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Abstract
The extracellular vesicle release in red blood cell concentrates reflects progressive
accumulation of storage lesions and could represent a new measure to be imple-
mented routinely in blood centres in addition to haemolysis. Nevertheless, there is
currently no standardized isolation protocol. In a previous publication, we developed
a reproducible ultracentrifugation-based protocol (20,000 × g protocol) that allows
to classify red blood cell concentrates into three cohorts according to their vesicu-
lation level. Since this protocol was not adapted to meet routine requirements, the
goal of this study was to develop an easier method based on low-speed centrifuga-
tion (2,000 × g protocol) and limited red blood cell concentrate volumes to match
with a non-destructive sampling from the quality control sampling tubing. Despite
the presence of contaminants, mainly in the form of albumin and lipoproteins, the
material isolated with the 2,000× g protocol contained red blood cell-derived vesicu-
lar structures. It was reproducible, could predict the number of extracellular vesicles
obtained with the 20,000 × g protocol and better discriminated between the three
vesiculation cohorts than haemolysis at the legal expiry date of 6 weeks. However, by
decreasing red blood cell concentrate volumes to fit with the volume in the quality
control tubing, particle yield was highly reduced. Therefore, centrifugation time and
relative centrifugal force were adapted (1,000 × g protocol), allowing for the recov-
ery of a similar particle number and composition between small and large volumes
sampled from the main unit, in different vesiculation cohorts over time. A similar
observation was made with the 1,000 × g protocol between small volumes sampled
from the quality control tubing and the mother-bag. In conclusion, our study paves
the way for the use of the 2,000 × g protocol (adapted to a 1,000 × g protocol with the
quality control sampling tubing) for particle measurement in blood centres.
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 INTRODUCTION

Fresh whole blood has long been considered the gold standard for transfusion. Nowadays, at least in high-income countries, it
has been replaced by the preparation and use of individual blood components. Among these, red blood cell concentrates (RCCs)
represent the most commonly transfused blood product worldwide (García-Roa et al., 2017). To prepare RCCs, whole blood is
collected in a bag containing citrate as anticoagulant. This bag is centrifuged to separate the blood components and squeezed
to transfer red blood cells (RBCs) into a new container filled with an energetic additive solution (in Europe, Saline-Adenine-
Glucose-Mannitol, SAGM). RCCs are then leucoreduced by filtration and stored at 2◦C–6◦C for maximum 42 days (6 weeks).
However, during this period, RBCs accumulate harmful modifications, known as ‘storage lesions’ (Yoshida et al., 2019; Zimring,
2015).
Storage lesions can be classified into 3 categories: metabolic impairments, oxidative stress development, and membrane dam-

age (Koch et al., 2019; Yoshida et al., 2019). Indeed, RBCs are suddenly exposed to a new and non-physiological environment:
they are removed from plasma and resuspended in an acidic and glucose-enriched solution (SAGM), cooled, kept immobile, in
contact with plasticizers, and maintained in a closed system (Zimring, 2015). Consequently, this new environment progressively
induces a decrease in intracellular high-energy molecules (ATP and 2,3-diphosphoglycerate) as well as antioxidant compounds
(NA(D)PH and glutathione), an extracellular accumulation of lactate and potassium, and an increase in lipid and protein oxi-
dation. These changes can lead to the exposure of ‘death’ signals such as phosphatidylserine and clusters of Band 3, cytoskeleton
reorganization andmorphological alterations with a progressive release of extracellular vesicles (EVs), a loss of RBC deformabil-
ity, and haemolysis (Abonnenc et al., 2018; Dinkla et al., 2014; Freitas Leal et al., 2020; Ghodsi et al., 2023; Koch et al., 2019; Kozlova
et al., 2021). Metabolic alterations are generally reversible following transfusion whereas oxidative and membrane impairments
are mainly irreversible (Yoshida et al., 2019). Although the potential clinical sequelae associated with transfusion of stored RCCs
remain controversial (Fergusson et al., 2012; Goel et al., 2016; Lacroix et al., 2015; Lelubre & Vincent, 2013; Wang et al., 2012),
storage lesions are thought to affect RBC quality, function and in vivo survival and represent a risk of adverse effects in patients
(HealthCare EDftQoM, 2023; Yoshida et al., 2019; Zimring, 2015).
At Croix-Rouge de Belgique, RCC quality is routinely assessed on selected fresh products (1 day of storage) for haemoglobin

(Hb) content, haematocrit (Hct) and residual leucocytes. To ensure bag sterility and integrity during these measurements, RCC
volume is collected from a segment of the quality control (QC) sampling tubing (not available on all bags models). The QC sam-
pling tubing is in contact with the inside of the unit andmeasures 24–28 cm. In practice, it is stripped and homogenized with the
main unit. Then, a segment is sealed and detached to collect RBCs. RCC quality is also performed on a limited number of expired
products for sterility and RBC integrity through haemolysis (HealthCare EDftQoM, 2023; Zimring, 2015). The latter is currently
the only regulated quality parameter to assess storage lesions (Acker et al., 2018; Hess et al., 2009). It corresponds to a loss of
membrane integrity that leads to the release of free Hb. As a result, haemolysis provides information about RCC ineffectiveness
and risks for transfusion (D’Alessandro et al., 2010; Hess et al., 2009). Indeed, free Hb can scavenge nitric oxide, alters vasodi-
lation, and also cause kidney damage (Rother et al., 2005; Sowemimo-Coker, 2002). To prevent these risks, Europe directives
impose a legal haemolysis threshold of 0.8% at the storage expiry date (HealthCare EDftQoM, 2023). However, although easy
and inexpensive to perform, the haemolysis rate is very low and only informative at the end of storage. In addition, haemolysis
percentage does not fully reflect RBC functionality since stored RBCs may appear intact in RCCs but be rapidly removed from
the bloodstream following transfusion. Indeed, stored RBCs have been shown to haemolyze in the patient’s circulation following
transfusion or to display ‘death’ signals and be phagocytosed by macrophages in the reticuloendothelial system (Yoshida et al.,
2019; Zimring, 2015).
With the growing knowledge of storage lesions, it becomes clear that other parameters, in addition to haemolysis, could be rou-

tinelymeasured in blood institutions to assess RCC quality. One suggestion is themeasurement of EV abundance is of interest, as
previously suggested byAcker and collaborators (Acker et al., 2018). This suggestion is supported by the fact that the release of EVs
is the sign of the progressive accumulation of metabolic, oxidative andmembrane alterations, of the loss of RBC efficiency due to
their negative impact on RBC deformability, and of a risk of posttransfusion adverse effects due to their potential proinflamma-
tory and procoagulant properties (Belizaire et al., 2012; Fischer et al., 2017; Ghodsi et al., 2023; Ma et al., 2023; Rubin et al., 2012,
2013). However, there is still no standardized protocol for isolating andmeasuring them. Indeed, there is a wide disparity between
studies in terms of EV abundance mainly due to the use of different techniques for their concentration and analysis as well as
variations of protocols when using the same technique. Among them, (ultra)centrifugation remains the gold standard for EV
concentration (Nieuwland & Siljander, 2024; Théry et al., 2006). We previously developed an ultracentrifugation-based protocol
to concentrate RBC-derived EVs fromRCCs.We checked its reproducibility and analysed thematerial composition. Lipoprotein
and platelet contaminants (or their vesicles) were barely detectable, while RBC and EV markers were enriched (Ghodsi et al.,
2023).
Nevertheless, this ultracentrifugation protocol was not routinely applicable since: (i) it requires the acquisition of expensive

ultracentrifuges, rotors and tubes, (ii) it is time-consuming and (iii) it does not preserve RCC integrity as large sample volumes are
needed. Therefore, the aim of this study was to develop a simpler centrifugation-based and reliable protocol for particle recovery
combined with a non-destructive RCC sampling. We also determined whether this measurement could be complementary to
haemolysis used in routine tests. In accordancewith theminimum requirements of theMISEV2023 publication, we used the term
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‘particle’ when EV identity was not confirmed or when contaminants were abundant in samples (Welsh et al., 2024). Inversely,
the ‘EV’ generic term was used for material obtained with the 20,000 × g protocol.

 MATERIALS ANDMETHODS

. RCC preparation and storage

The study was approved by the Medical Ethics Committee of the Cliniques universitaires Saint-Luc and UCLouvain (Brussels,
Belgium). All donors providedwritten consent for the use of their donation for scientific research. Seventy RCCs from68 different
donors were prepared in PVC-DEHP bags (CompoSelect T&B 4F quadruple system, PQ32250, Fresenius Kabi) by Croix-Rouge
de Belgique (Suarlée, Belgium) according to standard protocols defined by European legislations. Briefly, 450 ± 60 mL of whole
blood were drawn by venipuncture from volunteer donors and collected into blood bags containing 63 mL of citrate-phosphate-
dextrose (CPD) solution (anticoagulant). Whole blood units were rapidly cooled and maintained at 18◦C–22◦C overnight. Next,
RBCs were separated from plasma and buffy coat by centrifugation at 4,000 × g for 10 min, resuspended in 100 mL of SAGM
additive solution, leucoreduced by filtration, and rapidly stored at 2◦C–6◦C at Croix-Rouge. Due to limited RCC supplies in the
blood centre, not all donations could be included in the study directly after preparation. Among the 70 RCCs, 12 were delivered
freshly (dark blue in Figure 1, blue lines in Table S1) while the other 58 were stored at Croix-Rouge for 1 week (w) (n = 6), 2w
(n = 3), 3w (n = 17), 4w (n = 20), 5w (n = 4) or 6w (n = 8) before delivery to our laboratory (purple in Figure 1). Once received,
all RCCs continued their storage at 2◦C–6◦C in our laboratory for up to 10w maximum and were evaluated for abundance, size,
protein composition and morphology of EV or particle preparations as well as for RBC number and haemolysis (Figure 1, Table
S1). Each RCC received an internal code corresponding to the order of entry into the study. Moreover, donor’s sex, blood group
and age were recorded. All information is listed in the Table S1. Out of the 70 RCCs: (i) 69 were used for both particle and EV
measurement, (ii) onewas only evaluated for comparison of particle abundance after sampling from themother-bag or a segment
of the QC sampling tubing, (iii) four originated from the same two donors (two RCCs from a single donor; yellow and red lines
in Table S1) at 1- or 2-years intervals, and (iv) 45 RCCs were returned to Croix-Rouge for sterility control at the end of storage,
which revealed no bacterial contamination.

F IGURE  Schematic representation of the study design and data analysis. (1) Whole blood collection. Whole blood was drawn by venipuncture from
volunteer donors and collected into PVC-DEHP blood bags. (2) Preparation of red blood cell concentrates (RCCs). Red blood cells (RBCs) were isolated from
plasma and buffy coat, leucoreduced and resuspended in an additive solution at Croix-Rouge. (3) RCC delivery to UCLouvain after preparation or during
storage. Due to limited RCC supplies in the blood centre, 12 entered the study directly after preparation while the other 58 were stored at Croix-Rouge for
1 week (w) (n = 6), 2w (n = 3), 3w (n = 17), 4w (n = 20), 5w (n = 4) or 6w (n = 8) before delivery to our laboratory (total n = 70 RCCs). Once received, all RCCs
continued to be stored for up to a maximum of 10w. (4) RCC analysis. RCCs were evaluated for the abundance, size, protein composition and morphology of
EV or particle preparations, as well as for RBC number and haemolysis. Created in BioRender. Tyteca, D. (2025) https://BioRender.com/w81z697.

https://BioRender.com/w81z697
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. Particle and EV isolation

RBC units were gently mixed by inversion before collecting 8–10 mL (large volumes, Figure 2a) or 0.5 mL (small volumes,
Figure 7d) of RCCs. When bag integrity was not maintained, the QC sampling tubing was opened to gain direct access to the
inside of the bag. After collecting a certain volume of RCC, it was closed with a clamp. In contrast, to preserve RCC integrity, the
QC sampling tubing was stripped and homogenized three times with the main bag. Then, a segment was sealed, detached and
finally opened to collect the volume of RCC needed (Figure 9c). RCC volumes were then respectively centrifuged at 2,000 × g
for 15 min (2,000 × g protocol, Figure 2a) and 1,000 × g for 5 min (1,000 × g protocol, Figure 7d) at 20◦C using a Sigma 4-16Ks
centrifuge (Sigma) with a swing-out rotor (11150) and buckets (13350). With this type of rotor, RBC pellet is flat, facilitating the
collection of the supernatant (SP). Next, the maximum volume of SP, generally 2–3 mL (for large volumes with the 2,000 × g
protocol) or 80 μL (for small volumes with the 1,000 × g protocol), was submitted to a second centrifugation using the same
parameters (2,000× g for 15 min for large volumes and 1,000 × g for 5 min for small volumes). Thematerial was directly analysed
for particle abundance and size and then stored at−80◦C forWestern blotting andCoomassie blue gel staining analyses (2,000× g
and 1,000× g protocols). The SP obtained with the 2,000× g protocol was also used freshly to concentrate EVs (20,000× g proto-
col, Figure 2a), as follows. Before ultracentrifugation steps, 800 μL of SP were diluted in 7 mL of sterile phosphate-buffered saline
(PBS, Cytiva, SH30256.02) solution and centrifuged at 2,000 × g at 20◦C for 10 min (Momen-Heravi et al., 2013). The resulting
SP was submitted to ultracentrifugation at 20,000 × g at 4◦C for 20 min using the Optima XPN-80 ultracentrifuge (Beckman
Coulter) with the fixed-angle Ti50 rotor. After EV resuspension in 7 mL of PBS, samples were submitted to a second ultracen-
trifugation step under the same conditions (20,000 × g at 4◦C for 20 min). The final pellet was resuspended either in 1 mL of PBS
and freshly analysed for EV abundance and size or in 250 μL of RIPA 1x lysis buffer (50mMTris pH 8 (VWR; 28811.295), 150 mM
NaCl (Merck; 155750), 0.5% sodium deoxycholate (Merck; K48578060 715), 0.1% sodium dodecyl sulphate (SDS, Merck; 113760),
1% Triton X-100 (Serva; 37240.01), 1 mM phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich; 78830), cOmplete™ Protease
Inhibitor Cocktail (Roche; 11836145001)) as in (Ghodsi et al., 2023), and stored at−80◦C forWestern blotting andCoomassie blue
gel staining analyses. All steps were carried out in a fume hood to avoid bacterial and dust contaminations. Below is a summary
of each protocol:

Steps , × g protocol , × g protocol , × g protocol

1. Gentle mix of RCCs Yes Yes Yes

2. Collection of RBCs 8–10 mL 0.5 mL 8–10 mL

3. Centrifugation (20◦C) 2,000 × g – 15 min 1,000 × g – 5 min 2,000 × g – 15 min

4. Recovery of supernatant 2–3 mL 80 μL 2–3 mL

5. Centrifugation (20◦C) 2,000 × g – 15 min 1,000 × g – 5 min 2,000 × g – 15 min

6. Recovery of supernatant For analyses and for 20,000 g
protocol

For analyses 800 μL from the 2,000 g
protocol

7. Dilution of supernatant in PBS No No 800 μL

8. Centrifugation (20◦C) No No 2,000 × g – 10 min

9. Transfer of supernatant in ultracentrifuge tube No No Yes

10. Ultracentrifugation (4◦C) No No 20,000 × g – 20 min

11. Pellet wash and resuspension No No Yes

12. Ultracentrifugation (4◦C) No No 20,000 × g – 20 min

13. Pellet wash and resuspension No No In PBS or RIPA 1x

. Particle and EV abundance and size

Particles or EVswere diluted 1:4 to 1:20,000 in PBS depending on the initial sample concentration and thenmeasured byNanopar-
ticle Tracking Analysis (NTA) with a ZetaView TWIN instrument (Particle Metrix) using a blue laser (488 nm). Measurements
were taken at 11 focal positions through the sample cell with the following parameters: camera sensitivity: 70; shutter: 100;
minimum brightness: 30; min area: 10; max area: 10,000; resolution: medium. The concentration was then converted into a
number/RBC by considering the volume of SP engaged and the average number of RBCs/μL in RCCs. The above settings follow
the manufacturer’s recommended guidelines for the detection of biological material in a size range of 70–400 nm.
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. Coomassie blue staining of proteins

Protein content was first assessed by the Bicinchoninic acid assay (BCA) method. For the comparison of samples obtained with
the 2,000 × g (particles) or 20,000 × g (EVs resuspended in RIPA 1x lysis buffer) protocols and the follow-up over time of particle
samples of the three vesiculation cohorts, an equal amount of proteins (6 μg) was loaded onto polyacrylamide gels. In contrast,
for the follow-up over time of EV samples of two RCCs from the medium vesiculation cohort, a maximum volume was loaded
at 1 and 3w of storage and 3 μg of proteins at 6w. RBC ghosts were loaded in increasing quantities (2, 4 and 6 μg) or 6 μg,
and used as an internal control to identify and assess the abundance of specific RBC proteins in particle and EV samples. All
samples were diluted five-fold in Pierce LaneMarker Reducing Sample Buffer 5X (ThermoFisher, 39000) containing 5% SDS and
100mMdithiothreitol and loaded onto 4%–15%Mini-Protean TGXPrecast polyacrylamide gel (Bio-Rad, 4561084). After sample
migration, gels were rinsed in distilled water for 2 min while shaking gently. Then, they were heated in a microwave oven until
boiling and cooled for 4 min at room temperature (RT) under agitation. This step was reproduced three times in total. Water was
replaced by a sufficient volume of PageBlue™ protein staining solution (ThermoFisher Scientific, 24620) to recover gels. They
were once again heated to boiling and then cooled at RT for 20 min with gentle shaking. After three rapid washings in distilled
water, proteins were revealed and gels were photographed. Protein quantification was performed by surrounding major bands
observed on gels and determining their mean gray value (MGV) with the Fiji software. After background subtraction, the MGV
was corrected by its area. To assess the total protein content, the sum of all the bands was calculated. To determine the proportion
of RBC proteins compared with contaminants, a ratio was established between the sum of MGVs for RBC proteins and the sum
of MGVs for ‘non-RBC’ bands.

. Western blotting

Equal amount (6 μg) of EV (resuspended in RIPA 1x lysis buffer) or particle proteins, except for plasma (6 or 20 μg), platelet lysates
(5 μL) and RBC ghosts (1 or 6 μg), was loaded onto gels and handled as for Coomassie blue staining of proteins. After migration,
proteins were transferred to polyvinylidene fluoride (PVDF) membranes. These were blocked for 2 h in 5% skim milk powder
or 3% bovine serum albumin (BSA; Biowest, P6154) in Tris-buffered saline (20 mM Tris pH 7.5 (VWR; 28811.295), 500 mM
NaCl (Merck; 155750)) and 0.05% Tween 20 (VWR; 28829.296) detergent (TBS-T) and probed overnight with specific primary
antibodies, that is, anti-albumin (Santa-Cruz Biotechnology, sc-271604; 1:1000), anti-apolipoprotein B100 (ApoB100; Santa-Cruz
Biotechnology, sc-13538; 1:500), anti-apolipoproteinA1 (ApoA1; Santa Cruz Biotechnology, sc-376818; 1:500), anti-CD41 (Abcam,
ab134131; 1:2000), anti-CD45 (Santa Cruz Biotechnology, sc-1178; 1:500), anti-glycophorin A (GPA; Merck, MABF758; 1:1000),
anti-Band 3 (Invitrogen, MA1-20211; 1:4000), anti-flotillin-1 (BD Biosciences, BD610820; 1:500), and anti-stomatin (Novus Bio-
logicals, NBP2-42660; 1:1000). All antibodies were diluted in TBS-T/5% milk except for anti-CD41 in TBS-T/3% BSA. After
washings, secondary peroxidase-conjugated goat anti-rabbit (Sigma-Aldrich, A0545) or anti-mouse IgGs (Invitrogen, G-21040)
were incubated for 1 h andwashed. Signal revelationwas performedwith SuperSignal™West Pico PLUSChemiluminescent Sub-
strate (ThermoFisher Scientific, 34580) or SuperSignal™West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific,
34096) with Fusion Solo S (Vilber). Stripping was performed on one membrane (ApoA1, Figure 8b). To this end, the membrane
was incubated with ReBlot Plus Strong Antibody Stripping Solution 1× (Merck, 2504) at RT for 25 min under agitation. After
washings, membranes were blocked and probed with primary and secondary antibodies as described above. Protein quantifica-
tion was performed as for Coomassie blue staining of proteins except that the corrected MGV was normalized by the number of
particles in the gel. When visible, dimers were also quantified. The table below corresponds to the amount of proteins introduced
into the gels of the Figure 4d.

Proteins Plasma (μg) RBC ghosts (μg) , × g protocol (μg) , × g protocol (μg)

Albumin 6 6 6 6

ApoB100 20 1 6 6

ApoA1 20 1 6 6

CD41 20 1 6 6

CD45 20 6 6 6

GPA 20 1 6 6

Band 3 20 6 6 6

Flotillin-1 20 1 6 6

Stomatin 20 1 6 6
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. Electron microscopy

Freshly isolated EVs and particles were immobilized on poly-l-Lysine (Merck, P4707)-coated coverslips at RT for 8 min, washed
with 0.1 M cacodylate, fixed with 1% glutaraldehyde in 0.1 M cacodylate, critical-point dried, sputter-coated with 10 nm of gold
and finally observed with a CM12 electron microscope with a SED detector at 80 kV, as in (Cloos et al., 2020).

. RBC number and haemolysis

The number of RBCs was measured in samples collected from three RCCs before 6w and five RCCs after 6w using a haemato-
logical analyser (XN-1000, Sysmex) in Cliniques universitaires Saint-Luc. Haemolysis was measured in 29 RCCs at Croix-Rouge.
Briefly, RBC units were gently mixed by inversion before collecting 5 mL of RCCs. After sample centrifugation at 1,400 × g for 10
min at 4◦C, free Hb was measured using the Plasma/LowHb System (HemoCue) while the total Hb content and the haematocrit
(Hct) in non-centrifuged samples were measured with a haematological analyser (XN-10, Sysmex). Haemolysis was calculated
by applying the following formula: haemolysis = (100%—Hct% × free Hb)/total Hb.

. Determination of the three vesiculation cohorts

In order to identify the ‘low’, ‘medium’ and ‘high’ vesiculation cohorts, EV kinetics were presented for each RCC individually
through colour associations and in the form of the precise storage days in Figure S1A. The three groups were defined based on
the EV count at 42 days (the legal expiry date). Data distribution was then visualized using a Tukey box-plot (box-plot with
whiskers corresponding to 1.5*interquartile value; Figure S1B). The low vesiculation cohort was defined as the first quartile (Q1)
corresponding to 25% of the dataset (area below the horizontal pink dotted line), the medium vesiculation cohort as the range
from Q1 to the end of the upper whisker (area between the horizontal pink and grey dotted lines), since most of the data are
concentrated in this area, and finally the high vesiculation cohort as the ‘outliers’ (data points that stand out from the upper
whisker above the horizontal grey dotted line). The ‘low’ level contains RCCs with a vesiculation rate of 0–1.8 EVs/RBC (light
green, n = 20 RCCs), ‘medium’ level with a vesiculation rate of >1.8–< 7.4 EVs/RBC (intermediate green, n = 38 RCCs) and
‘high’ level with a vesiculation rate of ≥7.4 EVs/RBC (dark green, n = 11 RCCs). The entire cohort (n = 69 RCCs) is represented
by black symbols.

. Data presentation and statistical analysis

Kinetics during storage were represented in the form of weekly storage intervals (except in Figure S1). The end of the legal storage
period is indicated by a vertical blue dotted line. When data from several RCCs were collected within the same storage week,
the mean ± SD was indicated in graphs. For the comparison of two time points, two vesiculation cohorts or two centrifugation
protocols, an unpaired t-test (after logarithmic data transformation to fulfil normality and Welch’s correction if needed) or a
Mann–Whitney test was performed. Graphically, statistical significance is indicated above a horizontal full line connecting the
two-time intervals. To compare the three vesiculation cohorts at 6w, the Kruskal–Wallis test with Dunn’s multiple comparison
was performed. For Spearman correlations, the coefficients (r) higher than 0.6 were plotted on the graphs as well as the associated
slope (s) of the linear regressions.

 RESULTS

. Study design

Seventy RCCs were included in this study and followed over storage for different parameters. Due to limited supplies at Croix-
Rouge, not all RCCs could be studied at all time points. Indeed, out of the 70 RCCs, 12 were delivered freshly (1 or 2 days of
storage) to UCLouvain while six RCCs were provided at 1w, three RCCs at 2w, 17 RCCs at 3w, 20 RCCs at 4w, four RCCs at 5w
and eight RCCs at 6w.Once received, their storage at 2◦C–6◦Cwas extended for up to 10w (Figure 1, Table S1). They corresponded
to 68 donors as four RCCs originated from the same two donors and delivered at 1 or 2-years intervals. Moreover, among the 70
RCCs, one was only used for the comparison of particle measurement after sampling from a segment of the QC tubing or the
mother-bag and was not studied for EV abundance. The internal code assigned to each RCC as well as the donor’s characteristics
are listed in the Table S1.
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F IGURE  The number of particles isolated with the 2,000 × g protocol increases exponentially during storage, similarly to EVs concentrated with the
20,000 × g protocol, but at a higher rate. (a) Schematic diagram of the 2,000 × g (steps 1 and 2) and 20,000 × g (steps 1 to 4) protocols. RBCs are first centrifuged
at low speed at 20◦C for 15 min to separate cells from the supernatant (SP, step 1). The recovered SP is centrifuged a second time using the same parameters
(step 2) to remove the remaining cells. It is then either analysed directly (particles), or diluted in PBS and centrifuged as before for 10 min (step 3). The solution
is next ultracentrifuged twice at 4◦C to pellet extracellular vesicles (EVs; step 4). Created in BioRender. Ghodsi, M. (2025) https://BioRender.com/q29x682.
(b,d) Number of EVs or particles determined by Nanoparticle Tracking Analysis (NTA) and expressed relative to the theoretical number of RBCs in RCCs. The
mean number of EVs or particles at 6w is indicated by a horizontal orange dotted line. Unpaired t-test after logarithmic data transformation and when needed,
Welch’s correction. (c,e) Size of EVs or particles (in nm). The mean size throughout the storage period is indicated by a horizontal orange dotted line. Unpaired
t-test. All data are expressed as mean ± SD (n = 69 RCCs). Statistical significance is indicated above a line connecting two time intervals. ***, p < 0.001; ns, not
significant. The maximum legal storage period of 6w is indicated by a vertical blue dotted line. For statistical analyses between protocols for EV and particle
abundance and size at 1w, see Table S3.

. EVs and particles released in RCCs increase exponentially over storage but at different rates

In a previous publication, we developed a reproducible ultracentrifugation-based protocol to concentrate RBC-derived EVs. This
protocol consists of separating SP fromRBCs by two centrifugations at 2,000× g for 15min. Then, 800 μL of SP are diluted in PBS
and centrifuged at 2,000 × g for 10 min (Momen-Heravi et al., 2013). Finally, the solution is ultracentrifuged twice at 20,000 × g
for 20 min (20,000 × g protocol, steps 1–4, Figure 2a) (Ghodsi et al., 2023). We have here simplified this protocol by removing
ultracentrifugation steps and directly analysing SP after step 2 (2,000× g protocol, steps 1,2, Figure 2a).We used the term ‘particle’

https://BioRender.com/q29x682
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F IGURE  The abundance of particles is ∼2-fold higher than EV abundance from 3w of storage regardless of the vesiculation cohort. The 69 RCCs were
classified into three groups based on their EV level at 42 days of storage. (a–f) Number of EVs (a–c) or particles (d–f) expressed relative to the theoretical
number of RBCs in RCCs for each vesiculation group during storage. For a comparison of EV and particle size, see Figure S5. For statistical analyses, see Tables
S2 and S3. (g–i) Ratio between the number of particles per RBC and the number of EVs per RBC at each time of storage. The mean number of EVs or particles
and the mean particles-to-EVs ratio at 6w is indicated by a horizontal orange or purple dotted line on the graphs, respectively. All data are expressed as
mean ± SD. Mann–Whitney test. Statistical significance is indicated above a line connecting two time intervals. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not
significant. The maximum legal storage period of 6w is indicated by a vertical blue dotted line.

when EV identity was not confirmed or when contaminants were abundant in samples and the ‘EV’ generic term for material
obtained with the 20,000 × g protocol (MISEV2023) (Welsh et al., 2024).
We started by comparing 69 RCCs for EV (20,000 × g protocol) and particle (2,000 × g protocol) abundance and size over

storage. The number of both EVs and particles per RBC increased exponentially but quantitative differences were observed. At
6w, a mean of three EVs was obtained with the 20,000 × g protocol, while a mean of six particles was detected using the 2,000 × g
protocol (Figure 2b,d). In contrast, the material size was similar at ∼190 nm in both protocols and quite stable between 2 and 6w
but was reduced with the 2,000 × g compared with the 20,000 × g protocol at 1w (Figure 2c,e). Altogether, these data showed that
the 2,000 × g protocol allowed for obtaining a higher particle yield than the 20,000 × g protocol.

. The particle-to-EV ratio stabilizes at ∼ from w to the end of storage in each vesiculation
cohort

Using the 20,000× g protocol, we previously evidenced a large variability in EV abundance between RCCs at 6w. This observation
led us to classify them into three cohorts based on the EV level at this storage time (Ghodsi et al., 2023). This classification was
also used in the present study but via the equations of the exponential curves of individual RCCs to estimate the number of
EVs released at the legal expiry date of 42 days and thereby, to benefit from all RCCs, since EV measurements could not be
performed at all time points (Figure S1A). Data distribution was then visualized using a Tukey box-plot. The ‘low’ rate was
defined as 0–1.8 EVs/RBC, ‘medium’ rate as >1.8–< 7.4 EVs/RBC and ‘high’ rate as ≥7.4 EVs/RBC (Figure S1B). The kinetics of
the number of EVs/RBC were then plotted again in graphs for each cohort. As previously shown (Ghodsi et al., 2023), the curves
were exponential with a significant increase between 2 and 6w and the amount of EVs released at 6w was significantly different
between the 3 vesiculation cohorts (Figure 3a–c, Table S2). Consequently, we analysed whether RCC stratification was also valid
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for particle measurement with the 2,000 × g protocol. Results were completely comparable (Figure 3d–f, Table S2) except for
the rate of particle accumulation at 6w, which was still two-fold higher than the release of EVs, in the three vesiculation groups
(Figure 3a–f) as it was for the entire RCC cohort (Figure 2b,d).
The significant difference between EV and particle levels in each vesiculation cohort did not result from a differential decrease

in the number of RBCs during storage or donor variability due to the non-horizontal follow-up of RCCs. Indeed, we did not
observe any decrease in the number of RBCs over time regardless of the vesiculation cohort, even after 6w of storage when
haemolysis may exceed the legal threshold of 0.8% (Figure S2). Likewise, the kinetics of EVs and particles/RBC in six individual
RCCs (two of each cohort) monitored throughout the whole storage period mirrored the curves of the corresponding overall
cohorts (Figures S3 and 4).

Reassured by our RCC classification into cohorts, we then determined the evolution of the differential rate between EVs
(20,000 × g protocol) and particles (2,000 × g protocol) throughout storage in all cohorts. We calculated a ratio between parti-
cles/RBC andEVs/RBC at all time points. In each cohort, we noticed a decreasing exponential curve characterized by amaximum
ratio at 1w, oscillating in a similar way between vesiculation groups with ∼15–20 times more particles than EVs (Figure 3g–i).
The large standard deviations at this time suggested a high variability in the proportion of particles and/or EVs at the begin-
ning of storage (Table S3). The difference in the particle-to-EVs ratio at 1w was also visible and significant for the entire cohort
(Figure 2b,d and Table S3). Besides abundance, we also observed that the mean size of particles (2,000 × g) at 1w was lower in
each vesiculation cohort compared with EVs (20,000 g) and presented standard deviations systematically larger (Figure S5, Table
S3), as for the entire cohort again (Figure 2c,e and Table S3). From 3w, the particle-to-EVs ratio stabilized at ∼2 (Figure 3g–i)
and the material size remained stable at ∼190 nm until 6w (Figure S5, Table S2). A more in-depth analysis of the distribution
of particle sizes of the 2 RCCs exhibiting the lowest mean size at 1w (Figure 2e) revealed a shift to the left compared with the
distribution of sizes of EVs. This shift was considerably reduced but still visible at 7w (Figure S6A–D). Conversely, in the two
RCCs with the highest mean particle size at 1w (Figure 2e), this shift was less visible at 1w and fully disappeared at 6w (Figure
S6E–H). Thus, the lower mean size of particles at 1w observed in some RCCs can be linked to a more heterogeneous lower size
distribution as compared to EVs.
Overall, these data indicated that particle abundance (2,000 × g protocol) differed markedly between the three vesiculation

cohorts, as did the abundance of EVs (20,000 × g protocol). Additionally, although particle and EV numbers evolved similarly
over time in the three groups, their rates differed, particularly at 1w of storage. Likewise, the size was statistically different between
protocols at 1w and then stabilized at 190 nm. Altogether, these findings suggested that the material isolated with the 2,000 × g
and 20,000 × g protocols could have a different composition.

. The , × g protocol allows for the reproducible isolation of RBC-derived particles despite
the presence of contaminants and can predict EV abundance

Our next goal was to assess whether the difference in materials obtained with the 2,000 × g and 20,000 × g protocols could result
from a differential proportion of contaminants. Indeed, despite the removal of blood components during RCC preparation,
a small amount of plasma (maximum 20 mL per RCC) remains in the final product (Bosman et al., 2008; Laurén et al., 2018),
bringing potential contaminants (i.e. soluble proteins, lipoproteins, platelets (or their vesicles), and leucocytes (or their vesicles)).
Since some of them are similar to EVs in density, structure and size (Nieuwland & Siljander, 2024), they can be co-isolated with
RBC-derived EVs and may not be differentiated by NTA. We therefore characterized the 2,000 × g and 20,000 × g materials
isolated from a low, medium, and high vesiculation RCC at 6w (to have sufficient material) with both protocols by Coomassie
blue staining of proteins. RBC ghosts were loaded in increasing quantities in order to identify and estimate the proportion of
material originating or not from RBCs (Figure 4a). The comparison of the two protocols indicated that, despite a relatively
equivalent loaded protein content (Figure 4b), the relative proportion of the proteins was not similar (Figure 4a). For instance,
five ‘non-RBC’ bands (grey arrows 1, 2, 4, 5 and 8) were detected in the 2,000 × g samples and only two (grey arrows 4 and 8)
in the 20,000 × g samples (Figure 4a). To identify the origin of some of these bands, we performedWestern blotting and looked
for the presence of albumin (the major soluble plasma protein), lipoproteins through ApoB100 associated with VLDL/LDL and
ApoA1 associated with HDL, platelets (or their vesicles) through CD41, and leucocytes (or their vesicles) through CD45. All of
the above proteins were present in materials obtained with the 2,000 × g protocol but not with the 20,000 × g protocol, with the
exception of albumin in small amounts and ApoB100 as traces, indicating the presence of contaminants in particle preparations
(Figure 4a,d, low and highly exposed membranes in supplemental Figure S8). Moreover, the comparison of the band intensity
in the 2,000 × g preparations with those in the plasma loaded in similar or three-fold higher quantities revealed that major
contaminants in particle preparations were albumin and ApoB100, followed by ApoA1 (in the form of dimers (He et al., 2019))
and CD41 (appearing at lower molecular weight than expected, thus probably degraded), and then CD45 in trace amounts.
Besides the ‘non-RBC’ bands, the 2,000 × g and 20,000 × g preparations shared four (red arrows 3, 6, 7 and 10) and five (red

arrows 3, 6, 7, 9 and 10) bands with RBC ghosts, respectively. Western blotting identified four proteins from three of these bands:
(i) Band 3 (or anion exchanger 1; arrow 3), the most abundant integral protein of RBCs; (ii) flotillin-1, an integral membrane
protein associated with EVs (arrow 6); (iii) GPA (or CD235a; arrow 6), a major integral protein of RBCs and a component of the
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F IGURE  The 2,000 × g protocol allows for recovering RBC-derived and vesicular material despite the presence of albumin, lipoproteins, platelet and
leucocyte contaminants. (a–d) Characterization by Coomassie blue staining (a–c) and Western blotting (d) of 2,000 × g and 20,000 × g preparations obtained
from high (H), medium (M) and low (L) vesiculation RCCs stored for 6w. (a) Coomassie blue stained gel for protein composition in 2,000 × g and 20,000 × g
preparations. About 6 μg/well of EV and particle proteins were loaded. RBC ghosts were used as internal control and loaded in increasing quantities (2, 4 and
6 μg). (b) Total protein content calculated as the sum of all the bands (indicated by an asterisk in A) for each vesiculation cohort. (c) Ratio between the sum of
MGV of proteins shared with RBC ghosts (red asterisk) and the sum of MGV of non-shared proteins (dark grey asterisk). (d) Western blots of albumin,
lipoproteins (apolipoproteins B100 (ApoB100) and A1 (ApoA1)), platelet (CD41) and leucocyte (CD45) contaminants as well as RBC (glycophorin A (GPA) and
Band 3) or vesicular (Flotillin-1 and stomatin) proteins. About 6 μg/well of EV and particle proteins were loaded. All proteins were revealed on individual
membranes except ApoA1 and CD45 revealed on cut membranes. The molecular weight of monomers for each protein as well as of dimers for GPA, Band 3
and ApoA1 and of the lower band at 55 kDa for CD41 are indicated on the right. For non-cropped membranes, see Figures S8 and S9. Plasma (20 μg except for
albumin membrane for which 6 μg were loaded) from blood tubes, platelet lysates (5 μL) and RBC ghosts (1 or 6 μg) were used as positive controls (see the table
in Material and Methods section). Representative Western blots of 3–4 experiments for each protein (except for Band 3 and CD45, 1 experiment). (e)
Morphology of 2,000 × g and 20,000 × g preparations isolated from a high vesiculation RCC stored at the indicated times, laid down on poly-l-lysine-coated
coverslips and analysed by scanning electron microscopy (one experiment).
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F IGURE  The 2,000 × g protocol is reproducible and can be used to predict EV abundance. (a) Reproducibility of the 2,000 × g protocol. RBCs from 1
RCC of the high vesiculation cohort stored for 2w were sampled in triplicate. Next, particles were recovered with the 2,000 × g protocol and their abundance
determined by NTA. Data are expressed as mean ± SD. (b) Kinetics of particle abundance in two RCC donations obtained at 1 or 2 years apart from the same
donor (two different donors). The maximum legal storage period of 6w is indicated by a vertical blue dotted line. (c–e) Spearman correlations between particle
and EV abundance at 1 (low, n = 4; medium, n = 9; high, n = 3 RCCs), 4 (low, n = 6; medium, n = 16; high, n = 5 RCCs) and 6w (low, n = 17; medium, n = 28;
high, n = 7 RCCs) of storage. Correlation coefficients (r) and slopes (s) of the linear regressions are plotted on the graphs.

ankyrin-1 complex appearing in the form of dimers (Auffray et al., 2001); and (iv) stomatin (or erythrocyte membrane protein
band 7.2; arrow 7), an integral protein associated with EVs (Figure 4a,d). In 2,000 × g preparations, these different proteins were
not (i.e Band 3) or barely (i.e. flotillin-1, GPA and stomatin) detectable with a low exposition of themembranes but slightly visible
with a higher exposition (Figure S9). The band at ∼15 kDa (arrow 10) corresponded probably to Hb (Bolotta et al., 2018; Bosman
et al., 2008). The presence of Band 3, Hb, GPA, and stomatin in EVs is consistent with previous studies on RCCs (leucoreduced
or not) (Bosman et al., 2008; Kriebardis et al., 2008). The presence of vesicular material in both protocols was confirmed by
electron microscopy (Figure 4e).
These data indicated that albumin and lipoproteins, besides their co-isolation due to their overlapping size range and density,

seemed to outnumber RBC-derived EVs in the 2,000 g samples. Indeed, despite an increase in the abundance of material of
interest in the high vesiculation RCCs, contaminants were in the majority at 6w. We therefore analysed the protein profile of the
2,000 × g and 20,000 × g preparations during storage. As observed above, contaminants in the 2,000 × g preparations were in
greater abundance than RBC proteins throughout storage but decreased over time in favour of proteins of interest, reaching at
6w a ratio of ∼1 at least in the medium and high vesiculation cohorts (Figure S7A,B). This observation was in accordance with
the evolution of the ghost proteins-to-contaminant ratio over time in the 20,000 × g preparations, even if ultracentrifugation
helped to highly concentrate RBC-derived EVs and get rid of almost all contaminants (Figure S7C,D).

Altogether, these data indicated that in 2,000 g preparations, contaminants were in significantly higher proportion compared
to RBC-derived EVs, even at the end of storage. This is probably the origin of the very weak detection of some RBC proteins in
2,000× g preparations byWestern blotting. Nevertheless, the proportion of RBC-derived EVs over contaminants in the 2,000× g
preparations increased over storage and with the cohort vesiculation level (Figure 4c), exactly as in the 20,000 × g preparations.
One step further, we ensured that the presence of those contaminants in 2,000 × g preparations would not alter particle mea-

surement reproducibility. As a consequence, we quantified particle number in triplicate of RBCs obtained fromahigh vesiculation
RCC stored for 2w. We observed an identical number of particles/RBC (Figure 5a). We also analysed the particle abundance of
four RCCs obtained at 1–2 years intervals from the same two donors (two RCCs per donor) during storage and evidenced a
similar evolution (Figure 5b).

In summary, the 2,000 × g protocol was reproducible and allowed to recover RBC-derived EVs despite the presence of con-
taminants. Moreover, the positive correlations between particle and EV abundance became stronger as storage progressed (i.e. 1,
4 and 6w, Figure 5c–e), suggesting that particle number could predict EV number, at least reliably after 1w.
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F IGURE  Particle abundance allows for a better discrimination between the low and medium vesiculation cohorts than haemolysis at the legal storage
expiry date. Comparison of the three vesiculation cohorts (low, n = 12; medium, n = 15; high, n = 2 RCCs) during storage for the percentage of haemolysis (a)
and EV (b) or particle (c) abundance. The maximum legal storage period of 6w is indicated by a vertical blue dotted line. (a) Haemolysis was determined by the
measurement of free Hb using the Plasma/Low Hb system after sample centrifugation, and the total Hb content and the haematocrit (Hct) in non-centrifuged
samples on a haematological analyser. Haemolysis was calculated using the following formula: (100%—Hct% x free Hb)/total Hb. Unpaired t-test after
logarithmic transformation of data from the low and medium vesiculation cohorts at 3 and 6w of storage. (b,c) EVs and particles were recovered from 10 mL of
RCCs with the 20,000 × g protocol and the 2,000 × g protocol, respectively. Then, their abundance per RBC was determined by NTA. Mann–Whitney test. All
data are expressed as mean ± SD. Statistical significance at 3 or 6w between the low and the medium vesiculation cohorts is indicated next to a curly bracket.
Statistical analysis could not be performed on the high vesiculation cohort (n = 2 RCCs). ***, p < 0.001; *, p < 0.05; ns, not significant. (d,e) Spearman
correlations between haemolysis and EV abundance at 3 (low, n = 8; medium, n = 6 RCCs) and 6w (low, n = 12; medium, n = 15; high, n = 2 RCCs) of storage.
In (e), the correlation coefficient (r) was < 0.6 and therefore not plotted on the graph.

. Particle and EV abundance discriminate better between medium and low vesiculation cohorts
than haemolysis at w of storage

We then compared 29 RCCs for the extent of EV and particle release with haemolysis, analysed in routine at the legal expiry
date. Haemolysis measurements were performed on the 29 RCCs at each storage time while EV and particle count could be
performed at only two time points (3 or 4 and 6 weeks). As expected, haemolysis was under the regulated limit of 0.8% for the
29 RCCs (Figure 6a). However, its extent was higher in the high vesiculation cohort as compared with the two other cohorts. A
similar observation was obtained for EV and particle release (Figure 6b,c). Regarding the low and medium vesiculation cohorts,
they showed a similar increase in haemolysis over time and could not be statistically discriminated even at the end of the legal
storage period, in contrast to EV and particle kinetics (Figure 6a–c). Accordingly, although both increased exponentially during
storage, EV abundance and haemolysis showed weaker correlations compared with those between EV and particle abundance at
similar time points (Figures 5 and 6d,e). Overall, these data suggested that particle measurement could represent an interesting
parameter to better discriminate RCCs, particularly at 6w.

. The relative centrifugal force can be adapted to a small RCC volume to obtain similar particle
abundance as in a large volume

At Croix-Rouge, QC parameters are routinely performed on RBCs collected from a segment of the QC sampling tubing attached
to RCC. The maximal volume in the whole tubing is approximately 2 mL. Consequently, to implement particle measurement
during RCC validation and QC, it requires their concentration from smaller sample volumes (ideally 0.5 mL to leave sufficient
volume for other analyses) than those so far (8–10mL). A consequence is that the relative centrifugal force (RCF) applied to RCC
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samples has to be adapted to avoid modification of the material sedimentation and the particle yield. Indeed, the RCF depends
in part on the distance of the sample from the rotational axis (the greater the distance, the greater the g-force) (Sharifian Gh &
Norouzi, 2023).

To determine how the particle yield could be affected in 0.5 mL samples, we compared the particle abundance in four different
RCC volumes from one high vesiculation RCC stored for 3w. We observed a gradual reduction of particle number (Figure 7a).
Since there are no existing equations to adapt centrifugation parameters to the sample volume, we modified the centrifugation
time. Four samples of 0.5 mL were collected, centrifuged twice at 2,000 × g for 20, 15, 10 or 5 min and compared with a sample
of 10 mL centrifuged with the usual parameters (2,000 × g for 15 min). The number of particles per RBC in the SP increased
progressively when the centrifugation time decreased but it never reached the level of particles per RBC found in the 10 mL
sample (Figure 7b, dotted line). We then calculated a ratio (10 mL/0.5 mL) of particles/RBC for the four different conditions and
plotted these ratios as a function of RCF × time applied on the samples (Figure 7c).

Using the equation of the linear regression, we could determine the RCF × time (4760 × g × min) needed to have a ratio of
1, meaning no difference in the number of particles between 0.5 and 10 mL. Accordingly, 10 and 0.5 mL of RBCs at 4w from the
above RCC were centrifuged at 2,000 × g for 15 min (2,000 × g protocol, Figure 2a) and 1000 × g for 5 min (1,000 × g protocol,
Figure 7d), respectively, allowing for obtaining an identical amount of particle/RBC (Figure 7e). Similar results were observed
on one RCC from the medium vesiculation group (Figure S10). These data indicated that reducing RCC volumes has an impact
on particle yield. However, this can be overcome by adapting centrifugation parameters (time and RCF).

F IGURE  Particle abundance is identical in small and large volumes of RCCs once centrifugation parameters are adapted. Comparison of particle
abundance obtained from a high vesiculation unit at 3 and 4w of storage after centrifugation of variable volumes of RCC or for different timings and/or RCFs.
For data on a medium vesiculation RCC, see Figure S10. (a) Comparison of the particle number obtained from the indicated RCC volumes with the 2,000 × g
protocol. Data are expressed as mean ± SD of two experiments in the same storage week. (b) Comparison of the particle number from three samples of 0.5 mL
centrifuged twice at 2,000 × g for the indicated centrifugation timings and compared with a sample of 10 mL centrifuged with the usual parameters (2,000 × g
for 15 min; dotted line) (one experiment). (c) Ratio between the number of particles in 10 mL of RCC and the three samples of 0.5 mL as a function of the
centrifugation parameters expressed in g ×min. The equation of the linear regression is plotted on the graph. (d) Schematic diagram of the 1,000 × g protocol.
0.5 mL of RCC are centrifuged at 1,000 × g at 20◦C for 5 min to separate cells from the SP. Recovered SP is centrifuged a second time using the same parameters
to remove any remaining cells and then directly analysed Created in BioRender. Ghodsi, M. (2025). https://BioRender.com/v27b306. (e) Comparison of the
particle number obtained with the 1,000 × g protocol from 0.5 mL of RCC and with the 2,000 × g protocol from 10 mL of RCC (dotted line).

https://BioRender.com/v27b306
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F IGURE  Adapting the RCF and time of the 1,000 × g protocol for small RCC volumes results in a protein composition similar to that in large RCC
volumes with the 2,000 g protocol. Comparison of the material composition recovered with the 2,000 g protocol from 10 mL of a high vesiculation RCC (dotted
lines) and with the 1,000 × g protocol from 0.5 mL at the indicated storage times. (a) Ratio between the number of particles in 0.5 mL and 10 mL of RCC. (b-g)
Western blots for lipoprotein (ApoB100 and ApoA1) and platelet (CD41) contaminants as well as for the presence of RBC (GPA) and vesicular (Flotillin-1)
markers. 6 μg/well of particle proteins were loaded. All proteins were revealed on individual membranes except ApoA1, which was revealed after GPA
membrane stripping. Plasma (6 μg), platelet lysates (5 μL) and RBC ghosts (1 μg) were used as positive controls. (c-g) Quantitative analysis of protein
abundance in particle preparations. MGVs were normalized by the number of particles in the gel. Then, values obtained for 0.5 mL of RCC were expressed as a
percentage of 10 mL of RCC at the corresponding storage time. Representative of 2–3 experiments for each protein.

. Adaptation of centrifugation parameters on a small RCC volume allows for obtaining similar
particle protein composition as in a large volume with the , × g protocol

We then asked whether the similar number of particles between the 1,000 × g protocol used on 0.5 mL of RBCs and the 2,000 × g
protocol used on 10mL (Figure 7e) was also reflected in protein composition. To answer this question, particles of a high vesicula-
tion RCC stored for 1, 2 or 4wwere prepared from0.5 or 10mL of RBCswith adapted centrifugation parameters and compared for
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F IGURE  The protocol adapted for small RCC volumes is suitable regardless of the storage time, vesiculation cohort or the sampling from a segment of
the QC tubing or the mother-bag. (a,b) Comparison of the particle abundance obtained with the 1,000 × g protocol from 0.5 mL of RCC (half-filled symbols)
and with the 2,000 × g protocol from 10 mL of RCC (filled symbols) at the indicated times from a medium (a) and a high (b) vesiculation RCC. The abundance
of particles was assessed by NTA and expressed per RBC. The maximum legal storage period of 6w is indicated by a vertical blue dotted line. See Figure S11 for
similar data on three other RCCs. (c) Schematic representation of the stripping, homogenization, sealing and detachment steps of a segment of the QC
sampling tubing from a RCC. Created in BioRender. Ghodsi, M. (2025) https://BioRender.com/l37j485. (d,e) The content of the QC sampling tubing from two
RCCs stored for 1 and 7w was homogenised three times with the main unit. One segment was sealed, detached and opened to collect 0.5 mL (striped grey
columns). Then, the QC sampling tubing was opened to have direct access to the inside of the mother-bag and to recover 10 mL or 0.5 mL (filled and striped
green columns, respectively). 0.5 mL of RCC were centrifuged with the 1,000 × g protocol while 10 mL were centrifuged with the 2,000 × g protocol. Particle
number was then measured in each condition.

abundance (Figure 8a) and protein composition (Figure 8b–g). The amount of particles/RBC, contaminants (ApoB100, ApoA1,
CD41) and proteins of interest (GPA and flotillin-1) was similar between the small and large RCC volumes at each storage time.
In conclusion, the 1,000 × g protocol for small volumes allowed for obtaining similar particle yield and composition.

. Adapted centrifugation parameters on a small RCC volume allow for obtaining similar
particle abundance along storage time

To next determine whether the above observations could be confirmed on several RCCs of different vesiculation cohorts over
the whole storage period, five RCCs were analysed. 0.5 or 10 mL of RBCs were collected and centrifuged with the 1,000 × g or
2,000 × g protocols, respectively. Regardless of the RCC and the storage time, the adaptations of centrifugation parameters for
the small RCC volume (0.5 mL) allowed for obtaining similar particle counts as in 10 mL (Figure 9a,b, Figure S11). These data
suggested that this protocol is suitable for particle recovery starting from 0.5 mL of RBCs.

https://BioRender.com/l37j485
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. Particle number in the QC sampling tubing is representative of the particle number in the
mother-bag

For routine tests, a rapid andnon-destructivemethod is needed. Therefore, we assessed on twoRCCs (one of the high vesiculation
cohort and one for which EVnumberwas not determined) stored for 1 or 7 weeks, respectively, whether the particlemeasurement
is possible on the QC sampling tubing and more importantly whether it is representative of the mother-bag. The content of the
QC tubing was stripped, and homogenized three times with the main unit. Then, to maintain RCC integrity, a segment of the
tubing was sealed, detached and opened to collect 0.5 mL (Figure 9c). For the comparison with the bag, the remaining piece of
QC sampling tubing was opened to recover 10 mL or 0.5 mL. Once again, small volumes were centrifuged two times at 1,000 × g
for 5 min while the larger volume was centrifuged twice at 2,000 × g for 15 min. As previously, the particle abundance in 0.5 mL
from the mother-bag was similar to that in 10 mL for both RCCs. It was also the case between 0.5 mL from the segment of the
QC sampling tubing and the main bag (Figure 9d,e). Consequently, this simple and fast protocol was appropriate for particle
measurement and ensured RCC integrity.

 DISCUSSION

. Main observations

In order to develop an easy-to-use method for routine EV measurement, we first compared a previously validated
ultracentrifugation-based protocol (20,000 × g) (Ghodsi et al., 2023) with a simpler one (2,000 × g). A difference in the material
yield was evidenced between the two protocols andwasmainly attributed to a greater proportion of contaminants in the 2,000× g
preparations. To fit with routine requirements, several adaptations of the 2,000 × g protocol were made such as modification of
the centrifugation time and g-force (1,000 × g protocol) to recover the same material yield and composition in small RCC vol-
umes compared to larger volumes. Even if 2,000 × g preparations were less pure, particle number (i) was reproducible between
triplicates and different RCC donations from the same donor, (ii) could predict the EV number obtained with the 20,000 × g
protocol, (iii) better discriminated between vesiculation cohorts than haemolysis at the legal expiry date, and (iv) was similar
between the QC sampling tubing and the mother-bag. The latter observation validated the measurement as a non-destructive
method. Altogether, these data suggested that particle measurement with the 2,000 × g protocol (adapted to 1,000 × g protocol)
could represent a good additional parameter to be included in the routine procedure.

. The centrifugation parameters affect the yield and composition of EV and particle
preparations

As previously shown by our group and others, the EV number increases exponentially during storage (Almizraq et al., 2017;
Ghodsi et al., 2023; Laurén et al., 2018; Rubin et al., 2008). However, the absolute number varies largely between studies mainly
due to blood manufacturing methods, storage conditions as well as EV isolation and detection techniques (Almizraq et al., 2017,
2018; Gamonet et al., 2020). In the present study, we excluded any variability in RCC processing and storage conditions since:
(i) RCCs were all prepared at Croix-Rouge, (ii) RCCs were stored identically at Croix-Rouge and at UCLouvain (between 2◦C
and 6◦C without agitation), and (iii) the four RCCs obtained from the same two donors, 1 or 2 years apart, showed identical
exponential curves for EV (Ghodsi et al., 2023) and particle abundance whereas delivery at UCLouvain and measurements were
carried out at different storage times.
Different EV isolationmethods have been described and the choice of the technique has been shown to greatly impact EV yield

and purity (Brennan et al., 2020; Takov et al., 2018; Zimmerman et al., 2024). Until now, no method has been able to isolate EVs
from RCCs without the presence of contaminants. In final RCCs, a maximum of ∼20mL of plasma persists (Bosman et al., 2008;
Laurén et al., 2018), bringing soluble proteins, lipoproteins aswell as platelets, and leucocytes (or their vesicles).Most of themhave
similar structure, size and density as EVs (Théry et al., 2018;Welsh et al., 2024). Therefore, it is challenging to separate them from
each other (Stam et al., 2021). Nevertheless, some isolation methods can be more powerful than others to minimize them. For
example, Takov et al. (2018) showed that, whereas ultracentrifugation induces a reduced EV yield, it provides higher purity with
lower ApoB and non-EV protein contaminations compared with conventional size-exclusion chromatography. Furthermore,
even using the same technique, substantial variability can be found, notably because of the varying steps between protocols. In
the field of RBCs, differential (ultra)centrifugation is the gold standard approach to concentrate RBC-derived EVs. However,
protocols can consist of one or two steps of low-speed centrifugation with a wide range of RCFs and times (600–3000 × g for
10–20 min). Volumes of RCC engaged are usually ∼10–15 mL of RBCs but not always specified, and are sometimes pre-diluted
in PBS (Almizraq et al., 2018; Gamonet et al., 2017; Hashemi Tayer et al., 2019; Laurén et al., 2018; Momen-Heravi et al., 2013).
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Moreover, low-speed centrifugations can be followed or not by a double ultracentrifugation characterized by different RCFs and
times (16,000–20,000 × g for 20–30 min) to pellet EVs (Cloos et al., 2020; Tripisciano et al., 2020). Altogether, a high diversity
of protocols exists, but the steps are rarely justified and sample composition is not always characterized, preventing comparison
between studies.
By comparing the 2,000 × g and 20,000 × g protocols, we observed that material yield was significantly different regardless of

the storage time. This can be explained by the following hypotheses. First, this difference could be attributed to the reduction
of contaminants in the 20,000 × g preparations (Brennan et al., 2020; Takov et al., 2018), as observed in Western blots and
Coomassie blue stained gels. Indeed, the duration of sedimentation of a dispersed sample is proportional to the viscosity and
the pathlength of a suspension as well as inversely proportional to the average diameter of a dispersion (e.g. EVs, lipoproteins)
and the difference in densities between the dispersion and the solvent (Sharifian Gh & Norouzi, 2023). This means that the
introduction of PBS at step 7 of the 20,000 × g protocol changed the viscosity of the medium as well as the final volume in the
tube (distance of EVs or particles from the rotational axis). Due to their smaller size compared with RBC-derived EVs, albumin
(which can form aggregates of ∼100 nm (McNicholas et al., 2017)) and lipoproteins (VLDL 30–80 nm, LDL 18–25 nm and HDL
5–12 nm (Wasan et al., 2008)), major contaminants in this study, will need higher RCF for longer periods (i.e. 100,000 × g
for 24 h) to be concentrated (Li et al., 2018). This could also be true for other unexamined contaminants such as RBC waste
products accumulating during storage (Yoshida et al., 2019). Besides size, RBC-derived EVs and lipoproteins could also differ
in density. By accumulating Hb during storage, RBC-derived EVs could become denser and be pelleted more rapidly (Bosman
et al., 2008; Tzounakas et al., 2022). Second, part of the material of interest could have been lost in 20,000 × g preparations
due to the multiplication of steps including washes and resuspensions of the EV pellet (Brennan et al., 2020). The difference in
the proportion of contaminants and material of interest introduced between the 2 protocols could explain why RBC proteins
(Band 3, flotillin-1, GPA and stomatin) were not as well detectable in the 2,000 × g as in the 20,000 × g preparations by Western
blotting, even though part of the SP obtained with the 2,000 × g protocol was used to concentrate EVs. Since the material in the
2,000× g samples was less concentrated and containedmore contaminants, loading similar protein content into theWestern blots
for the 2,000 × g and 20,000 × g samples did not result in a similar abundance of EVs. Therefore, longer membrane exposure
times were needed to reveal the proteins of interest.
We also showed that modifying centrifugation time (5, 10, 15, 20 min) for a similar RCC volume and RCF or RCC volumes (10

vs. 0.5mL) for a similar time andRCF can also affect particle yield. By increasing only the centrifugation time, the RCF applied on
the sample lasts for a longer time, resulting in the sedimentation of a greater number of particles, and thus reducing the yield in
the SP. By reducing only the volumes (0.5 vs. 10 mL), the length of the particle sedimentation path is reduced, which again results
in the sedimentation of a greater number of particles.We could have observed the same results bymodifying the RCF or the rotor.
Indeed, Rubin et al. (2008) reported that the abundance of particles isolated from a stored RCC decreases with increasing RCF.
Regarding the effect of the rotor, Cvjetkovic et al. (2014) compared the exosomal yield from humanmast cells after centrifugation
with a fixed-angle or swinging rotor and revealed that applying the same RCF × time was not sufficient to obtain similar protein
and RNA content in exosome preparations (Cvjetkovic et al., 2014). Indeed, different rotors have different radii and therefore
different sedimentation pathlengths. Additionally, for the same rotor, RCF will not be identical all along the sample. A particle
close to the bottom of the tube will undergo a greater RCF during sedimentation and be pelleted before complete sedimentation
(Sharifian Gh & Norouzi, 2023).

. NTA detects both RBC-derived EVs and major contaminants but lacks precision regarding
size measurement

The detection method can also impact the absolute number of EVs or particles. Laurén et al. (2018) reported by NTA that the
number of EVs climbs up to ∼107 EVs/μL after 42 days of storage, which is in concordance with our results. Nevertheless, other
groups using flow cytometry-based approaches reported considerably lower numbers, between 650 and 20,000 RBC-derived
EVs/μL after 42 days (Almizraq et al., 2017; Gamonet et al., 2020; Roussel et al., 2017; Rubin et al., 2008). This difference is at
least partly due to the differential sensitivity and specificity of the techniques. Conventional flow cytometry-based approaches are
more specific but have difficulty detecting particles smaller than 300 nm (Serrano-Pertierra et al., 2020). Moreover, by using only
certain markers (mostly GPA, CD47 and phosphatidylserine) to discriminate cell origin, they could not reflect all EV subpop-
ulations and therefore underestimate the total amount. In contrast, techniques such as NTA or tuneable resistive pulse sensing
(TRPS) have better sensitivity but are not specific since they are based on light diffraction or transient changes in the ionic current
flow, respectively (Dlugolecka et al., 2021). Therefore, they probably overestimate EV abundance (Stam et al., 2021) and do not
differentiate EVs of interest from co-isolated contaminants including large lipoproteins (chylomicrons and VLDL) and albumin
aggregates (McNicholas et al., 2017; Nieuwland & Siljander, 2024; Stam et al., 2021). Nevertheless, we showed here that the mea-
surement of particles (2,000 × g protocol) was reproducible and that the difference in abundance between particles and EVs was
stable from 3w in each vesiculation cohort. This could explain why the classification of RCCs into cohorts was still valid with
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this protocol. Finally, the evolution of material of interest compared to contaminants in 2,000 × g samples increased over time,
exactly as the material isolated with the 20,000 × g protocol.
Contaminants in the form of lipoproteins and albumin were in the majority in particle samples compared to EV samples

throughout the storage period. Therefore, the similar size of ∼190 nm between particles and EVs from 2 to 6w of storage was
surprising but could be explained by two hypotheses. First, NTA has difficulty distinguishing particles differing in size by less
than 1.5 times (van der Pol et al., 2013) and it is more sensitive to larger particles in a heterogeneous preparation (Bachurski et
al., 2019; Kashkanova et al., 2023). Indeed, Kashkanova et al. (2023) observed that the distribution of sizes for melanoma EVs
and commercial lipoproteins solutions by NTA is larger and shifts towards a greater size compared to interferometric NTA.
Second, the presence and accumulation of contaminant aggregates and their potential adherence to RBC-derived EVs could
distort the mean size. The surface of RBC-derived EVs isolated during storage was shown to be covered by particles of 5–15 nm
in diameter, presumably membrane proteins or protein aggregates (Bebesi et al., 2022). However, despite the above limitations,
our measurements were in concordance with other studies (Almizraq et al., 2017; Bebesi et al., 2022; Bicalho et al., 2016). For
example, Almizraq et al. (2017) reported an increase in EV size between 1 and 2w with a stabilization at ∼200 nm from 2w to
the end of storage. They used a similar isolation protocol of differential centrifugation at low speed (2,000 × g for 15 min) and
detection technique (dynamic light scattering, DLS) (Almizraq et al., 2017).

Altogether, these data suggested that despite size limitations, NTA could detect both RBC-derived EVs and contaminants, at
least the major ones highlighted by Coomassie blue andWestern blotting in the 2,000 × g protocol (albumin and ApoB100). The
lack of precision in size measurements does not represent an important issue for the applicability of the 2,000 × g protocol in
routine use.

. Particle abundance measurement could anticipate the extent of vesiculation in RCCs during
storage

Several lines of evidence provided in this study suggest that particle isolation via the 2,000 × g protocol could be relevant for pre-
dicting the extent of vesiculation in RCCs. First, even though 2,000 × g preparations were less pure than 20,000 × g preparations,
the particle number was reproducible between triplicates and different RCC donations from the same donor. Second, EV and
particle abundance strongly correlated during storage. Third, similar particle abundance was obtained between the QC sampling
tubing and the mother-bag, validating the measurement as a non-destructive method. Fourth, the classification in three cohorts
based on the EV level at 42 days of storage was still valid for the material isolated at 2,000 × g. We investigated for an effect of the
donor’s characteristics to explain the variability between RCCs within a specific storage interval. However, within our specific
cohort of 69 RCCs, no statistical differences were found. Only trends could be observed: EV abundance tended to increase in
men, in donors over 50 years, and in AB blood group donors (data not shown). This is generally consistent with the study of
Gamonet et al., including 264 RCCs, which also showed no significant differences in EV abundance according to donor sex or
age but described higher EV levels in RCCs from donors with the blood group B and with higher RBC counts (Gamonet et al.,
2020). Nevertheless, other unexplored parameters could be implicated and remain to be studied such as BMI, genetic profiles,
ethnicity, smoking status… (Hadjesfandiari et al., 2021).

. Particle abundance measurement could represent a new quality biomarker in addition to
haemolysis

Blood centres are increasingly interested in implementing newparameters to assess RCCquality in routine (Acker et al., 2018; Klei
et al., 2023). Indeed, the only well-established quality parameter used nowadays to reflect storage lesions is haemolysis. However,
although easy and inexpensive, the haemolysis rate is very low and only informative at the end of storage. Moreover, haemolysis
is determined by measuring free Hb in the SP but most optical methods do not distinguish residual RBCs and Hb-enclosed
EVs from free Hb (Acker et al., 2018). Protocols for this measurement usually consist of a low-speed centrifugation that does
not get rid of EVs. This could explain why the number of EVs/RBC correlated well with haemolysis at the beginning of storage
and not later. This agrees with Acker et al. and Almizraq et al. who showed positive and moderate correlations between these
two parameters (Acker et al., 2018; Almizraq et al., 2018) in contrast to Tzounakas et al. who showed an inverse and very limited
correlation (Tzounakas et al., 2022). Finally, since haemolysis does not reflect completely RBC status and did not differentiate
the three vesiculation cohorts, particle measurement could be an interesting additional parameter for routine use. In agreement,
EV abundance and RBC spherocytes (Ghodsi et al., 2023) as well as EV abundance and particles correlated better than EV with
haemolysis. Nevertheless, it will be necessary to further explore this possibility by studying more RCCs in each vesiculation
cohort (in particular in the high vesiculation one) at early time points.
Besides EVmeasurement, other RBC parameters (e.g. ATP content, morphology, deformability, plasmamembrane lateral and

transversal asymmetry, oxidative stress) could be considered as additional parameters to evaluate RCC quality. However, each
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of them presents limitations. Regarding intracellular ATP content, it is sufficient until the end of the storage period according to
the high quantity of glucose provided in bags and it does not evolve differentially in the three vesiculation cohorts during storage
(Ghodsi et al., 2023). RBC membrane lateral and transversal asymmetries discriminate better between vesiculation cohorts but
they develop either too late during storage (transversal asymmetry) (Ghodsi et al., 2023) or are not adapted for routine tests
because they are time-consuming (lateral heterogeneity through fluorescence microscopy) (Ghodsi et al., 2023). Likewise, RBC
morphology (throughmicroscopy) anddeformability (through ektacytometry) could be difficult to consider since discrimination
between the different RBC sub-populations is most of the time study-dependent due to the absence of clear classification criteria
and ektacytometry needs specific and expensive equipment. Regarding oxidative stress, it could represent a potential factor to be
considered as it was regularly described in RCCs in the literature (D’Alessandro et al., 2012; Delobel et al., 2012; Gevi et al., 2012;
Kassa et al., 2024; Kriebardis et al., 2008). However, in our previous publication, although we measured variations in reactive
oxygen species (ROS) content between RCCs, we did not observe any evolution over time, either in the entire cohort or by
separating the RCCs into the three vesiculation groups. Furthermore, the metHb content, a major target of ROS, was also not
increased (Ghodsi et al., 2023).

The above limitations combined with the fact that the QC sampling tubing has a limited RCC volume, which could prevent
these parameters from being measured, led us to propose EV measurement as a more relevant candidate. Indeed, it requires a
small RCC volume (0.5 mL) and could be relatively easy to implement with the 1,000 × g protocol in the routine procedure.
Moreover, EVs increase rapidly during storage, reflect the accumulation of storage lesions, and better discriminate the three
vesiculation cohorts compared with ATP or haemolysis at 6w of storage (Ghodsi et al., 2023).

. Application areas for particle measurement

In the long term, the implementation of our 2,000 × g protocol (adapted to 1,000 × g protocol) could help to control the con-
servation period of RCCs. Indeed, if an RBC unit releases many particles very quickly (high vesiculation cohort), it will provide
an argument in favour of a rapid transfusion. Conversely, if few particles are released (low vesiculation cohort), the RCC could
be stored longer. This will obviously require determining a threshold at which the particle abundance and/or its protein profile
become problematic for RBC survival and transfusion efficiency. Furthermore, the 2,000 × g protocol could help in the context
of the debate regarding the effect of the long-term versus short-term RCC storage on the transfusion safety and efficacy, specif-
ically for at high-risk patients. In the last decades, different randomized clinical trials, meta-analyses and observational studies
have been published. They tried to determine the risk of transfusing old versus fresh RCCs in different categories of patients
(critically ill patients, in the intensive care unit, during cardiac surgery, in healthy adults…). However, no consensus could have
been established regarding the age of RCC and its adverse outcomes after transfusion (Fergusson et al., 2012; Goel et al., 2016;
Lacroix et al., 2015; Lelubre & Vincent, 2013; Wang et al., 2012). This link was suspected because of the numerous in vitro studies
on storage lesions. Given the variability between RCCs within a storage time, our hypothesis is that storage time does not always
reflect RCC quality in contrast to EV/particle release (Koch et al., 2019). A standardized, reproducible protocol for particle mea-
surement and the use of our RCC classification into cohorts could therefore help to control the choice of bags for transfusion in
order to protect patients.
Another area of application could be envisaged. It is related to the replacement of the plasticizer di(2-ethylhexyl) phthalate

(DEHP) in medical devices. DEHP was shown to stabilize and maintain RBC membrane integrity, thereby reducing haemolysis
during storage (Horowitz et al., 1985; Rock et al., 1984). However, it is also an endocrine-disrupting substance that has toxic
effects on the environment and supposedly on health (Kim et al., 2003). For this reason, European legislation has planned to
ban its use in medical devices in 2030 (Regulation EC 2023/2482 published in the Official Journal of the European Union in
November 2023). A standardized and reproducible protocol for EV or particle measurement could help to better characterize
the consequences of DEHP absence on RBC membrane stability and the risk for the transfusion efficacy and safety.

. Study limitations

Although 70 RCCs from 68 donors were included, our study encountered some design limitations. First, most of the RCCs
were not followed horizontally during storage, meaning that several time intervals did not comprise the exact same RCCs and
potentially introduced donor-related issues. Nevertheless, the comparison of 6 individual RCCs (two from each cohort) followed
during the whole period of storage with their respective entire vesiculation cohort (non-followed horizontally during storage)
revealed similar particle exponential increases, ruling out a bias related to donor variability. Second, only 12 RCCs were studied
from days 1 or 2. Therefore, early time points require further investigation. Third, by stratifying RCCs into three cohorts, the
number of RCCs studied in each group (particularly in the high vesiculation group) was limited, which reduced the power of
statistical analyses. Besides design limitations, the use of a segment of the QC tubing as a non-invasive technique was, to the best
of our knowledge, never reported before. Moreover, this tubing is not available on all products and no data exist on potential side
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effects of the stripping procedure on RBCs. Finally, measurements by NTA can also represent another limited point in our study,
as disccused above. Nevertheless, we performed several complementary techniques to characterize the isolated material, such as
Coomassie blue staining in gels, Western blotting and electron microscopy.

 CONCLUSION

With this study, we first highlighted the interest of using particles/EVs as a new quality control parameter in blood centres. To
this end, we standardized an easy-to-use centrifugation protocol that will save time and the purchase of new equipment. Second,
as already recommended byMISEV2023, we reported here that EV isolation protocols andmethods must be described in a more
standardized way since they influence the EV number and composition as well as the interpretation of downstream analyses
(Welsh et al., 2024). Third, the variability in EV abundance observed within a storage time should be considered in future papers
and our classification into three cohorts would be interesting for this purpose. Indeed, it could help to better understand EV
biogenesis and to assess the impact on RBC functionality and transfusion safety. Finally, this research paves the way for using
particle measurement and vesiculation cohort classification to (i) evaluate RCC quality over time in blood centres by using the
QC sampling tubing in parallel to haemolysis, (ii) decipher the consequence of DEHP loss on RBC membrane stability, and (iii)
launch clinical studies on the transfusion of stored RBC units.
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