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ABSTRACT
Extracellular vesicles (EVs) mediate targeted cellular interactions in normal and pathophysiological
conditions and are increasingly recognised as potential biomarkers, therapeutic agents and drug
delivery vehicles. Based on their size and biogenesis, EVs are classified as exosomes, microvesicles
and apoptotic bodies. Due to overlapping size ranges and the lack of specific markers, these classes
cannot yet be distinguished experimentally. Currently, it is a major challenge in the field to define
robust and sensitive technological platforms being suitable to resolve EV heterogeneity, especially for
small EVs (sEVs) with diameters below 200 nm, i.e. smaller microvesicles and exosomes. Most conven-
tional flow cytometers are not suitable for the detection of particles being smaller than 300 nm, and the
poor availability of defined reference materials hampers the validation of sEV analysis protocols.
Following initial reports that imaging flow cytometry (IFCM) can be used for the characterisation of
larger EVs, we aimed to investigate its usability for the characterisation of sEVs. This study set out to
identify optimal sample preparation and instrument settings that would demonstrate the utility of this
technology for the detection of single sEVs. By using CD63eGFP-labelled sEVs as a biological reference
material, we were able to define and optimise IFCM acquisition and analysis parameters on an Amnis
ImageStreamX MkII instrument for the detection of single sEVs. In addition, using antibody-labelling
approaches, we show that IFCM facilitates robust detection of different EV and sEV subpopulations in
isolated EVs, as well as unprocessed EV-containing samples. Our results indicate that fluorescently
labelled sEVs as biological reference material are highly useful for the optimisation of fluorescence-
based methods for sEV analysis. Finally, we propose that IFCM will help to significantly increase our
ability to assess EV heterogeneity in a rigorous and reproduciblemanner, and facilitate the identification
of specific subsets of sEVs as useful biomarkers in various diseases.
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Introduction

During the last decade, the overall interest in extracel-
lular vesicles (EVs) increased tremendously, especially
in various biomedical research areas. A proportion of
EVs are considered to mediate complex intercellular
interactions in a targeted manner. They are released by
almost all cell types and control a variety of different
physiological and pathophysiological processes.
Accordingly, they are increasingly used as biomarkers
for various diseases, as drug delivery vehicles or as
therapeutic agents [1–3].

However, the EV field is still young, and we have
only started to unravel the biology and function of EVs,
as well as their complexity. Currently, mainly three
major subtypes of EVs are discriminated: Exosomes
(~50–150 nm) are derivatives of the endosomal system,
microvesicles (~100–1000 nm) bud off from the plasma
membrane, and apoptotic bodies are membrane-sur-
rounded vesicles from fragmented apoptotic cells with
sizes up to several micrometres [4]. Although EVs can
be classified according to their origin, recent studies
suggest a high degree of heterogeneity also within given
EV classes [5–10]. Currently, it is a major aim of the
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field to set up and define methods in order to facilitate
robust detection of such heterogeneity within given EV
samples, especially in EV fractions containing EVs
smaller than 200 nm (sEVs), which very likely are
highly enriched for exosomes [5,8].

Progress of the EV research field in this context, how-
ever, is still hampered by the fact that most methods
currently available for the analysis of small EVs (sEVs)
are either very time consuming (e.g. electron micro-
scopy), or can only quantify limited parameters (e.g.
nanoparticle tracking analysis [NTA]), while other meth-
ods have a low accuracy or cannot be used to study single
sEVs [2,11–13]. This often leads to either slow or incom-
plete characterisation of sEV preparations and to a still
rather limited understanding of sEV heterogeneity
[10,14]. While NTA is probably the most commonly
used single sEV analysis method [15–17], several new
methods with higher sensitivity being generally suitable
to analyse single sEVs have been introduced to the field
for single sEV analysis (reviewed in [18]). Several of these
methods are based on flow cytometry.

The resolution of older conventional flow cyt-
ometers is generally not sufficient to detect particles
being smaller than 300 nm; but in recent years few
groups have started to optimise the setup of such
instruments for the measurement of nano-sized parti-
cles and were able to analyse smaller-sized particles
[19,20]. In addition, flow cytometric methods based
on newer high-sensitivity flow cytometers have demon-
strated a higher sensitivity and the conceptual potential
of flow cytometry to facilitate multi-parametric single
EV analysis [20–25] and sorting [19,26]. Potential pit-
falls in EV flow cytometry such as coincidence, swarm
detection and antibody- or lipoprotein-mediated back-
ground artefacts are frequently reported and discussed
in the literature [20,27–35]. However, it currently
remains unclear which instrument or method can
resolve individual true biological EVs from background
or instrument noise (e.g. calcium and/or phosphate
nanoparticles, precipitates, dust particles, aggregates)
[34,36–38]. Most methods currently being available
either lack the sensitivity to robustly detect sEVs, or
they lack validation and standardisation, which in turn
hampers their widespread application.

To address the performance of flow cytometry instru-
ments in a reliable manner, standard particles with
comparable properties to EVs should be used.
Currently, polystyrene and silicate beads of defined
sizes are often used to set detection thresholds and to
standardise flow cytometers for the detection of submi-
cron particles like EVs [39–42]. While such beads as
standards have certainly contributed to improvement
and standardisation of flow cytometric methods for EV

analysis, they still provide certain limitations as their
physical properties will not reflect those of sEVs. This
is particularly true with regard to the differences in the
refractive index between polystyrene beads and sEVs,
which translate to the intensity of scattered light. Several
reported flow cytometry-based methods use fluores-
cence-based triggering for submicron particle detection
for improved sensitivity and specificity, but most fluor-
escence calibration materials were produced for a
brightness range more suitable for cellular analysis.
Thus, there is a general consensus in the field that
biological reference materials with more similar proper-
ties to sEVs should be developed and validated in order
to facilitate robust validation and calibration of EV flow
cytometry methods and instruments [17,31,43,44].

Imaging flow cytometry (IFCM) is a method combin-
ing flow cytometry with imaging, and all signals using
IFCM are collected through microscope objectives and
quantified based on images detected by charge coupled
device (CCD) cameras. Pixels or areas on those images
can in turn be visualised and respective signal intensities
can be quantified individually. IFCM was previously
reported to be suitable and sensitive enough to detect
and enumerate subsets of blood-derived microparticles/
microvesicles with diameters above 200 nm [21,45,46].
Here, by using an Amnis ImageStreamX MkII (ISX)
instrument, we aimed to explore, define and optimise
IFCM for the detection of single EVs. To optimise para-
meters for single EV analysis, we used enhanced green
fluorescent protein (eGFP)-labelled EVs released from
the monocytic cell line THP-1 that was engineered to
express the fusion protein CD63eGFP. This allowed us
to improve various acquisition and analysis parameters
on the ISX. Using these improved settings, we demon-
strate that IFCM, in comparison to conventional flow
cytometry, provides several advantages which facilitate
single sEV analysis.

Material and methods

Cells and cell culture

Unless indicated otherwise, cells were cultured in the
following conditions: THP-1 cells were cultured at den-
sities of 0.5–2 × 106 cells/mL in RPMI (containing
Glutamax-I and sodium pyruvate) supplemented with
10% FBS (Biochrom) and 1× Penicillin/Streptomycin
(ThermoFisher Scientific). HEK293T cells were cultured
in DMEM (containing Glutamax-I and sodium pyru-
vate; 4.5 g/L Glucose; Invitrogen) supplemented with
10% FBS (Biochrom) and 1× Penicillin/Streptomycin
(ThermoFisher Scientific). Primary human bone mar-
row–derived mesenchymal stromal cells (MSCs) raised
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from bone marrow (BM) samples were cultured in
DMEM (containing Glutamax-I and sodium pyruvate;
1 g/L Glucose; Invitrogen) supplemented with 10%
pooled human platelet lysate (hPL), 1× Penicillin/
Streptomycin (ThermoFisher Scientific) and 0.1%
Heparin, and were confirmed as bona fide MSCs as
described previously [47,48]. All culture media were
filtered through 0.22 µm filters before usage. BM sam-
ples were obtained from healthy donors at the
University Hospital Essen, Germany following informed
written consent according to the Declaration of
Helsinki, and the experimental usage of BM samples
was approved by the local ethics commission. All cells
were regularly tested for the presence of mycoplasma.

Generation of stable CD63eGFP expressing cells

The THP-1:CD63eGFP stable cell line was generated by
lentiviral-mediated gene transfer of human CD63 cDNA
(GenBank accession number CR542096) fused to the N-
terminus of eGFP. As described recently, a CD63eGFP
encoding lentiviral plasmid (pCL6-CD63eGFP) was gen-
erated (Figure 2(a)) [49]. Lentiviral supernatants were
produced as described previously [50]. Briefly,
HEK293T cells were co-transfected with the plasmids
pCL6-CD63eGFP, pCD/NL-BH and pcoPE [51–53]
using the transfection reagent JetPEI (Polyplus). Sixteen
hour post transfection, gene expression from the human
cytomegalovirus (CMV) immediate-early gene enhancer/
promoter was induced with 10 mM sodium butyrate
(Sigma Aldrich) for 6–8 h before fresh medium was
added to the cells, and the supernatant was collected
20 h later. Viral particles were pelleted at 25,000 × g for
90 min at 4°C. The supernatant was discarded and the
pellet was resuspended in 2 mL of Iscove’s Modified
Dulbecco’s Media supplemented with 20% FBS and 1%
P/S. Aliquots were stored at −80°C until usage. THP-1
cells were transduced by overnight exposure to virus
stocks, passaged at least three times, and subsequently
sort-purified based on high eGFP expression on a BD
FACSAria IIIu cell sorter. The THP-1:eGFP control cell
line was created accordingly for control purposes. The
established cell lines were passaged at least 10 times
before experiments were performed.

Isolation of sEVs

Prior to conditioned media (CM) harvest, THP-1 cells
were seeded in regular FBS-supplemented culture med-
ium as described above at a density of 0.5 × 106 cells/
mL and cultured for 48 h. MSCs were cultured in hPL-
supplemented medium as described above to a con-
fluency of 50% before fresh culture medium was added,

and CM was harvested and replaced with fresh med-
ium every 48 h until a confluency of 90% was reached.
To generate MSC-derived CM without hPL compo-
nents, MSCs were cultured in serum free media
(Mesenchymal Stem Cell Basal Medium with
Glutamine, without Phenol Red, Lonza) for 48 h.
Unless indicated otherwise, CM samples of THP-1
cells (starting volume: 140 mL) were first pre-cleared
from cells by centrifugation at 900 × g for 5 min at 10°
C. Larger particles and debris were further removed by
centrifugation of supernatants at 2,000 × g for 15 min
at 4°C. Supernatants were next centrifuged at 10,000 ×
g for 45 min at 4°C to deplete bigger microvesicles and
subsequently filtered through 0.22 µm filters with cel-
lulose acetate membranes (Corning). All centrifugation
steps up to this point were performed in an Eppendorf
5810R centrifuge, with an A-4–81 rotor. Filtrates were
then subjected to ultracentrifugation in Ultra-Clear
centrifuge tubes (Beckman Coulter) using a SW40
swing out rotor (Beckman Coulter) in a Beckman
Coulter Optima L7-65 ultracentrifuge at 100,000 × g
for 120 min at 4°C. EV pellets were resuspended in
PBS, and a washing step was performed by ultracen-
trifugation at 100,000 × g for another 120 min (Figure 2
(c)). Pellets were carefully resuspended in a final
volume of 1 mL PBS, aliquoted as 50 µL aliquots and
either used directly or stored at −80°C until usage.
Isolated sEV samples were characterised by western
blot (data not shown), NTA and bead-based flow
cytometry.

Usage of polystyrene beads for instrument
comparison

A mix of commercial fluorescent polystyrene beads was
used to cross-compare instruments, i.e. Megamix-Plus
FSC and Megamix-Plus SSC beads (BioCytex) were
mixed at a 1:1 ratio. This mix contained green fluor-
escent bead populations with sizes of 100, 300 and
900 nm from the Megamix-Plus FSC bead set, 160,
200 and 240 nm from the Megamix-Plus SSC bead
set and 500 nm beads from both, creating a previously
described Gigamix bead set with 7 defined and differ-
ently sized submicron bead populations [36,40,54,55].
For all instruments, different dilutions of Gigamix
beads were tested after basic instrument start-up, and
data on conventional flow cytometers was acquired
with thresholds on SSC or fluorescence, and at low
flow rates. Buffer controls were used to identify back-
ground signals for all instruments. Standard sheath
fluid without further filtration was used in all measure-
ments. Additional details are provided in Table 1.
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Calculation of MESF values

Calculation of molecules of equivalent soluble fluoro-
chrome (MESF) was performed as described previously
[46]. Briefly, FITCMESF beads (Quantibrite-FITC custom
beads, lot MM2307-153, kindly provided by Majid
Mehrpouyan, BD Biosciences) and PE MESF beads (BD
Quantibrite Beads, PE Fluorescence Quantitation Kit, cat
340,495, lot 60,057) with known absolute FITC/PE fluor-
escence values for each peak from respective bead popula-
tions were measured. A linear regression analysis was
performed of MESF units against the median fluorescence
intensity (MFI). The resulting regression equation was
then used to convert anti-CD63-PE stained CD63eGFP-
labelled EV sample measurements into PE and FITC
MESF values, respectively. FITC MESF values were con-
verted to eGFP MESF equivalent values, based on a pre-
viously reported correction factor of 0.6 (i.e. FITC MESF
units were multiplied by 1/correction factor) [56,57].
Scatter plots using MESF unit axes were created with
FlowJo v 10.5.3 (FlowJo, LLC).

Multiplex bead-based flow cytometry analysis

To deplete debris and larger EVs, cell culture samples of
THP-1:CD63eGFP and THP-1 cells were first pre-cleared
from cells by centrifugation at 900 × g for 5 min at 10°C
and subsequent centrifugation of supernatants at 2,000 × g
for 15 min at 4°C as described above. Conditioned med-
ium (CM) samples were then filtered through 0.22 µm
filters and subjected to flow cytometric bead-based multi-
plex sEV analysis (MACSPlex Exosome Kit, human,
Miltenyi Biotec) as described previously [6,8]. Briefly,
120 µL CM samples were loaded onto wells of a pre-wet
and drained MACSPlex 96 well 0.22 µm filter plate before
15 µL of MACSPlex Exosome Capture Beads were added
to each well. Filter plates were then incubated on an orbital
shaker overnight at 450 rpm at room temperature. Beads
were washed with 200 µL MACSPlex buffer and the liquid
was removed applying vacuum (Sigma-Aldrich, Supelco
PlatePrep; −100 mBar). For counterstaining of captured
sEVs, a mixture of APC-conjugated anti-CD9, anti-CD63
and anti-CD81 detection antibodies (supplied in the
MACSPlex kit, 5 µL each) were added to each well in a

total volume of 135 µL and the plate was incubated at 450
rpm for 1 h at room temperature. Next, the samples were
washed twice, resuspended in MACSPlex buffer and ana-
lysed by flow cytometry with a MACSQuant Analyzer 10
flow cytometer (Miltenyi Biotec). FlowJo software (version
10.5.3, FlowJo, LLC) was used to analyse flow cytometric
data. Gates for identification of respective capture bead
populations were adjusted where required to account for
fluorescence shifts mediated by eGFP fluorescence of sEVs
as reported previously [8]. Median fluorescence intensities
(MFI) for all 39 capture bead subsets were background-
corrected by subtracting respective MFI values from
matched non-EV containing media controls that were
treated exactly like sEV-containing samples (medium +
capture beads + antibodies).

Nanoparticle tracking analysis

Measurement of particle size and concentration in EV-
containing samples by NTA was performed on the
ZetaView platform (ParticleMetrix) equipped with a
488 nm laser. All samples were analysed at 25°C fol-
lowing daily instrument calibration according to the
manufacturer’s recommendation. Samples were diluted
in 0.9% NaCl to an appropriate concentration before
analysis. Video acquisition was performed with fixed
settings for all samples (scatter mode: sensitivity 85,
shutter 75; fluorescence mode: sensitivity 95, shutter
32; both: minimum brightness 20, minimum size 5,
and maximum size 200). Videos of all 11 positions
were recorded for each sample with 5 cycles (1 cycle
equals 1 s) at each position, and analysed with the
ZetaView analysis software (Version 8.03.08.02).

Imaging flow cytometry

Unless indicated otherwise, all samples were analysed on
an ImageStreamX MkII instrument (ISX; Amnis/
MilliporeSigma) equipped with 5 lasers (70 mW 375 nm,
100 mW 488 nm, 200mW 561 nm, 150 mW 642 nm,
70 mW 785 nm (SSC), a 96-well autosampler and an
EDF option. The ISX was equipped with three objectives,
a 20× objective with a numerical aperture (NA) of 0.5 and
a depth of field (DOF) of 8 µm, a 40× objective with an NA

Table 1. Acquisition parameters for Gigamix bead measurements with conventional flow cytometers.
Instrument SSC laser SSC threshold SSC detector voltage (V) eGFP filter (nm) eGFP detector voltage (V)

Beckman Coulter FC500 488 nm; 20 mW 2000 1000 525/40 800
BD Accuri C6 488 nm; 20 mW 100 n/a* 533/30 n/a*
ACEA Novocyte 3000 488 nm; 20 mW 100 n/a* 530/30 n/a*
Beckman Coulter Gallios 488 nm; 22 mW 1000 1000 525/40 700
BD FACSAria IIIu 488 nm; 22 mW 200 450 530/30 800
Beckman Coulter Cytoflex 405 nm; 80 mW 1000** */Gain: 61 525/40 */Gain: 2200

*Detector voltages are preset and couldn’t be changed.
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of 0.75 and aDOF of 4 µm, and a 60× objective with anNA
of 0.9 and a DOF of 2.5 µm. Further details are provided in
Table 2. All lasers were set tomaximumpowers, and unless
indicated otherwise all data was acquired with 60× magni-
fication, a 7 µm core size and low flow rate as described
previously [21,45]. eGFP or FITC signals were collected in
channel 2 (480–560 nm filter), PE signals in channel 3
(595–650 nm filter), and APC signals in channel 11 (660–
745 nm filter). Channels 1 (430–480 nm filter) and 9 (570–
595 nm filter) were used as brightfield channels and chan-
nel 6 (745–800 nm filter) for SSC detection. Standard
sheath fluid (Dulbecco’s PBS pH 7.4, Gibco) without
further filtration was used in all measurements. For experi-
ments using fluorescence-conjugated antibodies to stain
for sEV surface markers, antibodies were directly added to
EV-containing samples as described in the respective
Results sections and Figure legends. All antibodies were
centrifuged for 10 min at 17,000 × g before they
were applied to EV samples. The following antibodies
were used: CD9-PE (Exbio, clone MEM-61), CD9-APC
(Exbio, clone MEM-61), CD63-PE (Exbio, clone MEM-
259), CD81-FITC (BioLegend, clone 5A6), CD81-APC
(Beckman Coulter, clone JS64), IgG1-PE Isotype control
(BD Biosciences, clone MOPC-21). All samples were
diluted in PBS (Dulbecco’s PBS pH 7.4, Gibco) to appro-
priate dilutions in order to avoid coincidence or swarm
detection. Controls included for all analyses of sEVs com-
prised detergent lysis controls, buffer controls without EVs
and unstained samples for antibody stainings. For deter-
gent lysis controls, samples were incubated for 30 min at
room temperature after adding the non-ionic detergent
Nonidet P-40 to a final concentration of 0.5% as described
previously [27,38]. Data analysis was performed using
Amnis IDEAS software (version 6.1). The image display
mapping was linearly adjusted on representative fluores-
cent particle/sEV images for each channel and then applied
to all files of the respective experiment. Gating strategies
used are described in the Results section and Figure
legends.

Following data acquisition, different “masks”, defined
as the algorithm which selects pixels within an image
based on their intensity and localisation, were evaluated
for their accuracy in EV analysis. The “masks combined”
(MC) standard setting was used for initial experiments to

quantify green fluorescence and SSC intensities for sub-
micron particles (Figures 1–4; intensity feature combined
with MC mask; Intensity_MC_Ch02/06). This MC mask
setting applied by the IDEAS analysis software by default
represents a Boolean OR logic of all 12 channel masks
(M01-M12) according to the default masking algorithm.
Since we observed that the default channel masking algo-
rithm missed a substantial fraction of EVs due to their
low fluorescence and scatter signals, an improved mask-
ing setting defined in Figure 4 was used to optimise the
SSC resolution and efficacy of the detection of dim fluor-
escent single sEVs. In brief, the mask was created to
circumvent the default MC mask and quantify the inten-
sity of all pixels within an image by using a Boolean OR
logic to combine all pixels in the MC mask and all pixels
not in theMCmask (NMC), resulting in quantification of
the intensity values of all pixels for all images that were
triggered as an object (Figures 4–10; intensity feature
combined with “NMC Or MC” mask, Intensity_MC Or
NMC_Ch02/06). Further details are given in the Results
section and Figure 4. For discrimination of true single
sEVs from coincident particles or swarm detection, we
additionally combined the spot count feature with an
intensity mask (details given in the Results section and
legend of Figure 5). Further details regarding applied
acquisition and analysis settings are described throughout
the Results section and Figure legends.

Results

Imaging flow cytometry facilitates robust detection
of fluorescent polystyrene beads below 100 nm

Since the Amnis ImageStreamX MkII (ISX) IFCM plat-
form had been previously used to detect and quantify
subpopulations of larger EVs [21,45], we wondered
whether it would also be suitable for the analysis for
sEVs, i.e. smaller microvesicles and exosomes below
200 nm in diameter, at the single vesicle level. As EV
analyses at the single vesicle level require instruments
that are able to recognise and discriminate fluorescent
sub-micron particle subsets, we at first compared the per-
formance of the ISX with that of conventional flow cyto-
metry instruments in resolving a commercially available

Table 2. Parameter details depending on ISX objective and acquisition speed settings applied.
Objective Speed setting Velocity (mm/s)** Volumetric flow rate (µm/min)*** Core diameter (µm)** Pixel resolution (µm)** Pixel area (µm2)**

20× Low 55 1.260 ± 0.008 10 1 × 1 1
40× Low 55 1.265 ± 0.008 10 0.5 × 0.5 0.25
60×* Low* 40 0.379 ± 0.004 7 0.3 × 0.3 0.1
60× Med 55 0.566 ± 0.001 7 0.3 × 0.6 0.2
60× High 110 1.124 ± 0.003 7 0.3 × 1.2 0.4

*Settings applied unless indicated otherwise.
**Values supplied by manufacturer or default. ***Values calculated from measured samples with IDEAS software (sample volume/time; n ≥ 3; mean±SD).
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Figure 1. Imaging flow cytometry facilitates robust detection of fluorescent polystyrene beads below 100 nm. (a–f) Comparison of SSC and
fluorescence resolution of fluorescent Gigamix beads with sizes between 100 and 900 nm. For all instruments, fluorescent bead identification
(beads) is indicated in respective upper left plots showing background/instrument noise events. Data shown (a–f) was acquired with SSC
triggering to show respective background/instrument noise. Different acquisition settings were evaluated for detection of fluorescent beads,
including fluorescence triggering, which resulted in similar resolution for the fluorescent bead subsets (not shown). Acquisition settings
applied are summarised in Table 1. All other plots are gated on single beads (gating step not shown). SSC versus fluorescence plots and FSC
versus SSC plots with adjunct histograms indicate bead separation capabilities for (a) Beckman coulter FC500, (b) BD Accuri C6, (c) ACEA
Novocyte 3000, (d) Beckman Coulter Gallios, (e) BD FACSAriaIIIu, (f) Beckman Coulter Cytoflex and (g) Amnis ImageStreamX MkII (ISX)
instruments. Of note, the ISX automatically triggers on all channels simultaneously, and the separation of 500 from 900 nm beads appeared
less clear with the ISX (g) because signals from particles with high SSC values get into saturation with laser powers set tomaximum. (h) For all
bead populations detected by the ISX, two representative examples including brightfield (BF) images of Channels (Ch) 1 and 9, Channel 6 SSC
images, and fluorescence images of Channel 2 (480–560 nm bandpass filter) are shown. Internal 1,000 nm calibration SpeedBeads are
included for reference. (i) 24 nm yellow-green polystyrene latex beadsmeasured at the Amnis ImageStreamXMkII using the same acquisition
settings as in (g). (j) The same data set of Gigamix beads as in (g) was plotted with biexponential axis scaling to allow comparison with the
data presented in (i). Instrument parameters are summarised in Table 1.
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Figure 2. eGFP-labelled sEVs can be robustly detected above background signals by imaging flow cytometry. (a) Map of the pCL6-
CD63eGFP plasmid [49] used to generate the THP-1:CD63eGFP cell lines. The plasmid backbone is based on the lentiviral vector pCL6-IEGwo
[79] (CMV; CMV promoter; SD, splice donor; LTR, long terminal repeat; SA, splice acceptor; RRE, Rev responsive element; cPPT, central
polypurine binding tract; SFFV U3, U3 promoter of the spleen focus forming virus; WPRO, woodchuck hepatitis virus post-transcriptional
regulatory element optimised). (b) Flow-cytometric analyses of eGFP expression in THP-1 control and THP-1:CD63eGFP cell lines. (c)
Schematic outline of sEV isolation protocol used. (d) Analysis of sEV surface signatures in 0.22 µm filtered conditioned medium from control
and THP-1:CD63eGFP cells by multiplex bead-based flow cytometry using a mixture of anti-CD9, anti-CD63 and anti-CD81 detection
antibodies. Background-subtracted median fluorescence APC intensity values are shown. Numbers next to the CD63 bar indicate values
obtained for CD63 capture bead subsets. (e) Size distribution as measured by NTA of small EVs (sEVs) derived from control and CD63eGFP
expressing cell lines. (f) Flow-cytometric analysis of CD63eGFP sEVs with the Cytoflex (triggered on VSSC with the threshold set to 2,000,
otherwise the same acquisition parameters as in Table 1 were applied) and the ISX instruments compared to buffer controls. To improve
comparability between both instruments, both datasets are plotted with log and biexponential axis scaling. Indicated eGFP(+) sEV
concentrations were determined volumetrically. Representative example image sets derived from ISX analysis are shown below. (g)
Dotplots of the same THP-1:CD63eGFP-derived sEV sample before and after detergent lysis (30 min, 0.5% NP-40 buffer). The figure shows
one out of at least two individual sets of experiments with comparable outcome.
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mixture of fluorescent polystyrene beads of defined sizes
(Gigamix; 100, 160, 200, 240, 300, 500 and 900 nm) [55]. In
this comparison, we included in a non-representative
approach a Beckman Coulter FC500, a BD Accuri C6, an
ACEA Novocyte 3000, a Beckman Coulter Gallios, a BD
FACSAriaIIIu and a Beckman Coulter Cytoflex (Figure 1;

Table 1). Upon comparing the general capabilities of these
instruments to resolve the different bead populations, on
almost all instruments, in an expected manner, the scatter
resolution was higher with the SSC than with the FSC
(Figure 1). From the six conventional instruments that
were included in this comparison only the FACSAriaIIIu

Figure 3. Evaluation of acquisition parameters in Imaging Flow Cytometry by using CD63eGFP sEVs as biological reference material.
THP-1:CD63eGFP derived sEV preparations isolated via differential ultracentrifugation as described in Figure 2 were used to compare
(a) different objectives, (b) activated versus non activated “Remove beads” option, (c) EDF option, and (d) different measurement
speeds that can be set during sample acquisition with all samples being measured for the same time. All plots shown derive from
the same THP-1:CD63eGFP sEV preparation, quantification shows mean ± SD for three independent experiments (SB: SpeedBeads).
Further related details are summarised in Table 2.
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Figure 4. Optimisation of event masking improves both SSC resolution and fluorescence detection. (a) Examples for two improperly
masked events when gating on SSC(low)eGFP(−) events. Event 41,565 shows no visible signals and is classified properly. Event
41,968 shows an event with non-masked eGFP(+) pixels, 51,533 shows a non-masked, artefact-like SSC signal. Image display
mapping was increased compared to other images shown to make the respective signals clearly visible. (b) Comparison of standard/
default masking (Intensity_MC) and improved masking (Intensity_MC Or NMC), showing a clearly higher resolution in terms of SSC
signals when using the improved masking. Of note, masking strongly affects the appearance of plots. The same events with
different masking settings applied are shown in plots 1 and 2, and in plots 3 and 4, respectively. (c) Dotplots with arrows indicating
the assignment of the three events from (a) when using standard and improved mask definitions. (d) Comparison of MC versus MC
or NMC mask definitions (masks in grey) applied for events 41,968 and 51,533. All measurements were performed with THP-1:
CD63eGFP derived sEVs prepared as described in Figure 2.
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(Figure 1(e)) and the Cytoflex (Figure 1(f)) were able to
clearly discriminate all seven fluorescent bead populations
via the SSC and also facilitated the separation of 100 from
160 to 200 nm beads.

Next, we measured the same Gigamix beads on the
Amnis ISX IFCM instrument, which does not measure
conventional FSC; instead, sizes of larger particles are
quantified according to detected signals in defined areas
of their brightfield image. In the applied setting with all
lasers being set to maximum power and the 785 nm laser
being used for SSC, we observed a clear separation of all
seven fluorescent bead populations between 100 and
900 nm from each other, from the non-fluorescent

background, and from the 1 µm-sized SpeedBeads that
are constantly running in the instrument flow stream for
calibration and speed alignment between both CCD
cameras (Figure 1(g, j). Notably, brightfield images
were only obtained for beads being larger than 240 nm
(Figure 1(h)). In contrast, SSC signals were still detect-
able for 240 and 200 nm beads, but were very low for 160
and 100 nm beads (Figure 1(h)). Fluorescence signals
were clearly visible as single, fluorescent dots in images
from all Gigamix bead populations, also for 100 nm
beads (Figure 1(h)). Thus, from the seven instruments
that were compared with the applied settings, the ISX,
the FACSAriaIIIu and the Cytoflex allowed

Figure 5. Imaging Flow Cytometry facilitates discrimination between single and coincident sEVs. (a) Serial dilution experiment showing
measured linear concentration values of SSC(low)eGFP(+) sEVs for 2-fold dilutions without notable changes in measured mean fluorescence
intensities (MFI) for this population. (b) Visualisation of single, fluorescent spots appearing differently in terms of brightness and size/pixel
coverage within the SSC(low)eGFP(+) sEV population. (c) Application of different masking settings combined with the spot count feature on
selected events showing sEV coincidence in order to evaluate their suitability for coincidence detection. Yellow digits indicate the number of
events as calculated by the spot count feature depending on the masking setting applied. The intensity mask (intensity 14-4095) was the
only one correctly masking all fluorescent spots in all images. (d, e) Plotted values using the spot count feature combined with the intensity
mask on samples acquired at a concentration of 3.5 × 108 (d) and at 7.7 × 106 SSC(low)eGFP(+) events/mL (e), respectively. (f) Events gated
on spots classified as single, double or triple based on spot count values from plots as shown in (d, e). (g) Enlarged image of event 22,943
demonstrating that also faint spots being very close to each other are counted correctly as distinct spots/sEVs. All measurements were
performed with THP-1:CD63eGFP derived sEVs prepared as described in Figure 2.
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discrimination of even very small 100 and 160 nm fluor-
escent polystyrene beads. To challenge the detectability
of even smaller particles in the ISX, we tested whether
even smaller beads can be acquired. To this end, we
analysed 24 nm yellow-green fluorescent polystyrene
latex beads with the same instrument settings next and

were able to specifically detect them in the respective
fluorescence channel. As expected, they produced very
low SSC signal (Figure 1(i)). Thus, as long as respective
fluorescence signals are bright enough to be detected,
the ISX is able to detect polystyrene beads being smaller
than the smallest EVs.

Figure 6. Imaging flow cytometry facilitates single EV detection and alongside with cells in unprocessed samples. (a) IFCM analysis with
dotplots and example event images gated on respective regions R1-R5 of complete suspension cultures derived from (a) THP-1:CD63eGFP
cells. (b) Measured concentrations of gated populations in (a) and ratios expressed as percentages of total events gated within R1-R5.
Measurements of unprocessed samples of suspension cultures from (c) THP-1:eGFP cells, and (d) unmanipulated THP-1 cells are shown for
comparison. The data presented shows one out of three independently performed experiments with comparable outcome.
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Figure 7. Evaluation and monitoring of an sEV isolation protocol. (a) All fractions of an sEV isolation procedure were analysed via
IFCM, starting with total THP-1:CD63eGFP suspension cultures. Dotplots show all events, and a zoom gate was applied to improve
visualisation of proposed submicron eGFP(+) EV populations. (b) Respective plots showing the presence of SSC(low)eGFP(+) sEVs
after 0.22 µm filtration for THP-1:CD63eGFP derived samples and the absence of such events for THP-1:eGFP and THP-1 control cell
line derived samples. (c) Representative images for R6, with image display mapping being adjusted for Ch02 to visualise faint eGFP
signals. (d) Quantification of the frequency of eGFP(+) events in R1-R5 relative to all eGFP(+) events as gated in (b). (e, f)
Quantification of the recovery (e) and the MFI (F) for SSC(low)eGFP(+) events in R5 throughout the isolation procedure. One out of
two individual experiments with comparable outcome is shown.
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eGFP-labelled sEVs can be robustly detected above
background signals by imaging flow cytometry

Polystyrene beads and sEVs or exosomes differ in their
refractive indices, and fluorescent beads likely are labelled
at higher fluorescence intensities compared to sEVs
labelled with fluorescent probes like antibodies or fluores-
cent dyes. Accordingly, while polystyrene beads are a good
tool to evaluate instrument sensitivity, they are not an ideal
reference material to validate and standardise flow

cytometric sEV analysis, and there is general consent in
the field about the urgent need for biological calibration or
referencematerials for EV research [39–41,54,58,59]. Some
tetraspanins, CD63 in particular, have been qualified as EV
or “exosome”markers [60,61]. Like endogenous CD63, we
and others have recovered CD63eGFP fusion proteins in
purified EV fractions of genetically engineered cells and
used this strategy to fluorescently label sEVs for different
experimental setups [8,49,62,63]. Consequently, we used a

Figure 8. Evaluation of antibody-staining protocols. (a) Gating on total SSC(low) events and dotplot of eGFP (Ch02) vs. PE (Ch03)
fluorescence detection channels for an unstained THP-1:CD63eGFP derived pre-cleared (900 × g for 5 min and 2,000 × g for 15 min)
and 0.22 µm filtered CM sample (DP = double positive). (b) Dotplots gated on SSC(low), with examples for THP-1:CD63eGFP derived
samples prepared as in (a) and PBS buffer controls stained at different concentrations of PE-labelled anti-CD63 or IgG isotype
control antibodies. All filtered CM samples were stained without further dilution at RT protected from light for 2 h. Directly
afterwards samples were diluted 4-fold in PBS and acquired with the ISX without further washing. All samples were acquired for
5 min. Representative images of eGFP(+)PE(−) [eGFP(+)], eGFP(−)PE(+) [PE(+)] and double positive (DP) events are shown. Arrows
indicate eGFP(−)PE(+) events originating from the applied antibody solution. (c) Quantification of DP-gated event concentrations
per mL. One out of two individual experiments with comparable outcome is shown.
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lentiviral plasmid encoding a CD63eGFP fusion protein
(Figure 2(a)) to create a stable THP-1 cell line expressing
high levels of CD63eGFP (Figure 2(b)). sEVs were har-
vested from supernatants of this cell line and from non-
engineered THP-1 cells by a variant of the classical differ-
ential centrifugation protocol (Figure 2(c)). To evaluate
whether the general surface marker presentation of sEVs,
derived from THP-1 and THP-1:CD63eGFP cells was
changed due to their loading with CD63eGFP fusion pro-
teins, semiquantitative flow cytometric multiplex bead-
based assays were performed. Apart from higher CD63
levels being detected on engineered sEVs, which is attrib-
uted to the presence/absence of CD63eGFP, these analyses
did not reveal any notable difference between EVs derived

from THP-1 and THP-1:CD63eGFP cells (Figure 2(d)).
NTA analysis of the obtained sEVs revealed typical size
distributions of around 130 nm in both THP-1 andTHP-1:
CD63eGFP sEV fractions and no major difference in their
final concentration (scatter mode: THP-1: 4.1 × 108/mL;
THP-1:CD63eGFP: 3.38 × 108/mL with 16.2% of events
being detected as eGFP(+) in fluorescence mode; Figure 2
(e)). Thus, CD63eGFP expression does not alter the aver-
age particle size of obtained sEV fractions or changes sEV
secretion notably. Of note, residual bovine EVs potentially
derived from FBS in the THP-1 culture media could con-
tribute to total particle counts in these NTAmeasurements
but would not be detected in IFCM measurements shown
in this study due to their lack of fluorescence. Considering

Figure 9. Calculation of MESF values for THP-1:CD63eGFP SSC(low)eGFP(+) sEVs stained with anti-CD63-PE antibodies. (a) The median
fluorescence intensity (MFI) of each peak of FITC and PEMESF calibration beads wasmeasured with the same instrument/acquisition settings
applied as used for sEV-containing samples. (b) Calculation of the log of the MFI and MESF values (provided by bead manufacturer). (c) The
log of the MESF values was plotted on the y-axis, and the log of the MFI was plotted on the x-axis. A linear regression analysis was performed,
respectively. To estimate MESF values of anti-CD63-PE (33.33 nM) stained sEVs in THP-1:CD63eGFP-derived CM samples (compare Figure 8
(b)), the slope (x) and the intercept (y) were used to convert eGFP/PE fluorescence intensity values (d) to FITC/PE MESF values, and plot the
data on axes calibrated for FITC and PE MESF (E). FITC MESF values were then converted to eGFP MESF equivalents (f).
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that eGFP-labelled sEVs might provide a suitable tool for
evaluating the sEV analysis performance between different
instruments, we analysed THP-1:CD63eGFP derived sEVs
with the Cytoflex and the ISX (Figure 2(f)). On the
Cytoflex, fluorescently labelled events were detected, with-
out clear discrimination of the population from back-
ground noises (Figure 2(f)). In contrast, the ISX recorded
a population of SSC(low)eGFP(+) events that clearly was
separated from the background noise (Figure 2(f)), which
was not detected following detergent lysis (Figure 2(g)).

Based on concentrations of events being detected and
gated as eGFP(+) with both instruments (Cytoflex: 1.93 ×

107/mL; ISX: 3.51 × 107/mL; Figure 2(f)), and comparing
these values to the concentration of fluorescent particles
estimated by NTA (5.4 × 107 mL; Figure 2(e)), the calcu-
lated detection efficiency for CD63eGFP labelled sEVs
would be ~66% for the ISX and ~36% for the Cytoflex.
However, we have experienced that due to fluorescence
bleaching over time fluorescence-based NTA measure-
ments can lead to highly variable results and thus obtained
values are not considered to be very precise. Very likely
related to the bleaching issue and to instrument specific
peculiarities, calculated detection efficiencies varied among
ISX andNTA also in experiments using other fluorescently

Figure 10. IFCM facilitates the detection of sEV subsets in heterogeneous samples. (a) Experimental outline. MSCs were cultured for 48 h in
human pooled platelet lysate (hPL) supplemented media. Pre-cleared (900 × g for 5 min; 2,000 × g for 15 min) and 0.22 µm filtered CM
samples were stainedwith fluorescently labelled antibodies at a final concentration of ~25 nM at RT for 1 h. Directly afterwards samples were
diluted 4-fold in PBS and acquired with the ISX without further washing. All samples were acquired for 5 min. (b) Gating strategy to identify
SSC(low) events and PE(+) sEVs at the example of anti-CD9-PE stained MSC supernatant (MSC-SN). (c) Quantification of CD9 and CD81
expression (quantified as gated PE+ sEVs/mL) for PBS, hPL supplementedmedia (completemed.) andMSC-derived CM samples (MSC SN). (d)
SSC(low) pre-gated dotplots of samples stained simultaneously with anti-CD9 and anti-CD81 antibodies (as in comparison to unstained and
single stained controls. Example images for CD9-PE(+) or CD81-APC(+) events, and for a rare double positive (DP) event. (e) Repetition of the
experiment shown in (d) with differently conjugated antibodies also including CM derived fromMSCs cultured in serum-free media (SFM). (f)
Quantification of the frequency of gated sEV populations from (e), including values after detergent lysis. Data were collected from at least
three independent experiments with comparable outcomes. Data was quantified after pre-gating on SSC(low) as shown in (b).
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labelled sEVs (data not shown). In addition, accurate,
unbiased comparison of instrument detection efficiencies
would require concentration standards, and instrument
configuration and acquisition settings for all instruments
probably can be further optimised for sEV analyses. Thus,
the data presented herein cannot provide final conclusions
about the performance or limitations of an instrument
model. However, the data presented here demonstrates
that CD63eGFP-labelled sEVs can be used for future stu-
dies aiming to comprehensively compare performances of
different sEV analysis instruments. Here, our results indi-
cate that the ISX has a sufficient sensitivity to detect
fluorescently labelled sEVs at the individual particle level.

Evaluation of acquisition parameters in imaging
flow cytometry by using CD63eGFP sEVs as
biological reference material

To further optimise sEV detection by IFCM, we con-
tinued to use THP-1:CD63eGFP-sEVs and compared
the impact of different acquisition parameter settings
on the analysis results. First, we compared the three
different microscopic objectives installed in the ISX
and measured the same sample at the three different
magnifications (Figure 3(a)). While the internal 1 µm
SpeedBeads could be detected with all magnifications,
the scatter sensitivity and the detection of SSC(low)
eGFP(+) events was found to be dependent of the
objective used. Compared to the 60× option, which
was used in all previous experiments, the usage of the
40× objective resulted in a 6–7 fold reduction of
detected SSC(low)eGFP(+) events. Upon using the
20× objective, barely any SSC(low)eGFP(+) events
were detected above background (Figure 3(a)). Thus,
the magnification being applied for sEV analysis is a
critical parameter determining the resolution of respec-
tive analyses. Consequently, all subsequent measure-
ments were performed with 60× objectives.

The INSPIRE acquisition software for the ISX has a
feature called “remove beads”, which by default is acti-
vated to remove most of the internal 1 µm SpeedBeads
from acquired data. This has no relevant influence on
cellular analysis data, i.e. with settings where the SSC laser
is set at much lower power [64]. Beads in the context of
this “remove beads” option are defined as small non-
fluorescent events, i.e. for an object to be considered a
bead, its brightfield area value must be less than 30, and
the intensity in all fluorescent channels must be zero. This
setting, however, does not result in actual removal of the
SpeedBeads with all lasers (including the SSC laser) set to
maximum. Thus, it could affect the acquisition of the
non-fluorescent SSC(low) events in experiments that are
intended to analyse EVs not being fluorescently labelled.

When analysing CD63eGFP sEV samples with deacti-
vated “remove beads”, we observed an approximately 2-
fold increase in total events and a minor increase in SSC
(low)eGFP(+) events being recorded (Figure 3(b)). This
indicates that a relevant proportion of non-fluorescent
SSC(low) particles is not recorded when the “remove
beads” option is activated, however most fluorescent
SSC(low) particles are still detected with this setting.

In addition, we tested the influence of the extended
depth of field (EDF) option that for cellular analyses is
used to reduce eliminate out-of-focus fluorescence from
other optical layers by projecting fluorescence across the
DOF onto the same plane using deconvolution. When
using EDF approximately 4-fold less SSC(low)eGFP(+)
events were detected and recorded than without using
EDF. Thus, using EDF is not recommended (Figure 3(c)).

The time required to run samples when using the ISX
is generally higher when compared to conventional flow
cytometers, and by default the flow rate is set to “low”
which results in a volumetric flow rate of ~0.38 µL/min
when using the 60× objective (Table 2). While the low
flow rate contributes to higher sensitivity, in general,
measuring at higher flow rates might be indicated espe-
cially if high numbers of samples should be analysed.
Thus, we compared the default “low” flow rate to the
“intermediate” and “high” settings, next. Using the inter-
mediate setting resulted in slightly elongated images of
SSC(low)eGFP(+) events and an approx. 2-fold lower
event recovery, while the high setting resulted in clearly
elongated images and a drastically reduced detection of
events (Figure 3(d)). Of note, signals are binned on the
pixel rows of the camera when using intermediate or high
flow rates at 60× magnification, resulting in elongated
images. In contrast, pixels are not binned at low flow rates
(Table 2). More importantly, the reduced dwell time of
particles in the laser beam at higher speeds results in less
light collection and consequently decreased sensitivity.
This shows that if high sensitivity detection and quanti-
fication is needed, samples should always be run with the
“low flow rate” setting applied. Consequently, all further
samples in this study were acquired with the 60× objec-
tive, deactivated remove beads and EDF options, and at
low flow rate.

Optimisation of event masking improves both SSC
resolution and fluorescence detection

There is a major difference between IFCM and con-
ventional flow cytometers; light signals, i.e. photons of
a given wavelength, in conventional instruments are
collectively recorded at photomultipliers or photo-
diodes, while in IFCM images are projected to an
area of a time delay integration (TDI) CCD camera,
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which is designed to allow high sensitivity imaging of
objects in flow [65]. Upon integrating the pixel inten-
sity, comparable signals are obtained as on conven-
tional instruments. Thus, on IFCMs for each recorded
event signals are obtained as in conventional flow
cytometry plus images for each recorded channel.
When using imaging processing software, IDEAS on
the ISX, additional information about the recorded
events can be obtained. There are several masking
options in IDEAS allowing customised image analysis
for quantification of subtle morphological details.

IDEAS software generates default channel masks for
all channels to mask pixels, where the signal meets the
default mask algorithm chosen. Most simply this is any
signal for any fluorescence or scatter channel that is
detected above the background threshold. By default
this is optimised for the analysis of cells, with the aim to
include all pixels of a cell image in the brightfield channel,
and corresponding fluorescence signals in respective
fluorescence channels in the same image area. The
“mask combined”, or MC, is a mask merged from all
channel masks for all channels. When using this default
setting with THP-1:CD63eGFP sEV samples, however,
we observed events that were not masked correctly. Few
(<1%) SSC(low)eGFP(−) events showed clear eGFP sig-
nals in Channel 2, andmore frequently SSC(low)eGFP(−)
events showed clearly visible and non-round signals in
Channel 6 (Figure 4(a)). Thus, several events are classified
inaccurately as being eGFP(−) or SSC(low), respectively.
In both cases, when the pixels were not masked properly,
respective signals were not quantified. This let us con-
clude that the default MC masking applied from the
software to define the image area used for quantifying
signal intensities is not optimal for sEV analysis due to
the low signal generated by these particles. We therefore
tested different other masking options and defined an
improved masking setting that resulted in correct quan-
tification of pixel values for all events (Figure 4(b)).
Subsequently, all SSC(low)eGFP(+) events could be
gated properly without any notable decrease in overall
resolution or fluorescence intensity of the population.
The vast majority of SSC(low)eGFP(−) events showed a
huge 2–3 log increase in SSC resolution with the
improved settings (Figure 4(b–c).

The reason for events not being masked properly by
channel masks and subsequent MC might be the low
signal to noise ratio between positive pixels and back-
ground, which in contrast to cells might be too low for the
software to correctly interpret the recorded data. In case
of sEV analysis, this could severely influence the masking
of slightly unfocused or eGFP(+) events with low fluor-
escence intensity, and also low-contrast background/arte-
facts of eGFP negative particles. For the improved

masking setup, we here used a combined “MC or
NMC” (NMC = “non mask combined”) mask definition.
NMC is defined as all pixels not included in the MC,
which is normally only useful for background determina-
tion. In this setting, however, it forces the software to
quantify all pixels on the whole image without even trying
to mask any image area for signals from individual par-
ticles (Figure 4(d)). In the case of the mis-masked SSC
images, however, this still did not result in a complete
coverage of the whole image in all cases, with unmasked
pixels likely to be part of another object (Figure 4(d)).

In summary, setting up the analysis software to quantify
pixel intensities in the whole image and not in a specifically
masked area appears preferential to ensure that all pixels
containing signals from all events are quantified properly.
Thus, the mask setting combining “MC or NMC”, which
basically is a similar type of signal quantification as in
conventional flow cytometry, should be applied when
EVs are analysed with the ISX. We have applied this
mask setting for all further experiments of this study.

Imaging flow cytometry can discriminate between
single and coincidence of EVs

In flow cytometric measurements above a certain particle
concentration, it is unavoidable that certain events being
recorded are actually derived from the simultaneous
detection of two or more particles being in close proxi-
mity. In conventional cellular flow cytometric analysis,
this coincidence can be easily identified through different
scatter parameters, and in cellular IFCM analysis through
the quantification of imaging-based parameters. For sin-
gle EV analyses, however, especially if multi-colour
experiments are intended, event coincidence or swarm
detection can lead to false-positive detection of events
and should be avoided for reliable measurements
[29,32,66]. For now, due to their small size, sEV coin-
cidence cannot be identified through scatter-based para-
meters. This potential pitfall for sEV analysis is generally
addressed by the use of low acquisition rates, serial dilu-
tion of samples and comparison of detected events with
the signal intensity at different dilutions [19,20,27,67].
Here, we aimed to set up analysis settings for reliable
detection of any coincidence and first measured THP1:
CD63eGFP derived EVs in a serial dilution experiment.
Within a range of ~2 × 106 and ~3 × 107 SSC(low)eGFP
(+) measured sEVs/mL we observed a linear decrease
with higher diluted samples while mean fluorescence
intensity values remained stable (Figure 5(a)). This sug-
gests that within this concentration range mostly single
sEVs were detected. Next, we aimed to explore options
and validate settings to detect any coincidence that might
occur. For correct coincidence detection proper masking
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of all events recorded in a single image is required even if
some SSC(low)eGFP(+) sEVs appear smaller and/or
fainter than others (Figure 5(b)). Of note, a larger/
brighter appearing fluorescent spot covering more pixels
in the image does not necessarily translate to a larger sEV,
but could reflect a higher brightness or slight defocus of
this specific event due to the narrow focal plane of the
objective at 60× magnification (Figure 5(b)). In order to
test different mask settings that could be suitable for exact
detection of fluorescent events in IFCM event images, we
applied different masking strategies. We selected visually
identified events showing coincidence of SSC(low)eGFP
(+) sEV events and combined the IDEAS spot count
feature with different masks, i.e. the standard channel
mask and the peak, morphology and intensity mask
with different settings (Figure 5(c)). Even though most
mask settings tested resulted in correct SSC(low)eGFP(+)
spot quantification for some of the events tested, only the
intensity mask setting combined with the spot count
feature allowed reliable quantification of the number of
coincidentally recorded sEVs in all cases (Figure 5(c)).
Here, we applied an intensity range just above back-
ground pixel intensity values masking all pixels above
an intensity of 14 for channel 2 (spot count_intensity
14-4095). To validate this setting, we acquired differently
concentrated samples. We observed high frequencies of
coincidence (>90%) for SSC(low)eGFP(+) sEV concen-
trations above 1 × 108/mL (Figure 5(d)), while the fre-
quency of events detected with more than one spot at a
concentration of 7.7 × 106 SSC(low)eGFP(+) sEVs, i.e.
within the linear range, was below 5% (Figure 5(e)).
Results were cross-validated by gating on events assigned
to a certain spot count value, and we visually confirmed
the number of respective spots for each event image
(Figure 5(f)). With the optimised masking strategy
applied, even very faint and small fluorescent events
being very close to each other were correctly quantified
(Figure 5(g)).

In conclusion, we have defined an appropriate
masking strategy that in combination with the spot
count feature facilitates identification and exclusion of
coincidence sEV detection. Consequently, all subse-
quent experiments were acquired at a maximum con-
centration of 1 × 107 SSC(low)eGFP(+) sEVs per mL
and monitored for the occurrence of coincidence or
swarm detection.

Imaging flow cytometry allows simultaneous
detection of single EVs and cells in unprocessed
samples

After having optimised different acquisition and analysis
parameters, we explored whether CD63eGFP-labelled

sEVs also can be detected in unprocessed samples.
Thus, we measured cell culture samples from suspension
THP-1:CD63eGFP cells with the ISX directly (Figure 6
(a)). For control purposes, we performed the same mea-
surements with cell culture samples of eGFP-expressing
(THP-1:eGFP) and normal THP-1 cells (Figure 6(c–d).

Cells were identified in all cell culture samples (gate R1),
with SSC values being higher than those of the 1 µm
SpeedBeads (Figure 6(a, c, d). Relatively large and mostly
round, fluorescent events with SSC values similar to the
SpeedBeads were recorded as SSC(bright)eGFP(+) events
in both THP-1:CD63eGFP and THP-1:eGFP derived sam-
ples (Figure 6(a, c; R2), probably corresponding to cellular
fragments, apoptotic bodies or larger microvesicles.

eGFP(+) events with intermediate to low scatter
values were also detected in both THP-1:CD63eGFP
and THP-1:eGFP derived samples. Based on their
brightfield signals and SSC values they could be distin-
guished as three subsets: Events with clear brightfield
and SSC signals (Figure 6(a, c; R3) and events with
low/no brightfield and lower but clearly visible SSC
signals (Figure 6(a, c; R4) were detected in both
THP-1:CD63eGFP and THP-1:eGFP derived samples.
Events of the SSC(low)eGFP(+) population with no
visible brightfield and no/very low SSC signals as
described above, however, were exclusively detected
in THP-1:CD63eGFP derived samples and were most
prevalent when comparing the frequency of gated
events to all other fractions (Figure 6(a–b; R5).

In summary, this data demonstrates that different
EV populations can be detected according to their light
scattering properties and fluorescence intensities
together with cells in the same sample. To study the
nature of these identified eGFP(+) EV populations, we
decided to study their presence in samples being pro-
cessed by differential centrifugation, next.

Evaluation and monitoring of sEV isolation
protocols

To investigate differences in the ratio of the different EV
subpopulations identified above during sEV enrichment,
we next fractionated cell culture-derived samples from
THP-1:CD63eGFP, THP-1:eGFP and THP-1 cells via dif-
ferential centrifugation (Figure 7(a)). First, unfractionated
samples were analysed, exactly as described above (Figure
6). Next, samples were subjected to a low-speed centrifuga-
tion (900 × g) step considered to remove cells (data not
shown). Following the subsequent 2,000 × g centrifugation
step, SSC(bright)eGFP(+) events and cells were reduced
(Figure 7(a, d; R1/R2), supporting the assumption that
events in gate R2 relate to larger membrane fragments,
debris and/or apoptotic bodies. Next, we performed a
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10,000 × g centrifugation step, often referred to as amethod
to remove larger microvesicles. We observed a clear reduc-
tion in fluorescent events with intermediate to low SSC
values (Figure 7(a, d; R3/R4). Following the subsequent
0.22 µm filtration, the samples were devoid of almost all
fluorescent events in R3 and R4, indicating that corre-
sponding EVs have indeed a larger diameter. In contrast,
in processed samples derived from THP-1:CD63eGFP but
not from THP-1:eGFP and THP-1 cells most SSC(low)
eGFP(+) events in R5 were recovered (Figure 7(a, b, d).
Following ultracentrifugation with subsequent resuspen-
sion of the pellet, fluorescent events derived fromprocessed
THP-1:CD63eGFP-derived samples still predominantly
were recovered in gate R5. This implies that CD63eGFP
expression in producer cells indeed allows labelling of
sEVs, such as exosomes, and that sEVs are specifically
grouped in gate R5 (Figure 7(a, d; R5).

Since the ISX analysis allows quantification of the abso-
lute concentration of respective events per sample volume,
ratios of each of the gated groups to all recorded events can
be calculated. The experiment being performed demon-
strates that with the exception of the final ultracentrifuga-
tion step the ratio of sEV events in gate R5 during the
differential centrifuge procedure increases, while other
fractions are largely depleted during processing (Figure 7
(d)). Upon comparing the quantity of events in gate R5
between the different purification steps, a gradual loss of
events can be observed, remarkably strong in the final
ultracentrifugation step (Figure 7(e)). A similar observa-
tion was made in a recent study using IFCM to compare
sEV isolation methods [68]. Notably, this loss in R5 events
coincides with an increase of events in gates R3 and R4
(Figure 7(d)). While this observation in part might be
explained by aggregate formation of incompletely resus-
pended pellets, the reduction of eGFP fluorescence inten-
sity (Figure 7(f)) to our understanding rather implies that a
proportion of sEVs were damaged by ultracentrifugation
as indicated by previous studies [38,69–72].

In summary, the IFCM platform can provide high-
resolution information about obtained EV fractions and
should be suitable to critically analyse and optimise sEV
isolation procedures in future more comprehensive
studies.

IFCM facilitates the detection of antibody-stained
sEVs

In order to fully understand how heterogeneous sEV-
containing samples are and to identify phenotypic subsets
of sEVs, the establishment of multicolour analysis proto-
cols based on the use of different fluorochrome-labelled
antibodies against sEV surface markers will be crucial.
However, it remains unclear how such staining protocols

should be best performed, e.g. in terms of antibody con-
centration or incubation time, mainly due to limitations
in instrument sensitivity and the limited availability of
validated antibodies for such analyses. Aiming to evaluate
if this IFCM platform generally could be used to evaluate
and optimise antibody-staining protocols, we next
applied PE-conjugated anti-CD63 or isotype control anti-
bodies at different concentrations to THP-1:CD63eGFP-
derived EV-containing samples. Samples were stained for
2 h without any washing step before acquisition.
Following pre-gating on total SSC(low) events (Figure 8
(a)), most eGFP(+) sEVs were labelled with PE when
applying PE-labelled anti-CD63 antibodies, but not
when PE-labelled IgG isotype control antibodies were
used (Figure 8(b–c). The shift of eGFP(+) EVs towards
the PE channel increased with increasing anti-CD63 anti-
body concentrations and was strong enough to gate the
complete eGFP(+) sEV population as positive at the high-
est antibody concentration (Figure 8(b)). While isotype
controls and non-EV containing buffer controls overall
did not show considerable staining on eGFP(+) EVs, we
still observed a dose-dependent relative increase of eGFP
(−)PE(+) events for those controls, indicating the clear
detection of background deriving from the antibody solu-
tion itself (Figure 8(b)). Antibody-mediated background
such as protein complexes or antibody aggregates was
reported previously [27,38]. This indicates the impor-
tance of non-EV containing buffer controls for such
experiments. Remarkably, upon comparing different
antibodies from different vendors, we observed that the
degree of background between individual antibodies can
vary drastically (data not shown). Thus, we propose that
the usage of buffer controls (buffer + antibody) is critical
to account for antibody-mediated background, while iso-
type controls are suitable to demonstrate binding speci-
ficity to a particular antigen.

In summary, these analyses demonstrate that titration
or optimisation of pre-acquisition parameters can clearly
improve signal intensities above background.While future
tests are required for the evaluation of other staining para-
meters like temperature and incubation times, these results
show that the use of fluorescently tagged sEVs can provide
helpful information for parameter optimisation experi-
ments, and that this IFCM platform is sensitive enough to
detect single sEVs labelled with fluorophore-conjugated
antibodies.

Quantification of absolute numbers of fluorescent
molecules per single SSC(low)eGFP(+) sEV

The determination of fluorescence intensity in terms of a
standardised unit, so-called MESF, can be used to assess
the absolute number of equivalent fluorochromes per
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single event of interest via flow cytometry. This approach is
based on the assumption that a sample labelled with a
specific fluorochrome will have the same intensity as an
equal number of molecules of the same fluorochrome
[46,73]. In the context of EV analysis by flow cytometry,
such MESF values allow for the quantification of the
number of fluorochrome molecules being detected per
EV and for cross-platform and inter-laboratory compar-
isons [24,33]. Thus, we next measured two sets of MESF
beads, one consisting of five bead populations with known
equivalents of FITC molecules and one consisting of four
bead populations with known equivalents of PEmolecules,
with the same settings applied as for EV analyses (Figure 9
(a)), calculated respective logarithmic values (Figure 9(b))
and performed a linear regression of MESF values against
the MFI (Figure 9(c)). In the example of anti-CD63-PE
stained THP-1:CD63eGFP sEVs as presented above with-
out fluorescence calibration (Figure 9(d)), we next con-
verted measured fluorescence intensity values for eGFP
and PE to FITC and PE MESF values, respectively
(Figure 9(e)). FITC MESF values were then converted to
equivalent eGFP MESF values based on previously
reported quantum efficiencies (conversion factor 0.6)
[57] (Figure 9(f)). This MESF conversion resulted in
mean calculated MESF values of 980.88 (range ~200–
8000) for eGFP and 174.41 (range ~60–600) for PE per
single sEV after gating on the double-positive main popu-
lation (Figure 9(f)). Thus, assuming that each antibody is
labelled with exactly one PE molecule, and neglecting
instrumentation differences between this study and the
study calculating the FITC to eGFP correction factor
applied, we like to conclude that detected single EVs of
this population in average contain ~980 eGFP molecules
and are decorated by an average of ~174 anti-CD63-PE
antibodies. Potential explanations for the lower number of
calculated CD63 surface molecules by anti-CD63 antibo-
dies compared to calculated CD63eGFP molecules per
single sEV include spatial limitations for antibody binding
on the sEV surface, non-saturated staining of all CD63
epitopes or incomplete labelling of the antibody used. This
dataset shows that IFCM generally facilitates the quantifi-
cation of absolute numbers of fluorescent molecules per
single sEV.

IFCM facilitates the detection of sEV subsets in
heterogeneous samples

As THP-1:CD63eGFP derived sEVs potentially contain
higher amounts of CD63, which might not be representa-
tive for other sEV surface markers, we decided to analyse
sEVs from another cell entity which had not been geneti-
cally engineered. To this endwe analysedMSC sEVswhich
previously were applied in a number of pre-clinical settings

and the treatment of an acute Graft-versus-Host Disease
patient [47,74–76] and tested for the feasibility of multi-
colour antibody stainings via IFCM.

We used supernatants of MSCs which had been cul-
tured for 48 h in the presence of hPL as an alternative to
FBS [77]. CMwere harvested, precleared by centrifugation
(900 × g; 2,000 × g), filtered (0.22 µm), and subjected to
antibody staining. PBS and fresh hPL supplementedmedia
were prepared accordingly and used as controls (Figure 10
(a)). Upon analysing samples stained with single PE-con-
jugated anti-CD9 or anti-CD81 antibodies (Figure 10(b)),
we observed clear and consistent signals with both anti-
bodies at much higher amounts than in the PBS controls.
Notably, higher event numbers following CD9 staining
were recorded than after CD81 staining. In complete
media controls supplemented with hPL, hardly any
CD81(+) events were recorded; in contrast, it contained
more CD9(+) events than the MSC CM (Figure 10(c)).
This suggests that hPL contains CD9(+) vesicles, and that
MSCs take these vesicles up and in turn release CD81(+)
sEVs.

To investigate if CD81(+) EVs also are positive for
CD9, we performed double stainings, next. Samples
were simultaneously stained with PE-labelled anti-CD9
and APC-labelled anti-CD81 antibodies. Remarkably, we
hardly detected any CD9/CD81 double positive events.
EVs positive for CD81 were negative for CD9 and vice
versa (Figure 10(d)). Almost no events were recorded in
basal media controls. In contrast, as already implied by
the results from single staining before, huge amounts of
CD9(+) events, but not CD81(+) events, were recorded in
hPL-supplemented complete media controls (Figure 10
(d)). To validate this observation, we repeated these ana-
lyses with CD9-APC and CD81-FITC antibodies. In
addition, supernatant fromMSCs cultured in formulated,
EV-free, serum-free medium (SFM) was included in
these measurements to learn whether MSCs release
CD9(+) sEVs. Again, comparable results were obtained
with hPL vesicles appearing as CD9(+)CD81(−) and pro-
posed MSC-sEVs as CD9(−)CD81(+) events (Figure 10
(e–f). Almost all detected fluorescence-positive events
were absent after detergent lysis (Figure 10(f)). Since
MSC-CM from hPL-supplemented cultures but not
from MSC SFM cultures contained a clear CD9(+)
CD81(−) population (Figure 10(e–f), we like to conclude
that these sEVs are residual vesicles of the hPL rather than
CD9(+)CD81(−) sEVs being released fromMSCs in addi-
tion to CD9(−)CD81(+) sEVs. Notably, these findings
correspond very well to our recent report that MSC-
EVs analysed by bead-based flow cytometry appeared
positive for CD63 and CD81 but negative for CD9 [8],
and further confirms the previous observation that plate-
let-derived EVs are CD9(+)CD63(+)CD81(−) [6].
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Despite the potential relevance of this finding for the
MSC-EV field and its future investigation at higher detail
with calibrated fluorescence values, further titrated anti-
bodies and optimised staining protocols, the obtained
results demonstrate that IFCM facilitates the robust
detection and quantification of phenotypically distinct,
single sEVs in heterogeneous samples by using different
fluorochrome-conjugated antibodies.

Discussion

In summary, this study has qualified the ISX instrument
as highly suitable and sensitive IFCM platform for the
robust multi-parametric detection and quantification of
single sEVs and sEV subsets in heterogeneous samples.
We have evaluated several acquisition-related IFCM
parameters, and further defined optimised masking set-
tings which result in increased contrast between back-
ground and sEV-derived signals and robust identification
of coincidence or swarm detection, respectively. This
extensive validation and optimisation was facilitated by
the use of sEVs being specifically labelled with eGFP
through the expression of a CD63eGFP fusion construct
in producer cells. By using these eGFP-labelled EVs as
biological reference material, we further show that IFCM
can be used to analyse sEVs in EV-containing samples
without any preparation, even with cells being present.
Single sEVs can be labelled with fluorophore-conjugated
antibodies, which surely is of high interest for studies
aiming at biomarker discovery, as we have further elabo-
rated in our approach to specifically detect glioblastoma
derived EVs [78]. Here, at the example of MSC-derived
CM we demonstrate that the ISX facilitates robust multi-
colour analyses of sEVs without the prior need for EV
isolation or enrichment.

There are several key features or advantages that con-
tribute to IFCM being a very powerful and sensitive
method for EV analysis. The low signal-to-noise ratio
and the overall high sensitivity facilitate a clear separation
of rather faint signals from background and provide a
high fluorescence and scatter resolution. This high sensi-
tivity is probably related to a combination of different
technical differences compared to conventional flow cyt-
ometers, including the slower flow rate, the CCD-camera
based detection enabling higher quantum efficiency com-
pared to conventional photon multiplier tubes, and an
integration of detected signals over time using TDI.
Another advantage is the automatic triggering on all
channels, which should lead to a more reliable detection
of single sEVs even if they are exclusively marked by
fluorescent probes in one channel and devoid of SSC
and brightfield signals, negating the need for a general
membrane stain for phenotyping sEVs. In accordance to

previous studies we always set all lasers that were run at
maximum power throughout this study, including the
785 nm laser used for SSC by default, indicating that
more powerful lasers or using a lower laser wavelength
for SSC also might contribute to even higher sensitivity
and improved SSC resolution [21,45,46].

Overall, we also demonstrate that the usage of fluor-
escently labelled EVs/sEVs with a fluorescent protein
tag like CD63eGFP is a much more suitable reference
material than any kind of calibration bead in terms of
method validation and optimisation of various acquisi-
tion and analysis parameters for sEV detection.
Additionally, such biological reference material con-
ceptually can be produced in exactly the same purity
with the same isolation procedure as the final samples
of interest, making it more suitable for respective bio-
logical samples of interest. Similar reference materials
with different fluorophores or combined with addition-
ally introduced genetic features surely will be very
helpful tools to further improve such kind of sEV
analysis methods. Finally, such reference material,
especially when combined with highly sensitive and
robust sEV analysis methods, such as IFCM, can be
used to further define and fine-tune details of various
protocols. Importantly, such reference materials should
finally be further defined and characterised with differ-
ent methods, and fluorescence intensity values should
be reported as MESF wherever possible. This would
allow proper comparison of results between instru-
ments and assessment of other relevant parameters, e.
g. day-to-day variability of an instrument and cross-
comparison between different IFCM instruments of the
same type. Furthermore, this would enable us to quan-
tify the limit of detection of the ISX in terms of abso-
lute fluorescent molecules being required for detecting
a single sEV event as positive and to compare detection
efficiencies between instruments based on fluorescence
in a more objective and comprehensive way.

Since SSC(low)eGFP(+) sEVs were only detected in
THP-1:CD63eGFP derived and not in THP-1:eGFP
derived samples, this implies that sEVs including exo-
somes can only be labelled efficiently enough to be
detected in such methods when the fluorophore of
choice is fused to an exosomal targeting protein, such
as CD63, not by expressing the fluorescent protein
itself. Our data further indicates that the usage of
such tetraspanin fusion constructs not only specifically
leads to the labelling of sEVs or exosomes, but also to
the labelling of all larger EV populations. Since cyto-
plasmic eGFP, however, was only found to label EVs
with intermediate to high SSC values, this suggests that
such kind of labelling might be even a good choice
when one is actually aiming to label larger vesicles,
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such as larger microvesicles or apoptotic bodies, but
not sEVs/exosomes.

We observed that antibody-mediated background
such as protein complexes or antibody aggregates that
was reported previously [27,38] is detected in sEV
samples stained with fluorescence-conjugated mono-
clonal antibodies. Meanwhile, we have compared sev-
eral other antibodies from different manufacturers in
buffer controls, i.e. in controls containing no EVs, and
observed huge differences between individual antibo-
dies in terms of antibody-mediated background (data
not shown). This underlines not only that every anti-
body used should be individually validated, and that
isotype controls are not suitable to control for false
positive events in EV flow cytometry, but also that
manufacturers should improve their purification and
quality control efforts in order to provide antibodies to
the EV field that are validated for EV research with
optical, high resolution methods.

In summary, we propose that the comprehensive
stepwise validation and optimisation presented in this
study will enable many researchers to employ this
sensitive and robust technique to detect and quantify
single sEVs in various experimental contexts, which
will drastically improve our understanding of sEV het-
erogeneity in terms of phenotype and related functions
of sEV subpopulations in the future.
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