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Abstract
Background: Blood plasma is commonly used for biomarker research of extracellular 
vesicles (EVs). Removing all cells prior to analysis of EVs is essential.
Objectives: We therefore studied the efficacy of the most commonly used centrifu-
gation protocol to prepare cell-free plasma.
Methods: Plasma was prepared according to the double centrifugation protocol of 
the International Society on Thrombosis and Haemostasis (ISTH) in three independ-
ent studies. The concentrations of platelets, platelet-derived EVs, and erythrocyte-
derived EVs were measured by calibrated flow cytometry.
Results: The mean platelet concentration ranged from 5.1 × 105/ml to 2.8 × 107/ml 
and differed 55-fold between studies. Thus, the ISTH centrifugation protocol does 
not remove all platelets and results in variation between studies. As the concentra-
tion of platelet-derived EVs and platelets correlates linearly (R2 = .56), and the volume 
fraction of EVs and platelets in plasma are similar, the presence of platelets affects 
downstream analysis. To remove platelets a 0.8-μm polycarbonate filter was used to 
lower the platelet concentration 146-fold (p = .0013), without affecting the concen-
tration of platelet-derived and erythrocyte-derived EVs (p = .982, p = .742).
Conclusions: To improve the quality of EV research, we recommend (1) measuring and 
reporting the platelet concentration in plasma used for EV research, or (2) removing 
platelets by centrifugation followed by filtration.
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1  |  INTRODUC TION

Characterization of extracellular vesicles (EVs) in human body fluids 
opens the door for EV-based biomarker research. Blood plasma is the 
most commonly studied body fluid for EV research.1 In clinical stud-
ies, blood is commonly collected to prepare plasma. In turn, plasma is 
frozen and stored in aliquots until analysis. For EV research, plasma 
preparation requires removal of all cells, because a freeze–thaw cycle 
destroys remaining cells, thereby generating cell fragments interfer-
ing with characterization of EVs.2,3 Moreover, commonly used proce-
dures to isolate EVs, such as (ultra) centrifugation, density gradient 
centrifugation, and size-exclusion chromatography,4,5 are unable to 
separate platelets and cell fragments from EVs.6 Consequently, cells 
and cell fragments will co-isolate with EVs, thereby hampering down-
stream analysis and interpretation of results.7,8

The removal of platelets without concurrent removal of 
EVs is a challenge, because blood plasma has a high viscos-
ity (1.41 ± 0.09 mPa s at 37°C9) compared to, for example, water 
(0.69 mPa s at 37°C10), and because the density contrast particularly 
among EVs (1.032–1.280 g/ml), platelets (1.062–1.110 g/ml),11,12 
and plasma (1.025–1.060 g/ml ) is low (~1.0413,14). When using size-
exclusion chromatography both EVs and platelets end up in the void 
volume.4,5 Currently laboratories remove platelets with low-speed 
centrifugation (<5000 g), which does not efficiently remove plate-
lets, because even after double centrifugation platelets are still 
present.15 The use of high-speed centrifugation, however, is not an 
option as it results in removal of EVs.16

In 2012, the problem of platelet removal was recognized by 
Lacroix et al.,17 who developed a protocol in which whole blood is 
centrifuged for 15 min at 2500 g. After centrifugation, plasma is col-
lected. The collected plasma is centrifuged a second time for 15 min 
at 2500 g, to remove remaining cells. This protocol was published 
by the International Society on Thrombosis and Haemostasis (ISTH) 
and is informally referred to as the “ISTH protocol.” The ISTH proto-
col is the most commonly applied protocol to prepare plasma for EV 
research and was adopted by the American Heart Association as the 
methodological guidelines to study EVs.18

In daily practice, however, many and often slightly different cen-
trifugation protocols are used to remove cells, in particular platelets.19 
For instance, protocols differ regarding the number of centrifugation 
steps (e.g., single and double centrifugation), the use of a brake, and 
the volume of collected supernatant. The efficacy of these protocols 
to remove platelets differs but is not precisely known,15 because the 
concentration of remaining platelets is not routinely measured.

The goal of this article is to study the efficacy of the ISTH pro-
tocol to prepare cell-free plasma for EV research. This article shows 
that there are substantial differences in the platelet concentration 
in three independent studies performed by different laboratories, 

which all used the ISTH protocol to prepare plasma.17 Moreover, 
there is a linear correlation between the concentration of EVs and 
the concentration of platelets in plasma, suggesting that platelets 
are indeed a confounder for downstream experiments, including 
-omics techniques. To effectively remove platelets without affecting 
the concentration of plasma EVs, a fast, cost-effective, and repro-
ducible filtration step is introduced.

2  |  MATERIAL S AND METHODS

2.1  |  Blood collection and preparation of blood 
plasma

2.1.1  |  Study A: AFFECT EV study (Warsaw, Poland)

The Antiplatelet Therapy Effect on Extracellular Vesicles (AFFECT 
EV) study was approved by the local ethical committee of the 
Medical University of Warsaw (KB/112/2016) and registered in the 
ClinicalTrials database (NCT02931045).20 Venous blood was collected 
from 21 healthy individuals and from 60 patients after first acute myo-
cardial infarction. Blood was collected in 10-ml plastic tubes containing 
0.109 mol/L trisodium citrate (S-Monovette; Sarstedt) via antecubital 
vein puncture using a 19-gauge needle, without a tourniquet. The first 
2 ml of blood were discarded. Blood was collected from 21 healthy 
individuals, and 60 patients at three different time points. Together, a 
total of 181 samples were analyzed, because 20 samples were omit-
ted during the flow cytometry measurements based on quality control. 
The total number of subjects can be found in Table 1.

2.1.2  |  Study B: Healthy donor study (Ghent, 
Belgium)

The study was approved by the ethical committee of Ghent 
University Hospital (EC/2015/0260) and performed according 
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Essentials

•	 Blood plasma prepared by centrifugation contains 
platelets.

•	 Platelets can be removed by filtration.
•	 Filtration does not affect the concentration of extracel-

lular vesicles.
•	 Plasma filtration will improve the quality of extracellular 

vesicle research.
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to the guidelines and regulations of the Declaration of Helsinki. 
Venous blood was collected from 10 healthy overnight fasting do-
nors, which did not use any medication or suffer from any acute 
or chronic disease at the time of venipuncture. A 21-gauge needle 
was used for venipuncture after applying a light tourniquet. The 
first few milliliters of blood were discarded. Blood from the 10 
healthy donors was collected in four collection tubes containing 
different anticoagulants and/or preservatives: citrate (Vacuette 
sodium citrate 3.2%, volume 9  ml, Greiner Bio-One B.V.), anti-
coagulant citrate dextrose solution A (ACD-A; Vacutainer ACD 
Solution A, volume 8.5  ml, BD), ethylenediaminetetraacetic acid 
(EDTA; Vacutainer K2EDTA, volume 10 ml, BD), and EDTA sepa-
rator (Vacuette K2EDTA with separator, volume 8  ml, Greiner 
Bio-One B.V.). The drawing sequence of collection tubes was 
randomized.

2.1.3  |  Study C: EV reference range study 
(Amsterdam, Netherlands)

Collection of blood was performed according to the guidelines of 
the medical ethical committee of the Amsterdam Medical Centre, 
University of Amsterdam (W19_271#19.421). Blood was collected 
from 224 healthy individuals. All donors denied having a disease or 
using drugs and/or medication. Venous blood was collected using 
a 21-gauge needle, and the first 2 ml of blood was discarded. One 
tube of EDTA blood (6 ml) was collected from each donor. A total 
of 224 samples was collected, of which three samples were omitted 
due to quality control checks. The total number of subjects can be 
found in Table 1.

2.2  |  Centrifugation protocol

In all three studies, plasma was prepared according to the ISTH proto-
col.17 In study A, study C, and in the filter experiments, a Rotina 380R 
centrifuge was used, whereas in study B an Eppendorf 5810 R centri-
fuge was used. Blood was centrifuged for 15 min at 2500 g and 20°C. 
Then supernatant was collected and centrifuged for 15 min at 2500 g 
and 20°C. In study A and B, plasma was collected and stored at −80°C 
until analysis. In study C and in the filter experiments, the residual 
platelet concentration was determined in fresh plasma. For details, 
please see the MIFlowCyt and MIFlowCyt-EV documents added to the 
Appendices S1–S4. Throughout this article, we use the term “plasma” 
for plasma that was prepared by the ISTH protocol, that is, plasma that 
is commonly referred to as “platelet-free plasma” in the literature.

2.3  |  Removal of platelets with 
polycarbonate filters

To remove platelets from plasma without affecting the concen-
tration of plasma EVs, we tested a track-etched polycarbonate 

membrane filter with a pore diameter of 0.8 μm and a filter diameter 
of 25 mm (Isopore™, Merck Millipore). Blood was collected accord-
ing to the protocol of study C, and plasma was prepared according 
to the ISTH protocol. A volume of 1 ml undiluted plasma was filtered 
manually with a flow rate of ~450 μl/s. Details can be found in the 
MIFlowCyt documents added to the Appendix S3. The concentra-
tions of platelets and EVs were measured by flow cytometry before 
and after filtration.

2.4  |  Flow cytometry measurements of platelets

The concentration of platelets was measured by flow cytometry. A 
calibrated Apogee A60-Micro (Apogee Flow Systems) was used in 
studies A, B, and C, whereas a FACSCanto II (BD Biosciences) was 
used for the filter experiments. Generally, platelets were immuno-
stained with anti-human CD61-APC and then measured by flow cy-
tometry. Flow cytometry experiments were reported in accordance 
with MIFlowCyt. Details can be found in the MIFlowCyt documents 
added to the Appendices S1–S3.

2.5  |  Flow cytometry measurements of 
extracellular vesicles

In study A and the filter experiments, the concentration of EVs 
was measured on a calibrated A60-Micro. Platelet-derived EVs in 
plasma were immuno-stained with anti-human CD61-APC, and 
erythrocyte-derived EVs were immuno-stained with anti-human 
CD235a-PE. Flow cytometry experiments were reported in accord-
ance with MIFlowCyt-EV. Details can be found in the MIFlowCyt-EV 
documents added to the Appendices S1 and S4.

2.6  |  Software and statistics

Flow cytometry data were processed using FlowJo (v 10.7.1, FlowJo) 
and custom-build software (MATLAB R2020b). Statistical analyses 
were performed using Prism 8.0 (GraphPad) and OriginPro 2017 
(OriginLab). Data were log transformed and we applied the Student's 
t-test to test for statistical differences in platelet concentrations. A 
p-value <.05 was considered significant.

3  |  RESULTS

The concentration of platelets was measured in plasma samples 
that were prepared in three independent studies. A brief overview 
of these studies is provided in Table 1. In these studies, the plasma 
was prepared according to the current ISTH protocol.17,18 Figure 1A 
shows that (1) all plasma samples contain detectable levels of plate-
lets after double centrifugation; (2) the concentration of platelets 
ranges between 6.0 × 104 to 1.0 × 108/ml, that is, the concentration 
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of platelets differs 1680-fold between prepared plasma samples; 
and (3) the mean platelet concentrations differ 55-fold between the 
studies.

The question is whether the presence of platelets in plasma after 
double centrifugation hampers the measurements of EVs. Figure 1B 
shows the concentration of platelet-derived EVs and erythrocyte-
derived EVs versus the concentration of platelets in plasma of study 
A after a single freeze–thaw cycle. A linear function was fitted to 
the data using a least-squares fitting procedure, confirming a lin-
ear relationship between the concentration of platelet-derived EVs 
and the concentration of platelets (R2 = .56). The slope of the fit re-
veals that for every platelet present in plasma before freezing, 17 
additional platelet-derived EVs were measured within the detection 
range of our flow cytometer. This observation is unique for platelets 
and platelet-derived EVs, because the concentration of erythrocyte-
derived EVs does not correlate with the concentration of platelets. 
Thus, the presence of platelets present in plasma introduces a bias 
when measuring the concentration of platelet-derived EVs in plasma 
after a freeze–thaw cycle.

The next question is whether platelets can be removed from 
plasma without affecting the EV concentration. As polycarbonate 
filters have well-defined pore sizes, we hypothesized that a poly-
carbonate filter with pore diameters of 0.8  μm would enable the 
removal of platelets without affecting the concentration of EVs 
<0.8 μm. Figure 1C shows the measured concentration of platelets 
in plasma after double centrifugation followed by filtration using a 
0.8-μm polycarbonate filter. Double centrifugation followed by fil-
tration resulted in a 146-fold lower platelet concentration compared 
to double centrifugation without filtration (p = .0013).

Figure 1D shows that the measured concentrations of platelet-
derived EVs and erythrocyte-derived EVs are unaffected by filtra-
tion within the detection range of our flow cytometer. After double 
centrifugation and filtration, the concentration of platelet-derived 
EVs decreases by 0.24% (p = .982) compared to double centrifuged 
samples. The concentration of erythrocyte-derived EVs decreased 
0.99% (p  =  .742). Thus, double centrifugation followed by filtra-
tion does not affect the concentration of endogenous platelet- and 
erythrocyte-derived EVs compared to double centrifugation alone. 
Conclusively, double centrifugation combined with a 0.8 μm poly-
carbonate filter effectively removes platelets without affecting the 
concentration of plasma EVs.

4  |  DISCUSSION

Here, we show that in three independent studies, using the com-
monly applied ISTH protocol17,18 to prepare plasma, plasma still 
contains platelets. At first sight, the presence of “a few” platelets 
in plasma seems negligible, especially because EVs outnumber the 
platelets >1000-fold. However, for every platelet still present in 
plasma, 17 additional platelet-derived Evs were measured within the 
detection range of our flow cytometer. Together with the variation 
of the platelet concentration between laboratories and studies, the TA
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F I G U R E  1  (A) Distribution of the platelet concentration in blood plasma from three independent studies measured by flow cytometry. 
Although all samples were double centrifuged at 2500 g for 15 min at 20°C using the fastest acceleration and lowest deceleration setting,17 
each study resulted in different distributions of the platelet concentration. In study A, blood was collected from healthy volunteers (n = 21) 
and patients with myocardial infarction (n = 160) and anticoagulated with citrate, and platelets were measured after a freeze–thaw cycle 
in plasma. In study B, blood was collected from healthy volunteers and anticoagulated with citrate (n = 10), spray-dried K2-EDTA (n = 10), 
gel plug K2-EDTA (n = 10), and ACD-A (n = 10), and platelets were measured after a freeze–thaw cycle in plasma. In study C, blood was 
collected from healthy volunteers (n = 221) and anticoagulated with EDTA, and platelets were measured in fresh plasma. Data were log 
transformed, binned using a bin size of 0.2, and transformed back to a linear scale. Data (symbols) have been fitted in logarithmic space with 
a Gaussian function (lines), resulting in fit parameters μ = 7.39, σ = 0.21, and A = 36.50 for study A; μ = 5.89, σ = 0.41, and A = 7.87 for study 
B; and μ = 5.60, σ = 0.34, and A = 45.45 for study C. (B) Concentration of CD61+ (triangles) and CD235a + (squares) extracellular vesicles 
(EVs) versus the platelet concentration in plasma of donors from study A measured by flow cytometry. Data have been fitted in with a linear 
function (lines), resulting in a slope of 16.9 and an intercept of −3.9 × 107 for CD61+ EVs and a slope of 0.24 and an intercept of 5.8 × 107 
for CD235a + EVs. CD61+ EVs show a strong (R2 = .56) and CD235a + EVs show no correlation (R2 = .00) with the platelet concentration. 
Due to the log–log data representation and linear functions with an offset, the fits appear non-linear. (C) Concentration of platelets in 
plasma (n = 3) after double centrifugation (open) and after double centrifugation followed by filtration with a polycarbonate filter with 
pore diameters of 0.8 μm (filled) measured by flow cytometry. Data are presented as the mean ± standard deviation. Double centrifugation 
followed by filtration with a polycarbonate filter is 146-fold more effective in removing platelets compared to only double centrifugation 
(p = .0013, **). (D) Concentration of platelet-derived (CD61+) EVs, and erythrocyte-derived CD235a + EVs in plasma (n = 3) after double 
centrifugation (open) and after double centrifugation followed by filtration with a polycarbonate filter with pore diameters of 0.8 μm (filled) 
measured by flow cytometry. Data are presented as the mean ± standard deviation. EVs exceeding the side scatter threshold (≥10 nm2), with 
a diameter >200 nm, that were positively labeled with a platelet marker (CD61) and an erythrocyte marker (CD235a) were included. Double 
centrifugation followed by filtration with a polycarbonate does not affect the concentration of CD61+ EVs (p = .982) and CD235a + EVs 
(p = .742) compared to only double centrifugation. (E, F) Estimated guess of the total concentration and volume fraction of EVs and platelets 
in plasma. Although EVs outnumber the platelets probably with three orders of magnitude, their volume fractions in plasma are comparable. 
The estimated guess of the total EV concentration in plasma is based on consensus within the EV flow cytometry working group. The error 
bars of the platelet concentrations represent the mean concentrations of study A and C measured in panel A. Calculations of the volume 
fractions are explained in the Section 2.

(A)

(C) (D) (E) (F)

(B)
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presence of platelets will induce variation in the measured concen-
tration of platelet-derived Evs in plasma.

Figure 1E shows an estimate of the total concentration of Evs 
in plasma based on literature values21–24 and the range of platelet 
concentrations that we obtained in Figure  1A.21 Evs outnumber 
platelets in plasma prepared with the ISTH protocol by at least three 
orders of magnitude. However, when taking into account the vol-
ume distribution of Evs and platelets, it turns out that Evs and plate-
lets have a similar volume fraction in plasma, as shown in Figure 1F 
(Appendix  S5). Thus, the presence of platelets may have practical 
consequences for most if not all types of downstream analysis. For 
example, the addition of detergent, which is a commonly applied 
procedure in bulk (-omics) techniques, will lyse not only EVs but also 
platelets and platelet fragments, and thus contaminate the analysis 
of the biochemical composition of proteins, lipids, DNA, and RNA 
from EVs. Another example is the effect that residual cells may 
have on downstream analysis, such as EV-associated miRNA. Also, 
all currently used isolation methods for plasma EVs including (ultra) 
centrifugation, density-gradient centrifugation, and size-exclusion 
chromatography are unable to separate EVs from platelets, resulting 
in contamination.1

Platelets still present in plasma after double-centrifugation can 
be effectively removed using a polycarbonate filter with pore di-
ameters of 0.8 μm, and practically it is feasible to remove platelets 
without a detectable loss of EVs within the detection range of our 
flow cytometer. When using plasma biobanks for EV research, it 
is recommended to report the platelet concentration.25 Reporting 
this platelet concentration is essential to interpret the measurement 
results, which are supposed to originate solely from plasma EVs.8 
Ideally, the platelet concentration should be measured by flow cy-
tometry, because the concentration of platelets in plasma prepared 
with the ISTH protocol is below the detection limit of most routine 
hematology analyzers. In fact, a hematology analyzer was used in 
study B and resulted in a platelet concentration of 0 platelets per ml 
for all 40 samples.

To gain insight into the contribution(s) of pre-analytical as-
pects, such as the use of different centrifugation protocols to 
EV research, the Rigor and Standardization Subcommittee of the 
International Society for Extracellular Vesicles (ISEV) initiated a 
task force on blood EVs in 2019. A survey among blood EV task 
force members revealed a need for clinically applicable quality 
control parameters, for example to monitor the efficacy of cen-
trifugation protocols when preparing plasma for EV research.25 
Suggested quality control parameters include measurements of (1) 
the platelet concentration, (2) hemolysis, and (3) lipid profile. This 
study confirms the need for measuring the platelet concentration 
as a quality control parameter.

In clinical practice it may not always be feasible to apply a time-
consuming three-step protocol, involving two sequential centrif-
ugation steps followed by filtration, but reporting the platelet 
concentration in prepared plasma samples at the very least pro-
vides insight into the quality of samples, the interpretation of re-
sults, and the limitations of EV studies.25 To minimize the steps of 

the protocol a filter may be used after a single centrifugation step. 
Rikkert et al. showed that a single centrifugation step of 20 min at 
5000 g removes platelets as effective as the ISTH centrifugation 
protocol,15 in which the plasma is centrifuged twice for 15 min at 
2500 g. However, a single-step centrifugation approach in combi-
nation with filtration needs further investigation. Moreover, the 
commercially available track-etched polycarbonate membrane fil-
ters are delivered with a bulky, reusable filter housing, which (1) 
results in a dead volume of ~100 μl, (2) requires thorough cleaning 
of the filter housing, and (3) may lead to spill-over between sam-
ples. If these filters become as important as size-exclusion chro-
matography to the field of EV research, industry should consider 
developing more practical, disposable filters with a minimized 
dead volume and perhaps an automated system utilizing a pump 
to regulate the pressure. Future developments may also lead to 
a combination of filters built into standard isolation techniques, 
such as size-exclusion chromatography.

The present study demonstrates that although centrifuga-
tion of blood and plasma is an efficient procedure to remove cells 
including platelets, preparation of “platelet-depleted” or truly 
“platelet-free” plasma by low-speed centrifugation is impossible. 
Consequently, commonly used terms such as “platelet-depleted” 
and “platelet-free” plasma are misleading. Moreover, because the 
size and volume of remaining platelets in plasma is still relatively 
large compared to the EVs present in plasma, and because most if 
not all of the currently used isolation procedures of EVs are unable 
to separate platelets from EVs, platelets are a main confounder. 
Removal of platelets by filtration offers an excellent opportu-
nity to prepare plasma that is nearly free from platelets, and re-
moval of platelets, most efficiently before freeze–thawing plasma, 
is expected to improve the quality of plasma samples stored in 
biobanks for future EV analyses. Similarly, removal of platelets 
is expected to improve downstream characterization of isolated 
EVs, for example for proteomics or miRNA profiling. Thus, we 
consider removal of platelets an important contribution for future 
biomarker exploration of EVs.
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