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Flow cytometers are utilized to characterize single submicrometer particles in biofluids, such as extracellular vesi-
cles (EVs) and viruses. However, because calibration of the optical signals measured by flow cytometers requires
optical modelling and valid assumptions, which are not straightforward, statements in the literature about the
sensitivity of flow cytometers are often either lacking or incorrect. In this Letter, we explain why measurement
artifacts and a statistical artefact cause an overestimation of the refractive index of EVs as derived by Brittain
etal.’. Because these artifacts lead to conclusions that are not supported by the data, we re-analyzed the data of
Brittain et al. to rectify statements about the sensitivity of their flow cytometer.

The CytoFLEX used by Brittain et al. is a flow cytometer of which the optics have been designed before
20122 The first peer-reviewed scientific publications using the CytoFLEX date from 2016>*. The CytoFLEX
houses several optical solutions, such as the catadioptric flow-cell design to maximize light collection, silicon
avalanche photodiodes with higher light-detection sensitivity across a larger wavelength range than commonly
used photomultiplier tubes, and wavelength-division multiplexing to limit signal loss, which were innovative at
the time of introduction. Without any doubt, the optical solutions contribute to achieving single nanoparticle
sensitivity, where every photon counts. However, the improvement attributed to the catadioptric flow-cell, as
claimed by Brittain et al.!, must be nuanced. Whereas the full-width solid collection angle of the CytoFLEX is
110°, the full-width solid collection angle of other widely used flow cytometers, such as FACSCalibur, FACSCanto,
FACSVerse, Gallios, Fortessa, and Navios, is > 104°, but not 30°-60°, as the authors write.

Brittain et al. demonstrate detection of 70 nm polystyrene beads, 99 nm silica beads, and the 95 nm HAdV-5
virus using the violet side scatter detector. The sensitivity of the CytoFLEX is thereby similar to the flow cytom-
eters developed by Hercher et al. in 1979° and Steen in 2004°, who measured T2 bacteriophages and 74 nm
polystyrene beads by scatter detection, respectively, but (99/24)° = 4.9 x 10° times less sensitive than the flow
cytometer developed by Zhu et al.”, who measured 24 nm silica beads.

Flow cytometry calibration to determine the refractive index of viruses

In the research field of extracellular vesicles (EVs), flow cytometry data are barely calibrated, leading to poor
reproducibility of experiments and even detection of residual platelets instead of the anticipated EVs®®. By
calibrating the light scattering intensity, Brittain et al. improve data interpretation, confirm their results, and
in addition enable data comparison, derivation of the refractive index (RI) from particles of known size, and
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Figure 1. (A) Side scattering intensity measured (symbols) by a CytoFLEX" and calculated (lines) by Mie
theory'® versus diameter for polystyrene beads (squares), silica beads (circles), viruses (triangles), and

CD61 +EVs (hexagons). The assumed refractive index (RI) is 1.627 for polystyrene beads, 1.440 for silica beads,
and 1.472 for viruses at the illumination wavelength of 405 nm. EVs were modelled as core-shell particles,
having a 12 nm thick shell with an RI of 1.52 and a core RI of 1.353 (upper solid line), and having a 4 nm thick
shell with an RI of 1.450 and a core RI of 1.380 (lower solid line). The horizontal line indicates the trigger
threshold. (B) Solid particle equivalent RI versus diameter for plasma-derived EVs based on Flow-SR'! and
literature (panel A, solid green lines), for liposomes" (dotted line), and for plasma-derived EVs based on the
dynamic light scattering (DLS) measurements and the flow cytometry light scattering measurements performed
by Brittain et al.' (overlapping blue lines and symbols). Below a diameter of 100 nm, the solid particle equivalent
RI based on DLS and flow cytometry light scattering is substantially higher compared to estimates based on
Flow-SR!! and literature and liposome measurements.

derivation of the size from particles of known RI'*!!. Nevertheless, the implementation of Mie theory by Brittain
et al. is unconventional. Whereas Mie theory provides an analytical solution of Maxwell’s equations for spheres
of all size parameters, Brittain et al. introduce an empirical function to take into account the angular scatter
distribution, or phase function. The accuracy of the empirical method relies on the number of used reference
beads. In addition, the empirical method lacks the opportunity to model core-shell particles, such as EVs. To
overcome these limitations, we have solved Maxwell’s equations analytically and specifically for the CytoFLEX
of Brittain et al., taking into account the optical configuration of their flow cytometer'®.

Figure 1A shows the measured and calculated side scattering intensities versus diameter of the polystyrene
beads, silica beads, and viruses measured by Brittain et al. The theory describes the measured scattering intensi-
ties of polystyrene beads perfectly (R?=0.9999), except for the 60 nm polystyrene beads. Whereas the model
predicts a scattering intensity of 2974 arbitrary units for the 60 nm polystyrene beads, Brittain et al. measured
4225 arbitrary units, which is an overestimation of 42%. An overestimation of scatter signals close to the back-
ground noise is typical when using the height-parameter.

Based on the virus diameters and side scattering intensities from Brittain et al., we solved the RI of the viruses
by least square fitting. We obtained an RI of 1.477 for HAdV-5, 1.488 for HIV-1, 1.471 for MLV, 1.468 for HSV-
1, and 1.460 for Vaccinia at the illumination wavelength of 405 nm. The best fit through all virus datapoints
resulted in an RI of 1.472, which is in concordance with Brittain et al. for two reasons. First, because viruses are
monodisperse and studied for more than a century, virus diameters are well-known. Second, the light scattering
intensities of the measured viruses are far above the trigger threshold (three to 82-fold) and detection limit. In
our opinion, the shared RI of ~ 1.47 for different viruses is therefore the key finding of this manuscript. As con-
firmed by Brittain et al. (p. 6), the reversed approach, i.e. determining the size of the viruses from the estimated
RI of ~ 1.47, result in the initial literature values. We agree with Brittain et al. that sizing particles by flow cytom-
etry is an attractive application, because it is more precise than for example nanoparticle tracking analysis'* and
allows better statistics than other detection techniques due to the inclusion of hundreds of thousands of particles.

The spatial refractive index distribution of an extracellular vesicle

Next, Brittain et al. aim for estimating the RI of EVs. In contrast to beads, however, EVs do not have a homog-
enous RI distribution. Similar to cells", the phospholipid membrane has a higher RI than the lumen of EVs.
Therefore, EVs should be modelled as core-shell particles and the “RI of EVs” is rather the solid particle equiva-
lent RI. We used the flow scatter ratio (Flow-SR)"! to measure the solid particle equivalent RI of single CD61 +EV's
in plasma of 19 healthy individuals. For EVs with a diameter between 225 and 800 nm, which is the size range
wherein Flow-SR is applicable for our flow-cytometer (A60-Micro, Apogee Flow Systems, UK), we found an RI
of 1.383+0.012 (median + robust standard deviation), which is in agreement with other RI estimates of single
EVs in plasma'*" in this size range. The green hexagons in Fig. 1A show the anticipated side scattering intensi-
ties for solid particles with an RI of 1.383 for the CytoFLEX.
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To validate our RI measurements and extrapolate our results to smaller diameters than 225 nm, we modelled
EVs as core-shell particles, where we fixed the RI and thickness of the shell and solved the RI of the core to match
the data. The lowest solid line in Fig. 1A represents the dimmest scenario, describing EVs having a 4 nm thick
shell with an RI of 1.45. Please note that only phospholipid bilayers without proteins have a thickness of ~4 nm
and that the lowest RI measured for phospholipid membranes is 1.45'S. By least square fitting, we solved the RI of
the core, which resulted in 1.380. An RI of 1.380 corresponds to a protein concentration (w/v) of ~25%'” and is a
plausible RI for the lumen of cells and EVs'®. Because the EV's were CD61 + and thus contained transmembrane
proteins, the dimmest scenario probably underestimates the thickness and optical contribution of the membrane.
The highest solid line in Fig. 1A therefore represents the brightest scenario, describing EV's having a 12 nm thick
shell with an RI of 1.52. The RI of the shell is based on the highest value measured by fluorescence lifetime imag-
ing microscopy in living cells'. By least square fitting, we solved the RI of the core, which resulted in 1.353. An
RI of 1.353 corresponds to a protein concentration (w/v) of ~12%'” and is a plausible RI for the lumen of cells
and EVs as well'®. With molecular weights < 140 kDa, which corresponds to sphere equivalent diameters <8 nm,
antigens like CD61 and CD62p may increase the effective membrane thickness up to threefold. Most likely,
however, the true scattering intensities of CD61 + EV's are in between the dimmest and the brightest scenario.

Overestimation of the solid sphere equivalent refractive index of extracellular
vesicles

In Fig. 1B, we related the scattering intensities of EVs, as calculated with the core-shell model, to their solid
particle equivalent RI and diameter (green solid lines). Compared to Brittain et al., who suggest that the RI of
65 nm EVs could be up to 1.61 (overlapping blue lines), we found considerably lower values. To validate our
approach, we compared the solid particle equivalent Rls for liposomes to earlier proposed literature values®
(black dotted line). In our opinion, the suggested RI of 1.61 for EVs is an overestimation, because it requires
that EV's consist of pure proteins, which have RIs between 1.55 and 1.64%°. However, proteins in or at EVs are
hydrated and thus have a lower RI.

There are three explanations for the overestimation of the solid particle equivalent RI of CD61 + EV's by
Brittain et al. First, a part of the measured scatter intensities of EV's is overestimated, because they are close to
the detection limit and the height-parameter was used to analyze the data. This statement is confirmed by the
42% overestimation of the measured scattering intensity of 60 nm polystyrene beads in Fig. 1. Furthermore, the
authors did not validate RI determination for particles with a scattering intensity close to the detection limit.

Second, determining the size of EVs in plasma samples by dynamic light scattering (DLS) should be avoided
for two reasons. First, the samples are polydisperse (Fig. 6 in Ref.!) and “DLS is not suitable for PSD analysis of
highly polydisperse samples”*!. Although the EV samples had intermediate polydispersity (polydispersity index
up to 0.5), the estimated median diameters require careful interpretation. Second, despite the application of size
exclusion chromatography, the measured plasma samples contain a mixture of EVs and lipoproteins'!. Because
DLS is biased towards the presence of brightly scattering particles in a sample??, because lipoproteins have a
higher RI than EVs!}, and because lipoproteins likely outnumber EVs?, the median size determined by DLS was
likely underestimated due to the presence of lipoproteins.

Third, the authors compare the median diameter of particles to the median side scattering intensity of
CD61 +EVs, which causes an overestimation of the derived RI for two reasons. First, Fig. 6A! and Supplemen-
tary Fig. S8' show that the light scattering distributions of each EV population is truncated at the detection
threshold, which causes an overestimation of the median side scattering intensity and hence an overestimation
of the derived RI. Second, comparing the median diameter to the median side scattering intensity describe
different particles, because the particle size distribution (PSD) and the scattering intensity distributions have
different shapes and are skewed.

Whereas we found a solid particle equivalent RI for EVs of 1.40-1.47 for 65 nm EVs and 1.39-1.40 for 150 nm
EVs, Brittain et al. found 1.61 and 1.39, respectively. Because the three explained biases all add up to the uncer-
tainty of the estimated RI, it is difficult to quantify the contribution of each bias to the overestimation of the RI.
However, to reveal the main bias, the claimed relation between RI and diameter of EVs could be used to relate
the measured size distributions to the measured scatter intensities. Figure 6A! shows histograms of the measured
scatter intensities of CD61 + EVs isolated by size exclusion chromatography (SEC) from plasma. Brittain et al.
claim that the intensities indicated by the vertical lines labeled 8, 7, 6 and 5 represent EV's with increasing diam-
eter (71.7 up to 153.8 nm) and decreasing RI (1.565 down to 1.386). If true, the PSDs in Fig. 6B could be related
to the scatter intensities in Fig. 6A! via the scatter to diameter relation, thereby incorporating the claimed RI to
diameter relation in Fig. 6C". To validate their approach, Fig. 2A of this Letter shows the scatter to diameter rela-
tion of CD61 + EVs as claimed by Brittain et al. We decided to fit the RI to diameter relation with the exponential
decay function shown in Fig. 2D, because the cubic fit of the RI to diameter relation resulted in an asymptote.

We used the resulting scatter to diameter relation in Fig. 1A to relate the measured PSDs in Fig. 2C to the
measured scatter intensities in Fig. 2B (black arrows). Figure 2B shows that the predicted scatter distributions do
not describe the data. The overlap and width of the measured scatter intensities together with previously reported
PSDs of CD61 + EVs?*? and the working principle of SEC! indicate that fractions 5 to 8 are polydisperse samples
with overlapping PSDs. Because a scatter to diameter relation that would anticipate for the differences in polydis-
persity and PSDs measured by DLS does not exist, also not when taking into account the noise and precision of
the flow cytometer, we believe that the use of DLS to analyze polydisperse samples is a main bias in the approach.
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Figure 2. (A) Side scattering intensity measured (symbols) by a CytoFLEX" and calculated (lines) by Mie
theory'® versus diameter for polystyrene beads (squares). The assumed refractive index (RI) is 1.627 for
polystyrene beads. EVs were modelled as particles with the diameter dependent solid particle equivalent RIs
shown in panel D. The horizontal line indicates the trigger threshold. (B) Side scattering intensity of CD61+EVs
from fractionated plasma versus counts measured (light lines) by the CytoFLEX" and predicted (dark lines)
based on the measured size distribution in (C) and the scatter to diameter relation in (A) (black arrows). Colors
indicate size exclusion chromatography fractions 5 (red and dash-dotted brown), 6 (green and dotted dark
green), 7 (purple) and 8 (blue and solid dark blue). Fraction 7 resulted in a similar side scattering distribution
as fraction 6 and is left out for clarity. Predictions do not describe the data. (C) Size distribution of particles
from the same fractionated plasma as in panel B measured by dynamic light scattering (DLS; iy,on5=153.82 nm,
PDI},,,5=0.34, 01,0,5=289.7 nm, y,0,6=130.17 nm, PDI, ,,=0.01, 0,56 =13.0 nm, py,,,;=106.99 nm,
PDI},,7=0.02, Op,py=15.1 nm, pp,0ns=71.66 nm, PDI},,6=0.17, 0p,0n5=29.5 nm). (D) Refractive index versus
solid particle equivalent diameter claimed by Brittain et al. (symbols) fitted with a cubic function (y,=2.51109,
A;=-0.02223, A,=1.51337E-4, A;=4, A,=—-3.53334E-7) and with an exponential function (y,=1.37456,
A=2.12974,t,=29.67714).

Outlook and summary

To determine the true RI distribution of EVs< 100 nm, a sensitive, calibrated instrument, a validated proce-
dure, and confirmation of results with an analytical model are required. Figure 1A shows that, in contrast to the
measured viruses, EVs <100 nm have a scattering cross section < 10 nm? and are close to the trigger threshold
and detection limit of the flow cytometer. Brittain et al. neither validated their procedure with reference parti-
cles having a scattering cross section < 10 nm? nor confirmed their results with an analytical model. Except for
particles with a scattering cross section < 10 nm?, our analytical model could describe the results of Brittain et al.
well. Key assumptions of our model were already discussed in detail'®. In short, our model assumes that the
optical configuration of the flow cytometer is well-known, which was confirmed by the accurate (R*=0.9999)
description of the beads data. Regarding the particles, our model assumes spherical particles, which was con-
firmed for EVs, because EVs <500 nm in plasma are spherical?%. In addition, our model assumes knowledge of
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the RI distribution within EVs. We introduced uncertainty ranges of the Ri distribution that are substantiated by
literature values, because the RI distribution depends on the biochemical composition of EV's, which is still under
investigation. We experimentally confirmed that our model well-describes scattering from hollow organosilica
beads, which have an RI distribution resembling EVs®**. However, similar to our model, the RI of the shell of
hollow organosilica beads is isotropic, whereas the phospholipid membrane of EVs has different RIs in the radial
and transverse directions, causing anisotropic scattering®. Although models are available to take into account
anisotropic scattering of core-shell particles, further investigation is required to confirm whether anisotropic
scattering of EVs is experimentally observable by flow cytometry?.

In sum, by two measurement artefacts and a statistical artefact, Brittain et al. overestimated the light scattering
signals of EV's while underestimating the diameter. Consequently, the solid particle equivalent RI of 1.61 of 65 nm
EVs is an overestimation. In turn, the claimed sensitivity of the CytoFLEX in terms of the diameter of plasma-
derived EVs of 12 nm (p. 7), 30 nm (p. 8), 33 nm (p. 7), 65 nm (pp. 1, 8) are underestimations. Based on our
own model and data, the smallest detectable EV diameter of the CytoFLEX ranges from 84 to 113 nm, depend-
ing on the exact RI distribution of EVs (Fig. 1A). In addition, we found a solid particle equivalent RI of 65 nm
EVs between 1.402 and 1.475. Measurements of the true RI distribution of EVs smaller than 100 nm require a
sensitive, calibrated instrument, a validated procedure, and confirmation of results with an analytical model.
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