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Shear modulus and viscosity of sickle cell trait red blood cells and normal RBCs were measured

under controlled oxygen conditions.
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Abstract

Sickle cell trait (SCT) is a condition in which an individual inherits one sickle hemoglobin gene
(HbS) and one normal beta hemoglobin gene (HbA). It has been hypothesized that under
extreme physical stress, the compromised mechanical properties of the red blood cells (RBCs)
may be the underlying mechanism of clinical complications of sickle cell trait individuals.
However, whether sickle cell trait (SCT) should be treated as physiologically normal remains
controversial. In this work, the mechanical properties (i.e., shear modulus and viscosity) of
individual RBCs were quantified using a microsystem capable of precisely controlling the
oxygen level of RBCs’ microenvironment. Individual RBCs were deformed under shear stress.
After the release of shear stress, the dynamic cell recovery process was captured and analyzed to
extract the mechanical properties of single RBCs. The results demonstrate that RBCs from sickle
cell trait individuals are inherently stiffer and more viscous than normal RBCs from healthy

donors, but oxygen level variations do not alter their mechanical properties or morphology.

Introduction

Sickle cell disease (SCD) is a genetic disease caused by a mutation in the gene encoding the -
globin protein ™. SCD patients possess abnormal hemoglobin (hemoglobin S, HbS) instead of
normal hemoglobin (hemoglobin A, HbA). Under certain physiological conditions (e.g.,
deoxygenation), the sickle hemoglobin (HbS) can polymerize into long chains, resulting in
stiffened and often sickle-shaped red blood cells (RBCs). This triggers the obstruction of small
vasculatures and causes clinical vaso-occlusive events . The condition that a person inherits
one sickle hemoglobin gene (HbS) and one normal beta hemoglobin gene (HbA) is described as

2



Lab on a Chip

sickle cell trait (SCT). Sickle cell trait individuals possess both HbS and HbA in their RBCs 71,
By the end of 2009, there were approximately 4 million people in the U.S. (1.31% of the

population) and an estimated more than 300 million people worldwide with SCT 58,

Given the prevalence of the SCT condition, relevant studies have been very limited compared to
sickle cell disease since SCT had mostly been regarded as a benign condition and the cases that
directly linked SCT to clinical complications are infrequent **. The debate over whether SCT
should be treated as a benign condition is becoming more intensive over the past decade,
especially after the National Collegiate Athletic Association (NCAA) initiated the practice of
screening all Division | athletes for SCT in 2009 "3 Soon after, American Society of
Hematology (ASH) along with several other organizations issued a policy statement contending
that “current scientific evidence does not justify sickle cell trait screening as a prerequisite to

athletic participation” 4.

The intense public disagreement necessitates both large-scale epidemiological studies and in-
depth understanding of RBCs’ physiology of SCT individuals ®%*?8 vaso-occlusion, the
blockage of blood vessels caused by stiffened and often sickle-shaped RBCs usually occurs
under deoxygenated conditions. It has been proven to be the most common and fatal symptom of
sickle cells disease " and is also deemed to be the top contributor to sudden death of
individuals with sickle cell trait 782221 Therefore, this study aims to reveal how the
deformability of SCT RBCs differs from normal RBCs and whether they become stiffened and

sickled under deoxygenation.

A number of technologies have been developed to characterize the mechanical properties of

RBCs ?*®! These technologies can be classified into two categories based on the testing
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environment is open or closed. Atomic force microscopy (AFM) and micropipette aspiration are
two widely used open systems (2”1 where RBCs are often tested in a droplet (or small volume)
of medium that is exposed to the atmosphere. Because RBCs are sensitive to osmolality changes
of the medium!?®?], given the low measurement speed of these techniques (several minutes per
cells), the small volume of medium can have significant osmolality changes during measurement.
As a result, the measured mechanical properties of RBCs likely consist of artifacts caused by the
variation of osmolality. For instance, an osmolality change of 300 mOsm to 200 mOsm can
cause a 25-40% increase in the measured shear modulus value?®?!. In addition, in order to
control the oxygenation environment, a complicated system including a close chamber and
medium exchange or gas exchange networks is required. This adds further complexity to the
operation procedures, comprises measurement sensitivity, and leads to even lower measurement

speeds B,

In closed systems, RBCs are tested in an enclosed environment (e.g., microfluidic channels). A
closed system can better maintain the osmolality of medium. Microfluidic measurement of RBCs
also typically has a higher testing speed. In our previous work and others’ [31-%] RBCs rapidly
flows through microfluidic capillaries, and transit time and/or deformation index were used as
indicators of RBCs’ mechanical properties. However, these quantities, which are coupled with
cell volume and adhesion properties, are not inherent material parameters of RBCs.
Consequently, the values reported in the literature are usually not comparable. Leveraging the
high gas permeability of PDMS, microfluidic devices capable of gas exchanges have been
developed for controlling oxygen levels of cell culture 37, Most recently, RBCs of sickle cell
disease patients were investigated using such a microfluidic system, wherein flow resistance was

used as a biophysical indicator of vaso-occlusive risk &3,
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Because of clinical and policy making interests, quantitatively investigating sickle cell trait
RBCs’ deformability and morphology under controlled oxygen conditions is the aim of this
study. This study demands suitable tools capable of mechanically characterizing RBCs at the
single cell level and varying the oxygen concentration while maintaining a physiological
condition (i.e., osmolality, pH, and hydration). Here we demonstrate a microsystem (Fig. 1(a))
for measuring the mechanical properties of individual RBCs under controlled oxygen levels. The
device consists of three parallel microchannels separated by 100 um thick PDMS membrane. A
diluted blood sample is introduced to the central channel, and RBCs form adhesion to the device
bottom. Two water tanks are connected to prevent the osmolality and pH changes caused by
medium evaporation. The oxygen condition of tested RBCs is controlled by pumping either air
or nitrogen into the two side channels. RBCs are deformed under shear stress generated using a
regulated vacuum source. After the release of shear stress, the RBCs recover to their original
shape. The dynamic recovery process is captured using microscopy imaging (Fig. 1(b)).
Mechanical models are developed to extract the mechanical parameters (shear modulus and
viscosity) of individual RBCs. Using this system, we measured the shear modulus and viscosity
of SCT RBCs under oxygenated and deoxygenated conditions. Our results show that SCT RBCs
are inherently stiffer and more viscous compared to normal RBCs from healthy donors, but

oxygen level variations do not alter their mechanical properties and morphology.
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Materials and Methods

Blood specimens

Blood samples were collected from normal and sickle cell trait (SCT) individuals following the
standard laboratory procedures in accordance with a research protocol approved by the Mount
Sinai Hospital Review Board. Informed consent was obtained from all subjects. Blood samples
were anti-coagulated with ethylenediaminetetraacetic acid (EDTA, 1.5 mg/ml) and stored for no
more than 48 hours. Before injected into the device, all blood samples were diluted 200 times in
isotonic phosphate-buffered saline (PBS: 50 mM sodium phosphate, 90 mM NaCl, and 5 mM

KCI, pH 7.4, 285 mosM).

Device fabrication and operation

The micro device was fabricated by bonding PDMS with grooves to a glass slide. The device
consists of three parallel channels with a cross-sectional area of 40 um x 300 um. The channels
are separated by 100 um thick PDMS membrane, which facilitates gas exchange between the
central channel and the two side channels. Before loading a diluted blood sample, the central
channel was filled with PBS. After injecting the diluted blood sample to the central channel, the
water tanks (also filled with PBS) were connected to the inlet and outlet carefully to avoid any
bubbles present in the liquid pathway. RBCs were allowed to settle down for 20 minutes and
form adhesion to the channel bottom due to negative surface charge. It should be noted that the
purpose of using water tanks was to prevent the osmolality and pH changes caused by medium
evaporation, instead of generating pressure differences. The capability of maintaining a constant
osmolality for a long period is crucial for reliably measuring RBC properties since RBCs are

highly sensitive to the ion concentration in medium. This microsystem is more advantageous
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compared to other popular tools for RBC mechanical properties (e.g., micropipette aspiration and

AFM), wherein RBCs are usually kept in an open droplet that can evaporate rapidly.

The water tanks are two closed containers with only one aperture connecting the space above the
liquid surface to the atmosphere (atm.) or pressure control units (valve 1 and regulator). After
loading the diluted blood sample and connecting the water tanks, measurement was conducted
with the following protocol: (1) Flush the side channels with air by opening valve 3 for 10 min to
achieve equilibrium of gas exchange. (2) Connect water tank 2 (T2) to atm. by opening valve 1
and closing the regulator. (3) Connect water tank 1 (T1) and water tank 2 (T2) by opening valve
2, and allow the water level to balance (10 min), thus the pressure difference within the central
channels is zero. (4) Close valve 1 and valve 2, water tank 2 becomes a sealed container,
connected only to the regulator. The regulator is used to adjust pressure difference for the
application of shear stress. The pressure difference (-2 kPa in experiments) across the central
channel was read from the pressure sensor connected to water tank 2. (5) After the application of
the negative pressure (shear stress), RBCs are deformed. Valve 1 (solenoid valve) is then quickly
opened to release pressure, and RBCs start to recover to their original shape. This complete
dynamic process was recorded using a CCD camera (200 fps), through a 96x object on an
inverted microscope. (6) For measuring the mechanical properties under deoxygenated condition,
flush the side channels with N by opening valve 4 and closing valve 3, repeat the above process.
After the measurement under both oxygenation and deoxygenation was finished, a different field

of view was imaged/measured.
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Image processing

A custom-written MATLAB image processing program was used to measure cell length and
width for quantifying the cell’s deformation. Briefly, Otsu’s adaptive thresholding method was
used to binarize the image after Gaussian filtering. Cells located close to image edges and small
contaminants were removed. Within each image, centroid and minimum bounding rectangle
(MBR) of every cell were calculated and recorded. Cell length and width were determined from
the MBR’s dimensions. Since RBCs adhered to the microchannel bottom strongly, centroid
displacement of a cell across the image sequence was smaller than 10 pixels. Therefore, cells
with centroid displacement smaller than 10 pixels across the sequential images were considered

to be the same cell. Cell deformation was thus measured.

Oxygen diffusion validation

Prior to using the microsystem for RBC measurement, oxygen diffusion was validated by
injecting an oxygen-sensitive luminescence probe (Tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium(I1) dichloride complex (1 mg/ml in PBS)) into the central channel (SI
Fig. 1(a)). The luminescent intensity of this probe is quenched by oxygen molecules, and thus
can reflect dissolved oxygen concentration of the solution. In experiments, luminescence was
measured under illumination at 488 nm. Air (20% O, + 80% N;) was flushed into the two side
channels for 20 min, ensuring that equilibrium of the luminescent dye solution was reached. As
shown in Sl Fig. 1(b), gas was switched from air to N, at O s; after approximately 200 s, the

luminescent intensity saturated, which indicates the completion of gas exchange.
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Results and discussion

Mechanical models

In order to quantify the mechanical properties of RBCs, the Kelvin-Voigt model was applied to
describe an RBC as a viscoelastic body. Shear modulus, which represents an RBC’s resistance to
shear stress-induced deformation, and viscosity, which describes an RBC’s dynamic response to

the rate of deformation, were determined using the following method.

The shear stress acting on RBCs on the central channel bottom can be estimated from the
pressure difference AP (2 kPa used in experiments) and the channel geometry (assume w>> h),

according to
h
T= oL X AP (1)

where L is the channel length and h is the channel height. Experimentally, the central channel’s

dimension is 40 pum (h) x 300 pm (w) x 6 cm (L).

To extract mechanical properties of RBCs from experimental data, Kelvin-Voigt model describes

an RBC as a viscoelastic body %2,

r=t(2-3)+n:% )

where T is the tension force acting on RBCs’ membrane, p is the shear modulus, n is the

viscosity, A is the extension ratio, and t is time.
At steady state before shear stress is released, u can be calculated from T and A.

A= 1/l ©)
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where [ is RBCs’ length when deformed, and [, is RBCs’ original length. The surface shape of
deformed RBCs is approximated by an ellipse. T is estimated by balancing the force acting of the

RBC surface.

r=24 @)

where T is the shear stress acting on RBCs’ surface, and A is the surface area of deformed RBCs.

Hence, Eq. (2) can be normalized by membrane shear modulus.

=i (P ) ey ®)

¢ at

where t, & % is the time constant that reflects cell dynamic response to force change. The time-
dependent recovery of cell deformation is determined by

1

_t/ c E
A(0) = [%l (6)
A—e 'tc
where A & ’1$”+1, and t. can be determined by fitting the dynamic process of shape recovery to

231
Eqg. (6). Then viscosity is calculated with n = u x t . Details of Kelvin-Voigt model were
discussed elsewhere!®* 4. Note that using this model, although the cell shape effect can be
compensated for, the slight variation of RBC shape and adhesion strength may still contribute to

the measured mechanical properties.
Shear modulus and viscosity

After the release of shear stress (i.e., connect water tank 2 to atmosphere by opening valve 1),

deformed RBCs recover gradually to their original shape (see Fig. 2(a)). This dynamic process

10
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was captured via imaging at 200 Hz through an inverted microscope (96 x, resolution: 0.23
pm/pixel). The extension ratio with respect to time was fitted to Eq. (6). t. that presents the best
fitting result (i.e., smallest R?) was taken to be the time constant of the tested RBC. The shear

modulus value (u) was calculated using the steady state extension ratio (A). Viscosity was

obtained by the definition of t, & % Fig. 2(a) shows a typical curve fitting result of a healthy

RBC, and the microscopy images of the RBC’s shape in corresponding image frames. The
recovery process typically ends within 1.5 seconds (300 frames). Experimental data and curve

fitting results are presented in blue and red, respectively (R? >0.99 for all fitting results).

In the Kelvin-VVoigt model, an RBC is modeled as a viscoelastic body and hence exhibits both
viscous and elastic characteristics when undergoing deformation. Shear modulus and viscosity
are used to depict these two properties, respectively, which ideally are supposed to be
independent of each other. Fig. 2(b) is a scatter plot of the measured shear modulus and viscosity
values of a control RBC sample (n=71). No correlation was observed between the two
parameters with correlation coefficient of 0.0612. This corroborates that shear modulus and

viscosity are two independent inherent material properties of RBCs.
Mechanical properties of SCT RBCs remain unchanged under different hypoxia conditions

Red blood cells from healthy donors (control) and sickle cell trait individuals were tested using
the microsystem. Fig. 3(a)(b) show the measured shear modulus and viscosity values of
individual RBCs (n=20) under oxygenated (blue) and deoxygenated (red) conditions.. Fig. 3(a,b-
bottom) summarize the percentage difference ((Valuege- Valueoyy) / Valuegyy x 100%) of the two
parameters obtained from the same cell (yellow for shear modulus and green for viscosity). The

largest difference of the tested RBCs between oxygenated and deoxygenated conditions is

11
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approximately 6% with an average difference of 0.079% (shear modulus) and 0.43% (viscosity)
for the healthy sample, and 0.96% and 0.33% for the SCT sample. Notably, the shear modulus
and viscosity values under oxygenated and deoxygenated conditions (Fig. 3(a)(b)) were

measured on the same cells.

These results indicate that oxygen condition did not produce noticeable effect on mechanical
properties for both healthy RBCs and SCT RBCs. Fig. 3(c)(d) show the statistical presentation of
the data in Fig. 3(a)(b). Since there is virtually no difference of shear modulus and viscosity
under different oxygen conditions, the median value of measured shear modulus and viscosity
under oxygenated condition were used for comparison (shear modulus: 3.77 UN/m vs. 4.28
MN/m; viscosity: 1.13 uNs/m vs.1.86 pNs/m). The mechanical property values of the healthy
sample are in agreement with the values reported in the literature “%**44 The SCT sample

reveals both higher shear modulus and viscosity compared to healthy RBCs.
SCT RBC:s are stiffer and more viscous than normal RBCs

In order to further verify this conclusion, shear modulus (see Fig. 4(a)) and viscosity (see Fig.
4(b)) from 5 control samples and 5 sickle cell trait samples were measured using the
microsystem, where the three lines of the box represent 75 percentile, median, and 25 percentile;
the whiskers represent the locations of maximum and minimum. For each sample, 60-80 RBCs
were measured. As shown in Fig. 4(c), the shear modulus and viscosity differences of both
healthy RBCs and SCT RBCs under oxygenation and deoxygenation are small (the average
value of a blood sample is lower than 1%), demonstrating that healthy RBCs and sickle cell trait
RBCs did not vary their mechanical properties in response to different oxygen conditions. The

values measured under oxygenation were used as the inherent mechanical properties of the

12
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samples. Fig. 4(d)(e) summarize average group median values of shear modulus and viscosity of
healthy RBCs and SCT RBCs. Compared to healthy samples, SCT samples exhibit higher shear
modulus (3.81 £ 0.24 uN/m vs. 4.42 = 0.35 pN/m) and viscosity (1.22 + 0.21 pNs/m vs. 1.75 +
0.15 pNs/m), revealing that sickle cell trait RBCs are stiffer and more viscous. Mann-Whitney
nonparametric analysis shows statistical difference exists between the healthy and SCT

populations.

Sickle cell trait is an inherited protection mechanism of malaria endemic population and has a
broad positive effect of child survival %, Although sickle cell trait was historically perceived as
an asymptomatic condition, the concerns about exercise-related (or extreme physiological
condition) morbidity and mortality have increased over the past decades [#°114*4] Recent large-
scale epidemiological data revealed connections between sickle cell trait and exercise-related
mortality . However, to date, it is still controversial that whether sickle cell trait is directly
responsible for the unexplainable death. If the answer is yes, then what are the underlying
pathophysiological mechanisms? Hemorheology studies suggest higher viscosity of the whole
blood sample from sickle cell trait individuals under normal condition /%!, While some believe
that sickle cell trait RBCs would polymerize and sickle, as sickle cell disease RBCs, the
observed sickling of RBCs found in sudden-death of SCT individuals are likely caused by the
artifacts of the death %Y. Existing results on mechanical properties of single RBCs from sickle
cell trait individuals are limited '%**2. The microsystem reported in this paper enabled
quantification of the shear modulus and viscosity of single RBCs under controlled oxygen
conditions. The experimental results demonstrate that RBCs from sickle cell trait individuals are
inherently stiffer and more viscous compared to RBCs from healthy donors; however, oxygen

level variations do not alter their mechanical properties and morphology.

13
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The mechanical property differences of SCT RBCs, as compared to normal RBCs, can possibly
be attributed to several physiological alterations. It was reported that SCT RBCs contain a higher
concentration of Ca*? involved in the regulation of binding of band 3 to the cytoskeleton bound
ankyrin. By enhancing the binding of spectrin, the increased Ca*? can likely increase the rigidity
of the RBC membrane ?°*31, Observed mechanical properties could also be due to the greater
activity of the RBCs” K*-CI" cotransporter and monocarboxylate transporter of SCT individuals,
which can cause the disorganization of membrane integral proteins ®**°!. In addition, the higher
viscosity of SCT RBCs is most likely related to the 20-40 % hemoglobin S in the cytoplasm of

SCT RBCs, since hemoglobin S is known to become more viscous when polymerized ©°.

Conclusion

Due to the growing public concerns such as athletic associations over the mortality and
morbidity of young sickle cell trait athletes and the profound influence on millions of SCT
people, interests in studying SCT RBCs have increased recently. Among many
pathophysiological questions that remain to be answered, this work studied the mechanical
properties (shear modulus and viscosity) of RBCs from SCT individuals. Our results demonstrate
that RBCs from sickle cell trait individuals are significantly stiffer and more viscous than normal
RBCs, but oxygen level variations do not alter their mechanical properties and morphology.
Technically, the microsystem developed in this work enabled quantification of the mechanical
properties of individual RBCs under controlled oxygen conditions. Next step is to involve a

larger sample size to reveal the heterogeneity of the mechanical properties of SCT RBCs across

14
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SCT individuals and to comprehensively investigate their response to different oxygen

conditions and other physiological factors such as pH changes.
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Figure Legends

Fig. 1 Microsystem for studying mechanical properties (shear modulus and viscosity) of sickle
cell trait (SCT) red blood cells (RBCs). (a) Device consists of three separated, parallel channels
(see section A-A). Diluted blood samples are input into the central channel (red) connected to a
water tank pressure control system. Gas exchange (air and N,) in the two side channels (cyan) is
controlled by valves 3 and 4. Valve 1 generates a step of pressure change to release shear stress
in the central channel. (b) Left image shows deformed RBCs under shear stress. The RBCs
adhered to the bottom of the central channel. After the release of shear stress, RBCs dynamically
recover to their original shape. Right image is captured 1.5 seconds after the release of shear

stress (see supplementary video).

Fig. 2 (a) RBC dynamic shape recovery process. Shape recovery of an RBC fitted to the Kelvin-
Voigt model. Microscopy images show RBC shape in corresponding image frames. Shear stress
was released at 0 s. Recovery process typically ends within 1.5 seconds (300 frames).
Experimental data and curve fitting results are presented in blue and red, respectively. (b) Scatter
plot of shear modulus and viscosity of a control RBC sample (n = 71). No correlation was

observed between the two parameters. Correlation coefficient R = 0.0612.

Fig. 3 Mechanical properties of control and SCT RBCs measured in one test (cell number n=20).
(a)(b) Shear modulus (top) and viscosity (middle) of individual control and SCT RBCs under

oxygenation (blue) and deoxygenation (red). Figures on the bottom summarize the percentage
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difference of the two parameters (yellow for shear modulus and green for viscosity) under the
oxygenated and deoxygenated conditions ((Valueg- Valueoy)/ Valueyy x 100%). The largest
difference is about 6 percent, with an average of 0.079% (shear modulus) and 0.43% (viscosity)
for the control sample, and 0.96% and 0.33% for the SCT sample, elucidating that oxygen
condition has no effect on altering mechanical properties of both control RBCs and SCT RBCs.
(c)(d) Statistical summary of the shear modulus and viscosity values in (a)(b). Values measured
under oxygenation are presented here. The RBCs from the SCT sample are stiffer and more
viscous than the RBCs from the control sample. *p was calculated using Mann-Whitney

nonparametric analysis.

Fig. 4 Mechanical properties measured from 5 healthy/control samples (red) and 5 SCT samples
(blue). For each sample, the three lines of the box represent 75 percentile, median, and 25
percentile; the whiskers represent the locations of maximum and minimum (n= 60 - 80 cells for
each sample). (c) The percentage differences (average of individual RBCs) of tested samples
under oxygenation and deoxygenation are within 1%. The average median values of shear
modulus (d) and viscosity (e) of the 5 control samples and the 5 SCT samples are 3.81 + 0.24
UN/m vs. 4.42 + 0.35 pN/m and 1.22 + 0.21 pNs/m vs. 1.75 £ 0.15 pNs/m (mean + SE),
respectively. *p was calculated using Mann-Whitney nonparametric analysis; and error bars
represent standard error of the mean value. These results demonstrate that SCT RBCs are
inherently stiffer and more viscous, as compared to control RBCs. In addition, their mechanical

properties do not response to oxygen conditions.
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Figures
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Fig. 2
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Fig. 3
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