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Abstract

Background/Aims: Extracellular vesicles (EVs), including mi-
crovesiclesand exosomes, deliver bioactive cargo mediating
intercellular communication in physiological and pathologi-
cal conditions. EVs areincreasingly investigated as therapeu-
tic agents and targets, but also as disease biomarkers. How-
ever, a definite consensus regarding EV isolation methods is
lacking, which makes it intricate to standardize research
practices and eventually reach a desirable level of data com-
parability. In our study, we performed an inter-laboratory
comparison of EV isolation based on a differential ultracen-
trifugation protocol carried out in 4 laboratories in 2 inde-
pendent rounds of isolation. Methods: Conditioned medi-
um of colorectal cancer cells was prepared and pooled by 1
person and distributed to each of the participating laborato-
ries for isolation according to a pre-defined protocol. After

EVisolation in each laboratory, quantification and character-
ization of isolated EVs was collectively done by 1 person hav-
ing the highest expertise in the respective test method:
Western blot, flow cytometry (fluorescence-activated cell
sorting [FACS], nanoparticle tracking analysis (NTA), and
transmission electron microscopy (TEM). Results: EVs were
visualized with TEM, presenting similar cup-shaped and
spherical morphology and sizes ranging from 30 to 150 nm.
NTA results showed similar size ranges of particles in both
isolation rounds. EV preparations showed high purity by the
expression of EV marker proteins CD9, CD63, CD81, Alix, and
TSG101, and the lack of calnexin. FACS analysis of EVs re-
vealed intense staining for CD63 and CD81 but lower levels
forCD9and TSG101. Preparations from 1 laboratory present-
ed significantly lower particle numbers (p < 0.0001), most
probably related to increased processing time. However,
even when standardizing processing time, particle yields still
differed significantly between groups, indicating inter-labo-
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ratory differences in the efficiency of EV isolation. Important-
ly,norelationwas observed between centrifugation speed/k-
factor and EV yield. Conclusions: Our findings demonstrate
that quantitative differences in EV yield might be due to
equipment- and operator-dependent technical variability in
ultracentrifugation-based EV isolation. Furthermore, our
study emphasizes the need to standardize technical param-
eters such as the exact run speed and k-factor in order to
transfer protocols between different laboratories. This hints
at substantial inter-laboratory biases that should be as-
sessed in multi-centric studies. ©2020S. Karger AG, Basel

Introduction

Extracellular vesicles (EVs) are nanometer-sized par-
ticles that are enclosed by a lipid bilayer and shed from
cells into the extracellular environment [1, 2]. These ves-
icles, which contain a variety of bioactive molecules, pro-
teins, and lipids, but also nucleic acids such as mRNA and
microRNAs, represent a previously unrecognized form of
intercellular communication [3]. There has been a tre-
mendous increase in investigations, either developing
EVs as therapeutic agents, as targets of therapeutic inter-
ventions, or as biomarkers.

For instance, platelet microparticles, at earlier times
considered to be plasma membrane fragments and rather
“dust,” are involved in haemostasis, thrombotic, vascular,
and inflammatory diseases, but also in cancer and metas-
tasis, and are increased in different disease settings and
upon platelet activation [4]. Erythrocyte-derived mic-
roparticles have been observed to increase in red blood
cell concentrates upon storage, but also in certain disease
settings (e.g., malaria), and are similarly considered to be
involved in haemostasis, thrombosis, and inflammation
[5]. EVs are increasingly considered as circulating bio-
markers, for example, to diagnose malignancies [6], but
they are also considered as therapeutic agents, for exam-
ple, from mesenchymal stromal cells [7, 8].

EVs can be isolated from cell-conditioned medium or
body fluids. EVs are grouped into different classes based
on their physicochemical features such as size or density
and mechanisms of release. The term exosome is used to
define vesicles formed in endosomal multivesicular bod-
ies and secreted when these fuse with the plasma mem-
brane. Microvesicles, on the other hand, are thought to
bud directly from the plasma membrane. As a major ob-
stacle to the field, the isolated material used in EV studies
is generally a heterogeneous mixture of different EV types
and common contaminants (e.g., lipoproteins) (2, 9].

Thus, due to their heterogeneity and small size, isola-
tion and analysis of EVs still present significant challeng-
es [9, 10]. The most common method of EV isolation was
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described in 1996 [11], which involves several centrifuga-
tion and ultracentrifugation steps, where cells, cellular de-
bris, and larger particles are discarded and EVs are sedi-
mented by sequentially increasing centrifugal forces [12].

Starting at its very beginning, EV research faced tech-
nical limitations and challenges. Through many rigorous
studies and community efforts including review articles,
guidelines, and position papers, the field now seems to
have a decent grasp of minimal requirements for EV stud-
ies [9, 13, 14], the importance of reporting experimental
details [15], and the intricacies of various biofluids [16].
Despite these advances, EV isolation itself is still one of
the most important and most debated topics in the com-
munity. Researchers can select from a wide range of com-
mercial and in-house isolation methods, each with their
own advantages and disadvantages [17-19]. For differen-
tial ultracentrifugation, which is still the most commonly
used isolation method, there are reports on how param-
eters such as run time, centrifugation speed, and rotor
type impact both EV yield and contamination with non-
EV material [20, 21].

In contrast to our growing understanding of the
complexities of different isolation methods, one aspect
that has largely been neglected is the fact that virtually
all EV studies are single-centric, and that reproducibil-
ity across laboratories has yet to be systematically as-
sessed. Even if perfect in-house reproducibility was to
be assumed, the ability to replicate EV isolates in differ-
ent laboratories needs to be validated separately. While
the past few years have seen a push towards inter-labo-
ratory performance comparisons for analytical meth-
ods [22], failing to assess EV isolation itself on a broad-
er basis will contribute to the rampant reproducibility
crisis and hamper both basic research and translational
applications of EVs [23].

To shed light on the reproducibility of an established
isolation protocol in terms of EV yield and characteris-
tics, we performed the first inter-laboratory comparison
of EV isolation based on a pre-defined differential cen-
trifugation protocol according to published protocols
[24] and investigated the degree of reproducibility be-
tween 4 laboratories in 2 independent rounds of isolation.
This inter-laboratory comparison aimed to separately
analyse the degree of reproducibility between the partici-
pating laboratories in each round of isolation rather than
between the 2 independent rounds.

Parallel EV preparations were isolated from one pool
of conditioned medium of HCT116 colorectal cancer
cells in each of the laboratories. After EV isolation, ali-
quots were distributed to the person with the highest ex-
pertise in the respective test method and then analysed as
paired analysis by nanoparticle tracking analysis (NTA),
transmission electron microscopy (TEM), Western blot
(WB), and fluorescence-activated cell sorting (FACS). All
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Fig. 1. Schematic workflow of EV preparation and characterization. The experimental workflow of the first (left)
and second (left) isolation round is depicted and technical differences between the 2 rounds are highlighted in

the boxes (underlined).

laboratories were well able to isolate EVs using the pre-
defined protocol, but in spite of similarities in EV mor-
phology and size, there were distinct differences in their
quantities and protein profiles. These variabilities were
not only due to different equipment used, for example,
rotors and ultracentrifuges, but mainly due to the opera-
tor’s handling. Therefore, reproducibility and standard-
ization of defined protocols and methods should be con-
trolled in multi-centre studies to improve workflows and
decrease batch-to-batch variation.

Materials and Methods

Cell Culture

The colorectal cancer cell line HCT116, used as a model of pa-
rental EV-secreting cells, was obtained from the European Collec-
tion of Authenticated Cell Cultures and cultured in DMEM-F12
medium (Thermo Fisher Scientific, USA) supplemented with 10%
heat-inactivated fetal bovine serum (Thermo Fisher Scientific), 2.5
mM L-glutamine, 100 U/mL penicillin, and 100 pug/mL streptomy-
cin (Thermo Fisher Scientific) in incubators with 5% CO, atmo-
sphere at 37 °C. Cell morphology was constantly monitored by
microscopic observation (AxioVert100 Zeiss, Germany). To en-
sure that the HCT116 cells were free of mycoplasma contamina-
tions, the cultures were frequently analysed using a PCR-based
mycoplasma Detection Kit (Minerva Biolabs, Germany) according
to the manufacturer’s protocol.

Extracellular Vesicle Isolation

1.7 x 10° (first round) and 1.8 x 10° (second round) cells/cm?
were seeded in T175 flasks (first round: 13 x T175; second round:
45 x T175). After overnight culture, the cells were washed twice
with phosphate-buffered saline (PBS, Thermo Fisher Scientific)
and cultured for another 24 h in 20 mL/T175 flask DMEM-F12
medium containing 1% EV-depleted FBS (depleted from 20% FBS
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via overnight centrifugation at 100,000 g at 4°C). Cell-conditioned
medium (CCM) was collected, pooled, split into 50-mL tubes, and
distributed to the participating laboratories. In the first round, the
CCM aliquots were stored at 4 °C and processed within 6 h in each
laboratory. In the second isolation, the medium was immediately
frozen at -80°C and thawed just prior to EV isolation. Each labo-
ratory processed 1 aliquot of the CCM pool independently accord-
ing to the predefined protocol. EV isolation was performed by dif-
ferential centrifugation analogous to published protocols [24]
(Fig. 1): first, at 300 g for 10 min at 4 °C, second at 2,000 g for 10
min at 4 °C, third at 10,000 g for 40 min at 4 °C, and fourth at
100,000 g for 2 h at 4°C to pellet the EVs. Before the fourth cen-
trifugation step, CCM was filtered using a 0.22-um pore size filter.
This ultracentrifugation step was performed twice in the first and
once in the second round (Fig. 1). All laboratories used swing out
rotors and available equipment (Table 1). Fresh tubes were used
for each centrifugation. In the first round, EV pellets obtained
from 12 mL CCM (1 tube) each were resuspended in 30- and 50-
uL PBS for TEM and NTA, respectively. For WB analysis, EV pel-
lets obtained from 24 mL CCM (2 tubes) were resuspended in a
total volume of 50 pL radioimmunoprecipitation assay (RIPA)
buffer. In the second round, EV pellets from 34 mL CCM (2 tubes)
were resuspended in 100 uL PBS, where 45 puL were subjected to
NTA, 25 uL to TEM, and 30 pL to FACS. For WB analysis, EV pel-
lets from the 170 mL CCM (10 tubes), were resuspended in 100 uL
RIPA buffer. EV data were submitted to the EV-TRACK knowl-
edgebase (http://evtrack.org/; EV track ID: EV190090) [15]. Paired
analysis of the 4 EV samples was performed by 1 person with the
highest expertise in the respective test method to assure compara-
bility of data.

Transmission Electron Microscopy

In detail, 5 L of EV suspensions were left to settle on 100 mesh
formvar-coated copper grids (Plano, Germany), contrasted with
2% aqueous uranyl acetate (negative stain), air-dried, and visual-
ized using a JEM-1400 transmission microscope (JEOL, USA)
equipped with a Tietz 2 K digital camera (TVIPS, Germany) at 80
kV.

Torres Crigna et al.



Table 1. Description of equipment parameters of ultracentrifugation-based EV isolation across individual laboratories

Laboratory Rotor Ultracentrifuge
First round
1.1 TH-641 (Thermo Fisher Scientific) Optima L-90K (Beckman Coulter, USA)
1.2 SW 28.1 (Beckman Coulter) Optima LE-80K (Beckman Coulter)
1.3 Sorvall SureSpin 630 (Thermo Fisher Scientific) Sorvall Discovery 100 (Thermo Fisher Scientific)
1.4 Sorvall SureSpin 630 (Thermo Fisher Scientific) Sorvall Discovery 100 (Thermo Fisher Scientific)
Second round
2.1 Sorvall SureSpin 630 (Thermo Fisher Scientific) Sorvall WX Ultra 100 (Thermo Fisher Scientific)
2.2 Sorvall SureSpin 630 (Thermo Fisher Scientific) Sorvall WX Ultra 100 (Thermo Fisher Scientific)
2.3 Sorvall SureSpin 630 (Thermo Fisher Scientific) Sorvall WX Ultra 100 (Thermo Fisher Scientific)
2.4 SW28.1 (Beckman Coulter) Optima LE-80K (Beckman Coulter)

All laboratories used swing out rotors in their respective ultracentrifuge.

Nanoparticle Tracking Analysis

In the first round, 2 pL of concentrated EV suspensions were
diluted in sterile-filtered PBS 1:100 and visualized using the Nano-
Sight LM10 NTA device (Malvern Instruments, UK). Each sample
was measured 5 times for 45 s (Screen Gain 1.0, camera level 12)
with at least 200 valid tracks per video to obtain particle concentra-
tion and size distribution. In the second round, 1 pL of concen-
trated EVs was diluted in sterile-filtered PBS in a dilution range
between 1:2,000 and 1:4,000 and visualized using the ZetaView
(sensitivity 80%, shutter 100, 11 positions, 2 cycles; Particle Metrix,
Germany).

Protein Extraction and Western Blot

EV pellets were resuspended in RIPA buffer (50 mM Tris-HCI,
pH7.4,150 mM NaCl, 1% Triton X-100, 1% Na-deoxycholate, 0.1%
SDS, 0.1 mM CaCl,, and 0.01 mM MgCl, supplemented with pro-
tease inhibitor cocktail (Thermo Fisher Scientific). Proteins ex-
tracted from HeLa and HCT116 cells were used as cellular con-
trols. Protein concentration was determined using the BCA as-
say process with Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific), following the manufacturer’s instructions. Equal
amounts of protein (20 ug) were loaded and separated on 4-15%
Mini-PROTEAN TGX Precast Gels (Bio-Rad, USA). Protein
and cell lysates were treated with protein loading dye (Laemmli
sample buffer; Bio-Rad) with freshly added p-mercaptoethanol
(10%; v/v; Sigma, Germany) and boiled for 5 min at 95°C before
SDS-PAGE. Proteins were subsequently transferred to nitrocel-
lulose blotting membrane (0.2 pum; 1060000; GE Healthcare,
USA). Membranes were blocked in 5% BSA (Carl Roth, Ger-
many) in 0.1% Tween in TBS (TBS-T). After blocking, blots were
probed with the following primary antibodies diluted in 5%
milk/TBS-T: TSG-101 (1:500 dilution, clone 4A10;Thermo
Fisher Scientific), Alix (1:500 dilution, clone 3A9;, Biolegend,
USA), CD81 (1:300 dilution, clone 5A6; Biolegend), CD63 (as-
sessed under non-reducing conditions, 1:300 dilution, clone
MX-49.129.5; Santa Cruz, Germany), CD9 (1:300 dilution, clone
C-4; Santa Cruz), and calnexin (1:500 dilution, clone E10; Santa
Cruz). After overnight incubation at 4 °C, membranes were
washed 3 times with TBS-T and subsequently incubated with the
secondary antibody dilution: anti-mouse IgG HRP (1:2000 dilu-
tion; NA931V; GE Healthcare) for 1 h at room temperature fol-
lowed by washing. Blots were then developed using Western-
Bright ECL (541004; Biozym Scientific, Germany) and protein
bands were detected using the FusionCapt Advanced Solo 4
(Vilber, Germany).

Inter-Laboratory Comparison of
Extracellular Vesicle Isolation

Fluorescence-Activated Cell Sorting Analysis

FACS measurement of HCT116-derived EVs and their paren-
tal cells was performed with BD FACS Canto II, using BD FACS-
Diva software (BD Biosciences). HCT116-derived EVs were cap-
tured on anti-human CD9 beads for flow detection (Exosome-Hu-
man CD9 beads; Thermo Fisher Scientific). CD9 beads (20 pL)
were washed with 1 mL of assay buffer (PBS + 0.1% BSA sterile-
filtered 0.22 pum; BSA, Carl Roth). EVs were added 1:10 v/v to the
assay buffer and incubated overnight at 4 °C, end-over-end mix-
ing. On the next day, bead-bound EVs were isolated with a mag-
netic separator and washed several times prior to EV staining. To
assess antigen expression, samples were incubated in the dark with
the following titrated monoclonal antibodies for 45 min under ag-
itation at 1,000 rpm: CD9 PerCP-Cy 5.5 (BD Biosciences), CD63
Brilliant violet 421 (Biolegend), CD81 PE/Cy7 (Biolegend),
TSG101 and calnexin, both Alexa fluor 647 and Alix PE (all Santa
Cruz). After washing, beads were retrieved through magnetic sep-
aration. EV-bead samples diluted in PBS were measured acquiring
a minimum of 50,000 events at low speed. Sterile 0.22-pm-filtered
PBS and EVs not labelled with any antibody served as controls. An
extracellular staining of cells incubated for 20 min with CD9,
CD63, and CD81 and an intracellular staining — 30 min fixation in
IC fixation buffer (eBioscience, USA), wash with 1x permeabiliza-
tion buffer (Invitrogen, USA) and stain for 30 min in permeabili-
zation buffer for TSG101, Alix, and calnexin - was performed on
cells. All data were analysed using Flow]o software version 10.0.0.8.

Statistical Analysis

Results of the NTA were analysed using one-way ANOVA and
Tukey’s post hoc test with p < 0.05 considered statistically signifi-
cant. Results depicted as box-whisker plots show interquartile
range; whiskers: 10th and 90th percentile; line: median. GraphPad
Prism (version 7.00; GraphPad Software, USA) was used for statis-
tical analysis and visualization of results.

Results

Comparative EV Isolation: First Round

The aim of the first round of our inter-laboratory study
was to qualitatively and quantitatively evaluate EV prepa-
rations, isolated by ultracentrifugation in the 4 different
laboratories using a pre-defined protocol. The human ep-
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Fig. 2. Characterization of EVs (first round). A TEM pictures from all EV preparations are depicted. Scale bar,
100 nm. B NTA data of isolated EV sizes. C Full-size profiles are shown for each EV preparation (replicate mea-
surements for each EV isolate). Box: interquartile range; whiskers: 10th and 90th percentile; line: median. Par-
ticle concentrations were significantly different with p < 0.01 (1.2 vs. 1.3), p < 0.001 (1.1 vs. 1.3, 1.2 vs. 1.4), and
p<0.0001 (1.1vs.1.2,1.1vs. 1.4, 1.3 vs. 1.4).

Table 2. Particle sizes and concentrations determined by NTA (first round)

L1.1 L1.2 L1.3 L14 Cv,% pvalue
Median diameter, nm 131.8+9.7 128.3+15.5 133.3+12.8 154.9+42.7 8.80 0.3170
Particles per mL CCM 1.28x10%+1.18x107 5.39x107+2.32x107 9.17x107+1.04x107 1.09x107+2.28x10° 70.88  <0.0001

All data are presented as arithmetic mean + SD of measurements within one group. CCM, cell-conditioned medium.

ithelial colorectal cancer cell line HCT116 was chosen as
a model of parental EV-secreting cells. CCM was collect-
ed and distributed to the 4 participating laboratories for
EV isolation by ultracentrifugation, using a pre-defined
protocol and their laboratory-specific technical equip-
ment (Fig. 1; Table 1). For the subsequent EV quantifica-
tion and characterization, the 4 EV preparations were an-
alysed pairwise by 1 person with the highest expertise in
the respective test method (Fig. 1). TEM analysis showed
spherical and cup-shaped EVs in all 4 preparations
(Fig. 2A). EV sizes ranged from around 30 to 150 nm in
diameter.
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NTA showed that median sizes of isolated particles
differed slightly between groups, ranging from 128.3 +
14.5 nm (laboratory 1.2) to 154.9 + 42.7 nm (laboratory
1.4) per group (Fig. 2B; Table 2), with a coefficient of vari-
ation (Cv) of 8.80% across the groups. Calculating the
particle concentrations by NTA revealed significantly dif-
ferent particle yields per ml of medium (Table 2). Labora-
tory 1.1 isolated most particles, and significantly more
than 1.2 (p < 0.0001), 1.3 (p = 0.0035), and 1.4 (p < 0.0001),
which is reflected in an overall Cv of 70.88%. The EV
preparation with the lowest yield (1.4) was isolated after
storing CCM at 4°C for 6 h, whereas the other isolations

Torres Crigna et al.
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were initiated within 2 h after CCM preparation. Remov-
ing data obtained from L4 from the analysis, inter-group
variation was significantly reduced for both particle yield
per mL of medium (Cv: 40.93%) and median particle di-
ameter (Cv: 1.96%).

The results of our first isolation round showed that
despite a pre-defined protocol, isolation yielded EVs of
differing sizes, significantly reduced EV yield in 1 group,
and an insufficient amount of material for EV protein
characterization. From the data, we assumed that in-
creased storage time could have a detrimental effect on
the final yield. For the second round, settings were adapt-
ed as illustrated in Figure 1, mainly increasing the starting
volume, omitting ultracentrifugation-based washing at
100,000 g, and cryopreserving the CCM before isolation
to overcome extended storage times at ambient tempera-
ture (Fig. 1).

Inter-Laboratory Comparison of
Extracellular Vesicle Isolation

Comparative EV Isolation: Second Round

Due to the increased starting volume, EVs isolated
within the second round could be subjected to a more
comprehensive characterization. TEM revealed the EV-
typical spherical and cup-shaped morphology with sizes
ranging from 20 to 180 nm (Fig. 3A).

Next, NTA confirmed sizes ranging from 128.7 + 17.7
nm (laboratory 2.4) to 156.9 + 8.6 nm (laboratory 2.1)
between groups (Fig. 3B; Table 3). As in the first round,
particle sizes across laboratories differed significantly (p
= 0.0215), and the Cv of median diameters was 9.38%.
Particle yield was significantly different and highest in
laboratory 2.1 (compared to 2.2 p =0.0182,2.3 p =0.0016,
and 2.4 p = 0.0168; Fig. 3C; Table 3). Inter-group varia-
tions in particle yield were still high, but lower than in the
first round (Cv: 40.49%).

For the characterization of isolated EVs, WB and
FACS analyses were performed. Due to lower yields in

Transfus Med Hemother 2021;48:48-59 53
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Table 3. Particle sizes and concentrations determined by NTA (second round)

L2.1 L2.2 L2.3 L2.4 Cv, % p value
Median diameter, nm 156.9+8.6 151.5+23.7 134.6+18.3 128.7+17.7 9.38 0.0215
Particles per mL CCM 7.50x108+8.05x107 4.15x10%+2.68x10% 3.12x108+2.21x108 4.12x10%+1.22x108 40.49 0.0023

All data are mean + SD of replicate measurement within one laboratory.

CCM, cell-conditioned medium.

samples 2.2 and 2.3, WB analysis was only performed on
samples from 2.1 to 2.4. Overall, common EV marker
proteins like CD63, CD81, CD9, Alix, and TSG101 were
found to be expressed in EVs. The endoplasmic reticu-
lum-associated protein calnexin was only observed in cel-
lular protein lysates but not in the EV protein extracts,
confirming the absence of cellular protein contamination
in the EV protein samples (Fig. 3D). Despite equal pro-
tein loading, 2.1 samples appeared to contain larger num-
bers of EVs as indicated by higher band intensities for
CD63, CD81, Alix, and TSG101. Interestingly, CD9 pre-
vailed with a stronger band in 2.4 than in 2.1.

FACS analysis was used as a complementary approach
to EV marker characterization, given that a much lower
amount of EV material was required. EVs bound to CD9
beads showed positive staining for the typical EV surface
markers CD9 (27.3%), CD63 (99.2%), and CD81 (98.6%),
aswellas TSG101 (25.4%) - all values for EV sample from
laboratory 2.1. EV samples from laboratories 2.2-2.4
were also tested for these EV surface markers: CD9 (0.77,
0.69, and 9.82%, respectively), CD63 (97.8,98 and 99.1%),
CD81 (97.3, 97.2, and 98.5%), and TSG101 (3.69, 1.99,
and 16.8%; data not shown).

Supporting the WB results, almost no staining was ob-
served for calnexin (0.94%), indicating high purity of
EVs. Nevertheless, Alix was not detectable on EVs by
FACS, contrary to the WB analysis (Fig. 4A). All markers
were validated to be expressed in cells by either extra- or
intracellular staining (Fig. 4B). Expression intensities var-
ied between groups, which prompted us to assess wheth-
er expression intensities correlated with particle counts.
To this end, mean fluorescence intensity (MFI) values for
CD63 (Fig. 4C) and CD81 (Fig. 4E) were calculated and
expressed in relation to the particle concentrations in
preparations from each laboratory (Fig. 4D, F). Higher
expression intensities were found for laboratory 2.4, fol-
lowed by 2.1, whereas 2.2 and 2.3 depicted lower but sim-
ilar intensities amongst them.

The results from our second isolation round also dem-
onstrated a strong variation in EV sizes and yield, dis-
cerning however, lower inter-group variation compared
to the first round. We confirmed that higher EV yield
generated stronger band intensities despite equal protein
loading. Additionally, FACS analysis not only revealed
the presence of typical EV surface markers, but indeed
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indicated no direct correlation between MFI values and
particle concentration in our preparations.

Calculation of Actual Centrifugation Forces and

k-Factors

Especially the laboratory-specific differences in EV
yields prompted us to compare rotor details and actual
centrifugation forces between the first and second round
of EV preparations (Table 4). It became obvious that the
protocol-based instruction of “using 100,000 g” was inter-
preted in different laboratories in 2 different ways: either
as maximum or as average speed. Accordingly, the re-
spective k-factors as indicators of the relative pelleting
efficiency turned out to be different (Table 4; Fig. 5).
However, EV yields could not be correlated to speed. In
the first and second round of isolation, 2 and 3 laborato-
ries, respectively, used the same centrifuge and rotor (Ta-
ble 4). Comparing these data still showed apparent differ-
ences in EV yield (Fig. 5), leading to a Cv of 46.51%.

Surprisingly, we found that even when comparing lab-
oratories with the same protocol interpretation and tech-
nical equipment, no direct correlation between total EV
particle yield and centrifugation speed in either isolation
round was seen.

Discussion/Conclusion

This pilot study aimed at examining the transferability
of basic ultracentrifugation protocols for EV isolation
and the technical variation induced by equipment and
operator that remains even for standardized protocols.
Even though all participating laboratories were able to
enrich EVs from pooled HCT116 CCM, differences in
results were obvious in both rounds of isolation. As ex-
pected, these differences seemed to be predominantly
quantitative as demonstrated by significant variation in
NTA-based particle counts but similar EV morphology.
Unexpectedly, the amount of protein pelleted in some of
the laboratories was insufficient for analysis by immu-
noblotting, which could be mitigated in future studies by
increasing starting volumes or including more sensitive
methods such as flow cytometry/FACS. Indeed, we were
able to detect the tetraspanins CD63 and CD81 in prepa-
rations from all laboratories by FACS even though their
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concentration in some lysates was too low to be detected
on WB. Additionally, while inter-laboratory evaluations
of EV yield and composition are a valuable starting point,
more advanced studies might also assess their functional-
ity or levels of disease-related markers associated with
EVs from each study site.

At first glance, these quantitative differences might
seem obvious since centrifugation speed and k-factors
were not matched across all rotors used in this study. De-
spite similar rpm, for instance, centrifugation time would
have had to be substantially increased for the SureSpin
rotor to match the performance of the high-rcf SW 28.1
rotor. It is therefore surprising that particle yield did not

Inter-Laboratory Comparison of
Extracellular Vesicle Isolation

seem to correlate with centrifugation speed and that the
highest particle yields were not generated by the labora-
tory using the SW 28.1 rotor. Even using identical centri-
fuges, rotors and run parameters did not produce highly
similar results (Fig. 1, laboratories 1.3 and 1.4; Fig. 2, lab-
oratories 2.1-2.3). The variation in particle yield observed
under these conditions (second round, Cv: 46.51%) seems
to be attributable to operator effects, although it is impos-
sible to estimate true inter-operator variability without
having a good estimate of intra-operator variability across
multiple isolations. A follow-up multi-centre study, thus,
should also record intra-operator, intra-laboratory, and
inter-laboratory variability.
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Table 4. Rotor type and technical specifications

Laboratory Rotor Actual speed, rcfavg  k-factor
rpm

First round
1.1 TH-64.1 24,200 73,823 327.2
1.2 SW28.1 28,000 107,215 276.0
1.3 SureSpin 630 23,000 68,135 456.4
1.4 SureSpin 630 23,000 68,135 456.4

Second round
2.1 SureSpin 630 23,000 68,135 456.4
2.2 SureSpin 630 23,000 68,135 456.4
2.3 SureSpin 630 23,000 68,135 456.4
2.4 SW 28.1 28,000 107,215 276.0

rpm, rounds per minute; rcf avg, average centrifugal force.

We suspect that among the multitude of isolation meth-
ods, ultracentrifugation is particularly prone to operator
biases due to subtle handling differences such as removing
supernatant by decanting versus pipetting and resuspend-
ing pellets. As such, our study should be considered as a
starting point to initiate more detailed intra- and inter-lab-
oratory comparisons. It would be highly interesting to ex-
tend these to additional EV isolation methods, particularly
those relevant to manufacturing therapeutic EVs, for which
standardized workflows and minimal batch-to-batch vari-
ation in yield, purity, and potency are imperative [7, 25].

In addition to the well-established impact of storage
conditions and freeze-thaw cycles on isolated vesicles [26—
28], our data seem to indicate that storage time impacts
EV yield. In the first round of isolation, particle yield for
laboratory 1.4, in which CCM was stored for a longer pe-
riod of time prior to EV separation, was remarkably re-
duced despite using identical UC parameters to those for
laboratory 1.3. Of course, to verify this assumption, addi-
tional experiments are required permuting storage times
and temperatures. However, the reduced overall variabil-
ity of particle concentrations in the second round already
supports our notion. Furthermore, previous reports al-
ready linked shorter processing time to increased particle
concentrations [29]. For plasma and serum, a direct im-
pact of time between blood draw and initial centrifugation
on EV yield has already been reported [30]. Reduced con-
centrations after longer storage could be mediated by EV
adhesion to plastic surfaces or disruption of vesicles. Since
particles isolated by laboratory 1.4 trended towards larger
diameters, it is tempting to speculate that EV loss might
also be induced by aggregation of vesicles.

Necessitated by these challenges and the limitations of
current assays, reference materials tailor-made for EV ex-
periments have been highly anticipated. Appropriate EV
mimetics such as the trackable recombinant EVs, recently
presented by the Hendrix and Giebel laboratories [31, 32],
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as well as monodisperse and bimodal spherical reference
material [33] will be helpful to calibrate instruments, bench-
mark methods, and normalize results. Using reference ma-
terial/particles as spike-ins in multi-centric comparative
studies will facilitate the assessment of equipment- and op-
erator-dependent variability. By comparing the sizes of sil-
ica or polystyrene-based nanoparticle references in an in-
ter-laboratory study, it was suggested that determining/
measuring particle sizes of heterogeneous and bimodal
samples is more difficult compared to monodisperse and
homogeneous samples [33]. The study performed by Nico-
let et al. [33] emphasized the technical benefits of reference
material for the calibration of EV measurements. Since EV's
are typically isolated and characterized as heterogeneous
and polydisperse populations, evidence suggested that EV
size determination requires careful data interpretation [33].

Admittedly, the conclusions that can be derived from
an inter-laboratory study involving only 4 laboratories,
only 2 rounds of isolations, and a basic characterization
of EVs are limited; yet our findings prompt to perform
larger studies across multiple institutions. Further, while
we demonstrated inter-operator variability and the need
for thoroughly standardized protocols, we cannot accu-
rately quantify variability between laboratories due to not
having assessed intra-operator variability, which might
have accounted for a non-significant proportion of over-
all variability. However, all contributing partners were
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experienced in EV isolation and characterization [6, 17,
24, 34-41].

Given its widespread utilization in the community, we
chose to assess reproducibility of EV isolation based on
ultracentrifugation, but similar studies clearly need to in-
clude additional methods such as those based on precipi-
tation, size-exclusion chromatography, or filtration. Fu-
ture studies that benchmark methods and compare their
robustness, reproducibility, and efficiency should be per-
formed for additional biofluids besides cell culture super-
natant. Using exogenous reference material and more so-
phisticated methodology will additionally improve con-
clusions drawn from follow-up studies.

Which conclusions regarding experimental standard-
ization and variability can thus be drawn from this study?

Unambiguous and Extensive Reporting

Many publications, for instance, report centrifugation
speed without explicitly specifying if it relates to the average
centrifugal force in the middle of the tube (rcf avg) or the
maximal centrifugal force at the bottom of the tube (rcf
max). In our study, the protocol-based instruction of “using
100,000 g” was interpreted differently (as maximum or av-
erage speed) between the laboratories, resulting in different
applied centrifugal forces (Table 4). Although we did not
observe arelation, we agree with the MISEV2018 guidelines
to report g-forces and k-factors in addition to rotor types
(fixed angle or swinging bucket) to transfer a given isolation
protocol across rotors [13]. In addition, our data underline
the need to report sample storage and handling, including
processing time. We advise strict adherence to the pub-
lished protocols by Théry et al. [42] and the MISEV guide-
lines [13, 14] to facilitate reproducibility.

Alternative Methods, Easy to Standardize or

Automate

Given the intrinsic intra-and inter-laboratory variabil-
ity in UC-based methods, alternative methods that are
faster, facile, efficacious, and easier to standardize or even
automate, appear to be desired especially when consider-
ing clinical utility.

Intra- and Inter-Laboratory Studies for

Harmonization and Standardization

Given the EV community’s learning curve in dealing
with previous and ongoing challenges, which led to the
development of valuable tools such as EV-TRACK and
the MISEV guidelines [13-15], we are confident that a
better understanding of inter-laboratory variability will
lead to improved harmonization and standardization. In-
deed, comprehensive efforts to increase rigor and stan-
dardization were already initiated by the International
Society for Extracellular Vesicles (ISEV), paving the way
for the development of community-wide conventions

Inter-Laboratory Comparison of
Extracellular Vesicle Isolation

and standardized methods. In detail, the planning should
consider existing knowledge, already identified challeng-
es/limitations, and strategies for improvement, especially
regarding (a) starting material and pre-processing, (b)
isolation protocols, (c) sample and assay-specific pre-an-
alytics, (d) defined and validated analytical methods for
EV quantification and characterization, and finally (e) a
pre-defined statistical analysis plan [9, 13-16, 27, 43-51].

To summarize, our proof-of-concept inter-laboratory
study indicates significant equipment- and operator-de-
pendent technical variability in ultracentrifugation-based
EV isolation. Reproducing isolation protocols based on
centrifugation speed and run time alone is clearly insuffi-
cient, and even if the k-factor is appropriately considered,
variability is reduced but not eliminated. These findings
prompt several questions including how reproducibility is
best quantified, which criteria should be assessed, and how
sensible thresholds for inter-user variability might be estab-
lished. Recent advances in dedicated EV technologies will
certainly help to answer these questions. Using increasing-
ly sensitive analytical assays and incorporating appropriate
reference material allows the detection and quantification
of technical biases, which lays the foundation for any effort
to reduce variability and increase standardization.
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