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Summary. Background: Enumeration of extracellular vesi-
cles has clinical potential as a biomarker for disease. In
biological samples, the smallest and largest vesicles typi-
cally differ 25-fold in size, 300 000-fold in concentration,
20 000-fold in volume, and 10 000 000-fold in scattered
light. Because of this heterogeneity, the currently
employed techniques detect concentrations ranging from
10* to 10" vesicles mL™'.  Objectives: To investigate
whether the large variation in the detected concentration
of vesicles is caused by the minimum detectable vesicle
size of five widely used techniques. Methods: The size and
concentration of vesicles and reference beads were mea-
sured with transmission electron microscopy (TEM), a
conventional flow cytometer, a flow cytometer dedicated
to detecting submicrometer particles, nanoparticle track-
ing analysis (NTA), and resistive pulse sensing (RPS).
Results: Each technique gave a different size distribution
and a different concentration for the same vesicle sample.
Conclusion: Differences between the detected vesicle con-
centrations are primarily caused by differences between
the minimum detectable vesicle sizes. The minimum
detectable vesicle sizes were 70-90 nm for NTA,
70-100 nm for RPS, 150-190 nm for dedicated flow cytom-
etry, and 270-600 nm for conventional flow cytometry.

Correspondence: Edwin van der Pol, Biomedical Engineering and
Physics, Academic Medical Center, University of Amsterdam, Mei-
bergdreef 9, PO Box 22660, 1100 DD, Amsterdam, the Netherlands.
Tel.: +31 20 5664386; fax: +31 20 5669569.

E-mail: e.vanderpol@amc.uva.nl

Received 21 November 2013
Manuscript handled by: P. H. Reitsma
Final decision: P. H. Reitsma, 25 April 2014

TEM could detect the smallest vesicles present, albeit
after adhesion on a surface. Dedicated flow cytometry
was most accurate in determining the size of reference
beads, but is expected to be less accurate on vesicles,
owing to heterogeneity of the refractive index of vesicles.
Nevertheless, dedicated flow cytometry is relatively fast
and allows multiplex fluorescence detection, making it
most applicable to clinical research.

Keywords: cell-derived microparticles; exosomes; optical
devices; reference standards; secretory vesicles.

Introduction

Extracellular vesicles, such as exosomes and microvesicles,
are released by cells into their environment as submicrom-
eter particles enclosed by a phospholipid bilayer [1]. These
vesicles contribute to many homeostatic processes, e.g.
coagulation and inflammation [2-4], and therefore have
potential clinical applications [5-8]. Unfortunately, most
single vesicles are below the detection range of many
techniques, owing to their small size and low refractive
index [9,10], leading to misinterpretation of data and
reported concentrations ranging from 10* to 10'? vesi-
cles mL™" in plasma [9-15].

In 2010, we reviewed the theoretical performance of 13
methods to determine the particle size distribution (PSD)
of vesicles [9]. The PSD describes the concentration as a
function of size, and defines which vesicle types are mea-
sured [4]. Unexpectedly, our simulations predicted that
each method would obtain a different PSD, thereby ham-
pering data interpretation, data comparison, and stan-
dardization.
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Table 1 Catalog numbers, diameters and concentrations of the subpopulations of polystyrene reference beads as determined by five methods

Catalog number 3050A 3100A 3200A 3400A 3600A
Diameter (nm)
TEM 46 + 7 102+ 5 203+ 5 400 + 7 596 + 8
Conventional flow cytometer - - 209 + 8 427 £ 33 592 + 20
Dedicated flow cytometer - 105+ 4 193 + 4 399 £ 6 589 + 7
NTA 49 + 11 93 + 21 189 + 23 380 + 64 607 + 27
RPS - 104 £ 10 200 + 10 418 + 31 623 + 36
Concentration (beads mL™!)
Prepared 2.0 x 10° 1.0 x 10° 1.0 x 108 1.0 x 107 1.0 x 10°
Conventional flow cytometer 1.0 x 10 1.0 x 107 0.7 x 10°
Dedicated flow cytometer 0.5 x 10° 0.8 x 10% 0.8 x 107 0.9 x 10°
NTA 0.1 x 10° 1.0 x 10° 1.2 x 108 2.5 % 107 1.0 x 10°
RPS 1.1 x 10° 1.2 x 10° 1.0 x 107 1.0 x 10°

NTA, nanoparticle tracking analysis; RPS, resistive pulse sensing; TEM, transmission electron microscopy. Diameter is expressed as

mean =+ standard deviation.

In this study, we performed an experimental evalua-
tion of five of the 13 methods. We selected the most
widely used methods capable of detecting single vesicles:
transmission electron microscopy (TEM), a conventional
flow cytometer, a flow cytometer dedicated to detecting
submicrometer particles, nanoparticle tracking analy-
sis (NTA), and resistive pulse sensing (RPS). The PSDs
of a standard population of reference beads and a
standard population of vesicles were measured with all
methods.

Materials and methods

PSD

Throughout this article, we define ‘size’ as the diameter of
a particle, and the PSD as the histogram of particle sizes,
providing the mean number of particles per milliliter per
10-nm bin [16]. Data processing and representation were
performed with oriGINPRO (v8.0724; OriginLab Corpora-
tion, Northampton, MA, USA).

Reference beads

To create a reference sample with a known PSD, a mixture
of traceable polystyrene beads (Nanosphere; Thermo
Fisher, Waltham, MA, USA) was prepared in de-ionized
water. RPS measurements require a conductive medium;
therefore, the beads were suspended in electrolyte buffer
(Izon, Christchurch, New Zealand). The size and concen-
tration of the reference beads were selected to resemble
those of previously reported vesicle PSDs [9,11-13,15,17].
Table 1 shows the size of the reference beads according to
TEM data of the manufacturer. The concentration
(beads mL™") was derived from the specifications. Fig-
ure 1A shows the PSD of the reference beads under
the assumption that each subpopulation has a Gaussian
distribution. The reference sample contained five subpopu-
lations, among which larger beads have lower concentra-
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tions. The total concentration was 3.1 x 10 beads mL™".
Prior to analysis, the reference sample was sonicated for
10 s and vortexed for 10 s. Table 2 lists the diameters of
silica beads (Silica Oxide Size Standards [Corpuscular,
Cold Spring, NY, USA]; Plain Silica [Kisker, Steinfurt,
Germany]) used to calibrate the flow cytometers and NTA
instrument.

Vesicle standard

As isolation of vesicles from blood is challenging [18], we
selected urinary vesicles for our biological standard sam-
ple. Urine contains a relatively high concentration of vesi-
cles with low contamination [9]. Urine from five healthy
male individuals was collected, pooled, and centrifuged
twice (8 x 50 mL, 10 min, 180 x g, 4 °C; and 20 min,
1550 x g) to remove cells. Cell-free urine aliquots (12 mL)
were frozen in liquid nitrogen and stored at — 80 °C. Prior
to analysis, samples were thawed on melting ice for 1 h,
centrifuged (10 min, 1550 x g, 4 °C) to remove precipi-
tated salts, and diluted in 0.2-pum-filtered (MilliPore, Biller-
ica, MA, USA) phosphate-buffered saline.

TEM

Data from the manufacturer were used to create the PSD
of reference beads by TEM. For analysis of the vesicle
standard by TEM (CM-10; Philips, Eindhoven, The
Netherlands), vesicles were prepared and analyzed as
described in Data S1. To obtain the vesicle concentration,
we multiplied the mean number of vesicles per surface
area by the grid area, divided by the sample volume.
Here, we assumed that all vesicles adhered to the grid
and were distributed uniformly.

Conventional flow cytometry

A flow cytometer (FACSCalibur; BD, Franklin Lakes,
NJ, USA) with a 15-mW 488-nm laser was used to detect
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Fig. 1. Particle size distribution (PSD). Concentrations (on a logarithmic scale) of the reference beads (left) and the vesicle standard (right)
detected by (A, B) transmission electron microscopy (TEM), (C, D) conventional flow cytometry, (E, F) dedicated flow cytometry, (G, H)
nanoparticle tracking analysis (NTA) and (I, J) resistive pulse sensing (RPS) are shown. The bin width is 10 nm. PSDs of the reference beads
(black line) were fitted by a sum of Gaussian functions (dotted red line). PSDs of the vesicle standard (black line) were fitted by a power-law
function (dashed green line). The PSD of the reference beads determined by TEM is based on data from the manufacturer. PSDs given by
NTA and RPS originate from two measurements with relatively high-sensitivity (black) and low-sensitivity (blue) settings.
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Table 2 Manufacturers, catalog numbers and diameters of silica
beads obtained by imaging at least 500 beads with transmission elec-
tron microscopy

Manufacturer Catalog number Diameter (nm)

Corpuscular 147020-10 105 £ 21

Kisker Psi-0.2 206 + 18
Psi-0.4 391 + 18
Psi-0.6 577 + 20
Psi-0.8 772 + 21
Psi-1.0 918 + 14

Diameter is expressed as mean + standard deviation.

side-scattered light (SSC) for 10 min at a flow rate of
~ 60 pL min~'. The detector settings are described in
Data S1. To calculate the particle concentration, the flow
rate was determined by weighting the sample volume
aspirated during 10 min. To prevent swarm detection
[15], the reference beads and vesicle standard were diluted
1000-fold (1.7 x 10° counts vs. 1.0 x 10° background
counts) and 100-fold (2.6 x 10° counts vs. 1.5 x 10°
background counts), respectively. The absence of swarm
detection was confirmed by serial dilutions.

To relate SSC to a particle size, we calibrated the flow
cytometer with beads of known size and refractive index.
Figure 2A shows the SSC histogram of polystyrene beads.
Figure 2B shows the SSC of polystyrene and silica beads
vs. their size. The data were fitted by Mie theory, incor-
porating the size and refractive index of the beads and
the optical configuration of the instrument [19]. Mie cal-
culations were performed with the scripts of Matzler [20]
in MATLAB (v7.9.0.529). The solid curve in Fig. 2B was
used to relate SSC to the size of the polystyrene reference
beads with a refractive index of 1.61 [15]. The dashed
curve in Fig. 2B was used to relate SSC to vesicle size,
with the assumption that vesicles are spheres with a
refractive index of 1.40, which was previously estimated
[14] and corresponds to the refractive index of cells
[21,22].

Dedicated flow cytometry

Throughout this article, we use ‘dedicated flow cytome-
try’ as a generic term for flow cytometers dedicated to
detecting submicrometer particles. A flow cytometer
(A50-Micro; Apogee, Hemel Hempstead, UK) with a
20-mW 488-nm laser was used to detect forward-scat-
tered light (FSC) and SSC. The detector settings are
described in Data S1. The sample volume injected by
the internal microsyringe was used to calculate the con-
centration of particles. In total, 1.4 x 10° reference
beads and 0.8 x 10° vesicles were analyzed. Analo-
gously to our approach for conventional flow cytome-
try, we related FSC to the vesicle size by using beads
and Mie theory, as illustrated for dedicated flow cytom-
etry in Fig. 2C,D.

© 2014 International Society on Thrombosis and Haemostasis
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NTA

A dark-field microscope (NS500; Nanosight, Amesbury,
UK) with a 45-mW 405-nm laser and an electron multi-
plying charge-coupled device (EMCCD) was used to
determine the PSD by tracking the Brownian motion of
single particles [12,23]. Measurements were performed
with two dilutions and two detection settings to increase
the effective size range, which is needed because light
scattered from the smallest and the largest beads differs
by five orders of magnitude, whereas the dynamic range
of the EMCCD is only approximately three orders of
magnitude. Consequently, settings suitable for detecting
46-nm beads would result in extreme saturation for 596-
nm beads. Two dilutions are needed, because a 50-fold
dilution is required to detect the smallest beads [23], but
at this dilution the probability of detecting a 596-nm bead
is < 0.5%.

Reference beads were analyzed with high-sensitivity set-
tings (diluted 1 : 50; shutter, 26.67 ms; gain, 650; thresh-
old, 22; 1.8 x 10° beads tracked) and low-sensitivity
settings (undiluted; shutter, 1.67 ms; gain, 100; threshold,
10; 1.1 x 10* beads tracked). We multiplied the concen-
tration as provided by the NTA software by the ratio
between the expected and measured concentrations of cal-
ibration beads [23]. This concentration calibration was
performed with 102-nm and 203-nm polystyrene beads
with concentrations of 2 x 107 and 1 x 10® beads mL ™"
for the high-sensitivity and low-sensitivity settings, respec-
tively. The vesicle standard was analyzed with high-sensi-
tivity settings (diluted 1 : 500; shutter, 26.67 ms; gain,
650; threshold, 19; 1.0 x 10° vesicles tracked) and low-
sensitivity settings (diluted 1 : 100; shutter, 26.67 ms;
gain, 400; threshold, 10; 1.1 x 10° vesicles tracked). Con-
centration calibration was performed with 105-nm and
206-nm silica beads with a concentration of 1 x 10
beads mL ™' for both the high-sensitivity and low-sensitiv-
ity settings [23], as the refractive indices of silica and vesi-
cles are close.

Per sample, 20 videos of 30 s were captured at 22.0 °C
and analyzed by NTA v2.3.0.17 (Nanosight), assuming a
medium viscosity of 0.95 cP. To obtain the overall PSD
O(d), the PSDs obtained with high-sensitivity settings, H
(d), and low-sensitivity settings, L(d), were combined at
the size dy, where the concentrations were similar
[H(dy) ~ L(dy), O(d) = H(d) for all d < dy, O(d) = L(d)
for all d > d].

RPS

RPS (qNano; Izon) determines the PSD from resistance
pulses caused by particles moving through a pore. Mea-
surements were performed with two pore sizes, for two
reasons. First, for a single pore, the detectable size range
is at best five-fold, whereas our smallest and largest refer-
ence beads differ 12-fold in size. Second, the analyzed
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Fig. 2. Relationship between scattering and the diameter of vesicles. (A) Side-scattered light (SSC; logarithmic scale) vs. concentration for poly-
styrene beads measured by conventional flow cytometry. (B) Measured (symbols) and calculated (lines) SSC (logarithmic scale) vs. diameter for
polystyrene beads (black), silica beads (red), and vesicles (green). The SSC increases with increasing particle diameter, and is lower for vesicles
than for beads. (C) Forward-scattered light (FSC; logarithmic scale) vs. concentration for polystyrene beads measured by dedicated flow cytom-
etry. The concentration of 102-nm beads was 100-fold higher than that of the other sizes to discriminate between signal and background
counts. (D) Measured (symbols) and calculated (lines) FSC (logarithmic scale) vs. diameter for polystyrene beads (black), silica beads (red),
and vesicles (green). Mie calculations are in excellent agreement with the data, except for the 799-nm and 994-nm polystyrene beads, owing to

detector saturation. a.u., arbitrary units.

sample volume depends on the pore size. With the NP100
pore, only 0.9 nL of sample was analyzed, containing < 1
bead of 596 nm on average. With the NP400 pore, 80 nL
was analyzed, containing 77 beads of 596 nm.

The reference beads were analyzed by RPS with high-
sensitivity settings (NP100; voltage, 0.70 V; stretch,
47.0 mm) and low-sensitivity settings (NP400; voltage,
0.26 V; stretch, 46.5 mm). The vesicle standard was
diluted 1 : 1, and analyzed with high-sensitivity settings
(NP100; voltage, 0.60 V; stretch, 46.0 mm) and low-sensi-
tivity settings (NP400; voltage, 0.40 V; stretch, 43.5 mm).
The pressure was set at 7.0 mbar. Calibration was per-
formed with beads supplied by the manufacturer. At least
1000 particles per sample were analyzed. A custom-made
Microsoft Visual Basic 2008 application interrupted the
measurement when the root-mean-square noise exceeded
10 pA. We required the R’-correlation of cumulative

counts with time to exceed 0.999, and the baseline current
drift not to exceed 5%. The two PSDs are combined in a
similar way as for NTA.

Results

TEM

Figure 1 shows all PSDs of the reference beads and vesi-
cle standard. Figure 1A shows the reference bead PSD
based on the prepared concentrations and manufacturer-
supplied data. Figure 1B shows the vesicle standard PSD
measured by TEM. The combined PSD has a peak at
45 nm, and for larger vesicles the concentration decreases
with increasing size. The spikes on the right-hand side
correspond to single vesicles. TEM can detect the smallest
vesicles present, owing to an imaging resolution of
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~ 1 nm. However, sample preparation may cause a reduc-
tion in vesicle size [18,24,25]. In addition, limited and
non-uniform adhesion of vesicles on the surface may
affect the PSD.

Conventional flow cytometry

Figure 1C shows that the smallest polystyrene bead
detected by conventional flow cytometry was 203 nm,
and that the peaks were broadened as compared with the
reference bead PSD. Figure 1D shows that the first bin of
the vesicle standard PSD corresponds to 340 nm, which is
140 nm larger than the smallest detected polystyrene
bead, owing to refractive index differences. The detected
concentration was 1.8 x 107 vesicles mL ™',

Dedicated flow cytometry

Dedicated flow cytometry is capable of detecting single
102-nm polystyrene beads, as shown in Fig. 1E. The width
of the peaks is comparable to the reference bead PSD.
Figure 1F shows that the first bin of the vesicle standard
PSD corresponds to 160 nm. Consequently, dedicated flow
cytometry detected approximately twice as small and
thereby 18-fold more vesicles than conventional flow
cytometry. The detected concentration was 3.3 x 10 vesi-
cles mL™". Figure 1D,F was produced on the assumption
of a vesicle refractive index of 1.40[14,21,22].

NTA

Figure 1G shows the reference bead PSD as detected by
NTA. By combining two measurements with different set-
tings, NTA detected all reference bead sizes, although
only 5% of the 46-nm beads were detected. Tracking of
46-nm beads was hindered by the presence of larger beads
that saturated the camera. Figure 1G also shows that the
peaks overlap because of broadening, which we attribute
to the uncertainty in the measured diffusion coefficient,
resulting from a limited track length and the uncertainty
in the particle position. Figure 1H shows the vesicle stan-
dard PSD obtained by combining two different settings.
The peak at 95 nm is broad as compared with other
vesicle PSDs. The smallest detectable vesicles appear to
be 10 nm, which we attribute to broadening of the PSD.
Using identical settings, we could detect only 5% of the
46-nm polystyrene beads, which have comparable light
scattering to a 70-90-nm vesicle.

RPS

Figure 11 shows the reference bead PSD as detected by
RPS. Through combination of measurements with an
NP100 and NP400 pore, beads of 102 nm and larger were
detected. The peaks are broadened as compared with the
reference bead PSD, which may be caused by particle

© 2014 International Society on Thrombosis and Haemostasis
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aggregation, electronic noise, and a varying pore dimen-
sion during the measurement. Figure 1J shows the vesicle
standard PSD with a peak at 75 nm.

Power-law function to describe the PSD of vesicles

The PSDs of vesicles are fitted by a mathematical func-
tion to enable quantitative comparison. To select the
most appropriate function, we fitted the vesicle standard
PSD with six empirical functions that are frequently used
to describe PSDs of particles in suspension [16], and per-
formed goodness-of-fit tests (Data S1). The Gamma func-
tion, Weibull distribution and power-law function
resulted in the best fits. Of these functions, we selected
the power-law function, as it is least susceptible to mini-
mum detectable vesicle size. The right panels of Fig. 1
show PSDs of the vesicle standards fitted by the power-
law function (dashed lines).

Measurement error and coefficient of variation (CV) of the
reference beads

The measured reference bead PSDs in Fig. 1 were fitted
by a sum of Gaussian functions (dotted lines) to derive
the mean and standard deviation of the size and the con-
centration for each subpopulation of beads (Table 1).
The symbols in Fig. 3A indicate the relative measurement
error of the size as the percentage difference between the
measurement and the manufacturer specification. Because
TEM data were used as reference, its relative size error is
set at 0%. The relative size error of the other methods
was < 9%. Dedicated flow cytometry had the lowest error
in sizing beads, followed by RPS, conventional flow
cytometry, and NTA. We attribute the low error of flow
cytometry to the homogeneous refractive index of poly-
styrene and the strong relationship between size and scat-
tering power (Fig. 2). The error of RPS was limited
because of specific measurement restrictions, as described
in Materials and methods. We attribute the relatively
large error of NTA to the uncertainty in the measured
diffusion coefficient.

The error bars in Fig. 3A indicate the CV, which is the
percentage ratio between the standard deviation and the
mean size, and is thus a measure of the width of the
peaks in Fig. 1. Owing to the high resolution of TEM as
compared with the measured standard deviation of the
bead sizes, this standard deviation is a close approxima-
tion of the actual size of the beads. The lowest CVs were
obtained by dedicated flow cytometry, followed by
conventional flow cytometry, RPS, and NTA.

Figure 3B shows the relative measurement error in
determining the concentration of subpopulations of refer-
ence beads. RPS was most accurate in determining the
concentration of beads, followed by conventional flow
cytometry, dedicated flow cytometry, and NTA. The error
of RPS was limited because of specific measurement
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restrictions. With flow cytometry, the concentration was
derived from the flow rate, which has an uncertainty of
10%. Dedicated flow cytometry underestimated the
concentration of 102-nm beads, as these beads were close
to the detection threshold. NTA was the least accurate
method for determining the concentration of beads, possi-
bly because of broadening of the PSD and crosstalk
between 203-nm beads and 400-nm beads. The concentra-
tion of 46-nm beads was underestimated, as tracking of
46-nm beads was hindered by the presence of larger beads
that saturated the camera.

Concentration of vesicles

Figure 4 shows the detected concentration of vesicles per
technique. As compared with RPS and NTA, conven-
tional flow cytometry underestimates the concentration of

vesicles almost 300-fold, whereas the more sensitive
dedicated flow cytometer underestimates the vesicle
concentration 15-fold. With TEM, the detected concentra-
tion was affected by sample preparation losses.

Discussion and conclusion

In this study, we compared the abilities of five commonly
used methods to determine the PSD of vesicles in suspen-
sion. A reference mixture of polystyrene beads with
known PSD (Fig. 1A) and a vesicle standard from urine
(Fig. 1B) were measured by each method. In agreement
with our theoretical review [9], each technique gives a dif-
ferent PSD for the same sample. By comparing the vesicle
PSDs and combining these results with the knowledge
obtained from reference beads, however, many differences
are now explained.

© 2014 International Society on Thrombosis and Haemostasis
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flow flow
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Fig. 4. Total detected concentration (logarithmic scale) of vesicles
detected by transmission electron microscopy (TEM), conventional
flow cytometry, dedicated flow cytometry, nanoparticle tracking
analysis (NTA), and resistive pulse sensing (RPS).

Throughout the Results section, we have discussed the
requirements and assumptions involved in the measured
PSDs. Table 3 summarizes these requirements and
assumptions, and also lists the minimum detectable vesicle
size, the measurement times, and the capabilities to obtain
functional information, such as fluorescence. In the next
section, we will discuss our approach and the results in
more detail.

TEM

To obtain the size of the reference beads (Fig. 1A), we
used traceable TEM measurements of the manufacturer.
Traceability means that the measurement result is related
to SI units through an unbroken chain of comparisons
with known uncertainties [26,27]. To characterize beads,
TEM is particularly useful, as beads are not affected by
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sample preparation, and the resolution of TEM is higher
than the size of the beads. For comparison purposes, we
set the relative size error of TEM to 0 (Fig. 3A). How-
ever, the relative size error of the reference beads ranges
from 1.0% for the 596-nm beads to 4.3% for the 46-nm
beads. The TEM data also provide the CV of the beads,
which is a measure of the spread in bead sizes. Conse-
quently, the error bars in Fig. 3A represent not only the
imprecision of the instrument, i.e. the broadening of the
reference bead PSD caused by the instrument, but also
the CV of the reference beads.

We derived the reference bead concentrations from the
manufacturer-specified mass concentration, density and
size of the beads. Note that the concentration of submi-
crometer beads is not traceable, as uncertainties in the
mass concentration and density of the beads are
unknown. The mass concentration is often provided with
single-digit precision, and the density of silica beads may
range from 1.8 to 2.5 g cm>. Consequently, the bead
concentration and error thereof are unknown, and the rel-
ative concentration errors can only be mutually compared
(Fig. 3B).

TEM analysis of vesicles involves two centrifugation
steps and extensive sample preparation. To quantify the
influence of these preanalytic variables on the obtained
PSD (Fig. 1B), we overlapped the power-law functions of
TEM and RPS, which required horizontal and vertical
stretching of the RPS data with factors of 0.88 and 0.21,
respectively. Considering RPS to be the most reliable
method for determining the PSD of vesicles, we hypothe-
size that vesicles shrink by 12%, owing to fixation and
dehydration, and that 21% of the vesicles are recovered
after centrifugation and binding to the formvar coating.

Table 3 Assessed capabilities of techniques for the detection of single vesicles in suspension

Concentration
Minimum detectable Size requirements requirements and/or Additional Measurement
Method vesicle size (nm) and/or assumptions assumptions features time
TEM ~1 No shrinkage 100% surface binding Immunogold H
Equivalent circular size No centrifugation losses labeling
Conventional 270-600 Calibration with beads (0] Fluorescence S
flow cytometry Spherical particle,
n =140 £+ 0.02
Dedicated flow 150-190 Calibration with beads 0] Fluorescence S
cytometry Spherical particle,
n =140 + 0.02
NTA 70-90 T, n, AD Calibration with beads Zeta potential M
Spherical particle I(dn) = I, Fluorescence
RPS 70-100 Calibration with beads Calibration with beads Zeta potential M

Spherical particle,
0y K O

Q dominated by QOp

NTA, nanoparticle tracking analysis; RPS, resistive pulse sensing; TEM, transmission electron microscopy. For each technique, the minimum
detectable vesicle size, ability to measure the size and concentration and the requirements for this, ability to detect additional features, and
measurement time are estimated. We derived the minimum detectable vesicle size of RPS from six measurements performed with different
NP100 pores. d is the vesicle diameter, AD is the uncertainty in the diffusion coefficient, /, and /;, are the scattering intensities of a vesicle and
a calibration bead, respectively, 5 is the viscosity of the solvent, n is the vesicle refractive index, Q is the flow rate, Qp is the flow rate caused
by external pressure, o, are g, are the electrical conductivities of a vesicle and the medium, respectively, and 7 is the temperature of the sol-
vent. The measurement time is indicated by S, M, and H, meaning < 1 min, between 1 min and 1 h, and > 1 h, respectively.
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Flow cytometry

To relate the measured light scattering to a particle size,
we calibrated flow cytometers by using beads and Mie
theory (Fig. 2), assuming spherical particles of known
refractive index. As beads meet these criteria, Mie theory
can be used to determine their PSD (Fig. 1C,E), resulting
in dedicated flow cytometry being the most accurate in
sizing beads (Fig. 3A). However, the refractive index of
vesicles is probably heterogeneous and not exactly known
[28], thereby affecting the PSD of vesicles obtained by
flow cytometry (Fig. 1D,F). For example, under the
assumption that the vesicle refractive index is
1.40 4+ 0.02, the minimum detectable vesicle sizes are
270-600 nm for conventional flow cytometry and 150-
190 nm for dedicated flow cytometry (Table 3). We attri-
bute the high concentration of vesicles > 340 nm obtained
by conventional flow cytometry relative to other tech-
niques to background counts. An advantage of flow
cytometry is knowledge of the analyzed sample volume,
such that the particle concentration can be determined
without calibration with beads.

NTA

The PSD of beads determined by NTA shows extensive
broadening as compared with the other techniques
(Figs. 1G and 3A). In addition, the determined concen-
tration of vesicles requires careful interpretation. The
manufacturer or user calibrates the instrument with beads
to relate the mean number of scatterers in the field-of-
view to the concentration [23]. This calibration is valid
for a vesicle size that scatters the same amount of light
as the calibration beads. The concentration of smaller
vesicles is underestimated, whereas the concentration of
larger vesicles is overestimated. Moreover, the concentra-
tion of beads is not traceable. To obtain the minimum
detectable vesicle size of 70-90 nm, we related the scatter-
ing of 46-nm polystyrene beads, which were at the limit
of detection, to the diameter of vesicles by using Mie the-
ory.

Software often applies unknown and undesired opera-
tions to the data. For example, Fig. 5 shows the reference
bead PSD detected by NTA with the low-sensitivity set-
tings and processed by NTA v2.3.5.16 (Nanosight). Analy-
sis of the videos with this newer software results in a
PSD (blue line) different from that in Fig. 1G (blue line).
The software generates a batch summary file, wherein a
rolling average is applied to the raw data, resulting in a
smoother but less correct representation of the data (gray
line). Application of finite track length adjustment
(FTLA) results in narrower peaks, a decreased accuracy
of the determined mean diameters, and the presence of an
additional peak at 445 nm (brown line). As FTLA intro-
duces artefacts, the application of FTLA to polydisperse
samples is not recommended.

108 3 v T v T v T
] NTA v.2.3.5 build 16

Raw data
— Rolling average 3
—FTLA 3

Concentration (particles mL~")
=
[+2]
aanal

104 v T v T v T v
0 200 400 600 800
Diameter (nm)

Fig. 5. Particle size distribution (PSD) of the reference beads
detected by nanoparticle tracking analysis (NTA) with low-sensitivity
settings and processed by NTA v2.3.5.16 software (Nanosight). The
bin width is 10 nm. The software provides raw data (blue line), a
rolling average of the data (gray line), and data processed with the
finite track length adjustment (FTLA) algorithm (brown line), result-
ing in different PSDs. The FTLA algorithm results in a peak (brown
arrow) that is absent in the rolling average of the data.

RPS

Accurate sizing of vesicles by RPS requires that the elec-
trical conductivity of a particle is negligible as compared
with the conductivity of the electrolyte [16,29]. As poly-
styrene beads, cells and intact vesicles meet this require-
ment [30], we believe that the detected vesicle size is
representative for urinary vesicles (Fig. 1J). However, our
measurement restrictions made the RPS measurements
impractical. The major concerns with RPS are pore
clogging and pore stability. In the case of pore clogging,
we reversed the pressure or temporarily applied a high
pressure with a plunger. As the pores are stretchable,
plunging may change the pore dimensions, as observed
by a change in the baseline current. If the baseline current
changed by > 5%, we repeated the measurement and cali-
bration, resulting in a measurement time of several hours.

The concentration is obtained by calibration with beads
[29], which is inaccurate, because the concentration of
used beads is not traceable. As the flow rate is mainly
determined by pressure across the pore, and not by elec-
tro-osmosis or electrophoresis, the differences between the
zeta potentials of vesicles and calibration beads are negli-
gible. Consequently, the accuracy in determining the vesi-
cle concentration is expected to be comparable to that for
the mixture of beads.

Single-vesicle detection as a biomarker

A biomarker based on vesicle enumeration should deter-
mine the concentration of a specific vesicle type. For this
determination, the technique must obtain biochemical
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information to identify specific vesicles, and the measure-
ment time should not exceed several minutes. Further-
more, size accuracy and precision are important, e.g. to
distinguish vesicles from platelets. Our findings demon-
strate that any reported concentration needs to be accom-
panied by the minimum detectable vesicle size. For
example, the shaded area in Fig. 1J shows that a decrease
in the minimum detectable vesicle size from 80 nm to
60 nm would result in a 2.4-fold increase in the obtained
concentration. Therefore, we propose daily monitoring of
the minimum detectable vesicle size, as day-to-day varia-
tion is expected for each instrument. Alternatively, a
power-law fit may be applied to compare concentrations
obtained with different minimum detectable vesicle sizes.
An additional requirement for comparison of concentra-
tions is traceable determination of both size and concen-
tration, which is problematic for techniques that calibrate
the concentration with untraceable beads.

In conclusion, each technique gave a different PSD for
the same vesicle sample. Differences between the detected
vesicle concentrations are primarily caused by differences
between the minimum detectable vesicle sizes. The mini-
mum detectable vesicle sizes were 70-90 nm for NTA,
70-100 nm for RPS, 150-190 nm for dedicated flow
cytometry, and 270-600 nm for conventional flow cytom-
etry. TEM could detect the smallest vesicles present,
albeit after adhesion on a surface. Dedicated flow cytome-
try was most accurate in determining the size of reference
beads, but is expected to be less accurate on vesicles,
owing to heterogeneity of the refractive index of vesicles.
A reliable estimate of the vesicle refractive index is
required to convert the optical scatter signal detected by
flow cytometry to size. Nevertheless, dedicated flow
cytometry is relatively fast and allows multiplex fluores-
cence detection, making it most applicable to clinical
research.
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