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Abstract—This paper presents experimental and numerical
studies of erythrocyte stretching, with a focus on the aging of
red blood cells in an in vitro environment during storage. The
experimental studies were performed using optical tweezers.
The laser beam was used to pull and stretch a cell sedimented
on a flat surface. A force calibration was obtained via a
comparison of the experimental data with results from finite
element simulations of the cell stretching. The experiments
were performed using blood samples from blood bank
donations made by three donors. The experiments were
performed over 21 days of storage, and the estimate ery-
throcyte membrane shear modulus during this period in-
creased from 2.5 to 13 uN/m.

Keywords—Red blood cell aging, Storage of blood, Optical
tweezers.

INTRODUCTION

The survival of red blood cells (RBCs) after a trans-
fusion is essential for the health of the recipient of the
blood. It has been shown that between 5 and 25% of
transfused erythrocytes disappear after transfusion, and
that this behavior depends strongly on the blood storage
time.® A poor quality of blood leads to various health
complications. Hence, the blood age, as well as the aging
process, is an important characteristic of blood. The
aging of RBCs has been studied in in vivo and in vitro
environments. [t was found that erythrocytes lost 30% of
their volume and 15-20% of their hemoglobin, and that
their hemoglobin concentration increased by 14%, with
age. It was also shown that the viscosity of the mem-
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brane, and the viscoelastic time constant, increased with
increasing age. These results showed that older erythro-
cytes were typically denser, and smaller.>**** A previ-
ous study showed that the estimated deformability
(measured using ektacytometry) of a fractionated sample
consisting of cells with ages from 0 to 110 days varied by
a factor of four between the young and old cells.” The
shear modulus of young and old cells was estimated using
micropipette techniques, and values of 5.5 uN/m
(young) and 6.4 uN/m (old) were obtained.'’

The properties of erythrocytes can be studied using
various experimental methods—including micropipette
aspiration, flickering eigenmodes, electrically induced
deformation, tether stretching, and optical tweez-
ers—and various numerical methods, including finite
element analysis, dissipative particle dynamics, and
lattice Boltzmann methods. In this study, we used
optical tweezers and finite element simulations.

Most optical tweezer experiments performed on cells
have involved the use of beads attached to a
cell, 1O IIAISI8 o ohost cells.?! The estimated shear
modulus of cell population was 2.5 uN/m,"" 13.3 uN/m.*
2 uN/m,*' 2.4 uN/m,"'* hypotonic solution —10.5 xN/m,
isotonic solution —17.3 uN/m, and hypertonic —32
1N/m.** Other experiments, for example, involved stop-
ping cells in a flow™”'"; in these experiments, the shear
modulus values were estimated as 0.7-2.3 uN/m* and
2.5 uN/m.” The difference between the shear modulus
values for young and old cells was estimated using a si-
milar method, and it was found that the older cells were
2.5 times stiffer than the young cells®®; in this study, the
cell age was estimated using fractionation.

Optical tweezers stretching methods using beads hold
the advantage of simple force calibration procedures,
but the disadvantage of imprecise placement of the
beads. Motivated by this, investigators have developed
a variety of experimental techniques that do not require
the use of beads'”'*!'®. such methods include stress
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measurements of the cell membrane using a double
optical trap,'® the rotation of trapped erythrocytes,” and
optical squeezing and folding using various laser pow-
ers.! Using these techniques, the shear modulus of
healthy cells was estimated to be 2.5 uIN/m.

The stretching of RBCs was also investigated using
finite element simulations.*'*** An example of a
computational model of the RBC cytoskeleton is
shown by Li e al.'’; finite element simulations of a cell
with a membrane shear modulus of 8 uN/m were
performed. Experiments and numerical simulations of
cell stretching with two attached beads, and one bead
and a surface, were performed by Tan er al.”

The aging of RBCs has not, however, been studied
extensively as a function of time; it has been studied
only in relation to an initial sample composition, where
aged cells were assumed to be heavier and were ob-
tained via centrifugation fractionation.

In this study we focused on the aging of erythrocytes
during storage in an ex vivo environment; the aging
was measured using optical trapping experiments
without beads, and a calibration method based on
numerical simulations.

MATERIALS AND METHODS

This study used an optical tweezers method that did
not require the attachment of beads. The advantage of
this method was that it did not require the incubation of
cells with beads; this simplified the experimental proce-
dure over the day, which allowed the investigation of
larger samples, and this was important when daily
changes in the cells’ properties were being measured.

The experimental setup and configuration was similar
to that described by Jeney et al.,'” but the experimental
procedures used were different. Figure la illustrates the
design of the experiment. The cells were immersed in a
saline solution and then allowed to sediment for ap-
proximately 20 min, which led to the cells becoming
attached to the glass surface. The optical tweezers were
then used to pull on one part of a single cell [see
minimumpower (Electronic supplementary material 1),
maximumpower (Electronic supplementary material
2)]. The cell stretched under the applied force, and, after
approximately 30 s, detached and slipped on the sur-
face. A top view of a cell, as well as a cross showing the
point at which the stretching force was applied using the
optical tweezers, is shown in Fig. 1b. The process was
recorded using the camera, and then analyzed (Fig. 1c).
The maximum radii in the stretching direction (D) and
the direction perpendicular to the stretch (D) were
extracted. In addition, the surface area and circumfer-
ence of the cell were measured. Image processing was
performed using Matlab.

(a) laser beam

cell streching
force

surface &

b) (c)

Ds

FIGURE 1. (a) Experimental setup: the cell sticks to the
surface and is pulled by the laser in one direction. (b) Mi-
croscopy image of an RBC with a mark (cross) showing where
the laser power was applied. (c) An example of image analy-
sis; Ds—maximal diameter in the direction of stretching;
D,s—maximal diameter in the direction perpendicular to
stretching.

The blood sample was obtained from a blood bank.
The sample consisted of RBCs in a standard SAGM
solution, and was 7 days old (time after blood dona-
tion) when we received it. The blood (which was stored
in tubes; here, a tube of blood is referred to as a unit)
originated from three different donors, and was stored
in the refrigerator (at 4°C) over the next 15 days. For
each test, a fresh unit was opened and diluted with
saline solution. On average, 10 cells were tested each
day at each laser power; videos were recorded for each
measurement, and then analyzed.

An alternative force calibration method is required
for methods in which no beads are attached to the
object under study. We performed the calibration us-
ing numerical methods, which were validated exten-
sively using other experimental data.

Numerical simulations were performed using Com-
sol Multiphysics software.” A lipid bilayer and a
spectrin network were set up as a composite object
with a thickness of 100 nm and a shear modulus of
2.5 uN/m (except Fig. 2¢), and the membrane was
chosen to be an elastic material. The final mesh con-
sisted of 13,916 elements (for simplicity, a mesh of
2023 elements is shown in Fig. 2a). It was shown that
the application of inner pressure had a large influence
on the local bending behavior; changes in global values
such as force-diameter curve characteristics were not
large, but the computation time increased significantly.
Hence, no inner pressure constraints were applied, to
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FIGURE 2. FEM modelling of RBC stretching. (a) An example of the mesh used, with circles showing the regions in which the
force was applied. (b) Example of stretching, for which the displacements values are plotted. (c) Force-diameter diagram for an
example of two-bead stretching. The different plot lines represent data for various shear moduli. The cell size, membrane thick-
ness, and density were held constant. The experimental results and experimental error bars defined in'® are also shown. The two
sets of plot lines correspond to the axial (top) and transverse (bottom) diameter.

speed up the simulations for the various cases. The
force was applied locally as an enforced displacement
in the marked circular regions (see Fig. 2a). The
simulations were quasi-static. The force was directly
applied to the region of the cell.

Figure 2 shows results from the finite element
simulations of the cell stretching. The simulations were
performed on a mesh (a), using various force applica-
tion regions (circles). Figure 2b shows the displace-
ment for the perpendicular stretching. The force was
applied on opposite sides, mimicking experiments with
beads attached to the cell; this setup was chosen be-
cause previous experimental papers have used a similar
configuration.'® Figure 2¢ shows results from the ex-
periments reported by Mills ez al.'® and simulations for
the same membrane thickness, for various membrane
shear modulus values. The force/diameter relationship
is presented for two stretching directions (top and
bottom lines). The experimental error was large,
compared with the different values for the shear
modulus; the specific experimental values could not
therefore be defined based only on the experiments.
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However, the character of the curves did not change
with changes in the shear modulus values; they only
shifted. This meant that the changes in the shear
modulus had a linear influence on the stretching be-
havior, and regardless of the initial choice, the relative
change with age remained the same. Similar conclu-
sions can be drawn using comparisons with other ex-
perimental data, for example that reported by Henon
et al."!

Figure 3 shows results for numerical simulations
performed using various applied force positions, using
a membrane shear modulus of 2.5 uN/m. Figure 3a
shows the diameter vs. force plot. The curve shape
shows force-diameter values for the same frame of
references, when the force was applied in various po-
sitions. Figure 3b shows the force placement con-
figurations, and Fig. 3c shows the realization of the cell
shape with a mean curvature value. The underlined
shape configuration was used for a force calibration,
and to provide a comparison with the experiments. The
diameter vs. force curves showed a significant depen-
dence on the force placement configuration. The mean
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FIGURE 3. Simulation results. (a) Force diameter plot for cell stretching. (b) Diagram illustrating the stretching force application
configurations; the arrows indicate the direction of the force. The blue dots illustrate the force application regions or cell fixation
points. (c) Mean curvature [1/m] for various stretch configurations. During the stretching, the mean curvature value remained
almost constant, regardless of the stretching direction. The case that was the most similar to the experiments is underlined.

curvature values showed the largest changes locally,
only at specific points. The simulations illustrated a
drawback of estimating the shear modulus using ex-
perimental methods in which beads are attached to the
object under study. Specifically, the three-dimensional
position of a bead cannot be precisely determined us-
ing a microscope, because beads attach randomly.
Small changes in the position of a bead lead to changes
in the force diameter curve, a fact that is often ne-
glected when the data is analyzed. Techniques in which
no beads are attached do not face similar issues.
Figure 4a shows the normalized diameter vs. force
curve for the underlined case shown in Fig. 3. The
three different points correspond to the different laser
power strengths. The relative displacement is shown
for the simulations and the experiments. The force
values for the experiments could be deduced using the

relative displacement. This was achieved by taking the
values for the displacement and the force from the
simulations, comparing them with the experimental
displacements, and then deducing the corresponding
force values. The maximal diameter curve was chosen
for this estimation of the force, because the minimal
diameter direction was more prone to folding, and was
also sensitive to the initial position of the cell, which
would have led to larger measurement errors. The ex-
perimental displacement data were taken from all of
the corresponding data collected on the first day of the
experiments. In Fig. 4b, the deduced force values are
plotted as a function of the laser power. The line shows
a linear fit to the data; this linear fit suggested that
there was a non-zero power threshold that produced
zero force. This estimation method was similar to a
method that was reported previously.'' The response

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



262 CZERWINSKA et al.

(a)
E 134 ===simulations
e X 94[mW]
E 0 25.4[mwW]
E 121 A 6.53[mW]
(="
4
°
2 11
-
8
&
1 . , .
0 1E-11 2E-11 3E-11
Force [N]
(b)
3.0E-11 1 Force = 4E-13 Power - 1E-12
£ 20611
[}]
Q
St
5
B 1.0E-11
3.0E-14 T T T T
0 20 40 60 80 100
Power [mW]

FIGURE 4. Calibration of the force. (a) Simulated force-di-
ameter curve for the underlined case from Fig. 3 (top part),
and experimental values for the displacement for three dif-
ferent laser powers. A corresponding force calibration was
obtained via a comparison with the simulations. (b) Plot of
force against power, and linear fit.

of the membrane to the force was assumed to be linear,
for multiple reasons: the stretch was a slow process (see
included movies), and the displacement changed lin-
early with the changes in the applied force. Other ex-
periments, which were based on the stretching of RBCs
using attached beads, suggested that the linear re-
sponse to the force was present even for much larger
forces.*'" Our simulations also suggested that small
changes in the shear modulus could not be detected
using experiments, because of the large experimental
errors. Hence, the linear approximation was the best
approximation for the range of forces applied in this
study, and for the slow application of the force used
here.

RESULTS

This study investigated the influence of the storage
of blood on the mechanical properties of RBCs. Other
researchers performing experiments on similar samples
have typically used centrifugation and fractionation to
assess this influence, and have assumed that there is a
correlation between density (volume) and cell age, and
that this correlation is linear. Here, we analyzed the
same blood sample over an extended time period. The
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sample originated from blood donation, and therefore
consisted of young and old cells. The sample was
stored under constant conditions for 15 days (21 days
after donation). It is known that the storage condi-
tions, and even the size of the storage container, can
influence the quality of blood.'> We analyzed blood
samples from three donors; these samples were stored
under identical conditions, in small tubes from the
blood bank. The analysis was started 7 days after do-
nation, and lasted for 15 days.

Figure 5 shows microscopy images illustrating the
stretching procedure at three different laser powers, for
a cell on the first day of the investigation. The cross
indicates the point at which the laser beam was ap-
plied. Figure 5a shows the original, non-stretched cell.
This cell was subsequently pulled by the beam, and the
maximum stretch was estimated at the moment of cell
detachment (when sliding occurred). This happened
when the cell surface attachment forces and the laser
pulling forces were equal. Figure 5b shows the max-
imum stretch for the original cell at a laser power of
6.53 mW. Figure 5¢ shows the maximum stretch at a
laser power of 25.4 mW, and Fig. 5d shows the max-
imum stretch at a laser power of 94 mW. It is clear that
increases in the power led to increased stretching of the
cell.

Figure 6 shows images of cells that were stretched
using the maximum laser power (94 mW) over the
following days. The number of days is given relative to
the time of blood donation. These illustrative images
do not show the same cell; for each experiment, a
sample was taken from a new storage tube. Hence, the
cells shown in each picture are different, but these re-
sults illustrate the trends in the cells’ behavior. Older
cells were less deformable, and their membrane was
less smooth. As expected, the size of the cells changed.

Figure 7 shows a plot of the maximum diameter
difference with respect to the stretching direction
(Ds — Dyg)/ Dy (a), and perpendicular to the stretching
direction (Dps — Dpso)/Dpso (b), normalized to the ini-
tial cell diameter in the corresponding directions (Dpo
or Dy). At higher laser powers, and during the first
days of the experiments, the cells stretched more in
both directions. The errors were caused by the cell
shifting, and the image analysis estimating the cell
position to be unchanged. In light of the normaliza-
tion, a value of 1 on the y axis corresponded to a
condition where the cell did not stretch at all. During
the final days of the experiments the cells no longer
stretched very much, and the errors in the analysis
became relatively large. This explains the apparently
anomalous value displayed in Fig. 7b for the medium
laser power on day 21; this value was, nevertheless,
within the experimental error. The errors plotted in the
Figure are the standard deviation values for the data.
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FIGURE 5. Cell stretching procedure: (a) original cell; (b) cell pulled with 6.53 mW laser power (the weakest power); (c) cell pulled
with 25.4 mW laser power (medium power); (d) cell stretched with 94 mW laser power (strongest power). The cross indicates the

point at which the force was applied.

Figure 8 shows experimental data for the normal-
ized circumference-to-surface ratio, measured over a
period of days. As expected, this ratio was close to one,
because the cell stretching preserved the volume of the
cell. No visible time dependency was observed. The
small differences that were observed were likely related
to the fact that the cells attached themselves in slightly
different positions, and the two-dimensional projec-
tions provided by the micrographs therefore differed.

DISCUSSION

We aimed to estimate the membrane shear modulus
by observing the ex vivo storage aging process. This
was performed in a few distinguishable steps. The ex-
periments did not involve the attachment of beads.
Hence, we used finite element simulations to achieve a
force power calibration. A comparison with existing
experimental data was performed'® to validate the
simulation parameters. In the next step, the parameters
were assigned to numerical simulations for various
optical tweezers applications to accommodate a

configuration similar to our experiments. The data
were then transformed, and an estimate of the shear
modulus value was obtained. It was therefore possible
to obtain a value for the shear modulus using the
calibration procedure described here.

Figure 9 shows the estimated values for the shear
modulus as a function of time. The shear modulus did
not change greatly during the first few days, but was a
large jump in the value later, from 2.6 to 13 uN/m. The
errors in the estimation resulted from the experiments
themselves, and the estimation procedure. It is note-
worthy that the changes were linear, regardless of the
initial estimation of the modulus; hence, the changes
related to aging remained constant. In addition, the
results showed that the dependency of the shear
modulus on the storage time was rather nonlinear. This
was likely related to the specific structure of the
membrane. Figure 6 shows that the cell membrane
started to become more echinocyte-type (with wrin-
kles) after approximately 15-18 days of storage. This
transition might have been responsible for the large
shift in the shear modulus. The specific day on which
this change occurs will depend very heavily on the
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Day 14

Day 15

Day 18

FIGURE 6. Images of cell deformation caused by application of the maximal laser power, each day from the 7th to the 21st day of
the experiment. The cross indicates the point at which the force was applied.

storage conditions.'*> With our small tubes (called
segments) and storage at 4°C, we observed the change
approximately 15 days after donation. However, the
change was not gradual.

The results obtained in our experiments imply a
change in the shear modulus between young and old
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cells. Other studies have obtained change in the shear
modulus values between two and ten times; however,
these values were determined for one sample, and it
was assumed that aging produced the size or density
changes. Our data illustrate real aging processes oc-
curring in the course of blood storage.
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FIGURE 7. Average properties of the RBC stretching: (a)
Relative maximum diameter in the direction perpendicular to
the applied stretch. As expected, the cells became stiffer with
time, and the diameter therefore did not change greatly for
older cells. (b) Relative maximum diameter in the stretching
direction, as a function of days. The cells became stiffer with
age, and the stretch value was therefore lower (i.e., it deviated
less from the original value). The error bars are the standard
deviation values for the experimental data.
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FIGURE 8. Ratio of circumference to surface area, normal-
ized using the same values for a cell at rest, as a function of
the number of days, shown for various applied laser powers.
The ratio of the surface to volume remained almost constant
with aging. The error bars are the standard deviation values
for the experimental data.

CONCLUSION

We studied RBC stretching in a sample undergoing
ex vivo storage at 4°C for an extended period of time
(21 days after blood donation). It is well known that
low blood quality can result in complications in blood
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FIGURE 9. Estimated shear modulus as a function of the
number of days after donation. A significant change occurred
in the shear modulus values over a relatively short time.

transfusions. Experiments using optical tweezers and
numerical simulations were performed. The numerical
simulations were used to achieve a force calibration;
this was because, with the design of the experiments
(pulling the surface of the cell), no beads were used,
and a standard force calibration was therefore not
possible. The erythrocytes became stiffer with in-
creasing storage time. A significant change in shear
modulus (from 2.5 to 13 uN/m) occurred during a
relatively short period of time, resulting in a stiffer
membrane. Older cells were, on average, 5.2 times
stiffer. The calibration procedure influenced the initial
value, but the linearity of the process implied that the
jump in the modulus did not depend on the initial
value. Another important result was that the cells did
not display visible changes in their mechanical prop-
erties during the extended analysis time (Fig. 9). These
results showed that the blood quality remained unal-
tered for storage periods shorter than 15 days.

ELECTRONIC SUPPLEMENTARY MATERIAL
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