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Abstract

Background Throughout the storage of blood, the red cells undergo alterations known as “storage lesions," which
involve shape changes and the formation of microparticles (MPs). Studies of the formation of red cell microparticles
(RMPs) emphasize the prospective application of RMPs as a quality control measure in the preparation and storage
of blood components in the future. In the present study, twenty packed RBC units in citrate phosphate dextrose
adenine-1 (CPDA1) were collected from volunteers and stored for 35 days. Over 35 days of storage, samples were
collected at six distinct time points weekly and evaluated for the presence of RMPs. MPs were separated by the ultra-
centrifugation method. Electron microscopy was used to characterize the morphology and size of the isolated
microparticles, and flow cytometry was performed to determine the percentage of RMPs that expressed glycophorin
A (CD235a) and Annexin V antigens. RMPs' procoagulant activity (PCA) was assessed using a plasma recalcification
test. RMP concentration in accordance with ABO blood grouping was assessed by using various types of donated
blood groups.

Results RMPs progressively increased over storage. The procoagulant activity (PCA) exhibited a significant increase
during storage, as evidenced by a shorter plasma recalcification time (P value=0.001). A significant negative correla-
tion (P value=0.001) between plasma recalcification time and Annexin V-positive microparticles, as well as a dual-
positive Annexin V/CD235a population, was identified, indicating a strong correlation between the direct quantitative
assay by flowcytometry and the functional assay through the PCA.

Conclusion RMPs increase on storage with increased PCA. Finding ways to reduce these microparticles in packed
RBC units is crucial for reducing the risk of transfusion-related coagulopathy.
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1 Background

Cell-derived microparticles (MPs) are small membrane
microvesicles with a diameter of less than 1 um, released
by cells following apoptosis, activation, and injury. The
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additive solutions, and the variability of donors [2]. The
existence of RMPs in blood units can cause severe trans-
fusion reactions such as thrombosis, inflammation, and
immunomodulation on behalf of their procoagulant
and pro-inflammatory abilities [3, 4]. The procoagulant
activity of RMPs arose from the presence of a negatively
charged phospholipid on their outer surface (phosphati-
dyl serine), which is important for the production of
thrombin [5]. New methodologies are needed to monitor
and quantify the release of MPs in RBC units and assess
their possible influence on blood transfusions. This leads
us to study the changes in RMPs in packed red blood cell
transfusion units as a potential safety biomarker by deter-
mining their ultrastructure, quantity, and procoagulant
activity in relation to storage duration. Monitoring MP
production in packed RBC units and quantification were
done by using flow cytometry; the procoagulant activity
of RMPs was done by coagulation tests; and the correla-
tion of procoagulant activity and RMPs was assessed. A
scanning electron microscope was used to identify the
morphology and size of the RMPs.

2 Methods

2.1 Participants

After obtaining informed consent from 20 healthy blood
donor volunteers, packed RBCs were processed by the
blood bank in accordance with current standards and
stored at 4 °C for 35 days. Selected donors had normal
coagulation profiles tested by the prothrombin time (PT),
activated partial thromboplastin time (APTT), and plate-
let count.

2.2 Packed RBC preparation

An amount of 450+ 50 ml of whole blood was collected
by phlebotomy in JMS CPDA1 blood collection bags with
63 ml of citrate phosphate dextrose adenine-1 (CPDA1)
as an anticoagulant. After the collection of a unit of whole
blood in the primary bag, packed RBCs were separated
from platelet-rich plasma by centrifugation at 1500 g for
10 min at 4 °C. Platelet-rich plasma was then transferred
to a satellite bag. Leucocytes and platelets were removed
by laboratory filter log 4. (Macropharma, France). The
whole blood unit was processed for component separa-
tion within 6 h of collection.

2.3 Sample collection and RBC microparticles isolation

Samples were collected from CPDA1 blood units under
aseptic conditions at different intervals throughout the
storage, every week, i.e., days 1, 7, 14, 21, 28, and 35 days.
This was done to investigate the production of MPs from
red blood cells during storage and to assess their pro-
coagulant activity (PCA) following the guidelines of the
International Society of Thrombosis and Hemostasis [6].
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Collected samples were doubled centrifuged at 3000 g for
15 min at 4 °C to obtain supernatant-containing micro-
particles for further flow cytometric analysis, and then
an extra centrifugation step at 18,000 g for 45 min at
4 °C was performed to obtain a concentrated pellet of
microparticles for coagulation and electron microscopic
studies.

2.4 Flow cytometric identification of red blood cell
microparticles

Flow cytometric analysis was performed using BD Accuri
C6 flow cytometer on freshly prepared MPs. Dual stain-
ing for the MPs was done by adding 2 pl of antihuman
CD235a-PE monoclonal antibody (BioLegend catalog
number 349106) and 5 ul of annexin V FITC monoclo-
nal antibody (BioLegend catalog number 640906) to 50 pl
of supernatant-containing MPs and incubated for 20 min
in the dark. Control tubes were used by incubating sam-
ples with phosphate-buffered saline (PBS). Data were col-
lected using logarithmic amplification, after acquiring at
least 10.000 events; the area of interest was determined
by back gating.

2.5 Coagulation assay

After obtaining a concentrated pellet of MPs, 100 pl of
PBS solution was added, and the prepared suspension
was used to determine its procoagulant activity through
a plasma recalcification time test by using the coagula-
tion analyzer (BFT II Analyzer). 50 pl of MPs suspension
was added to 50 pl of fresh normal plasma and incubated
at 37 °C for 180 s, then 50 pl of prewarmed CaCl2 was
added to start the reaction, and the coagulation time was
recorded.

2.6 Electron microscopic examination of red blood cell
microparticles.

Samples are then mounted on carbon-coated adhe-

sive material and examined by FEI-Philips electron

microscopy.

2.7 Statistical analysis

The data were statistically described in terms of mean
and standard deviation (+ SD). The comparison between
different groups in the present study was done using
the Tamhane test as a post hoc test followed the one-
way analysis of variance test (ANOVA). The correla-
tion between quantitative variables was done using the
Spearman correlation coefficient. P<0.05 was considered
statistically significant. All statistical calculations were
done using IBM SPSS statistics (V. 28.0.1.1., IBM Corp.,
Armonk, NY, USA).
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Table 1 Descriptive statistics of the studied parameters

Day1 Day 7 Day 14 Day 21 Day 28 Day 35 P value
CT/Sec 401.0£62.2° 280.0+53.7 198.2+30.7 1341+133 935+£6.5 7014720 0.0071**
CD235a 6.3+4.0° 149+188 8.6+35 11.0£79 170£126 122+43° 0.5
AnnexV 06+0.3° 09+04 1.6£08 3.1+17 64+4.1 99+50P 0.0071**
CO Ex 1.3+0.3° 2.8+08 53+09 121+£30 21.6+39 434+20.0° 0.001**

The studied parameters are represented as Mean + SD; the data were analyzed by one-way ANOVA test. Means with different superscripts (a, b) are significantly

different at P<0.05
*P value <0.05 is significant

**Pvalue <0.01 is highly significant
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3 Results

Our results show that the percent of expression of
CD235a on MPs shows no significant difference from day
1 to day 35 (P value=0.5). On the other hand, Annexin V
expression on MPs shows a highly significant increase on
day 35 compared to day 1 (P value=0.001). On studying
the coexpression of CD235a and Annexin V on MPs, we
detected a highly significant increase in their coexpres-
sion on day 35 compared to day 1 (P value=0.001). In
addition, we found that CT showed a highly significant
shortage on day 35 compared to day 1 (p value=0.001).
(Table 1, Figs. 1, 2, 3 and 4).

On comparing day 1 with other days, we did not find
any significant difference regarding CD235a expression,
while Annex V expression shows a significant differ-
ence on days 21, 28 and 35(P value=0.02, 0.01 and 0.001,
respectively). On the other hand, there was a highly sig-
nificant difference in CD235a and Annex V coexpres-
sion on most days except day 7. In addition, CT shows
a significant difference only on day 35 (P value=0.001).
Regarding the comparison of day 7 with other days, we
found significant differences regarding CT on all days
except day 14. In contrast, CD235a expression and Annex
V expression show no significant difference except for
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day 21 in Annex V expression. CD235a and Annex V
coexpression show a significant difference on most days
except day 35. Days 14, 28 and 35 show a significant dif-
ference in CT compared to other days. On the other
hand, CD235a and Annex V show no significant differ-
ence when comparing days 14, 28, and 35 to other days.
CD235a and Annexin V coexpression show a highly
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Table 2 Comparing flowcytometric analysis and procoagulant
activity of RMPs through out the storage time

CT/Sec (CD235a AnnexinV CD235a/Annexin
V coexpression
Dayl Day7 093 09 0.9 03
Day 14 0386 0.9 03 0.001**
Day 21 0.80 0.9 0.02* 0.001**
Day 28 0.76 0.8 0.01* 0.001**
Day 35 0.001** 05 0.001** 0.001**
Day 7 Day 14 029 0.9 04 0.01*
Day 21 0.05* 0.9 0.05* 0.001**
Day 28 0.02* 0.9 02 0.001**
Day 35 0.01* 0.9 04 03
Day 14 Day 21 0.001** 09 03 0.007**
Day 28 0.001** 0.8 03 0.001**
Day 35 0.001** 09 04 04
Day 21 Day28 0.001** 09 0.7 0.001**
Day 35 0.001** 09 0.7 0.6
Day 28 Day35 0.03* 0.9 0.9 0.8

P value calculation depending on the Tamhane test as a post hoc test followed
the ANOVA test

*P value <0.05 is significant

**Pvalue <0.01 is highly significant

significant difference only when comparing day 14 with
days 21 and 28 as shown in Table 2.

A significant negative correlation between the expres-
sion of Annexin V and the coexpression of Annexin V/
CD 235a with the coagulation time (P=0.001) was found,
and this confirms the correlation between the MPs count
and its procoagulant activity as shown in Table 3 and
Figs. 5 and 6.

On comparing RMP concentration in accordance
with ABO blood group type, where all results obtained
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Table 3 Correlation study between coagulation time and
flowcytometric expression of RMPs

CT/Sec

r P value

CD235a
Annexin V

-0.122
—0.584**
—0.653**

0.465
0.001

CD235a/Annexin V coexpression 0.001

**Correlation is significant at the 0.01 level (2-tailed)
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Fig. 5 the correlation between coagulation time (CT) and Annexin
V/CD235a coexpressing microparticle count

Q
£ 250

0 5 10 15 20
Annex V Microparticles/uL
Fig. 6 the correlation between coagulation time (CT) and Annexin V

at day 21, we found that lower RMP concentration was
in units donated by type AB donors (mean of 2.5+1.3
RMPs/pL) compared with type B (mean of 8+8.3
RMPs/pl, P=0.45), type A (mean of 10.6 +2.3 RMPs/
puL, P=0.04), while O donors (mean of 14 +4.9 RMPs/
uL, P=0.05) show the highest level of RMPs concentra-
tion (Fig. 7).
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Fig. 8 SEM micrograph of the RBCs microparticles

3.1 Scanning electron microscopic (SEM) study of isolated
microparticles

Examination of the RBCs microparticles isolated from

stored RBCs bag by scanning electron microscope shows

globular structures with a high degree of symmetry rang-

ing in size from 550: 916 nm MPs (Fig. 8).

4 Discussion
Providing useful blood components is the goal of blood
preservation. Understanding the functional alterations
that take place during storage may help develop bet-
ter preservation techniques, enhancing the safety of
blood products [7]. Storage lesions refer to the changes
that occur in blood components during the storage pro-
cess, which can affect their quality and functionality.
One of the parameters that can be used to assess stor-
age lesions is the development of microparticles (MPs),
which are tiny vesicles released by cells during storage [6,
8].

In the present study, electron microscopy was used
to characterize the morphology and size of isolated

microparticles, and flow cytometry was used to charac-
terize the percentage of RMPs based on the expression
of glycophorin A (CD235a) and Annexin V antigens.
The procoagulant activity (PCA) of RMPs was tested
by plasma recalcification test. RMPs concentration in
accordance with ABO blood grouping was assessed by
using various types of donated blood groups. Our find-
ings align with prior research indicating that storage
lesions cause red cell disintegration and microparticle
production [9]. The percentage of RMPs rapidly grew
during storage, reaching statistical significance around
day 14 [10].

Controversy has arisen regarding the clinical effect of
blood storage, where some studies suggested that stor-
ing lesions for 14 days or more has a negative influence
on mortality and morbidity [11]. Whereas others did
not indicate such an effect [12]. The duration of storage
required for red cell microparticle formation was studied,
and a clear difference between results of different studies
was observed. A previous study found that RMPs gradu-
ally increased after day 10 and continued to do so over
time [13]. On the other hand, other studies proved that
RMP formations increased after that time, which could
be due to the difference in processing techniques and the
variation of types of the storage blood bags and the addi-
tives that were used [14].

It was found that the MP concentration exhibited vari-
ability among different donors. The cause of this varia-
tion remains unknown; however, factors such as donor
age and gender, and ABO blood group could potentially
play a role and should be further examined. Additionally,
the selection of the isolation method and preanalytical
factors represents a significant source of variability and
artifacts in MP analysis [15-17].

Our results showed that RMPs in stored packed RBC
units, especially those expressing Annexin V, exhibit
procoagulant properties as evidenced by a reduction
in clotting time starting from day 21 of storage. The
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observed reduction in clotting time around day 21 of
storage suggests that the procoagulant activity of RMPs
becomes more pronounced with prolonged storage dura-
tion. Clinically, this finding highlights the importance of
considering the age of stored PRBC units when trans-
fusing patients, especially those at higher risk of throm-
bosis. Understanding the kinetics of RMP-mediated
coagulation may have implications for the optimal timing
of transfusion and the management of patients requiring
blood products.

A previous study has reported a similar temporal pat-
tern of procoagulant activity in stored PRBC units [18].
Other studies reported a different timing where a reduc-
tion in CT started earlier, on day 7 of storage [17]. This
controversy depends on many factors, such as storage
conditions, sample size, and assay methods used for clot-
ting time measurement.

Our results also showed a strong correlation between
PCA in stored packed RBCs and the quantity of RMPs
assayed by flow cytometry. Consistent with these results,
the RMPs’ procoagulant effect is well-documented and
represents one of the most investigated aspects of their
impact on illness outcomes. RBC lysates have been
known to reduce plasma clotting time since 1961 [19]. In
agreement with our results, Hashemi Tayer et al stated
that RBC-derived microvesicles especially those express-
ing Annexin V exhibit procoagulant properties [18].
Reducing MVs in RBC concentrates may minimize the
risk of transfusion-induced thrombotic events. Accord-
ing to Wesseling et al. (2016), filtering RBC lysate with a
0.22-pm filter eliminated its thrombogenic potential. The
result suggests that RBC membranes and possibly RMPs
play a significant role in thrombogenesis, as opposed to
soluble proteins. Phosphatidyl serine on the outer mem-
brane mediates the procoagulant activity of RMPs [20]. In
the presence of calcium, the negatively charged PS binds
to gammacarboxyglutamic acid-rich domains of coagu-
lation factors, forming tenase (Xase) and prothrombi-
nase (PTase) complexes [21, 22]. Moreover, it is found
that microparticles contain tissue factor, which plays an
important function in coagulation [23]. Tissue factor, also
known as coagulation factor III or tissue thromboplastin,
plays a crucial role in the extrinsic pathway of the coagu-
lation cascade resulting in thrombin generation and clot
formation [24]. Additionally, it is observed that RMPs
can stimulate the formation of thrombin independent of
tissue factor through the intrinsic pathway of coagula-
tion [25]. RMPs were also shown to promote phenotypic
changes in platelets, which enhance surface expression of
P-selectin and activated GPIIb/IIla when platelets were
exposed to RMPs [1].

On comparing the concentration of RMPs in different
blood groups on day 21, we found that AB donors had
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the lowest level of RMPs followed by blood group B and
then blood group A while O donors showed the highest
level of RMPs concentration. In contrast to our results,
Gamonet et al. found that blood groups B and AB donor
packed RBC units appear to be most affected by storage
[26]. This discrepancy in results may be due to that ABO
and RhD blood phenotypes differ between ethnic group-
ings. When creating evidence-based blood collection and
management procedures, it is important to account for
the diverse distribution of ABO and RhD blood groups
across ethnic groups [27]. It was found that the MP con-
centration exhibited variability among different donors.
Factors such as donor age and gender, and ABO blood
group could potentially play a role and should be further
examined. The rationale for relating the concentration
of RMPs to different blood groups in our research was
to study the prevalence of the blood groups that have a
higher rate of microparticle formation. Hence our find-
ings might provide information to guide clinical practice
and/or blood transfusion services in the region.

In conclusion, MP studies are quickly developing and
can be used to analyze blood products by monitoring
and quantifying their release during RBC storage as a
future quality control measure during blood component
preparation and storage to maintain their functional
integrity during storage and to be safe for transfusion to
patients in need. We need to better understand the func-
tional and clinical significance of diverse types of MPs,
including their cellular origin, structural characteris-
tics, protein composition, and triggering factors. Future
research should focus on reducing microparticles in aged
RBC units to improve patient outcomes and minimize
transfusion-related problems.
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MPs Microparticles
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CPDA1  Citrate phosphate dextrose adenine-1
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APTT Activated partial thromboplastin time
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