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Blood storage alters mechanical stress
responses of erythrocytes
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Abstract.

BACKGROUND: Erythrocytes undergo irreversible morphological and biochemical changes during storage. Reduced
levels of deformability have been reported for stored erythrocytes. Erythrocyte deformability is essential for healthy
microcirculation.

OBJECTIVE: The aim of this study is to evaluate shear stress (SS) induced improvements of erythrocyte deformability in
stored blood.

METHODS: Deformability changes were evaluated by applying physiological levels of SS (5 and 10 Pa) in metabolically
depleted blood for 48 hours and stored blood for 35 days with citrate phosphate dextrose adenine-1 (CPDA-1). Laser
diffractometry was used to measure erythrocyte deformability before and after application of SS.

RESULTS: Erythrocyte deformability, as a response to continuous SS, was significantly improved in metabolically depleted
blood, whereas it was significantly impaired in the blood stored for 35 days with CPDA-1 (p <0.05). The SS-induced
improvements of deformability were deteriorated due to storage and relatively impaired according to the storage time.
However, deformability of stored blood after exposure to mechanical stress tends to increase at low levels of shear while
decreasing at high SS levels.

CONCLUSION: Impairment of erythrocyte deformability after storage may contribute to impairments in the recipient’s
microcirculation after blood transfusion. The period of the storage should be considered to prevent microcirculatory problems
and insufficient oxygen delivery to the tissues.
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1. Introduction

Red blood cells (RBC) are exposed to various shear stresses (SS) in blood flow as they go through
capillaries in the circulatory system. One of the unique features of RBCs is their ability to change shape
in response to external forces [1]. This important phenomenon defines their mechanical behavior and
function, since decreased deformability is known to cause problems during oxygen delivery to tissues
in microcirculation [2]. RBCs for blood transfusions are routinely stored for up to 35 or 42 days,
depending on the conditions of preservation [3]. During storage, RBCs undergo a series of biochemical
and biomechanical changes, called ‘storage lesions’ that reduce their survival and function [4]. Storage
lesions include prominent alterations in RBC morphology such as shape changes from a discoid to a
spherocytic phenotype [5]. These shape changes are the results of irreversible membrane losses due to
the formation of vesicles which may cause reduced deformability [6].

Most current blood storage solutions are composed of dextrose, phosphate, adenine, and citrate [7].
CPDA-1 (Citrate phosphate dextrose adenine-1) is one of the anticoagulant solutions that allows RBC
concentrates to be stored at 4°C for 35 days [8]. Cold storage of blood at temperatures between 1-6°C
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slows down RBC metabolism and decreases the need for energy. This leads to a reduction in ATP
levels and loss of function of ATP dependent cation pumps (Nat/K* and Ca™™). As a consequence,
intracellular potassium levels decrease drastically and sodium and calcium start to accumulate within
the cytoplasm [9]. ATP depletion may be one of the main concerns for blood storage. It is reported by
Card et al. that a decrease in deformability was observed when ATP level was lower than 30% of the
initial value [10]. Under these circumstances, superoxide radicals damage lipids and proteins of the
RBC membrane [11]. Lipid peroxidation disturbs phospholipid asymmetry of RBC membrane, and
this leads to the externalization of phosphatidylserine (PS) to the outer leaflet of the membrane and
facilitates RBC adhesion to endothelial cells [3]. Oxidative stress is a possible mechanism contributing
to microvesicle formation during storage and therefore causes loss of membrane deformability [12].
Moreover, a significant decrease in RBC deformability after 2 to 4 weeks of storage was shown in
several studies by different methods [13-17].

Erythrocytes deform in response to SS. RBC deformability increases under microvascular level SS
(e.g. 5-10Pa) [18]. This increment in RBC deformability returns to initial level within seconds after
removing SS. Our previous study showed that the time course of improvement in RBC deformability
is related with magnitude of SS and the time course of recovery response of RBC to SS is associated
with the length of application time [18]. This mechanical response has been assumed to be a phys-
iologically important phenomenon, affecting microvascular blood flow. The improvement in RBC
deformability means that red cells are expected to change their shapes more easily under a given SS
and reduce microcirculatory flow resistance. The present study evaluated SS-induced improvements
of RBC deformability using two different storage models. Whole blood was either stored in cold con-
ditions for 35 days with citrate phosphate dextrose adenine-1 (CPDA-1) or stored at room temperature
for 48 hours to assess changes in RBC deformability at physiological levels of SS under various storage
times and conditions.

2. Materials and methods
2.1. Experimental design

The methodologies for blood collection and preparation used in this study depend on the two different
storage models which are detailed below:

(1) Metabolic depletion: Peripheral blood was collected from anterior brachial veins of healthy
donors using vacuum tubes containing sodium heparin (15 IU/ml). The hematocrit of the blood
samples was adjusted to 40% with autologous plasma. Heparinized blood samples were studied
on the same day, within 4 hours of the blood collection and the remaining blood samples were
incubated for 48 hours at room temperature. Blood samples were incubated on a tube roller
mixer with a low rate of speed.

(2) Storage with CPDA-1: Blood samples were taken from healthy donors, aged between 20 and 39
years, using injectors with 21 gauge needles without sodium heparin. Five milliliters of whole
blood was immediately mixed with 700 wl CPDA-1. Control samples were studied on the same
day, within 4 hours of blood collection. The remaining samples were incubated for 35 days on
a tube roller mixer at +4°C and the measurements were performed on the 7th and 35th days of
incubation with CPDA-1. The hematocrit of blood samples was adjusted to 40% with autologous
plasma prior to measurements.

This study was approved by Ethics Committee of Koc University School of Medicine (IRB:
020/2012) and an informed written consent was obtained from each subject participated in the study.



E. Ugurel et al. / Blood storage and erythrocyte deformability 145
2.2. Application of shear stress to blood samples

Continuous SS at physiological levels of 5 and 10 Pa were applied to blood suspensions using a laser-
assisted optical rotational cell analyzer (LORRCA MaxSis, Mechatronics, Netherlands). The device
has a co-axial couette type cylindrical shearing system which consists of inner and outer cylinders with
a gap in between them. As the sample was applied into the gap, the SS was obtained using the rotational
speed of the outer cylinder and the viscosity of the suspending medium (viscosity: 29.6 mPa.s). A laser
beam was directed through the sheared sample and the diffraction pattern reflected by the deformed cells
was captured by a CCD camera and then analyzed. As the SS continued, deformability was measured as
elongation index (EI) and recorded by the device. EI was calculated as follows: EI = (a—b)/(a+b)
where ‘a’ is the vertical axis and ‘b’ is the horizontal axis of the diffraction pattern. An increased EI
at any given SS indicates greater RBC deformability [19]. The experiments were conducted at 37°C.

2.3. Measurement of RBC deformability as a response to applied shear stress

Whole blood samples were diluted in polyvinylpyrrolidone (PVP) solutions (Mechatronics, Hoorn,
Netherlands) with a dilution ratio of 1/200. RBC deformability was measured by applying ten different
SS as follows: 0.3, 0.53, 0.94, 1.65, 2.91, 5.15, 9.09, 16.04, 28.32 and 50 Pa. The RBC deformability
was determined by the change in the elongation index (EI) with applied SS. Then, constant 5 and 10 Pa
SS were applied continuously for 300 seconds and EI was recorded versus time. After continuous SS
exposure for 300 seconds, RBC deformability was measured again with a delay of 10 seconds under
same conditions. Maximal RBC elongation index (Ely.x) and the SS required for one-half of this
maximal deformation (SS,,) were calculated by the linear Lineweaver-Burke (LB) model [20]. The
SS1/2/Elnax ratio was also calculated as a normalized measure of SS;, [21].

3. Statistical analysis

Data are presented as mean =+ standard error (SE) unless otherwise stated. Two-way mixed model
ANOVA followed by Bonferoni’s multiple comparisons test was performed for the comparisons of
before and after deformability measurements. The time course of EI changes was analyzed by non-
linear curve fitting. SS; /> and El,,« values were calculated by Lineweaver-Burke approach. All data
analyses were performed with GraphPad v4 software package (GraphPad software, La Jolla, CA).
Level of significance is accepted to be 0.05 throughout the study.

4. Results
4.1. Deformability of stored blood before and after shear stress applications

RBC deformability was evaluated on the first day of blood collection and on the 7th and 35th days
of storage with CPDA-1 (Table 1). Blood stored for 7 days had significantly increased EI values at
low levels of SS between 0.94 and 2.91 Pa, compared to fresh blood samples before the application
of continuous SS. In contrast, blood stored for 35 days had significantly reduced EI values at high
SS levels between 5.15 and 50 Pa. RBC deformability both in fresh and stored blood increased after
continuous SS applications. Control samples (1st day) had higher EI values after continuous 5 and 10 Pa
SS exposure and this elevation was significant at low levels of SS up to 5.15 Pa. In blood stored for 7
days, after continuous SS application of 5 Pa, RBC deformability was significantly increased between
0.3 and 5.15Pa SS. Interestingly, following the continuous SS application of 10Pa, a significant
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increase in deformability was observed at all SS levels except 16.04 Pa in samples stored for 7 days. In
blood stored for 35 days, after the application of continuous 5 and 10 Pa SS, RBC deformability was
significantly increased at low SS levels up to 5.15 Pa (Table 1). Therefore, the level of improvement
in deformability upon application of continuous 5 and 10Pa SS depends on the duration of blood
storage.

When compared to controls, RBC deformability of the blood stored for 7 days was elevated up to
9.09 Pa level after exposure to continuous 5 and 10 Pa SS. This SS-induced improvement in deformabil-
ity was statistically significant at low SS that ranged between 0.3 and 2.91 Pa (p < 0.05). The increment
in deformability was estimated as 4% at 2.91 Pa level. After applying continuous 5 and 10 Pa SS to
the blood stored for 35 days, RBC deformability began to decrease from the level of 0.94 Pa. The
significant reduction in deformability was observed at high SS that ranged between 2.91 and 50 Pa
levels when compared to the 1st day group (p <0.05, Table 1). This downward change in deformability
was 3.7% at 2.91 Pa level. The reduction in deformability at high SS levels was also observed in stored
blood for 7 days though it was not significant. However mechanic stress-induced improvements of
deformability were deteriorated in the blood stored for 35 days at high SS levels above 2.91 Pa. A
decrease in deformability is related to the storage duration before the continuous SS application, and
similar results have been observed after the continuous SS applications as well.

El.x and SS; > values before and after continuous SS were calculated using the data from deforma-
bility curves. SSi/; values in all groups were decreased after applying SS. SS;,, values of the
control group were significantly higher than that of 7th and 35th day groups before and after SS
(p <0.0001, Fig. 1A). On the 35th day of storage, SS;,, values were increased compared to 7th
day group after applying 10 Pa SS, though it was not significant after 5 Pa. Before the application
of any continuous stress, El,,x values of the control group were significantly different when com-
pared to the 7th and 35th day groups (p <0.01 and p <0.0001, respectively). El,,x values before
applying continuous SS showed a decreasing trend depending on the storage (Fig. 1B) and they
were also significantly different between the 7th and 35th day groups (p <0.0001). Similar results
were obtained upon applying continuous 5 and 10Pa SS. El,,x values of the 35th day group were
significantly decreased compared to the control and 7th day groups after the application of 5 and
10Pa SS (p <0.0001, Fig. 1B). Control group exhibited the highest El,;,x values before or after the
application of SS. Maximal EI decreased as the storage time increased and this decreasing trend
was more prominent in blood stored for 35 days. Similar results were obtained in the ratio of SS; />
and Ely.x values, that they were reduced by applying 5 and 10 Pa shear stresses in all groups. Fresh
RBCs as control group had the highest level of SS/2/Eljax. Blood stored for 35 days had signifi-
cantly increased SS,2/El .« values after continuous SS application compared to that of the samples
stored for 7 days, and a significant elevation was also observed before the continuous SS application
(Fig. 1C).

4.2. Time course of the change in elongation indexes with applied shear stresses in stored blood

Continuous 5 and 10Pa SS were applied for 300 seconds and the mean EI values of all samples
changing with respect to time are shown in Fig. 2, focusing on the first 30 seconds. The mean EI
values of the control and 7th day groups were on the same level, whereas the mean EI values of the
35th day group decreased compared to others. Elongation indexes increased exponentially in the first
1-4 seconds with applied SS and then reached a plateau phase. RBC EI values of fresh blood samples
in the control group were increased by ~11% to a plateau of 0.47 4= 0.0006 with a time constant of
3.85 1+ 0.060 seconds with 5 Pa SS and increased by ~8% to a plateau of 0.54 £ 0.0003 with a time
constant of 1.58 +0.022 seconds with 10Pa SS application (Fig. 2). On the 7th day of storage, EI
values were increased by ~9% to a plateau of 0.48 4= 0.0005 with a time constant of 3.94 4 0.069
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Fig. 1. The levels of Ely.x, SSi» and SS;/2/Elyax values in all studied samples (n=11 in each group) before and after
continuous SS. (A) SS; levels in each group before and after continuous shear stress (SS). (B) El,. levels in each group
before and after continuous shear stress (SS). (C) SS;/2/El . levels in each group before and after continuous shear stress
(SS). Significance between before and after SS in each group: *p < 0.05, significance of control group with 7th and 35th day
groups before SS: §p < 0.05, significance of control group with 7th and 35th day groups after 5 Pa SS : ep < 0.05, significance
of control group with 7th and 35th day groups after 10 Pa SS: ¥p < 0.05, significance between 7th and 35th day groups before
SS: ?p < 0.05, significance between 7th and 35th day groups after 5 Pa SS: Zp < 0.05, significance between 7th and 35th day
groups after 10Pa SS: ©p < 0.05.

seconds with 5 Pa SS. It was increased by ~6% to a plateau of 0.54 4+ 0.0003 with a time constant of
1.61 £0.027 seconds with exposure to 10 Pa SS. On the 35th day of storage, EI values were increased
by ~10% to a plateau of 0.44 £ 0.0007 with a time constant of 3.45 4= 0.088 seconds with 5 Pa SS. It
was increased by ~9% to a plateau of 0.50 £ 0.0009 with a time constant of 2.01 4= 0.073 seconds upon
10 Pa SS. Thus, as the applied SS increased, EI of all samples increased, and reached more rapidly to
the plateau phase (Fig. 2).

4.3. Deformability of metabolically depleted blood before and after shear stress applications

RBC deformability of blood samples was measured on the 1st day of blood collection (control group)
and after 48 hours of incubation (metabolic depletion group). RBC deformability increased in both
control and metabolic depletion groups after applying continuous 5 and 10 Pa SS. In the control group,
the significant increase in RBC deformability was observed between 0.3-9.09 Pa levels after applying
continuous 5 Pa SS, whereas the significant increase after continuous 10Pa SS was observed at all
applied SS levels except 50 Pa. RBC deformability of the metabolically depleted blood significantly
increased between SS levels of 0.3-5.15 Pa after exposure to 5 Pa SS (p <0.05, Table 2). After applying
10 Pa SS, RBC deformability significantly increased between SS levels of 0.3—16.04 Pa in the metabolic
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Fig. 2. The change in EI with time in all studied samples (n=11 in each group) at 5 and 10 Pa SS.

depletion group (p <0.05, Table 2). Metabolically depleted blood samples had higher EI values than
the control samples before and after the application of continuous 5 and 10 Pa SS (p <0.05, Table 2).
RBC deformability in metabolic depletion group increased up to 16.04 Pa level compared to control
group after exposure to continuous 5 and 10Pa SS. The mechanic stress-induced improvement in
deformability was statistically significant between the levels of 0.3 and 9.09 Pa upon application to
5PaSS (p<0.05). Estimated change in RBC deformability was 2.9% at the SS level of 9.09 Pa. After
applying 10 Pa SS, the improvement in deformability was statistically significant between the levels
of 0.3 and 5.15 Pa (p <0.05, Table 2). This significant increment in deformability was 5.1% at 5.15 Pa
level.

Figure 3 demonstrates SSi,, and El,, values of blood samples in control and metabolic depletion
groups, as both parameters were significantly reduced after 48 hours of incubation (Fig. 3A and 3B).
This significant decrease in both parameters was also observed after continuous SS applications of 5
and 10 Pa, however, El .« values after applying 10 Pa SS did not significantly change in depleted group

Table 2

Deformability measurements (EI=Mean£SD) before and after continuous shear stress (SS) in the fresh
blood (1st day) and metabolically depleted blood samples (after 48 hours) (n =10 in each group)

Shear Stress (Pa) Control (Before SS) After 5Pa SS After 10Pa SS
EI El EI

Ist day After 48 h st day After 48 h 1st day After 48 h
0.3 0.033+£0.03 0.0594+0.01° 0.070£0.03*  0.08540.02*°  0.069 £ 0.02* 0.08 £ 0.02¢°
0.53 0.033£0.02 0.11440.02° 0.1294£0.03*  0.1424+0.02**  0.1254+0.03¢  0.139£0.03%?
0.94 0.164+£0.03 0.1914£0.02° 0.1994+0.03* 0.2164£0.03*%  0.19940.03x  0.215£0.03%?
1.65 0.2524+0.03 0.2944+0.02° 0.2884+0.03* 0.3204+0.02%%  0.2884+0.02*  0.317 £0.02%3
291 0.34740.03 0.3934+0.02° 0.376+£0.03* 0.4114+0.02*° 0.378+£0.02¢  0.410£0.02%°
5.15 04314+£0.02 0.468+0.01° 0452+£0.02* 0.477+0.01*° 0.4564+0.02¢ 0.479£0.01%°
9.09 0.4994+0.02 0.5204+0.01° 0.511£0.02* 0.52540.01° 0.516 +£0.02*  0.528 £0.01*
16.04 0.548+£0.02 0.556+0.01 0.555+0.02 0.562 +0.01 0.560 £ 0.01*  0.563 £0.01%
28.32 0.585+0.02 0.582+0.01 0.590 +0.02 0.586 +0.01 0.594+0.01*  0.587+0.01
50.0 0.6124+0.01  0.5994+0.02° 0.61540.01 0.603 £0.01 0.618 £0.01 0.603 +0.02°

*Significant difference between before and after the application of shear stress (SS) of 5 Pa (p <0.05). *Significant difference

between before and after 10 Pa (p <0.05). *Significant difference between 1st day and after 48 h (p <0.05).
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Fig. 3. The levels of SS, 5, Eljox and SS; 2/El.« values before (control) and after continuous SS. Fresh blood samples (1st
day, n=10) are shown with white bars, metabolically depleted blood samples (after 48 hours, n=10) are shown with black
bars. (A) SS,; levels in each group before and after continuous SS. (B) El . levels in each group before and after continuous
SS. (C) SS;/2/Elax levels in each group before and after continuous SS. Significance between the 1st day and after 48
hours of incubation: *p < 0.05, significance of control with 5 and 10 Pa SS on the 1st day and after 48 hours of incubation:
v p <0.05, significance between 5 and 10 Pa SS on the 1st day: *p < 0.05.

compared to the fresh blood samples (Fig. 3B). Accordingly, SS/2/El .« values were also reduced
after 48 hours of incubation followed by continuous 5 and 10 Pa SS (Fig. 3C).

4.4. Time course of the change in elongation indexes with applied shear stresses in metabolically
depleted blood

Figure 4 demonstrates the changes in EI for the first 30 seconds with continuous SS applications
of 5 and 10Pa in fresh and metabolically depleted blood. The mean EI values of blood depleted for
48 hours increased compared to the samples on the first day of blood collection. EI values of the
control group elevated ~9% to a plateau of 0.46 = 0.004 with a time constant of 4.22 + 0.3 seconds
with 5 Pa SS and ~6% to a plateau of 0.48 &= 0.0008 with a time constant of 2.74 & 0.06 seconds upon
application of 10 Pa SS. EI values of depleted blood increased ~7% to a plateau of 0.52 & 0.0014 with
a time constant of 2.14 £0.07 seconds with 5Pa SS and ~4% to a plateau of 0.53 £0.0006 with a
time constant of 2.09 &£ 0.05 seconds upon exposure to a continuous 10 Pa SS (Fig. 4).

5. Discussion

Storage of blood causes irreversible changes in biochemical and biomechanical properties of red
blood cells. RBCs become metabolically depleted as the energy levels decrease. The geometric
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Fig. 4. The change in EI with time on the 1st day and after 48 hours (n=10 in each group) at 5 and 10 Pa SS.

characteristics of the cells are impaired and they become more rigid. Their ability to change shape in
response to mechanical stresses is further diminished, though this unique ability of RBCs to deform is
essential for maintaining a healthy microvasculature. In this study, the improvement in RBC deforma-
bility in relation to the level of applied SS was revealed in two different storage models; metabolic
depletion for 48 hours and cold storage with CPDA-1 for 35 days. RBC deformability, as a response to
the physiological levels of SS (5 and 10 Pa), was improved in depleted blood though it was impaired
in blood samples stored for longer periods with CPDA-1.

Several studies have shown that RBC deformability is reduced by storage and the level of reduction
in deformability is associated with the period of the storage [10, 13—15]. Present study investigated
the changes in RBC deformability in response to continuous physiological SS, in stored blood, on
the 7th and 35th days of storage with fresh blood samples. RBCs in stored blood were found to
have less capacity to deform than the fresh cells. Moreover, RBC deformability of blood stored
for longer periods (35 days) was reduced significantly more than the blood stored for 7 days.
This finding confirms the notion that RBC deformability decreases during storage. Interestingly,
RBC deformability of the blood stored for 7 days slightly increased compared to the fresh sam-
ples though it was not significant, and the significant change occurred on the 35th day of storage.
These findings are similar to the observations in other studies [13-15, 22]. However, the level of
reduction in deformability during storage varies among different studies. The two most plausible
explanations for this discrepancy are the storage of RBCs in different storage solutions and dif-
ferent measurement techniques to determine the level of deformability. In literature, the cell flow
properties analyzer (CFA) [17, 23], micropipette aspiration technique [14], micropore filtration tech-
nique [13], spatial light interference microscope [24], optical tweezers [25], microfluidic slit-flow
ektacytometer [15] and laser-assisted optical rotational cell analyzer (LORRCA) [16, 26-28] were
used to measure the alterations in RBC deformability during storage. Some of these studies demon-
strated that upon storage, RBC deformability decreased by 1% while in some of them this goes up
to 34%. In the present study using LORRCA, at high SS levels, deformability before continuous
SS application was reduced by 1% upon 7 days of storage and 5% upon 35 days of storage. Inter-
estingly, different reduction levels in deformability were also observed in studies using the same
technique (laser ektacytometer, LORRCA). For instance, 2-3% reduction in deformability at high SS
(30-50Pa) was observed in some of the studies [16, 26, 27], while the reduction of deformability
was recorded as 45% in another [28]. This could be due to the use of different storage solutions for
preserving RBCs instead of the techniques used to measure the deformability. Additives in storage
solutions such as adenine and mannitol are proposed to recover the storage lesions into a better extent
[28, 29].



152 E. Ugurel et al. / Blood storage and erythrocyte deformability

In physiological SS between 0.94-2.91 Palevels, a significant increase in deformability was observed
in blood stored for 7 days. At high levels of SS more than 5.15 Pa, a significant decrease in RBC
deformability was recorded in the blood stored for 35 days. These findings are consistent with some
other studies using the same technique [16, 27]. After applying continuous 5 Pa SS to fresh samples,
the improvement in RBC deformability was observed up to 5.15 Pa level, which is consistent with the
literature [18]. This phenomenon indicates that CPDA usage in this study has no negative effect on
the mechanical properties of RBCs. On the other hand, SS; /2, Eljax and SSy /5 /El . values decreased
by the duration of storage (Fig. 1). Often, a decrease in SS;,, values represents an improvement in
deformability but sometimes this situation may be related to a reduced El,,x which reflects an impaired
deformability [21].

In the present study, before applying continuous SS, there was an insignificant increase in deforma-
bility with storage at low levels of SS (0.3 Pa). Interestingly, after applying continuous SS, the
improvement in deformability became significant at low levels of SS in both storage models. However
a significant decrease in deformability was observed in the blood stored for 35 days at high SS levels
greater than 2.91 Pa. This biphasic behavior of the stored blood at high and low levels of SS was shown
in this study for the first time by applying continuous SS. Henkelman et al. explained this situation as a
gradual increase in MCV during storage which might be responsible for the reduction in deformability
at high SS because the cell volume becomes a limiting factor for the ability of RBCs to deform [16].
The surface area to volume ratio (S/V) of the cell and the viscosity of the cytoplasm are important
determinants of RBC deformability in addition to the mechanical properties of the RBC membrane. It
has been known for a long time that RBCs progressively lose their normal discoid shape during storage
and become echinocytes [30]. Number of abnormally shaped RBCs were shown to gradually increase
due to the storage period and be associated with reduced deformability indexes [13]. Additionally,
Zehnder et al. showed that the viscosity of stored RBCs significantly increased at the end of the stor-
age and this was related to a decrease in RBC deformability [31]. More importantly, deformability
is determined by the viscoelasticity of RBC membrane which is defined by the interactions between
phospholipid bilayer and cytoskeleton. During the period of storage, oxidative stress is observed in
cytoskeletal proteins which may change the phosphorylation status of Band 3 and thereby affects the
interaction between integral membrane and cytoskeleton proteins [32]. Alterations in signaling path-
ways in RBCs are possibly caused by the decreased phosphorylation which is a reasonable explanation
for the reduction in deformability due to storage [6]. The relationship between the storage of RBCs and
the reduction in deformability is observed in a hemodynamic study which demonstrates cell orienta-
tions within flow conditions. Accordingly, fresh cells are shown to be swinging and trembling in order
to maintain an orientation within the flow, whereas stored cells are observed to be tumbling which
is an end-over-end rotation like rigid bodies [33]. In addition, Simmonds et al. observed decreased
deformability at high SS and increased deformability at low SS (<1 Pa) after applying continuous SS to
RBCs. They assumed this finding indicates the occurrence of cell tumbling in shear flow and therefore
mechanical damage [34]. Different mechanical behaviors of stored RBCs at high and low SS could be
due to rigidity of the cell which is associated with impaired deformability.

This study also demonstrated that the metabolic depletion of blood for 48 hours at room temperature
caused an increase in the measured deformability of the RBCs. Although a reduction in deformability
was recorded at high levels of SS greater than 28.32 Pa, it was not statistically significant. On the
other hand, a decreasing trend in SS; ; and El,,,x values was observed in the depleted blood compared
to fresh samples which suggests an improvement in deformability upon metabolic depletion. These
findings are in agreement with one of the studies conducted by Uyuklu et al. as they stated that after 24
hours of incubation at room temperature, the SS1 , values decreased which indicated an increase in the
measured deformability [35]. On the other hand, Park et al. reported that a metabolic depletion for 24
hours at 37°C resulted in ATP reduction which is associated with a loss of biconcave shape of RBCs and
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echinocyte shape transformation [36]. Reinhart et al. demonstrated that plasma glucose levels became
unmeasurably low after 24 hours of incubation and ATP content of RBCs reduced accordingly. They
also concluded that the normal asymmetric distribution of phospholipids in the membrane is maintained
by an ATP-dependent mechanism which is a likely explanation for the echinocyte shape of depleted
RBCs [37]. In addition, Reinhart et al. earlier showed that the changes in cell geometry and shape lead
to a decrease in the RBC deformability [38]. The main reason for the presence of contradictory results
in the literature might be that older RBCs undergo hemolysis at higher SS exposures. It is known that
metabolically younger cells have more capacity to deform and they also are able to produce more ATP
[6, 39]. This occurrence may have resulted in a false increase in deformability values in this study
since only the young and metabolically active RBCs were subjected to measurements. Accordingly,
metabolic depletion was studied by Reinhart et al. with the use of density-separated RBCs since the
top 10-20% of the RBC fraction contains young cells and the bottom 10-20% of the fraction contains
primarily old RBCs [37]. Such separation techniques could provide accurate results in deformability
measurements.

RBC response to continuous SS was more rapid as the applied SS was increased from 5 to 10 Pa.
This observation is consistent with the findings of Meram et al. as they stated that the time constant
is inversely proportional to the level of applied SS [18]. Additionally, RBC response of metabolically
depleted group to continuous SS was more delayed than the RBC response of blood stored for 7 days,
however it was faster than the response of blood stored for 35 days. This finding indicates that RBC
response to continuous SS was more rapid upon CPDA addition in the first 7 days though this response
became impaired after 35 days. Mechanical behaviors of RBCs might be impaired by the period
of storage regardless of CPDA usage. On the other hand, CPDA could have improved mechanical
responses of RBCs to a limited extent as there was a drastic decrease in the deformability of blood
stored for 35 days. CPDA is widely used in blood storage for transfusion. However, the shelf life of
stored blood should be considered with CPDA usage since RBC responses to mechanical stress were
impaired after longer periods of storage.

6. Conclusions

In conclusion; our study is the first to describe that RBC deformability as a response to continuous
shear stress is improved in early storage conditions. However it is impaired due to longer storage
time. This observation in the present study reveals the aberrant hemorheological changes of blood dur-
ing storage. The alterations in shear-induced deformability response by virtue of storage lesions may
be more important in critically ill patients when the restrictive transfusion thresholds are exceeded.
In addition, we hope that our study influences new storage strategies for the conditions where the
transfusion thresholds are insufficient such as acute coronary syndrome and chronic transfusion-
dependent anemia.
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