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ABSTRACT
Extracellular vesicles (EVs) are potential disease biomarkers released by cells into body fluids. Flow cytometers measure EV 
concentrations within their size detection range. These size ranges can be quantified by relating the arbitrary units of measured 
light scattering signals to the optical diameter of EVs with Mie theory. However, Mie theory requires input parameters, including 
the refractive index (RI) of the suspension liquid surrounding the measured particles, which is not accurately known. Here we 
measure traceable RIs of suspension liquids, including Dulbecco's phosphate buffered saline (DPBS) and human blood plasma 
dilutions with an uncertainty of 1.4 × 10−5 for relevant wavelengths between 405 and 644 nm. We show that differences between 
traceably measured and currently used RIs for suspension liquids lead to differences in applied optical diameter gates and re-
ported EV concentrations. The currently assumed RI of DPBS in Rosetta Calibration leads to a difference of 9% to 35% between 
reported and actual EV concentrations in diluted plasma, depending on the lower detection limit of the flow cytometer. A tracea-
bly measured RI of the suspension liquid should be used to calibrate light scattering signals with Mie theory to improve accuracy 
of optical diameter and concentration measurements by EV flow cytometry.

1   |   Introduction

Extracellular vesicles (EVs) are biological particles released by 
cells into body fluids [1, 2]. A technique to characterize individ-
ual EVs at high-throughput is flow cytometry [3]. In flow cy-
tometry, fluorescence and light scattering signals of individual 
particles passing a laser beam are detected. These signals pro-
vide information about the biochemical composition, cellular 
origin, diameter, and concentration of EVs.

Although EV concentration measurements are likely to provide 
clinically relevant information, different flow cytometers with 
different sensitivities measure different EV concentrations in the 

same sample, thereby precluding multicentre studies and clinical 
utilization of EVs [4, 5]. In Figure 1, the fitted size distribution 
of EVs in urine from five healthy human donors measured by 
transmission electron microscopy and resistive pulse sensing is 
depicted [6]. This size distribution follows a power-law function:

where C(s) is the concentration (in mL−1) of EVs as a function 
of diameter s (in nm), s0 ≡ 1, and a (in mL−1) and b are con-
stants. Due to the power-law behavior, the concentration of EVs 
decreases rapidly with increasing diameter. In addition, small 

(1)C(s) = a ⋅

(

s

s0

)−b
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variations in the smallest detectable diameter of EVs, the so-
called lower limit of detection (LoD, in nm) of a flow cytometer, 
result in large variations in measured EV concentrations [7].

An additional problem is that light scattering signals measured by 
flow cytometers are in arbitrary units, which hampers quantifying 
the LoD. This problem can be overcome by calibration, which al-
lows conversion of signals in arbitrary units to the international 
system of units (SI). Using Mie theory, the light scattering signal in 
arbitrary units can be related to the optical diameter of EVs in nm, 
which is an SI unit. The optical diameter refers to the diameter of 
a concentric particle with a well-defined refractive index (RI) that 
scatters the same intensity of light as the measured EV. For cali-
brated flow cytometers, gates can be set that are directly related to 
the optical diameter of EVs, resulting in reported concentrations 
of EVs within a certain diameter range, for example, between 300 
and 600 nm. This diameter range only serves as an example based 
on Van der Pol et al. [4], as for each study the range in which EVs 
can be detected varies and should be reported. At present, two flow 
cytometry calibration software packages, FCMPASS (The Measuring 
Stick, UK) and Rosetta Calibration (Exometry, The Netherlands), 
use Mie theory to relate light scattering signals of EVs to their op-
tical diameter [8, 9]. Mie theory is a mathematical–physical theory 
that can calculate the intensity of light scattered by a spherical par-
ticle towards the collection lens of a detector. As input parameters 
of the calculation, Mie theory requires the (i) RI of a particle, (ii) 
particle diameter, (iii) collection angles of the flow cytometer, (iv) 
laser wavelength, (v) polarization orientation of the laser beam and 
(vi) RI of the suspension liquid. When modeling EVs, the particle is 
represented as a core–shell structure, with separate RIs assigned to 
the core and shell, and a particle size determined by both the core 
diameter and shell thickness. Assuming that the input parameters 
are correct, these software packages enable the quantification of 
the LoD and hence the comparison of reported EV concentrations 
between different flow cytometers and laboratories [4].

The RI of suspension liquids used in EV flow cytometry, how-
ever, has never been traceably measured, thereby precluding 

reliable optical diameter estimates of EVs as well as the report-
ing of EV concentrations within well-defined size ranges [10]. 
Therefore, in this study, we traceably measure the RI of differ-
ent suspension liquids often used in flow cytometry, includ-
ing Dulbecco's Phosphate Buffered Saline (DPBS), dilutions of 
human blood plasma, and saline. The RIs are measured at seven 
commonly used wavelengths between 405 and 644 nm with an 
expanded uncertainty of 1.4 × 10−5 using the set-up described by 
Kuiper et al. [11]. Furthermore, we investigate how the differ-
ence between the measured and currently used RI values affect 
optical diameter and concentration estimates of EVs.

2   |   Materials and Methods

2.1   |   Sample Preparation

2.1.1   |   Suspension Liquids

We selected 7 suspension liquids often used in EV flow cytom-
etry: water (TKF7114, Baxter, Deerfield, IL), DPBS (21-031-CV, 
Corning, Corning, NY), physiological salt (TKF7124, Baxter), 
BD FACS sheath fluid (342003, Becton Dickinson, Franklin 
Lakes, NJ), 0.5% bovine serum albumin (BSA; A9647, Sigma 
Aldrich, St. Louis, MO) in DPBS, 0.5 M trehalose (T9531, Sigma 
Aldrich) in DPBS, and 0.5 M trehalose + 0.5% BSA in DPBS 
(10-fold diluted in DPBS before measurement to prevent a RI 
gradient).

2.1.2   |   Plasma Samples

In addition to suspension liquids, we prepared dilutions of plasma 
samples. Blood was collected from healthy volunteers in accor-
dance with the guidelines of the Medical Ethical Committee of 
Amsterdam UMC, University of Amsterdam (W19_271#19.421), 
and the samples were prepared according to guidelines from 
the American Heart Association using double centrifugation 
[12]. A total volume of 12 mL blood was collected from 8 volun-
teers (3 male, 5 female) using a 21-gauge needle in ethylenedi-
aminetetraacetic acid (EDTA) tubes (Becton Dickinson, Franklin 
Lakes, NJ). The first 3 mL of blood was discarded. Blood was 
centrifuged twice for 15 min at 2,500 × g and 20°C with a Rotina 
46 S centrifuge (Hettich Benelux BV, Geldermalsen, Netherlands) 
using the lowest deceleration setting. The supernatant was col-
lected 10 mm above the buffy coat and centrifuged again with the 
same settings. Then, the supernatant was collected 10 mm from 
the bottom of the tube, respectively, transferred and pooled to-
gether in a 50 mL tube (Greiner Bio-One, Alphen aan den Rijn, 
Netherlands). The resulting plasma aliquots were snap-frozen 
with liquid nitrogen for 15 min and stored at −80°C. Prior to use, 
aliquots were thawed for 5 min in a water bath of 37°C and diluted 
100-fold, 140-fold, and 300-fold in DPBS. This dilution range was 
selected to prevent swarm detection for plasma samples mea-
sured with a flow cytometer [13].

2.2   |   Refractive Index Measurement

The RI of liquids is measured using the set-up described by 
Kuiper et  al. [11]. The set-up was modified to include three 

FIGURE 1    |    Particle size distribution of extracellular vesicles (EVs) 
with a diameter between 30 and 1,000 nm based on transmission elec-
tron microscopy and resistive pulse sensing measurements of EVs in 
urine from five healthy human donors [6]. The bin size of the empirical 
data is 10 nm and fit parameters are a = 9.526 × 1015 mL−1 and b = 3.760. 
[Color figure can be viewed at wileyonlinelibrary.com].
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extra wavelengths (480, 509, and 644 nm) by replacing the 
mercury lamp with a mercury/cadmium lamp (HgCd/10, 
OSRAM GmbH, Munich, Germany) and adding filters to the 
filter wheel (#65-084 (480 nm), #65-090 (509 nm), #65-108 
(644 nm), Edmund Optics, Barrington, NJ). Additionally, the 
singlet lenses with a focal length of 200 mm were replaced 
by 150 mm achromat lenses, such that all wavelengths could 
be captured onto the camera (AC254-150-A-ML, Thorlabs, 
Newton, NJ), and the solid prism was replaced by a prismatic 
fluid cell with a volume of 10 mL. Figure 2 shows a schematic 
of the modified setup.

Replacing the solid prism by the fluid cell resulted in addi-
tional sources of uncertainty. The additional contribution of 
the parallelism of the windows and the RI of the windows to 
the measurement uncertainty was 2.0 × 10−9 and 7.9 × 10−11, 
respectively [14]. However, the repeatability of the set-up in-
creased from 5.9 × 10−7 to 6.9 × 10−6. As a result, the expanded 
uncertainty (coverage factor of 2) of the set-up increased to 
1.4 × 10−5.

The RI measurement of each suspension liquid is performed by 
measuring the angle of minimum deviation as described previ-
ously [11]. To determine this angle, the rotary table was rotated 
within a range of 2.5 degrees with an interval of 0.05 degrees. 
At each interval, the angle of the rotary table and the image of 
the camera were stored. The measured position of the beam was 
plotted versus the angle and fitted with a sixth-order polynomial 
to find the angle of minimum deviation. A set of six linear equa-
tions was solved to retrieve the RI of the liquid from the mea-
sured angles of minimum deviation.

2.3   |   Dispersion Relation

As different flow cytometers have lasers with different illu-
mination wavelengths, we determine the RI as a function of 
wavelength, called the dispersion relation, of the liquids. The 
dispersion relation was determined by least-square fitting the 
following empirical relation to the data:

where n is the RI, λ is the wavelength (in μm), and A, B, C, 
and D are the dispersion constants [15]. We evaluated 33 
frequently used dispersion relation equations, including the 
Cauchy and Sellmeier equations, by fitting the measured dis-
persion relations of DPBS and evaluating the quality of the 
fit. Equation (2) yielded the highest quality of fit. More infor-
mation about the selection of this equation can be found in 
Supporting Information 1.

Additionally, the relationship between the RI as a function of 
dilution can be described by a Hill function,

where n is the RI, x is the starting RI (the RI at the smallest dilu-
tion), y is the end RI (the RI of the dilutant), d is the dilution, and 
m and k are constants.

2.4   |   Impact of the Suspension Liquid RI on 
Reported EV Concentrations

To investigate the impact of the RI of the suspension liquid 
on reported EV concentrations, we theoretically modeled a 
flow cytometer that is calibrated using the RI of suspension 
liquids currently used by Rosetta Calibration (Exometry, The 
Netherlands). To elucidate our theoretical approach, Figure 3 
shows the procedure for size calibration and reporting EV 
concentrations [9].

First, spherical reference particles of known diameter and RI 
are measured (step 1), and Mie theory is used to calculate the 
effective scattering cross sections of the beads (step 2). The 
effective scattering cross section, which is a hypothetical area 
of a particle that determines how efficient light is scattered 
in the direction of the light collection lens, is proportional to 
the scattering intensities measured with a flow cytometer [10]. 
In general, the larger the EV, the larger the effective scatter-
ing cross section and the more light is scattered. In addition, 
the lower the RI of the suspension liquid, the higher the RI 
contrast between the suspension liquid and the EV; thus, the 
larger the effective scattering cross section and the more light (2)n2 = A + B�2 +

C

�2 − D2

(3)n = x + (y − x) ⋅
dm

km + dm

FIGURE 2    |    Schematic diagram of the setup used to measure the refractive index of the suspension liquids. From left to right, the setup consists of a 
mercury-cadmium source. The spectral lines from this source are spectrally filtered at wavelengths 405, 436, 480, 509, 546, 579 and 644 nm. The filtered 
light passes through a 200 μm slit and is collimated. The collimated light passes through the prismatic fluid cell with window thickness of 6 mm and is 
focused by two singlet lenses with a focal distance of 150 mm on two cameras. The camera shows an image of the slit, which is at the uttermost left or 
right point if imaged at the angle of minimum deviation. Figure adapted from Kuiper et al. [11]. [Color figure can be viewed at wileyonlinelibrary.com].
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is scattered. In the EV field, the effective scattering cross 
section is typically calculated with software such as Rosetta 
Calibration, which assumes the RI of the liquid wherein the 
reference particles are suspended equals that of water [8, 9]. 
Next, the measured scattering intensities are related to the 
effective scattering cross sections of the reference particles 
(step 3), which allows establishing the relation between the 
measured light scattering intensity and the optical diameter 
of other particles, such as EVs (step 4) [10]. As model input, 
the latter step requires the RI of EVs and the RI of the suspen-
sion liquid, which Rosetta Calibration assumes to be equal to 
water + 0.002 [8, 9]. In reality, however, the RI of the suspen-
sion liquid is different. Finally, the derived optical diameters 
are used to report size gates in units of nm (step 5), which 
in turn enables reporting of EV concentrations within well-
defined optical diameter ranges (step 6).

In our theoretical approach, we skipped steps 1 to 3 because 
there is no need to relate scattering intensities to effective scat-
tering cross sections. Next, we calculated the relation between 
the effective scattering cross section and diameter of EVs in 
different suspension liquids for a common flow cytometer 
configuration (step 4). This configuration encompasses side 
scattered light with a wavelength of 405 nm that is collected 
with a lens having a numerical aperture of 1.2, with angles � 

and � of the lens 26.9◦

< 𝜃,𝜑 < 153.1
◦. The lens is assumed to 

be positioned perpendicular to the flow direction and perpen-
dicular to the electric-field component of the polarized laser 
beam, and the angle of the optical axis with respect to the in-
coming beam was 90°. There were 24 integration steps over � 
and �, resulting in a total of 576 integration steps. The exact 
implementation of the script is described elsewhere [9]. EVs 
were modeled as core-shell particles with a core RI of 1.38, a 
shell RI of 1.48 and a shell thickness of 6 nm [16]. For the RI 
of the suspension liquids, we used the traceably measured RIs 
of DPBS, plasma diluted 100-fold in DPBS, and water as well 
as the RI used by Rosetta Calibration, that is, 1.34509 [9], at a 
wavelength of 405 nm (step 5).

Due to the mismatch between the traceably measured RIs of 
the suspension liquids and the RIs used by the software, the 
derived optical diameters differ from the physical diameters 
of EVs. To investigate how optical diameter gates with incor-
rectly assumed suspension liquid RIs affect EV concentrations 
(step 6), we applied optical diameter gates of 300 and 600 nm 
to the EV size distribution in Figure 1. The optical diameter 
gates of 300 and 600 nm were selected based on a previously 
conducted interlaboratory comparison study [4]. The size dis-
tribution describes EVs with diameters ranging from 30 to 
1,000 nm and was calculated with a custom-build MATLAB 
script (version R2020b, MathWorks, Natick, MA) using a step 
size of 1 nm. Next, the gated EV concentrations using trace-
ably measured RIs are compared to those based on the RI of 
Rosetta Calibration.

2.5   |   Validation

To validate our flow cytometer model, we measured EVs in 
urine to generate a particle size distribution similar to the dis-
tribution of Figure 1. Urine was collected from healthy volun-
teers in accordance with the guidelines of the Medical Ethical 
Committee of Amsterdam UMC, University of Amsterdam 
(W19_271#19.421) and put on ice for 15 min. Midstream urine 
was collected from 3 male volunteers in vacutainer tubes with 
a volume of 120 mL (Becton Dickinson, Franklin Lakes, NJ). 
Afterwards, the samples were pooled together in a 50-mL 
tube (Greiner Bio-One, Alphen aan den Rijn, Netherlands). 
Urine was centrifuged twice to remove cellular debris: first 
for 10 min at 180 × g and 4°C with a Rotina 46 S centrifuge 
(Hettich Benelux BV, Geldermalsen, Netherlands) using an 
acceleration of 9 and a brake of 1, after which the superna-
tant was collected 10 mm above the pellet. The second time, 
urine was centrifuged for 15 min at 2,500 × g and 4°C using 
an acceleration of 9 and a brake of 1, after which the super-
natant was collected 10 mm above the pellet. One milliliter of 
the supernatant was transferred into 1.5 mL tubes (Sarstedt, 
Breda, Netherlands), and the resulting urine aliquots were 
snap-frozen with liquid nitrogen for 15 min and stored at 
−80°C. Prior to use, aliquots were thawed for 3 min in a water 
bath of 37°C, vortexed, checked for precipitates and put on ice 
before measuring. The sample was diluted 100-fold in DPBS. 
The sample was then measured on a flow cytometer (Northern 
Lights, Cytek Biosciences, Fremont, CA) for 2 min with a flow 
rate of 30 μL/min using settings optimized for EV measure-
ments [17].

FIGURE 3    |    Flow chart of the procedure for calibrating particle size 
using reference particles and Mie theory and reporting EV concentra-
tions. DPBS, Dulbecco's phosphate buffered saline.
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Data were calibrated using Rosetta Calibration v2.07. For the 
analysis, EVs were modeled as core-shell particles with a core RI 
of 1.38, a shell RI of 1.48 and a shell thickness of 6 nm. Different 
suspension liquid RIs were used during the analysis, namely the 
RI of DPBS according to Rosetta Calibration (1.34509), the RI 
of traceably measured DPBS, the RI of traceably measured 100-
fold diluted plasma and the RI of traceably measured water. For 
the analysis, a diameter gate of 80–1,000 nm was used.

3   |   Results

3.1   |   Refractive Index Measurements

Table  1 shows the measured RIs for suspension liquids com-
monly used in EV flow cytometry. The RIs were measured 
at wavelengths of 405, 436, 480, 509, 546, 579, and 644 nm at 
(20 ± 0.03) °C with an expanded measurement uncertainty of 
1.4 × 10−5. As a result of this small uncertainty, Figures 4 and 
5 do not contain error bars, as the errors are smaller than the 
symbols. In Table 1, absent values are a result of aberrations or 
missing camera images within the data collection sequence. The 
data supporting the findings in this study have been uploaded to 
Zenodo [17, 18].

The measured RIs in Table  1 are used to derive dispersion 
relations, which is achieved by plotting the RI of each sus-
pension liquid versus wavelength and fitting the datapoints 
with Equation  (2). The dispersion coefficients can be found 
in Table  S2. The error in the dispersion relations is less than 
1 × 10−4. Figure 4 shows the RI measurements and correspond-
ing dispersion relations of DPBS, saline and water.

Figure 5A shows the RI measurements and corresponding dis-
persion relations of plasma diluted in DPBS. When the RI is 
plotted versus the wavelength, 100-fold, 140-fold, and 300-fold 
dilutions of plasma seem to have similar RIs. However, when 
plotting the RI at 405 nm versus the dilution, like in Figure 5B, 

it becomes obvious that the RI decreases with increasing dilu-
tion of plasma. The data can be described with a Hill function. 
The fit parameters m and k are 0.592 and 87.7 respectively. For 
increasing dilution factors, the fit converges to the RI of DPBS.

3.2   |   Impact of the Suspension Liquid RI on 
Reported EV Concentrations

Based on the flow chart in Figure 3, Figure 6 demonstrates how 
an incorrectly assumed RI of the suspension liquid affects the 
derived optical diameter and reported EV concentrations within 
applied size gates. Figure 6A shows the effective scattering cross 
section of EVs in suspension liquids with different RIs, namely 
traceably measured DPBS, plasma 100-fold diluted in DPBS, and 
water as well as DPBS as assumed by Rosetta Calibration, versus 

TABLE 1    |    Refractive indices of suspension liquids commonly used in extracellular vesicle flow cytometry with an expanded measurement 
uncertainty of 1.4 × 10−5.

Liquid

Wavelength (nm)

405 436 480 509 546 579 644

Water 1.343266 1.340213 1.337721 1.336331 1.334657 1.333649 1.331547

DPBS 1.344599 1.341988 1.339333 1.337966 1.336453 1.335331 1.333467

Saline 1.344931 1.342041 1.339272 1.337921 1.336356 1.335225 1.333260

Sheath fluid 1.346176 1.343739 1.340462 1.338735 1.336841 1.335490 1.333289

DPBS + 0.5% BSA 1.345073 1.341618 1.339075 1.337700 1.336115 1.335058 1.333132

Trehalose in DPBS 1.370669 1.367578 1.364218 1.362470 1.360492 1.359148 1.356654

Trehalose + BSA 1.345101 1.341832 1.340219 1.338352 1.337005 1.334812

100× plasma 1.344772 1.342473 1.339906 1.338523 1.336997 1.335897 1.334021

140× plasma 1.344754 1.342432 1.339748 1.336948 1.335864 1.333866

300× plasma 1.344716 1.342423 1.338386 1.336876 1.335784 1.333453

Abbreviations: BSA, bovine serum albumin; DBPS, Dulbecco's phosphate buffered saline.

FIGURE 4    |    Measured (symbols) and fitted (lines) refractive index 
versus wavelength of Dulbecco's phosphate buffered saline (DPBS; cir-
cles), saline (squares), and water (triangles). Fit parameters can be found 
in Table S2. [Color figure can be viewed at wileyonlinelibrary.com].
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their physical diameter. The effective scattering cross section of 
EVs, and hence the measured light scattering intensity, depends 
on the RI contrast between the EV and the suspension liquid. 
From Figure 6A it becomes clear that a given effective scatter-
ing cross section corresponds to particles with different physical 
diameters, depending on the RI of the suspension liquid. An in-
correctly assumed RI of the suspension liquid therefore causes 
a discrepancy between the optical diameter derived from a mea-
sured light scattering signal and the physical diameter of an EV.

Figure  6B shows the difference between the optical diameter 
derived by Rosetta Calibration and the physical diameter of 
EVs in traceably measured DPBS, 100-fold diluted plasma, and 
water. The differences are caused by the mismatch between the 
actual RI of the three suspension liquids and the incorrectly 
assumed RI used in Rosetta Calibration. Thus, if the calibra-
tion software would use the traceably measured RI of DPBS to 
calculate the effective scattering cross sections of EVs in DPBS, 
the derived optical diameters would be equal to the physical 
diameters of the EVs (diagonal line). However, an underesti-
mation or overestimation of the RI of the suspension liquid in 
the calibration software leads to an overestimation or underes-
timation of the effective scattering cross sections, respectively, 
and thus to an underestimation or overestimation of the optical 
diameters derived from the measured light scattering intensity. 
For example, the RI of DPBS assumed by Rosetta Calibration is 
higher than the traceably measured RI of DPBS. Therefore, the 
optical diameter derived by Rosetta Calibration underestimates 
the physical diameter. Such errors of the derived optical diam-
eters decrease the accuracy with which size gates are set and 
LoDs are reported.

To show how an incorrectly assumed RI of the suspension liq-
uid affects size gates, Figure 6C,D shows the physical diameters 
of EVs that are selected by Rosetta Calibration when optical di-
ameter gates of 300 and 600 nm, respectively, are applied to EVs 
in the three suspension liquids. For these gates, Figure  6C,D 
indicates that an incorrectly assumed RI of the suspension 
liquid can cause up to a 37-nm difference between an applied 
optical diameter gate and the actual physical diameter of EVs. 
The gates are overlaid on the EV size distribution introduced 

in Figure 1. Due to the steep size distribution, the sizing errors 
are expected to have a substantial impact on the reported EV 
concentration.

To quantify this impact, Figure 6E shows the absolute difference 
between the EV concentrations gated with an incorrect RI of the 
suspension liquid and the actual EV concentrations for three sus-
pension liquids. Within the range 50 to 900 nm, the incorrectly 
assumed RI of the software can cause a 35% difference between 
the reported and actual EV concentration, depending on the sus-
pension liquid. Thus, using an incorrect RI for EV measurements 
can lead to significant discrepancies between reported and actual 
concentrations, with maximum differences ranging from 9% to 
35% depending on particle size and suspension medium.

To validate the simulated results shown in Figure 6E, we measured 
EVs in a urine sample and derived optical diameters assuming dif-
ferent RIs of the suspension liquid. Figure 6F shows differences in 
the absolute concentration versus the lower optical diameter gate 
when calibrations are performed with different suspension liquid 
RIs than Rosetta Calibration assumes. The concentration differ-
ences in Figure 6F resemble those of Figure 6E. For LoDs between 
400 and 600 nm, the experimental concentration difference was 
lower than the simulated value. In contrast, at 150 nm the exper-
imental difference was approximately twice as large as that pre-
dicted by the theoretical approach.

4   |   Discussion

To generate reproducible concentration measurements of EVs 
using flow cytometry, light scattering detectors should be cal-
ibrated, which requires knowledge of the RI of the suspension 
liquid. This RI, however, has never been traceably measured 
and its impact on the accuracy of a calibration is unexplored.

In this study, we have traceably measured the RI of DPBS, sa-
line and water, which are frequently used suspension liquids in 
EV research (Figure 3). RIs were measured with an uncertainty 
of 1.4 × 10−5 for wavelengths between 405 and 644 nm (Table 1). 
In addition, dispersion relations were fitted with an error 

FIGURE 5    |    (A) Measured (symbols) and fitted (lines) refractive index versus wavelength of plasma diluted 100-fold (diamonds), 140-fold (circles) and 
300-fold (triangles) in Dulbecco's phosphate buffered saline. Fit parameters can be found in Table S2. (B) Refractive index at a wavelength of 405 nm versus 
the dilution factor of plasma. The line describes the Hill function and is added as a guide to the eye. Fit parameters m and k are 0.592 and 87.7, respectively. 
[Color figure can be viewed at wileyonlinelibrary.com].
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< 1 × 10−4. At a given wavelength, the RI of DPBS, saline, and 
water can differ by up to 2 × 10−3, a difference that falls within 
the precision range with which the RI of suspension liquids is 
defined by calibration software.

We have also traceably measured the RI of blood plasma diluted 
in DPBS (Figure 4). Due to constituents in plasma, the RI of these 
diluted samples is higher than that of DPBS. However, once di-
luted more than 100-fold, the RI converges to that of DPBS. To 

FIGURE 6    |    (A) Effective scattering cross section of extracellular vesicles (EVs) calculated with a suspension liquid refractive index (RI) equal to 
water, traceably measured Dulbecco's phosphate buffered saline (DPBS), plasma diluted 100-fold in DPBS and DPBS (Rosetta Calibration) versus the 
physical diameter. EVs were modeled as core-shell particles with a core RI of 1.38, a shell RI of 1.48 and a shell thickness of 6 nm. (B) Optical diameter 
derived for EVs that were suspended in DPBS with a traceably measured RI, plasma diluted 100-fold in DPBS or water, but assumed to be suspended 
in DPBS (Rosetta Calibration) versus the physical diameter. For correctly assumed RIs of the suspension liquids, the derived optical diameters equal 
the physical diameters (green solid line). (C) Particle size distribution of EVs with size gates corresponding to an optical diameter of 300 nm and (D) 
600 nm that were suspended in the three suspension liquids but assumed to be suspended in DPBS (Rosetta Calibration). For incorrectly assumed 
RIs of the suspension liquids, optical diameter gates of 300 or 600 nm select different physical EV diameters. (E) Absolute difference between the EV 
concentrations gated with an incorrect RI of the suspension liquid and the actual EV concentrations for the three suspension liquids. The absolute 
difference is plotted to maintain resolution. An incorrectly assumed RI of the suspension liquid can lead to a difference up to 35% in the gated con-
centration of EVs. (F) Absolute difference between the EV concentrations of EV data analyzed with the RI of DPBS (Rosetta Calibration) versus the 
data analyzed with RIs of water, DPBS and 100-fold diluted plasma. Bin widths are 1 nm for panels A–D and 0.01 nm for panel E and 2 nm for panel 
F. [Color figure can be viewed at wileyonlinelibrary.com].
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minimize variations between the RI of plasma from different 
donors, this finding suggests that standardization requires at 
least a 100-fold dilution during flow cytometry measurements.

Using a theoretical model, we further showed the impact of 
the traceably measured RI of suspension liquids on the accu-
racy of reported optical diameters and concentrations of EVs. 
Current software packages to relate the light scattering inten-
sity to the optical diameter assume that the RI of suspension 
liquids is equal to water or water + 0.002 (Rosetta Calibration). 
While for Rosetta calibration the impact on EV concentration 
measurements is around a 10% difference for 100-fold diluted 
plasma samples, the impact for software packages using the RI 
of water is higher, with differences around 55% for 100-fold di-
luted plasma.

Additionally, the RI of a sample can be influenced by the chem-
ical components used in sample preparation. One example is 
the preparation of PEVTES (plasma EV test sample). PEVTES 
was developed in-house during the METVES II project to in-
vestigate whether currently available calibration procedures 
result in comparable measurements of EV concentrations in a 
PEVTES sample in different laboratories [19]. PEVTES is a sta-
ble sample containing pre-stained EVs. When measured with 
flow cytometry, PEVTES resembles the measurement of EVs 
in human blood plasma. However, due to PEVTES containing 
BSA and trehalose, the RI of the sample increased significantly 
(see Supporting Information 2). As a result, the difference in RI 
between Rosetta Calibration and PEVTES causes a difference in 
EV concentration of up to around 40%.

In the experimental validation, the NA of the flow cytometer was 
kept constant. However, software such as Rosetta Calibration 
automatically solves the NA by fitting light scattering data of 
beads, a process which might influence EV concentrations. 
To decrease the uncertainty in the NA of the objectives of the 
flow cytometer, the NA of the objective could be calibrated such 
that the uncertainty is at most only 1% instead of the 10% taken 
now [20].

The difference in reported EV concentration is solely due to 
the assumed RI of the suspension liquid, and consequentially 
the calibration and software that was used. The reported con-
centration difference could increase further when considering 
other experimental factors, such as variations in environmental 
conditions, handling, protocols, and samples or other analysis 
factors such as the configurations of flow cytometers, the RI 
of the core and shell of EVs, and the shell thickness of an EV. 
Therefore, it is of utmost importance that the RI of the medium 
surrounding EVs is (i) measured with low measurement uncer-
tainty (< 10−4), (ii) implemented within the calibration software, 
and (iii) reported.

The RI of the liquids at wavelengths lying between the seven 
data points can be determined using the dispersion relation. 
However, dispersion relation equations increase the measure-
ment uncertainty of RIs in between the data points. To deter-
mine the smallest increase in measurement uncertainty, we 
evaluated 33 frequently used dispersion relation equations, 
including the Cauchy and Sellmeier equations, by fitting the 

data and evaluating the quality of the fit. These equations can 
be found in Table S1. Information about the decision criteria 
for these equations can be found in Supporting Information 1. 
A limitation of the current set-up is the availability of measur-
ing the RI at seven wavelengths. An increase in the number of 
data points could improve the fit quality, because additional 
data points ensure that the data is less prone to overfitting, 
meaning that more accurate equations could be used.

The next step for Mie theory calibrations in EV flow cytome-
try would be the establishment of traceable information about 
the RI of reference particles, and ultimately the core RI, shell 
RI, shell thickness and particle diameter of EVs. Currently, 
the RI of particles can be determined using several methods 
including backscattering interferometry, Flow-SR, immersion 
refractometry, nanoparticle tracking analysis, and off-axis ho-
lography [21–25]. However, these methods lack traceability, 
and currently there is no ISO standard about the RI measure-
ment of nanoparticles. A step into the direction of traceable 
particle RI measurements is the development of a metrological 
flow cytometer [26]. We are currently developing a metrolog-
ical flow cytometer that utilizes multi-angle light scattering, 
artificial intelligence data processing, and a calibrated sam-
ple flow rate of ~10 pL/min, aiming to provide traceable mea-
surements of the concentration, diameter, and RI for single 
nanoparticles in the future.

In conclusion, we show that differences between traceably 
measured and currently used RIs for suspension liquids lead 
to differences in applied optical diameter gates and reported 
EV concentrations. The currently used RI in the calibration 
software package Rosetta Calibration leads to a maximum dif-
ference of 35% between reported EV concentrations in diluted 
plasma due to differences in assumed RIs of the suspension liq-
uid. A traceably measured RI of the suspension liquid should be 
used to calibrate light scattering signals with Mie theory to im-
prove the accuracy of optical diameter and concentration mea-
surements by EV flow cytometry.
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