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Characterization of red blood cell deformability
change during blood storagef

Yi Zheng,?® Jun Chen,? Tony Cui,” Nadine Shehata,® Chen Wang*®® and Yu Sun*@°°

Stored red blood cells (RBCs) show progressive deformability changes during blood banking/storage.
Their deformability changes over an 8 weeks' storage period were measured using a microfluidic device.
Hydrodynamic focusing controls the orientation and position of individual RBCs within the microchannel.
High-speed imaging (5000 frames s %) captures the dynamic deformation behavior of the cells, and
together with automated image analysis, enables the characterization of over 1000 RBCs within 3 minutes.
Multiple parameters including deformation index (DI), time constant (shape recovery rate), and RBC
circularity were quantified. Compared to previous studies on stored RBC deformability, our results include
a significantly higher number of cells (>1000 cells per sample vs. a few to tens of cells per sample) and,
for the first time, reveal deformation changes of stored RBCs when traveling through human-capillary-like
microchannels. Contrary to existing knowledge, our results demonstrate that the deformation index of
RBCs under folding does not change significantly over blood storage. However, significant differences
exist in time constants and circularity distribution widths, which can be used to quantify stored RBC quality

www.rsc.org/loc or age.

Introduction

In transfusion medicine, red blood cells (RBCs) collected
from blood donors are stored and preserved in a blood bank.
Every year in the U.S. and Canada, over 14 million units of
RBCs are administered to more than 5 million patients.!
Present regulations in Canada and the U.S. specify 42 days as
the shelf life for stored blood."? However, it has been
suggested that during storage red blood cells undergo mor-
phological, structural, and functional changes, which may
induce clinical complications and adversely affect patient
mortality.>® For instance, transfusion of RBCs stored for
more than two weeks was found associated with a signifi-
cantly increased risk of postoperative complications as
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well as reduced short-term and long-term survival of cardiac
surgery patients.”

The degradation of stored RBCs is known as the storage
lesion.* Although the clinical consequences of storage lesions
remain controversial,® intensive research has shown how
parameters, which govern RBCs' metabolic ability and oxygen
delivery capacity, such as 2,3-DPG, potassium, pH, HbO, sat-
uration, RBC ATP, RBC NO, SNO-Hb, and haemolysis, change
over the life span of stored RBCs."®'° In addition to these
biochemical properties, the biconcave shape and high
deformability of RBCs are also crucial for their physiological
activities and functionalities.

The study on the deformability of stored RBCs dates
back to the 1960s. La Celle and Weed investigated the pro-
gressive alteration of stored RBC deformability using a micro-
pipette.">> The hydraulic pressure required to aspirate the
RBCs through the micropipette was used as a deformability
indicator. Their results show that the RBCs that remained
biconcave disc-shaped during storage have a deformability
similar to that of fresh RBCs; however, those RBCs that
became more spherical had decreased deformability. Optical
tweezers were also applied to characterize the deformability
of 0 days and 35 days stored RBCs by optically stretching the
cells, wherein higher membrane elasticity and viscosity were
observed in 35 day old RBCs."® More recently, ektacytometry
was used to study the deformability of stored RBCs.
Ektacytometry consists of two rotating plates with a
small gap in-between. RBCs adhere to the bottom of the gap,
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and shear stress elongates the RBCs. The extent of cell elon-
gation is measured as an indicator of RBC deformability.
Using ektacytometry measurements, the progressive elonga-
tion change of stored RBCs over 42 days storage period was
reported, demonstrating that RBCs become harder to elon-
gate when stored longer.»*°

Measuring the deformability of stored RBCs using micro-
pipette and optical tweezers is tedious and skill-dependent.
More importantly, the low measurement speed (minutes to
tens of minutes for testing one cell) makes these techniques
infeasible to obtain sufficient information of the highly het-
erogeneous blood cell population.’” ™ As stored RBCs age,
the cells change their morphology progressively from bicon-
cave to more spherical (spheroechinocytes).”***° Even for the
cells within the same stored blood sample, their morphology
change varies significantly. Hence, testing only a few cells
from a blood sample cannot objectively reveal deformability
changes of the sample.

Compared to micropipette and optical tweezers, ektacytometers
are relatively easy-to-use. However, ektacytometry measure-
ment is limited to approximately 50-60 RBCs per test. In
ektacytometry, elongation index measured via laser diffraction
is the only parameter for indicating RBC deformability.>"*
The definition of elongation index becomes improper when
RBCs' shapes become less regular.>*>® Furthermore,
ektacytometry requires RBCs to settle and adhere to the
bottom of the ektacytometer chamber in order to elongate the
cells under shear stress. This deformation mode is not physio-
logically relevant since in vivo RBCs are folded when flowing
through human microcapillaries with diameters comparable to
or smaller than RBCs.>*® It is known that the mechanical
properties of RBCs can differ significantly when deformed
under different modes (e.g:, extension or folding).>**°

This paper describes the folding of stored RBCs on a
microfluidic device. Fresh and stored RBCs were pressure-
driven to flow through microfluidic channels (cross-sectional
area: 8 um x 8 pum). Hydrodynamic focusing within the
microchannel controls the orientation and position of indi-
vidual RBCs. High-speed imaging (5000 frames s™') captures
the dynamic deformation behavior of the cells, and together
with automated image analysis enables the characterization
of over 1000 RBCs within 3 minutes. Multiple parameters
including deformation index (DI), time constant (recovery rate
after an RBC exits the channel), and circularity of the individ-
ual cells were quantified. Compared to existing stored RBC
deformability studies, our results include a significantly
higher number of cells (>1000 cells per sample vs. a few to
tens of cells per sample) and, for the first time, reveal defor-
mation changes of stored RBCs when traveling through
human-capillary-like microchannels. The correlation between
deformability and morphology of stored RBCs is also reported.

System overview

Fig. 1(a) shows a schematic of the microfluidic device for
studying RBC deformability changes during storage. The
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Fig. 1 (@) Schematic of the microfluidic device for studying
deformability changes of stored RBCs. Hydrodynamic focusing centers
the cell and adjusts it to the ‘standing’ orientation. The RBC is ‘folded’
into a parachute-like shape when pressure-driven through the 8 um x
8 um central channel. Deformation index (DI = L/D) is defined to mea-
sure RBC deformation (top-left). Time constant (tc) of each individual
cell is determined by fitting DI value changes during the cell shape
recovery process to an exponential function, after the cell exits the
microchannel. (b) Experimental images showing the centering,
orienting, folding, and shape recovering of an RBC.

central channel is 160 pum long and has a cross-sectional
area of 8 um x 8 pm. The recovery region has a cross-
sectional area of 200 pm X 8 pum, where the deformed
RBCs gradually recover to their original shape. The channel
length of 160 um was chosen for ensuring the deformation
of the RBCs has reached a steady state before exiting the
channel to eliminate the influence of cell position varia-
tions on DI measurement, due to the frame rate limit
(5000 fps). Two focusing channels are integrated to center
and orient the RBCs. The loading and focusing channels
are connected to a custom-developed precise pressure
source using water tanks. When RBCs flow through the
central channel, RBC images are captured by a high-speed
camera (5000 frames s') through an inverted microscope.
Fig. 1(b) shows the dynamic process of RBC deformation.
When the cell entered the channel, its position was close
to one of the microchannel walls. After the focusing unit,
the cell was centered and adjusted to the ‘standing’ orien-
tation. It then underwent symmetrical shear stress,
resulting in a parachute-like shape near the exit. When the
cell exited the microchannel, shear stress was released, and
the RBC gradually recovered to its original shape.

In order to quantify the deformation behavior of RBCs,
deformation index (DI) is defined as DI = L/D [see Fig. 1(a)]
in the last frame of image right before the cell exits the
microchannel and enters the recovery region (i.e., last frame
of image in the 8 um x 8 pum channel). Recovery time
constant (tc) is determined by exponentially fitting DI values
with respect to time. Circularity, defined as circularity = 4n x
area/perimeter” (circularity = 1 means a perfect circle), is
measured experimentally in the last frame of image right
before the cell exits the region of interest (as shown in ESIT
videos) to depict the morphology of each stored RBC.
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Methods and materials
Blood samples

Stored blood samples were collected using techniques
consistent with the Technical Manual of the AABB (Ameri-
can Association of Blood Banks)*' and used in experi-
ments in accordance with a research protocol approved by
the Mount Sinai Hospital Review Board. Briefly, venous
blood samples (500 ml + 10%) were collected from
healthy donors in CP2D anticoagulant. After separation of
plasma and buffy coat, the RBCs were suspended in
saline-adenine-glucose mannitol (SAGM) (110 ml), and
then stored in a blood bank refrigerator at 4 °C. For each
test, an RBC aliquot was removed and tested at desired
time intervals."'* After an RBC sample was drawn from
the aliquot, it was diluted with PBS with 1% w/v BSA
(RBC sample:PBS = 1:100) and incubated for 10 min at
room temperature to prevent adhesion to channel walls.
Fresh blood samples were obtained from healthy donors
(Mount Sinai Hospital, Toronto, Canada) and tested fol-
lowing the same procedure with the stored RBC samples.
All samples were tested within one hour after incubation.

Experimental methods

The microfluidic device was constructed with PDMS using
standard soft lithography, as described elsewhere.*> The
device consists of two layers of different thickness. The
thickness of the testing areas is 8 pum, while the thickness
of the loading channels is 50 ym for reducing flow resis-
tance (ESIf Fig. S1). After the RBCs were loaded into the
device inlet, a custom-developed water tank system applied
pressure (2.5 kPa) to the cell loading channel and
hydrodynamic focusing channels. The applied pressure of
2.5 kPa was chosen with considerations of testing
throughput and the frame rate limitation of the high-
speed camera. Cell images were captured at a speed of
5000 frames s ' (416 pixel by 142 pixel) via a high-speed
camera (HiSpec 1, Fastec Imaging Corp., U.S.), under a
60x objective of an inverted microscope (resolution:
0.23 pum pixel V). A standard halogen lamp was used to
illuminate the region of interest under bright field
imaging.

A custom-designed MATLAB image processing program
was developed for automated RBC image analysis. For
each video, the region of interest (ROI) is defined as the
microchannel region excluding the PDMS area. After
Gaussian filtering, canny edge detection with adaptive
thresholding is applied to extract cell edges. All the edge
points inside the ROI are accumulated along the X and Y
axes, respectively. The peak regions in the X and Y curves
indicate the coarse cell region, based on which the fine
cell region is obtained by iterations of localizing the active
contours of the cell. Length, width, area, and perimeter
are measured for each RBC to quantify its DI, time con-
stant (tc), and circularity.
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Results and discussion
Hydrodynamic focusing efficiency

The shape of RBCs flowing through small capillaries is a
function of flow rate, initial position relative to the central
line of the capillary, and the diameter of the capillary.>®>*3°
For consistency, RBCs need to be centered in the
microchannel and deformed symmetrically. If cells are asym-
metrically deformed, the definition of DI = L/D becomes less
appropriate for describing their deformation behavior*® (see
ESIT video S1 and S2). Experiments demonstrate that RBCs
close to the central line of the microchannel reveal a more
symmetrically deformed shape while cells near channel walls
usually are asymmetrically deformed. Cells near the channel
walls at the entrance typically stay near the channel wall until
exiting the channel.

When RBCs enter the channel, their positions are random.
Hence, hydrodynamic focusing near the inlet (see Fig. 1) was
used to better position RBCs close to the central line of the
microchannel for later RBC deformation measurement under
shear stress. The usage of hydrodynamic focusing was also
described elsewhere to center as well as apply forces to cells
for deformation measurement.’® Fig. 2 shows a histogram of
central distance (i.e., the distance between the cell center and
the microchannel's central line) of RBCs before (blue) and
after (red) the hydrodynamic focusing unit (n = 1500). The
percentage of RBCs near the microchannel center was
increased significantly by hydrodynamic focusing, and the
number of cells more than two pixels away from the channel
center was significantly reduced. The data presented in this
paper only include those RBCs that were no more than two
pixels away from the central line of the microchannel.

Time constant

After the RBC enters the recovery region, the time constant
(tc) of each RBC is determined by fitting its DI values over
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Fig. 2 Efficiency of hydrodynamic focusing. Histogram of central
distance (i.e., the distance between the center of the cell and
microchannel's central line) of RBCs before (blue) and after (red) the
focusing unit (n = 1500). Central distance of zero means the cell is
perfectly centered within the microchannel. The percentage of RBCs
near the microchannel center was increased significantly by
hydrodynamic focusing.
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Fig. 3 Shape recovery of a biconcave RBC (blue) and spherical RBC
(red) fitted to an exponential model. The spherical shape of the cell
was due to morphological change during blood storage. Time
constant (tc) of the spherical RBC (stored for 6 weeks) is 0.267 ms, and
the tc value of the biconcave RBC (stored for 1 week) is 0.625 ms. The
relationship between deformability change and morphology change is
discussed in the next section.

time to an exponential function, in order to characterize
the recovery rate of the cell. The exponential model is
adapted from the standard Kelvin-Voigt model for describ-
ing the recovery properties of RBCs.*’”*® Fig. 3 shows two
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sets of data, one from a biconcave RBC (blue) and the
other from a spherical RBC (red) due to storage (see ESIf
video S1 and S3). The first data point on each curve was
obtained from the image frame right after the cell exits
the microchannel. For the RBCs shown in Fig. 3, time
constant (tc) of the spherical RBC is 0.267 ms, while the
tc value of the biconcave RBC is 0.625 ms.

It is worth noting that the time constant of RBCs
reported in the literature was approximately 100 ms.***!
In contrast, the time constant we quantified ranges from
0.1 ms to 1 ms. In previous studies, DI was typically
measured starting from 100 ms after an RBC was
released from deformation until the shape completely
recovered (several seconds).’>*® In our experiments,
enabled by high-speed imaging, the rapid recovery
process was captured immediately after an RBC was
released (within 10 ms, 50 frames in total at 5000 fps).
During this period, RBCs recover much faster than in the
later period (e.g., after 100 ms as in earlier studies). As a
result, the captured fast dynamics of RBC deformation
more authentically revealed the cell shape recovery
behavior, and exponential fitting resulted in time constant
values orders of magnitude lower than those from earlier
results in the literature.
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Fig. 4 (a)(b) Scatter plots of time constant vs. circularity; deformation index (DI) vs. circularity, for the same blood sample stored for 1 week
(n = 1038), 3 weeks (n = 1027), and 6 weeks (n = 1001). (c) Distribution of time constant, circularity, and DI. Distribution curves were obtained
by fitting the histogram of each RBC sample (see ESI} Fig. S2) to a normalized distribution function.
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Changes in RBC deformation index, time constant, and
circularity over blood storage

Fig. 4 summarizes results from testing the same blood
sample stored for 1 week (n = 1038), 3 weeks (n = 1027),
and 6 weeks (n = 1001). The scatter plots show tc vs. cir-
cularity [Fig. 4(a)] and DI vs. circularity [Fig. 4(b)]. Within
each sample, both tc and DI show a decreasing trend as
circularity increases, indicating that morphological changes
of RBCs are a factor that causes RBC deformability
changes over blood storage. Fig. 4(c) shows the distribu-
tion of these three parameters. It can be seen that the
average time constant becomes lower as the RBCs are
stored longer. The lower time constant may be attributed
to ATP loss. It has been proven that the depletion of ATP
alters its binding to spectrin-actin, which modifies RBC's
cytoskeleton structure,*>** resulting in RBC stiffening and
faster recovery.’>** During storage, RBCs undergo a num-
ber of biochemical changes, including ATP depletion,*®*
which may be a cause of the lower time constants of
older RBCs.

The average circularity of fresher and older RBCs is
not significantly different; however, the distribution (ie.,
standard deviation) becomes wider. Thus, the distribution
width of circularity (circularity-DW) can possibly be used
as an indicator of stored RBC quality or age. The alter-
ation of circularity distribution over time is mainly con-
tributed by RBC morphology changes. Based on
experimental observation, as stored RBCs age, they first
swell and then progressively change to a sphere-like
shape. A portion of the aged RBCs became more spheri-
cal, making their circularity approach one. There were also
RBCs appearing isotropically enlarged from storage, and
these RBCs typically revealed a higher DI value. When
they pass through the microchannel, their deformed shape
resulted in lower circularity. The more spherical cells and
isotropically swelling cells increased circularity-DW.

No significant difference in DI was found (DI: 1.227 for
1 week, 1.221 for 3 week, and 1.219 for 6 week)
[Fig. 4(c)]. This implies that when stored RBCs are trans-
fused into patients, they are able to flow through
microcapillaries with a similar folding capability. However,
their stretching capability might become poorer, according
to the lower elongation index (EI) measured with
ektacytometry.""*'® The insignificant folding DI change of
older RBCs (vs. fresher RBCs) as quantified in our work,
and the significant stretching EI change of older RBCs
(vs. fresher RBCs) as reported in ektacytometry measure-
ments can be due to the fundamentally different cell
deformation modes.”>*® Although the depletion of ATP
alters RBC cytoskeleton, the stretching EI change might
not be a concern in transfusion medicine since the
stretching mode is not in vivo like and can be physiologi-
cally irrelevant.

We further investigated the effect of RBC morphology
change (circularity) on time constant. Fig. 5 shows the

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Comparison of time constants for the same blood sample stored
for 1 week (n = 1038), 3 weeks (n = 1027), and 6 weeks (n = 1001).
Circularity is divided into five sub-ranges. Error bars represent standard
deviation. In the last circularity range (>0.8), the group of 1 week old
RBCs is not present because no RBC has a circularity higher than 0.8 in 1
week old sample.
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Fig. 6 Time constant (a) and circularity-DW (b) alteration over time.
Each data point was obtained from 5 blood samples and over 1000
cells were tested within each sample. Significant differences exist
between neighbor data points (p < 0.05). A relatively larger change
between fresh and 1-2 week samples was found, compared to the
steady changes over time during storage.

average and standard deviation of measured tc values
within each circularity range (divided into five sub-ranges).
Both fresher and older RBCs with higher circularity reveal
lower time constant. Due to intrinsic property changes,
within each circularity range, older RBCs show consistently
lower time constants, compared to fresher RBCs.

Finally, five blood samples were tested from fresh to
8 weeks' storage, at time intervals of every two weeks (n >
1000 per time interval per sample). As shown in Fig. 6 (indi-
vidual data points are shown in ESI{ Fig. S3), time constant
decreases and circularity-DW (distribution width) increases
over blood storage. Significant differences exist between
neighboring data points (p < 0.05), demonstrating that time
constant and circularity-DW can possible be used as indica-
tors of RBC storage age or stored RBC quality. Standard devi-
ations shown in Fig. 6 can be attributed to blood donor
variations and variations in blood processing procedures.*®*°
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Conclusion

The deformability changes of stored red blood cells (RBCs)
were studied using a human-capillary-like microfluidic chan-
nel. High-speed imaging system and automated image pro-
cessing were used to quantify multiple parameters, enabling
a higher measurement speed. Fresh and stored blood sam-
ples (up to 8 weeks) were tested. Besides large sample sizes,
our study, for the first time, revealed deformation behavior
changes of stored RBCs when traveling through human-
capillary-like microchannels. Although existing literature con-
sistently reported stretching deformability change of stored
RBCs, our results show that no significant difference exists in
their folding deformability. Furthermore, we report that sig-
nificant changes in time constant (i.e., recovery rate) and cir-
cularity distribution width (i.e., heterogeneity of morphology)
can be useful parameters for quantifying stored RBC quality
or age.
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