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1 | INTRODUCTION

Extracellular vesicles (EVs) are released by cells into body fluids. EVs carry molecular cargo including miRNA, which can be
used as a readout of physiological and pathological processes (De Miguel Pérez et al., 2020; He et al., 2021; Van Eijndhoven
et al., 2016). Let7a-5p and miR-21-5p are miRNAs that were previously reported to be present in human plasma EV prepara-
tions (Van Eijndhoven et al,, 2016). Measuring miRNA that is associated with EVs (EV-miRNA) requires EV isolation. One
of the most commonly used EV isolation methods is size-exclusion chromatography with sepharose CL-2B (SEC2B), which
separates particles (including EVs) with a diameter of about 75 nm and larger from smaller particles and soluble components

Abbreviations: APC, Allophycocyanin; DPBS, Dulbecco’s Phosphate-Buffered Saline; EDTA, Ethylene Diamine Tetra Acetic acid; Ery-ghosts, Erythrocyte ghosts; EVs, Extracellular
vesicles; EV-miRNA, Extracellular vesicle-associated miRNA; F, Fraction; FITC, Fluorescein isothiocyanate; ISTH, International Society on Thrombosis and Haemostasis; Max.,
Maximum; ns, Not significant; PE, Phycoerythrin; PS, Phosphatidylserine; qRT-PCR, Quantitative real-time polymerase chain reaction; RT, Room temperature; SEC2B,
Size-exclusion chromatography CL-2B.
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FIGURE 1 Overview of the sample nomenclature, centrifugation protocols (A) and downstream samples processing (B) in the current study. Approx,
approximately; max, maximum; min, minutes; RT, room temperature; SEC2B, size-exclusion chromatography CL-2B. This figure was created with
BioRender.com

(Boing et al., 2014). Isolation of EVs is hampered by the presence of non-EV particles, such as platelets, that may also carry
miRNA (Krammer et al., 2020; Tabet , 2014; Vickers et al., 2011). For example, miR-223-3p is a platelet-associated miRNA that is
used as a marker for the presence of platelets (Zhang et al., 2020).

To prepare plasma as starting material for SEC2B, blood is centrifuged to prepare ‘platelet-free plasma’ Multiple centrifugation
protocols exist, but the efficacy of these protocols to remove cells is often unknown and depends on pre-analytical variables (Bettin
etal, 2022; Rikkert et al., 2021) . Contrary to what the name suggests, ‘platelet-free plasma’ still contains platelets (Arraud et al.,
2014; Bettin et al., 2022; Cheng et al., 2013; Kim et al., 2022; Mitchell et al., 2016; Muth et al., 2018; Sunderland et al., 2017; Willeit
et al., 2013) and erythrocyte ghosts (ery-ghosts) (Arraud et al., 2014). Both platelets and erythrocytes contain miRNA (Cheng
etal, 2013; Mitchell et al., 2016; Muth et al., 2018; Sunderland et al., 2017), although it is unknown whether ery-ghosts also contain
miRNA.

In the present study we demonstrate that human plasma prepared by different centrifugation protocols contains platelets and
ery-ghosts, which co-migrate with plasma EVs during isolation by SEC2B. Platelets and ery-ghosts can be efficiently removed by
filtration, and the presence of platelets leads to overestimation of the EV-miRNA concentration.

2 | MATERIALS AND METHODS
2.1 | Blood collection and plasma preparation

Four tubes of Ethylene Diamine Tetra Acetic acid (EDTA) blood were collected from healthy individuals (n = 3, each on a
separate day) in accordance with the guidelines of the Medical Ethical Committee of the Amsterdam Medical Centre, University
of Amsterdam (W19_271#19.421). Blood was processed to plasma within 15 min after withdrawal by two centrifugation protocols,
see Figure 1. The centrifugation protocol of the ISTH is commonly used, and therefore the results obtained with this protocol are
shown. Results obtained with the non-ISTH centrifugation protocol are in essence similar and confirmatory, and are shown in
the Supplementary information. We deliberately included two plasma centrifugation protocols to emphasize that the presence
of platelets and ery-ghosts is a common phenomenon.
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FIGURE 2  Plasma, prepared using the ISTH centrifugation protocol contains platelets (CD614-, CD414) and ery-ghosts (CD235a+) as measured by flow
cytometry (A). Platelets and ery-ghosts are larger than the cut-off of sepharose CL-2B, and thus co-migrate with EVs during SEC2B (B). Filtration (0.8 um
polycarbonate filters) of plasma (C) or the corresponding EV-enriched SEC2B fractions 8-10 (D) reduces the platelet concentration >97% without affecting the
concentration of platelet-derived EVs (CD61+)**. Filtration also reduces the ery-ghost concentration >97% (E), whereas the concentration of
erythrocyte-derived EVs (CD235a+)** remains unaffected (F). Experiments were performed using plasma obtained from three healthy controls. A one tailed,
paired Student’s ¢-test was used to test for statistical differences in platelet-, ery-ghost- and EV concentrations, pre- and post-filtration (panels C-F). A p-value
< 0.05 was considered significant. Ery-ghost, erythrocyte ghost; EV, extracellular vesicle; ns, not significant; SEC2B, size-exclusion chromatography CL-2B; *: p

< 0.05; **: EVs were measured using flow cytometry (Apogee A60) with a size detection range of 150-1000 nm). For results of the non-ISTH centrifugation
protocol, see Figure S1

2.2 | Removal of platelets and erythrocyte ghosts

For platelet and ery-ghost removal from plasma and EV-enriched SEC2B samples, polycarbonate track-etched membrane filters

were used with a pore diameter of 0.8 um (Bettin et al., 2022). Full details of the methods used in this study can be found in the
Supplementary information (Supplementary File 1).

3 | RESULTS
3.1 | Platelets and ery-ghosts co-elute with plasma EVs during SEC2B

Figure 2a shows that plasma prepared according to the ISTH centrifugation protocols contained 3 X 10° platelets/ml and 8§ X 10°
ery-ghosts/ml. 1 ml of plasma was used as starting material for SEC2B to isolate EVs. Figure 2b shows that a fraction of both
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platelets and ery-ghosts are present in the EV-enriched fractions (F8-10) at concentrations of 6 X 10° platelets/ml and 3 x 10°
ery-ghosts/ml. Similar results were found for samples processed according to the non-ISTH protocol, as shown in Figure Sla,b.
Hence, independent of the applied centrifugation protocol, plasma contains platelets and ery-ghosts that co-elute with EVs during
SEC2B.

3.2 | Filtration removes platelets and ery-ghosts

Figure 2c,d shows that filtration of plasma and EV-enriched SEC2B fractions reduced the platelet concentration with >97%
(p = 0.03 for both plasma and EV fractions) without affecting the concentration of platelet-derived EVs (CD61+; p = 0.18 and
p = 0.30, respectively). Double staining of platelets using an activation marker (P-selectin, CD62p) showed that about 1%-2% of
the platelets were activated before filtration, and this concentration did not change during and after filtration, as shown in Figure
S2. Hence, filtration does not activate platelets but also does not seem to remove activated platelets from plasma. Figure 2e,f
shows that filtration also reduced the concentration of ery-ghosts in plasma and EV-enriched SEC2B fractions >97% (p = 0.05
and p = 0.04, respectively), whereas the erythrocyte-derived EV (CD235a+) concentration was unaffected (p = 0.21and p = 0.19,
respectively). The size distributions of EVs (CD235a+/CD45+/CD61+), platelets, and ery-ghosts before and after filtration of
plasma can be found in Figure S3a-c, which confirm that filtration effectively removes (non-activated) platelets and ery-ghosts,
and has no or minimal effects on the concentration and size distribution of detectable EVs. Figure lc-f show similar results for
the non-ISTH protocol. Thus, filtration is effective independent of the centrifugation protocol.

3.3 | Platelets affect EV-miRNA quantities

Figure 3a,b shows that filtration of plasma and EV-enriched SEC2B fractions increased the cycle threshold (Ct) for miRNA
detection by 1-2 for let7a-5p, miR-21-5p and miR-223-3p. Assuming that the miRNA quantity doubles during each cycle, this
increase indicates that 50%-75% of the measured miRNA originates from particles >0.8 um, including but not limited to platelets
and ery-ghosts, instead of EVs (Goni & Foissac, 2009). Similar results were obtained for the non-ISTH centrifugation protocol,
shown in Figure S4a,b.

Next, we performed a regression analysis of the miRNA quantity and the concentration of platelets, ery-ghosts and EVs in
plasma. Figure 3c shows that the quantities of the miRNAs correlate with the platelet concentration in plasma (R?* = 0.76-0.90,
p < 0.05), but not with the concentration of ery-ghosts (R* = 0.03-0.10, p > 0.05) or the total concentration of EVs detectable by
our flow cytometer (150-1000 nm; R* = 0.20-0.34, p > 0.05). Thus, the quantity of the three analysed miRNAs correlates with
the concentration of platelets but not ery-ghosts or EVs (150-1000 nm) in plasma.

The miRNA quantity correlated also with the platelet concentration in EV-enriched SEC2B fractions (R* = 0.73-0.97, p < 0.05,
Figure 3d), and again no correlations were present with the concentration of ery-ghosts (R*> = 0.11-0.29, p > 0.05) or the total
concentration of detectable EVs (R* = 0.21-0.61, p > 0.05). Moreover, neither the concentration of platelet-derived (CD61+),
erythrocyte-derived (CD235a+) nor leukocyte-derived (CD45+) EVs correlated with miRNA quantities (R*> = 0.16-0.66,
p > 0.05; Figure S5). Figure S4c,d shows similar results for the non-ISTH protocol.

4 | DISCUSSION

We show that blood plasma prepared by centrifugation contains remaining platelets and ery-ghosts. The concentration of platelets
and ery-ghosts in plasma depends on the used centrifugation-protocol, as reflected by higher concentrations of platelets (5.3-
fold) and ery-ghosts (1.4-fold) in samples prepared by the non-ISTH centrifugation protocol compared to the ISTH protocol.
Platelets and ery-ghosts co-migrate with plasma EVs during SEC2B, and the platelet concentration in both plasma and EV-
enriched SEC2B fractions correlates with the concentrations of let7a-5p, miR-21-5p and miR-223-3p. Thus, the presence of
platelets affects EV-miRNA analyses and leads to overestimation of the EV-associated miRNAs studied. Filtration removes >97%
of platelets and ery-ghosts without affecting the concentration of measured EVs, and the efficacy of filtration is independent from
the centrifugation protocol.

Our results confirm that centrifugation does not remove all platelets and ery-ghosts from human plasma (Arraud et al., 2014;
Bettin et al., 2022; Cheng et al., 2013; Kim et al., 2022; Mitchell et al., 2016; Muth et al., 2018; Sunderland et al., 2017; Willeit et al.,
2013). Therefore, the term ‘platelet-free plasma’ is misleading. Contributing to this confusion is the lower limit of detection of
haematology analysers. Haematology analysers are used to confirm the absence of platelets in the prepared plasma samples. In
the present study the platelet concentrations were determined by flow cytometry, and the platelet concentrations ranged between
10® and 107 platelets/ml. Since the limit of detection of haematology analysers is about 10°-10” platelets/ml (Briggs et al., 2007;
Slim et al., 2019), part of our plasma samples would have been considered as ‘platelet-free’. In accordance with previous findings,
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FIGURE 3

Filtration of plasma, prepared according to the ISTH centrifugation protocol (A) or corresponding EV-enriched SEC2B fractions (B) leads to
a qRT-PCR cycle threshold increase of 1 to 2, and thus a decrease in miRNA quantity. The quantities of let7a-5p, miR-21-5p and miR-223-3p miRNAs detected
by qRT-PCR strongly correlates with the concentration of platelets in plasma (C) especially in unfiltered samples (filled symbols), but not with the
concentration of ery-ghosts or EVs**. For the EV-enriched SEC2B fractions (D) miRNA quantities also correlate with the platelet concentration, but not with
the concentration of ery-ghosts or EVs**. Experiments were performed using plasma obtained from 3 healthy controls. A one-tailed, paired Student’s t-test was
used to test for statistical differences in miRNA quantities pre- and post-filtration (panels A and B). A linear regression analysis was used to quantify the
relationship between the quantity of miRNAs and the concentration of platelets, ery-ghosts, and EVs (panels C and D). A p-value < 0.05 was considered
significant. Ery-ghost, erythrocyte ghost; EV, extracellular vesicle; ns, not significant; SEC2B, size-exclusion chromatography CL-2B; qRT-PCR, quantitative

real-time PCR; %, p < 0.05; **, EVs were measured using flow cytometry (Apogee A60) with a size detection range of 150-,000 nm). For results of the non-ISTH
protocol see Figure S4).

detectable concentrations of ery-ghosts were also present in the ‘platelet-free plasma’ samples (Arraud et al., 2014). In one of
our previous studies, we quantified contaminants such as lipoproteins and soluble proteins in SEC2B fractions, but we did not
measure the presence of platelets or ery-ghosts (Boing et al., 2014). In the present study, concentrations of platelets and ery-ghosts
were measured by flow cytometry because this technique can analyse larger plasma volumes than routine haematology analysers
(Bettin et al., 2022).

The concentration of platelets and ery-ghosts in plasma depend on the used centrifugation protocol. Table 1 shows an overview
of the plasma preparation protocols that were used during the last 5 years by cancer-related EV-miRNA studies (n = 19). We
arbitrarily choose cancer-related EV-miRNA studies, but our findings likely also hold true for non-cancer-related EV-miRNA
studies. From this comparison it becomes clear that plasma preparation protocols are not standardized, and that often no or
insufficient details are reported, which hamper comparability and reproducibility of EV-miRNA results.
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Our present results should also raise awareness when looking for validation cohorts in existing biobanks. Similar protocols
should be used to compare study results, and preferably the concentration of platelets and ery-ghosts in plasma samples should
be measured and/or they should be removed. In addition, platelets may fragment during freeze-thaw cycles into particles that
are possibly within the size range of EVs, and thus become indistinguishable from real platelet-derived EV's, which may further
hamper true EV-miRNA analysis (Kim et al., 2022; Mitchell et al., 2016; Sunderland et al., 2017). Therefore, we recommend to
filter plasma samples prior to freeze-thawing to reduce platelet fragmentation.

Recently, we introduced an effective method to remove platelets without affecting detectable concentrations of EVs (Bettin
et al., 2022). Filtration, using 0.8 um polycarbonate track-etched filters, removes >97% of platelets and ery-ghosts. The real
concentration of platelets and ery-ghosts in our samples after filtration is probably lower than the reported ~10* platelets/ml
due to background noise and spillover inherent to the used assay. Our results indicate that the concentration of (pre) activated
platelets in plasma, which is in accordance with an earlier study (Ahnadi et al., 2003), is unaffected by filtration, meaning that
(1) filtration does not cause additional platelet activation, and (2) activated platelets can pass through the filter. Arraud et al.
(2014) and Brisson et al. (2017) have described tubular CD414-/phosphatidylserine+ EVs or ‘pseudopods’ These pseudopods are
200-500 nm in diameter and 1-10 um in length. If orientated correctly, pseudopods will pass through the 0.8 um filters. Further
studies should clarify if the CD62p+ particles that are not removed by filtration are pseudopods, and whether these particles
affect downstream miRNA analyses.

Cheng et al. (2013) used 0.22 um filters to investigate the effect of platelets on miRNA measurements. They used frozen-thawed
samples, however, which may suffer from platelet fragmentation (Bettin et al., 2022; Kim et al., 2022; Mitchell et al., 2016; Muth
et al., 2018; Sunderland et al., 2017), and thus it is unclear how effective their methodology is in removal of intact platelets from
plasma. In addition, their 0.22 um polyvinylideenfluoride filters are not produced by a track-etching technique, meaning that
the pore size of the filters is not uniform and particles larger than the cut-off of the filter may still end up in the filtered samples
(Apel, 2001).

The presence of platelets affected the measured concentrations of let7a-5p, miR-21-5p and miR-223-3p, indicating that these
miRNAs may be partially associated with platelets. These findings confirm results from earlier studies that reported a relationship
between the concentration of platelets and quantity of measured miRNA (Cheng et al., 2013; Mitchell et al., 2016; Sunderland et al.,
2017). Therefore, in future studies investigating plasma EV-associated miRNAs, platelets should be removed prior to downstream
EV-miRNA measurements, or filtration experiments should be performed to check if the detection or concentration of the
studied miRNAs is affected by platelet removal. The results in our study are meant to raise awareness that remaining platelet and
ery-ghosts may affect downstream assays, and further research is needed to test other filter pore sizes and processing protocols.

In our study no correlation was present between the concentration of EVs and the quantity of measured miRNAs. It is impor-
tant to note that with the used settings, our flow cytometer can only measure EVs > 150 nm, and the correlation between the
analysed miRNAs and EVs < 150 nm was not investigated in this study. Similarly, we measured the most common types of blood
cell-derived EVs that are present in human plasma, but EV's originating from other cell types may be present. In addition, we
did not observe any correlation between the concentration of ery-ghosts and miRNA quantities, suggesting that these miRNAs
are not associated with ery-ghosts. However, further studies should elucidate whether the presence of platelets and ery-ghosts in
human plasma affect the quantity and detection of other miRNAs and other EV profiling analyses, such as proteomics.

In the present study, we focused on the presence and removal of platelets as possible confounder of plasma EV-miRNA. Plasma
also contains (lipo)proteins carrying miRNA (Li et al., 2018). Whereas SEC2B is unable to separate platelets from EVs, SEC2B
reduces the concentration of small lipoprotein particles such as HDL by about 100-fold (Béing et al., 2014). Since the starting
concentration of lipoprotein particles in plasma is at least 100,000-fold higher than the plasma concentration of EVs (Simonsen,
2017), there is still a 1000-fold higher concentration of small lipoprotein particles compared to EVs after SEC2B. In addition,
chylomicrons and (V)LDL particles have similar size ranges to EVs, and it is known that SEC2B does not separate chylomicrons
and (V)LDL particles from EVs (Van Deun et al., 2020). This is illustrated in the transmission electron microscopy images
shown in Figure S6. These lipoprotein particles will also not be removed by the 0.8 um filters, and since these lipoproteins may
be carriers of miRNAs (Li et al., 2018), we cannot exclude that part of the miRNA signal in our samples is due to lipoprotein
contamination. At present, we are testing and comparing multiple SEC resins and combinations thereof for their ability to isolate
EVs and concurrently (further) reduce the concentration of lipoproteins compared to SEC2B. In addition, although SEC2B leads
to a 300-600 fold enrichment in EVs compared to soluble proteins (Arroyo et al., 2011), we cannot exclude that our samples
contain miRNA that is associated with soluble proteins.

5 | CONCLUSIONS

Plasma prepared by centrifugation contains platelets and ery-ghosts, which co-isolate with EV's. The presence of platelets results
in overestimation of the studied EV-associated miRNAs, and likely also affects other downstream EV analyses. Therefore, we
recommend to measure and report the concentration of both platelets and ery-ghosts, and to remove platelets and ery-ghosts
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using 0.8 um polycarbonate track-etched filters before freezing plasma samples. Filtration will yield samples with negligible
concentrations of platelets, which will improve comparability and reproducibility of plasma EV-miRNA studies.
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