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Abstract
Blood contains extracellular vesicles (EVs), which are biological nanoparticles with clinical applications. In blood plasma, EVs are
outnumbered by similar-sized lipoprotein particles (LPs), leading to controversial data such as non-specific binding of antibodies to LPs.
Flow cytometry is a clinically applicable technique to characterize single EVs in body fluids. However, flow cytometry data have arbitrary
units, impeding standardization, data comparison, and data interpretation, such as differentiation between EVs and LPs. Here we present a
new method, named flow cytometry scatter ratio (Flow-SR), to relate the ambiguous light scattering signals of flow cytometry to the diameter
and refractive index (RI) of single nanoparticles between 200-500 nm in diameter. Flow-SR enables label-free differentiation between EVs
and LPs and improves data interpretation and comparison. Because Flow-SR is easy to implement, widely applicable, and more accurate and
faster than existing techniques to size nanoparticles in suspension, Flow-SR has numerous applications in nanomedicine.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Extracellular vesicles (EVs), such as exosomes and microvesicles, are biological nanoparticles that are released by cells
into the blood to transport waste and exchange intercellular
messages, such as DNA, RNA, and surface receptors. 1 Because
the size, concentration, composition and function of EVs change
with disease, EVs are excellent candidates for early biomarkers
of common diseases including cancer 2–4 and thrombosis. 5
Moreover, modified EVs are currently being examined as
therapeutic agents. 6–8 Consequently, the scientific interest in
EVs is thriving.
Figure 1A shows a typical transmission electron microscopy
(TEM) image of EVs and lipoprotein particles (LPs) from the

cell-depleted supernatant of a blood bank platelet concentrate.
The figure reveals two key problems which the research field is
facing: (1) most EVs have a diameter b500 nm and are therefore
difficult to detect and study, 9 and (2) EVs are outnumbered by
other similar-sized nanoparticles. 10–12 Especially blood plasma
contains an abundance of nanoparticle types, such as LPs and
high molecular weight proteins, which overlap in size with
EVs. 10–12 Despite the development of novel methods to isolate
EVs, 11,13 co-isolation of contaminants and loss of EVs remains
unavoidable. For example, this co-isolation has led to confusion
regarding the contributions of EVs and LPs as carriers of
microRNA (miRNA) in human plasma. 12,14–16 To minimize the
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Figure 1. Flow cytometry data are typically presented in arbitrary units (a.u.), which hampers data interpretation and impedes data comparison. (A) Transmission electron
microscopy (TEM) image of extracellular vesicles (EVs) and lipoprotein particles (LPs) from the cell-depleted supernatant of a platelet concentrate. The sample is
polydisperse and all particles have a diameter b500 nm. EVs have a cup-shaped or homogeneous morphology and a diameter ≥30 nm. LPs are typically lighter than EVs,
have a homogeneous morphology, but can also be smaller than 30 nm. (B and C) Scatter plots of side versus forward scatter of nanoparticles from the cell-depleted
supernatant of a platelet concentrate measured by two different flow cytometers. The flow cytometry data cannot be mutually compared or related to the TEM data.

effect of an isolation method on measurement outcome, flow
cytometry can be used to identify and characterize EVs directly
in (diluted) plasma. 17 Due to the high throughput and multiplex
fluorescence capabilities, flow cytometry is currently a promising and therefore a widely used technique to study single EVs in
a clinical setting. 18
To characterize EVs, state-of-the-art flow cytometers detect
the forward scattered light (FSC), side scattered light (SSC), and
fluorescence of single EVs beyond kHz rate. 19 Figure 1, B and C
show the SSC-FSC scatter plots of EVs and LPs from the
cell-depleted supernatant of a platelet concentrate measured by
two different flow cytometers (A50-Micro, Apogee Flow
Systems, UK; FACSCanto II, Becton Dickinson, USA). Because
light scattering is a complex process, which depends on the size
and refractive index (RI) of nanoparticles and the optical
configuration of the flow cytometer, FSC and SSC are presented
in arbitrary units. The arbitrary units, however, cause problems
with data interpretation, data comparison and standardization.
For example, from the scatter plots it is unclear which events
correspond to the EVs of interest and what the diameter of the
EVs is. Consequently, the scatter plots cannot be related to data
generated by other analytical methods, such as TEM (Figure 1A).
Moreover, different flow cytometers provide different scatter
plots for the same sample, thereby impeding data comparison
and multicenter research. These shortcomings of data representation lead to a 10 3-fold difference in the reported concentration
of platelet EVs in blood plasma of healthy individuals 20 and
caused scientists to study empty cells instead of the envisioned
EVs. 21,22 In sum, more accurate, reproducible, and accessible
methods to characterize EVs are urgently needed.
Here we introduce a new method to derive the diameter and RI
of single nanoparticles from the FSC and SSC intensities of a flow
cytometer. Direct access to the EV diameter in SI units solves the
flow cytometry related problems with data interpretation, data
comparison and standardization. Moreover, we demonstrate
label-free differentiation between EVs and LPs based on

differences in their RI, thereby solving a key problem of the
research field.

Methods
Sample preparation
Beads (Supplementary Table 1) used to calibrate the FSC and
SSC signals (Figure 2) were diluted in 50 nm filtered (Nuclepore, GE
Healthcare, USA) purified and deionized water to a concentration of
10 6 mL −1. The bead mixture (Supplementary Table 2) used to
validate size and refractive index determination (Figure 3) was
diluted to a total concentration of 3·10 7 mL −1 (5·10 6 mL −1 for each
population). Reference values of the bead diameters were obtained
from the manufacturer specifications for the Thermo Fisher
Scientific beads, an inter-laboratory comparison study for the
Microparticles GmbH beads, 23 and TEM for the Kisker Biotech
GmbH beads. Oil emulsions were diluted 4-fold (RI=1.36) and
10 6-fold (RI=1.40) and gold nanoparticles were diluted 100-fold in
50 nm filtered purified and deionized water. Intralipid was diluted
10 7-fold in 50 nm filtered phosphate-buffered saline (PBS; 1.54 mol
L −1 NaCl, 12.4 mmol L −1 Na2HPO4, 2.05 mmol L −1 NaH2PO4,
pH 7.4).
EVs and LPs (Figure 4, A-C) were isolated from an outdated
platelet concentrate (Platelets, Sanquin, The Netherlands). The
platelet concentrate (30 mL) was diluted 1:1 with 0.22 μm
filtered (Millipore, Merck chemicals, Germany) PBS. Next, 12
mL acid citrate dextrose (0.85 mol L −1 trisodiumcitrate, 0.11 mol
L −1 D-glucose and 0.071 mol L −1 citric acid) was added and the
suspension was centrifuged (20 minutes, 800·g, 20 °C). The
supernatant was isolated and 3-fold centrifuged (20 minutes,
1,550·g, 20 °C) to ensure complete removal of platelets.
Cell-depleted plasma aliquots of 1 mL were frozen in liquid
nitrogen and stored at -80 °C. Prior to the measurement,
cell-depleted plasma was thawed on ice and incubated for 15
minutes with 1.5 μg mL −1 phycoerythrin (PE)-conjugated
CD61 (555754, Becton Dickinson, USA) and, as a control, with
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Figure 2. Size and refractive index (RI) determination of nanoparticles by the flow cytometry scatter ratio (Flow-SR). (A) Forward scatter, (B) side scatter, and (C)
Flow-SR (side scatter/forward scatter) versus diameter as measured (symbols) and calculated (lines) for polystyrene (squares, solid line), silica (circles, dashed line)
beads, extracellular vesicles (EV; dash dotted line), and particles with a refractive index of 1.40 and 1.50 (dotted lines). Forward scatter or side scatter cannot be
individually related to diameter without knowledge of the RI of a particle. However, Flow-SR as a function of diameter is independent of the RI for nanoparticles with a
diameter ≤1.2 times the illumination wavelength (λ). The arrows in panel (C) show how the diameter of a 200 nm nanoparticle can be obtained by Flow-SR. The
arrows in panel (A) show how the RI of a 200 nm polystyrene bead can be obtained from the measured forward scatter once the diameter is known from Flow-SR.

1.5 μg mL −1 IgG1-PE (555749, Becton Dickinson, USA). The
isotype control is a negative control to measure the concentration of
EVs with non-specifically bound primary antibodies. To stop the
reaction and prevent swarm detection, 21 the stained cell-depleted
plasma was diluted 8-fold in PBS citrate.
Flow cytometry settings and analysis
All samples except the 200 nm gold nanoparticles were detected by
an A50-Micro (Apogee Flow Systems, UK) during 60 seconds at a flow
rate of 4.51 μL/min. The 200 nm gold nanoparticles were measured
after the flow cytometer was upgraded to an A60-Micro. Whereas the
A50-Micro is equipped with a 70 mW 405 nm laser, the A60-Micro is
equipped with a 200 mW 405 nm laser and an improved obscuration
bar. To compensate for the improved sensitivity, the 200 nm gold
nanoparticles were measured at a laser power of 50 mW. The trigger
threshold was set on FSC or SSC. Supplementary Table 3 shows the
applied detector settings for all measurements. Data processing and
representation were done with MATLAB R2011b (Mathworks, USA)
and ORIGINPRO 8.5.0 (OriginLab Corporation, USA).
The symbols in Figure 2, A and B represent the mean diameter
(Supplementary Table 1) and scattering intensity of each bead
population. The mean scattering intensity was obtained by fitting the
histogram of scattering intensities with a Gaussian function. The
horizontal error bars represent the standard deviation of the size
distribution (Supplementary Table 1). The vertical error bars represent
the measurement error, defined as the mean coefficient of variation of
the mean scattering intensities of 400 nm, 600 nm, 799 nm, and 994
nm polystyrene beads, which were measured 18 times during 45 days.
In Figure 4C, a fluorescence gate of 25 a.u. was used to select
CD61+ EVs. Supplementary Figure 2, A and B show a scatter
plot of PE-fluorescence versus FSC for the IgG1 control and the
cell-depleted supernatant of a platelet concentrate, respectively.
Light scattering calculations
The power of light P scattered in the direction of a scatter
detector (Figure 2, A and B) by a spherical particle with diameter

d and RI np is given by:
P¼F

∬ΩFSC;SSC

ηðjS 2 j2 cos ϕ2 þ jS 1 j2 sin ϕ2 Þ
k2

sinθdθdϕ

ð1Þ

where Ω represents the solid angles of the FSC or SSC detector,
F is a factor to scale the calculations to the data, η is the angle
dependent transmission efficiency of the objective, S1 and S2 are
the amplitude scattering matrix elements, θ the polar angle, ϕ
the azimuthal angle, and k = 2πnm/λ the wavenumber for a
medium with an RI of nm at wavelength λ. 24,25 For water, nm =
1.343 @405 nm and nm = 1.337 @488 nm. 26 For PBS, nm =
1.345 @405 nm and nm = 1.339 @488 nm. 27 Estimates of Ω
were either measured or obtained from datasheets and patents of
the manufacturer. 28 To find the optimal values for Ω and F, a
least square fit was applied on data from beads of known
diameter and RI (Supplementary Table 1). S1 and S2 depend on
d, np, nm, k, and θ, and were calculated using the MATLAB
scripts of Mätzler. 29 Since η decreases with increasing
propagation angle α with respect to the optical axis of a
microscope objective having aperture αmax, a sine function was
chosen empirically as a weighting function for η 30


πα
1
η ¼ sin
þ π
ð2Þ
2αmax 2
Flow cytometry scatter ratio (Flow-SR)
The flow cytometry scatter ratio (Flow-SR; Figure 2C) is the
ratio between SSC and FSC. To obtain the size distribution of the
bead mixture (Figure 3, B and C), a lookup table of Flow-SR versus
d (Δd = 1 nm) of polystyrene was calculated (Figure 2C). The
measured Flow-SR was related to d by linear interpolation. Because
the lookup table has unique solutions for 0.53 ≤ Flow-SR ≤ 4.29
and d ≤ 560 nm, events with a Flow-SR b 0.53 or a Flow-SR N 4.29
were omitted. Beads N 560 nm were not present in the mixture.
To obtain the RI distribution of the bead mixture (Figure 3, B
and D), a lookup table of FSC versus d (1 ≤ d ≤ 560 nm, Δd =
1 nm, 1.345 ≤ RI ≤ 2.000, ΔRI = 0.001) was calculated
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Figure 3. Validation of size and refractive index (RI) determination of nanoparticles by the flow cytometry scatter ratio (Flow-SR) using a bead mixture
containing (A) 125 nm, (B) 240 nm, (C) 315 nm, and (D) 380 nm polystyrene beads and (E) 255 nm, and (F) 391 nm silica beads, oil emulsions, Intralipid, and
gold nanoparticles. (a) Scatter plot of side scatter versus forward scatter of the bead mixture. Due to the arbitrary units (a.u.), the diameter and RI of the beads are
unknown. (b) Scatter plot of RI versus diameter of the bead mixture. The diameter is obtained from Flow-SR (Figure 2C). The RI is derived from a lookup table
of forward scatter versus diameter (Figure 2A). Bead populations B-F are clearly differentiated by size and RI. Bead population A and background noise result in
a horizontal and vertical asymptote, caused by the detection thresholds and limited resolution of the flow cytometer. Panel (a) and (b) share the same scale bar. (c)
Size distributions of the bead mixture (solid lines) fitted by Gaussian distributions (dotted lines). The bin width is 10 nm. The vertical bars indicate the reference
size as mean ± standard deviation. (d,e) RI distributions (lines) of the bead mixture and oil emulsions, Intralipid, and 200 nm gold nanoparticles. The vertical bars
indicate the range of reported RIs from literature. 31–34,36 The bin width is 0.01.

(Figure 2A). The measured diameter and FSC were related to the
RI by linear interpolation. Events with an RI N 2 were omitted. In
total, 10 % of the events were omitted.
To obtain the size distributions of EVs and LPs from the
cell-depleted supernatant of a platelet concentrate (Figure 4, B and

C), a lookup table of Flow-SR versus d of silica was used (Figure
2C), which has unique solutions for 0.33 ≤ Flow-SR ≤ 4.29 and d
≤ 640 nm. Events with a Flow-SR b 0.33 or a Flow-SR N 4.29
were omitted. For the cell-depleted supernatant of a platelet
concentrate, the concentration of nanoparticles N 640 nm is
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Figure 4. Application of the flow cytometry scatter ratio (Flow-SR) to extracellular vesicles (EVs) and lipoprotein particles (LPs) from the cell-depleted
supernatant of a platelet concentrate. (A) Scatter plot of side versus forward scatter of EVs and LPs from the cell-depleted supernatant of a platelet concentrate.
(B) Scatter plot of RI versus diameter of the same sample. For nanoparticles N200 nm (vertical dashed line), two populations are clearly differentiated by RI. The
horizontal dashed line indicates an RI of 1.42. (C) Scatter plot of RI versus diameter of all CD61+ EVs from the same sample. From all CD61+ EVs N200 nm,
97% has an RIb1.42. Panel (B) and (C) share the same scale bar.

negligible. 9 The RI distribution was obtained similarly to the bead
mixture. In total, 17.2 % of the ungated events and 4.8% of the
CD61+ events were omitted.
Transmission electron microscopy
To confirm the presence of EVs and LPs in the cell-depleted
supernatant of a platelet concentrate, 900 μL of cell-depleted
plasma was thawed on ice and loaded on a Sepharose (CL-2B,
GE Healthcare, Sweden) column of 10 mL. 11 Next, 10 μL of
column fraction 9 was applied to a formfar-carbon coated 300
mesh grid (Electron Microscopy Sciences, USA) for 7 minutes,
followed by staining with 1.75 % (w/v) uranyl acetate for 7
minutes. The sample was allowed to dry at room temperature for
2 hours and imaged with a transmission electron microscope
(Technai-12, FEI, The Netherlands).
To obtain the reference values for the silica bead sizes in
Supplementary Table 1, beads were diluted in 50 nm filtered
(Nuclepore) purified and deionized water (MilliPore) to a
concentration of ~10 8 mL −1. To prevent aggregation of beads,
0.6 mM sodium dodecyl sulphate was added. Next, 7 μL of the
solutions were added to formvar-carbon coated 300 mesh grids
(Electron Microscopy Sciences, Hatfield, USA). After complete
water evaporation, beads were imaged with a transmission
electron microscope (CM-10, Philips, The Netherlands). From at
least 1,000 beads of each population, the surface area per particle
was determined with the Analyze Particles function of IMAGEJ
(1.50i, National Institutes of Health, USA). Subsequently, the
diameter was calculated from the surface area of each bead to
create a size distribution. The size distributions were fitted by
Gaussian functions to obtain the reference mean diameter and
standard deviation.
Accuracy and precision
Accuracy is provided by the measurement error, defined as
the measured mean value divided by the reference value
(Supplementary Table 1) times 100%. Precision is provided by
the coefficient of variation (CV) of the flow cytometry

measurement, given by:
s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
  ﬃ
σm 2 σs 2
−
∙100%
CV ¼
μm
μs

ð3Þ

where σm and σs are the measured and reference (Supplementary
Table 1) standard deviations, respectively, and μm and μs are the
measured and reference (Supplementary Table 1) mean values,
respectively.
Results
From arbitrary units to size and RI
To relate FSC and SSC to the diameter and RI of single
nanoparticles, we measured the FSC and SSC for polystyrene
and silica beads with known diameter and RI (Supplementary
Table 1). We described the data by Mie theory, 25 incorporating
the diameter and RI of the nanoparticle, the RI of the medium,
and the optical configuration of the flow cytometer 9,21 (see
Supporting information). Figure 2, A and B show that the
theory describes the data well (R 2≥0.98 for polystyrene and
R 2≥0.93 for silica) and that the measured FSC or SSC cannot
be uniquely related to both the diameter and RI of the
nanoparticle.
To obtain the diameter independent of the RI of a
nanoparticle, we took the ratio between SSC and FSC, which
we named the flow cytometry scatter ratio (Flow-SR). Figure 2C
shows that the Flow-SR versus diameter relationship is
independent of the RI for nanoparticles with a diameter
≤1.2-fold the illumination wavelength of 405 nm. For example,
because a nanoparticle with FSC 90 and SSC 225 has a Flow-SR
of 2.5, its diameter is 200 nm regardless of the RI (Figure 2C,
arrows). After the diameter is obtained by Flow-SR, a lookup
table of scatter versus diameter can be used to derive the RI. 24
For example, a nanoparticle of 200 nm with FSC 90 has an RI of
1.50 (Figure 2A, arrows). Thus, Flow-SR and Mie theory provide
a tool to determine both the diameter and RI of spherical
nanoparticles.
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Validation of size and RI determination
To validate the capability of Flow-SR to determine the
diameter and RI of single nanoparticles, we have measured FSC
and SSC of a mixture of polystyrene and silica beads
(Supplementary Table 2). The beads in the mixture differ from
the beads used to calibrate the flow cytometer. Figure 3a shows
the SSC-FSC scatter plot of the bead mixture. The 6 bead
populations are clearly discernible, but the diameter and RI of the
beads cannot be obtained from the plot. By applying Flow-SR,
the diameter and RI of the beads were obtained, as shown in
Figure 3b. Except for the 125 nm polystyrene beads, for which
the flow cytometer lacked the required resolution to apply
Flow-SR, each bead population is clearly discernible and
correctly identified by diameter and RI.
To determine the sizing accuracy and precision, Figure 3c shows
the size distribution of the polystyrene and silica beads. For all beads,
the diameter was determined with ≤7% accuracy and ≤6%
precision. For comparison, we previously obtained that nanoparticle
tracking analysis has an accuracy ≤7% and a precision ≤17%,
whereas tunable resistive pulse sensing has an accuracy ≤5% and a
precision ≤7% in determining the diameter. 9
Figure 3d shows the RI distribution of the bead mixture. Lack
of reference materials with a traceable RI precludes the
determination of accuracy and precision. However, the measured
RI of the beads are within the range of previous estimates, which
is 1.59-1.68 for polystyrene beads and 1.43-1.45 for silica
beads. 31–34 The coefficient of variation of the RI distributions
increases with decreasing size and ranges from 0.5% to 1.7%.
To further validate flow-SR, Figure 3e shows the measured
RI distributions of emulsions containing oil droplets of RI 1.36
and 1.40 (#1475, Apogee Flow Systems, UK), Intralipid
(Fresenius-Kabi, Germany), and 200 nm gold nanoparticles
(742066, Sigma-Aldrich, Germany). The oil emulsions and
Intralipid are polydisperse and contain particles with an RI
resembling EVs 24,35 and lipoproteins, 36 respectively. The
measured RI of these polydisperse samples matches the
expectation values. Due to the presence of free electrons, gold
nanoparticles have strong absorption (k=1.84-2.03) 37,38 and
surface plasmons that increase the scattering efficiency.
However, Figure 3e provides the RI of a dielectric sphere
without absorption having the same scattering efficiency as 200
nm gold nanoparticles. Based on the measured complex RI of
gold, 38 we expect 200 nm gold nanoparticles to scatter as
efficiently as 200 nm non-absorbing dielectric spheres with an RI
of 1.92. We attribute the underestimation of the RI to the
uncertainty in the expected RI for gold nanoparticles, 39 a 26%
overestimation of the determined mean diameter, and the
presence of surfactants affecting the scattering properties of gold.
Label-free differentiation between EVs and LPs
Besides EVs, blood plasma contains an abundance of
similar-sized LPs. 10,11 Because EVs and LPs differ in composition, and because the RI depends on the composition of a
nanoparticle, 25 we hypothesize that EVs and LPs can be
differentiated by RI using Flow-SR. To confirm our hypothesis,
we have measured EVs and LPs from the cell-depleted

supernatant of a platelet concentrate. Figure 4A shows the
resulting SSC-FSC scatter plot. Because the data are expressed in
arbitrary units, it remains unclear which data points correspond
to the EVs of interest. Moreover, the scatter plot cannot be
related to TEM data of the same sample (Figure 1A).
Figure 4B shows the RI-diameter scatter plot of the same
sample after application of Flow-SR. Now, two populations are
discernible based on their RI. Because the mode RI of
platelet-derived EVs is expected to be 1.39 35 and the RI of
LPs is N1.45, 36 we attribute events with an RI b1.42 (79%) to
EVs and events with an RI N1.42 (21%) to LPs. The asymptotes
are caused by the detection thresholds, with the vertical
asymptote resulting in the apparent presence of nanoparticles
with an RIN1.6. To avoid artifacts, we will focus on
nanoparticles N200 nm for further analysis.
To confirm that events with an RI b1.42 are EVs and not LPs,
we labeled EV with a fluorescent marker against CD61. 40–42
CD61 is a subunit of the platelet fibrinogen receptor and therefore
expected to be present on platelet-derived EVs. Figure 4C shows
that 97% of the CD61+ events indeed have an RI b1.42. Thereby,
we demonstrate label-free differentiation between EVs and LPs.

Discussion
Here we present a new method, named Flow-SR, to relate the
ambiguous light scattering signals of a flow cytometer to the
absolute size and RI of single nanoparticles. Within the dynamic
range of the scatter detectors, Flow-SR has higher accuracy
(b7%) and precision (b6%) and is N100-fold faster than
nanoparticle tracking analysis and tunable resistive pulse
sensing, two commonly used techniques dedicated to sizing
nanoparticles in solution. 9,18,24 Moreover, the introduction of the
RI as a new label-free parameter for nanoparticles has three
important consequences for EV research.
First, Flow-SR enables label-free differentiation between EVs
(RIb1.42) and LPs (RIN1.42). The finding that platelet EVs 43
and LPs are spherical legitimates the application of Flow-SR.
Hitherto, label-free differentiation between EVs and LPs was
only possible with cryo electron microscopy, 22,43 an accurate but
low throughput technique. However, even when flow cytometry
in combination with membrane dye staining is used, both EVs
and LPs may be stained due to similarities in membrane
composition. RI-based differentiation, on the other hand, is
expected to be more specific. Volume-wise, EVs primarily
consist of water surrounded by a phospholipid bilayer. 22,24,42
Consequently, the effective RI of EVs is closer to water than the
RI of other nanoparticles in blood, such as LPs, high molecular
weight proteins, and protein aggregates. RI-based identification
has therefore perspective to become a generic EV marker with
high specificity. Because fluorescent antibodies may bind
non-specifically to LPs, a specific generic EV marker will also
improve the specificity of flow cytometry assays involving
immunostaining. Using Flow-SR, we found a median RI of 1.37
for CD61+ EVs N200 nm. The measured RI of plasma EVs is
similar to the RI of urinary EVs 24 and lies within the values
expected from the concentric morphology and chemical composition of the EVs. Because an earlier study lacked the resolution to
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differentiate between EV and LPs, we claim to have measured
the first RI distribution of EVs from blood plasma.
Second, access to the RI and diameter of EVs is of great value
to data comparison and standardization. Especially because (1)
the concentration of EVs increases with decreasing size, 9 and (2)
flow cytometers differ in sensitivity, the measured EV
concentration strongly depends on the dynamic size range of
the flow cytometer. For example, a decrease in the minimum
detectable EV size from 80 nm to 60 nm would result in a
2.4-fold increase in the obtained concentration. 9 Knowledge of
the detected EV diameter is therefore essential to comparing the
EV concentration between flow cytometers. A study involving
multiple flow cytometers with nanoparticle sensitivity on both
the FSC and SSC detector is required to show whether diameter
estimation by Flow-SR improves data comparison. Knowledge
of the RI may improve standardization initiatives that include
flow cytometers that lack the sensitivity for Flow-SR. For
example, the measured median RI of 1.37 of plasma EVs can be
used to relate light scattering of one channel to the diameter of
EVs by Mie theory.
Third, Flow-SR improves data interpretation. For example,
the size and RI representation of Figure 4, B and C reveal that the
light scattering signals of EVs just exceed the detection threshold
of the flow cytometer. Consequently, flow cytometry and TEM
detect entirely different sizes of EVs: whereas flow cytometry
detects the relatively low concentration of EVs N200 nm, TEM
primarily images smaller EVs. In addition, for the size range
200-400 nm, we show that the concentrations of EVs and LPs in
platelet concentrates have the same other of magnitude. This is
remarkable, because in blood plasma the EV concentration in the
size range ~60-200 nm is at least 2 orders of magnitude lower
than the LP concentration. 10
Compared to previous approaches to determine the size and
RI of particles by flow cytometry, 30,44 Flow-SR is easier to
implement. Because Flow-SR is applicable to all instruments
with nanoparticle sensitivity on the FSC and SSC detector
(Supplementary Figure 1A), Flow-SR does not require hardware
modifications, whereas for example scanning flow cytometry
requires a specialized setup to enable the detection of angle
dependent light scattering. 44 Furthermore, Flow-SR is solely
based on taking the ratio between SSC and FSC and applying
Mie theory, for which documentation and scripts are widely
available, whereas a previous approach required empirical
corrections. 30 In previous approaches, the smallest detectable
particles were 570 nm and 900 polystyrene beads. 30,44 For our
flow cytometer, Flow-SR is applicable to spherical nanoparticles
between 200-500 nm with an RIN~1.36. Application to smaller
nanoparticles or nanoparticles with an RI closer to water is
theoretically possible but requires a more sensitive system and
additional research. Detection of larger particles can be
accomplished by using a longer wavelength, because the angular
light scattering distribution depends on the ratio between the
particle diameter and the wavelength (Supplementary Figure
1B). For gold nanoparticles, we obtained a 26% overestimation
of the mean diameter and therefore an underestimation of the RI.
However, only the gold nanoparticles were characterized by the
Apogee A60-Micro, which had a misaligned laser during this
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particular experiment. The application of Flow-SR to metal
nanoparticles therefore requires further investigation.
Because Flow-SR is relatively easy to implement, widely
applicable, accurate and fast, we expect immediate applications
in nanotechnology. Here, we demonstrated RI-based differentiation between EVs and LPs, polydisperse oil emulsions,
Intralipid, and 200 nm gold nanoparticles. In environmental
science, pollen (RI ≈ 1.53) 45 could be distinguished from
harmful cement dust (RI ≈ 1.70), 46 fly ash (RI = 1.55−1.60), 47
metal nanoparticles, or nanoplastics without labeling. In food
production, label-free monitoring of the concentration of EVs
and milk fat globules in cow milk or infant formula may improve
quality control. In nanomedicine, drug-containing liposomes
may be identified by RI and separated from empty liposomes
using flow cytometers with sorting capability. Compared to
immunostaining, RI-based differentiation of nanoparticles is less
specific but faster, cheaper, and harmless for biologically active
particles. Moreover, within the dynamic range of the scatter
detectors, data on EVs can be interpreted and compared between
flow cytometers, other analytical methods, and clinical laboratories. In metrology, Flow-SR may be used to certify reference
nanoparticles. 23 Thus, Flow-SR has the potential to contribute to
all disciplines where absolute sizing and identification of single
nanoparticles is essential.

Appendix A. Suppplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2017.12.012.
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