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Summary. Background: Microparticles and exosomes are

cell-derived vesicles and potential biomarkers for disease.

Recently, the Scientific Standardization Committee collab-

orative workshop of the ISTH initiated standardization of

vesicle detection by flow cytometry with polystyrene beads.

Because polystyrene beads have different optical properties

from biological vesicles, and because the mechanisms

causing the detection signal are incompletely understood,

there are contradictions between expected and observed

results. Objectives: Todevelop amodelwithwhich to relate the

detection signal of a flow cytometer to the diameter of vesicles

and clarify observed discrepancies. Methods: We combined

measurements of polystyrene and silica beads with an

estimated refractive index of vesicles and performed Mie

calculations of light scattering. Results: We established the

relationship betweenmeasured light scattering and the diameter

of vesicles. The Megamix gating strategy proposed by the

Scientific Standardization Committee selects single vesicles and

cells with diameters between 800 and 2400 nmwhen applied on

the forward-scattering detector of regular flow cytometers.

Nevertheless, we demonstrated that, irrespective of the applied

gating, multiple vesicles smaller than 220 nm ormultiple 89-nm

silica beads were counted as a single event signal at sufficiently

high concentrations. Conclusions: Vesicle detection by flow

cytometry is attributed to large single vesicles and swarm

detection of smaller vesicles; that is, multiple vesicles are

simultaneously illuminated by the laser beam and counted as a

single event signal. Swarm detection allows the detection of

smaller vesicles than previously thought possible, and explains

the finding that flow cytometry underestimates the concentra-

tion of vesicles.

Keywords: exosomes, extracellular vesicles, flow cytometry,

microparticles, optical detection.

Introduction

Microparticles and exosomes are cell-derived vesicles present in

body fluids that contribute to coagulation, inflammation,

cellular homeostasis and survival, intercellular communication,

and transport of waste materials [1–3]. The size, concentration,

biochemical composition and cellular origin of these biological

vesicles contain clinically relevant information [4–6]. However,

because of the small size of vesicles (30 nm to 1 lm), they are

below the detection range of many currently used techniques

[7]. Throughout this article, we will use �vesicles� as a generic

term for all types of extracellular, biological vesicle.

Approximately 75% of laboratories apply flow cytometry to

detect vesicles in clinical samples [8]. A flow cytometer guides

cells and vesicles through a laser beam in a hydrodynamically

focused fluid stream. One detector is placed in line with the

laser beam, and measures the forward-scattered light (FSC).

Other detectors measure the side-scattered light (SSC) and

fluorescence intensity perpendicular to the beam. Light

scattering by vesicles is essential, as scattering is generally used

as the trigger signal telling the instrument that a vesicle is

present.

A difficulty with flow cytometry is that the relationship

between the measured light scattering and the diameter of

vesicles is unknown, resulting in recent discussions about the

standardization of vesicle detection [9–11] and in unexplained

contradictions between the expected and observed measure-

ment results. For example, according to the literature, the

smallest polystyrene beads that can be detected by commercial

flow cytometers typically have a diameter between 200 nm and

300 nm [9,12,13]. Because vesicles have a lower refractive index

than polystyrene beads, they scatter light approximately

10-fold less efficiently than polystyrene beads [9]. Conse-

quently, the smallest single vesicles that are detectable by flow

cytometry must be larger than � 500 nm. Using transmission

electron microscopy (TEM) image analysis, we have recently
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shown that urinary vesicles are smaller than 500 nm [7], so we

would not expect these vesicles to be detected by flow

cytometry. Nevertheless, urinary vesicles are detectable by flow

cytometry [14], although, from reference measurements with

nanoparticle tracking analysis and atomic force microscopy,

we now know that flow cytometry underestimates the concen-

tration of vesicles by � 1000-fold [15,16].

To resolve the contradictions in vesicle detection by flow

cytometry, we will first present measurements on polystyrene

beads and silica beads of known diameter, concentration, and

refractive index. Combined withMie calculations of the optical

scattering power, this allows calibration of the flow cytometer,

i.e. relating the detected scattering power to the diameter of

single polystyrene or silica beads. On that basis, and using an

estimated refractive index, we assess the diameter range of the

smallest detectable single vesicles. In addition, we show that

89-nm silica beads, which have optical properties resembling

those of vesicles, can be detected by regular flow cytometry,

albeit at a higher concentration than used to detect single

beads. Using dilution series of silica beads and cell-free urine,

we elucidate the underlying mechanisms of vesicle detection.

Methods

Samples

Beads Table 1 summarizes the mean diameter and standard

deviation of the used NIST-traceable polystyrene beads

(Thermo Fisher Scientific, Waltham, MA, USA) and silica

beads (Kisker Biotech, Steinfurt, Germany). At the

illumination wavelength of our flow cytometer, which is

488 nm, the refractive indexes of polystyrene and silica are

1.605 and 1.445, respectively. For comparison, the refractive

index of water is 1.337 at this wavelength. As the refractive

index of vesicles is assumed to be 1.38 inside the vesicle and 1.48

at the 10-nm-thick phospholipid membrane [17–20], the optical

properties of silica beads resemble those of vesicles better than

those of polystyrene beads. To explore the detection limit of

our flow cytometer (Figs 4 and 5), beads were diluted in

purified and deionized water (MilliPore, Billerica, MA, USA)

to a concentration of 105 mL)1. For this concentration, the

expected count rate is 100 events s–1 at an estimated flow rate

of 60 lL min)1, which is within the recommended count rate

for the flow cytometer. To explore the underlying mechanisms

of vesicle detection (Fig. 6), dilution series of silica beads were

prepared, in which the ratio of 89-nm and 610-nm silica beads

was varied.

Vesicles Cell-derived vesicles from human urine were used as

a reference sample, because vesicles can be easily isolated

without substantial contamination [7]. Fresh morning urine

from five overnight-fasting healthy male subjects was collected,

pooled, and centrifuged in 50-mL Falcon tubes for 10 min at

180 · g and 4 �C (MIKRO 200 R; Hettich, Tuttlingen,

Germany) within 10 min after collection. The supernatant

(45 mL) was collected and centrifuged for another 20 min at

1550 · g and 4 �C to remove the remaining cells. Aliquots of

the supernatant (40 mL) were frozen in liquid nitrogen and

stored at ) 80 �C. Samples were thawed on melting ice for 1 h,

and centrifuged for 10 min at 1550 · g and 4 �C to remove

precipitated amorphous salts.

TEM

For TEM analysis, vesicles were isolated by ultracentrifugation

(60 min at 154 000 · g and 4 �C), and washed once in

phosphate-buffered saline (PBS)–citrate. Next, vesicles were

resuspended in 0.2% paraformaldehyde (w/v). After fixation

for 24 h, vesicles were allowed to adhere to formvar-carbon

coated 300mesh grids (ElectronMicroscopy Sciences, Hatfield,

PA, USA), stained with 1.75% uranyl acetate (w/v), and

imaged with a transmission electron microscope (CM-10;

Philips, Eindhoven, The Netherlands) at 100 kV. From 1000

vesicles, the surface area was determined by use of a custom-

made Javascript with the Quick selection tool of PHOTOSHOP

version 11.0.2 (Adobe Systems, San Jose, CA, USA). From the

surface area, the diameter of each vesicle was calculated to

create a size distribution.

Flow cytometry

FSC and SSC powers were measured for 1 min with a

FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA)

at a high flow rate (60 lL min)1). The flow cytometer has a

linearly polarized 15-mW argon-ion laser emitting at 488 nm.

The beam is elliptically focused to a cross-sectional area of

22 · 66 lm2, and at high flow rate the sample core diameter is

56 lm [21]. Consequently, the effective beam volume is

22 · p · 282 = 5.4 · 104 lm3 or 54 pL. The illumination

intensity is � 1.4 · 107 W m)2 [22]. We selected SSC as the

trigger signal to indicate to the instrument that a vesicle or

bead is present. The following detector settings were used

Table 1 Diameter of polystyrene beads and silica beads and the efficiency

with which single beads are detected by flow cytometry

Material Diameter (nm) Detection efficiency

Polystyrene 102 ± 5 0

203 ± 5 0.9 ± 0.2

400 ± 7 1.0 ± 0.2

596 ± 8 0.9 ± 0.2

799 ± 5 1.0 ± 0.1

994 ± 10 1.0 ± 0.1

3005 ± 30 1.2 ± 0.2

Silica 89 ± 36 0

204 ± 35 0.6 ± 0.2

389 ± 75 1.1 ± 0.3

610 ± 101 1.0 ± 0.2

732 ± 107 1.0 ± 0.2

988 ± 132 1.2 ± 0.3

2795 ± 472 1.1 ± 0.4

Diameter is expressed as mean ± standard deviation. The detection

efficiency is defined as the ratio between the concentration as deter-

mined by the flow cytometer and the prepared concentration.

920 E. van der Pol et al

� 2012 International Society on Thrombosis and Haemostasis



throughout this experiment. For SSC, the applied voltage

was 400 V, the gain was 1, and the threshold was 0. For FSC,

the amplification was 100, the gain was 1, and the threshold

was 0. As no threshold was applied, optical, electronic and

fluidic noise contribute to a considerable noise background

[23]. However, in modern flow cytometers, both the dark

current and stray light are electronically subtracted from the

signal coming from the detector by the baseline restorer,

resulting in a stable and relatively low noise background of

< 10 000 counts min–1 in our case. To account for this

remaining noise background, a background measurement was

performed with purified and deionized water before and after

each measurement series. The average SSC and FSC histo-

grams of these background measurements were subtracted

from each dataset.

Mie theory

The power of light scattered in a particular direction by a

spherical particle, such as a bead or a vesicle, is calculated by

Mie theory, and involves the diameter and refractive index of

the particle, the refractive index of the surrounding medium,

and the wavelength, polarization and intensity of light [24]. We

selected Mie theory because, in contrast to Rayleigh scattering

and Faunhofer diffraction, it is valid for any ratio of the

diameter of the particle to the wavelength [7,24]. All Mie

calculations in this manuscript are based on the MATLAB scripts

ofMätzler [25], and are similar to the calculations of Fattaccioli

et al. [26], but other free software is online available [27]. Data

processing was performed with MATLAB (v.7.9.0.529), and

graphs were plotted with ORIGINPRO (v.8.0724). As input for

the Mie calculations, we used the parameters listed in Table 2.

Here, we assumed that urine has a refractive index equal to that

of water, and that vesicles are spherical and have refractive

indexes of 1.38 ± 0.02 inside and 1.48 at the 10-nm-thick

phospholipid membrane [17–20]. Our estimation of the inner

refractive index of vesicles is based on the measured inner

refractive index of cells and bacteria [17]. As vesicles originate

from their parent cell, we expected that vesicles would have an

inner refractive index equal to that of their parent cell.

Flow cytometer calibration

Flow cytometry provides the detected scattering power in

arbitrary units, implying that the relationship between the

detected scattering power and the diameter of vesicles is

unknown, as illustrated in Fig. 1A. To establish this relation-

ship, we measured the relative power in arbitrary units (a.u.)

and, in parallel, calculated the absolute power (mW) of light

that scattered by beads of known diameter and refractive index

in the direction of the detectors. Figure 1B shows that this

approach enables us to obtain a calibration factor that relates

Table 2 Parameters used for Mie calculations. The refractive indices are

provided for room temperature, atmospheric pressure, and an illumination

wavelength of 488 nm

Parameter Value

Refractive index: polystyrene 1.605

Refractive index: silica 1.445

Refractive index: water 1.337

Refractive index: vesicle inside 1.38 ± 0.02

Refractive index: vesicle at the membrane 1.48

Vesicle membrane thickness (nm) 10

Illumination wavelength (nm) 488

Illumination intensity (W m)2) 1.4 · 107

Collection angle: FSC Becton-Dickinson

FACSCalibur (�)
0.5–7

Collection angle: SSC Becton-Dickinson

FACSCalibur (�)
47–133

Collection angle: FSC Apogee A40 (�) 1–70

Collection angle: FSC Beckman-Coulter FC500 (�) 2–16

FSC, forward-scattered light; SSC, side-scattered light.

Flow cytometer

Mie calculation

P (a.u.)

P (mW)

Calibration
factor

Flow cytometer P (a.u.)

Flow cytometer

Mie calculation

P (a.u.)

P (mW)

Calibration
factor

Known refractive
index and diameter

Unknown diameter

Diameter estimated

A

B

C

?

Fig. 1. From detected scattering power to vesicle diameter. (A) The

relationship between the vesicle (circle) diameter and the detected scat-

tering powerP in arbitrary units (a.u.) is unknown. (B) From beads (circle)

with known diameter and refractive index, the scattering power P (a.u.)

can be measured. In parallel, the true scattering power P (mW) can be

calculated byMie theory to obtain the calibration factor, which relates the

detected scattering power to the calculated scattering power. (C) By use of

the calibration factor, it is possible to convert the detected scattering power

of any spherical particle to the scattering power and applyMie calculations

to estimate the particle diameter.

Detection of microparticles and exosomes 921

� 2012 International Society on Thrombosis and Haemostasis



the detected to the calculated scattering power. The calibration

factor is thus a property of the detector and the optical

configuration of the instrument, and is independent of the

sample. Figure 1C shows that this calibration factor allows

estimation of the true diameter of the particle. Note that the

calculated scattering power depends on the estimated illumi-

nation intensity (Table 2). However, as the detected scattering

power is fitted to the calculated scattering power by use of the

calibration factor, the relationship between the detected

scattering power and the diameter of vesicles remains similar

for any value of the illumination intensity.

Resistive pulse sensing

To estimate the concentration of vesicles in cell-free urine,

resistive pulse sensing (Izon qNano, Christchurch, New

Zealand) was applied. The thawed cell-free urine was diluted

1 : 10 with PBS. At least 1000 vesicles were counted at a

pressure of 6.9 mbar, using both NP100A and NP400A

nanopores, which are optimized for the detection of particles

with diameters ranging from 50 nm to 200 nm and 200 nm to

800 nm, respectively.

Results

Flow cytometry detects vesicles smaller than 220 nm

Figure 2A shows a TEM image of vesicles from urine and

Fig. 2B their determined size distribution. The largest vesicles

had a diameter of 295 nm. As the diameter of the smallest

polystyrene beads that can be detected by commercial flow

cytometers is typically between 200 nm and 300 nm [9,12,13],

and because vesicles have a lower refractive index than

polystyrene beads, we would not expect these urinary vesicles

to be detected by flow cytometry.

Figure 3A,B shows the FSC and SSC histograms of the

same urine sample measured with flow cytometry. Both

histograms show a peak, indicating that vesicles were detected.

To exclude the possibility that vesicles larger than 300 nmwere

present, urine was subsequently filtered with a 220-nm filter

(MilliPore) before analysis. Figure 3C,D shows that, after

filtration, FSC and SSC histograms of vesicles were still

obtained, although at fewer counts per minute than with the

unfiltered sample. Thus, in contrast to our expectations, flow

cytometry detected vesicles smaller than 220 nm.

Scattering power of beads

Figure 4A,C shows FSC histograms of polystyrene beads and

silica beads, respectively. The distributions of beads with a

diameter smaller than 1000 nm are broad and overlapping.

Thus, FSC was unable to resolve the diameter of particles

smaller than 1000 nm. Figure 4B,D shows the SSC histograms

of polystyrene beads and silica beads, respectively. As the SSC

distribution of light scattered by beads was narrow, they could

be distinguished from each other. Thus, for our flow cytometer,

SSC is more suitable than FSC for resolving particles with a

diameter smaller than 1000 nm. As the 102-nm polystyrene

beads and the 89-nm silica beads could not be detected, the

smallest detectable polystyrene beads and silica beads were 203

and 204 nm, respectively. However, not all 204-nm silica beads

were detected. As the flow rate was known, the bead

concentration could be calculated and compared with the true

concentration. The ratio between the measured and the true

concentration is defined as the detection efficiency. For the 204-

nm silica beads, the detection efficiency was 0.6 ± 0.2. Table 1

shows that the detection efficiency of all other beads was close

to 1, meaning that single polystyrene beads and silica beads

with diameters of 203 and 389 nm, and larger, could be

detected.

Smallest detectable single vesicles

To establish the relationship between the detected scattering

power and the diameter of vesicles, the flow cytometer needs to

be calibrated, as shown in Fig. 1. Therefore, the histograms

from beads in Fig. 4 were fitted with a normal distribution to

determine the mean scattering power and standard deviation

for each bead diameter. The detected scattering power is

provided in arbitrary units, and is proportional to the absolute
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Fig. 2. Vesicle detection by transmission electron microscopy (TEM). (A) TEM image of urinary vesicles. The red circles indicate the surface areas of

spherical objects. (B) Size distribution (logarithmic vertical scale) of 1000 vesicles determined from five TEM images. The plot shows a distribution with

vesicle diameters between 25 nm and 295 nm, with a single peak at 55 nm.
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scattering power (mW), which was calculated by Mie theory.

For our instrument, the calibration factors that relate the

measured to the calculated scattering power are 2.07 · 10)5 for

the FSC detector and 1.26 · 10)6 for the SSC detector.

Figure 5A shows the measured and calculated FSC power vs.

the diameter of polystyrene beads and silica beads. Data points

corresponding to a power higher than 1.7 · 10)3 mW are in

agreement with the Mie calculations. Some beads from which
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Fig. 3. Vesicle detection by flow cytometry. (A) Forward-scattered light (FSC) histogram (logarithmic horizontal scale) of urinary vesicles. A flat peak is

observed. In total, 5.5 · 105 events were counted during 1 min. (B) Side-scattered light (SSC) histogram of urinary vesicles. A single peak is observed. (C)

FSC histogram of urinary vesicles filtered through a 220-nm filter. A flat peak is observed. In total, 5.7 · 104 events were counted during 1 min. (D) SSC

histogram of urinary vesicles filtered through a 220-nm filter. A single peak is observed. a.u., arbitrary units.
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the scattered power was below 1.7 · 10)3 mW were detected

by FSC, but the observed power was not related to the size of

the beads. Figure 5B shows the measured and calculated SSC

power vs. diameter for polystyrene beads and silica beads. The

power increased with increasing particle diameter and refrac-

tive index. The data are in excellent agreement with the Mie

calculations, except for the 2795-nm silica beads. We attribute

the underestimation of the scattered power of 2795-nm silica

beads to a decreased refractive index resulting from porosity, as

stated by themanufacturer. The effective refractive index of the

porous 2795-nm silica beads that matches with our measure-

ment is 1.423 rather than 1.445. The power corresponding to

the smallest detectable beads is defined as the detection limit,

which is 1.7 · 10)6 mW, meaning that each single vesicle for

which the SSC power was equal to or higher than

1.7 · 10)6 mW would be detected.

Now the diameter of the smallest detectable single vesicles by

flow cytometry can be assessed. Figure 5C is a close-up of the

lower part of Fig. 5A, extended with the calculated FSC power

of vesicles. Note that the vesicles scatter light less efficiently

than beads, owing to their lower refractive index. As the exact

refractive index of vesicles is unknown, the light green area

represents an estimated confidence interval, which is based on

an assumed inner refractive index of biological vesicles of

1.38 ± 0.02. Figure 5D is a close-up of the lower part of

Fig. 5B, extendedwith the calculated SSC power of vesicles. As

the detection limit is 1.7 · 10)6 mW, the estimated diameter

range of the smallest detectable single vesicle is 300–700 nm,

which contradicts our finding that vesicles smaller than 220 nm

can be detected by flow cytometry (Fig. 3).

Detection of vesicles smaller than 220-nm and 89-nm silica

beads

We hypothesize that the detection of vesicles smaller than

220 nm is a consequence of swarm detection; that is, multiple

vesicles are simultaneously illuminated by the laser beam and

counted as a single event signal. As a proof of principle, silica

beads with a diameter of 89 nm, significantly below the 203 nm

of single detectable beads, were prepared at a concentration of

1010 mL)1 and successfully detected, as reflected by the SSC

histogram shown in Fig. 6A. Thus, 89-nm beads with a

refractive index close to that of vesicles can also be detected by

flow cytometry at sufficiently high concentrations, owing to

swarm detection.

Single bead detection vs. swarm detection

For polydisperse samples, such as vesicles in plasma and urine,

it is interesting to know whether a count is generated by one
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large particle or by multiple small particles present in the laser

beam. Here, a large or a small particle is defined as a particle

scattering more or less light, respectively, than the detection

limit of the flow cytometer. Consequently, the presence of one

large particle or ofmultiple small particles in the laser beamwill

both be counted as a single event signal. Figure 6B shows the

SSC histogram of a mixture of small 89-nm silica beads with a

concentration of 1010 mL)1 and large 610-nm silica beads with

a concentration of 105 mL)1. The first peak is attributed to the

high concentration of 89-nm beads, and the second peak is

attributed to the 105-fold lower concentration of 610-nm beads.

Considering the low concentration of 610-nm beads as

compared with that of the 89-nm beads, it is clear that the

count rate is dominated by the large particles.

Dilution series are used to investigate the relative contribu-

tions of large and small particles to the count rate of the flow

cytometer. Figure 6C shows the dilution curves of different

ratios of 89-nm and 610-nm silica beads. The horizontal axis

represents the sum of the prepared concentrations of 89-nm

and 610-nm silica beads. The left vertical axis shows the count

rate (frequency) as determined by the flow cytometer. As the

flow rate was known, the concentration as determined by the

flow cytometer was also calculated, and is shown on the right

vertical axis. First, with large 610-nm beads only, the flow

cytometer-determined concentration obviously equaled that of

the prepared concentration, and, within the acquisition range

(gray area), the relationship between count rate and concen-

tration was linear (dark red diamonds). Second, after addition

of 100 beads of 89 nm to each 610-nm bead, the flow

cytometer-determined concentration remained similar to that

of the samples containing 610-nm beads only (dashed hori-

zontal lines), meaning that, at this concentration, the 89-nm

beads had no influence on the count rate (green triangles).

Third, if we added 10 000 beads of 89 nm to each 610-nmbead,

the flow cytometer-determined concentration increased by

40%, on average, in comparison with the samples containing

610-nm beads only (blue triangles), and with addition of

100 000 beads of 89 nm to each 610-nm bead, the flow

cytometer-determined concentration increased by 350%, on

average, in comparison with the samples containing 610-nm

beads only (red circles). For the latter mixture, the relationship

between count rate and prepared concentration is non-linear,

as indicated by the increased slope, and the data overlap with

those of the pure 89-nm beads (black squares), indicating that
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the count rate is dominated by the simultaneous presence of

multiple 89-nm beads in the laser beam.

Single vesicle detection vs. swarm detection

Figure 6D shows the dilution curves of cell-free urine and cell-

free urine filtered through a 220-nm filter. With resistive pulse

sensing (data not shown), the concentrations of vesicles in

unfiltered and filtered cell-free urine were estimated to be

3.0 · 1010 mL)1 and 1.6 · 1010 mL)1, respectively. For cell-

free urine, the relationship between the count rate and the

concentration is linear, meaning that the counts are predom-

inantly caused by single large vesicles. However, the dilution

curve of the filtered cell-free urine reveals that small vesicles

also contribute to the count rate (Fig. 6D). The relationship

between count rate and concentration of filtered cell-free urine

is non-linear, as indicated by the increased slope, confirming

that the counts are caused by swarm detection.

Discussion and conclusion

We have developed a model that relates the measured light

scattering power to the diameter of single vesicles by combining

measurements on polystyrene beads and silica beads with Mie

calculations. Two mechanisms for vesicle detection by flow

cytometry can be derived from the results. First, a single vesicle

is counted if its diameter is larger than 300–700 nm, i.e. the

smallest detectable single vesicle diameter estimated for our

flow cytometer. Second, a swarm of multiple smaller vesicles is

counted as a single event signal if the power of light scattered by

all vesicles that are simultaneously present in the laser beam

exceeds the detection limit. For polydisperse samples, such as

vesicles in plasma and urine, counts are generated by a

combination of single particle and swarm detection.

If large and small particles are defined as particles scattering

more or less light than the detection limit of the flow cytometer,

single particle detection is caused by large particles only. As

every large particle is counted (Table 1), the concentration as

determined by the flow cytometer equals the prepared concen-

tration, and a linear relationship between count rate and

prepared concentration is obtained, as demonstrated with the

use of large 610-nm silica beads only (Fig. 6C).

Swarm detection, on the other hand, is caused by the

detection of small particles only. As multiple small particles

have to be simultaneously present in the laser beam to generate

a single event signal, the flow cytometer-determined concen-

tration underestimates the real concentration, and the relation-

ship between count rate and prepared concentration is

non-linear. Although the diameters of the smallest detectable

single polystyrene and silica beads are 203 nm and 204 nm,

respectively, we demonstrated that we could detect high

concentrations of 89-nm silica beads (Fig. 6A) and vesicles

filtered through a 220-nm filter (Fig. 3C,D), owing to swarm

detection. For both samples, the flow cytometer-determined

concentration is more than 1000-fold lower than the real

concentration (Fig. 6C,D), and the relationship between count

rate and concentration is non-linear. As the detection limit of

the flow cytometer is 1.7 · 10)6 mWand themean SSCpowers

of an 89-nm silica bead and aurinary vesicle are 2.2 · 10)8 mW

and 1.1 · 10)8 mW, respectively, at least 77 silica beads or 155

vesicles have to be simultaneously present in the laser beam to

generate a signal. For both samples, this requirement was

fulfilled, as the estimated volume of the laser beam is 54 pL and

the concentrations of silica beads and vesicles are 1010 mL)1

and 1.6 · 1010 mL)1, respectively, so that, on average, 540

silica beads or 864 vesicles were simultaneously present in the

beam. Figure 7 shows the dilution curves of 89-nm silica beads

for high, medium and low flow rates. Within the acquisition

range (gray area), the established concentration underestimates

the prepared concentration, and the relationship between count

rate and prepared concentration is non-linear. As a lower flow

rate yields a smaller cross-sectional area of the sample stream

and thus a smaller effective beam volume [28], a higher

concentration of 89-nm silica beads is required to generate an

event signal. Consequently, the dilution curves in Fig. 7 are

shifted to the right with decreasing flow rates.

For samples containing a mixture of large and small

particles, such as vesicles in plasma and urine, counts are

generated by both single particle and swarm detection. If the

concentration of small particles is lower than the threshold for

generation of a signal, the count rate is dominated by large

particles, and a linear relationship between count rate and

concentration is obtained (Fig. 6C). However, if the concen-

tration of small particles equals or exceeds the threshold for

generation of a signal, the contribution of small and large

particles to the count rate depends on the relative size and

concentration of particles (Fig. 6C). For cell-free urine, we

have shown that small vesicles contribute to the count rate by
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using a 220-nm filter. Without filtration, a fairly linear

relationship between the count rate and the concentration is

obtained, indicating that large vesicles, i.e. vesicles larger than

300–700 nm, are present. Vesicles larger than 295 nm were not

observed by TEM imaging (Fig. 2), probably because the

amount of imaged vesicles did not represent the full population,

and because the diameter was affected by preanalytic factors,

such as centrifugation, staining, fixation, and adhesion [29].

Note that the concentration as determined by the flow

cytometer is 1000-fold lower than the concentration estimated

with resistive pulse sensing, which was observed when flow

cytometry was compared with other, novel detection methods

[15,16]. The presence of multiple vesicles in the laser beam

explains why the concentration is underestimated 1000-fold,

but, more importantly, swarm detection allows the detection of

smaller vesicles than previously thought possible.

Sensitivity increases with collection angle

Although it is often thought that FSC should be used to

determine the size of vesicles [8,9,11,30,31], Fig. 4A–D shows

that, for our flow cytometer, the SSC detector is more sensitive

and has a higher capability to resolve the size of beads than the

FSC detector, as confirmed by other groups using instruments

with a similar optical layout [28,30,32]. In this section, we will

explain this phenomenon. Figure 8 shows the optical detection

geometry of a flow cytometer (A) and how this affects the

detection of light scattered by a cell (B), a microparticle (C), or

an exosome (D). Each cell, microparticle or exosome is

illuminated by a laser beam with a constant intensity, which

we estimate to be 1.4 · 107 W m)2. The FSC detector is a

photodiode that detects light which is scattered under an angle

of approximately 0.5–7�, depending on the setup of the

instrument. To prevent the laser directly illuminating the

FSC detector, both the laser beam itself and the light scattered

under an angle smaller than 0.5� are blocked by the so-called

obscuration bar, as indicated by the interruption in the red line.

The SSC detector is a photomultiplier tube, which is not only

more sensitive than the photodiode of the FSC detector, but

also detects scattered light over a much broader angle, i.e. 47–

133�. The dashed blue lines inside the gray circular diagrams

show how much light is scattered in each direction. Figure 8B

shows that a cell with a diameter of 5 lm scatters light

predominantly in the forward direction, which is in the

direction of the FSC detector. Hence, FSC is associated with

cell size. Figure 8C shows that a microparticle with a diameter

of 500 nm scatters light differently than a cell, i.e. mainly under

an angle of 0–10�. In comparison with the cell, the fraction of

light scattered in the direction of the FSC detector has

decreased, whereas the fraction of light scattered in the

direction of the SSC detector has increased. Figure 8D shows

that an exosome with a diameter of 50 nm scatters light nearly

isotropically. As a result, more light is scattered in the direction

of the SSC detector than in the direction of the FSC detector.

As organelles are of a similar size as microparticles and

exosomes, an increased SSC is commonly associated with the

complex anatomy of cells. In fact, the SSCdetector is optimized

to detect scattering from multiple particles smaller than the
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wavelength. Thus, to increase the sensitivity for vesicle

detection, it is beneficial to select the detector with the largest

collection angle. For most regular flow cytometers, this implies

using the SSC detector.

Implications and limitations

Our model explains several recent observations regarding

vesicle detection with flow cytometry. In an effort to standard-

ize vesicle detection, the ISTH Scientific Standardization

Committee proposed a protocol that used 500-nm and 900-

nm polystyrene beads from Megamix to define a vesicle size

gate [8]. They observed that flow cytometer-determined con-

centrations of vesicles appeared to be consistent among

instruments measuring FSC with a relatively wide solid angle

(1–19�; Beckman-Coulter), but appeared to be inconsistent

among instruments measuring FSC with a low solid angle

(0.7–10�; Becton-Dickinson). The low collection angle makes

the detection limit strongly dependent on the width of the

obscuration bar, which is specific for each individual

instrument. As vesicle detection typically takes place near

the detection limit, the results differed among the Becton-

Dickinson instruments.

Chandler et al. applied the Megamix gating strategy to

detect platelet microparticles (PMPs) on the Apogee A40,

which has an FSC collection angle of 1–70�, and showed that

mainly platelets, which have an average diameter of 2000–

5000 nm [33], were counted [9]. Unlike Chandler et al., Mullier

et al. andRobert et al. [10,11] could perfectly distinguish PMPs

from platelets by using the same gating strategy on their flow

cytometers, which all had an FSC collection angle below 19�.
To explain this discrepancy and to show that our calibration

procedure is generally applicable, we have determined the

calibration factors for the FSC detectors of the Apogee A40

and the Beckman-Coulter FC500 by using their data [9,11].

Figure 9A,B shows the diameters of single vesicles as selected

by the Megamix gating strategy for the Apogee A40 and

FC500, respectively. The range of diameters of single vesicles

gated on theApogee A40 is 200 nm larger than the range gated

on the FC500. Owing to the wider collection angle of the

Apogee A40 than of the FC500, the Apogee A40 is more

sensitive to the difference in refractive index between polysty-

rene beads and vesicles than the FC500. Nevertheless, single

PMPs are not expected to appear in the gated range for either

the Apogee A40 or the FC500, as the measured PMP diameter

is far below 500 nm [15,16,32]. Rather, it is the presence of

multiple PMPs in the laser beam thatmakes themdetectable by

flow cytometry. From reference measurements with novel

methods, we know that the concentration of PMPs exceeds

1010 mL)1 [32], which ensures that multiple vesicles are

illuminated simultaneously and is sufficient to generate a single

event signal.

For functional research on vesicles, the presence of multiple

vesicles in the beam may have major consequences. For

example, different fluorescence signals corresponding to a

�single event signal� may originate from multiple vesicles, each

containing a different antibody, which may explain the

colocalization of granulocyte (CD66e) and platelet (CD61)

markers on tissue factor-exposing vesicles [34]. On the other

hand, as all vesicles contribute to the signal, our findings

explain why flow cytometry results often correlate with disease.

Our work may lead to a better understanding of vesicle

detection by flow cytometry, increased sensitivity by optimizing

the instrument-specific settings, and improvements in the

standardization of measurements between laboratories, which

involves at least four steps. First, the scattering power of beads

should be measured for the detector with the largest collection

angle and highest sensitivity. Second, the scattering power of

beads should be calculated specifically for the used detector by

Mie theory. Third, the calibration factor should be determined

to quantify the detection signal. Fourth, a gate should be

selected on the basis of the quantified optical power. For
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improved standardization, the relationship between the

detected scattering power from multiple vesicles, the volume

of the laser beam and the flow rate requires further investiga-

tion. For improved vesicle detection, we suggest modification

of the hardware of the flow cytometer [35], and study of the

refractive index of vesicles and the medium. In addition, as

many studies also use fluorescence to identify vesicles, we

suggest performing a detailed analysis on fluorescent beads,

although many non-trivial practical and theoretical problems

will have to be solved before a comparable study based on

fluorescence can be performed [7]. In spite of its limitations,

flow cytometry will still have to be the present method of

choice, because we do not yet have validated methods for

quantitative enumeration and establishment of the cellular

source of vesicles.

In conclusion, we have established a model that relates

the detected scattering power to the diameter of single

vesicles. The gating strategy proposed by the Scientific

Standardization Committee collaborative workshop selects

single vesicles and cells with diameters between 800 nm and

2400 nm when applied on the FSC detector of regular flow

cytometers. However, vesicle detection by regular flow

cytometry is relies on two different mechanisms: (i) detec-

tion of single, relatively large, vesicles that scatter more light

than the detection limit; and (ii) swarm detection – that is,

multiple relatively small vesicles are simultaneously illumi-

nated by the laser beam and counted as a single event signal.

Swarm detection allows the detection of smaller vesicles

than previously thought possible. It explains the finding that

flow cytometry underestimates the concentration of vesicles,

and it clarifies several observations published by the ISTH

Scientific Standardization Committee collaborative work-

shop on vesicle detection.
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