bead is
equivalent to a similar-sized E

Using high-speed and
ultracentrifugation steps to
isolate and concentrate EVs of
different size (e.g.,

Background and good practice

The dynamic range of flow cytometers allows detection of a limited size range
only. The concentration of EVs should therefore be reported with the dynamic
range of the detector(s) in standardized, comparable units. See section 2.1 for
more information.

Particles with smaller dimensions than the wavelength of light do scatter light and
may emit fluorescence, which can be detected with a flow cytometer if the
signal exceeds the background noise.

While particles scatter light more efficiently at shorter illumination wavelengths,
the detection of light has many variables that depend on the wavelength, such
as the noise characteristics and quantum efficiency of the detector, the
transparency of the flow cell, and the presence of stray light. The S/N
determines which illumination wavelength results in the highest sensitivity. See
section 2.3.2.2 for more information.

Light is scattered differently by particles with different refractive indices. Particles
with higher refractive indices scatter more light. At an illumination wavelength
of 488 nm, polystyrene (RI = 1.605) scatters light more efficiently than silica
(RI & 1.45), which scatters light more efficiently than EV's (RI = 1.40). See
Sections 2.2.3 and 6.3.2 for more information.

For many samples and staining procedures, it is not required to use high-speed
and ultracentrifugation steps to isolate and concentrate EVs upon FCM
analysis. When the EV concentration is too low to provide statistically
significant results, EVs should be concentrated. When the staining procedures

microvesicles and exosomes)
upon FCM analyses

introduce non-EV particles that could be artifactually detected as EVs, such as
micelles, EV samples require purification.

50 nm (Arraud et al,, 2014; Brisson et al., 2017). Third, the size distribution of EV's typically has a maximum below 200 nm, which
implies that above 200 nm the concentration of EVs decreases with increasing diameter. In human blood plasma, determination
of EV morphology and size by cryo-electron microscopy (cryo-EM) indicates that more than 95% of the EVs are spherical and
smaller than 500 nm, whereas rare, larger EVs can have a tubular shape (Arraud et al., 2014).

Figure 2(B) shows an estimate of the size distribution of EV's (solid line) in plasma from healthy individuals based on cryo-
EM and FCM data (Arraud et al,, 2014; Gasecka et al., 2020). Although the actual size distribution of EVs may differ from the
size distribution in Figure 2(B), the estimated size distribution is useful to explain the challenges involved in the detection of
EVs by FCM. Like other optical instruments, flow cytometers have a lower and upper limit of detection (LoD; Section 2.3.3.5)
for each measured signal and for the measured concentration. The lower and upper LoD of the detectors define the smallest
and largest signals that can be detected, and thus determine the size range of EVs that can be characterized. Due to the broad
size distribution of EVs, the lower LoD will define the detected concentration of EVs. For example, a theoretical lower LoD
of three different FCMs is shown in Figure 2(B). The lower LoD corresponds to EVs with a diameter of 110 nm, 250 nm, or
580 nm, and allow for the detection of 71%, 20%, and 1% of all EVs, respectively. In this example, the total concentration is
3-10° EVs per ml.

Differences between flow cytometer LoDs partially explain why the reported concentrations of EVs originating from the same
biological samples can differ by orders of magnitude (Gasecka et al., 2017). Recent reports of measured EV concentrations are
higher than those in older literature, probably due to the development of more sensitive assays and flow cytometers (Berckmans
et al,, 2019; Gasecka et al., 2017). To enable reproducible measurements of EV concentrations, the MIFlowCyt-EV framework
recommends to report LoD in standard units (Welsh et al., 2020). In reality, however, the lower LoD is not an infinitely narrow
line but a complex function depending on the background signal and efficiency of the detector (de Rond et al., 2020). Moreover,
the LoD expressed in terms of EV diameter also depends on the refractive index distribution of EVs. Therefore, metrologically
sound procedures to determine the LoD need to be developed, validated and introduced to the field.

Figure 2(C) shows the same EV size distribution as in Figure 2(B), but with a logarithmic vertical scale. Whereas in Figure 2(B)
the EVs larger than 600 nm seem absent, Figure 2(C) shows that EVs larger than 600 nm are present, and that the EV concen-
tration decreases several orders of magnitude with increasing diameter of EVs. Many flow cytometers have the capacity to detect
the upper range of the EV size distribution, and due to the power-law nature of the distribution of EVs, these instruments will
measure a significantly lower concentration compared to more sensitive flow cytometers.

As most EVs are approximately spherical, geometry can be used to estimate the surface area and volume of an EV from the
measured diameter. The surface area of EVs determine (1) the number of lipids and proteins present in the membrane, and
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TABLE 3  List of terms and abbreviations used throughout the compendium. The meanings are not definitions but should be placed in the context of flow
cytometry experiments on extracellular vesicles

Term used in Abbreviation or

manuscript symbol Section(s) Synonyms Meaning

Absorption spectrum e(d) 2.221-2.222 Fraction of incident light that is
absorbed as a function of wavelength.

Allophycocyanin APC DML Protein isolated from red algae that
exhibits fluorescence.

Amplitude (of a 221 Measure of the change of wave in a

wave) single period.

Analog to digital ADC 2331 System that digitizes an analogue input

converter signal, such as a current or voltage, by
scaling it onto an axis with a fixed
number of equally sized bins, which
are called channel numbers.

Angular scattering 2234 Phase function Distribution of the light scattering

distribution (of intensity as a function of the
light) scattering angle.

Antibody bead ABC 2221 Beads bearing calibrated numbers of

capture immunoglobulin binding molecules.

Antibody staining 4.214,5.4,541, Antibody labeling, Staining of antigens at the surface of EVs
5.5.1 Immunostaining, or cells with antibodies conjugated to

immunofluorescence staining fluorophores.

Antibodies 41 Reagent generally used to detect
presence of specific protein epitopes.

Antigen-binding Fab 411 Fragment of an antibody containing the

fragment antigen binding sites.

Aptamers 4112 Oligonucleotide or peptide molecules
that specifically bind to a molecular
target, such as antigens.

Area (of a pulse) 2333 Area under the curve of a signal pulse
after baseline restoration [arb. unit].
See also Pulse statistics.

Arbitrary units arb. Unit 2.2.3.2,23.31, Relative unit of measurement that serves
2.3.3.2,2.3.3.5, to compare multiple measurements
2.5,6.3,6.3.1, performed in a similar environment.
6.3.1.1

Assay controls 212,31,4.3,5, Control experiments aiming to confirm
5.6.1 that the detected signals originate

from the intended particles.

Autofluorescence 222 Natural, intrinsic emission of light by a
particle after absorbing light in the
absence of fluorophores.

Avalanche APD 2323 Light detector made of a semiconductor

photodiode that exploits the photoelectric effect to
convert light into electricity.

Background noise 2.3.3.2,4.3,5.1,6.1, Unwanted offset and fluctuation of a
6.1.2 signal measured in the absence of a

particle and associated with
electronic, fluidic, and optical noise.

Brightness (of an 8.2 Measured fluorescence or light

extracellular scattering intensity associated with an
vesicle) extracellular vesicle.

Brightness (of a B 2221 Efficiency of a fluorophore to emit light

fluorophore) upon illumination [m~! - M~1]

Buffer with reagents 52,612 Assay control wherein fluorescent

controls

staining reagents in buffer are
measured to quantify the contribution
of unbound reagents to the total
counts of particles in a sample.

(Continues)
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TABLE 3 (Continued)

Term used in
manuscript

Buffer-only controls

Calibration

Charges

Coincidence
(detection)

Collisional
quenching

Density gradient
centrifugation

Detergent treatment
controls

Dynamic range

Dynamic quenching

Electronic abort

Electronic noise

Electronics

Electromagnetic
radiation

A MIFLowCyT-EV COMPANION

Abbreviation or
symbol

Section(s)

5.1,6.1.2

263, 0.3, 632

221,223

2334

2222

322

5.8

20335 255 @)L,
6.3.1

2222

2.3.3.3

2332

221

Synonyms

Electromagnetic wave

Meaning

Assay control wherein the dilution
buffer is measured to confirm that the
buffer and flow cytometer are clean
and to quantify the contribution of
background noise.

Measurement of a reference material
that can be used to relate the arbitrary
units of measurement to standard
units, preferably with a known
uncertainty.

Electric charges, such as the electrons
and protons of a molecule.

Stochastic process during which two or a
few particles are simultaneously
illuminated and detected.

Type of dynamic quenching, wherein an
excited donor molecule experiences
contact with an acceptor molecule
that facilitates non-radiative
transitions to the ground state.

See also Dynamic quenching.

Method to purify extracellular vesicles
that follows the principle of
sedimentation by centrifugal force,
where particle separation is based on
differences in density.

Assay control to differentiate
detergent-sensitive
membrane-enclosed particles, such as
extracellular vesicles, from
detergent-resistant particles.

Ratio between the upper and lower limit
of detection.

Type of quenching, wherein a donor
molecule absorbs a photon and
becomes excited, but in contrast to
fluorescence the donor molecule
transfers the energy to an acceptor
molecule and therefore relaxes to the
ground state without emission of a
photon. See also Quenching.

Method of a flow cytometer to abort and
register coincidence events.

Unwanted offset and fluctuation of a
signal associated to the electronics,
typically originating from dark
current of the detector and thermal
noise.

One of the three basis systems of a flow
cytometer, responsible for processing
the electronic signals originating from
the detectors. See also Fluidics and
Optics.

Waves made up by coupled oscillations
of electric and magnetic fields
originating from accelerating or
oscillating charges, such as the
electrons and protons of a molecule.

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or

manuscript symbol
Effective refractive

index
Effective scattering [ofo)

cross section

Emission spectrum

Event (signal)

Extracellular vesicle EV
Flow cell
Flow cytometry FCM
Flow cytometry

sorters

Fluidics noise

Fluidics (of a flow
cytometer)

Fluorescein FITC
isothiocyanate

Fluorescence

Fluorescence FRET
resonance energy
transfer

Fluorescence lifetime

Section(s)

2231

IS

22.22,4113

2:3:32)

2.1

PASRINPACH] ]

1,23

2.3.11,2.41

2.2.2.1

2222

22 ony 2o P2

Synonyms

Solid particle equivalent refractive

index

Traditional flow cytometry

dISEV 1=

Meaning

Refractive index of a solid particle,
which scatters the same amount of
light as a similar-sized particle having
a non-homogeneously distributed
refractive index

Hypothetical area [m?] of a particle that
incoming light must impinge in order
to be scattered towards a lens with
solid collection angle Q. See also
Scattering cross section.

Relative fraction of incident light that is
emitted by a fluorescence substance as
a function of wavelength.

Occurrence during which a signal
exceeds the trigger threshold and is
statistically characterized and
registered by the electronics.

Particle with a phospholipid membrane
that is naturally released by a cell and
does not contain a functional nucleus.

Transparent cell that allows a liquid
sample to flow through one or more
laser beams.

Technology used to measure
fluorescence and light scattering
signals from single particles that are
flowing through a focused light
source, most commonly a laser beam.

Flow cytometer capable of sorting single
particles in a liquid based on the
measured fluorescence and light
scattering signals. See also flow
cytometry.

Unwanted offset and fluctuation of a
signal associated to the fluidics,
typically originating from particles in
the sheath fluid.

One of the three basis systems of a flow
cytometer, responsible for sample
delivery and sample positioning at the
laser intercept, and optionally for
sorting of particles after detection. See
also Electronics and Optics.

Fluorescent compound.

Emission of light by a molecule after
absorbing light.

Type of resonance energy transfer,
wherein the energy of an excited
donor molecule is transferred from
the donor to the acceptor, followed by
the emission of photon. See also
Resonance energy transfer.

Average time a molecule stays in the
excited state before emitting a photon.

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or

manuscript symbol Section(s) Synonyms Meaning

Fluorescence-minus- 5.5 Assay control to determine the
one background fluorescence level in the
controls absence of a fluorescent antibody

conjugate, which is helpful to
determine the fluorescence gate that
differentiates between stained
particles and unstained particles.

Fluorescent antibody 411 Antibody Antibody conjugated with one or more
conjugate fluorophores.
Fluorescent stain Fluorescent dye, label, marker, Fluorophores covalently bonded to a
probe, reporter, stain, tag macromolecule, which in turn can
bind to particles in a sample.
Fluorescent staining 2.11,4.1,4.12 Fluorescent labelling, probing, Procedure to make particles fluorescent

staining, tagging

by adding a fluorescent staining
reagent to a sample, which allows for
the phenotypic analysis of particles
through identification of specific
components, such as lipids, proteins,
DNA and RNA.

Fluorophore 2.1.1,2.2.2,2.3.2.2, Fluorochrome Chemical compound that exhibits
2.3.2.3,24.3, fluorescence.
41,4.1.1,6.3.1.1

Fluorophore to F/P 411 Ratio of the number of fluorophores

protein ratio bound to a protein, typically an
antibody.

Forster resonance 2222 See Fluorescence resonance energy

energy transfer transfer.

Frequency of light f 221 Oscillation frequency [Hz] of an
electromagnetic wave.

Height (of a pulse) 2333 Peak Amplitude of a signal pulse, typically
after baseline restoration [arb. unit].
See also Pulse statistics.

Imaging flow 242 Technology used to image fluorescence

cytometry and light scattering signals from
single particles that are flowing
through a focused light source onto
an array of detectors.

Immunoglobulin G IgG 2.1.1 Most common type of antibody found in
the human blood circulation.

Interrogation point 231,57 Volume where the sample flow is
illuminated by the laser beam.

Irradiance (of light) E 2232 Power of light per unit area [W - m~2].
See also Power.

Isotype controls 5.4 Assay control, in which isotype control
antibodies with a Fab region that
recognizes irrelevant antigens are
used to quantify the contribution of
antibodies that do not bind via
antibody-antigen interaction but to Fc
receptors.

Isotype specific Fc 2.1.1,4.1.1 Fragment of an antibody that binds to

fragment isotype-specific Fc receptors and that
is identical in all antibodies of the
same isotype.

Laser power 2322 Amount of energy that a laser emits per

second [W].

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or
manuscript symbol

Jablonski diagram

Jet-in-air

Light
Light scattering

Limit of detection LoD

Lipoprotein particles
Median fluorescence MFI

intensity

Metrologically
traceable

Mie theory

Milk fat globules

Molar extinction €
coefficient

Molecules of MESF
equivalent soluble
fluorochrome

Nanobody

Nanoparticle

Nanoparticle tracking NTA
analysis

Non-EV particle

Nucleic acid stains

Section(s)

222,223

PASHINI

2317
4.3

2:2:3.116:2:2

2234

217
2.2.2.1

43

4112

2.4.2

Synonyms

Detection limit

Single-domain antibody

RNA, DNA stain

dISEV >

Meaning

Diagram illustrating the levels of the
energy states of a molecule and the
transitions between them.

Fluid stream that is injected into open
air by a nozzle and wherein particles
are directly illuminated and detected.

See Electromagnetic radiation.

Instantaneous re-emission and
redirection of light by an illuminated
object

Lowest signal that can be differentiated
from the background noise with a
sufficient degree of statistical
significance.

Frequently used statistic to describe the
fluorescence intensity distribution of a
particle population.

Type of measurement or specification,
wherein the measured or reported
quantity values are related to a known
reference through a chain of
well-documented calibrations, each
contributing to the measurement
uncertainty (Joint Committee for
Guides in Metrology (JGCM) 2012).

Lorenz—Mie-Debye solution of
Maxwell’s equations, which describes
the scattering of an electromagnetic
plane wave by a homogeneous sphere,
a core-shell particle, or an infinite
cylinder.

Hypothetical area named the absorption
cross section, which defines the
fraction of incoming light that is
absorbed by a mol of fluorophore
[m? - mol™!]. The units are also
expressed as [m~! - M71].

Standard unit of fluorescence intensity,
wherein 1 unit of MESF equals the
fluorescence intensity of 1 unbound
fluorochrome in solution under the
same environmental conditions as the
flow cytometry experiment.

Fragments of camelid antibodies that
contain only a part of the Fab region.

Particle with a diameter between 1 and
100 nm.

Optical technology to measure the size
distribution of particles in solution by
tracking their Brownian motion.

Particle not being an extracellular
vesicle.

Fluorescent reagents that bind to nucleic
acids in DNA and/or RNA.

(Continues)
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TABLE 3 (Continued)

Term used in

manuscript symbol
Number

concentration
Numerical aperture NA

Optical noise

Optical signals

Optics (of a flow
cytometer)

Paul Karl Horan dye PKH dye

Phospholipid
membrane

Phosphate buffered PBS
saline

Photon

Photobleaching

Photodiode

Photon saturation

Photomultiplier tube

Phycoerythrin BE}

Polarization (of a
wave)

Power (of light) P

Abbreviation or

Section(s)

1,81

2323

2332

DAV NSS!

232

4.1.2.1

222220l 2:35 L

2.21,2.2.2,2221,
2.3.2.3

2223

2323

RS

2323

221

IS

Synonyms

Concentration

Phospholipid bilayer, lipid bilayer

Meaning

The number of particles per volume of
liquid [mL™].

Dimensionless number that
characterizes the solid angle over
which a lens can collect or emit light.

Unwanted offset and fluctuation of a
signal associated to the optics,
typically originating from black body
radiation, fluorescence and Raman
scattering of the buffer and/or sheath
fluid, and stray light.

Fluorescence and light scattering signals
originating from illuminated particles.

One of the three basis systems of a flow
cytometer, responsible for
illuminating particles and collecting
and propagating optical signals
generated by the particle towards the
fluorescence and light scatter
detectors. See also Electronics and
Fluidics.

Type of generic fluorescent stain that
labels lipids.

4 nm to 7 nm thick membrane made of
two layers of lipid molecules

Buffer solution commonly used in
biological research containing
disodium hydrogen phosphate,
sodium chloride, potassium chloride
and potassium dihydrogen phosphate.

Massless particle and smallest amount,
also called quantum, of
electromagnetic radiation.

Irreversible modification of the chemical
structure of a fluorophore by light,
which renders the fluorophore
non-fluorescent.

Light detector that converts light into an
electric current without intrinsic
amplification.

State of an illuminated fluorophore,
wherein the frequency of the
absorption and emission cycles is
determined by the fluorescence
lifetime, thereby limiting the emitted
fluorescence intensity.

Light detector that multiplies the electric
current produced by incident light in
multiple dynode stages

Protein isolated from red algae that
exhibits fluorescence.

Geometric orientation of the oscillations
of the field components of a wave.

Amount of energy that light transfers
per second [W].

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or
manuscript symbol

Pre-analytical
procedures

Pre-analytical

variables

Procedural controls

Propagation direction
(of a wave)

Pulse statistics

Quantum dot QD

Quantum yield

Quenching

Rainbow beads

Rayleigh scattering

Reference material

Reference particles

Refractive index n

Resistive pulse RPS
sensing

Resolution

Section(s) Synonyms
3.2

3.2

5.6

221

2333 Summary statistics

4.1.1.4

2221

2.2.2.2,55,55.1

6.3.1.3

PSS

2.5

2.2.31,2.2.3.4,6.2 Beads

2.1.1,2.2.31

4212

2335

dISEV =

Meaning

Procedures that may affect a sample
before the measurement, including
collection, handling, storing and
processing of a sample.

Variables involved in the procedures that
may affect a sample before the
measurement.

Assay control to identify potential
artifacts due to the combination of
certain reagents and EV purification
methods.

Direction where a wave is moving
towards.

Statistical summary of the signal pulse
generated during an event, such as the
area, height and width of a pulse.

Nanocrystals of a fluorescent
semiconductor material that typically
range 10-20 nm in diameter.

Ratio between the number of emitted
photons and the number of absorbed
photons.

Process induced by molecular
interactions between a fluorophore
and a surrounding molecule that
decreases the quantum yield of a
fluorophore.

Mixture of hard-dyed beads
impregnated with multiple
fluorophores that excite and emit
across the full spectral range used in
flow cytometry.

Scattering of light by particles that are
smaller than ~1/10 the illumination
wavelength.

Sufficiently homogeneous and stable
material with specified properties that
can be used to perform a calibration,
that is, to relate the arbitrary units of
measurement to standard units.

Type of reference material that contains
homogeneous particles with specified
properties, such as the fluorescence
brightness, number concentration,
mean diameter and/or refractive
index, in solution.

Physical property of a material, defined
as the speed of light in vacuum
relative to that in the material.

Technology to measure the
concentration and size distribution of
particles in solution based on the
Coulter principle (Cimorelli et al.,
2021; Coumans et al., 2014).

Ability to distinguish two different
signal levels.

(Continues)
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TABLE 3 (Continued)

Term used in
manuscript

Resonance energy
transfer

Sample flow

Scattering cross
section

Self-quenching

Sensitivity

Serial dilution
controls

Sheath flow

Shot noise

Signal to noise ratio

Single-stained
controls

Size distribution

Size-exclusion
chromatography

Spectral flow
cytometry

A MIFLowCyT-EV COMPANION

Abbreviation or
symbol

Os

SIN

SEC

Section(s)

2.2.2.2

2232

R

2.1.1,2.2.2.3,
2.3.2.2,23.2.3,
24.1,2.4.2,25,
3.2.1,4.3,511,
521,612,631,
6.3.2,8.1

5.7

2.3.3.2

23.2.3

2.11,4.3,63.22,
71,83

3.2.3

2.4.3

Synonyms

Core stream

Photon noise, Poisson noise

Particle size distribution

Meaning

Type of dynamic quenching, wherein
the energy of an excited donor
molecule is transferred from the
donor to the acceptor, followed by
either non-radiative transition to the
ground state or emission of photon.
See also Dynamic quenching.

Laminar flow containing the sample,
which is typically injected into the
sheath flow and hydrodynamically
focused into the flow cell of a flow
cytometer.

Hypothetical area [m?] of a particle that
incoming light must impinge in order
to be scattered, thereby determining
how efficiently a particle scatters light.

Type of resonance energy transfer,
wherein the energy of an excited
donor molecule is transferred to the
same type of donor molecule,
followed by a non-radiative transition.
See also Resonance energy transfer.

Ability to detect weak signals, such as the
ability to detect extracellular vesicles.

Assay control aiming to finding the
lowest sample dilution and highest
count rate without the occurrence of
swarm detection.

Main laminar flow of liquid, typically
water or phosphate buffered saline,
running through the flow cell of a
flow cytometer.

Randomness of electronic and optical
signals originating from the discrete
nature of light (photons) and
electricity (electrons).

Ratio of the level of a signal to the level
of the background noise.

Assay control, wherein a sample is
measured in the presence of one
fluorescent staining reagent to validate
the compensation of spectral spillover
and to identify potential confounding
factors from fluorescent staining.

Relative number or relative number
concentration of particle sizes present
in a sample.

Chromatography method to fractionate
particles in solution based on size.

Technology used to measure light
scattering signals and the emission
spectrum of fluorescence signals from
single particles that are flowing
through a focused light source.

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or
manuscript symbol

Spectral spillover

Spectral unmixing

Speed of light c

Standard units

Static quenching

Swarm detection

Time delay TDI-CCD
integration
charge-coupled
devices

Total scattering cross @
section

Trigger threshold

Ultracentrifugation

Ultrafiltration

Section(s)

4.1.1.3,5.5,5.5.1

2.4.3

221

211l 2222k,
2.3.3.5,2.5,6.12,
6.3,63.2.2,8

2222

2.3.3.4,5.7

2.4.2

223.2,2234

2.3.3.2,511,5.21,

6.1

3.21

324

Synonyms

dISEV L~

Meaning

Fluorescence light emitted by one type
of fluorophore is picked up by the
detector associated with the detection
of another type of fluorophore,
because the two different types of
fluorophores have an overlapping
emission spectrum.

Mathematical procedure in which a
measured emission spectrum,
consisting of a mixture of overlapping
spectra originating from different
types of fluorophores, is decomposed
into the spectra of the individual
types of fluorophores.

Universal physical constant that is equal
1029810 ms~".

Standardized units used for consistent
measurement, such as the number of
fluorescent molecules, the number of
photons, the meter, and cubic meters.

Type of quenching, wherein a donor
molecule forms a non-fluorescent
complex with an acceptor molecule in
the ground state, which typically
results in a change of the absorption
spectrum of the donor molecule. See
also Quenching.

Special form of coincidence detection,
wherein multiple (hundreds or more)
particles at or below the lower limit of
detection are continuously and
simultaneously illuminated and
artefactually detected as single
particles.

Array of detectors designed to follow
moving objects throughout the entire
field-of-view before reading out the
signals, which gives the ability to
detect moving objects at low light
intensities.

Hypothetical area [m?] of a particle that
incoming light must impinge in order
to be scattered into all directions. See
also Scattering cross section.

A predefined threshold filtering the
signal of one or more detectors in
order to record only those events
whose signals exceed the threshold.

Method to concentrate extracellular
vesicles that follows the principle of
sedimentation by centrifugal force,
where particle separation is based on
differences in size and density.

Method to fractionate particles in
solution by size using a filter with
pore sizes targeting proteins.

(Continues)
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TABLE 3 (Continued)

Term used in Abbreviation or
manuscript symbol Section(s) Synonyms Meaning

Unbound reagents 3.1,3.2.4,4.2.15, Particles from a fluorescent staining
5.2 reagent, such as proteins and
fluorophores, that did not interact
with EVs during fluorescent staining
or reagents added prior to staining.

Unstained controls 53,6.1.2 Assay control wherein a diluted sample
is measured to determine the
fluorescence level of unstained
particles and to provide a reference
for the number of events detected
without reagents.

Wavelength A 2.21,2322 Distance over which the shape of a wave
repeats.

Width (of a pulse) 2333 Time interval during which a signal
exceeds the trigger threshold
[arb. unit]. See also Pulse statistics.

(2) the number of fluorophores that can be stained per EV using fluorescent staining. Figure 2(D) shows an estimate of the
number of integrin ally3; (CD41/CD61), the most abundant platelet receptor, P-selectin (CD62P), a receptor reflecting platelet
secretion, and isotype-specific receptors (Fc) of immunoglobulin G (IgG) per EV versus the diameter of EVs in blood plasma.
Assuming a constant number of receptors per surface area, the number of receptors increases quadratically with the diameter
of EVs. Figure 2(D) also shows a lower LoD corresponding to the detection of 100 phycoerythrin (PE) molecules, which would
allow the detection of EVs with (1) a diameter >110 nm when stained with alI 3, (2) a diameter >250 nm when stained with
P-selectin, and (3) a diameter >580 nm when stained with IgG-Fc. Thus, the smallest detectable diameter of EVs does not only
depend on the sensitivity of the flow cytometer, but also on the properties of EVs, such as the density of antigens.

2.1.2 | Extracellular vesicle environment

In an EV FCM experiment, the environment of EV's is predominantly water (Figure 2A), which has a refractive index between
1.33 and 1.35 for illumination wavelengths typically used in FCM (Section 2.2.1). The environment of EVs may contain non-EV
particles, DNA, ions, proteins, and RNA. Especially non-EV particles, such as lipoprotein particles and milk fat globules (de
Rond et al., 2019; van der Pol et al., 2018; van Herwijnen et al., 2016), may overlap with EVs in size and density and even form
complexes (Sddar et al., 2016), thereby making it impossible to isolate (Section 3.1) or discriminate all EVs from non-EV particles.

Although individual particles smaller than EVs, including DNA, soluble molecules, proteins, and RNA are generally below the
lower LoD of flow cytometers, they can still affect EV detection by (1) interacting with and binding to EVs, (2) forming aggregates,
or (3) increasing the background noise level. The presence of particles with properties overlapping with EVs emphasizes the need
for (1) assay controls (Chapter 5) to confirm that detected signals indeed originate from EVs, (2) a pan-EV marker specifically
staining all and only EVs (de Rond et al., 2019; de Rond et al., 2018), and (3) isolation methods with 100% recovery of exclusively
EVs. Assay controls for EV FCM experiment are well-established, but currently neither a pan-EV marker nor a perfect isolation
method exist.

To exemplify how non-EV particles may interfere with detection of EVs, Figure 2(B) shows the overlap in size distributions
between lipoprotein particles and EVs. As reliable reference intervals for lipoprotein particle concentrations or EV concentra-
tions in blood plasma do not yet exist, the concentrations are an order of magnitude approximation. For reference, the total
concentration of lipoprotein particles is in the order of 210'® particles per ml (Jeyarajah et al., 2006).

Figure 2(C) illustrates that for EV size distribution in blood plasma, the concentration of lipoprotein particles rapidly increases
with decreasing diameter (Kuchinskiene & Carlson, 1982; Matyus et al., 2015). Current knowledge suggests that the total EV
concentration in plasma is orders of magnitude lower than the concentration of lipoprotein particles, particularly lipoprotein
particles with a diameter <100 nm. Thus, EVs in blood plasma are outnumbered by lipoprotein particles. Consequently, the
smaller the particles a flow cytometer can detect, the higher the ratio of detected lipoprotein particles to EVs. As most EV samples
are a complex mixture of components that often outnumber the EVs, assay controls (Chapter 5) are essential to confirm that the
detected signals indeed originate from EVs.
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FIGURE 2  Physicochemical properties of extracellular vesicles (EVs) and their environment affecting flow cytometry measurements. (A) Schematic of an
EV, which contains a lumen enclosed by a phospholipid membrane. The phospholipid membrane contains lipids and proteins, has a presumed refractive index
(RI) of 1.40-1.52 (Ducharme et al., 1990; Horvath et al., 2003; Kienle et al., 2014; van Manen et al., 2008), and has a thickness of 4 nm or more depending on its
composition (Arraud et al., 2014; Lewis & Engelman, 1983; Mitra et al., 2004). The lumen may contain DNA, lipids, organelles, proteins, RNA, and soluble
molecules and has a presumed RI of 1.34-142 (Brunsting & Mullaney, 1974; Curl et al., 2005; Ghosh et al., 2006; Maltsev et al., 2011; Valkenburg & Woldringh,
1984; van Manen et al., 2008). The environment typically is phosphate-buffered saline and has a RI close to water. In addition, the environment may contain
DNA, non-EV particles, proteins, RNA and soluble molecules. (B) Estimated size distribution of EV's (solid line) and lipoprotein particles (LPs; dotted line) in
human blood plasma, which will be used throughout the manuscript as a model sample to explain typical problems involved in EV flow cytometry. The bin
width is 1 nm. Due to the broad size distribution of EVs, the lower LoD (dotted lines) of different flow cytometers determines the totally measured EV
concentration. The number in brackets indicates the percentage of detected EVs by a flow cytometer with given lower LoD. (C) The same size distributions as
in panel B but plotted with a logarithmic vertical scale, revealing that the concentration of lipoprotein particles rapidly increases with decreasing diameter
(horizontal stripes) and that the EV concentration decreases several orders of magnitude with increasing diameter (diagonal stripes). (D) Estimated number of
allbfB3 (CD41/CD61) antigens, P-selectin (CD62P) antigens, and IgG-Fc receptors per EV versus the diameter of EVs in blood plasma, assuming that the
number of receptors increases quadratically with the diameter of EVs. The horizontal dashed line indicates an LoD of 100 phycoerythrin (PE) molecules. The
smallest detectable diameter of EVs does not only depend on the sensitivity of the detector used, but also on the properties of EVs, such as the number of
stained receptors.

2.2 | Interaction between light and particles

To understand how light is used to detect particles with FCM, the next sections will define light, discuss its origin and most
relevant properties, and explain how EV's and similar-sized particles interact with light within the context of FCM.

221 | Light

In FCM, particles are mainly illuminated and detected using visible light, which is electromagnetic radiation with wavelengths
between 400 and 700 nm in air. Electromagnetic radiation are waves made up by coupled oscillations of electric and mag-
netic fields. Electromagnetic radiation originates from accelerating or oscillating charges, such as the electrons and protons of a
molecule. When the centre of a negatively charged cloud of electrons is shifted away from the centre of a positively charged cloud
of protons, the molecule constitutes an electric dipole, which means that the molecule acts like an antenna. During this process,
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FIGURE 3  Schematic representation of light. Light is electromagnetic radiation, which are waves made up by coupled oscillations of electric (red) and
magnetic (blue) fields. The primary properties of an electromagnetic wave are the amplitude, polarization direction, propagation direction, and wavelength.

an electromagnetic wave is created. Figure 3 shows the primary properties of an electromagnetic wave, which are the amplitude,
polarization, propagation direction, and wavelength.

The amplitude of an electromagnetic wave is relevant for particle detection, because the intensity of light scattered by a particle
is proportional to the square of the amplitude of an electromagnetic wave. Polarization refers to the geometrical orientation of
the electric and magnetic field components. For example, in Figure 3 the electric field component is oriented vertically. The
propagation direction denotes where the wave is moving towards, and the wavelength is the distance over which the shape of
the wave repeats. The speed of light in vacuum is a universal physical constant that is equal to 2.98 - 10 m s.. In a material, the
speed of light is lower than in vacuum and determined by the refractive index (Section 2.2.3.1). Furthermore, the speed of light
¢ and the wavelength 1 determine the frequency of light f according to:

f== 1" (1)

>0

Thus, the lower the frequency of the oscillating charges and the emitted light, the longer the wavelength of the emitted light,
and the lower the energy of the electromagnetic wave.

Light can be described as electromagnetic radiation, but also as a stream of massless particles named photons, which is
relevant to understand the concept of fluorescence (Section 2.2.2). A photon is the smallest amount, also called quantum, of
electromagnetic radiation.

2.2.2 | Fluorescence

Fluorescence is the emission of light by a molecule' after absorbing light. Fluorescence is not instantaneous, but typically takes
several nanoseconds (Lakowicz, 2006). In addition, energy is lost during absorption and fluorescence and therefore the emitted
light has a longer wavelength than the incoming light.

To understand fluorescence, it is important to know that a molecule has different energy states, which depend on the orbital
of the electron(s) and the vibrational motion of the molecule. To illustrate this, Figure 4(A) shows a Jablonski diagram depicting
the fluorescence of light by a molecule. The horizontal lines represent the levels of energy states of a molecule. The lowest energy
level corresponds to the ground state. When the electrons are in the lowest possible orbital, the molecule is in the electronic
ground state. Within the electronic ground state, the molecule can occupy different vibrational states with different energies,
representing different types of periodic motions of the molecule. In the process of fluorescence, an incoming photon is absorbed
and temporarily excites both the electronic and vibrational state of a molecule, as shown in Figure 4(B).” Around one picosecond
after the absorption of a photon, the excess of vibrational energy is converted into non-radiative energy, such as heat. Due to the
non-radiative loss of energy, a molecule decays to the vibrational ground state of the electronic excited state. Next, typically
within several nanoseconds, the molecule relaxes to the ground state under the emission of a photon. Due to the non-radiative
energy loss, the emitted photon has a lower energy and thus a longer wavelength than the incoming photon. Once the molecule
has returned to the ground state, the process of fluorescence can be repeated as long as the molecule remains intact. The average
time a molecule stays in the excited state before emitting a photon is called the fluorescence lifetime and is typically several
nanoseconds for organic compounds (Lakowicz, 2006).

In EV FCM, fluorescence is commonly employed by immunofluorescence staining, during which antibodies conjugated with
fluorophores are used to detect EV-associated antigens (Section 4.1.1). However, EVs and other biological particles also emit aut-
ofluorescence in the absence of fluorophores, which is intrinsic fluorescence by molecules in the particle. Biochemical molecules
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FIGURE 4 Jablonski diagrams of fluorescence and light scattering by a molecule. (A) The horizontal lines represent the levels of energy states of a
molecule. The lowest energy level corresponds to the ground state (thick line). When the electrons are in the lowest possible orbital, the molecule is in the
electronic ground state. Within the electronic ground state, the molecule can occupy different vibrational states with different energies, representing different
types of periodic motions of the molecule. In the process of fluorescence, an incoming photon is absorbed and temporarily excites both the electronic and
vibrational state of a molecule. Next, the molecule loses energy and therefore decays to the lowest vibrational state without radiative emission (dotted arrow).
Finally, the molecule relaxes to the ground state under the emission of a photon. Due to the non-radiative energy loss, the emitted photon has a lower energy
and longer wavelength than the incoming photon. (B) In the process of light scattering, an incoming photon excites the molecule to a virtual electronic state
(dashed line), which is instantaneously followed by relaxation of the molecule to the ground state and emission of a photon. The energy and wavelength of the
incoming and scattered photon are the same.

that contribute to autofluorescence include aromatic amino acids, collagen, elastin, flavins, lipo-pigments, and nicotinamide ade-
nine dinucleotide (Monici, 2005). To distinguish stained EV's from unstained particles, the fluorescence intensity of fluorophores
that are bound to EVs should be higher than the autofluorescence intensity of unstained particles and, added to that, the back-
ground signals of the flow cytometer. The fluorescence intensity of stained EVs depends on the number of fluorophores and
the brightness of the fluorophores. The brightness is an important property of fluorophores and is one of several factors that
determine whether a stained EV can be detected.

2221 | Brightness
The brightness of a fluorophore describes how efficiently a fluorophore emits light once illuminated. The common definition of
the brightness B of fluorophores in suspension is:

B=c¢@n ®An) [m™ M| 2)

where ¢ is the molar extinction coefficient, @ the quantum yield, A the illumination wavelength, and # the refractive index of the
environment. Analogous to the concept of scattering cross section (Section 2.2.3.2), ¢ describes a hypothetical area named the
absorption cross section, which defines the fraction of incoming light that is absorbed by a mol of fluorophore®. The term ¢ is
therefore a measure of how efficient a fluorophore absorbs light. The quantum yield @ describes the ratio between the number
of emitted photons and the number of absorbed photons. When @ is equal to 1, each absorbed photon results in the emission
of photon. In practice, however, ® is lower than 1 due to processes such as quenching (Section 2.2.2.2) (McCarthy, 2007). Both
¢ and ® depend on A and n. To optimize the brightness, 4 should match the peak of the absorption spectrum €(4). In addition,
¢ and particularly ® depend on the (bio) chemical environment, such as the composition and temperature of the medium and
the close proximity of other fluorophores. Therefore, a fluorophore in water versus phosphate-buffered saline (PBS), or a bound
versus unbound fluorophore will differ in brightness. As an indication for the brightness of common fluorophores in PBS, allo-
phycocyanin (APC) is 3 to 4-fold brighter than fluorescein isothiocyanate (FITC) and PE is ~10-fold brighter than FITC when
illuminated at their optimal excitation wavelength (Chattopadhyay et al., 2012; Dempsey et al., 2011).

Aside from the brightness of a fluorophore, many other factors will impact the measured fluorescence intensity, such as the
fluorophore to protein ratio (F/P), photon saturation, photobleaching (Section 2.2.2.3), and the optical configuration of the flow
cytometer. For example, when the F/P of APC is 1 and FITC is 4, the brightness per antibody becomes similar, assuming that
each antibody is conjugated with the same number of fluorophore molecules. A useful method to compare brightness in practice
is to purchase the same antibody clone conjugated to different fluorophores and use antibody bead capture (ABC) calibration
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(Sections 6.3.1.1 and 7.3). When selecting and evaluating different fluorophores, the measured fluorescence intensities should be
compared in standard units, which can be assessed through calibration (Section 6.3.1).

2222 | Quenching

Quenching is a process induced by molecular interactions between a fluorophore and a surrounding molecule that decreases the
quantum yield of a fluorophore. Quenching therefore leads to a decrease in fluorescence intensity (Deka et al., 1996; Lakowicz,
2006) and is an undesired phenomenon. The fluorophore is named the donor, and the surrounding molecule the acceptor. The
strength of the interaction between the donor and acceptor depends on their distance. The most relevant types of quenching for
EV FCM are static and dynamic quenching.

In static quenching, the donor forms a non-fluorescent complex with the acceptor in the ground state, which typically results
in a change of the absorption spectrum of the donor (Lakowicz, 2006). For example, the fluorophore coumarin-120 is statically
quenched by the nucleotides uridine and deoxycytosine when excited at 386 nm (Seidel et al., 1996).

In dynamic quenching, the donor absorbs a photon and becomes excited, but in contrast to fluorescence the donor transfers the
energy to the acceptor and therefore relaxes to the ground state without emission of a photon. Two types of dynamic quenching are
collisional quenching and resonance energy transfer. Collisional quenching occurs when the excited donor experiences contact
with an acceptor that facilitates non-radiative transitions to the ground state. Collisional quencher molecules include amines,
bromide, iodide, oxygen, and halogens (Lakowicz, 2006). Resonance energy transfer occurs when the donor and acceptor are in
close (1-10 nm) proximity and when the emission spectrum of the donor overlaps with the absorption spectrum of the acceptor
(SzollHosi et al., 2006; Vogel et al., 2014). With resonance energy transfer, the energy is transferred from the donor to the acceptor,
followed by either non-radiative transition to the ground state or emission of photon. Resonance energy transfer followed by the
emission of a photon is known as Forster or fluorescence resonance energy transfer (FRET). Resonance energy transfer between
a donor and an acceptor of the same kind followed by a non-radiative transition is known as self-quenching.

As an example of self-quenching in FCM, the quantum yield of FITC conjugated to an antibody can be reduced when more
than four to six fluorophores are bound to a single antibody, or when the antibody density on the cell surface is sufficiently high
(Deka et al., 1996). For FITC, “sufficiently high” is defined as an antibody density and F/P resulting in 1 fluorophore per ~250 nm?
at the cell surface (Deka et al., 1996). FITC, however, can also be quenched by other fluorophores, such as R-phycoerythrin, which
are often combined in fluorescent antibody panels (Chapple et al., 1990).

The practical consequence of quenching is that the measured fluorescence intensity is no longer proportional to the number
of bound antibodies. Therefore, experiments using fluorophores should be critically evaluated for quenching. The confirmation
of quenching, however, requires specialized equipment to measure the absorption spectrum, the emission spectrum, and the
fluorescence lifetime. Hitherto, experimental evidence of quenching for EVs is lacking. Whether quenching of fluorophores on
EVs occurs, depends on the density of fluorophores, but counterintuitively not on the small dimensions of EVs. It is unlikely that
the small dimensions of EVs increase the probability of quenching, because the smallest EVs have a diameter between 30 and
50 nm (Arraud et al., 2014; Brisson et al., 2017), which is substantially larger than the distances required for quenching (1-10 nm).

Generally, static quenching and collisional quenching can be reduced or prevented by selecting fluorophores that are known
not to quench when taken into close proximity to each other and to molecules present at the surface of EVs. Self-quenching can
be limited by avoiding high fluorophore concentrations, which depend on the F/P and the antibody density at the surface of EVs.
When self-quenching is caused by a too high antibody density, this can be recognized by antibody titration (Section 4.2.1.3). In
the case of self-quenching, an increase of antibody concentration results in a decrease of the fluorescence intensity.

2223 | Photon saturation and photobleaching

The emitted fluorescence intensity of a fluorophore depends on the brightness (Section 2.2.2.1), the fluorescence lifetime, and
the susceptibility to photobleaching of the fluorophore. The fluorescence lifetime is typically several nanoseconds, whereas the
typical illumination time in a flow cytometer is in the order of a us. During the illumination time, fluorophores typically undergo
hundreds of absorption and emission cycles* (van den Engh & Farmer, 1992). The shorter the fluorescence lifetime and the faster
a fluorophore is re-excited, the higher the measured fluorescence intensity. Fast re-excitation of a fluorophore can be achieved by
increasing the illumination irradiance (Section 2.2.3.2). At illumination irradiances where the frequency of the absorption and
emission cycles is determined by the fluorescence lifetime, a state of photon saturation is reached and a further increase of the
fluorescence irradiance will not result in increased fluorescence (van den Engh & Farmer, 1992).

In practice, many types of fluorophores can only go through a finite number of absorption and emission cycles because
light irreversibly modifies their chemical structure’. This process is called photobleaching and renders the fluorophore non-
fluorescent. Despite the short illumination time in FCM compared to for example light microscopy, photobleaching does occur
in FCM (Pinkel et al., 1979). In contrast to photon saturation, which limits the effective illumination irradiance, photobleaching
limits the total dose of photons that a fluorophore can convert into fluorescence (van den Engh & Farmer, 1992). Although the use
of an illumination irradiance to reach photobleaching within the illumination time seems beneficial, this strategy may reduce the
sensitivity. Whereas bleaching all fluorophores of a particle results in the maximum fluorescence signal, the required illumina-
tion irradiance may be so high that the fluorescence signal drops below the optical background noise. The optimal illumination
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irradiance is therefore not necessarily the maximum illumination irradiance, but instead depends on the chemical environment,
fluorescence lifetime, illumination history, and susceptibility to photobleaching of the fluorophore.

Photon saturation and photobleaching are not necessarily a shortcoming, as they can be used to reduce the variation between
fluorescence measurements. The illumination of most flow cytometers has a Gaussian irradiance profile (Section 2.3.2.2), which
causes particles that pass at different positions through the laser beam to receive different illumination doses. At illumination
irradiances below the level of photon saturation and photobleaching, there is a linear relationship between the illumination
irradiance and the fluorescence intensity. Consequently, fluctuations of the particle position within the laser beam increase the
variation in fluorescence measurements. However, at illumination irradiances that induce photon saturation and/or photobleach-
ing, the fluorescence intensity becomes independent of the particle position, causing a reduction in the variation of fluorescence
measurements (van den Engh & Farmer, 1992). Whether photon saturation and/or photobleaching can be used to reduce the
variation in fluorescence measurements of EVs requires further investigation.

223 | Light scattering

Light scattering is the instantaneous re-emission and redirection of light by an illuminated object, such as an EV. As explained
in Section 2.2.1, light originates from oscillating charges. When light in turn impinges upon charges within a particle, these
charges will start to oscillate as well. Consequently, the incoming light is re-emitted, that is, scattered, into different directions.
Figure 4(B) shows a Jablonski diagram depicting scattering of light by a molecule. An incoming photon excites the molecule from
the ground state to a virtual electronic state. In contrast to fluorescence, the excitation is instantaneously followed by relaxation
of the molecule to the ground state and emission of a photon. The wavelength of the incoming and scattered photon remains the
same, because generally no energy is lost®.

Despite the small size of atoms relative to the wavelength of visible light, every single atom scatters light because atoms consist
of charged particles. Thus, single proteins, non-EV particles, and the smallest EVs all scatter light once illuminated. Scattered
light may not only reveal the presence of an EV, but also provide information on the physical properties of the EV. Particularly for
spherical particles in a liquid, light scattering is well-understood and determined by the particle diameter, refractive index ratio
between the particle and the medium, illumination irradiance, polarization direction, and wavelength of the light illuminating
the particle.

2231 | Refractive index

The refractive index (1) of a particle determines how efficiently a particle scatters light. Understanding the relation between the
refractive index and light scattering (1) is essential to correctly interpret light scatter signals from EV's and reference particles, such
as polystyrene beads, and (2) can be used to derive the diameter of EVs and standardize EV concentration measurements. The
refractive index of a material is defined as the ratio of the speed of light in vacuum compared to the speed of light in the material.
For example, the speed of light in air (n,;, = 1.000) is 34% higher than in water (n,,,,, = 1.34) (Daimon & Masumura, 2007). At
the nanoscopic level, the refractive index depends on the density of molecules and on the tendency of charges to oscillate when
exposed to light. According to the Lorentz-Lorenz equation, the higher the density of molecules and/or the higher the tendency
of charges to oscillate, the higher the refractive index, and the slower light travels through that material. At the macroscopic
level, the refractive index affects the reflection and refraction of light. For example, from Snell’s law and the Fresnel equations it
is known that the higher the refractive index ratio between two materials, the stronger light refracts and reflects at the interface,
respectively (Hecht, 2001). From the perspective of reflection and refraction, it is understandable that a higher refractive index
difference between a particle and the medium results in more light being scattered. How exactly the refractive index affects the
intensity of light scattered by EVs, will be explained in Section 2.2.3.4.

The refractive index is an intrinsic property that depends on the illumination wavelength. For most materials illuminated by
visible light, the refractive index decreases as the illumination wavelength increases. A material that is commonly used to produce
reference particles for the calibration of light scatter detectors of flow cytometers (Section 6.3.2) is polystyrene. Polystyrene has
a refractive index of 1.633, 1.605, and 1.592 at 405 nm, 488 nm, and 589 nm, respectively (Kasarova et al., 2007). Manufacturers
of reference particles typically specify the refractive index at 589 nm, whereas most flow cytometers measure light scattering
at 405 nm or 488 nm. As a refractive index of 1.633 may lead to a 39%’ increase in the amount of scattered light compared to
a refractive index of 1.592, the illumination wavelength should be taken into account when interpreting the refractive index of
reference particles or selecting a refractive index for calculations. The refractive index of substances, such as bulk polystyrene and
silica, can be readily found in literature for different wavelengths (Polyanskiy). Currently, the refractive index of reference particles
is assumed to be equal to the refractive index of the bulk substance. However, measurements with calibrated flow cytometers
suggest that the refractive index of reference particles may differ from the refractive index of bulk substances (van der Pol et al.,
2012). Therefore, metrologically traceable measurements are needed to determine the refractive index of reference particles and
buffer solutions within a known uncertainty (Kuiper et al., 2022).
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FIGURE 5 Irradiance of light and the physical cross section and scattering cross section of a particle. (A) Irradiance E is the power of light P; per unit
area A in the focus (blue oval) of the laser beam. (B) Physical cross section Ip (dotted oval) of a particle (circle) oriented perpendicular to the incoming laser
beam. For clarity, o, and A (panel A) have similar dimensions, but in reality o, for extracellular vesicles is much smaller than A. (C) The scattering cross
section o (red oval) is a hypothetical area defining which fraction of the incoming light is scattered by a particle. (D) The effective scattering cross section o
(red oval) is a hypothetical area defining which fraction of the power of the incoming light is scattered by a particle towards a lens with solid collection angle .

Refractive index determination of solid reference particles and particularly EVs is technologically difficult (Section 7.2). Unlike
solid particles, the refractive index of EVs is distributed like a core-shell particle (Section 2.1.1), because the refractive index of
the phospholipid membrane (1.40—1.52) is higher than the refractive index of the lumen (1.34-1.42) (Brunsting & Mullaney,
1974; Cuil et al., 2005; Ducharme et al., 1990; Ghosh et al., 2006; Horvath et al., 2003; Kienle et al., 2014; Maltsev et al., 2011;
Valkenburg & Woldringh, 1984; van Manen et al., 2008). Hence, it is incorrect to assign a single refractive index to EVs. Refractive
index statements of an EV should rather be interpreted as an effective refractive index, describing the refractive index of a solid
particle which scatters the same amount of light as an equivalent sized core-shell EV (van der Pol et al., 2021). The concept of
an effective refractive index is needed because hitherto only the effective refractive index has been measured (Gardiner et al.,
2014; Konokhova et al., 2012; Konokhova et al., 2016; Konokhova et al., 2016; van der Pol et al., 2018; van der Pol et al., 2014). The
effective refractive index of EV's increases with decreasing diameter of EVs, because the ratio of phospholipid membrane (high
refractive index) to lumen (low refractive index) increases. Studies measuring the effective refractive index of EVs have been
predominantly conducted at 405 nm and show that most EVs >100 nm in plasma, urine and various conditioned cell culture
media have an effective refractive index < 1.40 (de Rond et al., 2019; Gardiner et al., 2014; Geeurickx et al., 2019; Konokhova et al.,
2012; van der Pol et al., 2018; van der Pol et al., 2014).

2232 | Scattering cross section

To understand how the effective refractive index of EVs, which is low compared to commonly used reference particles, affects light
scattering of EV’s, first the concept of scattering cross section needs to be introduced. The scattering cross section determines how
efficiently a particle scatters light and can be calculated with light scattering theory (Sections 2.2.3.3 and 2.2.3.4). To understand
the concept of scattering cross section, it is important to understand the difference between the irradiance and power of light. In
optical physics, the term power refers to the amount of energy that light transfers per second, usually in units of Watts [W]®. In
turn, the term irradiance refers to the power [W] of light per unit area [m?]. To illustrate the meaning of irradiance, Figure 5(A)
shows a laser with power P; that is focused to an area A. As a result, the irradiance E in the focus is given by’

P [w
p=b [E] 3)

Figure 5(B) shows a spherical particle that is illuminated by a focused laser beam. For clarity, the particle has a slightly smaller
diameter than the focused laser beam. In reality, however, EVs are much smaller than the focused laser beam. The cross-sectional
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area of the particle that is oriented perpendicular to the laser beam is defined as the physical cross section of the particle o, such
that the power P, impinging on the particle is:

P,=0, -E [W] (4)

From a geometrical perspective, it would be expected that the fraction of laser light that is blocked and scattered by a particle
is g,/ A. However, part of the light may pass through the particle unhinderedly and part of the light missing the particle may
change direction due to diffraction. Instead of o, /A, the fraction of light that is scattered by a particle is o,/A, where o is a
hypothetical area called the scattering cross section. Figure 5C shows o for an EV. Here, o; is smaller than o), which is typical
for low-refractive index particles such as EVs. From the power of light P, impinging on the particle, only the fraction impinging
upon o is scattered by the particle. Thus, the power of light scattered by a particle P; is given by:

Py=— .P,=—-0,-E=0, (dny,nya)-E [W] (5)

The variables within the brackets show that o, depends on the particle diameter d, the refractive index of the medium #,,
and the effective refractive index of the particle 7, and the illumination wavelength 1. For core-shell particles, like EVs, o
does not depend on 7, but on the refractive index and thickness of the shell and the refractive index of the core. When the
aforementioned variables are known, o, can be calculated for spherical and core-shell particles (Section 2.2.3.4). Equation (5)
shows that P scales linearly with the irradiance of the focused laser beam. Following Equation (3), this means that P, scales
linearly with the laser power and inversely with the area of the focused laser beam. Thus, doubling the laser power and halving the
area of the focused laser beam will quadruplicate the light scattering signal. Therefore, flow cytometers dedicated to nanoparticle
detection are typically equipped with lasers that have higher power and/or are stronger focused than lasers used in traditional
flow cytometers (de Rond et al., 2020; Jung et al., 2018; Zhu et al., 2014).

Figure 5C and Equation (5) describe the power of light scattered by a particle into all directions. To emphasize that light is
scattered into all directions, o, should rather be called the total scattering cross section. Flow cytometers, however, do not detect
light scattered into all directions, but detect only the scattered light collected by a lens. In Figure 5(D), the scattering cross section
o, has been replaced with the effective scattering cross section o, which is a hypothetical area defining which fraction of the
incoming light is scattered by a particle towards a lens with solid collection angle Q. In geometry, the solid angle is a measure of
the range of connected angles. As the scattered light collected by the lens is a fraction of the totally scattered light, o, is smaller
than o,. Please note that in EV FCM literature (de Rond et al., 2018; van der Pol et al., 2012; Welsh et al., 2020), the term effective
scattering cross section is interchangeably used with the term scattering cross section. Derived from Equation (5), the power of
light scattered by a particle towards a lens with solid collection angle Q, Pg, is given by:

Po =aq (d,ny,n,4,Q) - E [W] (6)

In practice, however, E is unknown, the optical losses are unknown, and Pq, is measured in arbitrary units (arb. unit) instead
of W. The strength of the concept of scattering cross section is that, despite all the unknowns, the measured Pg, in arbitrary units
can still be related to the theoretically calculated o by solving the linear scaling factor F in the following equation (de Rond
et al., 2018):

P = F-0q (d, Py N A, Q) [arb. unit] (7)

Equation (7) provides the essential step to calibrate a light scattering detector of a flow cytometer, which is further discussed
in Section 6.3.2. The next two sections discuss two light scattering theories for calculating o,.

2233 | Rayleigh scattering

Rayleigh scattering is scattering of light by particles that are smaller than ~1/10" the illumination wavelength'’. However, the
diameter of most, if not all, EVs exceeds 1/10" the illumination wavelengths used in flow cytometers. Moreover, the Rayleigh
approximation for solid spheres does not take into account that the shell of EVs has a higher refractive index than the intra-
vesicular Jumen. Therefore, instead of the Rayleigh approximation, Mie theory is the theory of choice to calculate scattering cross
sections of EVs. For comparison, Figure 6(A) shows the total scattering cross section versus diameter for EVs calculated with the
Rayleigh approximation for solid spheres and Mie theory. For EVs larger than 100 nm in diameter, the Rayleigh approximation
overestimates the real scattering cross section of EVs.
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FIGURE 6 Application of Mie theory calculations for flow cytometry measurements of extracellular vesicles (EVs). (A) Total scattering cross section
versus diameter for EVs calculated with Mie theory (solid line) and the Rayleigh approximation for solid spheres (dotted line). (B) Mie calculation of the
angular distribution of light intensity scattered by an EV with a diameter of 50 nm (circle), 100 nm (dotted line), 250 nm (dashed line) and 1000 nm (solid line).
The numerical apertures of the forward scattered light (FSC) and side scattered light (SSC) detectors are 0.29 and 1.19, respectively. (C) Effective scattering cross
section and scattering intensity in arbitrary units (arb. unit) versus diameter for EVs (solid line) and polystyrene beads (dashed line) calculated with Mie theory
and measured (symbols) with a customized BD FACSCanto (de Rond et al., 2020). The collection angles are similar to the FSC detector in panel B. (D) Idem as
panel C, but the collection angles are similar to the SSC detector in panel B. EVs were modelled as core-shell particles having a 6 nm thick shell with a refractive
index of 1.48 and a core refractive index of 1.38. Polystyrene beads were modelled as solid spheres with a refractive index of 1.6053. The model assumed an
illumination wavelength of 488 nm, a medium refractive index of 1.3374. and a polarized laser beam with the electric field component being perpendicular to
the plane displayed in panel B.

2234 | Mie theory

Throughout this compendium, the term Mie theory refers to the Mie solution of Maxwell’s equations, which describes the scatter-
ing of an electromagnetic plane wave by a homogeneous sphere, a core-shell particle, or an infinite cylinder. Maxwell’s equations
accurately describe how electric and magnetic fields are generated by and interact with charges. As the Mie solution provides
an analytical solution of Maxwell’s equations, Mie theory does take into account interference and is applicable to spherical and
core-shell particles of all sizes relative to the illumination wavelength. The Mie solution does not result in a single equation,
but takes the form of mathematical infinite series (Bohren & Huffman, 1983), which is beyond the scope of this compendium.
However, commercial solutions, free software, and programming scripts are widely available to use Mie theory to describe light
scattering signals (de Rond et al., 2018).

In EV FCM, Mie theory is used to calculate the angular distribution of light intensity scattered by reference particles and EVs
(de Rond et al., 2018; Konokhova et al., 2012; Konokhova et al., 2016; van der Pol et al., 2012; Welsh et al., 2020). Figure 6(B)
shows a Mie calculation of the angular scattering distribution, also called the phase function, of an EV with a diameter of 50 nm,
100 nm, 250 nm and 1000 nm. The illumination light propagates from the bottom to the top and has an electric field component
that is oriented perpendicularly to the imaged plane. For the imaged plane, a 50 nm and 100 nm EV scatter light isotropically,
meaning that the same intensity of light is scattered into all directions. Due to optical interference, EVs of 250 nm and 1000 nm
in diameter have a more complex angular scattering distribution with increased forward scattering compared to smaller EVs.
Although for clarity the radial scale of Figure 6(B) is omitted, the impact of the actual logarithmic scale is emphasized by the
10°-fold difference in forward scattered light between 50 and 1000 nm EVs.
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Integration of the angular scattering distribution over all collection angles results in the total scattering cross sections, which
are 0.38 nm?, 10.6 nm?, 476 nm?, and 0.12 um? for EVs with a diameter of 50 nm, 100 nm, 250 nm and 1000 nm, respectively.
Figure 6(A) shows the total scattering cross section versus diameter for EVs calculated with Mie theory. Within the size range
of EVs, the total scattering cross section increases multiple orders of magnitude with increasing diameter. Integration of the
angular scattering distribution over the solid angles in which the forward and side scattered light are detected, as depicted in
Figure 6(B), results in the effective forward and side scattering cross sections of EVs shown in Figure 6(C) and (D), respectively.
The collection angles represent the actual configuration of a customized BD FACSCanto (de Rond et al., 2020). The effective
scattering cross sections for forward scattered light (FSC) increase continuously with diameter (Figure 6C), whereas the effective
scattering cross sections for side scattered light shows oscillations (Figure 6D), which are attributed to the side scatter lobes
of the angular scattering distribution. From Figure 6(C) and (D) it is clear that the collection angles strongly affect the relation
between light scattering and particle diameter. To make the relation between the panels of Figure 6 more insightful, Supplemental
Materials 1 contains a video of the complex relationship between the angular scattering distribution of EVs, polystyrene beads,
and silica beads and the measured FSC and side scattered light (SSC) intensities.

For comparison, Figure 6(C) and (D) show the theoretical effective scattering cross section and the measured scattering inten-
sity of polystyrene beads as well. As polystyrene beads have a refractive index of 1.605, whereas EV's have a core-shell structure
with a lower effective refractive index'!, polystyrene beads scatter one to two orders of magnitude more light than similar-sized
EVs. The discrepancy between the optical properties of EVs and polystyrene beads together with the strong dependency of the
scatter to diameter relation on collection angles show that polystyrene beads should not be used to interpret light scattering
signals of EVs without the use of Mie theory. Mie theory describes the data in Figure 6(C) and (D) with coefficient of
determination, R?, exceeding 0.996, which demonstrates how accurately Mie theory describes light scattering of solid spheres.

In summary, Mie theory is used to calculate the angular scattering distribution of solid spheres, such as polystyrene beads,
and core-shell particles, such as EVs. The effective scattering cross section of a particle for a specific light scattering detector
of a flow cytometer can be calculated from the angular scattering distribution. Knowledge on the relation between the particle
diameter and refractive index and light scattering measured by a flow cytometer allows for size determination of EVs (Section 7.1),
standardization (Section 6.3.2) and label-free particle identification (Section 7.2).

2.3 | Flow cytometry

A flow cytometer is an instrument used to measure fluorescence and light scattering signals from single particles in liquid suspen-
sion that are flowing through a focused light source, most commonly a laser beam. This chapter describes the basic components
of a flow cytometer, which are the fluidics (Section 2.3.1), optics (Section 2.3.2) and electronics (Section 2.3.3). In addition, Sec-
tion 2.4 describes the differences between traditional flow cytometers and sorting, imaging and spectral flow cytometers, which
have also been used to characterize EVs. Each section presents a description of the basic components and discusses examples
and limitations specific to EV FCM.

2.31 | Fluidics

The fluidics system of a flow cytometer has three basic functions (Austin Suthanthiraraj & Graves, 2013). First, the fluidics system
is responsible for sample delivery at the laser intercept, which is called the interrogation point. Second, at the interrogation point,
samples require accurate positioning. Ideally, particles in the sample pass through the laser intercept at the focus in a high and
constant throughput. The third function is optional and involves sorting of particles after detection (Section 2.3.1.1). Although
different configurations of the fluidics exist, most commonly a sample flow is surrounded by a second flow, called the sheath flow,
as shown in Figure 7(A). The width of the sheath flow is limited by the internal dimensions of the flow cell, which are typically
100-200 um by 200-400 um (Shapiro, 2003)!2.

In flow cytometers with a sheath flow, positioning of the sample is typically done by hydrodynamic focusing. To ensure that
particles flow through the focus of the laser intercept, the sample flow is dragged or forced into the center of the sheath flow,
which usually consists of PBS or water. Figure 7A shows that along the way to the interrogation point, both the sheath flow and
the sample flow become narrower, thereby centering the sample flow in the flow cell. Hydrodynamic focusing works because the
sheath and sample fluids form a laminar flow, meaning that the fluids follow smooth paths in layers with little or no mixing and
a constant flow velocity. The sheath fluid centers the sample flow and prevents contact between the sample and the flow cell.

To deliver the sample to the sheath flow, two methods are commonly used. The first method is based on a differential pressure
between the sample flow and sheath flow. When the pressure of the sample flow exceeds the pressure of the sheath flow, the
sample is driven into the sheath flow. Once calibrated (Section 6.2), differential pressure systems allow smooth and consistent
delivery of the sample. A disadvantage are variations in pressure, which results in an unstable sample flow rate, thereby making
volumetric measurements and particle concentration measurements inaccurate. The second method pumps the sample into the
sheath flow by either a syringe or a peristaltic pump. With syringe pumps, the volume of the measured sample can be regulated
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FIGURE 7  Schematic representation of a flow cytometer. (A) Side view of the flow cell. Particles in a sample flow are hydrodynamically focused by a
sheath flow and guided through the center of one or more focused lasers. The point where the sample flow and laser beam intersect is called the interrogation
point. The electric field component of the laser beam is aligned parallel to the flow direction. Part of the light scattered by illuminated particles in the sample
flow is measured by the forward scattered light (FSC) detector. The laser beam is blocked by the blocker bar. Flow cytometers with the functionality to sort
particles are typically equipped with a nozzle that, together with a piezo element, generates droplets. A droplet contains both sample and sheath fluid, and may
contain one or more particles. To separate the droplets, an electric charge is applied to the fluid. Depending on the applied charge, a static electric field will
deflect the charged droplets towards different containers. (B) Top view of the flow cell. Illuminated particles emit fluorescence and scatter light in the sidewards
direction, which is collected by a positive lens, spectrally filtered, and measured by fluorescence detectors and the side scattered light (SSC) detector,
respectively. The magnetic field component of the laser beam is aligned perpendicular to the flow direction.

more accurately than with differential pressure systems. A disadvantage is that pumps can introduce pulsations of the flow rate,
thereby causing variations in the sample delivery rate and thus affecting the signal stability.

The pressures of the sheath and sample flow determine their flow rates and thus determine the width of the sample flow, which
is typically about 20 um (Shapiro, 2003)!. Increasing the sample pressure leads to a higher sample flow rate, an increased width of
the sample flow, and an increased interrogation volume. Particularly for EV detection, increasing the interrogation volume may
cause artefacts, such as swarm detection (Section 5.7). Hence, EVs are commonly detected at low flow rates when compared to
cells. Flow rates are typically between 1 uL-min~" for flow cytometers equipped with a syringe pump and up to 120 uL-min~" for
flow cytometers with pressure driven flow. The particle velocity through the interrogation point is typically 1-10 m-s~* (Shapiro,
2003).

An addition to hydrodynamic focusing is acoustic focusing, wherein hydrodynamic forces and sound waves are combined to
align the particles within the sample flow. For cells, acoustic focusing allows higher sample flow rates, as acoustic radiation guide
the cells through the centre of the laser intercept, regardless of the width of the sample flow. For EVs, however, acoustic radiation
forces are negligible, making acoustic focusing of limited use to EV FCM.

Although the sheath fluid type is often determined by the flow cytometer, ideally the sheath fluid and sample dilution buffer
have the same composition to prevent scattering caused by refractive index differences at the interface of the sheath fluid and
sample buffer. To prevent damage of EV's by osmosis, EVs need to be diluted in an isotonic buffer solution, such as saline or PBS.
Although PBS seems an obvious choice for a sheath fluid, PBS may increase the formation of calcium phosphate crystals in the
fluidics system, which may cause additional background noise, clogging, or loss of laminar flow (Cossarizza et al., 2019; Shapiro,
2003). Therefore, several new flow cytometers dedicated to detection of submicrometer particles use purified water as a sheath
fluid (Barranco et al., 2019; Pospichalova et al., 2015).

To minimize background counts originating from particles present in the sheath fluid, most flow cytometers contain inline
filters with an effective pore diameter of 0.22 um, 0.1 #m or 0.04 um to remove such particles. Consulting the instrument man-
ufacturer before replacing filters is reccommended, because changing filters may affect the velocity of the sheath flow and hence
the laser time delay settings (Section 2.3.3.3).
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2311 | Sorter fluidics

Some flow cytometers are designed to sort particles (Section 2.4.1). To compartmentalize particles in the sample, flow cytometry
sorters generate droplets. There are two designs for droplet-based cell sorters: flow cell based and jet-in-air. The main difference
between these designs is the position of the interrogation point. Figure 7(A) shows a flow cytometer based on a flow cell, where
the interrogation point occurs in a closed flow cell before the nozzle. In a jet-in-air sorter, the interrogation point is directly in the
fluid stream, downstream from the nozzle. Due to the high refractive index contrast between air and water, which causes stray
light, signal loss, and precludes the use of a gel-immersed collection lens, jet-in-air systems typically have a lower light collection
efficiency than systems based on a flow cell (Fox & Coulter, 1980).

A piezo in the flow cell induces a high frequency oscillation in the fluid stream, which causes a break-off of the fluid stream
into droplets at a constant position beneath the interrogation point. Note that a droplet contains both sample and sheath fluid,
and may contain no particle, a single particle, or multiple particles. The time between particle detection and particle arrival at
the break-oft point is precisely known, because both the break-off point and the flow velocity are constant. Once a particle of
interest reaches the break-oft point, an electric charge is applied to the fluid to charge the droplet surrounding the particle. Next,
a static electric field will deflect charged droplets and will separate the particles in different containers depending on the applied
charge. Uncharged droplets follow a straight path and are directed to a waste container. By applying different charges to different
particles of interest, it is possible to separate multiple populations of particles.

23.2 | Optics

The optics of a flow cytometer can be divided into the illumination and detection optics. The illumination optics focuses light onto
the particle, whereas the detection optics collect and propagate optical signals generated by the particle towards the fluorescence
and light scatter detectors. In flow cytometers with a flow cell (Figure 7), the illumination optics, detection optics, and sample
flow come together in the flow cell, which is a core component of the flow cytometer.

2321 | Flow cell

Flow cells are most commonly a hollow quartz cuboid. The inner dimensions of the flow cell are typically 100-200 by 200-400 um
(Shapiro, 2003), but differ between flow cytometers. Together with the detection optics, the flow cell determines the solid angle
of the collected light. The larger the solid angle, the more light can be collected and propagated towards the detectors, and the
higher the signal levels are. As illustrated in Figure 7(B), most flow cytometers have a rectangular flow cell with the longest edge
placed in parallel to the incoming laser beam, which allows a larger solid collection angle for fluorescence and SSC than for FSC.

2.3.2.2 | Ilumination optics

To excite fluorophores with different absorption spectra, flow cytometers are typically equipped with lasers of different wave-
lengths that illuminate the particles at different positions along the sample flow. A common illumination source are continuous
wave diode lasers, which deliver stable, high power, single wavelength, and polarized light. Diode lasers of virtually all visible
wavelengths are available. Typical illumination wavelengths are 488 nm (blue) and 633 nm (red), which are the emission wave-
lengths of the formerly widely available ion argon laser and helium neon laser, respectively. New flow cytometers commonly
have 405 nm (violet) illumination, which allows excitation of new fluorophores and provides a ~2-fold enhanced light scatter-
ing efficiency compared to 488 nm illumination (Section 2.2.3.4). In practice, the use of lasers with a shorter wavelength does
not guarantee an increased ability to detect small particles, because (1) below a wavelength of approximately 400 nm standard
optical components become opaque and silicon detectors lose sensitivity, and (2) the lower LoD is determined not only by the
power of light scattered by a particle, that is, the signal, but also by the background noise (Section 2.3.3). Therefore, the choice
of illumination wavelengths rather depends on the absorption spectrum of the used fluorophores.

Typical laser powers in flow cytometers are between 10 mW and several hundreds of mW (Shapiro, 2003). A higher illumination
power generally results in improved sensitivity for a given optical configuration, although there are exceptions due to for example
photobleaching (Section 2.2.2.3) and a weakly focused beam. A weakly focused beam with relatively high power may produce
a lower irradiance than a strongly focused beam with low power. Hence, the optical components responsible for shaping and
focusing the laser beam are essential to the sensitivity and performance of the flow cytometer. To achieve homogeneous and
constant illumination while allowing micrometer variations of the sample flow position, the laser beam is traditionally focused
to a cylindrically shaped beam spot with a Gaussian irradiance profile. Dimensions of the focused laser beam were typically 60—
150 um in the direction perpendicular to the flow and 5-20 um in the direction parallel to the flow (Cossarizza et al., 2019; Shapiro,
2003). A cylindrically shaped beam spot has two disadvantages. First, only a fraction of the laser power is used to illuminate the
particle. Second, the interrogation volume is large compared to EV dimensions, thereby increasing the risk of swarm detection
(Section 2.3.3.4). To increase the irradiance and decrease the interrogation volume, while still allowing micrometre variations of
the sample flow position, innovations like a flat-top beam profile are used in new flow cytometers, such as the Cytek Aurora. In
contrast to conventional cylindrically shaped beam spots, a flat-top beam profile ensures that the entire laser power is used to
illuminate the interrogation volume while remaining a homogeneous illumination profile (Coumans et al., 2012).
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Regarding the polarization direction of the illumination (Section 2.2.1), the electric-field component of the polarized laser
beam is aligned in parallel with the sample flow, as shown in Figure 7(A). This orientation of the polarization ensures that SSC
is collected perpendicular to the electric-field component, which maximizes the SSC signal.

2323 | Detection optics

Detection optics collect, spectrally separate, and propagate light towards the detectors, converting both fluorescent and scattered
light into electronic signals. The numerical aperture (NA) of the collection lens describes the solid angle over which the lens
collects light. Most flow cytometers have a high-NA (>1.0) lens to collect fluorescence and SSC, and a low-NA (<0.5) lens to
collect FSC. To minimize the loss of optical signals, the high-NA lens is typically a multi-element lens that is gel-coupled to the
flow cell. SSC is generally more suitable for EV detection than FSC, because (1) the laser beam does not propagate towards the
SSC lens, which means that the SSC lens collects less background light than the FSC lens, (2) the SSC lens typically has a higher
NA and therefore a higher light collection efliciency than the FSC lens, and (3) EVs with a diameter smaller than about 300 nm
scatter more light in the SSC direction relative to the FSC direction (Section 2.2.3.4).

After collection, light is commonly coupled into optical fibres to add confocality and to propagate the light towards the optical
components responsible for spectral separation. Adding confocality means to attenuate background scattering originating from
the flow cell or from particles in the sheath fluid in a similar way as in a confocal microscope. The goals of spectral separation
are (1) to separate scattered light, which has the same wavelength as the illumination, from fluorescence emission, which has a
longer wavelength than the illumination, and (2) to separate the fluorescence emission from fluorophores emitting at different
wavelengths. Spectral separation is commonly achieved using sequentially placed spectral filters, but it can also be done by
wavelength division multiplexing or other types of spectrometers (Section 2.4.3). To maximize sensitivity, spectral filters should
match the emission spectra of the used fluorophores. However, when fluorophores with overlapping emission spectra are used,
spectral overlap should be taken into consideration when designing spectral filters.

After spectral separation, detectors convert light to electronic signals. Two key parameters describing the performance of
optical detectors are the quantum efficiency, which describes the ratio of photons that are converted into measurable electrons to
the total number of incoming photons, and the signal to noise ratio (5/N). The three most common detector types in non-imaging
flow cytometers are photodiodes, photomultiplier tubes (PMTs), and avalanche photodiodes (APDs). Photodiodes are typically
used to detect light scattering from cells. Although the quantum efficiency of a photodiode is high (~40%-90%) compared to
PMTs (~10%-30%), photodiodes have no internal amplification of the signal. Therefore, photodiodes have a low S/N compared
to PMTs and are unsuitable for EV detection. Today many modern flow cytometers continue to use photodiodes for FSC, but
have switched to PMTs or APDs for SSC.

Classically, PMTs were the detector of choice for low light applications in FCM. With a ~10%-30% quantum efficiency, low
noise, and fast response time, PMTs outperform other detectors in the visible region of the spectrum. However, the photon-level
sensitivity of PMTs comes at the expense of price, fragility, size, sensitivity to magnetic fields, and high-voltage power-supply
requirements.

Silicon APDs have a quantum efficiency of 30%-90% and are more robust than PMTs, but at the expense of higher noise
and decreased response time. In the red and near-infrared (IR) part of the spectrum, current APDs outperform PMTs in terms
of sensitivity. At 405 nm illumination, flow cytometers equipped with APDs (e.g., BC CytoFLEX) or PMTs (e.g., Apogee A60-
Micro) are both able to detect single 80 nm polystyrene beads by SSC. It is important to note that there are many types of APDs
and PMTs, designed for various different applications. Additionally, detectors of the same manufacturer and type can also differ
in performance and therefore require individual characterization during instrument set up.

2.3.3 | Electronics

After the detectors have converted light into electronic signals, the signals are processed by the electronics. A basic understanding
of the electronics is important both for setting up the flow cytometer and for data interpretation. The functions of the electronics
are to (1) convert the analogue electronic signals to digital signals, (2) differentiate optical signals associated with a particle from
the background noise, (3) derive statistics to summarize the optical signals from each particle, and (4) relate signals from multiple
detectors to a single particle. This section elucidates the basic signal processing steps of the electronics of a flow cytometer.
However, the exact implementation of the electronics varies with each manufacturer. Once the electronic signal processing is
performed, summarized data is saved on a computer for further analysis.

2331 | Analogue to digital converter

Over time, the electronics have moved from analogue to semi-digital and then to fully digital (Snow, 2004; Xiong & Tanik, 2015).
The following explanation will focus on flow cytometers with fully digital electronics, wherein the analogue electronic signals
leaving the detector are pre-amplified and directly converted to digital signals by the analogue to digital converter (ADC), such
that all further signal processing steps can be done digitally. In a fully digital system, the detected signal and the optical signals
closely follow a linear relationship within the full dynamic range of detection. In other words, the detected signal accurately

85U8017 SUOWILLOD BA 81D 3|geoljdde sy Ag peusenob ale sejoie VO ‘88N Jo se|n. Joj Ariqi78uljuQ /8|1 UO (SUORIPUOD-pUR-SWIBIW0D A8 1M A1 Ul |UO//SdNL) SUORIPUOD PUe SWB | 84} 88S *[£202/20/60] UO ARiqi8uljuo £8]IM ‘Pue(od UeIYd0D Aq 6622T 2/8|/200T OT/10p/Wwod"Ae | Arelq1jeuljuo//sdiy wioiy pepeojumod ‘2 ‘€202 ‘820£T002



A MIFLowCyT-EV COMPANION .9 ISEV 310f70

10° r . v .
—— Digitized signal 110° =~
----- Background, baseline . 'c
| —-— Trigger threshold Particle 2 >
1075 J 104 'E
S s
@ ©
-2 ) o!
_8 10 Height 143 E
g Particle 1 2
10° 4 2
102 §
<
(@)

10 - . . |
0 5 10 15 20
Time (us)

FIGURE 8 Basic signal processing steps of the electronics of a flow cytometer. Simulated electrical signal originating from a detector (left axis) and the
same signal digitized by the analog to digital converter (right axis) versus time. The signal has an offset due to amplifiers and gains and fluctuates due to
background noise. The median background level is called the baseline (dashed line). At 3 us and 15 us, particle 1 and particle 2 pass the interrogation point,
respectively, and produce a Gaussian pulse. To identify the signal associated to a particle, a trigger threshold is set at three times the standard deviation of the
background noise (dash dotted line). The pulse width is the time interval wherein the pulse exceeds the trigger threshold level (dotted lines). The pulse area is
the area under the pulse (gray), but above the baseline. The pulse height is the amplitude of the pulse relative to the baseline. Arb. unit: arbitrary units.

describes the optical signal, which is especially important to calibrating the flow cytometer (Section 6.3). Older flow cytome-
ters with analogue or semi-digital electronics do not follow this linear relationship and so are more challenging for instrument
calibration.

Figure 8 shows a simulation of the electrical signal, such as an electric current or voltage, originating from a detector versus
time. To digitize the signal, the ADC scales the analogue electrical signal onto an axis with a fixed number of equally sized bins
called channel numbers. These channel numbers are closely related to the arbitrary unit scale stored in FCS data files. As the first
decade of the ADC only has 10 channel numbers available to describe the signal (Section 2.3.3.5), the baseline of the background
noise is typically scaled to a channel number substantially higher than 1, such as channel number 100 (Figure 8).

2.33.2 | Differentiating optical signals from background noise

After the signal is digitized, the electronics differentiate optical signals attributed to particles from background noise. Even when
no particle is present in the interrogation point, the ADC continuously receives signals associated with electronic, fluidic, and
optical noise. Electronic noise can originate from dark current of the detector and thermal noise. Fluidic noise originates from
particles in the sheath fluid. Optical noise can originate from black body radiation, fluorescence and Raman scattering of the
buffer and/or sheath fluid, and stray light. The optical noise is typically higher than the electronic noise. For scatter detectors,
optical noise is dominated by stray light resulting from laser illumination. The difference between optical and electronic noise
is usually observed by comparing the difference in signal with lasers on vs. lasers off, respectively (Giesecke et al., 2017; Saleh &
Teich, 1991). Electronic and optical noise further involve shot noise, which originates from the discrete nature of light (photons)
and electric current (electrons).

Although most of the time no particle is detectable, Figure 8 shows that the signal has an offset and fluctuates due to background
noise. At3 and 15 us, a particle passes the interrogation point, which typically produces a Gaussian pulse on top of the background
noise. The pulse shape is typically Gaussian because laser beams have a Gaussian irradiance distribution. For an optically well-
aligned flow cytometer, the pulse reaches its maximum when the particle is in the centre of the focused beam.

To identify pulses, the electronics apply a digital filter, baseline restoration and a trigger threshold. A digital filter, such as a
moving average filter or finite impulse response filter, is applied to attenuate the noise (Xiong & Tanik, 2015). Baseline restoration
identifies and subtracts the offset of the background noise'*, which for example can be achieved by applying a short-pass filter
(Snow, 2004) or a moving median filter. By subtracting the baseline, the base of each pulse will be centred around 0 arbitrary
units: the signal level in the absence of a particle. To maintain digital resolution after baseline subtraction (Section 2.3.3.5), flow
cytometers use different proprietary procedures.

Next, the trigger threshold acts as a filter that only records events whose signals exceed a defined threshold(s). This threshold
is typically set on one or multiple detectors (Section 6.1). In Figure 8, the signal only exceeds the trigger threshold of this detector
(dashed line) between 2.5-3.5 s and 14-16 us, which corresponds to the time intervals during which the first and second particle
pass the interrogation point. The time interval during which a signal exceeds the trigger threshold is registered as one event by
the electronics.

2333 | Deriving pulse statistics from optical signals
The pulse generated during one event is characterized with pulse statistics, including the area, height, and width. The pulse area
is the area under the curve of the pulse after baseline restoration, typically multiplied by a scalar to make area equal to height
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(for a perfectly Gaussian shaped pulse). The pulse height, also named peak, is the amplitude of the pulse, typically after baseline
restoration. The pulse width is the time interval that the signal exceeds the trigger threshold. The pulse statistics depend on
the particle properties, such as fluorescence brightness, size, and refractive index, but also on the optical configuration and the
electronics of the flow cytometer. Once the time interval of an event is known, the electronics calculate the pulse statistics on all
detectors. This takes into account the time delay between signals associated with the illumination of a particle by different lasers
along the flow direction. The pulse statistics are provided with a time stamp and transferred to a computer and stored in an FCM
datafile.

While the concept of pulse area, height, and width are simple, the implementation of the pulse statistics differs between
flow cytometers and is often proprietary information. For example, the pulse width typically refers to the time that a pulse
exceeds the trigger threshold. Instead of measuring the pulse width, however, many flow cytometers determine the pulse width
mathematically from the ratio between the pulse area and height, thereby assuming a Gaussian pulse shape. The use of this math-
ematical approach, however, leads to limitations in the interpretation of coincidence and swarm detection (Section 2.3.3.4), and
background noise (Section 2.3.3.2) (de Rond et al., 2020), which are processes that do not result in a Gaussian pulse shape.

The accuracy of the pulse statistics depends upon the number of datapoints that describe the pulse. The faster the sampling
rate, the more datapoints per pulse, and the higher the accuracy of the pulse characteristics. Most ADCs have a sampling rate
between 10 and 20 MHz, which means that the signal level is measured between 10 and 20 million times per second. For a typical
flow cytometer with a laser height of 10 um and a core stream velocity of 10 mesec™, a sampling rate of 10 and 20 MHz leads to
10 and 20 datapoints per pulse, respectively, to derive the pulse characteristics from. The number of datapoints can be increased
by increasing the sampling rate and/or decreasing the flow velocity.

2334 | Coincidence and swarm detection

Particles in a flow cytometer enter the interrogation point at random moments conforming Poisson statistics (Student, 1907;
Poisson, 1837). Therefore, it may occur stochastically that two or more particles are simultaneously illuminated and detected. This
is called coincidence. Coincidence may occur at fluorescence or light scatter detectors. The higher the particle concentration, the
higher the probability of coincidence events. Most flow cytometers have a method of monitoring coincident events and attempt
to remove them by ‘aborting’ the event. An aborted event is named electronic abort and is registered. The ratio of electronic
aborts to number of events could be used as a quality control parameter.

A special case of coincidence detection is swarm detection, where instead of two or a few particles, multiple (hundreds or more)
particles at or below the LoD are simultaneously and continuously present in the interrogation point. Although each individual
particle would be too dim to exceed the trigger threshold, the combined signal of all illuminated particles together exceeds the
trigger threshold. Therefore, multiple particles are simultaneously but erroneously measured as a single event, which results in
erroneous signals and undercounting the particle concentration.

To understand the analysis of EVs, swarm detection is a particularly important concept, because EVs are at or below the
LoD of most flow cytometers. In addition to EVs and other submicron-sized particles, fluorescent labelling reagents can trigger
events due to swarm detection. On the side of instrument design, new instruments could minimize the risk of swarm detection
by decreasing the interrogation volume. When preparing samples, swarm detection can be prevented by diluting the sample
prior to analysis, and/or by lowering and thus narrowing the sample flow rate, such that only single EV's exceeding the LoD are
contributing to the measured event signals. To ensure single EV detection, include serial dilution controls (Section 5.7).
2.3.3.5 | Dynamic range, resolution and scaling
The dynamic range is the ratio between the upper and lower LoD and therefore defines the range between the dimmest and
brightest light scatter and fluorescence signals that can be measured. It is important to maximize the dynamic range, because
EVs are polydisperse and optical signals correlate with the size of EVs. To select the optimal dynamic range of a detector, and
to interpret data of dim EVs, it is important to understand how the dynamic range and the scaling of arbitrary units affect the
recorded FCM data.

There are two dynamic ranges to consider for flow cytometers: the dynamic range of the ADC (Section 2.3.3.1) and the dynamic
range of the detectors. Typically, manufacturers only advertise the dynamic range of the ADC as the “bit depth”. The bit depth b
determines the number of available channel numbers N according to:

N = 2% [arb. unit] (8)

The higher the bit depth, the more available channel numbers to convert analogue signals into, thus the higher the dynamic
range of the ADC. Signals exceeding the highest available channel number are truncated and typically represented by the highest
available channel number. As technology has progressed, the bit depth of ADCs in flow cytometers has increased. For example,
the BD FACSCalibur had a 10-bits ADC (1024 channels), whereas the BD FACSCanto had an 18-bit ADC (262,144 channels).
Most current flow cytometers have ADCs ranging from 18 to 24-bits, an exception being the BC Astrios EQ with a 32-bit ADC
(4,294,967,296 channels).
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FIGURE 9  Scaling and the dynamic range of an analog to digital converter (ADC) affect the resolution of a digitized signal. (A) Simulated signal
distribution of two particle populations after digitization by a 16-bit ADC using a gain of 1. The first and second population fall within the first and fourth
decade of the ADC, respectively. The first decade has only 10 channel numbers available to describe the signal, which results in poor resolution. (B) Simulated
signal distribution of the same particle populations as in panel A after digitization by a 16-bit ADC using a gain of 100. The first population falls within the third
decade of the ADC and has improved resolution compared to panel A. The second population falls off scale, equals the maximum channel number, and
therefore cannot be resolved from populations with similar intensities. Arb. unit: arbitrary units.

Besides the dynamic range, the bit depth of the ADC affects the resolution, which dictates the ability of a flow cytometer
to distinguish two different signal levels. For example, Figure 9(A) shows a simulation of the signal distribution of two particle
populations after digitization by a 16-bit ADC. The first and second population fall within the first and fourth decade of the ADC,
respectively. However, the first decade has only 10 channel numbers available to describe the signal. As a result, the histogram
contains 10 spikes and hence the resolution is poor.

To minimize losses in resolution caused by digitization, electric signals are usually scaled to higher channel numbers than 1.
For example, by applying an electric gain of 100, the signal of the first particle population would fall within the third decade of
the ADC, as shown in Figure 9(B). Due to the electric gain, the particle population is described with 1,000 channel numbers,
which is a 100-fold increase in resolution compared to Figure 9(A). However, due to the limited bit depth of the ADC, the second
population falls off-scale and therefore equals the maximum channel number, namely, 2! = 65,536. Thus, the bit depth of the
ADC defines the maximum gain that is allowed before the brightest signal exceeds the maximum channel number. Consequently,
a higher bit depth is not only associated with a large dynamic range, but also with the ability to resolve dim signals.

For bright signals, the resolution is limited by other factors aside from the bit depth of the ADC, such as the detector and the
stability of the sample flow and illumination. Moreover, the detector not only impacts the resolution, but also affects the dynamic
range, because the detector itself has a lower and upper LoD, which are affected by the settings of the detector. For example,
when the detector voltage or gain is increased, the dynamic range of the detector decreases. In turn, the dynamic range and the
resolution of a detector can be higher or lower than those of the ADC. Therefore, the specified bit depth of the ADC does not
necessarily describe the dynamic range of the flow cytometer. Determination of the dynamic range of the full system requires
reference signals in comparable, standard units, which could be obtained by a calibration using reference particles (Section 6.3)
or a light emitting diode pulser.

2.4 | Alternative flow cytometer implementations

This section covers background information on the distinction between conventional flow cytometers and alternative flow
cytometry technologies that offer new capabilities, such as sorting of particles, imaging of cells and spectral measurements.

2.41 | Flow cytometry sorters

FCM sorters have been successfully applied to submicron-sized particles including EVs (Kormelink et al., 2016; Morales-
Kastresana et al., 2019). Sorting offers the opportunity to study the content or function of EV's with a specific antigen expression.
When sorting EVs, additional variables need to be considered such as: the sorting time, dilution, and purity of the sorted EVs.
Isolation of EV's with current commercially available sorters is impractical for downstream applications (Morales-Kastresana
etal., 2019; Morales-Kastresana et al., 2020). Downstream applications require a higher number of EV's than can be sorted within
a practical time. For example, bulk assays typically report the number of measured EVs in ug of EVs per ml fluid, implying that
at least one billion EVs are required to be detected (Sverdlov, 2012). Although FCM sorters can characterize and sort tens of
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thousands of particles per second, not all particles are EVs of interest and hence sorting a billion of relevant EVs typically takes
more than a day. Besides being impractical, sorting times of a day may cause issues with sterility.

Sorting results in the dilution of the sorted sample. In addition to the dilution that may be introduced by fluorescent staining
(Section 4.1) or to prevent swarm detection (Section 5.7), particles are further diluted by sorting because sorting is based on
separating particles within droplets of both sample and sheath fluid (Section 2.3.1.1). Depending on the settings, the volume of
one droplet is in the nL range. Therefore, attempting to sort a billion EVs would result in a sort volume of ~1 L and an EV
concentration of 10° ml~!. As a consequence, a sorted EV sample requires concentrating before downstream applications can be
applied. Dilution by sorting is more problematic for EVs than for cells, because EV's are more difficult to concentrate without
loss. In addition, the volume of an EV is on average a million-fold lower than the volume of a cell, meaning many more EV's must
be sorted to exceed the detection limit of downstream analyses.

Sorting of particles is a balance between speed, purity, and sensitivity. Concentrated samples can be sorted faster than diluted
samples because more droplets will contain a particle. However, for concentrated samples the probability of co-sorting particles
that are below the lower LoD also increases (Kormelink et al., 2016; Morales-Kastresana et al., 2019), particularly because the
lower LoD of commercial FCM sorters is >100 nm for EV's and the concentration of particles with a diameter <100 nm increases
with decreasing diameter (Figure 2B-C). Moreover, assessing the purity of post-sorted EV's by reanalysis is less straight forward
than for cells as particles below the LoD remain undetected. The speed and sensitivity are further affected by the fluid pressure
and the nozzle size (van der Vlist et al., 2012). Generally, increasing the nozzle size and decreasing the fluid pressure improve
the sensitivity, but also leads to an increased droplet volume, a more diluted sample, and a decreased throughput. The optimal
balance between purity, sensitivity and throughput therefore requires fine-tuning of the nozzle size and fluidic pressure.

Along with the settings, the purity of a sort is directly contingent on the ability to resolve a population. As with both cells and
EVs, sorting of different populations can only be achieved if the fluorescence and/or light scattering signals of said populations
can be clearly resolved and gated from one another. Gates that are too close, overlapping with background, or another population
can lead to low purity in the sorted population. On the other hand, stringent gate settings can lead to a low sort yield. In the case
of EVs, only the fraction of EVs exceeding the LoD can be sorted and enriched.

Due to the many variables involved in FCM sorting, the use of calibrated axes (Section 6.3) is desirable for reproducibility.
Some older sorters, however, still use analogue log amplifier electronics (see Section 2.3.3). This results in non-linear scaling and
inaccurate calibrations, especially when signals from reference particles need to be extrapolated for the quantification of dim
signals. The use of non-linear analogue log amplifiers is therefore not recommended for small particle analysis.

242 | Imaging flow cytometers

The main distinction between imaging and traditional flow cytometers is the way optical signals are detected. Conventional flow
cytometers focus optical signals originating from a particle onto a single detector. Imaging flow cytometers make an image of
each particle by focusing the light onto an array of detectors. This array of detectors typically are time delay integration charge-
coupled devices (TDI-CCD), which are designed to detect moving objects at low light levels (Han et al,, 2016). A TDI-CCD
essentially follows a moving particle throughout the entire field-of-view before reading out the signals, which increases the S/N
compared to traditional charge-coupled devices.

The main advantage of an imaging flow cytometer is that particles larger than the diffraction limit, such as single cells, can be
imaged. The diffraction limit defines the maximum possible spatial resolution of a lens. Most EV's are below the diffraction limit
and hence imaging EVs is not possible. Similar to nanoparticle tracking analysis (NTA), imaging flow cytometers visualize EV's as
diffraction limited spots. Consequently, serial dilution controls are required to confirm detection of single particles (Section 5.7).
While the fluorescent sensitivity of imaging flow cytometers is higher than traditional flow cytometers, the light scatter sensitivity
of imaging cytometers is currently limited and precludes detection of non-fluorescent 100 nm polystyrene beads.

2421 | Signal processing

With imaging FCM, each fluorescence or light scattering signal originating from a particle is measured by multiple pixels, which
causes notable differences in signal processing between imaging FCM and traditional FCM. To quantify the signal amplitude,
signals need to be integrated over multiple pixels, which requires the selection of a region of interest (ROI) around the particle.
To add to the complexity, each pixel of the TDI-CCD has its own response and noise characteristics. Therefore, dynamic imaging
algorithms are applied to identify particles, determine the ROI, and quantify the signal amplitude of a particle, which involves
assumptions regarding the nature of the signal, noise, and particle dimensions. Based on the working principle of imaging flow
cytometers, five technical issues can be anticipated.

First, the dynamic imaging algorithms used to trigger event acquisition, together with the individual pixel response and noise
characteristics decrease the precision with which the lower LoD of light scattering or fluorescence detection can be determined
compared to traditional FCM. Consequently, it is more difficult to determine which fraction of the EV's exceeds the lower LoD and
hence data reproducibility is impeded. Second, dynamic ROI determination leads to variation in the included background noise,
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which may cause a non-linear response between the actual signal amplitude and the measured signal amplitude at low signal levels
(Gorgens et al., 2019). Such a non-linear response would impede the accuracy of measured signal amplitudes as well as the validity
of calibrations. Third, the dynamic range of TDI-CCD cameras is orders of magnitude lower than the dynamic range of the PMTs
used in traditional FCM. The calibration of an imaging FCM may need to be performed at lower laser powers than used for
EV analysis, especially because commercially available reference particles are much brighter than EVs (Section 6.3.1.2). Fourth,
imaging flow cytometers have co-aligned lasers such that cells are illuminated with different lasers at the same time to avoid
any discrepancies in cell orientation'*. However, the use of co-aligned lasers reduces dexterity of fluorophore selection, because
signals of fluorophores with a different excitation peak but a similar emission spectrum cannot be distinguished. Fifth, imaging
flow cytometers generally operate at a lower flow rate than most traditional cytometers. When used with high magnification
lenses, the flow rate can be <1l min™ (Gérgens et al., 2019). Flow cytometers running at relatively low flow rates require a higher
EV concentration than traditional cytometers, which may be a limitation with sample sources that have a low EV concentration.

In summary, imaging FCM may provide higher fluorescence sensitivity and resolution than traditional FCM, but the signal
processing is notably different. Further research is needed to investigate and quantify the impact of the anticipated technical issues
of imaging FCM. Although technical solutions may be available to address these issues, these solutions are not implemented yet
because similar to traditional flow cytometers, imaging flow cytometers are optimized for cell detection. Hence it is important
that assays employing imaging FCM implement the appropriate calibrations (Section 6.3), experimental design (Section 3.1), and
assay controls (Section 5).

2.43 | Spectral flow cytometers

The main distinction between spectral flow cytometers and traditional flow cytometers is the way in which optical signals of dif-
ferent wavelengths are spectrally separated before detection. Traditional flow cytometers use spectral filters to direct light within
selected wavelength bands, which ideally are fluorophore specific, to different detectors (Section 2.3.2.3). The first commercial
spectral flow cytometer introduced by Sony Biotechnology used a spectrometer’ instead of spectral filters to evenly split optical
signals with a wavelength ranging from 420 to 800 nm across 32 detectors. Newer implementations of the Sony instruments
now have up to 188 detectors. Some flow cytometers, such as the Cytek Aurora, split the spectrum in unequal parts, with larger
wavelength bands overlapping with the emission peaks of common fluorophores. This implementation has the advantage of
increasing the S/N of fluorophores whilst still detecting the spectrum.

The advantage of measuring the full spectrum is that fluorophores with similar peak emissions, but different emission spec-
tra, can be measured simultaneously. These spectral signatures can be separated using spectral unmixing. Spectral unmixing is
a mathematical procedure in which a measured emission of the combined spectrum of multiple fluorophores is deconvoluted
into individual signatures in a process of spectral decomposition. A prerequisite is that the spectra of each fluorophore is known
a priori. Due to spectral unmixing, spectral flow cytometers are particularly suitable for the detection of samples stained with
multiple different fluorophores. One potential drawback to the spectral platform is a decreased S/N because the signal originat-
ing from each fluorophore is split and measured by multiple detectors, adding noise to the measurement. Like traditional flow
cytometers, the utility of spectral FCM remains limited by the small surface area and thus dim signals of EVs. The advantages
and disadvantages of spectral FCM approaches to EV research is currently being explored.

2.5 | Flow cytometer characterization and calibration

Before designing and analysing an EV experiment (Chapter 3.1), it is good practice to characterize the performance of the flow
cytometer(s) that are accessible to use. Characterizing the performance of a flow cytometer in a quantitative manner allows selec-
tion of the optimal instrument for an EV assay. Characteristics that should be assessed include the dynamic range and sensitivity
of each detector as well as the range of particle concentrations that can be measured. The range of particle concentrations that can
be measured will determine the minimum sample dilution and the capability of an instrument to detect rare EVs. The lower and
upper detection limit of the concentration can be assessed with the buffer only controls (Section 5.1) and by the serial dilution
controls (Section 5.7), respectively.

Calibration is required to determine the dynamic range and sensitivity of a detector because the signals collected from a
flow cytometer are in arbitrary units and specific to each instrument. The process of calibration involves the measurement of
a reference material (i.e., beads) that is used to relate arbitrary units of measurement to standard units, that is, the number of
fluorescent molecules, the number of photons, the particle diameter, or the scattering cross section (Section 6.3). Upon calibra-
tion, the dynamic range and sensitivity of a detector can be expressed in standard units, allowing for cross-comparison with
other FCM platforms. Furthermore, these quantitative metrics enable assessment and monitoring of instrument performance
over time. Importantly, instrument calibration using validated reference materials for instrument characterization allows for the
expression of measured EV signals in standardized, and therefore comparable units (Chapter 7).
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FIGURE 10  Generic experimental design of a flow cytometry experiment to characterize single extracellular vesicles (EVs). Assay controls are marked in
blue. FMO: fluorescence minus one.

3 | EXPERIMENTAL DESIGN AND PRE-ANALYTICAL PROCEDURES
3.1 | Experimental design

While a consensus method for experimental design is likely not feasible, several steps can be taken to improve the interpretability
and reproducibility of EV FCM data. To explain the purpose of each step in the experimental design, Figure 10 shows a generic
experimental design of a single EV FCM experiment. The main steps can be divided into (1) setting up the flow cytometer, (2)
preparing and measuring the samples, and (3) processing and reporting the data. Assay controls are marked in blue and aim
to verify that a given step in the experimental design is successful. Without these assay controls, numerous artifacts that can
masquerade as EVs may sneak into the data unintentionally. In the next chapters, all steps and assay controls are discussed in the
same order as in the MIFlowCyt-EV reporting framework (Welsh et al., 2020; Welsh et al., 2021).

Figure 10 outlines fundamental experimental design choices, including the dilution of samples prior to staining, the dilution
of samples after fluorescent staining or removing unbound reagents with an EV purification method, and selecting the applicable
assay controls. Other important decisions include the choice of the trigger detector (Section 6.1.1), whether to measure a sample
for a set number of events, time, or volume, and, if required, which pre-analytical procedures should be used to collect, handle,
store and eventually concentrate and/or isolate EVs.

3.2 | Pre-analytical procedures
The results of an EV FCM experiment are strongly influenced by how the sample itself was collected, handled, stored, and pro-

cessed prior to measurement. These pre-analytical procedures influence downstream assays and have led to variability in data
within the field. While there are no gold standards for these pre-analytical procedures, it has become clear that detailed reporting
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of experimental variables improves reproducibility. This insight has led to a comprehensive body of literature on pre-analytical
variables, notably EV-TRACK, MIFlowCyt-EV, MISEV, and position papers for specific assays (Coumans et al., 2017; Lotvall
et al,, 2014; Mateescu et al., 2017; Théry et al., 2018; van der Pol et al., 2022; Van Deun et al., 2017; Welsh et al., 2020). The main
commonalities of these efforts are the emphasis on transparency in reporting and the recognition that pre-analytical variables
may bias downstream data.

Details on sample collection, handling and storage in the context of EV research will not be discussed here, but could be
readily assessed in the literature (Lotvall et al., 2014; Théry et al., 2018; van der Pol et al., 2018; Van Deun et al., 2017). While EV
FCM generally does not require sample purification and/or concentration, EV purification may be needed to remove unbound
reagents, such as fluorescent antibodies, as well as reagents added prior to staining, such as anticoagulants and additives to cell
culture media (e.g., phenol red). The next section briefly explains four frequently used methods of EV purification.

3.21 | Ultracentrifugation

Concentration and purification of EV's by ultracentrifugation follows the principle of sedimentation by centrifugal force, where
particle separation is based on differences in size and density (Rikkert et al., 2018). Larger particles with higher density than the
suspension fluid migrate away from the axis of the centrifuge towards the pellet, while smaller and less-dense particles migrate
toward the axis of the centrifuge and remain in the supernatant. The aim of ultracentrifugation is to pellet down EVs, while
remaining unbound reagents in the supernatant. The advantages of ultracentrifugation are that multiple samples can be processed
in parallel, and that the procedure is easy to learn and apply. Some disadvantages of this method include: limited enrichment and
recovery (Geeurickx et al., 2019; Gorgens et al., 2019; Jayachandran et al., 2012; Ludwig et al., 2018; Rikkert et al., 2018), formation
of aggregates, and destruction of EVs (Linares et al., 2015). This can result in a reduction and alteration of EV characteristics.
Reported recovery ranges of EVs isolated by ultracentrifugation range from 5% to 80% (Geeurickx et al., 2019; Gorgens et al., 2019;
Jayachandran et al., 2012; Ludwig et al., 2018; Rikkert et al., 2018). The large discrepancy in the reported recoveries can in part
be explained by the differences in the sensitivity of the flow cytometers used to measure EVs. The smaller the detected EVs, the
lower the quantified recovery, because smaller EV's spin down with lower efficiency. Another disadvantage of ultracentrifugation
is that micelles originating from generic fluorescent staining (Section 4.1) may co-isolate with EVs (Dominkus et al., 2018). The
use of ultracentrifugation requires expensive specialized equipment and has limited scalability due to the number of samples that
can be processed simultaneously.

3.2.2 | Density gradient centrifugation

Density gradient centrifugation is a method to separate particles based on their density and can therefore be used to separate
EVs from non-EV particles or separate different types of EVs (der Vlist et al., 2012). With density gradient centrifugation, a
centrifugation tube is filled with layers of liquid having a density that increases in density from the top to the bottom of the
tube. In the EV-field, frequently used substances to create layers of different density are iodixanol and sucrose (Aalberts et al.,
2012). Besides equilibrium centrifugation, differences in sedimentation velocity can also be used to separate particles based on
both mass density and size (Cantin et al., 2008). Disadvantages of density gradient centrifugation are that the procedure takes
multiple hours and requires specialized and expensive equipment. Moreover, limited numbers of samples can be processed at
the same time and the recovery of EVs is variable and substantially lower than some of the other methods described in this
compendium (Geeurickx et al., 2019).

3.2.3 | Size exclusion chromatography

Size-exclusion chromatography (SEC) fractionates by size (Lotvall et al., 2014; Mol et al., 2017). With SEC, the sample is loaded
onto a column containing a porous material, which is called the stationary phase. The stationary phase typically consists of
agarose beads with an effective size cut-oft of 35 or 70 nm (Boing et al., 2014; Monguid-Tortajada et al., 2019). The buffer running
through the column is called the mobile phase. Particles larger than the pores of the stationary phase will pass directly through
the column, whereas smaller particles will enter the pores, get delayed and elute in later fractions. An advantage of SEC is the
application of low forces compared to ultracentrifugation, resulting in significantly less shear stress, damage, and aggregate for-
mation. In addition, SEC takes a few minutes whereas ultracentrifugation and density gradient centrifugation take one or more
hours. SEC with sepharose 2B has also been shown to have a high recovery of up to 80% for EVs >70 nm (Corso et al., 2017;
Monguié-Tortajada et al., 2019). Disadvantages of this technique include the dilution of the sample and co-elution of EVs with
certain reagents, such as micelle-forming lipophilic dyes (Dominkus et al., 2018).
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3.2.4 | Ultrafiltration

Ultrafiltration can separate unbound reagents from EV's using filters designed for concentration of proteins ranging in molecular
weight from 10 to 750 kDa. With centrifugal ultrafiltration, samples are loaded on top of a filter, which is placed in the centre of
a centrifugation tube. By applying an acceleration force by centrifugation, particles smaller than the filter pore, such as unbound
reagents, flow through the filter while the EVs are retained. The EV's remaining on top of the filter are concentrated and can be
resuspended in the buffer of choice. With tangential flow filtration, the sample flows tangentially across the surface of the filter,
where particles smaller than the pore are being trapped (Busatto et al., 2018). At the end of the filter, the filtered sample is released.

Advantages of ultrafiltration are that it can be performed with conventional centrifuges and with high recovery (up to 80%)
(Lobb et al., 2015). Disadvantages include the formation of protein and EV aggregates, which can lead to filter clogging, binding
of EVs to the filter (Davies et al., 2012; Kornilov et al., 2018; Lai et al., 2010; Lobb et al., 2015; Rood et al., 2010), and disruption of
EVs due to shear stress (Cvjetkovic et al., 2014). Filter clogging may be overcome by performing tangential flow filtration instead
of direct flow filtration. Similar to ultracentrifugation and SEC, ultrafiltration does not warrant removal of micelles formed by
lipophilic dyes.

4 | SAMPLE PREPARATION

Sample preparation is a prerequisite for successful FCM experiments. Aside from the standard best practices recommended for
FCM analysis of cells, additional considerations need to be taken when preparing EV samples for analysis. This chapter covers
the basics of EV sample preparation, including a discussion on fluorescent reagents and their selection, procedures for staining,
options for the removal of unbound reagents, and serial dilution of samples for analysis.

4.1 | Fluorescent staining

Fluorescent staining allows for the phenotypic analysis of EVs through identification of specific cellular biochemical components,
such as proteins, lipids, and nucleic acids present in or associated with EVs (Figure 2A). Fluorescent staining can thereby be used
to differentiate EV's from non-EV particles and to elucidate the biology and function of EVs.

Compared to a cell, an EV has a substantially smaller surface area and volume. This physical constraint results in propor-
tionately fewer available target molecules for staining, and therefore stained EV's display orders of magnitude lower fluorescence
signals than stained cells (Figure 2D). The fluorescence signals of EVs are typically close to or below the lower LoD of the fluores-
cence detectors, making the detection of an entire population of stained EV's difficult or infeasible. For example, the fluorescence
signals of stained EVs may overlap with the background noise of the flow cytometer, autofluorescence signals from unstained
EVsand non-EV particles, or fluorescence signals from unbound reagents. To optimize the S/N, it is imperative that the selected
reagents and applied procedures are thoroughly validated and optimized for EV applications.

Fluorescent reagents that are typically used for staining EVs are antibodies conjugated with fluorophores (Section 4.1.1) and
generic membrane or luminal stains (Section 4.1.2). Alternatively, EVs can be stained using nucleic acid stains (Section 4.1.2.2)
or genetically engineered to express fluorescent proteins (Section 4.1.3).

411 | Immunofluorescence staining

The most common fluorescence staining method in FCM utilizes antibodies conjugated with fluorophores (Saper, 2009). Anti-
bodies allow for the targeted labelling of specific protein antigens. Figure 11(A) schematically depicts a fluorescent antibody
conjugate. Structurally, the antibody consists of two antigen-binding fragments (Fabs) and an isotype specific or crystallizable
fragment (Fc). As the name suggests, the Fabs contain the antigen binding sites and allow the antibody to bind specifically to
antigens exposed on the surface of EVs, as shown in Figure 11(B). The Fc region is identical in all antibodies of a common isotype,
and binds to isotype-specific Fc receptors that can be present on EVs, as shown in Figure 11(C). Although cells may bind sufficient
Fc receptors to allow for detection, Fc receptor binding is likely less prominent for EVs than for cells under the assumption that
the expression level scales proportionally to the surface area of the particle. To substantiate this statement, Figure 2(C) shows
the indicative number of IgG-Fc receptors of platelet-derived EVs, assuming that the IgG-Fc receptor density of platelets and
platelet-derived EV's are equal and that the same fraction of receptors is stained. On flow cytometers with an LoD lower than 100
PE molecules, the IgG-Fc receptors would remain undetectable for EVs smaller than 580 nm.

Antibodies can be conjugated with one or multiple copies of a fluorophore. The average number of copies of a fluorophore
that is conjugated with an antibody is defined as the fluorophore to protein ratio (F/P). Reagents should have a specified F/P of at
least 1. An F/P <1 indicates that not every antibody molecule within a reagent is conjugated to a fluorophore. Hence, conjugated
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FIGURE 11  Schematic representation of a fluorescent antibody conjugate and processes involved in antibody staining. (A) Fluorophore conjugated to an
antibody. The antibody consists of two antigen-binding sites (Fab region) and an isotype specific fragment to bind to Fc receptors (Fc region). (B) The antigen
binding sites allow the antibody to bind specifically to antigens exposed on the surface of an EV. (C) The isotype specific fragment binds to isotype-specific Fc
receptors that may be exposed on the surface of an EV. Therefore, antibodies do not bind specifically to antigens, but also to Fc receptors. (D) Fluorescent
antibody conjugates, antibodies and fluorophores may form aggregates with similar dimensions as EVs. (E) Antibodies may stick to the surface of EVs or other
particles. (F) Isotype control antibody with the same Fc regions (e.g., IgG1 and IgG2a) as antibodies used to stain EVs, but with a Fab region that recognizes
irrelevant antigens. Isotype control antibodies therefore allow assessment of the degree of Fc receptor-mediated binding.

and unconjugated antibody molecules are competing for the same antigen, resulting in a decrease in fluorescence intensity,
because unconjugated antibodies do not emit fluorescence. An F/P >1 neither guarantees the absence of unconjugated antibody
molecules, because the F/P is an ensemble average. However, the probability of unconjugated antibody molecules is lower for F/P
>1 than F/P<L1. The F/P of commercially available antibodies is optimized for cell detection. Antibodies with an F/P specifically
devoted to EV applications are warranted in the future.

Most antibodies used in FCM are monoclonal. Monoclonal antibodies are derived from a single cell line and bind specifically
to a single epitope within an antigen. An epitope is the part of an antigen that is recognized by the antibody. Antibodies from a
different clone targeting the same antigen may recognize different epitopes and may have different binding affinities. Polyclonal
antibodies are derived from different cell lines and may target multiple antibodies or a single antibody, but different epitopes.
Polyclonal antibodies usually have the same isotype and are commonly used as secondary antibodies in indirect immunofluo-
rescence staining (Section 4.1.1.1). Monoclonal antibodies result in most consistent staining and are therefore recommended for
EV FCM.

Antibody reagents require careful selection, due to the wide variety of different antibody reagents with the same target that
are commercially available (Xie, 2017). It is recommended to report catalogue and lot numbers consistently (Welsh et al., 2020).
Before starting large and long-lasting studies, it is further recommended to test different antibody clones to the same antigen in
order to confirm reproducibility (Bottcher et al., 2019). With antigens that are not well-known, it is preferable to demonstrate
specificity by using a cell line that does and does not expresses the antigen.

4.1.11 | Direct and indirect immunofluorescence staining
With direct immunofluorescence staining, antigens are stained with an antibody that is conjugated with one or more flu-
orophores. The antibody recognizes and binds to the antigen and can be detected by fluorescence. In practice, direct
immunofluorescence staining is performed with a mix of different antibodies targeting different antigens. Each antibody type in
a mix is conjugated with a different fluorophore to enable identification of the antibody type.

With indirect immunofluorescence staining, antigens are stained with a primary antibody that is not conjugated with flu-
orophores. In turn, the primary antibody is stained with secondary or even tertiary antibodies conjugated to fluorophores
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to amplify the detection of the primary antibody. Indirect staining has historically been developed for staining of cells but is
unsuitable for high parameter analyses. Therefore, indirect staining of cells is nowadays not commonly used. Although signal
amplification is appealing, indirect staining is not recommended for EV research for the following reasons.

When indirect immunofluorescence is used to stain cells, unbound primary antibodies are washed away to reduce binding
competition with the secondary antibody and reduce the concentration of required secondary antibody. However, as the removal
of unbound antibodies from EV samples is difficult (Section 3.2), the indirect staining procedure is more complicated for EV's
than for cells. Additionally, the increase in the number of successive incubations extends the time of the staining procedure
and may contribute to the loss of EVs, because EV's can stick to the tubes or plates used for staining. Each additional antibody
included in the staining procedure warrants additional assay controls (Section 5) to interpret the data. The additional antibodies
may also increase the background noise level, contribute to swarm detection (Section 2.3.3.4) and lead to cross-linking of EVs.
Furthermore, indirect staining negates the ability to report on antigen density (Section 7.3), because the secondary or tertiary
antibodies that are conjugated to the detected fluorophores do not directly target the antigen of interest.

4112 | Antibody alternatives

A newer class of antibodies and antibody alternatives that allow for antigen-specific targeting include nanobodies and aptamers.
Aptamers are oligonucleotides molecules that specifically bind to a molecular target. Nanobodies, or single-domain antibodies,
are fragments of camelid antibodies that contain only a single Fab region. As aptamers and nanobodies can be conjugated with
fluorophores and bind specifically to antigens, they may become a viable alternative to conventional antibodies for staining (Bruce
& McNaughton, 2017). Especially the small size compared to conventional antibodies and the lack of Fc receptors while retaining
specificity of binding to targeted antigens are attractive properties of aptamers and nanobodies for EV FCM applications (Bruce
& McNaughton, 2017). However, the utility of these new staining alternatives for EV. FCM is yet to be demonstrated.

4113 | Fluorophore selection

The selection of fluorophores for an EV FCM experiment needs to be in concordance with the detection capabilities of the flow
cytometer that will be used and involves three steps. First, the combination of detectors and fluorophores resulting in the most
sensitive detection should be identified. Second, reference materials should be available to calibrate the detectors corresponding
to the selected fluorophores. Third, when different fluorophores are simultaneously used, spectral spillover, which is the overlap
between the emission spectra of different fluorophores, should be avoided. Although algorithms exist to deconvolute spectrally
overlapping signals, fluorescence spillover leads to a reduction in sensitivity (Nguyen et al., 2013), which is undesirable for EV
FCM where signals are already dim (Section 2.1.1).

The first step of fluorophore selection involves the identification of the most sensitive detectors and brightest fluorophores. To
identify the most sensitive detectors, the LoD of each detector needs to be determined, which can be achieved through instru-
ment characterization (Section 2.5). The brightness of fluorophores was extensively discussed in Sections 2.2.2.1 to 2.2.2.3. Small
fluorophores are usually dimmer compared to large fluorophores, but smaller fluorophores allow for a higher F/P when conju-
gated to antibodies (Chattopadhyay et al., 2012; McKinnon, 2018; Schwarze et al., 1983). Whether larger fluorophores cause more
problems with staining EVs compared to cells, depends on the surface density and mobility of antigens in the membrane, and is
a subject that requires further investigation. Table 4 provides an overview of the properties of commonly used fluorophores and
available reference materials.

4114 | Types of fluorophore
Fluorophores that are used in FCM can be divided into four classes: (1) large protein molecules, (2) small organic molecules, (3)
organic polymers and (4) inorganic fluorescent nanocrystals (Chattopadhyay et al., 2012).

Large protein molecules and small organic molecules were one of the first fluorophores to be used in FCM. An example of
large protein fluorescent molecules are phycobiliproteins, such as APC and PE, which range in molecular mass between ~100
and 300 kDa (see Table 4). Examples of small organic molecule fluorophores are the cyanine dyes and FITC, which is a derivative
of fluorescein and has a molecular mass of 0.4 kDa. Many new dyes have been developed from these original large protein and
small organic molecules.

Organic polymer dyes are diode polymers whose brightness increases with the length of the polymer. Organic polymer dyes
have a higher extinction coefficient, quantum yield and brightness than large protein and small organic molecules. An example
of an organic polymer dye is Brilliant Violet, which has a molecular mass between 7 and 80 kDa. The molecular mass of Brilliant
Violet is thereby similar to large protein molecules. Organic polymer dyes might be prone to aggregation and require special-
ized buffers to maintain stability. Caution should therefore be taken when organic polymer dyes are used to stain EVs, because
aggregates could result in false positive events.

The most common type of inorganic fluorescent nanocrystals are quantum dots (QDs). QDs are nanocrystals of a fluorescent
semiconductor material that typically range 10 nm to 20 nm in diameter (Bera et al., 2010), which is large relative to the size of
EVs. The brightness of QDs is on par with the brightest conventional fluorophores. QDs are resistant to photobleaching, have a
narrower emission spectrum than conventional fluorophores, and are optimally excited in the UV range. Similar to conventional
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TABLE 4  Properties of commonly used fluorophores. AF: Alexa Fluor; APC: allophycocyanin;
BV: brilliant violet; eGFP: enhanced green fluorescent protein; FITC: fluorescein; MESF: molecules of equivalent solble fluorophores; PE: phycoerythrin

Extinction
Molecular mass  Coefficient (¢, Quantum Yield Fluorophore
Fluorophore Type (kDa) M~lcm™) 4) brightness (z-$) MESF calibrators
PE Large protein 250 1.96E + 06 0.84 1.65E + 06 Bangs Laboratories, Becton
Dickinson, Spherotech
BV421 Organic polymer 75 2.50E + 06 0.65 1.63E + 06 BD Special Order
APC Large protein 105 7.00E + 05 0.68 4.76E + 05 Bangs Laboratories, BD
Special Order, Spherotech
AF647 Small organic L3 2.70E + 05 0.33 8.91E + 04 Bangs Laboratories
molecules
AF488 Small organic 0.6 7.30E + 04 0.92 6.72E + 04 Bangs Laboratories
molecules
FITC Small organic 0.4 7.30E + 04 0.92 6.72E + 04 Bangs Laboratories,
molecules Spherotech
eGFP Small protein 27 5.59E + 04 0.6 3.35E + 04 Bangs Laboratories,
Spherotech

fluorophores, QDs can be conjugated to antibodies, aptamers or nanobodies. Disadvantages of QDs are that they (1) are large
relative to the size of EVs, (2) are difficult to conjugate to antibodies, (3) have limited stability when conjugated, (4) have a
wide excitation spectrum, (5) are polyvalent'® when conjugated and therefore capable of capturing more than one EV, and (6)
depending on their composition, QDs may substantially increase the buoyant density of stained EVs, thereby affecting density
gradient centrifugation procedures. Newer types of inorganic fluorescent nanocrystals include polymer dots, trademarked as
the StarBright dyes (Chen et al., 2017; Jin et al.,, 2012). Polymer dots are brighter, but also larger than QDs. For EV staining
applications, polymer dots have the same usage concerns as QDs.

4115 | Tandem dyes

Tandem dyes are created through covalent linkage of a donor and an acceptor molecule. Excitation and emission of light by a
tandem dye follow the principles of FRET (Section 2.2.2.2). The donor molecule is called the base dye. A single base dye can be
linked to multiple acceptor molecules, which may contribute to variation between production lots. Tandem dyes may consist of
a large protein fluorophore linked to small organic molecules, such as PE-Cy5 and APC-Cy7. Alternatively, the base dye could
be an organic polymer dye. For example, BV421 and BV510 are base dyes, while other available Brilliant Violet dyes are tandem
dyes.

For EV FCM, base dyes are preferred over tandem dyes, because base dyes are smaller than tandem dyes and because to the
best of our knowledge fluorescence calibration materials, such as beads with an assigned number of molecules of equivalent
soluble fluorophores (MESF), are unavailable for tandem dyes. MESF is a common standard unit of fluorescence intensity that
can be derived by performing a calibration (Section 6.3.1). Fluorescence calibration with tandem dyes can be performed using
antibody capture (ABC) beads (Section 6.3.1).

41.1.6 | New fluorophore developments for EV FCM

New commercially available fluorophores are continuously being introduced, yet few of these new fluorophores are a result of
new chemistry. Instead, these fluorophores are a re-branding of existing fluorophores with slight modifications. New fluorophores
with distinct excitation and emission spectra and different brightness are often developed with high parameter cell-based assays
in mind. As a result, most new fluorophores do not satisfy the criteria for use in EV FCM. Meanwhile the field is awaiting new
bright base dyes that are substantially smaller than EVs. Manufacturers can contribute to the improvement of reproducibility and
standardization by providing the F/P, tandem ratio, and antibody concentration of existing reagents for EV FCM. In addition,
each newly released fluorophore should be accompanied with reference materials to perform an MESF calibration corresponding
to the fluorophore.

4.1.1.7 | Other fluorophore considerations

The emission and excitation spectra and fluorescence intensity of a fluorophore are affected by the chemical environment
(Sections 2.2.2.1). Generally, conjugation of fluorophores to antibodies as well as the close proximity of lipids, proteins, sol-
uble molecules, membranes, and other antibody fluorophore conjugates may lead to quenching (Section 2.2.2.2) and thereby
to a reduction in fluorescence intensity. The probability of quenching increases with increasing antigen densities, but solid
experimental data on the antigen density of EVs is currently lacking and therefore this topic requires further investigation.
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412 | Generic fluorescent staining

Generic fluorescent staining, defined here as any form of non-immunofluorescence staining, stain a specific type of molecule,
such as lipids, amine groups, or nucleic acids. Generic fluorescent staining is often used with the purpose of labelling and detecting
all, and preferably only, EVs. However, a generic stain that is capable of staining all and only EV's does not yet exist (de Rond et al.,
2019; de Rond et al., 2018) and is an area of potential research for new dye developments. A legitimate reason to use generic stains
is to enable fluorescent triggering (Section 6.1). Depending on the flow cytometer and staining procedure (de Rond et al., 2018),
fluorescent triggering can improve the S/N, thereby enabling detection of smaller EVs compared to scatter triggering (Arraud
et al., 2016).

4121 | Membrane and amine reactive dyes

Many of the generic stains available are lipid membrane dyes, plasma membrane dyes or amine reactive dyes. Lipid
and plasma membrane dyes bind to or incorporate into the EV membrane. Examples include 4-(2-[6-(dioctylamino)-
2-naphthalenyl]ethenyl)-1-(3-sulfopropyl)pyridinium (di-8-ANEPPS), BODIPY TR ceramide, CellMask Stains, lipophilic
carbocyanine dyes, MemBright, and Paul Karl Horan (PKH) dyes (de Rond et al., 2019; de Rond et al., 2018; van der Vlist
et al,, 2012). Amine reactive dyes target the amine groups on proteins within the EV lumen and depend on the presence of
esterases for cleavage and subsequent activation. Examples of amine reactive dyes include calcein acetoxymethyl ester (CA), cal-
cein CA violet, and carboxyfluorescein succinimidyl ester (CFDA-SE) (Collot et al., 2019; Johnson et al., 2020; Lubart et al., 2020;
Morales-Kastresana et al., 2019; Stoner et al., 2016).

The intended application for many generic stains is to identify specific membrane structures within cells in fluorescence imag-
ing. When selecting a generic stain for use in EV FCM, four factors should be taken into consideration. First, the presence and
staining efficiency of non-EV particles may affect the staining efficiency and detection of EVs. Second, fluorescent lipophilic
membrane dyes may form micelles or aggregates, which may cause false positive events when used for EV staining (Morales-
Kastresana et al., 2017; van der Vlist et al., 2012). Although membrane dyes based on zwitterionic anchors could be used to reduce
aggregate formation (Collot et al., 2019), generic stains typically require removal of unbound reagents and fluorescent non-EV
particles (Section 3.2). Third, EVs are smaller and therefore dimmer than cells (Section 2.1.1), also after generic fluorescent stain-
ing. Fourth, EVs may have a reduced ability to efficiently intercalate membrane dyes compared to cells, depending on the lipid
and protein composition of EVs as well as on the chemical composition of the dye. Improved data reporting is necessary to
generate evidence-based recommendations for the selection of generic fluorescent stains (Welsh et al., 2020).

When generic stains are used for quantitative fluorescence analysis, careful data evaluation is required, because the binding or
insertion efficiency and the fluorescent properties of generic stains depend on the composition of EVs. Therefore, the measured
fluorescence intensities do not only reflect differences in EV size but can also reflect differences in EV membrane composition
(Lubart et al., 2020).

4122 | Nucleic acid stains
Fluorescent nucleic acid stains are available to stain different types of nucleic acids in different ways. For example, nucleic acid
stains for DNA are capable of intercalating in between base-pairs, across base-pairs (bis-intercalator), across major and minor
grooves of the DNA, and across the DNA backbone. Many available DNA stains are not specific for DNA and also emit fluo-
rescence when bound to RNA, although the emitted fluorescence intensity is usually dimmer (Liu et al., 2022). Whereas nucleic
acid stains have been developed to stain all nucleic acids, molecular beacons are developed to label specific sequences (Tan et al.,
2004). These molecular beacons only emit fluorescence when bound to the target nucleic acid sequence.

To date, there is only one study demonstrating the detection of nucleic acids in or at particles within the EV size range on
a calibrated flow cytometer (Liu et al., 2022). These experiments have been performed on lab-built flow cytometers that are
capable of detecting <10 fluorophores. With a commercial flow cytometer and currently available nucleic acid stains, however, it
is unlikely that nucleic acids can be detected within EVs". The utility of publications wherein a commercial flow cytometer was
used to detect nucleic acid stains in EVs is limited, because a lack of calibration and assay controls hampers data interpretation.

Regarding assay controls, nucleases should be used after nucleic acid staining to demonstrate that signals are (1) specific to the
nucleic acid of interest and (2) not derived from external sources (Liu et al., 2022). However, nuclease treatment of nucleic acids
in the lumen of EVs requires membrane permeabilization to demonstrate signal abolition.

413 | Genetic expression of fluorescent proteins

As an alternative to staining, EVs can become fluorescent by genetic manipulation of their parent cells (Geeurickx et al., 2019;
Gorgens et al., 2019; Shen et al., 2018). Cells can load proteins, such as the tetraspanin CD63, into EVs. In order to release fluo-
rescent EVs, cells can be genetically manipulated to bind a fluorescent protein to a protein that is endogenously loaded into (or
onto) EVs, such as green fluorescent protein to CD63. During vesicle formation, the cell incorporates the hybrid protein into
vesicles and as a result, EVs released by the cell are fluorescent (Gorgens et al., 2019; Wiklander et al., 2018).
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Endogenous loading of fluorescent proteins into EVs is typically achieved by binding fluorescent proteins to EV sorting pro-
teins, such as the tetraspanins (Corso et al., 2019). An advantage of endogenous loading is that no unbound reagents are present
in the medium, because EVs are fluorescent upon release from the cell. However, sub-populations of released EVs may express
different amounts of fluorescent proteins (van der Vlist et al., 2012). Furthermore, non-physiological concentrations of modified
proteins could affect the biology of parent cells as well as the protein composition and function of EVs.

4.2 | Staining procedure

The procedure for immunofluorescence and generic fluorescent staining of EV's share the same basic principles. In addition, the
best practices and recommendations for immunofluorescence and generic fluorescent staining of cells also apply to EVs (Saper,
2009; Weller, 2018), although cell activation, antibody internalization, and death are not a concern when staining EVs.

421 | Staining conditions, considerations and procedure

Fluorescent staining depends on many variables, including the concentration of the reagent, the concentration of the target
molecules and thus the concentration of EVs, the exposure of light, the incubation time, the pH of the medium, and the tem-
perature. Many staining reactions are reversible and therefore reach a dynamic equilibrium when the binding and unbinding of
reagents occur at the same rate (Van Oss et al., 1986). Distinct from immunofluorescence staining, the binding efficiency of many
generic fluorescent stains depends on reagents that aid membrane intercalation, such as dimethyl sulfoxide. When describing
immunofluorescence and generic fluorescent staining experiments, all relevant variables need to be reported (Welsh et al., 2020).

To develop a reliable assay with a maximized fluorescence signal, it is important to optimize the concentration of the staining
reagent(s), concentration of EVs, and staining conditions. In general, the staining procedure of EVs is as follows: (1) remove
aggregates in the reagents, such as aggregates of antibodies and fluorophores, (2) estimate the concentration of EVs in the sample,
(3) estimate the optimal concentration of reagents and EVs during incubation by titration, (4) determine the optimal incubation
time and temperature, (5) reduce the concentration of unbound reagents associated with fluorescent staining prior to analysis by
FCM.

4211 | Removal of staining reagent aggregates

Staining reagents may contain particles that exceed the trigger threshold, such as antibody-fluorophore aggregates, as illustrated
in Figure 11(D), protein aggregates, or micelles in the case of lipid dyes. Particles originating from the reagent can be reduced in
concentration or entirely removed by centrifugation or filtration. For example, the fastest acceleration setting of a benchtop high-
speed centrifuge (e.g., 19,000g for 5 min) is often sufficient to remove detectable antibody-fluorophore aggregates. To confirm
that particles in the reagent do not represent false-positive counts, the buffer with reagents control (Section 5.2) should be used.

4.2.12 | Estimation of EV concentration

As reversible staining reactions reach a dynamic equilibrium, only a fraction of the target molecules is stained. To ensure that the
fraction of stained target molecules is close to one, the staining reaction needs to be saturated, which can be achieved by using
“an excess” of staining reagents. The concentration of staining reagents required to reach saturation depends on the dissociation
constant of the reaction and the concentration of target molecules. Ideally, the concentration of the target molecules during
staining is therefore similar in different samples. However, the concentration of the target molecules in EV samples cannot be
accurately determined. Instead, it is good practice to estimate the concentration of EVs as an indication of the concentration of
the target molecules. The concentration of EV's can be estimated with FCM or an orthogonal detection method, such as resistive
pulse sensing (RPS). To achieve similar EV concentrations in different samples during staining, samples can be diluted based on
preliminary EV concentration measurements.

4.2.13 | Titration of staining reagents

The concentration of staining reagents required to reach saturation is difficult to theoretically predict, because often neither
the dissociation constant of the reaction nor the concentration of target molecules is known. In addition, the absence of swarm
detection originating from staining reagents needs to be experimentally confirmed. Therefore, titration of the staining reagents
is recommended to find the optimal concentration of staining reagents. This recommendation applies to immunofluorescence
and generic fluorescent staining.

Titration aims to find the highest concentration of staining reagents that does not result in false-positive events originating
from the reagent, which should be checked with the buffer with reagents controls (Section 5.2). The optimal concentration of
staining reagents results in the maximum fluorescence intensities of stained EVs, while keeping the background fluorescence
intensity to a minimum (Kalina et al., 2020). The titration should be performed on a predetermined concentration of EVs and
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a range of 6 to 8 serial dilutions is recommended to find the optimum. The optimal concentration of staining reagents should
always be reported in standard units, such as mole L™! or ug ml™?, but not in dilution factors.

4214 | Optimization of incubation time and temperature
The two main conditions that affect staining are the incubation time and temperature. Ideally, the incubation time should equal
the time required to reach the dynamic equilibrium. In practice, however, the incubation time is compromised by sample degra-
dation and time restrictions. An increase in temperature will shorten this incubation time, but might induce non-specific labelling
or degradation of the sample and reagents. To prevent bleaching of fluorophores, incubation is performed in a dark environment.
While the aforementioned variables have been extensively tested for antibody staining of cells, the optimal variables for staining
EVs are subject to ongoing investigations (Tertel et al., 2020). Moreover, the optimal variables may differ between reagents and
EV samples. Therefore, all relevant variables need to be reported when describing the antibody staining procedure (Welsh et al.,
2020).

4215 | Reduction of unbound reagents

After staining, the EV sample will contain unbound reagents. As the presence of unbound reagents may lead to false-positive
counts, the concentration of unbound reagents needs to be decreased after staining either by EV purification methods (Sec-
tion 3.2) or sample dilution (Section 5.7). There are advantages and disadvantages to both methods. Dilution is a more economical
and practical approach than purification and prevents the loss of EVs. However, when dilution does not inhibit false-positive
counts originating from reagents, EV purification is required. EV purification methods can reduce the concentration of unbound
reagents, but are often laborious, have a limited and varying EV recovery (Yuana et al., 2015), and may be biased towards certain
EV types or sizes (Boing et al., 2014; Rikkert et al., 2018).

An example of a reagent that typically requires purification after staining, are lipophilic dyes. Lipophilic dyes can form aggre-
gates and/or micelles in the size and fluorescence range of fluorescently stained EVs, thereby inducing false-positive fluorescent
counts. These aggregates and micelles can be removed from EVs by density gradient centrifugation (Dominkus et al., 2018; Hoen
et al., 2012; van der Vlist et al., 2012).

After applying EV purification methods or sample dilution, the absence of false-positive counts originating from reagents
should be checked using the procedural controls (Section 5.6) or the buffer with reagents controls (Section 5.2), respectively. EV
purification or sample dilution can affect the antibody and EV concentrations and therefore the dynamic equilibrium, meaning
that the time between staining and detection may decrease the brightness of stained EVs. Therefore, the time between staining
and detection should be investigated, optimized, standardized and reported (Welsh et al., 2020).

4.3 | Detection of stained EVs by flow cytometry

EVs labelled with fluorescently conjugated antibodies or generic fluorescent stains are dim. To illustrate this point, Figure 12(B)
shows an estimate of the fluorescence intensity distribution of CD61+ EVs in plasma using the estimated size distribution of EV's
in Figure 12(A) and the number of receptors per EV in Figure 2(D). Despite the high density of CD61 compared to most other
antigens, fluorescence signals of most EV's are below 1000 MESF. For comparison, residual platelets in fresh whole blood stained
with CD61-APC have a confined fluorescence intensity profile with a median fluorescence intensity (MFI) around 100,000 MESE
The dim signal of fluorescently labelled EV's has two implications for their detection by flow cytometry:

First, the fluorescence signals of stained EVs may be indistinguishable from background noise of the flow cytometer and
unstained particles. Although selecting brighter fluorophores (Section 4.1.1.3) and a detector with higher sensitivity will improve
the ability to detect stained EVs, a fluorescent gate is required to differentiate stained EVs from unstained EVs and/or non-EV
particles. For example, Figure 13(A) shows the measured fluorescence intensity versus the side scattering intensity of particles
in plasma stained with CD61-APC. The horizontal line indicates the fluorescent gate that differentiates stained particles from
background noise and unstained particles. The fluorescent gate may be defined using the unstained controls (Section 5.3), which
typically results in lower background fluorescence than the stained samples. Alternatively, fluorescent gates are defined manually
based on the scatter plot or automatically based on the histogram of the background fluorescence intensity (Gankema et al.,
2022). Hitherto, the distinction between stained and unstained particles remains subjective, which emphasizes the importance
of characterizing the performance of the flow cytometer by a calibration (Section 2.5) and reporting fluorescence gates in standard
units (Section 6.3.1).

Second, the positive fluorescence signals may originate from non-EV particles, such as antibody aggregates or cells. For exam-
ple, Figure 13(A) clearly shows that three distinct particle populations stain positively for CD61. To identify these populations, the
data were calibrated (Section 6.3) and the reagents in buffer control (Section 5.2) was performed. Figure 13(B) and (C) show the
measured fluorescence intensity in standard units versus particle diameter of the reagents in buffer control and stained plasma
sample, respectively, confirming the presence of antibody-fluorophore aggregates. In addition, the brightest population is associ-
ated with platelets, because both the calibrated fluorescence intensity and size range are typical for platelets. Other possible causes
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FIGURE 12  The lower limit of detection (LoD) of a flow cytometer affects the statistical description of the size distribution, fluorescence intensity
distribution, and light scattering intensity distribution of an extracellular vesicle (EV) sample. (A) Size distribution, (B) fluorescence intensity distribution, and
(C) light scattering intensity distribution of the same population of EVs. The vertical lines denote three LoDs relating to diameters of 100 nm (dotted line),

150 nm (dashed line), and 300 nm (solid line). The effect of these LoDs for statistical descriptions of the size distribution, fluorescence intensity distribution,
and light scattering intensity distribution can be found in Tables 4 and 5.

of false positive fluorescence signals include binding of the Fc region of an antibody to Fc receptors present on EVs (Figure 11C)
or sticking of antibodies to EV's or other particles (Figure 11E).

To confirm that fluorescent signals originate from EVs, assay controls (Section 5) are needed. The seven most common assay
controls for fluorescence staining are listed in Figure 10. In short, to differentiate EV's from particles originating from the reagent,
such as antibody-fluorophore aggregates, buffer with reagents controls (Section 5.2) or procedural controls (Section 5.6) can be
used. To determine the level of background noise and autofluorescence, unstained controls (Section 5.3) can be used. To identify
antibodies that bind to Fc-receptors or that are sticky, isotype controls can be used (Section 5.4). When multiple antibodies are
used simultaneously, fluorescence-minus-one (FMO) and single-stained controls (Section 5.5) can be used to investigate whether
antibodies aggregate to each other. Detergent treatment (Section 5.8) can be used to verify that signals originate from membrane-
enclosed particles, such as EVs, and not from detergent-resistant particles. Two controls that are not discussed in detail in this
compendium, but which are recommended especially when using new antibodies to new samples, are the negative control and
the pre-blocking control. With the negative control, a sample containing EVs that do not have the targeted antigen is used to
confirm the absence of a signal and thus non-specific binding. With the pre-blocking control, the targeted antigens of Es are pre-
blocked with antibodies that are not conjugated to a fluorophore. Samples with pre-blocked antigens should not stain positively
and can therefore be used as a negative control.

5 | ASSAY CONTROLS

Assay controls are used to confirm that the measured events can be attributed to EVs. Assay controls are also important to identify
sources of background noise and to optimize the settings of the flow cytometers, such as the trigger threshold(s). However, assay
controls are not meant to apply quantitative corrections to data, such as the subtraction of background noise.
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FIGURE 13  Example of the identification of EVs stained with antibodies using an assay control and a calibration. (A) Measured fluorescence intensity
(Apogee A60-Micro) versus the side scattering intensity of particles in plasma stained with CD61-APC (Gasecka et al., 2020). The fluorescent gate (horizontal
line) differentiates stained particles (CD61+) from background noise and unstained particles (CD61-). The arbitrary units (arb. unit) preclude identification of
the three positively stained populations. (B) Measured fluorescence intensity in standard units versus the diameter of particles in CD61-APC added to
phosphate buffered saline, which was the buffer used in panel A. The data confirms the presence of antibody-fluorophore aggregates. (C) Measured
fluorescence intensity in standard units versus the diameter of particles in the same sample as displayed in panel A. Owing to the calibration and the reagents in
buffer control, the three populations can be readily identified as antibody-fluorophore aggregates, EVs stained with CD61, and residual platelets.

In this chapter, buffer-only controls (Section 5.1), buffer with reagents controls (Section 5.2), unstained controls (Section 5.3),
isotype controls (Section 5.4), FMO and single-stained controls (Section 5.5), procedural controls (Section 5.6), serial dilution
controls (Section 5.7), and detergent treatment controls (Section 5.8) will be discussed. Figure 10 shows to which experimental
aspects each assay control applies to. Although many of these controls are also used in cellular cytometry, the procedural con-
trols, serial dilution controls, and detergent treatment controls are specific to EV FCM. Each description starts with background
information and a definition of the goal of the control, followed by a description of the procedure(s) covering problems and
solutions specific to EV FCM.

5.1 | Buffer-only controls

The goal of the buffer-only controls is to quantify the contribution of background noise (Section 2.3.3) and particles in the dilution
buffer and compare it to the total counts of particles in the EV sample(s). In addition, the buffer-only controls can be used to
set the trigger threshold(s) and confirm whether the flow cytometer is clean. Buffer-only controls should always be performed,
reported, and considered in data interpretation.
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511 | Procedure

As EVs are diluted in the buffer, the buffer requires careful selection. The buffer should have the same osmolarity and pH as the
medium of the EV sample, be as free as possible of detectable particles and ideally sterile to avoid the presence of bacteria, fungi,
and outer membrane vesicles. Buffers should be used freshly to reduce the presence of calcium-phosphate precipitates (Larson
et al., 2013). Filter-sterilized buffers can be acquired commercially and techniques such as deionization, degasification, filtration,
photolysis, and/or ultracentrifugation can be employed to reduce the presence of particles. When storage of buffers is required,
it is recommended to freeze the buffer or store the buffer at 4°C for a maximum of 2 weeks.

Measure the dilution buffer using the same acquisition settings as the measurement of the EV sample(s). If the buffer-only
controls result in more events than desired, for example when the electronic abort rate is higher than desired (Section 2.3.3.4),
the following steps can be taken to reduce unwanted background events.

Background events originating from particles in the dilution and sheath buffers can often be reduced by applying cleaning
techniques or switching sheath filters (Section 2.3.1). Background events originating from electronic and optical noise might be
minimized by modifications of the electronics and optics, respectively (de Rond et al., 2020). Nevertheless, hardware modifica-
tions require expertise and these components are usually not adjustable by the user, thus electronic and optical background noise
often must be accepted as characteristics of the flow cytometer. If the dilution and sheath buffers are clean and the hardware is
functioning optimally, background events may be further reduced by increasing the trigger threshold. Be aware that although
increasing the trigger thresholds decreases the background events, it also decreases the sensitivity and therefore results in the
detection of lower EV concentrations.

5.2 | Buffer with reagents controls

Despite EV purification (section 3.2) or dilution, unbound reagents may contribute to background noise. The goal of the bufter
with reagents controls is to quantify the contribution of unbound reagents to the total counts of particles in the EV sample(s).
Buffer with reagents controls should be performed, reported, and considered in data interpretation whenever reagents are added
to a sample.

5.21 | Procedure

Prepare a sample of dilution buffer under the same conditions as the EV sample(s), including all staining, washing, and dilution
steps. Measure the buffer with reagents using the same settings as the measurement of the EV sample(s) and compare the counts to
the buffer-only controls (Section 5.1). Ideally, the buffer with reagents controls and buffer-only controls have similar counts. If the
buffer with reagents controls results in more counts than desired, steps can be taken to reduce counts originating from unbound
reagents, such as titrating the reagents (Section 4.2.1.3) and/or reducing antibody-fluorophore aggregates (Section 4.2.1.1).

Prior to staining, the concentration of particles originating from the reagent, such as antibody-fluorophore aggregates, can be
reduced by centrifugation or filtration (Section 4.2.1.1). Figure 13(B) and (C) show that antibody-fluorophore aggregates can be
recognized as events with a higher fluorescence signal to light scattering signal ratio than EVs. Whereas a single type of anti-
body may produce minimal background in buffer, the same antibody may result in aggregates when multiple different types of
antibodies are simultaneously used to stain EVs.

Post staining, micelles formed by lipophilic dyes may be removed by density gradient centrifugation (Section 3.2.2). The contri-
bution of other unbound reagents may be reduced by increasing the sample dilution or optimizing or changing the EV purification
procedures (Section 3.2). Alternatively, counts attributed to unbound reagents can be reduced by increasing the trigger threshold
at the expense of sensitivity.

5.3 | Unstained controls

Due to the small size of EV's (Section 2.1.1), fluorescence levels of stained EVs are often indistinguishable from the background
fluorescence level. In addition, staining reagents may affect the number of detected events, for example by inducing swarm
detection. The goals of the unstained controls are to (1) determine at which fluorescence level the fluorescently stained EVs can
be differentiated from unstained particles, (2) provide a reference for the number of events detected with and without reagents,
(3) check for swarm detection induced by unbound reagents. Given the range of utility in assessing the quality of acquired data,
unstained controls are recommended.
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5.3.1 | Procedure

Prepare the unstained controls under the same conditions as the stained EV sample(s), including all washing and dilution steps,
but omit the staining procedure. Measure the unstained controls using the same settings as the measurement of the stained EV
sample(s).

The unstained controls provide an indication of the background fluorescence levels, which is helpful to determine the fluores-
cence gate that differentiates between stained particles and unstained particles. Stained samples may result in a higher number
of events than unstained controls, because either aggregates in the reagents may contribute to false positive counts, which could
be confirmed by the buffer with reagents controls (Section 5.2), or unbound reagents are causing swarm detection, which could
be confirmed by an increased background fluorescence level of the stained samples compared to the unstained controls. When
unbound reagents cause swarm detection, the concentration of unbound reagents should be decreased by dilution or EV isola-
tion (Section 3.2). Unbound reagents could originate from the staining procedure, the cell culture medium (e.g., phenol red), the
processed biofluid (e.g., anticoagulants), or non-EV particles in the sample.

5.4 | Isotype controls

During antibody staining, antibodies may bind by mechanisms other than the envisioned antibody-antigen interaction, thereby
leading to undesired false positive events and a decreased resolution between background fluorescence and true positive events.
For example, Figure 11(C) shows that the Fc region of an antibody can bind to Fc receptors at the surface of EVs. In addition,
Figure 11(E) shows that depending on their physicochemical properties, antibodies can also be sticky. The goal of isotype controls
is to quantify the contribution of antibodies that bind to Fc receptors.

Isotype controls require isotype control antibodies, which are antibodies with the same Fc regions (e.g., IgG; and IgG,,) as the
antibodies used to stain EVs, but with a Fab region that recognizes irrelevant antigens, as shown in Figure 11(F). Hence, isotype
controls provide insight into Fc receptor-mediated binding.

Isotype controls should be performed when validating assays involving antibody staining, especially when assays involve EVs
derived from cell types whose Fc receptor expression have not been characterized. Isotype controls are particularly important
when staining EVs in blood plasma, because blood plasma contains several cell types expressing Fc receptors. Isotype control anti-
bodies are not a perfect surrogate for evaluating the ‘stickiness” of an antibody, because isotype control antibodies and antibodies
differ.

541 | Procedure

Prepare the EV sample(s) under the same conditions as during antibody staining (Section 4.1.1), including all dilution and/or
washing steps, but use an isotype control antibody instead of the original antibody to stain the EVs. Ideally, the antibody and
isotype control antibody (1) are applied with the same concentration, (2) are conjugated with the same fluorophore, and (3) have
the same F/P, although this is not often feasible to achieve in practice. Measure the isotype controls using the same acquisition
settings as the measurement of the EV sample(s). If the isotype controls result in higher counts than desired, Fc receptors present
on the EVs in a sample can be blocked by the addition of isotype antibodies without fluorophores.

Due to possible differences in concentration, fluorophore type, and F/P between antibodies and isotype control antibodies, it
is not recommended to use isotype controls to define gates or to subtract positive counts or intensities of the isotype control from
those of EV samples. If the contribution of Fc receptor binding is substantial, the use of an Fc blocking reagent is recommended.

5.5 | Fluorescence-minus-one and single-stained controls

When an EV sample is stained with a mixture of antibody fluorophore conjugates, it is important to assess whether one flu-
orophore affects the measurement of another fluorophore. For example, fluorophores with spectral overlap may cause spectral
spillover, wherein a part of the signal of one type of fluorophore is picked up by the detector corresponding to another type of fluo-
rophore. To compensate spectral spillover, antibody capture beads can be used to quantify the magnitude of spectral spillover and
correct for it mathematically'®. Compensation of dim signals originating from EVs, however, can result in spread of background
fluorescence levels, making thresholds set on unstained controls inaccurate.

The goal of FMO controls is to determine the background fluorescence level in the absence of one fluorescent antibody conju-
gate, which is helpful to determine the fluorescence gate that differentiates between stained particles and unstained particles. The
goals of single-stained controls are to (1) validate the compensation of spectral spillover, and (2) identify potential confounding
factors from fluorescent staining, such as quenching of one fluorophore by another fluorophore (Section 2.2.2.2).
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When composing a mixture of antibodies to stain EVs, it is advisable to avoid using fluorophores that exhibit substantial
spillover, especially because compensation of dim signals can result in a spread of background fluorescence levels. However,
when using a mixture of antibodies with substantial spillover, FMO and single-stained controls should be used.

5.51 | Procedure

For the FMO controls, prepare the EV sample(s) under the same conditions as during antibody staining (Section 4.1.1), including
all dilution and/or washing steps, but leave out one type of fluorescent antibody conjugate from the mixture of staining reagents.
Measure the FMO control using the same acquisition settings as the measurement of the EV sample(s) and do this for each type
of fluorescent antibody conjugate in the mixture of staining reagents. For example, if EV's are stained with the antibodies A, B, and
C, then the appropriate FMO controls would be A + B, A + C, and B + C. The measurement of A + B can be used to determine
the background fluorescence level corresponding to measuring C.

For the single-stained control, prepare the EV sample(s) under the same conditions as during antibody staining (Section 4.1.1)
including all dilution and/or washing steps, but stain the samples with each type of fluorescent antibody conjugate separately.
Measure the single-stained control using the same acquisition settings as the measurement of the EV sample(s). When FMO and
single-stained controls give the same results regarding background fluorescence level and EV fluorescence intensities, spectral
spillover is absent. When the single-stained controls give the same results as EV samples(s) stained with the full mixture of
staining reagents, quenching of one type of fluorophore by another type of fluorophore does not take place.

5.6 | Procedural controls

To ensure the detection of single fluorescently stained EVs, assays may require removal of unbound reagents by EV purification
methods (Section 3.2). However, some combinations of reagents and EV purification methods cause artifacts, such as false posi-
tive fluorescent events that resemble the signals of fluorescent EV's, hence leading to misinterpretation of results. Known artifacts
are the formation of dye-micelles or micelle-like structures, aggregation of antibodies, and staining of non-EV particles (Hoen
et al., 2012; Morales-Kastresana et al., 2019; Morales-Kastresana et al., 2017; van der Vlist et al., 2012).

The goal of procedural controls is to identify potential artifacts due to the combination of certain reagents and EV purifica-
tion methods. Procedural controls can be seen as an extension of other controls, such as the buffer-only controls (Section 5.1)
and buffer with reagents controls (Section 5.2) and can aid to develop optimized staining protocols. Procedural controls are
recommended when unbound reagents are removed with an EV purification method after fluorescent staining.

5.6.1 | Procedure

The procedural control is usually combined with other assay controls, such as the buffer-only control and the reagents in buffer
control. For example, to investigate whether an EV purification method itself introduces detectable particles in the sample, for
example when using a dirty filter or column, apply the EV purification method to buffer-only under the same conditions as
the stained samples(s). Measure the purified buffer samples using the same acquisition settings as the measurement of the EV
sample(s). Ideally, this procedural control results in similar counts as the buffer-only controls (Section 5.1).

To investigate whether an EV purification method introduces detectable fluorescent particles originating from the staining
reagent, apply the EV purification method to reagents in buffer under the same conditions as the stained samples(s). Measure
the purified reagents in buffer samples using the same acquisition settings as the measurement of the EV sample(s). Ideally, this
procedural control results in similar counts as the buffer with reagents control (Section 5.2).

5.7 | Serial dilution controls

At physiological EV concentrations, hundreds or more EVs and non-EV particles can pass through the interrogation point
simultaneously and may cause swarm detection (Section 2.3.3.4) (van der Pol et al., 2012). Swarm detection may go unnoticed,
especially because a part of the EVs and non-EV particles does not exceed the detection threshold. Therefore, extra controls are
required to ensure single EV detection.

The simple solution to avoid swarm detection is sample dilution. However, by diluting the sample, the number of measured
EVs as well as the statistical significance of the measurement decrease. In addition, different samples may require different dilu-
tions. The goal of the serial dilution controls is to obtain the lowest sample dilution and thus the highest count rate without the
occurrence of swarm detection. Ideally, serial dilutions are applied to every sample to confirm the absence of swarm detection.
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FIGURE 14  Serial dilution to determine the minimum required dilution to prevent swarm detection. (A) Measured concentration (Apogee A60-Micro)
and (B) measured median side scattering intensity and median fluorescein (FITC) fluorescence intensity in arbitrary units (arb. unit) of particles in pooled (5
healthy male and 5 healthy female donors) cell-depleted plasma exceeding a side scattering cross section of 10 nm? versus dilution. Data are fitted with a linear
function. The dashed circles indicate dilutions for which swarm detection occurs. The dotted circle indicates dilutions for which the background counts
dominate the measured concentration. The optimal dilution is the lowest dilution for which swarm detection does not occur (arrows).

5.71 | Procedure

Dilution series are preferably performed with stained EV samples, because the staining reagents may also affect or cause swarm
detection. Prepare at least four dilutions to span 2-4 orders of magnitude and measure each dilution using the same acquisition
settings as the optimally diluted stained EV samples. The dynamic range of the measured concentration of a flow cytometer
typically exceeds 2 orders of magnitude, whereas the concentration of submicron-sized particles in body fluids may also differ
two orders of magnitudes between donors. Therefore, the range of serial dilutions should span 2—4 orders of magnitude. To find
the optimal dilution, plot the measured concentration and median signal intensities versus dilution using logarithmic scales.
Swarm detection is absent for the dilutions where the concentration scales linearly with the dilution and where the median
fluorescence and light scattering intensities are independent of the dilution (Libregts et al., 2018; Stoner et al., 2016).

For example, Figure 14(A) shows the measured concentration of particles in cell depleted plasma versus dilution. The dilutions

span 4 orders of magnitude and increase in steps of \/ﬁ to accomplish equal spacing on a logarithmic scale. For dilutions >350-
fold, the measured concentration scales linearly with the dilution, except for dilutions resulting in a concentration corresponding
to the background count rate. For dilutions <350-fold, however, the concentration does not scale linearly with dilution because
swarm detection occurs. To confirm the presence of swarm detection, Figure 14(B) shows that the median side scattering intensity
and MFI of particles in the same plasma sample increase for dilutions <350-fold. Therefore, the optimal dilution is 350-fold.

The optimal dilution depends on many factors, such as the dimension of the interrogation point, which in turn depends on
the flow rate, the concentration of reagents, the purity of the sample, and the concentration and size distribution of particles in
the sample. Therefore, a universally applicable measurement procedure for EVs does not exist and the use of a universal dilution
factor for the analysis of a given fluid type is not recommended.

Although serial dilutions are ideally applied to every sample, serial dilutions of all samples may be unfeasible in large studies.
Instead, serial dilutions can be performed on a few representative samples to estimate the critical (measurable) concentration
below which swarm detection is absent. To avoid swarm detection, other samples in the study should then be diluted sufficiently
to be below this critical concentration. Most likely, the critical concentration depends on the flow cytometer and sample type.
Research on the existence of a critical concentration below which swarm detection is absent and the validity of its use is still
ongoing.

5.8 | Detergent treatment controls

Biological samples often contain particles within the same size range as EVs. These particles may be mistaken for EVs, which
leads to undesired false positive counts. The goal of detergent treatment controls is to differentiate detergent-sensitive membrane-
enclosed particles, such as cells and EVs, from detergent-resistant particles, such as detergent-resistant membrane domains,
immune complexes, and lipoprotein particles (Cloutier et al., 2013; Gydrgy et al., 2011; Schroeder et al., 1994; Seddon et al., 2004),
and thus estimate the contribution of particles misidentified as EVs.

Although there are well-established detergent treatment protocols for lysing cells, the effect of detergent treatments on EV's
and other particles with subcellular dimensions is not well-known (Gyorgy et al., 2011). For example, plasma contains EVs, but
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also may contain platelets and cell fragments (Arraud et al., 2014; Bettin et al., 2022), which all have a phospholipid membrane
and will also lyse in the presence of a detergent. The lysis of particles therefore does not necessarily confirm the presence of
EVs. Whether EVs or other subcellular particles lyse upon detergent treatment will also depend on the particle composition and
the type of detergent used and therefore requires further investigation. Moreover, excess detergent may form micelles, which
may cause detection artifacts. Systematic studies investigating detergent type, concentration, and incubation time across EV
sources and other subcellular particles and their concentrations are required to ascertain whether a given detergent is suitable.
It is recommended to apply the detergent treatment to a few representative samples of each assay.

5.81 | Procedure

Prepare a non-ionic detergent at a concentration higher than the critical micelle concentration. Non-ionic detergents have the
ability to disrupt lipid-lipid and lipid-protein interactions and therefore can lyse membrane-enclosed particles, such as EVs
(Gyorgy et al., 2011; Gyorgy et al., 2012). In contrast to non-ionic detergents, ionic detergents can also disrupt protein-protein
interactions and therefore can lyse particles that are held together by protein-protein interactions, such as lipoprotein particles.
Determine the optimal concentration of the detergent by titration. As a control, add the detergent to the dilution buffer to verify
the absence of events associated with particles, such as micelles, originating from the detergent.

Prepare the EV sample(s), including all staining, washing, and dilution steps. Measure the EV sample(s) with and without
addition of the detergent and verify whether fluorescence positive events disappear after addition of the detergent. The presence
of fluorescence positive events after the addition of the detergent suggests that non-EV particles have been stained and should
therefore be reported.

6 | INSTRUMENT DATA ACQUISITION AND CALIBRATION
6.1 | Trigger detector and threshold

A flow cytometer continuously measures optical signals with multiple fluorescence and light scattering detectors. For most of
the time and at an appropriate sample dilution (Section 5.7), however, no detectable particle is present in the interrogation point.
To prevent storage of irrelevant data, only particles and background noise with signal levels exceeding the trigger threshold of
one or more detectors are recorded (Section 2.3.3). Selection of the trigger detector and threshold are therefore essential because
they define the level of background noise and which particles are detected.

6.11 | Selecting the trigger detector(s)

Whether to trigger on a fluorescence or scatter detector is a decision that should be made during the experimental design (Sec-
tion 3.1). A fluorescence-based trigger detects all particles that emit sufficient fluorescence to exceed the trigger-threshold. To
emit fluorescence, EVs are stained with fluorescent staining reagents (Section 4.1). In the pursuit of measuring all EVs, many
fluorescence-based trigger assays are based on generic fluorescent stains (Section 4.1.2). Although generic fluorescent stains may
allow membrane specific detection, there is no generic fluorescent stain that stains all EVs (100% sensitivity) and only EV's (100%
specificity), as other particles, such as lipoproteins, may also be stained (de Rond et al., 2019; de Rond et al., 2018). In addition,
generic fluorescence stains may require EV purification steps to remove unbound particles, such as micelles, which may affect
the measured EV concentrations (Hoen et al., 2012) and requires an additional procedural control (Section 5.6).

A scatter-based trigger includes all particles, both EVs and non-EV particles, which scatter enough light to exceed the trigger-
threshold. In contrast to traditional FCM of cells, where FSC provides a robust and reliable trigger signal, SSC is generally more
suitable for EV detection than FSC (Section 2.3.2.3). Light scattering signals tend to be brighter than the fluorescence signals,
because every atom scatters light. However, the background noise associated to stray light and particles in the sheath fluid is
higher for scatter detectors than for fluorescence detectors because stray light cannot be spectrally filtered and all particles in
the sheath fluid scatter light. Therefore, scatter detection typically results in a lower S/N than fluorescence detection. Whether
fluorescence or light scatter triggering leads to detection of smaller and thus more EVs, however, depends on the flow cytometer,
sample and fluorescent staining reagent used (de Rond et al., 2018).

6.1.2 | Selecting the trigger threshold

After selecting the trigger channel(s), the trigger threshold needs to be set for each trigger detector. Figure 8 illustrates the
function of the trigger threshold. To select the optimal trigger threshold for a given assay and flow cytometer, it is important to
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understand how the background noise and trigger threshold affect which particles can be measured. For most flow cytometers,
optical signals originating from EVs are dim and will partially overlap with the background noise. The signal level at which EVs
can be distinguished from the background noise is the lower LoD of the used detector. Typically, a portion of the EV population
in a sample does not exceed the lower LoD and can therefore not be detected. The few flow cytometers that do have the sensitivity
to detect the smallest EV's, however, are constrained by an upper LoD, because larger EV's in the sample saturate the detector. The
range between the upper and lower LoD, called the dynamic range (Section 2.3.3.5), is therefore insufficient to detect all EV's for
current flow cytometers. From this perspective, an advantage of fluorescence detection is that it requires a lower dynamic range
than light scatter detection, because the fluorescence signal of surface stained EV's scales with the 2" power of the diameter. For
comparison, the scatter signal of the smallest EVs scale approximately to the 4™ power of the diameter, assuming that EV's are
core-shell particles (Section 2.2.3.4).

The trigger threshold can be set at or above the background noise level. When the trigger threshold is set at the background
noise level, the electronics will include events attributed to background noise, which could be used as a reference. However,
background noise is continuously present and therefore can, depending on the trigger threshold, trigger more background noise
than actual particles. Consequently, a trigger threshold at the background noise level can be demanding on the processing speed of
the electronics. On the other hand, a trigger threshold above the background noise level excludes events attributed to background
noise and reduces the number of electronic aborts, but also excludes particles that otherwise could have been detected.

As an example, Figure 15 demonstrates how the trigger threshold can affect the number of measured EVs and the number
of events associated with background noise. Figure 15(A) shows the fluorescence signal of CSFE in Dulbecco’s PBS versus the
effective scattering cross section. The horizontal line differentiates background noise from stained particles. Most particles fall
below the horizontal line, which confirms that the reagents in buffer control is negative. Figure 15(B) shows the fluorescence
signal of EVs stained with CSFE versus the effective scattering cross section. The fluorescently stained EV's exceed the horizontal
line and therefore their detectability is limited by the light scatter threshold and not by the fluorescent sensitivity. Based on this
measurement, Figure 15(C) shows the number of triggered noise events and EV's as a function of the trigger threshold, which is
expressed as the effective scattering cross section. The lower the trigger threshold, the higher the number of measured EVs but
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also the higher the number of noise events. The sudden increase in events just below ~5 nm? revels the opto-electronic noise
floor. Reducing the triggering threshold below ~5 nm? would result in an event rate too large for the electronics to process and
would result in undercounting EVs. To define the trigger threshold, procedures based on assay controls, such as the buffer-only
controls (Section 5.1) and the buffer with reagents controls (Section 5.2) for scatter-based triggering, and the unstained controls
(Section 5.3) or FMO controls (Section 5.5) for fluorescence-based triggering, can help.

Given the complexity of this procedure, there is yet to be a consensus on the best method for selecting the trigger detector and
threshold. To complicate matters, it is possible to set AND or OR gates on multiple detectors. Moreover, some flow cytometers
have the option to determine the trigger threshold automatically and dynamically (Section 2.4.2). Consequently, it is unlikely
that a consensus will be reached because the trigger threshold strategy depends on the assay and the type of flow cytometer used.
However, given the importance of the trigger threshold, there is consensus in the EV-field that the trigger detector should be
calibrated (Section 6.3) and reported in standard units (Welsh et al., 2020).

6.2 | Sample volume determination and flow rate stability

The concentration of EVs is a widely reported property. Flow cytometers determine the concentration of EVs by counting the
number of measured EVs within the volume of sample fluid that has passed through the laser intercept during the acquisition. The
concentration of EVs is particularly difficult to measure because flow cytometers are unable to detect all EV's (Section 8.1), but also
because accurate determination of the sample volume is challenging. Methods to estimate the sample volume include (1) using
a calibrated peristaltic or syringe-based pump to inject the sample into the sheath flow, (2) measuring a known concentration of
reference particles, (3) weighing a volume of water before and after analysis, and (4) using a flow rate sensor. The listed methods
to measure the sample volume are all valid and may provide consistency when used on a single flow cytometer. However, these
methods all have limitations and therefore may show different degrees of variability if used interchangeably between different
flow cytometers.

6.21 | Calibrated pump

In the use of a calibrated peristaltic or syringe pump, it is assumed that the injected sample volume equals the adjusted sample
volume. However, the piston, motor, and/or tubing of a peristaltic or syringe pump are subject to wear, thereby decreasing the
accuracy of calibrations over time. Therefore, peristaltic and syringe pumps require periodic calibration using another method
to determine the sample volume accurately.

6.2.2 | Counting beads

The accuracy of sample volume determination using reference particles with a known concentration (also called counting beads),
is contingent on the accuracy of the reported concentration of the beads. Aggregation of these beads will result in an underes-
timation of the measured volume. Several steps can be taken to minimize the effects of bead aggregation. These include use
of appropriate storage and dilution buffers, thorough vortexing and/or sonicating the beads before use, and by accounting for
multiplets. A multiplet is an event where a few particles were coincidentally detected. Multiplets can often be distinguished from
single particles by their proportionally higher fluorescence and light scattering signals. Ideal counting beads for EV applications
would: (1) have a similar brightness as EVs, (2) not sediment, (3) be amenable for spiking into samples (i.e., plasma) without
aggregating or affecting EVs, and (4) have concentrations that are determined in a metrologically traceable manner. Counting
beads fulfilling the aforementioned criteria, however, are currently not commercially available.

6.2.3 | Determine sample volume weight

Using a reliable and accurate scale, a sample of water can be weighed pre- and post-acquisition to deduce the sample volume
analysed since water has a density of 1 g/ml at 25°C. Several assumptions are made when using this method, including (1) the
measuring scale is accurate, (2) there is a negligible dead or void volume, which is the total sample volume from the sample
injection tube to the interrogation point, (3) no backflush of sheath fluid from the sample injection tube into the sample tube
upon finishing the acquisition, and (4) the absence of residual sample at the sample injection tube. To ensure a negligible void
volume, a sample with water can be measured for a longer time than the measurement time.
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FIGURE 16  Relevance of checking the count rate. (A) Cumulative distribution function of the counts and (B) histogram of the counts versus time for

extracellular vesicle (EV) samples measured with a stable count rate, a spike in the count rate, and a varying count rate. The samples with a stable count rate
and a spike in the count rate contain particles in cell-depleted plasma stained with CD45-APC measured with an Apogee A60-Micro. The sample with a
varying count rate contains particles form a cell-depleted erythrocyte concentrate stained with CD235a-PE measured with an FACSCanto II (BD, USA). The
cumulative distribution function of the counts clearly reveals flow rate variations that last long relative to the measurement time, whereas the histogram of the
counts versus time makes spikes visible. For the A60-Micro measurements, count rate fluctuations within 400 s~ are caused by the data acquisition. (C)
Fraction of the total counts and (D) CD45-APC+ or CD235a-PE+ EVs measured during the first and last 60 s in the same samples as measured in panels A
and B. Differences in counts between the first and last 60 s of the measurement were negligible (1%-3%) for the sample with a stable count rate, negligible (1%)
for the total counts of the sample with spikes in the count rate, 49% for the fluorescent positive counts of the sample with spikes in the count rate, and 14-15%
for the sample with a varying count rate. Thus, spikes and variations in the count rate may lead to unreliable counts and concentration estimates.

6.2.4 | Flow rate sensor

The volume measurement methods as described above are at best an estimate of the sample volume due to the many assumptions
taken in its determination. One assumption that applies to all periodically applied procedures is that the flow rate is stable.
Without a flow rate sensor, the count rate provides an indirect way to monitor the flow rate stability. Figure 16 show the cumulative
distribution function of the counts and a histogram of the counts versus time, respectively, for samples measured with a stable
count rate, a spike in the count rate, and a varying count rate. The cumulative distribution function of the counts clearly reveals
flow rate variations over a significant range of the measurement time, whereas in the histogram representation of the counts
versus time this effect is obscured. Figure 16 further shows that during the first seconds of the measurement with a varying count
rate, the flow rate increases, which is likely due to an unstable flow rate after the sample boost is engaged. To minimize the sample
loading time, flow cytometers ‘boost’ the sample from the sample injection tube to the flow cell before data acquisition starts.
When data acquisition starts too soon after the boost, the flow rate may still be unstable, which results in increased background
noise and variation in data. Precautions that can be taken to reduce the effect of the boost on the stability of the flow rate are to
incorporate a time delay (usually <1 min) before recording the data or acquiring data for an extended period of time and gating
out the start of the measurement. Automated gating algorithms exist for removing flow rate inconsistencies in data (Meskas et al.,
2020; Monaco et al., 2016).
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To illustrate how spikes and variations in the count rate can affect the total counts, Figure 14 show the fraction of total counts
and fluorescently stained EVs measured during the first and last 60 s of a 120 s measurement. Differences in counts between the
first and last 60 s of the measurement were negligible (1%-3%) for the sample with a stable event rate, negligible (1%) for the total
counts of the sample with spikes in the count rate, 49% for the fluorescent positive counts of the sample with spikes in the event
rate, and 14-15% for the sample with a varying event rate. Thus, spikes and variations in the event rate may lead to unreliable
counts and thus unreliable EV concentration measurements. Hence, it is important to check the stability of the event rate for
each sample measured by plotting the cumulative distribution function of the counts and a histogram of the counts versus time.

6.3 | Calibration

To enable comparison of measurement results across assays, flow cytometers and laboratories, a critical need for standardized
measuring and reporting exists within the EV field. This need has arisen because the use of different experimental design and
flow cytometers result in different LoDs, which leads to the measurement of different EV concentrations even within the same
sample (Section 2.1.1).

The key to achieve standardization is calibration. In the metrological context, calibration is the conversion of an arbitrary
unit scale to a scale of standard units with a known uncertainty. In contrast to normalization or quality controls, which keep
the data in arbitrary units, calibration results in standard units that are independent of the flow cytometer and therefore allows
comparison of data between different flow cytometers.

Aside from data comparison, calibration improves data interpretation. Figure 13(A) shows the measured fluorescence intensity
versus the side scattering intensity of particles in plasma stained with CD61-APC. The arbitrary units preclude identification of
the three positively stained populations. For comparison, Figure 13(C) shows the measured fluorescence intensity in standard
units versus the diameter of particles in the same sample. Owing to the calibration the three populations can be readily identified
and the concentration of CD614 EV's can be determined.

The next sections show an example of fluorescence and light scattering calibrations and discuss the procedures and limitations
involved.

6.3.1 | Fluorescence calibration

Flow cytometers report fluorescence intensities in arbitrary units. For example, Figure 17(A) shows the fluorescence histogram
of EVs stained with the generic dye carboxyfluorescein succinimidyl ester (CFSE) measured by a Beckman Coulter Astrios EQ
and a Beckman Coulter CytoFLEX S (Morales-Kastresana et al., 2019; Morales-Kastresana et al., 2017). The trigger was set at the
side scattering detector. Both flow cytometers measured the same EV sample, but the data are different, demonstrating that the
arbitrary units hamper data interpretation and comparison. In addition, the sensitivity and dynamic range of the fluorescence
detector cannot be compared and may be different””. Consequently, these flow cytometers may have detected different EVs.

To reveal the aforementioned issues, Figure 17(B) shows how the arbitrary units of fluorescence are related to the standard unit
of MESE. The details of this calibration procedure are discussed in Section 6.3.1.1. By applying the calibration in Figure 17(B),
Figure 17(C) shows the same fluorescence histograms of the CFSE-stained EV population as Figure 17(A), but now in units of
MESE. It becomes immediately clear that the two distributions of the fluorescence intensity, of which the peaks differed two
orders of magnitude in Figure 17(A), do overlap after calibration. Thus, calibration leads to improved data interpretation and
comparison. Fluorescence calibration should therefore be seen as a priority to improve the quality and reproducibility of EV
FCM research (Welsh et al., 2020).

6.3.1.1 | Procedures

In FCM, there are currently two standard units for fluorescence intensity that can be applied to calibration of EV measurements:
ABC and MESF?’. MESF is the most frequently used unit and requires reference particles with an assigned fluorescence intensity
(Gaigalas et al., 2005; Schwartz et al., 2004). MESF reference particles, also called MESF beads, have a surface that is stained with
the fluorophore of interest. To assign the fluorescence intensity in units of MESF to the beads, the bead manufacturer compares a
bulk fluorescence measurement of a known concentration of beads to a bulk fluorescence measurement of a known concentration
of soluble fluorophores. For example, a bead with 1000 MESF APC has a brightness equal to 1000 soluble APC molecules. The
brightness is expressed in MESF because the concentration and fluorescence intensity of soluble fluorophores can be readily
determined, whereas the actual number of fluorophores of a bead cannot. MESF beads are generally spectrally matched to the
same fluorophores conjugated to antibodies. Therefore, MESF beads can be used to calibrate flow cytometers with different
excitation and detection characteristics (Sections 2.3.2.2 and 2.3.2.3). MESF beads for commonly used fluorophores, such as
APC, FITC and PE, are commercially available.
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FIGURE 17  Relevance of fluorescence calibration. (A) Probability density function of extracellular vesicles (EVs) stained with carboxyfluorescein
succinimidyl ester (CFSE) measured by the fluorescein (FITC) detector of a Beckman Coulter Astrios EQ (solid line) and a Beckman Coulter CytoFLEX S
(dotted line). The peak intensities are at different locations on the arbitrary units (arb. unit) scale. (B) Calibration of the FITC detectors of a Beckman Coulter
Astrios EQ (solid line) and a Beckman Coulter CytoFLEX S (dotted line). The measured arb. units are related to the specified molecules of equivalent soluble
fluorochrome (MESF) of reference materials using linear regression. (C) Application of the MESF calibration from panel B to the data from panel A. The
calibration results in comparable CFSE-stained EV data.

To calibrate EV fluorescence intensity, the first step is to measure the MESF beads and determine the MFI per population at the
same settings used to acquire the EV samples. Next, the data and the specified MESF values are logarithmically transformed and
fitted by a linear regression to relate arbitrary units to standard units (Corso et al., 2019; Shen et al., 2018; Tan et al., 2004; Weller,
2018; Wiklander et al., 2018). To explain this procedure, Figure 17(B) shows the assigned MESEF values of five bead populations
versus their acquired median fluorescent intensity for the same flow cytometers as in Figure 17(A). Due to the linearity of FCM
detectors, the measured fluorescence intensity scales linearly with the specified MESF values of each bead population. A log
transformation is required to avoid that the regression is biased towards the relatively bright beads before a linear regression can
be applied. After log transformation of both the data and the MESF values, the slope a and intercept b of the linear regression
relate the arbitrary units of fluorescence Pr[arb.unit] to the assigned number of fluorophores Pr[MESF] as follows:

log(Pg[arb. Unit])—b

Py [MESF] =10 a 9)

where log represents a logarithm with base 10. Please note that Equation (9) only applies when Pg[arb. unit] is plotted versus
Pr[MESF], such as in Figure 17(B). The linear regression can be calculated with a spreadsheet or using third-party analysis
software, such as Flow]Jo, FCSExpress, and FCMp,gg (Welsh et al., 2020).

When MESF beads are unavailable, for example in the case of a non-common fluorophore, ABC beads can be used. ABC beads
bear calibrated numbers of immunoglobulin binding molecules that can be stained with an antibody-fluorophore of interest and
used to calibrate the fluorescence intensity in units of ABC. The procedure for ABC calibration can be performed in analogy to
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the aforementioned procedure for MESF calibration. ABC calibration is independent of the F/P and the emission spectrum of
the fluorophores. Similar to MESF beads, ABC beads are commercially available.

6.3.1.2 | Limitations

A limitation of MESF beads is that the interpretation of results requires careful interpretation for three reasons. First, when a
soluble fluorophore is conjugated to an antibody and/or binds to a bead or an EV, the chemical environment of the fluorophore
changes and therefore the fluorescence intensity and spectrum of the fluorophore change (Section 2.2.2.1). Consequently, units of
MESF do not represent the actual number of fluorophores on a reference particle or an EV. Second, EVs emit autofluorescence,
which may overlap in intensity and spectrum with the sparsely stained EVs. Third, multiple fluorophores may be bound to a
single antibody. To relate units of MESF to the actual number of fluorophores on an EV, the change in fluorescence intensity and
spectrum of a soluble fluorophore, when conjugated to an antibody and/or when bound to a bead or an EV, need to be determined
with specialized equipment. In addition, the autofluorescence of an EV needs to be determined and the F/P needs to be known.

MESF beads were developed for cellular analysis. Therefore, MESF beads typically are polystyrene beads of several micrometres
in diameter and have a minimum fluorescence intensity of thousands of MESE, which is bigger and brighter than EVs. Even the
dimmest beads in a commercial kit may be brighter than the fluorescence of stained EVs. Consequently, to calibrate fluorescence
intensities in the range of EVs requires data extrapolation, which adds to the uncertainty of the calibration. Moreover, the assigned
MESF values may differ between manufacturers, which emphasizes the need to report all experimental details (Welsh et al., 2020).
The limited shelf life of MESF beads requires periodical recalibration and purchasing.

A limitation of ABC beads is that antibody capture is specific for one species and thus requires distinct beads for IgGs from
different species. Another limitation is that, depending on the capture antigen, different isotypes and clones may exhibit different
binding properties, resulting in an inaccurate calibration. Like MESF beads, ABC beads have a limited shelf life and therefore
require periodic recalibration and purchasing.

6.3.1.3 | Cross calibration using hard-dyed beads

A daily calibration with ABC or MESF beads may be desired, but would be laborious, costly, and may lead to stability issues. An
alternative approach is the use of hard-dyed, multi-peak, multi-fluorophore beads, often referred to as “Rainbow” beads. Rainbow
beads are typically polystyrene beads impregnated with multiple fluorophores that excite and emit across the full spectral range
used in FCM. Rainbow beads can be cross calibrated against ABC and MESF beads to assign calibrated fluorescence intensity
values to each population, which makes them useful as stable reference particles for daily instrument calibration and quality
control. These cross-calibrated intensity assignments are specific to the excitation and emission characteristics of a flow cytometer
because the fluorophores within the rainbow beads are not spectrally matched to the fluorophores used for EV staining. For this
reason, while ABC and MESF calibrations can be compared across flow cytometers, rainbow beads need to be cross calibrated
on individual flow cytometers for optimal accuracy.

6.3.2 | Light scatter calibration

Similar to fluorescence intensities, flow cytometers measure light scattering intensities in arbitrary units, which makes data inter-
pretation and comparison not only difficult, but also prone to misinterpretation. Misinterpretation particularly occurs when
standardization of scatter signals is done by polystyrene or silica beads without the use Mie theory (Section 2.2.3.4). As explained
in Section 2.2.3, the light scattering intensity measured by a flow cytometer depends on the particle diameter and refractive index
as well as the optical configuration of the flow cytometer. As polystyrene beads, silica beads and EVs differ in refractive index
and because flow cytometers differ in optical configuration, gates defined by the scattering intensities of beads select different
sizes of EV's on different flow cytometers.

For example, Figure 18(A) and (C) show the light scattering intensities of 200 nm and 400 nm polystyrene beads and EVs
stained with anti-Glycophorin A (CD235a) from a cell-depleted erythrocyte blood bank concentrate measured by a BD Influx
and a BD LSR. From the histograms of the scattering intensities of the EVs it becomes clear that the bead gates select different EV's
at different flow cytometers. To explain this, Figure 18(B) and (D) show the light scattering calibrations for these flow cytometers.
Using Mie theory, the measured light scattering intensities of polystyrene beads are related to their effective scattering cross
section and diameter, taking into account both the refractive index of polystyrene and the optical configuration of the flow
cytometer. This calibration allows to predict the scatter versus diameter relation for EVs assuming a refractive index of 1.40. Due
to the calibration, it becomes evident that within the 200 nm and 400 nm polystyrene bead gate, the BD Influx measured EV's
with a diameter ranging from ~300 to ~800 nm, whereas the BD LSR measured EVs between ~800 and ~1900 nm. Figure 18(D)
further shows that also silica beads, which range in refractive index between 1.43 and 1.47, still scatter more light than similar-sized
EVs. In contrast to what some manufacturers claim, silica beads should therefore not be used to set EV gates.

The example in Figure 18 shows the importance of calibration and understanding how the scatter to diameter relation of a flow
cytometer depends on the particle refractive index. Due to calibration, it becomes clear that gates based on polystyrene or silica
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FIGURE 18  Relevance of scatter calibration. (A) Light scattering intensities of 200 and 400 nm polystyrene (PS) beads (solid line) and EV's stained with
Glycophorin A (CD235a) from a cell-depleted erythrocyte blood bank concentrate (dashed line) measured by the forward scattered light detector of a BD
Influx. (B) Measured (symbols) and calculated (lines) light scattering intensity of PS (solid line) and EVs (dashed line) versus diameter for the BD Influx. The
calibration factor, which relates the measured arbitrary units (arb. unit; left axis) to the theoretical scattering cross section (right axis), is 0.16. The calibration
reveals that the 200 and 400 nm PS bead gate selects EVs with a diameter between ~300 and ~800 nm. (C) Idem as panel A, but measured with the side
scattering detector of a BD LSR. (D) Idem as panel B, but for the BD LSR. The calibration factor is 1.47. The calibration reveals that the 200 nm and 400 nm PS
bead gate selects EVs with a diameter between ~800 nm and ~1900 nm. Thus, a PS bead gate selects different EVs at different flow cytometers. EVs were
modelled as solid spheres with a refractive index () of 1.40.

beads lead to data misinterpretation and incomparable results. Moreover, stating the minimum detectable diameter as a metric
for the sensitivity of a scatter detector, which is common practice among manufacturers to advertise their instrument, provides
no basis for comparison without stating the refractive index of the particle. For example, flow cytometers are regularly advertised
as being “able to detect 100 nm particles”, which may suggest that the flow cytometer can detect EVs with a diameter of 100 nm.
Typically, however, the 100 nm particles refer to 100 nm polystyrene beads, which have similar SSC (NA = 1.2, 4 = 405 nm)
signals as 25 nm silver beads, 49 nm gold beads, 136 nm silica beads, and 207 nm EVs. Supplemental materials I contains a video
to provide insight into the scatter to diameter relation of EVs and beads. The video shows that the scatter to diameter relation
does not only depend on the particle refractive index, but also on the collection angles of the flow cytometer.

In summary, the use of Mie theory to calibrate light scattering signals requires the knowledge of the optical configuration of
the flow cytometer as well as refractive index of EVs (de Rond et al., 2018; van der Pol et al., 2012; Welsh et al., 2020). Calibrated
light scattering signals allow comparing concentrations of EVs within the same size range, thereby reducing the variation in the
measured concentration of EVs on different flow cytometers (van der Pol et al., 2018; Welsh et al., 2020).

6.3.21 | Procedure

Light scatter calibration relies on relating the median scattering intensities in arbitrary units of well-characterized, homogeneous,
non-fluorescent beads, such as polystyrene and silica beads, to their theoretical scattering cross sections in units of nm?. The
scattering cross sections are calculated with Mie theory (Section 2.2.3.4) to take into account the optical configuration of the flow
cytometer and the refractive index contrast between the particle and the medium, and are typically expressed as the effective
scattering cross section in nm? (de Rond et al., 2018; van der Pol et al., 2012). The median scattering intensities of the beads can
be related to their theoretical counterparts by a linear scaling factor, which can be obtained by least square fitting. Figure 18(B)
and (D) show how the measured scattering intensity in arbitrary units is related to the theoretical effective scattering cross section
in nm? by a linear scaling factor. Best practice is to plot the scattering intensity versus particle diameter to confirm the calibration
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and instrument sensitivity, because the scattering intensities differ per type of flow cytometer. The scatter to diameter relation
for EV's can be calculated, assuming a refractive index of EVs, and used to measure the size distribution of EV's (Section 7.1).

There are four options for implementing light scatter calibration (de Rond et al., 2018). First, measuring your own beads and
performing your own optical modelling. This method requires understanding of the physics of single particle light scattering and
mathematics, as well as knowledge of the optical configuration of the used flow cytometer (de Rond et al., 2018). Second, measur-
ing your own beads and using free Mie calculation software. This method requires less understanding of physics and mathematics,
but does still require a profound understanding of the optical configuration of the used flow cytometer. Third, measuring your
own beads and using free semi-automated calibration software (e.g., FCMpass) (Welsh et al., 2020). This method only requires
determining the median scatter intensities of your own beads, as physics, mathematical and flow cytometer knowledge are built
into the software. Fourth, purchase a kit, which includes beads and automated calibration software (e.g., Rosetta Calibration,
Exometry, Netherlands) (van der Pol et al., 2018). This method requires no knowledge of the flow cytometer, physics and math
and simply involves importing of the data acquired from the beads in the kit into the software.

6.3.2.2 | Limitations

Although introduced to the EV-field in 2012 (van der Pol et al., 2012), light scatter calibration is still seldomly utilized, likely
due to complexity, the lack of educational resources, and the limited awareness of commercial and freely available software and
materials to improve the ergonomic implementation of light scatter calibration. While light scatter calibration converts arbitrary
units to standard units, such as the effective scattering cross section in nm?, these standard units still depend upon the collection
angles and illumination wavelength of the flow cytometer. For example, Figure 18(B) and (D) show that the effective scattering
cross sections of a 200 nm polystyrene bead differ due to the differences in the collection angles between the Influx and LSR.
Hence, the effective scattering cross section can only be used to compare data between flow cytometers with the same collection
angles and illumination wavelength.

To make scatter data comparable between flow cytometers with different optical configurations (van der Pol et al., 2018), light
scattering intensities need to be related to the particle diameter. The accuracy of the estimated diameter by scatter calibration
depends on the accuracy with which the refractive index of the particle is known. As the refractive index of polystyrene is well-
characterized, sizing polystyrene beads resulted in a measurement error <5% and a coefficient of variation of the particle size
distribution width of <4%, which is more accurate and precise than NTA (van der Pol et al., 2014). For EV's, however, the refractive
indices are not so precisely known. Measurements show that the mode of refractive index distributions of EV's from plasma and
urine is at or below 1.40 (de Rond et al., 2019; Gardiner et al., 2014; Geeurickx et al., 2019; Konokhova et al., 2012; van der Pol
et al.,, 2018; van der Pol et al., 2014), which is substantially lower than the refractive index of silica. As the refractive index of
EVs will differ per source, the refractive index requires careful selection. In fact, the refractive index itself is not homogeneously
distributed within an EV (Section 2.1.1), because based on refractive index measurements of cells, it is to be expected that the
phospholipid membrane has a higher refractive index (1.40-1.52) than the lumen (1.34-1.42) (Brunsting & Mullaney, 1974; Curl
et al., 2005; Ducharme et al., 1990; Ghosh et al., 2006; Horvath et al., 2003; Kienle et al., 2014; Maltsev et al., 2011; Valkenburg &
Woldringh, 1984; van Manen et al., 2008). Mie theory, however, can take the refractive index distribution within EV's into account
by modelling a core-shell structure. An uncertainty evaluation is required to investigate how the assumed refractive index affects
the accuracy of the estimated diameter for a given flow cytometer. Another assumption of Mie theory and EV diameter estimation
in general is that EV's are spherical, as will be further discussed in Section 7.1.2.

A disadvantage of sizing by a single light scattering detector is that the scatter to diameter relationship does not always provide a
unique solution for the diameter. This particularly applies to cytometers with low (<1.0) numerical aperture collection lenses. For
example, Figure 18(D) shows that for the Influx, EVs between 1100 and 1500 nm generate the same FSC signal and can therefore
not be differentiated by FSC.

7 | EXTRACELLULAR VESICLE CHARACTERIZATION
7.1 | Diameter, surface area and volume approximation of extracellular vesicles

The diameter is a frequently measured property of EVs, given the range of size distributions reported in literature. For FCM,
EV diameter estimates improve the verification that the measured particles are EVs, which is particularly important because fre-
quently used gates based on polystyrene beads may lead to the detection of larger particles than the envisioned EV's (Section 6.3.2)
(van der Pol et al., 2012). Other applications of EV diameter estimates involve reducing interlaboratory variability by reporting
EV concentrations within the same size range (van der Pol et al., 2018), comparing size distributions to other instruments (van
der Pol et al,, 2014), and using the size distribution to optimize EV purification methods. Once the EV diameter is estimated, it
can be used to calculate the surface area and volume of an EV, which may lead to new biological and clinical insights (van der
Pol et al., 2013). The standard units obtained by calibration not only facilitate data comparison, but also enable reporting of more
insightful properties of EVs, such as the diameter, refractive index, as well as the total number and density of receptors.
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FIGURE 19  The flow cytometry scatter ratio (Flow-SR), which is the ratio of the side to forward scattered light intensity, allows determination of the
diameter of particles independent of the particle refractive index. Flow-SR versus diameter for polystyrene (PS) beads (squares), silica beads (circles), and
hollow silica beads (HOBs; triangles) measured (symbols) by an Apogee A60-Micro operating at 405 nm wavelength (1), calculated with Mie theory (lines),
and fitted empirically with a Gaussian function (dotted line). For this flow cytometer, Flow-SR provides a unique solution for the particle diameter between
0 nm and 600 nm.

711 | Procedures

There are multiple methods to estimate the diameter and size distribution of EVss by FCM. Using light scattering, the EV diameter
can be determined by modelling and calibrating one light scatter detector with an assumed refractive index for the EV's of interest.
This approach has now become accessible with free and commercially available software (van der Pol et al., 2018; Welsh et al.,
2020), and has been shown to be more accurate and precise than sizing particles by NTA (van der Pol et al., 2014).

To determine the EV diameter independent of an assumed refractive index, the FCM scatter ratio (Flow-SR), which is the
ratio between SSC and FSC, can be used. Figure 19 shows the Flow-SR versus diameter for polystyrene beads, silica beads, and
hollow organosilica beads (HOBs). Mie theory calculations confirm that for this flow cytometer, the Flow-SR provides a unique
solution for particle diameters between 0 and 600 nm. The use of Mie theory, however, is not required to derive diameter when
using Flow-SR. Flow-SR can be implemented using beads with a diameter smaller than or equal to the illumination wavelength
and then be fitted, for example with a Gaussian function.

As an alternative to Flow-SR, custom-built flow cytometers that allow for measuring angle-resolved light-scattering profiles
per particle can be used to derive the particle diameter and refractive index (Konokhova et al., 2012; Konokhova et al., 2016;
Konokhova et al., 2016). Here, Mie theory and optimization algorithms are used to find the best diameter and refractive index
describing the measured angle-resolved light-scattering profile. Particles for which no accurate theoretical description of the
angle-resolved light-scattering profile is present, are assumed to be non-spherical and can be omitted from the analysis.

Along with light scattering, fluorescence can also be used to approximate the EV diameter using vesicle standards with well-
characterized size distributions (Stoner et al., 2016). When EVs are stained uniformly with a membrane dye, the fluorescence
distribution of the vesicle standards is proportional to the surface area distribution of the EV's (Stoner et al., 2016). Hence, the
vesicle standard can be used to relate fluorescence signals to the surface area and diameter of EV's that are stained with the same
membrane dye under the same experimental conditions.

71.2 | Limitations

Like other sizing techniques, such as NTA and RPS, the measurement of EV size by FCM generally relies on the assumption that
EVs are spherical. According to cryo-EM, EVs <600 nm in human blood plasma are spherical (Arraud et al., 2014), whereas EV's
>600 nm also include tubular EVs and membrane fragments, which represent 5% and 0.5% of all EVs, respectively. Approaches
based on light scattering measurements and Mie theory to estimate EV diameter by FCM do not work for tubular EVs and
membrane fragments, and thus will provide meaningless numbers. Only multiangle light scattering measurements can identify
non-spherical EVs and therefore are able to exclude them from the size distribution (Konokhova et al., 2012; Konokhova et al.,
2016; Konokhova et al., 2016).

Sizing by a single scatter detector depends on the assumed effective refractive index or refractive index distribution of EVs,
which is not precisely known and may differ between samples and EV types (Section 2.2.3.1). Therefore, size distributions of EV's
obtained by FCM should be confirmed using orthogonal methods.
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Sizing by Flow-SR is limited by the lower LoD of the least sensitive scatter detector. For flow cytometers where the FSC detector
is equipped with a photodiode, the FSC detector will be incapable of detecting EVs <1000 nm in diameter. For instruments with
an APD or PMT detector to measure FSC, such as the Apogee A60-Micro, BC Astrios, and BD Influx, the applicable size range of
Flow-SR is in between approximately 200 nm and 600 nm for EVs (de Rond et al., 2019; van der Pol et al., 2018). Particles larger
than the applicable range are sized incorrectly and therefore are preferably removed from the sample prior to analysis.

Sizing EV's by angle-resolved light scattering requires a custom-built flow cytometer and custom-developed software. World-
wide, only a few flow cytometers capable of measuring angle-resolved light scattering of single particles exist. Maltsev et
al. performed the first angle-resolved light scattering measurements on submicron particles in human blood plasma samples with
a custom-built flow cytometer (Konokhova et al., 2012). With their instrument, they could differentiate EV's, LPs, and platelets
without labelling and describe the relation between the background noise levels of FSC and SSC detectors and the size and refrac-
tive index of submicrometre particles (Konokhova et al., 2016; Konokhova et al., 2016). With 600 us, however, the acquisition
time per particle of their instrument is long compared to commercial flow cytometers, which have a typical acquisition time of
1 us per particle. Moreover, the lower LoD of their instrument corresponds to the detection of 400 nm EVs, which is substantially
less sensitive than commercial flow cytometers. Thus, the acquisition of more detailed information on submicron particles comes
at the expense of speed and sensitivity.

Sizing EV's by fluorescence assumes that the brightness and surface density of the dyes that are used to stain membranes is
equal for vesicle standards and EVs. However, the brightness depends on the chemical environment, which may differ between
vesicle standards and EVs. In addition, differences in membrane composition between the vesicle standards and EVs may result
in staining differences and thus inaccurate sizing. Finally, the size of vesicle standards is difficult to determine accurately because
orthogonal techniques, such as cryo-EM, NTA, and RPS, have their own limitations.

In summary, fluorescence and light scattering signals of flow cytometers can be used to measure the size and size distribution
of EV's exceeding the lower LoD. This information increases our knowledge on the fundamental properties of EV samples, and in
addition paves the way to standardized assays and clinical and pharmacological insights regarding the role of EV's as a biomarker
and therapeutic target. All FCM-based size estimates, however, have uncertainties that are the subject of current research.

7.2 | Refractive index approximation of extracellular vesicles

Refractive index approximation of EVs is a relatively new, technologically challenging, yet important research area, because
knowledge of the refractive index of EVs is essential for interpretation of light scattering signals from EVs and applications
thereof, including data comparison and EV identification. For example, refractive index approximation can be used for label-
free differentiation between EVs (n < 1.40) and LPs (n > 1.45) (de Rond et al., 2019; Konokhova et al., 2016; van der Pol et al.,
2018).

Although the refractive index of EVs is distributed concentrically (Section 2.1.1), hitherto only the effective refractive index of
EVs has been measured with FCM and NTA (Gardiner et al., 2014; Konokhova et al., 2012; Konokhova et al., 2016; Konokhova
etal., 2016; van der Pol et al., 2018; van der Pol et al., 2014). In contrast to FCM, commercial NTA instruments fail to differentiate
EVs from LPs based on refractive index approximation (Gardiner et al., 2014; Geeurickx et al., 2019), likely due to a low precision
in measuring size and light scattering intensity (de Rond et al., 2018; Khamsi, 2020).

This section briefly discusses two FCM-based methods to approximate the effective refractive index of EVs.

7.21 | Procedures

The first approach to approximate the effective refractive index of EVs is explained by Figure 18(D) and involves calibration of a
scatter detector using reference particles and Mie theory (Section 6.3.2), followed by an extrapolation of the scatter to diameter
relationship for multiple refractive indices. For particles of known diameter, the refractive index can now be interpolated using
the calculated scatter to diameter relationships. For example, a particle with a diameter of 500 nm and a side scattering intensity
of 700 arbitrary units has a refractive index of 1.40. The particle diameter can be obtained from an orthogonal sizing technique.
However, to relate the diameter obtained from an orthogonal sizing technique to the scattering intensity measured by FCM
requires monodisperse particles, which EVs are not. Refractive index approximation based on orthogonal sizing techniques are
therefore only suitable for synthetic particles and homogenously distributed biological particles such as viruses and virus-like
particles (Tang et al., 2019). Alternatively, the diameter of EVs can be measured directly by FCM using Flow-SR or fluorescence
membrane staining (Section 7.1.1) and used as input to look up the refractive index (de Rond et al., 2019; van der Pol et al., 2018).

The second approach to measure particle refractive index relies on custom-built flow cytometers that allow for measuring
angle-resolved light-scattering profiles per particle (Konokhova et al., 2012; Konokhova et al., 2016; Konokhova et al., 2016), as
described in Section 7.1.1. The measurement of multiple light scattering angles allows differentiation between spherical and non-
spherical particles and could in principle be used to solve the thickness and refractive index of the membrane and the refractive
index of the core of EVs independently.
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Refractive indices are dependent on the wavelength of light. Hence, it is important to report the wavelength at which the
refractive index is approximated in all refractive index approximation methods.

7.2.2 | Limitations

Currently, the main limitation of refractive index approximation is that the methods cannot be validated due to a lack of well-
characterized reference particles of known refractive index that provide an uncertainty statement. Although generally assumed,
solid reference particles do not necessarily have the same refractive index as the bulk material (Section 2.2.3.1). To address this
issue, metrological institutes are developing methods and procedures to measure the refractive index of submicron-sized particles
that do not rely on a need for reference particles (Kuiper et al., 2020).

FCM-based refractive index approximation using the first described approach (Section 7.2.1) depends on the accuracy with
which the particle diameter and light scattering signal are measured. An underestimation of the particle diameter as well as
scatter signals close to the lower LoD generally cause an overestimation of the refractive index, sometimes leading to improbably
high values (de Rond et al., 2018; van der Pol et al., 2021; van der Pol et al., 2014). Limitations on particle sizing are discussed in
Section 7.1.2.

The main limitations of FCM-based refractive index approximation using the second described approach (Section 7.2.1) are
the reduced speed and sensitivity compared to standard flow cytometers, as discussed in detail in Section 7.1.2.

7.3 | Antibody and antigen number approximation

Calibration of the fluorescence intensity in MESF units (Section 6.3.1) enables estimation of the number of antibodies bound per
EV.If (1) the F/P is equal to one, and (2) the brightness of the fluorophore is not affected by conjugation to the antibody or by
staining the sample (Section 2.2.2.2), the measured MESF values equal the number of antibodies per EV. Otherwise, the F/P and
the change in brightness due to conjugation and/or staining need to be measured and considered to relate MESF to the number
of antibodies per EV. Furthermore, antibodies are bivalent and therefore may bind to either one or two antigens, leading to a
statistical error of at maximum 2-fold in the determined number of antigens per EV. If better estimates are required, nanobodies
or monovalent Fab fragments can be used (Section 4).

An alternative approach to estimating the number of antibodies per EV is the use of ABC beads, which express calibrated
numbers of immunoglobulin binding molecules. ABC beads are first bound with the fluorophore conjugated antibody of interest
and analysed under the same conditions as the EV samples. The fluorescence intensity in arbitrary units can then be related to
the number of antibody capture sites on the ABC beads, thus to the number of antibodies per EV.

8 | DATA REPORTING

Measurement results of EV FCM experiments depend on the experimental design, preanalytical variables, data acquisition set-
tings and the applied gates. In turn, the rigor of EV FCM experiments depends on the implementation and outcome of assay
controls. Therefore, it is recommended to report all details about the experimental design and preanalytical variables (Coumans
etal., 2017; Théry et al,, 2018), data acquisition settings, applied gates, and assay controls (Welsh et al., 2020). As flow cytometers
provide data in arbitrary units and only part of all EVs can be detected, it is essential to calibrate the data and report the gates in
standard units. Moreover, to evaluate the rigor and reproducibility of published data, access to the raw data of the EV samples
and quality controls is important. Preferably, the Flow Cytometry Standard (FCS) file format are used and shared together with
the analysis files (e.g. Flow]Jo .wsp files, FCS Express .fey files, or programming scripts) at a public repository.

8.1 | EV number concentration

The concentration of EVs is a widely reported sample property, which is used to investigate EV-related questions and to optimize
and compare instrument performance, assay efficacy, and assay controls. However, the measurement of EV concentration is dif-
ficult, because it involves various sources of systematic and random errors and it depends on the sensitivity of the used detectors.
For example, an important technical requirement of measuring the EV concentration is that the flow rate and sensitivity of the
detectors are well-known and stable. In addition, due to the skewed size, fluorescence, and light scattering distribution of EV's
(Figure 12), small changes in the lower LoD can lead to large changes in measured EV concentrations (Section 2.1.1).

To illustrate the strong dependency of the measured EV concentrations on the lower LoD, Figure 12(A) shows the same size
distribution as in Figure 2(A), but with a bin width of 10 nm and three vertical lines representing the lower LoD of three different
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TABLE 5  Effect of the lower limit of detection (LoD) on the reported statistics of the size distribution and particle concentration

Diameter (nm)

LoD (nm) Median Mean Mode Concentration (ml™!)
True population 100 114 74 1.0-108
LoD1 100 141 157 101 5.0 - 107
LoD 2 150 188 206 206 2.1-107
LoD 3 300 342 363 321 1.5-10°

TABLE 6  Effect of the lower limit of detection (LoD) on the reported statistics of the fluorescence and light scattering intensities. MESF: molecules of
equivalent soluble fluorophores

Fluorescence Brightness (MESF) Light scattering brightness (nm?)
LoD (nm) Median Mean Mode Median Mean
True population 2611 560 3 12.49
LoD1 100 3094 4394 1586 1 23.98
LoD 2 150 5531 7203 3571 32 47.37
LoD 3 300 18670 21551 14214 158 167.11

flow cytometers. The flow cytometer with a lower LoD of 300 nm measures a concentration of 1.5-10° EVs - ml~!, whereas the
flow cytometer with a lower LoD of 150 nm measures 2.1:10” EVs - ml™!, and the flow cytometer with a lower LoD of 100 nm
measures 5.0-10” EVs - ml™".

Table 5 summarizes the relation between the lower LoDs of these flow cytometers and the measured EV concentrations. As
the measured EV concentration depends on the lower LoD, the measured EV concentration should be reported together with
the lower LoD, or preferably the dynamic range, in standard units of the used detectors. For example: “We measured 4¢10°
CD61+ EVs with a diameter between 180 and 1,000 nm and a fluorescence intensity between 20 and 2000 MESF PE per ml of
cell-depleted human blood plasma”. Hitherto, only a handful of studies reported the dynamic range of detectors together with
the measured EV concentrations. In fact, all other studies reporting EV concentrations are irreproducible. The MIFlowCyt-
EV framework attempts to improve reproducibility and comparisons of EV concentrations in the literature through standard
reporting of factors that influence the LoD, such as the dynamic range, sensitivity, and trigger threshold (Welsh et al., 2020).

8.2 | EV brightness

The brightness of an EV refers to the measured fluorescence or light scattering intensity. The fluorescence intensity depends on
the number of fluorophores at or within the EV, whereas the light scattering intensity depends on the (effective) scattering cross
section of the EV, which in turn depends on the diameter of the EV and the refractive index distribution within the EV.

In traditional FCM analyses, the fluorescence intensity of a population of cells, which can be fully resolved from the back-
ground by FSC, is typically described by the MFI. For intensity distributions of EV's, however, the use of summarizing statistics
of histograms, such as mean, median, mode, standard deviation, and confidence intervals, are unreliable data, because EVs cannot
be fully resolved from the background.

To illustrate how the lower LoD of a flow cytometer affects the summarizing statistics of histograms, Figure 12(B) and (C)
show a fluorescence and light scattering intensity distribution, respectively, of an EV population and the LoDs of three flow
cytometers. In addition, Table 6 shows the statistics of the brightness distributions measured by the three flow cytometers. For
flow cytometers with a lower LoD corresponding to the detection of 100, 150, or 300 nm EVs, the median fluorescence intensity
is skewed to 3094 MESE, 5531 MESE, and 18670 MESE, respectively. With the same LoDs, the median scattering cross section is
skewed to 11 nm?, 32 nm?, 158 nm?, respectively.

Given the strong dependency of statistics of EV brightness distributions on the lower LoDs, reporting raw, calibrated data
along with the lower LoDs in standard units is highly recommended. Other data analysis procedures, such as normalization,
smoothing, and expressing ratios or percentages, should be applied to calibrated data.
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8.3 | EV size distribution

Similar to the brightness of EV's (Section 8.2), statistical descriptions of the size distribution of EVs measured by FCM are biased
by the lower LoD. Figure 12(A) shows an estimated size distribution of EVs with a median diameter of 100 nm. When a lower
LoD corresponding to the detection of EVs with a diameter of 100 nm, 150 nm, or 300 nm are imposed, the median diameter
is skewed to 141 nm, 188 nm, 344 nm. Table 4 shows the summarizing statistics of the size distributions measured by the three
flow cytometers. Thus, the same EV population detected with three different lower LoDs results in a median statistic variability
of >200 nm. Therefore, also when reporting the diameter of EVs, defining the lower LoD for a flow cytometer is critical and the
use of statistics to describe size distributions should be used with caution.

9 | CONCLUSIONS

Flow cytometers were developed in the 20" century and widely used to study blood cells and many other types of particles.
Compared to cells, however, EVs are challenging to characterize, because EV's have signal levels that are at or below the back-
ground noise level of flow cytometers. For this reason, many procedures frequently used for cells do not lend well for work with
EVs (Table 1), and can lead to false assumptions (Table 2). Whereas entire text books have been devoted to FCM (Shapiro, 2003),
specific knowledge about the application of FCM to characterize single EVs and other submicron-sized particles have yet to be
curated into a single source. This compendium, for the first time, summarizes the current knowledge, insights and good practices
that are needed to set up an EV FCM experiment and generate reliable and reproducible results.

To date, best practices adopted in the EV field on the influence of pre-analytical variables and experimental procedures are
based on published EV research. Many of these studies contain uncalibrated data and are lacking in the assay controls necessary
to confirm that the measured signals were originating from EVs, making these publications unreliable and irreproducible. On the
other hand, during the past decade the use of single EV FCM has reached a level of understanding that is starting to allow for the
generation of reliable and reproducible data. The key to generating reliable and reproducible EV FCM data are implementation of
assay controls, calibration, and transparency in data reporting. To communicate this message to the field, the EV FCM working
group has published an ISEV position manuscript outlining a framework of minimum information that should be reported
about an EV FCM experiment (Welsh et al., 2020). This compendium complements the MIFlowCyt-EV framework by providing
background information and rationale on EV FCM.

With assay controls and calibrations in place, future work to drive this field forward should focus on the development of more
sensitive hardware, improved assays, dimmer reference materials and finally, a population of the scientific research literature
with calibrated data on EVs. As a first step, the benefits of calibrating all FCM aspects need to be confirmed in inter-institutional
standardization studies. These studies are already underway with initiatives such as MET VES II (metves.eu) and the ISEV Rigor &
Standardization subcommittee EV Reference Material Task Force. To create more practical and accurate FCM assays, engagement
of the research field with industry and metrological agencies to develop and test improved reference materials as calibrators,
validators, and quality control materials for single EV assays is of key importance for the field (Geeurickx et al., 2019; Lozano-
Andrés et al., 2019; Tang et al., 2019; Welsh et al., 2020). The EV FCM working group will continue to assist new initiatives where
possible, such as promoting and facilitating the utilization of standardized, transparent reporting for single EV FCM experiments,
curating a resource of standardized EV FCM data, generating educational materials to aid in the performing and reporting of
single EV FCM assays, and keep abreast of current knowledge to update the MIFlowCyt-EV framework and this compendium.
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ENDNOTES

!Besides molecules, such as the fluorophores that are commonly used in FCM, also atoms and nanostructures, such as quantum dots, may exhibit fluorescence.
2For clarity, Figure 4 shows only one electronic excited state. In reality, however, a molecule can have multiple electronic excited states.

3The units of e are M-m!, which is equivalent to m?-mol ™. The units of M-m™ reveal that when light propagates through a suspension of fluorophores, then
¢ is the attenuation of light per m per molar concentration of the fluorophores. Hence, € can be determined with an optical density measurement.

" Under the condition that the illumination irradiance is sufficiently high to reach near photon saturation.

°In addition to light, also a chemical reaction may irreversibly modify the chemical structure of a fluorophore. This process is called bleaching.

©Raman scattering causes an energy gain or loss of the light scattered by a particle. However, the Raman effect is typically more than a million-fold weaker than
light scattered without energy gain or loss.

7Based on the total scattering cross section of a solid sphere with a diameter of 210 nm in water calculated with Mie theory (Section 2.2.3.4). The modelled
illumination wavelength is 405 nm.

81n this section, the units for power and area are W and m?, respectively. In practise, however, laser powers are expressed in mW, laser beams are focused to an
area of several um?, and the effective scattering cross section of EVs is expressed in nm?.

®Equation 3 is only valid for a focus with a homogeneous irradiance profile, such as the case for flat-top illumination. In most flow cytometers, however, the
irradiance profile of a focused laser beam has a Gaussian distribution, which changes Equation 3.

10Rayleigh scattering assumes that the scattered intensity of the individual charges of a particle can be summed, because the charges radiate in phase, which
results in constructive interference between the scattered light waves. When the distance between charges of particle exceeds ~1/10'" the illumination wave-
length, however, the charges do not radiate in phase and besides constructive interference, also destructive interference takes place, making Rayleigh theory
inapplicable.

1CD61+ EVs with a diameter >200 nm have a median effective refractive index of 1.37 (van der Pol et al., 2018).

2 for flow cytometers that are designed to characterize cells.

B Engineers call a stable electrical offset the direct current (DC) component.

“In traditional flow cytometers, particles typically are illuminated by spatially separated lasers that are aligned at different positions along the sample flow
(section 2.3.2.2).

15 A spectrometer is an instrument that separates light by wavelength using diffraction gratings or prisms.

16 Polyvalent means that one fluorophore (or QD) binds multiple antibodies

7Nucleic acid staining of cells results in dim fluorescence signals on commercial flow cytometers. Under the assumption that the nucleic acid concentration
scales proportionally with volume, the concentration of nucleic acids in EVs and hence the anticipated fluorescence signal is 4 to 7 orders of magnitude lower
compared to cells.

18 Although in cellular FCM compensation can be performed with stained cells instead of compensation beads, it is not recommended to use EVs to set up a
compensation matrix, given the heterogeneity and dim signal intensities of EVs.

19 Methods that quantify the fluorescence sensitivity and dynamic range of a flow cytometer are beyond the scope of this educational manuscript. These methods
do however allow for accurate reporting and data comparison, as well as instrument performance tracking over time (Giesecke et al., 2017; Parks et al., 2017;
Wang & Hoffman, 2017; Wood, 1998).

20 Other standard units in FCM involve the number of detected photoelectrons and equivalent reference fluorophores (ERF) [40; Wood, 1998; Parks et al., 2017;
Steen, 1992; Chase & Hoffman, 1998; Hoffman & Wood]. Estimation of the number of photoelectrons can be useful in instrument design, optimization, and
characterization, whereas ERF units may be useful in cases where ABC or MESF assignments are not relevant or possible, such as generic fluorescent staining.
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