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Essentials

• Extracellular vesicles (EVs) in biological fluids are

promising biomarkers for disease.

• Fluorescence-based flow cytometric analysis is suitable

to detect low abundant EV subsets.

• Particles of non-interest can induce false-positive light

scatter and fluorescent signals.

• Interference of particles of non-interest can be moni-

tored by analyzing serial dilutions.

Summary. Background: Extracellular vesicles (EVs) in

plasma are increasingly being recognized as potential

biomarkers. EV analysis for diagnostic purposes should

be robust and should allow analysis of EV subsets with a

wide range of abundance and in a large number of

patient samples. Flow cytometry offers possibilities to

meet these criteria, as it allows multiparameter analysis of

individual EVs. However, analysis of plasma EVs is chal-

lenging, because of their size and heterogeneity, and the

presence of other submicrometer-sized particles in plasma

that could interfere with EV analysis. Objectives: To

explore whether fluorescence-based flow cytometric analy-

sis of EV subsets is suitable when the EVs of interest are

present in low abundance in a background of non-labeled

or differently labeled EVs and particles. Methods: Fluo-

rescently labeled EVs of interest were spiked at different

ratios in full plasma, purified plasma components, or

(non-)fluorescent polystyrene beads, and subsequently

analyzed by flow cytometry with fluorescence threshold

triggering. Results: We found that light scatter detection

of low-abundance or rare EV subsets during fluorescence

threshold triggering was severely affected by particles of

non-interest, owing to coincidence and swarming. Impor-

tantly, we show that interfering particles labeled with

different fluorophores induced false-positive fluorescent

signals on the particles of interest. These unwanted effects

could only be discerned and controlled by performing

serial dilutions and analyzing light scatter and fluores-

cence parameters. Conclusions: We demonstrate how par-

ticles of non-interest in plasma can impact on the light

scatter and fluorescence detection of low-abundance EVs

of interest during fluorescence-based flow cytometric anal-

ysis, and provide a means to prevent erroneous data

interpretation.

Keywords: biomarkers; cell-derived microparticles;

exosomes; extracellular vesicles; flow cytometry.

Introduction

Extracellular vesicles (EVs) are membrane-enclosed sub-

micrometer-sized particles that are released by cells and

play a role in intercellular communication [1–3]. The

lipid, protein and nucleic acid composition of EVs largely

determines their mode of action in target cells via recep-

tor–ligand interactions or by transfer of their cargo [1,2].

Both the incorporation of molecules into EVs and the

release of EVs are regulated processes that are dependent

on the type and physiological state of individual cells

[1,2]. Hence, EV populations in body fluids are heteroge-

neous. As the molecular content and the presence of

specific EV subsets could contain information regarding

the presence of disease, disease state, or efficiency of med-

ical intervention, the biomarker potential of EVs is a sub-

ject of intense investigation [4–9].
EVs have been isolated from a variety of body fluids,

including blood plasma [2]. However, because of their
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submicrometer size, their heterogeneity, and the complex-

ity of blood plasma, isolation and high-throughput analy-

sis of individual EVs has proven to be a challenge [10,11].

Flow cytometry is often applied as a technique to gain

insights into EV heterogeneity and the presence of EV

subpopulations. However, considering that the vast

majority of EVs are ≤ 500 nm in size, current commer-

cially available flow cytometers are, in most cases, not

designed for or capable of resolving individual EVs on

the basis of light scatter [12–16]. Furthermore, blood

plasma contains other submicrometer-sized particles (i.e.

lipoproteins and protein complexes) that can be co-iso-

lated and interfere with the detection of EVs [17–19].
Moreover, coincidence and swarming are processes that

may occur during flow cytometric detection of small par-

ticles, and can lead to erroneous data interpretation.

Coincidence in flow cytometry has been defined as occur-

ring when two or more cells pass the measuring spot

simultaneously, but can be distinguished [20,21], whereas

swarming occurs when the concentration of particles in a

sample is so high that light scatter or fluorescent signals

generated by individual events can no longer be separated

from each other, or when the concentration of submi-

crometer-sized particles is so high that their combined

scatter or fluorescence value exceeds the detection limit

and is detected as an event [22–24].
Most flow cytometers are more capable of resolving

individual submicrometer-sized particles on the basis of

fluorescent light, as fluorescence is less affected by back-

ground noise, thereby allowing better resolution of dim

signals [21,25,26]. We and others have previously demon-

strated the possibilities of fluorescence-based flow cytomet-

ric analysis of EVs [24–34]. By adapting a commercially

available cell sorter and applying a generic strategy of flu-

orescent labeling of EVs in combination with antibody

staining, we developed a high-resolution flow cytometric

approach that allows quantitative and qualitative analysis

of individual EVs and sorting of EV subsets [24–26]. The
method entails an elaborate sample preparation procedure

to efficiently eliminate confounding variables such as

unincorporated dye, unbound fluorophore-conjugated

antibodies, protein aggregates and other submicrometer-

sized particles that can interfere with flow cytometric EV

measurements [25,26]. Although it is useful in the discov-

ery phase for biomarkers, this technically specialized pro-

cedure is labor-intensive and not well suited for high-

throughput screening of samples. For clinical application

of EV flow cytometry, sample preparation would ideally

comprise minimal handling and processing. Size-exclusion

chromatography (SEC) is currently widely applied as a

simple EV isolation technique that efficiently enriches and

separates the majority of EVs from proteins and subsets of

lipoprotein particles in plasma [35,36]. As SEC also allows

separation of EVs from unbound fluorophore-conjugated

antibodies, it is a promising method with which to recover

EVs from antibody-stained plasma samples prior to fluo-

rescence-based flow cytometric analysis of EVs.

As disease-related EVs of interest in clinical samples are

likely to be present in low abundance or as rare events, in

the current study we determined the optimal conditions

under which small subsets of fluorescently labeled EVs,

spiked in plasma and purified by SEC, can be accurately

quantified and characterized against a background of non-

fluorescent or differently labeled submicrometer-sized par-

ticles by high-resolution flow cytometry.

Materials and methods

Isolation and staining of cell culture supernatant-derived

EVs

For isolation of EVs from A431 (human epidermoid carci-

noma) cell culture supernatants, 0.05% trypsin–EDTA

(Gibco, Thermo Scientific, Waltham, MA, USA)-disso-

ciated A431 cells were washed with L-glutamine-free

Iscove’s modified Dulbecco’s medium (IMDM) (Life

Technologies, Thermo Fisher Scientific, Bleiswijk, the

Netherlands), resuspended at a concentration of 1.0 9

106 cells mL�1 in L-glutamine-free IMDM supplemented

with 10% EV-depleted fetal bovine serum (FBS), 2 mM

Fig. 1. Plasma-derived particles interfere with the light scatter detection of fluorescent extracellular vesicles (EVs) analyzed with fluorescence

threshold triggering. A431 cells were cultured for 3 days in EV-depleted medium, after which EVs were isolated from the supernatant by differ-

ential centrifugation, stained with PKH67, and floated into a sucrose gradient. EV-containing sucrose fractions were diluted in phosphate-buf-

fered saline (PBS) and analyzed with high-resolution flow cytometry. Fifty microliters of the sucrose fraction containing the highest

concentration of EVs (F7) was then spiked into 450 lL of plasma or PBS/0.1% bovine serum albumin (BSA). Spiked samples were subse-

quently eluted over qEV columns to separate EVs from plasma proteins and lipoprotein particles, and were analyzed for PKH67-positive EVs

with high-resolution flow cytometry, and for proteins with photospectrometry. Serial dilutions of size-exclusion chromatography (SEC) eluates

were prepared and analyzed. (A) Quantitative high-resolution flow cytometric analysis of EVs isolated from A431 cell culture supernatant. Bars

show the PKH67-positive EV counts during a 30-s measurement in the various sucrose fractions diluted 1 : 40 in PBS. (B) Scatter plots show-

ing FL-1 fluorescence, reduced wide-angle forward scatter (rw-FSC) and side scatter (SSC) of PKH67-positive EVs in sucrose fraction 7. (C,

D) Bar graphs showing the recovery of PKH67-positive EVs and proteins in eluates obtained after performing SEC upon spiking PKH67-posi-

tive EVs in plasma or PBS/0.1% BSA. (E, F) Scatter plots of undiluted SEC eluates showing FL-1 fluorescence, rw-FSC and SSC of PKH67-

positive EVs spiked in, respectively, plasma (eluate 8) or PBS/0.1% BSA (eluate 9). (G, H) Scatter plots showing FL-1 fluorescence, rw-FSC

and SSC of PKH67-positive EVs in eluate 8 of the plasma-spiked sample or eluate 9 of the PBS/0.1% BSA-spiked sample upon serial dilution.

(I, J) Analysis of the number of PKH67-positive EVs detected upon serial dilution of SEC eluates. All scatter plots represent a quantitative

analysis of 30 s performed with fluorescence threshold triggering on the FL-1 channel. The experiment shown is representative of two indepen-

dently performed experiments. MFI, mean fluorescence intensity. [Color figure can be viewed at wileyonlinelibrary.com]
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ultraglutamine (BioWhittaker, Frederick, MD, USA), and

100 IU mL�1 penicillin and streptomycin (Life Technolo-

gies, Thermo Fisher Scientific), and cultured in vented

T175 culture flasks (Corning, Amsterdam, the Netherlands)

at 37 °C in 5% CO2. EVs were removed from FBS by over-

night centrifugation of 30% FBS in IMDM at 100 000 9 g
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and 4 °C in polyallomer SW28 tubes (Beckman Coulter,

Woerden, the Netherlands) by use of an SW28 or an SW32

rotor (Beckman Coulter). After overnight adherence, cells

were washed with 1 9 phosphate-buffered saline (PBS)

(Gibco, Thermo Scientific), and supplemented with fresh

EV-depleted medium. After 3 days of culture, EVs were

isolated from cell culture supernatant by differential cen-

trifugation as described previously [26], but with minor

modifications. Centrifugation steps of 10 000 9 g and

100 000 9 g were performed with an SW28 or an SW32

rotor, and 100 000 9 g pellets were taken up in 20 lL of

PBS containing 0.1% aggregate-depleted bovine serum

albumin (BSA). The BSA stock solution (5% [w/v] in PBS)

was depleted of aggregates by overnight centrifugation at

100 000 9 g and 4 °C in an SW28 or an SW32 rotor. Pel-

leted EVs were subsequently labeled with PKH67 (Sigma-

Aldrich, St Louis, MO, USA), and separated from protein

aggregates and free dye by overnight density gradient cen-

trifugation at 270 000 9 g with an SW40 rotor, according

to the previously described protocol [26]. Gradient fractions

were collected by pipetting 1-mL fractions from the top of

the gradient. Densities of fractions were determined with

refractometry, and the presence of EVs was analyzed withy

high-resolution flow cytometry. Samples were subsequently

stored at 4 °C for further use in spiking experiments.

Preparation of platelet-free plasma (PFP)

Blood samples from healthy human donors were collected

in sodium citrate at a final concentration of 3.2%

(0.105 M), and processed within 1 h for optimal EV

recovery. Samples were centrifuged at room temperature

for 20 min at 2680 9 g with a tabletop centrifuge. Plate-

let-poor plasma was collected and spun for 5 min at

room temperature and 10 000 9 g with a tabletop cen-

trifuge to deplete plasma samples of platelets. PFP sam-

ples were transferred to 1.5-mL tubes and stored at

� 80 °C. Collection of blood was approved by the ethics

committees of the AMC Medical Center/University of

Amsterdam. Participants provided written, informed con-

sent.

Isolation of EVs by the use of SEC

For EV isolation from PFP, SEC columns (qEV; Izon

Science, Oxford, UK) were used according to the manufac-

turer’s protocol. Columns were calibrated and eluted with

PBS/0.1% aggregate-depleted BSA. Eluates of 500 lL
were collected, and the protein content of eluted samples

was determined by measuring absorbance at a wavelength

of 280 nm with a NanoDrop 2000 UV–visible spectropho-

tometer (Thermo Scientific, Waltham, MA, USA).

High-resolution flow cytometric analysis of submicrometer-

sized particles

High-resolution flow cytometric analysis of EV-containing

samples was performed with a BD Influx (BD Biosciences,

San Jose, CA, USA) that was modified and optimized for

detection of submicrometer-sized particles [25,26] or with a

CytoFLEX LX (Beckman Coulter). Detailed descriptions

of modifications and methods are provided in Data S1.

Beads

Fluorescent bead spike experiments were performed with

100-nm and 200-nm yellow–green (505/515) and 100-nm

red (580/605) fluorescent carboxylate-modified polystyrene

Fluosphere beads (Life Technologies, Thermo Fisher Sci-

entific). Bead concentrations were calculated on the basis

of the manufacturer’s specifications. For spiking experi-

ments with non-fluorescent beads, carboxylated polystyr-

ene 115-nm qNano calibration particles (Izon Science)

were used. Non-fluorescent bead concentrations were

based on the manufacturer’s specifications.

Western blot analysis

Two hundred and fifty microliters of qEV eluates 7–8–9
and 19–20–21 were transferred to polyallomer SW40 tubes

(Beckman Coulter), topped up with PBS/0.1% aggregate-

depleted BSA, and subjected to ultracentrifugation for

65 min at 270 000 9 g and 4 °C in an SW40 rotor

Figure 2. Non-fluorescent bead swarms alter the light scatter detection of fluorescent extracellular vesicles (EVs) during fluorescence threshold

triggering. A sucrose fraction containing PKH67-positive EVs isolated from A431 cell culture supernatant was diluted 1 : 20 in phosphate-buf-

fered saline, spiked with various concentrations of non-fluorescent 115-nm polystyrene beads, and subsequently analyzed with high-resolution

flow cytometry. Also, an EV sample spiked with a high concentration of beads (ratio 1 : 2000) was subjected to serial dilution and flow cyto-

metric analysis. (A) Scatter plots showing FL-1 fluorescence, reduced wide-angle forward scatter (rw-FSC) and side scatter (SSC) of unspiked

PKH67-positive EVs and the highest concentration of non-fluorescent 115-nm polystyrene beads (1.2 9 1010 mL). (B) Analysis of the rate of

detected events upon spiking. (C) Scatter plots showing FL-1 fluorescence, rw-FSC and SSC of PKH67-positive EV samples spiked with differ-

ent concentrations of non-fluorescent 115-nm polystyrene beads. The text in parentheses represents the PKH67-positive EV/non-fluorescent

115-nm polystyrene bead ratio. (D) Images of a digital oscilloscope showing baseline signals captured during measurement of an unspiked

PKH67-positive EV sample (left: single EV measurement) and a PKH67-positive EV sample spiked with a high concentration of non-fluores-

cent 115-nm polystyrene beads (right: swarm). Yellow and blue arrows indicate the baseline signals of FL-1 fluorescence, rw-FSC, or SSC. (E)

Scatter plots showing FL-1 fluorescence, rw-FSC and SSC upon serial dilution of a PKH67-positive EV sample that was spiked with non-fluor-

escent 115-nm polystyrene beads at a ratio of ~ 1 : 2000. Scatter plots represent a quantitative flow cytometric analysis of 30 s performed with

fluorescence threshold triggering on the FL-1 channel. With the 1 : 10 and 1:100 dilutions, 30 000 events were acquired. With the 1 : 1000 dilu-

tion, 15 000 events were acquired. MFI, mean fluorescence intensity. [Color figure can be viewed at wileyonlinelibrary.com]
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(Beckman Coulter). Pellets were resuspended in non-redu-

cing SDS-PAGE sample buffer, separated on a 12.5%

SDS-PAGE gel, and transferred to a poly(vinylidene

difluoride) membrane (Millipore, Amsterdam-Zuidoost,

the Netherlands). Membranes were blocked with PBS con-

taining 5% (w/v) non-fat dry milk powder (Protifar Plus;
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Nutricia, Zoetermeer, the Netherlands) and 0.1% Tween-

20, and subsequently immunolabeled overnight with mouse

anti-human CD9 (Biolegend, San Diego, CA, USA;

clone HI9a, 1 : 1000) or mouse anti-human CD63 (BD

Biosciences; clone H5C6, 1 : 500). Goat anti-mouse

IgG+IgM (H+L) antibodies conjugated to horseradish per-

oxidase (Jackson ImmunoResearch, Ely, Cambridgeshire,

UK; 1 : 10 000) were used as secondary antibodies, and

detected with Supersignal West Dura Extended Duration

chemiluminscent substrate (Thermo Fisher Scientific, Wal-

tham, MA, USA). Imaging was performed with a Chemi-

Doc MP system, and visualization was performed with

IMAGE LAB v5.1 (Bio-Rad, Hercules, CA, USA).

Results

Plasma-derived particles interfere in the light scatter

detection of fluorescent EVs analyzed with fluorescence

threshold triggering

We investigated whether fluorescence-based flow cytome-

try allows accurate detection of a small subset of EVs of

interest in plasma samples processed by SEC. For this

purpose, we spiked fluorescently labeled EVs into

unstained plasma, concurrently recovered both stained

and unstained EVs by using SEC, and analyzed samples

by using high-resolution flow cytometry (Fig. 1). EVs

used for spiking were obtained by differential centrifuga-

tion of A431 cell culture supernatant, followed by

labeling with PKH67 and subsequent purification by den-

sity-gradient centrifugation. PKH67-labeled EVs were

efficiently detected with high-resolution flow cytometry by

performing fluorescence threshold triggering on the FL-1

channel (PKH67) (Fig. 1A,B). The presence of EVs was

further confirmed by analyzing CD9, tissue factor and

epidermal growth factor receptor expression by flow

cytometry (Fig. S1). Subsequently, PKH67-positive EVs

were spiked into plasma or a PBS/0.1% BSA control

sample, and eluted over SEC columns to separate EVs

from contaminants such as proteins and lipoprotein parti-

cles. There was a clear separation of EVs from the bulk

of plasma proteins (Fig. 1C,D), and the recovery of

PKH67-positive EVs from plasma was comparable to

that of PKH67-positive EVs spiked in PBS/0.1% BSA, as

indicated by the number of events obtained within a 30-s

flow cytometric measurement (Fig. 1C,D). Strikingly,

however, the light scatter parameters (side scatter [SSC]

and reduced wide-angle forward scatter [rw-FSC]) of

plasma-recovered PKH67-positive EVs were altered as

compared with either PBS/0.1% BSA-recovered PKH67-

positive EVs (Fig. 1E,F) or the initial starting population

of PKH67-positive EVs (Fig. 1B). In contrast, the mean

fluorescence intensity of detected EVs did not change

(Fig. 1E,F). These data indicate that, when fluorescence

threshold triggering is applied to detect an EV subset of

interest in plasma, co-isolated plasma-derived particles

can compromise light scatter-based analysis of these EVs.

EV samples that are measured in swarms show altered

scatter patterns and a non-linear correlation between the

event rate and EV concentration upon dilution [24]. We

previously showed, on our flow cytometer, that, at event

rates up to 10 000 events s–1, no significant swarm effects

occurred in sucrose gradient-purified PKH67-positive EV

preparations [24]. Although the event rates of plasma-

spiked PKH67-positive EVs were below the swarm-event

rate and were fully comparable to the event rate of

PKH67-positive EVs spiked in PBS/0.1% BSA (Fig. 1C,

D), the light scatter patterns of plasma-spiked PKH67-

positive EVs closely resembled those from EV samples

measured with swarm interference [24]. In addition, no

apparent alterations in height versus width plots could be

observed (Fig. S2). To investigate whether swarm effects

caused the interference in light scatter detection of the

EVs of interest, we performed serial dilutions of the

spiked samples. Interestingly, whereas the light scatter

plots of PKH67-positive EVs spiked in PBS/0.1% BSA

maintained their non-swarm characteristics throughout

the dilution series (Fig. 1H), the light scatter plots of

plasma-spiked PKH67-positive EVs changed upon dilu-

tion (Fig. 1G), and, at high dilution, resembled the light

scattering of the initial starting population of PKH67-

positive EVs (Fig. 1B). Remarkably, however, the event

rate showed a linear correlation with the PKH67-positive

EV concentration upon serial dilution, both when EVs

Fig. 3. Non-fluorescent bead swarms during fluorescence threshold triggering can be detected by switching to light scatter detection. A sucrose

fraction containing PKH67-positive extracellular vesicles (EVs) isolated from A431 cell culture supernatant was diluted 1 : 20 in 1 mL of phos-

phate-buffered saline (PBS), spiked with a high concentration of non-fluorescent 115-nm polystyrene beads, and subsequently analyzed with

high-resolution flow cytometry with either fluorescence threshold triggering or light scatter-based detection. (A) Scatter plots showing FL-1 flu-

orescence, reduced wide-angle forward scatter (rw-FSC) and side scatter (SSC) of unspiked PKH67-positive EVs upon fluorescence (FL-1 trig-

ger)-based, forward scattered light (FSC trigger)-based and sideward scattered light (SSC trigger)-based detection. (B) Scatter plots showing

FL-1 fluorescence, rw-FSC and SSC of 1.2 9 1010 mL non-fluorescent 115-nm polystyrene beads in PBS upon an FL-1 trigger, an FSC trigger,

and an SSC trigger. (C) Scatter plots showing FL-1 fluorescence, rw-FSC and SSC of a dilution range of a 1-mL PKH67-positive EV sample

spiked with 1.2 9 1010 mL non-fluorescent 115-nm polystyrene beads. Detection of events was performed with fluorescence threshold triggering

(FL-1 trigger) or triggering on sideward scattered light (SSC trigger). Scatter plots represent a quantitative flow cytometric analysis of 30 s;

numbers within the plots represent the number of events detected during the measurement. The threshold for detection was determined by

acquiring a PBS control sample and allowing approximately 20 background events per second during fluorescence threshold triggering and

100–150 events per second during light scatter triggering. The experiment shown is representative of two independently performed experiments.

[Color figure can be viewed at wileyonlinelibrary.com]
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were spiked in plasma and when they were spiked in

PBS/0.1% BSA (Fig. 1I,J). This suggests that the altered

light scatter patterns were not caused by a swarm of the

fluorescent EVs, but rather by swarms of non-fluorescent

particles that were co-isolated from plasma by SEC. As

these phenomena were also observed when fluorescently

labeled EVs were spiked in breast milk (Fig. S3), these

data collectively suggest that, when fluorescence threshold

triggering is applied to detect a small subset of EVs

within biological fluids, high concentrations of co-isolated

non-fluorescent particles can induce swarming and affect

light scatter detection of fluorescent EVs of interest.

Non-fluorescent bead swarms alter light scatter detection of

fluorescent EVs during fluorescence threshold triggering

To directly investigate the influence of non-fluorescent

submicrometer-sized particles on light scatter detection of

a fluorescent EV subpopulation of interest, we spiked dif-

ferent concentrations of non-fluorescent 115-nm polystyr-

ene beads in samples containing a fixed number of

PKH67-positive EVs. Whereas the PKH67-positive EVs

could easily be detected by threshold triggering on the

FL-1 signal, the highest concentrations of non-fluorescent

beads (1.2E10 mL�1) were not detectable (Fig. 2A), and

showed a similar event count as a PBS control sample

(data not shown). When the PKH67-positive EV sample

was spiked with non-fluorescent beads at a ratio of

1 : 2000, the event rate of detected EVs remained unal-

tered (Fig. 2B), whereas the light scatter patterns were

severely affected (Fig. 2C). This was accompanied by a

distortion of the signal pulses for SSC and rw-FSC, but

not FL-1 fluorescence, as observed on the oscilloscope

attached to the flow cytometer (Fig. 2D). Although single

fluorescent EVs induced a clear signal pulse for SSC, rw-

FSC, and FL-1, a swarm of non-fluorescent particles in

the sample hampered the baseline restoration function for

SSC and rw-FSC, resulting in a general increase in signal

(Fig. 2D). When lower concentrations of non-fluorescent

beads were added to PKH67-positive EV-containing sam-

ples (Fig. 2C), or when the PKH67-positive EV sample

spiked with a high concentration of non-fluorescent beads

was diluted (Fig. 2E), the light scatter patterns altered,

and finally resembled the light scatter plots of the starting

population of PKH67-positive EVs (Fig. 2A). In addition,

SSC and rw-FSC signals on the oscilloscope normalized

(data not shown). Similar results were obtained when

non-fluorescent beads were spiked in 100-nm yellow–
green Fluosphere bead-containing samples (Fig. S4).

Hence, these data collectively show that high numbers of

non-fluorescent submicrometer-sized particles can induce

swarming and affect the light scatter of fluorescently

labeled EVs detected by fluorescence threshold triggering.

Because, under these circumstances, the event rate is not

indicative of the presence of a swarm, induction of a

swarm by particles of non-interest can only be detected

after serial dilution of the sample and subsequent moni-

toring of light scatter and fluorescent parameters in scat-

ter plots and accompanying pulse shapes on a digital

oscilloscope. Alternatively, interference by particles of

non-interest during fluorescence threshold triggering can

be exposed by switching from fluorescence threshold trig-

gering to light scatter-based detection. Although the light

scatter signals of smaller EVs are obscured by back-

ground noise (Fig. 3A, indicated by the increase in the

threshold for detection) and detection is less sensitive

than with fluorescence threshold triggering (Fig. 3A), it

does allow identification of non-fluorescent particle

swarms that are otherwise not detected by fluorescence-

threshold triggering (Fig. 3B,C). Determining a proper

dilution of the sample, followed by switching back to flu-

orescence-based detection, is, however, troublesome, as

smaller events will be present underneath the detection

threshold.

EV-containing SEC fractions of plasma affect the light

scatter of fluorescent EVs of interest during fluorescence

threshold triggering

Next, we investigated which non-fluorescent particles in

plasma can affect the detection of fluorescently labeled

EVs during fluorescence threshold triggering. We

Fig. 4. Extracellular vesicle (EV)-containing size-exclusion chromatography (SEC) fractions of plasma affect the light scatter of fluorescent EVs

of interest during fluorescence threshold triggering. One milliliter of unstained plasma was eluted over an SEC column to separate EVs from

proteins and HDL. Eluates were analyzed for the presence of EVs with western blotting, and for the presence of proteins with photospectrome-

try. Different concentrations of EV-containing eluate 8 and protein-containing eluate 19 were spiked in PKH67-positive EV-containing samples

(sucrose fraction diluted 1 : 20 in phosphate-buffered saline). PKH67-positive EVs were isolated from the cell culture supernatant of A431 cells

by differential centrifugation, stained with PKH67, floated into a sucrose gradient, and analyzed with high-resolution flow cytometry. (A) Pro-

tein content analysis of SEC eluates from plasma. (B) Western blot analysis for CD9 and CD63 on a pool of SEC eluates (7–8–9 and 19–20–
21) from plasma. (C) Scatter plots showing FL-1 fluorescence, reduced wide-angle forward scatter (rw-FSC) and side scatter (SSC) of a

PKH67-positive EV sample, an SEC eluate 8 sample diluted 1 : 20, and PKH67-positive EV samples spiked with different concentrations of

SEC eluate 8. (D) Analysis of the rate of detected fluorescent events upon spiking of PKH67-positive EVs with SEC eluate 8 samples. (E) Scat-

ter plots showing FL-1 fluorescence, rw-FSC and SSC of a PKH67-positive EV sample, an SEC eluate 19 sample at a dilution of 1 : 20, and a

PKH67-positive EV sample spiked with SEC eluate 19 at a dilution of 1 : 20. (F) Analysis of the rate of detected events upon spiking of

PKH67-positive EVs in SEC eluate 19 samples. Scatter plots represent a quantitative flow cytometric analysis of 30 s performed with fluores-

cence threshold triggering on the FL-1 channel. The experiment shown is representative of two independently performed experiments. MFI,

mean fluorescence intensity. [Color figure can be viewed at wileyonlinelibrary.com]
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performed SEC on unstained plasma to separate EVs

from proteins, HDL, and other small particles (Fig. 4A)

[35]. To verify the presence of plasma-derived EVs, pools

of SEC eluates 7–8–9 (E7–8–9) and 19–20–21 (E19–20–
21) were prepared, pelleted, and analyzed for the presence

of CD9 and CD63 by western blotting. E7–8–9 contained

both CD9 and CD63, which is indicative of the presence

of EVs (Fig. 4B). In E19–20–21, a weak signal for CD9

was found, whereas CD63 was absent, suggesting that,

besides the presence of proteins and HDL, a low number

of, most likely, small EVs were present in this fraction

(Fig. 4B). E8, containing EVs, and E19, containing pro-

teins and smaller particles, were subsequently spiked into

a fixed number of PKH67-positive EVs. No specific

events were detected in dilutions of the E8 and E19 frac-

tions with fluorescence-based triggering (Fig. 4C,E). As in

the previous observations, the event rate and the fluores-

cence intensity of detected PKH67-positive EVs remained

unaltered after spiking with E8 (Fig. 4C,D), whereas the

light scatter plots showed a concomitant alteration in

SSC and rw-FSC (Fig. 4C). This did not occur after spik-

ing with E19 (Fig. 4E,F). When E8 was further diluted

upon spiking (Fig. 4C), or when the PKH67-positive EV

sample spiked with highly concentrated E8 was serially

diluted (Fig. S5), scatter plots changed, and finally resem-

bled that of the original PKH67-positive EV sample.

These data show that, upon fluorescence threshold trig-

gering, high concentrations of non-fluorescent EVs from

plasma can affect the light scattering analysis of EVs of

interest by induction of swarming.

Beads of non-interest carrying a fluorescent label can

generate false-positive fluorescence on beads of interest

Because, for multiparameter analysis of single EVs and

EV subset analysis, samples need to be stained with anti-

bodies conjugated to different fluorophores, we next eval-

uated whether background particles labeled with a

different fluorescent marker can affect fluorescent signals

of particles of interest. To test such potential interference

effects, we performed a proof-of-principle experiment by

using different fluorescently labeled beads. We spiked dif-

ferent concentrations of 100-nm red fluorescent Fluo-

sphere beads (red beads, representing the interfering

particles) into a fixed number of 100-nm yellow–green
Fluosphere beads (green beads, representing the particles

of interest), and performed fluorescence threshold trigger-

ing to detect the green beads (FL-1). Whereas the green

beads could be clearly visualized above the threshold

(Fig. 5A, first row), the red beads, which cannot be

excited by the trigger laser, were not detected, and

showed an event rate comparable to that of a PBS back-

ground measurement (Fig. 5A, second row). When a high

concentration of red beads was subsequently spiked in a

sample containing green beads (green/red ratio of

~ 1 : 100), the event rate of detected green beads was not

affected (Fig. 5B); however, the light scatter parameters

changed, and, more importantly, red-positive events (FL-

3) were now observed (Fig. 5A, third row). The red fluo-

rescence could not have been generated by the green

beads, but instead was derived from red beads that,

owing to their high concentration, co-localized with the

green beads in the measuring spot. Indeed, when the con-

centration of red beads was lowered (Fig. 5A), or when

samples containing green beads and a high concentration

of red beads (~ 1 : 100) were diluted, the signal for red

fluorescence disappeared (Fig. 5A,C). As expected, serial

dilution of the green beads spiked with red beads resulted

in a linear decrease in the measured events (Fig. 5D). In

reciprocal experiments, where red bead-containing sam-

ples were spiked with high concentrations of green beads,

altered light scatter parameters and false-positive green

events were observed when fluorescence threshold trigger-

ing was performed on the fluorescence derived from the

red beads (Fig. S6). This phenomenon is not cytometer-

specific, as comparable results were obtained on a flow

cytometer with sufficient resolution for fluorescence-based

submicrometer-sized particle detection and digital signal

processing (Figs S7 and S8). Together, these data thus

show that, when fluorescence threshold triggering is per-

formed on a sample in which a subset of fluorescently

labeled submicrometer-sized particles is present among

high numbers of differently labeled submicrometer-sized

particles, swarm detection of the latter particles not only

affects light scatter detection of particles of interest, but

can also generate false-positive fluorescent signals.

Discussion

In this study, we identified factors that affect the flow

cytometric analysis of fluorescently labeled subpopula-

tions of EVs in plasma. We show that, when fluorescence

threshold triggering is performed on biological samples in

which the fluorescent EVs of interest constitute only a

small percentage of the total EV population, the detection

of these EVs can be heavily obscured by high concentra-

tions of EVs and other submicrometer-sized particles that

lack the fluorescent label needed for detection. When

these EVs or particles are present within the measuring

spot upon detection of a fluorescent EV of interest, they

are not identified as individual events. Rather, the light

scatter signals generated by this ‘invisible’ particle swarm

are detected and falsely integrated and attributed to the

EV of interest. More importantly, when the interfering

particles are labeled with different fluorophores, they can

induce false-positive fluorescent signals on the particle of

interest. Serial dilution of samples allows detection of

particle swarms that interfere with the detection of the

EVs of interest, as both light scatter and fluorescent sig-

nals alter until the point is reached when only single EVs

or particles are present in the measuring spot. As the con-

centration of EVs and submicrometer-particles in general,
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Fig. 5. Beads of non-interest carrying a fluorescent label can generate false-positive fluorescence on beads of interest. Fixed amounts of 100-nm

yellow–green fluorescent (505/515) Fluosphere beads (green beads, FL-1) were spiked in different concentrations of 100-nm red fluorescent

(580/605) Fluosphere beads (red beads, FL-3). Samples were subsequently analyzed with high-resolution flow cytometry. Also, a green bead

sample spiked with a high concentration of red beads (1 : 100) was serially diluted and reanalyzed. (A) Scatter plots showing FL-1 fluorescence,

reduced wide-angle forward scatter (rw-FSC), side scatter (SSC) and FL-3 fluorescence of green beads, the highest concentration of red beads,

and green beads spiked with different concentrations of red beads. (B) Analysis of the rate of detected events upon spiking different concentra-

tion of red beads into a fixed number of green beads. (C) Scatter plots showing FL-1 fluorescence, rw-FSC, SSC and FL-3 fluorescence of

green beads spiked with a high concentration of red beads (1 : 100), followed by serial dilution. (D) Analysis of the event rate of a spiked sam-

ple upon serial dilution. Scatter plots represent a quantitative analysis of 30 s performed with fluorescence threshold triggering on the FL-1

channel. The experiment shown is representative of two independently performed experiments. MFI, mean fluorescence intensity. [Color figure

can be viewed at wileyonlinelibrary.com]
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and the percentage of fluorescently labeled EVs of interest

in particular, are mostly unknown and variable in biologi-

cal samples, to exclude swarm interference application of

serial dilutions and subsequent monitoring of light scatter

and fluorescent parameters is recommended when a fluo-

rescence-based detection strategy is used. Depending on

the concentrations of the EVs of interest and interfering

particles within a sample, the event rate may drop signifi-

cantly, while the acquisition time increases substantially.

Although invisible particle swarms can qualitatively

affect the light scatter and fluorescent signals of EVs of

interest during fluorescence threshold triggering, they

have no or only very limited impact on the quantitative

measurements. This is illustrated by the fact that, upon

spiking of different concentrations of non-fluorescent EVs

or submicrometer-sized particles into a fixed number of

fluorescently labeled EVs, the trigger signal was

unchanged and the event rate remained unaffected. The

event rate is therefore not a good indicator of the

presence of ‘invisible’ particle swarms during fluores-

cence-based detection of EV subsets. This is further sub-

stantiated by the fact that, upon serial dilution of a

sample affected by an invisible swarm, the light scatter

and fluorescent parameters of events of interest varied,

whereas there was a linear correlation between the event

rate and the dilution factor.

To further control the impact of invisible particles dur-

ing fluorescence threshold triggering on EV subsets, elec-

tronic signal pulses can be monitored. If a digital

oscilloscope is attached to the flow cytometer, signal

pulses of light scatter and fluorescence parameters can be

visualized during measurements [24]. During fluorescence

threshold triggering, the pulse for the fluorescent trigger

signal remains unaffected in the presence of interference

by events of non-interest, whereas pulses for other param-

eters are distorted. In this case, samples should be diluted

to a point at which the pulses of forward scatter, SSC

and fluorescence channels remain constant at further dilu-

tion. Alternatively, ‘invisible’ swarm interference can be

revealed by switching to light scatter-based detection.

Although this allows the detection of non-fluorescent par-

ticles that remained unidentified upon fluorescence thresh-

old triggering, determination of a proper sample dilution

is hampered by the lower sensitivity of scatter-based

triggering.

We show that the ‘invisible’ swarm phenomenon

appeared on two different flow cytometers with resolution

for fluorescence-based submicrometer-sized particle detec-

tion. Because of differences in optics, fluidics, and signal

pulse-processing architecture, measurements on different

flow cytometers might be more or less affected by inter-

ference by submicrometer-sized particles during fluores-

cence-based detection of EVs. Nonetheless, the ratio

between EVs of interest and interfering EVs or particles

of non-interest plays an important role in whether sample

analysis can be affected by particle swarms. Previously,

fluorescence threshold triggering on EV subsets in plasma

and ascites was successfully performed [30,32,33]. With

the use of fluorophore-conjugated antibodies, EV subsets

were detected in these biological fluids, and by perfor-

mance of serial dilutions the presence of coincidence and

swarming was excluded [32,33]. However, in these studies

the EV subsets of interest constituted a significant propor-

tion of the total EV pool, and measurements were there-

fore less prone to interference by non-fluorescently or

differently labeled EVs and particles. Our data substanti-

ate the finding that fluorescence threshold triggering

allows for the accurate detection of abundant EV subsets;

however, we show that, when the percentage of EVs of

interest decreases in the total EV population, the chance

of swarming and thereby erroneous data interpretation

increases. This is especially important when fluorescent

threshold triggering is applied in clinical settings, where

EVs of interest are likely to be present in low abundance

or as rare events.

In conclusion, our findings urge cautious use of the flu-

orescence-based threshold triggering approach to analyze

EV subpopulations that are likely to constitute only a

small percentage of the EV or submicrometer-sized parti-

cle population within the sample. The performance of

serial dilutions and the use of an oscilloscope to monitor

pulse shapes is strongly recommended to control for erro-

neous swarm effects.
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