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Abstract Background Platelet microparticles (PMPs) and their abundance in the blood are a
prognostic biomarker in thrombotic disorders and cancer. Nanoscale flow cytometry
(nFC) is ideal for high-throughput analysis of PMPs but these clinical assays have not
been developed previously.
Objective This article demonstrates that nFC is a suitable technology to enumerate
PMPs present in plasma samples in a clinical setting.
Materials and Methods nFC was performed using the Apogee A50-Micro instrument.
Instrument settings andacquisitionparametersweredevelopedwith the useof fluorescent
beads and plasma samples. Sample preparation and handling was also optimized.
Results nFC allows for linear detection of particles between approximately 200 and
1,000 nm based on calibration beads and was dependent on dilution factor and flow
rate. Linearity in event analysis as samples became more diluted was lost when events
approximately 100 nm were gated while linearity was maintained despite dilution of
sample in events larger than 200 nm in diameter. Higher flow rates lead to an under-
estimation of events analysed per microlitre of analyte and this was more pronounced
when plasma samples were not diluted more than 1/20�.
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Introduction

Extracellular vesicles (EVs) such as microparticles (MPs) are
cell-derived membrane vesicles that are released into bodily
fluids following cell activation or apoptosis.1–3 Their budding
fromthecell ispropagatedbycytoskeletal re-arrangementand
membrane asymmetry in a process called ectocytosis (mem-
brane budding).4 MPs, also known as microvesicles and
ectosomes, can be distinguished from other EVs such as
exosomes and apoptotic bodies by their size (100–1,000 nm)
and retention of surface antigens specific to donor cells.5,6

Originally, MPs were thought to be ‘cell garbage’ or ‘platelet
dust’.7,8 However, these sub-micron particles have gained
more interest as an important inter-cellular communication
mediator involved in normal and pathological processes such
asAlzheimer’s disease, cancer and infectious diseases.9–11 Like
the cells that released them, MPs are composed of nucleic
acids, lipids and proteins,which in some cases,makes theman
abundant source of biomarkers with potential functional
impact.

Plateletmicroparticles (PMPs) are distinct fromotherMPs
because they are a significant fraction of MPs in the blood of
healthy individuals.12 Rises in PMP levels have been asso-
ciated with various pathological conditions such as athero-
sclerosis, rheumatoid arthritis, thrombosis, inflammation
and cancer.13–17 Therefore, PMP levels could contribute to
multivariable analyses for non-invasive liquid biopsies to
guide clinicians in pathological classification, diagnoses and
potential treatments. While PMPs have the potential to be
used in the clinical setting, methods of isolation, character-
ization and enumeration remain contentious as there is a
lack of gold standard procedure(s). A rigorous standardiza-
tion in PMP enumeration is required to assess their potential
as a biomarker in disease.

Currently, microscopy, dynamic light scattering, nano-
particle tracking analysis (NTA), tunable resistive pulse
sensing and flow cytometry (FC) are some physical methods
that have been used to characterize MPs by cellular origin,
size, population, number and structure.18–23 Of these meth-
ods, FC is advantageous because it has the ability to analyse
individual EVs and detect two or more antigens simulta-
neously on their surface through the use of fluorophore-
conjugated antibodies in a high-throughput and multi-
plexed manner.23 While conventional FC allows for rapid
detection of antigen-specific MPs and size, it has limited
sensitivity and can only detect particles as small as 300 nm
based on light scattering.24 This limitation in MP detection
may result in the under-estimation of PMP levels.4 More
recently, few groups have studied MPs by using nanoscale

flow cytometry (nFC).25–28 Although nFC is similar to con-
ventional FC in terms of light scattering and high-through-
put quantification, nFC is able to detect MPs as small as
100 nm with multiplex fluorescent detection.29–31 While
the use of nFC is emerging as a suitable tool to enumerate
MPs in a clinical setting, it still lacks analysis protocols that
are supported by reproducibility and cross-validation stu-
dies. Furthermore, there is a need for standardization in
terms of sizing parameters with the use of size-calibrated
fluorescent beads, intra-instrument and inter-instrument
reproducibility, detection of massive coincidence (swarm
effect) and whole blood and plasma preparation and sto-
rage.22,24,32,33 While these are common areas of regulation
among users of conventional FC, this level of standardiza-
tion is also needed for FC instruments that analyse within
the nanoscale realm (100–1000 nm). Here, we tested dif-
ferent conditions of plasma preparation and storage to
optimize analysis of PMPs. Additionally, we developed a
detailed methodology to accurately quantify sub-popula-
tions of PMPs from patient plasmas for future use in a
clinical setting.

Materials and Methods

Nanoscale Flow Cytometry Settings
All samples were analysed using the A50-Micro Plus Nanos-
cale Flow Cytometer (Apogee FlowSystems Inc.) equipped
with 70 mW 405 nm (violet), 53 mW 488 nm (blue) and
73 mW 639 nm (red) lasers. Parameters in the control panel
were set to sheath pressure of 150 mbar and number of
flush cycles to 3. Sample flow rate of 1.5 µL/min (or as
indicated) was used for all measurements (or as indicated)
and the time of acquisition was held constant for all samples
at 60 seconds to yield enough events. An illumination
wavelength of 405 nm (70 mW) was used to detect scat-
tered light by MPs. Before sample analysis, calibration of
flow cytometer was performed using a reference bead mix
(ApogeeMix, Apogee Flow Systems Inc.) composed of a
mixture of silica nanoparticles with diameters of 180,
240, 300, 590, 880 and 1,300 nm with a refractive index
(RI) of 1.42; and 110 and 500 nm green fluorescent (excited
by blue laser) polystyrene nanoparticles with an RI of 1.59
(latex) were used. These beads were used to assess the FC’s
light scattering detection of MPs and fluorescence detection
resolution. Light scatter triggering thresholds were deter-
mined with the smallest particles distinguishable from
noise (110 nm polystyrene beads). Thresholds were set at
20 a.u. (small angle light scatter [SALS]) and 25 a.u. (large
angle light scatter [LALS]) to eliminate optical and

Conclusion nFC offers multi-parametric analysis of PMPs when optimal calibration of
acquisition and sample processing settings is performed. Analysis of plasmas from meta-
static prostate cancer patients and leukaemia patients revealed that PMP levels were larger
than 100 nm and were equally abundant in patients that responded to or failed androgen
deprivation therapy or between patients representing different stages of leukaemia.
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electronic background noise without losing particles of
interest. Photomultiplier tube (PMT) voltages were set as
follows: LALS (320 V), SALS (300 V) and L488-Grn (425 V).
All measurements were performed in log mode. Noise levels
in PMT panel were kept below 0.6. Fluorescent latex nano-
particles (Tetraspek nanoparticles, Thermo Fisher Scienti-
fic) of 200 and 1,000 nm sizes were used in experiments to
validate the effect of mass coincidence and verify accurate
enumeration. Massive coincidence (‘swarm effect’) was
tested by analysing various dilutions of plasma samples
that were run at a slow (1.5 µL/min), moderate (6 µL/min)
and fast (10.5 μL/min) rates. All dilutions were also enum-
erated by confocal microscopy (Nikon Fast A1R þ , 60�
objective) and counted using the Fiji software. nFC perfor-
mance was also compared with a conventional flow cyt-
ometer BD FACS Canto (BD Biosciences Inc.) by using
880 nm silica beads and 1,000 nm latex beads.

Nanoscale Flow Cytometer Fluorescence Sensitivity
Fluorescence calibration was performed using commercial
spectral matching fluorescein isothiocyanate (FITC) fluores-
cent particle beads (Cat No. ECFP-F1–5K, lot AJ01, Spherotech
Inc.) in which the fluorescence intensity had been calibrated
in units of mean equivalent soluble fluorochromes (MESFs).
Standard curve was created to assign MESF values to the
fluorescent bead mix under the same instrument settings
used for experiments. A 488-nm (50mW) laser with a 530/40
filter was used to detect FITC fluorescence. Flow rate was set
at 1.5 µL/min and PMT set at 475 V.

Plasma Samples
Blood was collected from three healthy donors (25, 32 and
45 years of age) using a 21-gauge needle. The first 3 mL of
blood was discarded and approximately 8 mL was trans-
ferred within sodium citrate Vacutainers (BD Biosciences
Inc.). Platelet-free plasma (PFP) was isolated within 1 hour
post-collection by double centrifugation at 2,500 � g for
15 minutes (room temperature [RT], no brake) according
to the International Society on Thrombosis and Haemostasis
(ISTH) guidelines.34 Plasmas were aliquoted and stored at
–80°C. Chronic lymphocytic leukaemia (CLL) plasma samples
consisting of both low radioactive iodine (RAI) risk (stage
0–1) and high RAI risk (stage 3–4) were obtained from the
Division of Hematology (Dr. Neil Kay) under Institutional
Review Board #1827. PFPs were prepared as above and
stored at –80°C until further use.

Prostate Cancer Plasma Samples
Blood was collected from 29 metastatic prostate cancer
(mPCa) patients (stage IV) obtained through the Ontario
Institute for Cancer Research Tumour Bank and the Univer-
sity Health Network Genitourinary BioBank (Toronto,
Ontario, Canada) with Western University Research Ethics
Board-approved Ethics Applications #103156 and 103409
(►Table 1). Whole blood was collected within K2-EDTA
Vacutainers (BD Biosciences Inc.). Blood was centrifuged at
1,500 � g for 10 minutes, and the plasma supernatant was
then reserved, aliquoted and stored at –80°C.

Variation of Handling and Processing of Whole Blood
Various storage experiments were conducted to analyse MP
integrity with varying temperature, length of storage and
thawing conditions. PFP was stored at RT, 4°C, –20°C and
–80°C and was analysed in terms of total MPs and PMPs
every week for 4 weeks. Additionally, PFP aliquots of –80°C
plasmasampleswereanalysed followingsix freeze/thawcycles
with thawing at different temperatures (ice, 4°C, RT and 37°C).

Immunostaining of Platelet Microparticles
Titration of all detecting antibodieswas performedwith pre-
conjugated clones and dilutions were determined from the
original concentration (µg/mL) as provided by the manufac-
turer. Dilutions of Tetraspek nanoparticles/beads (5,000�,
10,000�, 20,000�, 40,000� and 80,000�) were performed
using 0.20 µm filtered phosphate-buffered saline (PBS).
Dilutions of pre-conjugated antibodies (0.0125, 0.0250,
0.050, 0.100 µg/reaction) were also performed using
0.20 µm filtered PBS. To enumerate PMPs in each of the
experiments, 10 μL of plasma was taken and incubated with
25 ng of CD41a-FITC (HIP8 clone, BD Biosciences Inc.) for
30 minutes at RT in the dark. Samples were also incubated
with isotype-matched antibody IgG1k-FITC (MOPC-31C
clone, BD Biosciences Inc.) to determine the non-specific
binding and autofluorescence within each sample. The sam-
ple was then further diluted with PBS and run using the nFC.
All experiments were done in triplicate. In experiments
where Triton X-100 was added to patient plasma, 10 µL of
plasma stained with CD41a-FITC antibody was incubated
with 0.5% of Triton X-100 for 30 seconds prior to analysis.

Confocal Microscopy of Calibration Beads
A Fast A1R confocal microscope equippedwith 405/491/565/
643 nm solid state lasers was used to perform imaging of
calibration beads. In summary, 0.5 μL of each diluted cali-
bration beadmixturewas placed onto a slide and coverslip. A
60� oil immersion objective lens was used to visualize the
beads and the entire coverslip was imaged by using the NIS
Elements software.

Statistical Analysis
Parameters recorded were as follows: total MPs within
sample, CD41a þ ve MP events/μL. The number of MP
events/μL in the isotype sample was subtracted from the
MP events/μL in the antibody sample. GraphPad Prism 7.0

Table 1 Key clinical features of prostate cancer patients
in ►Fig. 7

Clinical feature Number of patients (%)

Median age (range) 68.3 (51.6–81.6)

PSA level (ng/mL)

< 4 6 (21)

4–10 3 (10)

> 10 20 (69)

Abbreviation: PSA, prostate-specific antigen.
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was used to run statistical analysis. Two-way analysis of
variance test was used to evaluate statistical significance
across the groups. The confidence interval was set at 95% and
a p-value of < 0.05 was considered significant.

Results

Linear Light Scatter Detection of Nanoscale Events
Regardless of Dilution Factor
The A50-Micro Plus nFC relies on any three parameter-based
triggers to analyse EVs: SALS, LALS and/or the fluorescence
channel(s) of interest. Sensitivity of the A50-Micro Plus for
sub-micronparticles is based on the incidentwavelength used
to detect scattered light. The A50-Micro Plus uses a 405-nm
laser instead of a 488-nm laser present on conventional flow
cytometers.35,36 In ►Fig. 1A, a mix of fluorescent and non-
fluorescent calibration beads was used to create various gates
corresponding to different calibration size beads, and when
presented on the LALS versus SALS plot provides a sizing
gradient for each bead (►Fig. 1A). The fluorescent 110 and
500 nm beads are visibly distinct sub-populations (FL488,
►Fig. 1A, middle plot) indicating that there is negligible
‘swarm effect’, that is, other FL488 events that are not 110
or 500 nm in diameter. The triggering threshold for LALS and
SALS was optimized to maximize sensitivity of all true EVs
while minimizing dark current noise (LALS 25 a.u, SALS 20 a.
u). Calibration beads from known concentrationswere enum-
erated and for every single size particle count did not differ
significantly with a coefficient of variation below 10%
(►Table 2). Serial dilutions of 180 nm (RI, 1.42) did not
produce a linear correlation between dilution factor and event
levels beyond a dilution factor of 1/4� (►Fig. 1B, left panel).
Note that 880 nm silica beads produced a linear correlation
between dilution factor and event levels (►Fig. 1B, right
panel). Hence, analytical performance of the A50-Micro is
affected by smaller particles (r2 ¼ 0.9512) that are close to the
lower detection limit of the instrument. In contrast, light
scatter detection of 880 nm silica beads was not achievable
with a conventional flow cytometer (BD FACS Canto)
(►Supplementary Fig. S1, available in the online version).

Latex beads are also used for calibration and to assess light
scatter performance of flow cytometers albeit having a
higher RI (1.59) than silica beads and biological vesicles.
Serial dilutions of latex bead (200 and 1000 nm) concentra-
tions were found to generate linear correlations between
dilution and event rates (►Fig. 1C). Additionally, the MP
count of beads that was determinedwith nFC was confirmed
via confocal microscopy of the various diluted bead prepara-
tions (►Fig. 1D, E). Serial twofold dilutions of plasmas from
three healthy donors reveal linear relationships and demon-
strates that ‘true’ events are recorded and enumeration is
predominantly caused by single vesicles and not by massive
coincidence when using light scatter detection (►Fig. 1D, E,
►Supplementary Fig. S1, available in the online version).24

Impact of Flow Rate on EV Enumeration by nFC
Flow rate in cytometry is a critical parameter for linear
detection and concentration measurements of MPs.37 An

excessively high flow rate may result in swarm effect when
multiple small vesicles below the detection limit appear as a
single event during acquisition. A lower flow rate provides
suitable separation between events during acquisition,
thereby increasing reproducibility of measurements.37 The
Apogee A50-Micro Plus allows for acquisition at flow rates as
low as 0.75 μL/min because it is equipped with a Hamilton
syringe-driven delivery system to control flow rate. Serial
dilutions of 180 nm silica beads were analysed at three
different flow rates (1.5, 6.01 and 10.5 μL/min) (►Fig. 2A)
with no differences observed in event rates compared with
theoretical bead concentrations. However, analysis of
patient plasma samples did not consistently generate linear
correlations when dilution was varied (►Fig. 2B). Two
patient samples (#1 and #3) revealed discrepancy in particle
number at lower dilutions, likely due to the larger proportion
of events < 180 nm (5� and 2� more events in the 180-nm
gate in plasmas #1 and #3) in those two plasma samples
(►Fig. 3). These patient samples also exhibited a higher
concentration of total MPs compared with sample #2. At
higher flow rates, particle number exceeds nFC acquisition
limit resulting in an under-estimation of MP concentrations.
At 10.5 μL/min, the number of events per second recorded
was 38,640 (plasma #1), 11,585 (plasma #2) and 16,218
(plasma #3) at dilution of 1/20�. The Apogee A50-Micro Plus
is only reliable for light scatter-based enumeration of MPs
when the event rate does not exceed approximately 12,000
events per second. This suggests that in addition to dilution
factor, flow rate is also critical for linear and accurate
enumeration of MPs.

Detection of Platelet Microparticles by nFC from
Human Plasmas
Accurate and reproducible enumeration of MP or EV popu-
lations of interest requires detectors with high sensitivity
on both light scatter and fluorescence detection. Most
conventional flow cytometers used for MP analysis prior-
itize fluorescence sensitivity over scatter detection perfor-
mance suggesting that fluorescence-based triggering is a
more accepted alternative to detect fluorescent-labelled MP
sub-sets.38,39 A recent study indicated that fluorescence
resolution limit of the A50-Micro Plus is 304 MESF-FITC
which is similar to high-sensitive flow cytometers.36,39 We
assessed the A50-Micro Plus performance to enumerate
CD41a-positive PMPs using scatter and fluorescence trig-
gering. Fluorescence calibration of the A50-Micro Plus was
performed by using FITC polystyrene beads of known
intensities (►Fig. 4A, B). The smallest particles distinguish-
able over the noise (110 nm polystyrene beads) revealed a
value of 12,500 MESF-FITC. Mean fluorescence intensities
produced by CD41a-positive PMPs in human PFP do not
change regardless of dilution which confirms the lack of
massive coincidence during PMP enumeration by nFC
(►Table 3). PMPs were quantified from human PFP by using
immunolabelling with an antibody against CD41a.40 Anti-
body titration curves were generated to identify the appro-
priate antibody concentration for immunostaining
(►Fig. 4C, D). This population was abolished when Triton
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X-100 was added to permeabilize PMPs, resulting in more
events with lower LALS and SALS being abundant. This
observation is consistent with previous reports of Triton
X-100 inducing lysis of microvesicles leading to smaller

events being generated.41 Interestingly, the number of
CD41a-positive MPs (PMPs) when detecting with a light
scatter trigger or a fluorescence trigger were similar in
three different healthy volunteer PFP samples (►Fig. 4E).

Fig. 1 Linearized detection of microparticles by using calibration sized beads and nanoscale flow cytometry and confocal microscopy.
(A) Calibration of the flow cytometer with a bead mix of fluorescent latex and non-fluorescent silica beads. Cytograms and histograms show bead
populations detected with light-scatter and fluorescence. The green box indicates the sort gate for microparticle-related events based on light-
scatter detection of calibration beads. (B) Enumeration of 110 and 880 nm silica beads at various serial dilutions. (C) Enumeration of 0.2 and
1 μm Tetraspek bead dilutions. Linear regression was performed on serial dilution graphs representing technical triplicates. (D) Representative
confocal microscopy images of the fluorescent 1 μm latex beads deposited onto a haemocytometer. Lower panel are images presented at higher
power. (E) Correlation curve of bead counts with nanoscale flow cytometer and confocal microscope. Each experiment represents three technical
replicates.
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PFP stored at different temperatures (RT, 4°C, –20°C, –80°C)
for up to 4 weeks was analysed to determine total MP counts
and CD41a þ veMPs levels. Storage at RT induced a significant
decrease of total MPs after a 1-week period (►Fig. 5A),
whereas other storage conditions did not affect totalMP count
(►Fig. 5B–D). Storageat–80°C led to thelowestamountofPMP
loss regardless of storage timeframe (►Fig. 5D). Storage at RT
or 4°C led to a complete loss of PMPs after 1 week and a partial
loss of approximately 40% of PMPswas observed at–20°C after
4 weeks (►Fig. 5A–C).

To assess howMP integrity is affectedby thawingofplasma,
we enumerated total MPs, PMPs from platelet-poor plasma
followingmultiple freeze/thawcycles (►Fig. 6). PMP levels did

not change after repeated freeze thaws, regardless of thawing
conditions (37°C, RT, 4°C, on ice).

Detection of PMPs in Metastatic Prostate Cancer
Patient Plasmas
Cancer progression is often accompanied by platelet activa-
tion42 and the latter is known to be associated with MP
release. We hypothesized that PMP release can be a pre-
dictor of prostate cancer responsiveness to docetaxel treat-
ment. Twenty-nine plasmas from patients with mPCas
treated with docetaxel were analysed for PMP levels
(►Table 1) (►Fig. 7A, B). PMP levels were not different
between patients who responded to docetaxel versus those
resistant to treatment.

Enumeration of PMPs in CLL Patient Plasmas
Patients with high RAI risk of CLL are characterized by an
increasing leukaemia burden, oftenwith increase in absolute
blood leukaemic cells, and a significant decrease of platelet
counts (i.e. detectable thrombocytopaenia). Since PMPs are
generated by platelet activation, levels of PMPs vary between
patients with low RAI risk and patients with high RAI risk
were enumerated via nFC. Interestingly, we observed that
levels of PMPs were slightly lower in patients with high RAI
compared with patients with low RAI (►Fig. 7C–E), but this
did not reach statistical significance. The average number of
PMPs was 164,827 � 24,885 PMPs per microlitre of plasma
and 114,938 � 24,404 PMPs per microlitre of plasma in low
and high RAI patients, respectively (mean � standard error,
►Fig. 7D). Relative abundance of PMPs in patient plasmas

Fig. 2 Impact of flow rate on extracellular vesicle (EV) enumeration by nanoscale flow cytometry. Serial dilutions of 180 nm silica beads (A) and
three human plasmas (B) were analysed at different flow rates: low (1.5 μL/min), medium (6.0 μL/min) and high (10.5 μL/min).

Table 2 Accurate enumeration of calibration beads based on
light scatter threshold

Size Count (EV/μL) Fluorescent Counted %CV

110 8,000 Green 8,386 4.80

180 23,000 None 21,749 5.40

240 10,000 None 10,732 7.30

300 9,000 None 9,304 3.30

500 3,600 Green 3,794 5.30

590 2,700 None 2,767 2.40

880 3,900 None 4,214 8

1,300 3,400 None 3,122 9.80

Abbreviations: CV, coefficient of variation; EV, extracellular vesicle.
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was also decreased in patient with high RAI risk of CLL
(►Fig. 7E).

Discussion

nFC is a powerful means of performing multi-parametric
analysis of EVs, carrying the same concepts of ‘fluorescence-
activated cell sorting (FACS)’ for cell immunophenotyping over
to EVs. This has enabled investigators to use many cytometry
compatible antibodies for use in this emerging area of EV
analysis. Ourmainfindings in thiswork are that the conditions
for MP/EV analysis by nFC are highly dependent on flow rates
and the dilution factors used when processing and preparing
plasma samples for analysis. What was not previously appre-
ciated was the fact that plasma contains a much higher
concentration of EVs than previously thought and is at a level
that could exceed analysis rates if not accounted for. For our
study,we focusedonPMPsbecause of their relative abundance

and variation in certain disease phenotypes such as sepsis,43

thrombosis44 and cancer.45 The scientific committees for the
ISTH have instituted several recommendations for standardi-
zation of PMPs enumeration by FC and inter-laboratory
reproducibility.33,46 Overall, by using nanoscale or high-reso-
lution FC instrumentation for EV research, we have confirmed
findings from previous reports and offer additional recom-
mendations for plasma processing and handling, as well as
PMP enumeration that would make PMP analysis feasible in a
clinical laboratory environment.

Blood collection and sample preparation are critical to
maintaining PMP integrity and concentration. Sodium citrate
appears to be the best anticoagulant during blood collection
to minimize in vitro platelet activation and MP release
induced by other anticoagulants such as ethylenediaminete-
traacetic acid or heparin. Following blood draw, samples
must be consistently processed in a short time and should
undergo two centrifugations at 2,500 � g for 15 minutes to

Fig. 3 Linearized detection of microparticles from healthy donor plasmas by nanoscale flow cytometry (nFC) and validation of nFC performance
by confocal microscopy. Cytograms show light scatter microparticle (MP) detection (large angle light scatter/small angle light scatter [LALS/
SALS]) in plasmas of three healthy donors at two different dilutions. Graphs represent enumeration of MPs in plasma serial dilutions. Trend lines
for each enumeration were recorded to confirm linearity of dilutions.
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obtain clinical quality PFP. In addition, cryopreservation has
an effect on PMP levels and integrity. In all situations, –80°C
appears to be ideal for maintaining the original EV profile of
the plasma sample. Repeated freeze/thaw cycles did not
appear deleterious, although minimizing freeze/thaw cycles
is still recommended. Interest for plasma analysis in MP/EV
research is growing since large institutional biobanks store
patient plasmas in anticipation for their use in retrospective
biomarker-based studies. Unfortunately, blood collection
and plasma isolation are not consistently controlled in
such clinical studies. While prospective clinical studies are
required to include the latest recommendations in terms of
sample handling and processing, retrospective studies must

Fig. 4 Detection of platelet microparticles (PMPs) by nanoscale flow cytometry (nFC). (A) Representative cytograms showing Spherotech beads
used for mean equivalent soluble fluorochrome (MESF) calibration. Five peaks of different MESF intensities were accordingly detected by nFC.
(B) Linear regression of MESF versus green channel indicating intensities of every peak detected by the fluorescein isothiocyanate (FITC)
detector. (C) CD41a-positive platelet microparticles in human plasmas. Note that 0.025 μg of CD41a-FITC antibody or isotype-matched control
were used. Plasma immunostained with anti-CD41a-FITC antibody and then treated with Triton X-100 (final concentration of 0.5%) (bottom
panel). (D) Antibody titration curve was performed with human platelet-free plasma. (E) CD41a-positive PMPs levels in three human plasmas
analysed with light scatter triggering threshold or fluorescence threshold. Bars represent mean � standard error of the mean (SEM) for n ¼ 3
independent experiments.

Table 3 Mean fluorescence intensities of CD41a þ ve PMPs
does not change with plasma dilutions

Plasma #1 Plasma #2 Plasma #3

Dilution 1/10 2,056.1 2,361 2,603

Dilution 1/20 1,937.1 2,497 2,578

Dilution 1/40 2,045.9 2,520 2,575

Dilution 1/80 2,101.8 2,579 2,659

Mean � SD 2,583 � 89 2,489 � 92 2,603 � 39

Abbreviations: MESF, mean equivalent soluble fluorochrome; PMP,
platelet microparticle; SD, standard deviation.
Note: Values are expressed in MESF units.
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also provide these details if similar studies are to be done and
results to be compared.

Theopportunities affordedbynFCarenumerous; only 10 to
20 µL of plasma sample is required for analysis which is not
processed and is subsequently diluted 10 to 60� fold for final
analysis. Moreover, 20 to 50 ng of pre-conjugated antibody is
needed foranalysis at this scale,whereasapproximately1 µg is

often used to immunostain cells prior to ‘FACS’ analysis.
Moreover, the antibody titration experiments show that there
is no need to wash EVs even if feasible for the investigator
because there is a lack of non-specific signal/events when
antibody alone is analysed. This is an important benefit and
avoids the need for time-consuming ultra-centrifugation
steps. Exploiting the full capacity offered by nFC does require

Fig. 5 Effect of storage of plasma samples over 4 weeks at various temperatures. (A) Enumeration of total microparticles (MPs) and CD41a þ ve
MPs from plasma stored for 4 weeks at room temperature (RT), (B) at 4°C, (C) at –20°C and (D) at –80°C for 4 weeks. Bars represent
mean � standard error of the mean (SEM) for n ¼ 3 independent experiments. Two-way analysis of variance (ANOVA) test, �p < 0.05, ��p < 0.01
and ���p < 0.001; ns ¼ not significant, nd ¼ non-detectable.
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many technical considerations to ensure accurate enumera-
tion ofMPs beyond optimal sample preparation and handling.
For instance, antibody titration experiments along with iso-
types are pre-requisite to determining the optimal antibody

concentration to be used. On that note, antibody working
concentration may differ depending on sample type (culture
media, plasma, urine, and so on)whereMP/EVconcentrations
are not identical in bodyfluids. Sample dilutionmust be tested
to determine the full range of dilutions responding to linearity
and to avoid saturation of acquisition capacity of nFC aswell as
too dilute of a concentration for each sample. Use of isotype-
matched controls is also required for gating and control of
background to minimize inter-experimental batch-to-batch
variability. Differences in non-specific binding present
between plasma samples justify the inclusion of isotype
controls. Interestingly, Andersen et al raise some concerns
regarding the use of isotype-matched controls and recom-
mend incubation of plasma samples with a blocking reagent
prior to FC analysis.47 Therefore, it would be relevant to
compare blocking reagent versus isotype control in terms of
background levels for EV analysis by nFC.

EVs have demonstrated great potential as translational
biomarkers in several disease conditions, but biomarker
validation for future clinical use requires large number of
samples to be analysed. The ideal technology for EV-based

Fig. 6 Impact of freeze thaw cycles of human plasmas on microparticle
(MP) integrity and enumeration. Enumeration of CD41a þ ve MPs of a
healthy control platelet-free plasma (PFP) sample that was frozen at –80°C
and differentially thawed gently on ice (black), at 4°C (red), at room
temperature (RT) (green) and at 37°C. Bars represent mean � standard
error of the mean (SEM) for n ¼ 3 independent experiments.

Fig. 7 Quantificationof plateletmicroparticles (PMPs) inmetastatic prostate cancer patients treatedwith docetaxel patientswith low and high radioactive
iodine (RAI) risk of chronic lymphocytic leukaemia (CLL). (A) Representative cytograms of total microparticles (MPs) and CD41a þ ve MPs in two patients
expressing either low or high levels of PMPs. (B) Box plots showing PMP enumeration in metastatic prostate cancer patients sensitive (n ¼ 12) or resistant
(n ¼ 17) to docetaxel treatment. (C) Representative cytograms of total MPs and CD41a þ ve MPs in two patients with low or high risk of CLL. (D) Box plots
showing PMPenumeration CLL patients low RAI (n ¼ 11) or high RAI (n ¼ 11). (E) Box plots showing percentage of PMPs in bloodof CLL patients low RAI or
high RAI. Bars represent mean � standard deviation (SD). Student’s t-test, ns ¼ non-significant.
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biomarker validation will allow for accurate particle enu-
meration, multi-parameter phenotyping in a high-through-
put manner. Even though no such technology is
commercially available, FC is the most suitable and fulfils
these criteria. Advanced optical methods including NTA,
electron microscopy, atomic force microscopy and high-
resolution microscopy have revolutionized the EV research
field offering an unprecedented closer look to EV shape,
composition and concentration. However, these technolo-
gies are very expensive and time-consuming, hindering their
use in the clinical setting. FC is a well-established methodol-
ogy but lack of sensitivity of conventional flow cytometers
for sub-micron particle detection is an on-going limitation in
EV research in terms of absolute quantification of EVs and
reproducibility. Interestingly, Arraud et al39 presented a
strategy to refine EV enumeration by using FC and fluores-
cence triggering wherein EV levels are generally higher as
determined by fluorescence-based detection comparedwith
light scatter-based detection. We observed that PMP levels
from human plasmas were similar when using both light
scatter or fluorescence triggering. These results align with a
recent study showing superiority of light scatter detection of
EVs over fluorescence triggering.36 Our values are also con-
sistent with those from Brisson and colleagues39 when we
enumerated 20,484 CD41a þ ve PMPs per microlitre
( � 5,250) compared with 21,986 CD41a þ ve PMPs per
microlitre ( � 5,977). This cross-validation result confirms
accurate and reliable quantification of CD41a þ ve PMP sub-
populations by nFC and light scatter detection only.

Superiority of nanoscale flow cytometers over conven-
tional flow cytometers resides within significant improve-
ments made for optical parameters and fluidic systems. For
instance, unlike the majority of conventional flow cyt-
ometers using a high-powered blue laser (488 nm) to illu-
minate sub-micron particles, the A50Micro Plus utilizes a
405-nm laser and a slow flow rate resulting in better
sensitivity for particles below 200 nm.37 To our knowledge,
only Beckman Coulter also offers a flow cytometer (Cytoflex
S) that relies on light scatter from EVs with a violet laser
(405 nm). Calibration of FC instruments and standardization
are required to attain inter-laboratory reproducibility and
the validation of EVs as clinical biomarkers. In our study, the
Apogee A50-Microwas calibrated for light-scatter resolution
with silica-based calibration beads, whereas numerous stu-
dies erroneously encourage the use of latex/polystyrene
beads. The latter exhibit high refractive indices that do not
reflect those of EVs leading to under-estimation of EV con-
centrations and their sizes. In contrast, use of silica beads
appears more relevant, exhibiting a RI closer to EVs.

nFC, or in some cases, ‘microflow’ cytometry, will remain
a cornerstone for EV analysis because the majority of experi-
ments currently performed are of the immunophenotyping
variety. This technology allows for high-throughput detec-
tion of specific MP populations and association with prog-
nosis and outcome in various diseases. In our case, we
performed two independent retrospective analyses in pros-
tate cancer patients and leukaemia patients. Interestingly,
we observed that PMP levels are not predictive of patient

response to docetaxel in the prostate cancer study. In con-
trast, PMP levels tend to decrease in high-risk patients
compared with low-risk patients. Both studies are limited
by the small number of samples as well as discrepancy in
sample preparation. However, it demonstrates that enu-
meration of PMPs can be standardized and performed
when following a straightforward protocol. Proper calibra-
tion of nanoscaleflowcytometers, standardization of sample
processing and analytical conditions may allow for accurate
determination of PMP concentrations in hundreds of patient
samples within a week. Guidelines of this nature will have
significant bearing as EVs like PMPs continue to have diag-
nostic and prognostic potential in the areas of oncology,
haematology and infectious diseases.

What is known about this topic?

• Enumeration of platelet microparticles by conven-
tional flow cytometry instrumentation is widely
accepted but is unable to detect events smaller than
250 nm in diameter.

• Nanoscale/high-resolution flow cytometry is a new
technology that is designed to analyse events that
are between 100 and 1,000 nm in diameter and has
been used to enumerate extracellular vesicles such as
platelet microparticles.

What does this paper add?

• This paper provides key technical details regarding the
detection limits of nanoscale flow cytometry and the
optimal range of settings on this instrument for analys-
ing extracellular vesicles such as plateletmicroparticles.

• Linearity in results, that is, the expected concentration
obtained when the sample is serially diluted, is lost
when the flow rate is too low, when the events of
interest are close to the size of ‘noise’ and when the
sample is analysed without any dilution.

• Analysis of platelet microparticle levels in the plasma
samples of newly diagnosed prostate cancer patients
that have responded to or failed chemotherapy
revealed no significant difference. A decrease in plate-
let microparticle levels in low versus high RAI leukae-
mia patients was observed using this technique.
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