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Abstract

Citrate is the recommended anticoagulant for studies on plasma extracellular vesicles (EVs).
Because citrate incompletely blocks platelet activation and the release of platelet-derived EVs,
we compared EDTA and citrate in that regard. Blood from healthy individuals (n = 7) was
collected and incubated with thrombin receptor-activating peptide-6 (TRAP-6) to activate
platelets, subjected to pneumatic tube transportation (n = 6), a freeze-thaw cycle (n = 10),
and stored before plasma preparation (n = 6). Concentrations of EVs from platelets (CD617),
activated platelets (P-selectin®), erythrocytes (CD235a"), and leukocytes (CD45%) were mea-
sured by flow cytometry. Concentrations of EVs from platelets and activated platelets increased
1.4-fold and 1.9-fold in EDTA blood upon platelet activation, and 4.2-fold and 9.6-fold in citrate
blood. Platelet EV concentrations were unaffected by pneumatic tube transport in EDTA blood
but increased in citrate blood, and EV concentrations of erythrocytes and leukocytes were
comparable. The stability of EVs during a freeze-thaw cycle was comparable for both antic-
oagulants. Finally, the concentration of platelet EVs was stable during storage of EDTA blood
for six hours, whereas this concentration increased 1.5-fold for citrate blood. Thus, EDTA
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improves the robustness of studies on plasma EVs.

Introduction

Extracellular vesicles (EV) are membrane-enclosed cell-derived
particles released from various cells to body fluids, including
blood [1,2]. EVs have become a subject of increasing interest
in the last decade due to their role in physiological and patho-
logical processes including thrombosis, inflammation and vas-
cular injury [3]. To develop blood EV-based biomarkers,
reliable and reproducible protocols for blood collection and
handling are essential. Current guidelines recommend the use
of citrate as an anticoagulant to measure the concentrations of
blood-derived EVs [4-6], and citrate was also the anticoagulant
of choice in interlaboratory comparison studies in which the
concentration of platelet EVs was measured in provided plasma
samples by flow cytometry [7,8]. Citrate incompletely sup-
presses platelet activation, aggregation and the release of plate-
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let EVs during blood collection and handling, and,
consequently, the concentration of platelet EVs measured in
citrate-anticoagulated blood and plasma derived from this
blood does not reflect their true in vivo concentration [1,9].
Hence, an alternative “anticoagulant” is required that effi-
ciently blocks platelet activation, aggregation and the release
of platelet EVs, to enable the establishment of biobanks dedi-
cated to unbiased EV-based biomarker research.

Ethylenadiaminetetraacetic acid (EDTA) inhibits both plate-
let aggregation and the release of platelet EVs [9—11] and we
therefore hypothesized that EDTA is a better anticoagulant than
citrate to stabilize the concentration of platelet EVs during and
after blood collection [12-14]. We performed a head-to-head
comparison study in which the efficacy of EDTA to stabilize
the number of EVs was compared to citrate [4,6].

Materials and methods

To study the release of platelet EVs upon platelet activation, the
EV concentrations were measured directly in blood to which
thrombin receptor-activating peptide 6 (TRAP-6) was added to
activate platelets. To mimic the conditions leading to platelet
activation during blood collection and handling, blood was also
subjected to pneumatic tube transport and prolonged storage time
of collected blood on the lab bench before plasma preparation. EV
concentrations were measured before and after a single freeze-
thaw cycle to compare the stability of EVs in citrate and EDTA.
Apart from the TRAP-6 stimulation experiment, all other EV
measurements were performed in plasma.


http://orcid.org/0000-0003-3201-7205
http://orcid.org/0000-0001-5083-7587
http://orcid.org/0000-0001-9205-5882
http://orcid.org/0000-0002-5642-1133
http://orcid.org/0000-0002-9497-8426
https://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2021.1991569&domain=pdf&date_stamp=2022-05-26

DOI: https://doi.org/10.1080/09537104.2021.1991569

A. Platelet EVs
. 5x108
T 4x108] p=0016 b = 0.031
=  —  —
O 3x108
©
Tt 2x108
Q
e
o 1x108
o [ ]
Citrate EDTA
C. Erythrocyte EVs
5x108
< p = 0.469 p =0.297
E axtos] M1 m
[
O 3x108;
©
T 2x108
Q
g °
o 1x108]
° o lEme e
Citrate EDTA
A NoTRAP @ TRAP

EDTA stabilizes platelet EV concentrations 765

B. Activated platelet EVs

__1x108

T 8x107] p=0016 p=0.016

‘C’ | ] | ]

O 6x1071

|

T 4x1074

)]

e

o 2x1071

o .

Citrate EDTA

D. Leukocyte EVs
1x108

- p=0.938 p=0.219

E osx101{ [ 1 —

c

O 6x1071

|

T 4x%107;

[+)]

e

6 2x107{ *

N e B s

Citrate EDTA

Figure 1. EDTA inhibits the release of extracellular vesicles from platelets upon platelet stimulation. Concentrations of extracellular vesicles
(EVs) in whole blood anticoagulated with citrate or ethylenediaminetetraacetic acid (EDTA), with or without thrombin receptor-activating peptide 6
(TRAP-6; final concentration 30 pM), measured with flow cytometry, from A: platelets (CD61%); B: activated platelets (P-selectin®); C: erythrocytes
(CD235a™); D: leukocytes (CD45™). Concentrations show the number of particles (i) exceeding the side scatter or forward scatter threshold (ii) having
a diameter <1,000 nm, and (iii) exceeding the fluorescent threshold corresponding to the used labels, per mL of whole blood (n = 7).

Blood collection and plasma preparation

Blood from healthy individuals was collected in plastic vacuum
tubes (2.7 mL trisodium citrate; final concentration 0.109 mol/L,
and 4.0 mL K2EDTA 7.2 mg, BD Vacutainer®, US) via ante-
cubital venipuncture using a 21-Gauge needle. The first 2 mL of
blood were discarded. The Ethical Review Board of Amsterdam
UMC, location AMC, has stated that collection of blood from
healthy volunteers for preclinical research is not subjected to the
WMO (the Medical Research Involving Human Subject Act).
Hence, no additional approval was required from the Ethical
Review Board. All procedures involving human participants
were in accordance with the Declaration of Helsinki and with
informed consent. Where indicated, (cell-depleted) plasma was
prepared according to ISTH guidelines by double centrifugation
(Rotina 380 R, Hettich Zentrifugen, Germany) at 2,500 g for
15 minutes at 20°C, acceleration speed 9, no brake [5,6]. The
first centrifugation step was done in the blood collection tube,
after which the plasma was collected by aspiration to 10 mm
above the buffy coat, transferred to a new 13 mL plastic tube
(Greiner Bio-One GmbH, Austria) and mixed by pipetting. After
the second centrifugation step, plasma was collected to 10 mm
above the bottom, transferred into a 1.5 mL Eppendorf (Thermo
Fisher Scientific) and mixed by pipetting. If needed, plasma was

transferred to 1.5 mL micro tubes (Sarstedt AG & Co. KG,
Germany), frozen in liquid nitrogen and stored at —80°C until
analysis.

EV concentration measurement

The concentrations of EVs derived from platelets (CD61%), acti-
vated platelets (P-selectin™), erythrocytes (CD235a*), and leuko-
cytes (CD45") were determined by flow cytometry (A60-Micro,
Apogee Flow Systems, UK). EV concentrations show the number
of particles (i) exceeding the side scatter or forward scatter threshold,
(ii) having a diameter <1,000 nm, and (iii) exceeding the fluorescent
threshold corresponding to the used labels, per mL of whole blood or
plasma. EV concentrations were corrected for hemodilution by
citrate. For labeling, 20 pL of sample, pre-diluted in Dulbecco’s
phosphate buffered saline (DPBS), was incubated with 2.5 pL of
antibodies or isotype controls and kept in the dark for 1 hour at room
temperature. To decrease background fluorescence by unbound
reagents upon measuring, we added 200 pL. DPBS. Custom-build
software (MATLAB R2018b, MathWorks, US) was applied to auto-
mate data calibration and processing. Fluorescence signals were
calibrated and expressed as units of molecules of equivalent fluor-
ochromes, side scattering was related to the diameter of EVs in nm
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Figure 2. EDTA inhibits the release of extracellular vesicles from platelets upon pneumatic tube transport. Concentrations of extracellular
vesicles (EVs) in plasma anticoagulated with citrate or EDTA, after either manual or pneumatic tube transport, from A: platelets (CD617); B: activated
platelets (P-selectin®); C: erythrocytes (CD235a%); D: leukocytes (CD45%). Concentrations show the number of particles (i) exceeding the side scatter
or forward scatter threshold (ii) having a diameter <1,000 nm, and (iii) exceeding the fluorescent threshold corresponding to the used labels, per mL of

plasma (n = 6).

using Rosetta Calibration (Exometry, The Netherlands) [15], and the
flow rate was calibrated using ApogeeMix (Apogee flow systems,
UK). The experiments fulfill the criteria of the framework for
standardized reporting of EV flow cytometry experiments,
MIFlowCyt-EV, which incorporates the latest MISEV guidelines
[16,17]. The MIFlowCyt-EV, containing all details required to repro-
duce the experiments, can be found in the online supplemental
material and is, together with data files, available via Figshare
(https://doi.org/10.6084/m9.figshare.c.4753676). Finally, it should
be mentioned that although fluorescence-based triggering results in
a higher sensitivity for some flow cytometers [18,19], for our flow
cytometer and under the given measurement conditions, fluores-
cence and scatter-based triggering result in similar sensitivity [20].

TRAP-induced platelet activation

Whole blood samples from healthy donors (n = 7) were incubated
at room temperature for 30 minutes with TRAP-6 (SFLLRN;
Bachem, Switzerland; final concentration 30 pmol/L) to activate
platelets. Flow cytometry measurements were performed in
diluted blood samples as described in the previous paragraph.

Pneumatic tube transport

Four blood tubes (2x citrate and 2x K2EDTA) were collected
from healthy donors (n = 6). From each donor, a citrate-
anticoagulated and an EDTA-anticoagulated blood sample were
transported manually to the lab in vertical position, while the

other tubes were transported by a pneumatic tube system. The
blood collection tubes from each donor were centrifuged simulta-
neously and EV concentrations were measured in plasma.

Freeze-thaw cycle

To examine the stability of the EVs during a single freeze-thaw
cycle, concentrations of EVs were measured in plasma samples
(n = 10) before and after snap-freezing in liquid nitrogen, storage
at —80°C, and thawing at 37°C.

Time between blood collection and centrifugation

Six healthy donors each donated 9 citrate and 9 EDTA blood
tubes. Blood samples were stored for 6 hours, 24 hours, 48 hours
or 168 hours at both room temperature and at 4°C until plasma
preparation by centrifugation. Plasma was prepared after the
aforementioned time intervals, and plasma aliquots were snap-
frozen in liquid nitrogen and stored at —80°C until analysis.

Statistical analysis

IBM SPSS Statistics was used for statistical analysis (version 26.0
IBM, US). Data are presented as median and interquartile range.
Wilcoxon Signed Rank tests were used to compare the concentra-
tions of EVs. A p value < .05 was considered statistically sig-
nificant. If measurements were performed in duplicate, the
average value was taken for the analysis.
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Figure 3. Concentrations of extracellular vesicles before and after a freeze-thaw cycle. Concentrations of extracellular vesicles (EVs) in citrate- and
EDTA-anticoagulated plasma before and after a freeze-thaw cycle from A: platelets (CD61%); B: activated platelets (P-selectin®); C: erythrocytes
(CD2352*); and D: leukocytes (CD45™). Concentrations show the number of particles (i) exceeding the side scatter or forward scatter threshold (ii)
having a diameter <1,000 nm, and (iii) exceeding the fluorescent threshold corresponding to the used labels, per mL of plasma (n = 10).

Results
TRAP-induced platelet activation

To compare the release of EVs from platelets in citrate- and
EDTA-anticoagulated blood, platelets were activated using
TRAP-6. After activation, concentrations of EVs were measured
directly in blood. Figure 1 shows that the baseline concentrations
of platelet EVs (CD61%) were comparable in citrate and EDTA
(p = .109; 1A). Upon activation with TRAP-6, these concentra-
tions increased 4.2-fold in citrate blood (p = .016) and 1.4-fold in
EDTA blood (p = .031). Thus, the increase in the concentration of
platelet EVs is reduced in EDTA compared to citrate (p = .016).
Similarly, the concentrations of EVs from activated platelets
(P-selectin™) were comparable at baseline (p = .469; 1B). Upon
activation the concentration increased 9.6-fold in citrate
(p = .016) and 1.9-fold in EDTA (p = .016), and again the
concentration was lower in EDTA compared to citrate
(p = .031). The ability of the anticoagulants to inhibit the release
of EVs upon platelet activation is platelet-specific, because the
concentrations of EVs from erythrocytes and leukocytes were
comparable in citrate and EDTA, and unaffected upon activation
by TRAP-6 (p > .05; 1C, 1D).

Pneumatic tube transport

To investigate the influence of mechanical-induced platelet
activation, we determined the plasma concentrations of EVs
in citrate and EDTA-anticoagulated blood after both manual

and pneumatic tube transport. Figure 2 shows that the plasma
concentration of platelet EVs increased most in citrate for
both manual and pneumatic tube transport (p = .031 for
both; 2A). After pneumatic tube transport, the concentration
of platelet EVs increased 1.9-fold compared to manual trans-
port in citrate (p = .031), but was unaffected in EDTA
(p = .438). The concentration of EVs from activated platelets
was comparable in both anticoagulants (p = .063 for manual
and p = .094 for pneumatic transport; 2B), and also between
the two transportation methods (p = .094 for citrate and
p = .844 for EDTA). Pneumatic tube transport did not affect
the concentration of erythrocyte EVs in citrate-anticoagulated
blood (p = .313; 2C), but in EDTA-anticoagulated blood the
concentration increased (p = .031). The concentration of
leukocyte EVs was comparable for both anticoagulants and
unaffected by transportation (p > .05 for all; 2D).

Freeze-thaw cycle

Next, we compared the stability of EVs in citrate plasma and
EDTA plasma during a single freeze-thaw cycle. Figure 3
shows that there was a comparable decrease in the concentra-
tion of platelet EVs in both anticoagulants: 26% in citrate
(p = .002; 3A) and 23% in EDTA (p = .002). The concentra-
tion of EVs from activated platelets after a freeze-thaw cycle
was comparable in citrate and EDTA and did not change
significantly (p = .557 and p = .492, respectively; 3B). The
concentration of erythrocyte EVs decreased by 31% in citrate
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Figure 4. Stability of concentrations of extracellular vesicles upon storage of blood at room temperature. Concentrations of extracellular vesicles
(EVs) in plasma prepared from blood stored for different time intervals at room temperature (i.e. before centrifugation to prepare plasma), from A:

platelets (CD617); B: activated platelets (P-selectin™); C: erythrocytes (CD235a™); D: leukocytes (CD45%). Tubes were standing in a vertical position
at room temperature until centrifugation. Concentrations show the number of particles (i) exceeding the side scatter or forward scatter threshold (ii)
having a diameter <1,000 nm, and (iii) exceeding the fluorescent threshold corresponding to the used labels, per mL of plasma (n = 6).

(p = .010; 3C) and with 8% in EDTA (p = .037). The
concentration of leukocyte EVs decreased with 36% in citrate
and with 27% in EDTA (p = .010 and p = .004, respectively;
3D). In conclusion, citrate and EDTA are comparable regard-
ing the stability of EVs during a freeze-thaw cycle.

Time between blood collection and centrifugation

Finally, we compared the effects of citrate and EDTA on the
plasma EV concentrations during storage of blood at room tem-
perature (Figure 4) or at 4°C (Figure 5). At the indicated times,
blood was centrifuged to prepare plasma, frozen and stored as
described in Methods until measurement. When stored at room
temperature for 6 hours, the concentration of platelet EVs
increased 1.5-fold (p = .031) in citrate- and was fairly stable in
EDTA-anticoagulated plasma with an increase of only 1.1-fold
(p = .438; 4A). The concentration of platelet EVs increased in
both anticoagulants when stored for 24 hours. In both anticoagu-
lants, the concentrations of EVs from activated platelets and
leukocytes were stable during 6 hours of storage (p > .05) but
the concentration of erythrocyte EVs increased 1.3-fold
(p = .031) in EDTA-anticoagulated plasma after 6 hours of
storage (Figure 4B, 4C and 4D).

When blood samples were stored for 6 hours at 4°C, the
concentration of platelet EVs increased 10.4-fold (p = .031) in
citrate and 5.4-fold (p = .094) in EDTA, and these concentrations
increased further during 24 hours of storage (p = .031 for both

anticoagulants; 5A). The concentration of EVs from activated
platelets was comparable at all timepoints in both anticoagulants
(5B). When stored for 6 hours at 4°C, the concentration of
erythrocyte EVs was fairly stable in citrate (1.5-fold increase,
p = .094) but increased 2.3-fold in EDTA (p = .031; 5C). The
concentration of leukocyte EVs increased 1.6-fold in citrate
(p = .031) during 6 hours of storage at 4°C, but was fairly stable
in EDTA (1.2-fold increase, p = .469; 5D).

Results of blood samples centrifuged after 48 and 168 hours are
added to Supplement 1 (available via the online supplemental
material).

Discussion

To establish reliable biorepositories for EV research in multi-
center clinical studies, ideally the concentrations of EVs in col-
lected plasma samples should be similar to their in vivo
concentrations. In this study, we show that EDTA is superior to
citrate as an anticoagulant with regard to stabilization of the
concentration platelet EVs. Moreover, because the stability of
platelet EVs is comparable for both anticoagulants during
a single freeze-thaw cycle, we recommend EDTA as an antic-
oagulant to establish biorepositories for EV research.

Blood samples collected in hospitals are often transported by
pneumatic tube transport. This transport is fast and does not affect
routine blood tests [21,22]. Because the concentration of platelet
EVs increases during pneumatic tube transport in citrate-
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Figure 5. Stability of concentrations of extracellular vesicles upon storage of blood at 4°C. Concentrations of extracellular vesicles (EVs) in citrate-
and EDTA-anticoagulated plasma when blood tubes were stored in a vertical position for different time intervals at 4°C (i.e. before centrifugation to
prepare plasma), from A: platelets (CD61%); B: activated platelets (P-selectin®); C: erythrocytes (CD235a%); D: leukocytes (CD45%). Concentrations
show the number of particles (i) exceeding the side scatter or forward scatter threshold (ii) having a diameter <1,000 nm, and (iii) exceeding the
fluorescent threshold corresponding to the used labels, per mL of plasma (n = 6).

anticoagulated blood, manual transport is recommended [4,5].
Manual transport on the other hand is often incompatible with
clinical routine, for example in the emergency department, and
such blood samples are likely to have concentrations of platelet
EVs that no longer reflect the in vivo situation.

Although EDTA stabilizes the concentrations of (activated)
platelet EVs during pneumatic tube transport, the concentration
of erythrocyte EVs has a tendency to increase. This observation
confirms earlier observations of hemolysis during pneumatic tube
transport, regardless of the anticoagulant [23,24].

We observed a decrease in EV concentration after a single
freeze-thaw cycle, although the stability of EVs was comparable
for citrate- and EDTA anticoagulated plasma samples. In litera-
ture, both stable and decreased concentrations of EVs were
reported after a single freeze thaw cycle [5,25,26]. Why the
concentration of EVs decreased is unknown, but damage due to
liquid nitrogen freezing and membrane instability due to calcium
chelation may play a role [27]. Still, the observed decrease in EV
concentration was comparable for citrate and EDTA.

In clinical routine, blood samples are also collected outside
office hours and therefore cannot be processed immediately.
EDTA stabilized the concentration of EVs in blood samples
stored up to 6 hours at the lab bench and at room temperature,
demonstrating that within this time interval the “storage” of blood
is feasible for EV research. Although stable concentrations of
platelet and erythrocyte EVs have been reported in EDTA-

anticoagulated blood up to 48 hours of storage at room tempera-
ture [28], the measured concentrations were an order of magni-
tude lower than the concentrations reported in the present study,
suggesting that only larger EVs were detected, which are lower in
concentration. When stored at 4°C, the increase in EV concentra-
tions was larger compared to storage at room temperature, which
is probably due to low-temperature induced platelet activation
[29-32].

Limitations

The major limitations of our study are (i) comparison of two
anticoagulants only, (ii) the relatively small sample size, (iii) the
low number of positive counts for EVs from activated platelets,
and (iv) the detection limit of the flow cytometer. First, we chose
citrate and EDTA because both are commonly used for routine
measurements. Other anticoagulants such as acid-citrate dextrose
are less commonly used in the clinics but also these are superior
to citrate with regard to stabilization of the concentration of
platelet EVs during blood collection and handling [1]. Second,
although the relatively small sample size hampers the statistical
power of the performed analyses, it was sufficient to demonstrate
the superiority of EDTA over citrate. Thirdly, the concentration of
EVs from activated platelets was low (see also the MIFlowCyt-
EV for the average number of counts), which most likely explains
why differences in the concentration of EVs from activated
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platelets were not significant after pneumatic tube transportation
or a freeze-thaw cycle. Finally, based on the scatter-based trigger-
ing used in this study, the aforementioned results only include
EVs with an FSC cross section of > 60 nm? or an SSC cross
section of > 10 nm?. Using Mie theory, we related scatter signals
to the diameter of EVs in nm, thereby taking into account the
optical properties of EVs and the optical configuration our flow
cytometer. In this, the refractive index of EVs has been general-
ized, thereby not taking into account variances in RI caused by
differences in cargo composition [33]. Based on the assumptions
and optical configuration, we estimate that the flow cytometer
used in this study detects (platelet-derived) EVs with a diameter
larger than 157 + 10 nm. Platelet-derived EVs with an FCS cross
section < 60 nm” or an SSC cross section < 10 nm?, indicating
those having a diameter smaller than 157 + 10 nm, were therefore
not included in the analysis [34]. Despite this limitation, clinical
flow cytometry remains the only technology available to deter-
mine the number concentration of (platelet-derived) EVs directly
in diluted whole blood and plasma and within a calibrated, known
size and fluorescence range.

Conclusions

EDTA stabilizes the concentration of platelet EVs with a diameter
larger than 157 + 10 nm and smaller than 1,000 + 10 nm during
and after blood collection, without affecting the concentrations of
EVs from leukocytes and erythrocytes. Stabilization of platelet
EV concentrations by EDTA during and after blood collection,
even in presence of a potent platelet activator such as TRAP-6 or
with use of pneumatic tube transport, shows that EDTA outper-
forms citrate as an anticoagulant to determine the real in vivo
concentrations of platelet EVs. Thus, EDTA reduces the pre-
analytical variation, which improves EV flow cytometry standar-
dization studies and the clinical compatibility of EV research
including the establishment of EV biorepositories. With EDTA,
EVs are likely to make their way from research tools to clinical
applications.
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