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Abstract: Objectives: Extracellular vesicles (EVs) are
heterogeneous membrane vesiclesin diameter of 30-5000
nm, that transport proteins, non-coding RNAs (miRNAs),
lipids and metabolites. Major populations include
exosomes, ectosomes and apoptotic bodies. The purpose
of this study was to compare the distribution of EVs
obtained under different conditions of differential
centrifugation, including ultracentrifugation, with the
results developed based on a theoretical model
Methods: Immortalized endothelial cell line that
expresses h-TERT (human telomerase) was used to
release of EVs: microvascular TIME. EVs were isolated
from the culture medium at different centrifugation
parameters. The size distribution of the EVs was
measured using TRPS technology on a qNanoinstrument.
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Surface markers were evaluated using flow cytometry.
The isolated EV subpopulations were compared with the
theoretical model developed by Livshits. Results: EVs
isolated from endothelial cells show strong aggregating
properties, which was confirmed by TEM, TRPS imaging
and flow cytometry. Conclusions: Obtaining pure EV
subpopulations is difficult because of the small
differences in the diameter of ectosomes and exosomes,
andthestrong aggregating properties of EVs.

Introduction

Extracellular vesicles (EVs) are defined as cellular
structures surrounded by a protein-lipid membrane
secreted by almost all cell types [1-5]. They play an
important role in physiological and pathological
processes, mediating extracellular transport and
transferring various types of intracellular, secretory and
membrane proteins, aswellasnucleicacids suchas small
molecule RNA, mRNA, and others [6-9]. In recent years,
the role of EVs in regenerative medicine has been
extensively studied. EVs from different cell types create
therapeutic potential in an increasing number of
different, as a biomarker, therapeutic agent or drug
carrier [10-12]. The average size of EVs is estimated
between 30 and 500 nm and covers the range of smaller
exosomes (30-100 nm in diameter) and bigger ectosomes
(over 100 nm in diameter) [12].

Liquid biological samples are usually
heterogeneous mixtures of particles that differin size and
density, as well as in sedimentation rate, such physical
properties can be utilized for developing modem
isolation and separation techniques [13].

The classic protocol for acquiring EVs from
a conditioned medium uses differential centrifugation
[14]. Tt is a physical technique that has wide application
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in biological research for the isolation and purification of
cells, intracellular organelles, etc.
suspensions, such as cell lysates or cell culture
supernatant. As a result of centrifugation, particles with
a higher density than the solvent are sedimented, and
with a density lower than this are floated [15]. Liquid
biological samplesare usually heterogeneous mixtures of
particles that differ in size and density, and also in
sedimentation rate, such physical properties can be
utilized for developing modern isolation and separation
techniques [16].

In theresearch carried out for this work, a model
based on the differential centrifugation principles was
used to calculate parameters for EVs isolation and set
experimental conditions. The model proposed by Mikhail
A. Livshits takes into account the following points used
in the equations and used for further considerations:
geometric parameters of the rotor, angular velocity (),

viruses, from

centrifugation time (9, and solution viscosity () [ 15].
The theoretical model introduced by Livshits
allows us to evaluate the proportion of deposited EVs
with specific sizes (30-1,000 nm) and densities (1.08-115
g/cm3). Based on the equations and geometric
relationships for FA-type rotors, the yield (efficiency)
parameter of the centrifugation process (pelleted fraction
- PFa) was developed, i.e., the fraction of particles with a
diameter d, thatafter time ¢ will cover the distance Lsed:

1= (L::d) )

vt vt
+

sed sed

2 :
PF; = = (arcsin
VA

)

Bearing in mind the limitations of preparing
homogeneousisolations of EVsubpopulations, the main
purpose of this work was to determine the differential
centrifugation parameters to isolate two pure EV
subpopulations, based on this model.

Materials and methods

Cell culture

A human immortalized microvascular endothelial cell
line (TIME) that expresses human telomerase (h-TERT)
was used [16]. TIME cells were grown in Vascular Cell
Basal Medium (ATCC; PCS-100-030) supplemented with
penicillin (100 U/ml), streptomycin (100 U/ml),
blasticidin (12.5 pg/ml), and the microvascular
supplement kit Endothelial Cell Growth Kit-VEGF (ATCC
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PCS-110-041). Cells were grown in 75 cm? tissue culture
dishes (Nest Scientific Biotechnology, China) at 37-C in
an incubator with a humidified mixture of 5% CO. and
95% air. For EVs isolation, cells were incubated for 48h in
amedium with exosome-free FBS (Gibco, A2720801).

Experimental results vs theoretical model

To compare the experimental results with the theoretical
model, EV isolation was performed at different
centrifugation speeds (Fig. 1). The medium was initially
centrifuged for 30 minutes at 2,000 xg to remove cellsand
apoptotic bodies. The medium thus obtained contained a
population of ectosomes and exosomes. Ectosomes were
isolated from the culture medium by centrifugation at
3,000, 5,000, 7,000, 10,000, 12,000 or 18,000 xg for 30
min at 4°C. The harvested supernatant was then
centrifuged for 9o min at 150,000 xg at 4°C. The obtained
EV pellets were suspended in 100 pl of filtrated PBS.

Two different centrifuges equipped with fixed-
angle rotors were used in the tests: S140-AT and FA-45-
24-11. The basic rotor parameters areshownin Tab.1.

In the presented model, calculations were made
based on Equation 1. It wasassumed that the values of EV
density (p) and the medium viscosity (n) are with the
ranges as in Tab.1and have a homogeneous distribution.

The isolated EV populations were diluted 2-fold
and filtered through a filter with a pore diameter of 400
nm. To determine the microvesicle diameter distribution,
TRPS technologies were used on a gNano apparatus (Izon
Science Ltd.) equipped with NP1oo pore (Izon Science
Ltd.).

The yield (efficiency) of the model for pelleted
ectosomes PFecto was determined directly from the
relationship (Equation1), using the parameters defined in
Tab1. For exosomes, the efficiency is described by the
Equation 2:

PF= PFy,, - (1- PFg.,) (2)

Fortran 9o program (Simply Fortran 2.41,
Approximatrix.) was used for numerical estimation of
centrifugation efficiency based on Equation 1and model
density distributions for particular values of the relative
centrifugal force [18]. Density distributions were
calculated based on the results of gNano measurements
for pre-centrifuged EV suspension. The program
generated the results for randomly selected values of EV
density and viscosity of the medium from the given
ranges (Tab.1) (Figure 3C and 3D). A randomnumber
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Figure 1: Scheme of EV isolation and separation steps using differential centrifugation for comparison with the theoretical
model.

S140-AT FA-45-24-11
Rmis[cm] 3.26 7.58
Rmalcm] 4.79 11.07
8] 35 45
Tube diameter[cm] 0.75 0.85
0 [g/cm3] 1.1+1.3[17] 1.1+ 1.3[17]
0 [g/cm3] 1.0# 1.0#
n [cPJ# 1+1.5 1+1.5
Relative Centrifugal Force RCF 150,000g 2,000-18,000g
Time [min] 90 30

Table 1: Parameters of rotors, centrifugation, and physical parameters of the medium and EVs #medium viscosity value rounded
to 1cP based on measurements viscosity.

generator with a homogeneous distribution was used in EV isolation
the calculations. The resulting text files contain the

values of: centrifugation efficiency, density distributions Subconfluent TIME cell cultures wereincubated for 48 h

in a culture medium supplemented with 2% exosome-free
FBS. The culture medium was then collected into tubes
and centrifuged for 30 min at 2,000 x g to remove floating
cells and apoptotic bodies. The pre-centrifuged medium
was centrifuged for 30 min at 18,000 x g to pellet the

dcutort. and randomized densities and viscosities used in
the calculations [18]. Based on these files. The results
were presented graphically using the Grapher 11
program.
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ectosome. The collected supernatant was centrifuged for
90 min at 150,000 x g and 4°C to obtain the exosome
pellet. Theresulting ectosome and exosome pellets were
suspendedin 100 pl of PBS.

TRPS method to characterize EV size and
concentration and Zeta-potential

The size distribution and concentration of EVs were
measured by TRPS technology using the gNano system
(Izon Science Ltd.. Oxford. UK). The instrument was
calibrated using CPC100 and CPC200 calibration particles
(Izon Science) according to the manufacturers
instructions. Exosomes were measured using NP1oo
nanopores (analysis range 50-330 nm; Izon Science) at a
pressure of 5 mbar. Ectosomes were measured using
NP20o0 nanopores (analysis range 85-500 nm; Izon
Science) with at 1 mbar pressure. Voltage and stretch
were adjusted to obtain a stable current between 100-120
nA. Thesamples were analyzed for 3 minutes or until the
measurement was performed on 500 objects. Data
processing and analysis were prepared using the Izon
Control Suite v2.2software (Izon Science).

To measure the Zeta-potential for ectosomes
(isolated at 18.000xg) and exosomes, nanopores were
calibrated at three different voltages (V1, V2, V3) and two
different pressures (P1, P2) (Tab.2). The microvesicles
samples were measured at a voltage of V2 and pressure
P2.

Calibration  Pressure[mbar]  Voltage[mV]
V1P2 0.1 0.94
V1P1 11 0.94
V2P1 11 0.76
V3P1 1.1 0.60

Table 2: The value of pressure and voltage at the performed
nanopore calibration.

Visualization of EVs using a transmission
electron microscope (TEM)

The exosome and ectosome pellets were fixed with 2.5%
glutaraldehyde (Sigma Aldrich, cat. No. G5882) in 0.1 M
cacodyl buffer (Sigma Aldrich, cat. No. CO250) and then
fixed for 1 hour in 1% osmium oxide. The samples were
then dehydrated by passingthrough a graduated series of
ethanol and embedded in PolyBed 812 epoxyresin at 68°C
(Polyscience, Inc., Cat # 08791-500). The ultra-thin (6570
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nm) sections were placed on 300 mesh copper grids
covered with formvar foil. The sections were contrasted
with uranyl acetate and lead citrate. The observation was
performed with an electron microscope (JEOL
JEM2100HT, Jeol Ltd, Tokyo, Japan) at an accelerating
voltage of 80 kV. The microvesicle diameters were
determined manuallyin the Fiji program version 2.9.0.

Flow cytometry to determine EV surface
markers

Surface markers on TIME EVs were detected with Micro
Apogee Aso flow cytometer (ApogeeFlow Systems, Hemel
Hempstead, UK) after staining with anti-CD63
(BioLegend, ABIN1998604), anti-CD151 (BioLegend,
ABIN2478583) annexin V (Invitrogen, Aforem122) and
annexin-binding buffer antibodies (Invitrogen, V13246).
The murineIgG1 FITC / IgG1 PE / IgG1 PE-Cys5 IsotypeCtrl
Cocktail (BioLegend, 319201) antibody was used as an
isotope control. All antibodies were centrifuged for 5
minutes at 18,890 x g to remove dye aggregates.
Ectosomes and exosomes suspended in PBS (Sigma) were
incubated with selected antibodies for 30 minutes in the
dark. Positive event percentage (ROI% event) was
calculated with the Apogee Histogram software
(ApogeeFlow Systems).

Results

Theoretical model development and its
verification

The results of the yields calculations for a given value of
EV density (ectosomes and exosomes) 1.15 g/cms3 and the
solvent viscosity of 1.03 cP for ectosomes and exosomes
are presented in Fig. 2A. The highest efficiency of
ectosome deposition during centrifugation was observed
at 18,000 x g, while also observing the cut-off point at the
smallest exosomesize.

Density and viscosity values were randomly
selected from the ranges in Table 1, assuming that both
the density and viscosity values were derived from
a homogeneous distribution. In Fig. 2C, we can see that
centrifugation at 18,000 x g is the limit above which the
ectosome sedimentation efficiency does not depend on
the physical properties of the EV (density) and on the
solvent (viscosity). Centrifugation above 18,000 x g
would greatly reduce the concentration of theisolated
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Figure 2: A) Centrifugation vyields calculated from the
theoretical model for ectosomes (solid line) and exosomes
(Line dotted Lline). PF was calculated from equation 1 and 2
based on data contained in Tab.1, B) initial concentration
of EV distribution determined based on the measurements of
gNano, C and D predicted distribution / concentration
of exosomes and ectosomes. Areas for individual values of
relative centrifugal force are between the highest and lowest
of the selected measurement points.

exosomes, however, we see that with these centrifugation
parameters we should get the purest ectosomes
population by cutting off the EV size above 10onm.
Figures 3A and 3B show a comparison of the
theoretical predictions with the measurements of EV
diameters using the TRPS method. Based on data
contained in the work, measurement error in determining
the of EV diameter using the gNano method, is + 10 nm
[19]. For theoretical calculations, the figures show the
range of concentration values calculated in the draws.
Figure 3A shows that centrifugation at 12,000 x g and
18,000 x g gives the ectosome population closest to the
theoretical model. In contrast, Fig 3B shows that the
population of exosomes isolated from the supernatants
after centrifugationatlower g values (5,000 — 10,000 X g)
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Figure 3: Comparison of theoretical results with gNano

(TRPS). The measurement error shown in the figure is #10nm.
Measurements for A) ectosomes, B) exosomes.

is closer to the results of the theoretical model. Based on
theseresults, we chose to centrifuge the ectosomes for the
remainder of theresearch at18,000x g.

Zeta potential measurements

The measured Zeta- potential for ectosomes was
—-9.3 = 0.7 mV and for exosomes —11.35 + 1.9 mV (Fig.4.).
The yellow line indicates the maximum value of the
ectosomes/exosomes as the limit in the theoretical
model. Taking into account the above assumption, the
average Zeta-potential value changed —9.53 + 0.52 mV for
ectosomes and —17.05 + 0.79 mV for exosomes.

Visualization of EVs by TEM

Transmission electron microscopy (TEM) was used to
visualize isolated populations of ectosomes and
exosomes. Analysis of the EV images showed the size of
both ectosomes and exosomesin the range of 10-400 nm.
The obtained images showed the heterogeneity of the
resulting EV populations. A double membrane
characteristic of EVs was observed (Fig.5A). Fitting the
multi-peak Lognormal function showed the presence of
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Figure 4: Dependence of Zeta-potential of EVs on their diameter. A. Ectosomes, B. Exosomes.
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Figure 5: A) EVs visualized in a TEM microscope, a lipid bilayer can be observed. B) Analysis of annexin V. CD151, and CD63
expression on the EV surface. C) Size distribution of ectosomes; and D) exosomes with a fit of the multi-peak Lognormal
function. The yellow line shows the Llimit value calculated from the theoretical model.
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two major ectosome populations of 69.35 and 181.14 nm
and the presence of four major exosome populations:
71.06; 122.85; 199.66 and 345.22 nm in diameter (Fig. 5C
andsD).

Analysis of surface markers using Apogee
flow cytometry

Annexin Vis a commonly used as an ectosome marker.
CD63 and CDis1
measurements confirmed the TEM observations,
indicating cross-contamination of the population.

are exosomal markers. The

Results

The applied centrifugation parameters from 3000 to
18000 x g for ectosomes showed distributions of obtained
EVs similar to the theoretical datacalculated based on the
Mikhail A. Livshits model [15]. On the other hand, the
greatest discrepancies for the exosome population were
obtained for the supernatant after centrifugation at
18,000 X g. Our results showed cross-contamination of
two EV sub-populations. These observations were
confirmed by TEM and flow cytometry.

The most common procedure for theisolation of
exosomes involves ultracentrifugation at 100,000-
200,000 X g [14]. while for ectosomes centrifugation at
10,000-20,000Xg [20]. Our results indicated cross-
contamination of the EV subpopulation, and exosome
sedimentation at centrifugation speed in the range of
3,000 x g — 18,000 x g, which has been observed by other
authors as the sedimentation of exosomes at 33,000xg
[21].

In the presented work, we performed
measurements using gNano (TRPS), which is an
increasingly used method for analyzing the size,
concentration and Zeta-potential of EV, as well as
nanoparticles. liposomes. etc. [22,23]. The advantage of
this methodis the small volume of the analyzed sample,
and the possibility of precise indication of particles of
different sizes. However, the practical limitation to
measuring biological samples with TRPS is pore
plugging. Accumulating bulky proteins (e.g. von
Willebrand factor. fibrinogen) or the presence of particles
with a diameter larger than the pores (e.g. aggregates
microvesicles) may contribute to pore clogging [24].

To study the stability of the isolated EV
subpopulations, the Zeta-potential was measured. The
obtained values for ectosomes (-9.3 + 0.7 mV) and
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exosomes (-11.35 + 1.9 mV) indicated EV aggregation
properties. Thevalue of-10 mVis generally recognized as
a minimum threshold value for sample stability in
dispersion [25,26]. The obtained results are similar to
those obtained by Duc Bach Nguyen et al., who
demonstrated the Zeta-potential of EVs isolated from reds
blood cells within -10 mV [27].

Based on the data in Table 1 (i.e. size range of
both microvesicle populations) and Equitation 1, the
sedimentation coefficient was calculated for both EV
fractions. The Sexo value ranges from72.8 to 1160 S and the
Secto Value from 809 to 81000 S. The overlap of the range
of sedimentation coefficient values for both EV
populations causes cross-contamination of samples,
what we demonstrated in our work. The optimization
process is less effective when there are small variations in
sedimentation coefficients between different particle
fractions (Sexo = Secto).

EV density values are close to protein density,
showed that proteins (e.g. plasma albumin or fibrinogen
in plasma) are sediment with EVs during centrifugation.
Using Equations 1 and 2, we calculated the yield
sedimentation of the folded and unfolded forms of the
proteins mentioned above. Exists are unlikely to
sediment albumin (66.5 kDa) in any fraction of
microvesicles. Also, the efficiency of fibrinogen
sedimentation is low becausein solutions it is present in
solution in the coiled form [18,28] (supplementary file).

TEM analysis of exosomes and ectosomes
showed a regularoval shape of EVs surrounded by a lipid
bilayer. A similar shape of the EVs was also observed by
others researchers working on an endothelial cell line
and a human leukemic line [29]. Microscopic analysis
showed cross-contamination of the EVs samples. It was
also confirmed by marker expression analysis i.e. CD63
and CD151 (exosome markers) and annexin V (ectosome
marker). Similar observations about ARF6 (exosome
marker) expression were made on EVs isolated from
breast cancer lines [30].

Conclusion

Development of an EV isolation protocol based on the
theoretical model is possible and useful to obtain
homogeneous subpopulations of ectosomes and
exosomes. Validation under experimental conditions is
difficult due to the small size difference in diameter size.
Additionally, strong aggregation properties of



178 = Durak-Kozica et al.: Model for extracellular vesicle separation

endothelial-derived EVs were proven as low Zeta-
potential of EVs isolated from endothelial cells.
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