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ABSTRACT
Red blood cell (RBC) deformability is important for tissue perfusion and a key determinant of blood rheology. Diseases such as diabetes, sickle
cell anemia, and malaria, as well as prolonged storage, may affect the mechanical properties of RBCs altering their hemodynamic behavior
and leading to microvascular complications. However, the exact role of RBC deformability on microscale blood flow is not fully understood.
In the present study, we extend our previous work on healthy RBC flows in bifurcating microchannels [Sherwood et al., “Viscosity and
velocity distributions of aggregating and non-aggregating blood in a bifurcating microchannel,” Biomech. Model. Mechanobiol. 13, 259–273
(2014); Sherwood et al., “Spatial distributions of red blood cells significantly alter local hemodynamics,” PLoS One 9, e100473 (2014); and
Kaliviotis et al., “Local viscosity distribution in bifurcating microfluidic blood flows,” Phys. Fluids 30, 030706 (2018)] to quantify the effects
of impaired RBC deformability on the velocity and hematocrit distributions in microscale blood flows. Suspensions of healthy and glutaralde-
hyde hardened RBCs perfused through straight microchannels at various hematocrits and flow rates were imaged, and velocity and hematocrit
distributions were determined simultaneously using micro-Particle Image Velocimetry and light transmission methods, respectively. At low
feed hematocrits, hardened RBCs were more dispersed compared to healthy ones, consistent with decreased migration of stiffer cells. At high
hematocrit, the loss of deformability was found to decrease the bluntness of velocity profiles, implying a reduction in shear thinning behavior.
The hematocrit bluntness also decreased with hardening of the cells, implying an inversion of the correlation between velocity and hematocrit
bluntness with loss of deformability. The study illustrates the complex interplay of various mechanisms affecting confined RBC suspension
flows and the impact of both deformability and feed hematocrit on the resulting microstructure.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111189., s

I. INTRODUCTION

Microvascular flow plays a vital role in regulating physiolog-
ical functions, such as vascular resistance, and maintaining organ
health. A large number of pathologies alter these flows, leading to
complications and posing a risk to human health. Understanding the
hemodynamics and rheology of blood flow in the microvasculature
is thus of great importance in health and disease.

Red blood cells (RBCs) or erythrocytes are the most abundant
cells in blood, with a volume fraction of 45% (known as hemat-
ocrit); hence, blood can be considered as a soft particle suspension,
i.e., comprising deformable cells suspended in a continuous phase,
the plasma (which is typically assumed Newtonian). As such, blood
exhibits shear-thinning behavior, determined to a great extent by
the deformability and aggregation of RBCs. The ability of RBCs to
deform is key to their function of nutrient and waste transport as
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it allows them to flow through microvessels with dimensions com-
parable to or smaller than their size. Pathologies such as sickle cell
anemia, malaria, or diabetes are associated with both less deformable
RBCs and microangiopathies, such as ischemia and vaso-occlusion.4

Decreased RBC deformability has been reported in malaria,5 sickle
cell anemia,6 and other metabolic inflammatory or vascular diseases
such as diabetes, Alzheimer, and stroke.7–10

The role of RBC deformability on blood rheology has been the
subject of numerous studies. Early work by Chien11–13 revealed that
hardened RBC suspensions exhibit almost Newtonian behavior and
higher viscosity compared to washed normal RBCs. The increase
in effective viscosity has been attributed to an increase in tum-
bling motion of hardened cells, most notably glutaraldehyde treated
ones.14 More recently, Lanotte et al.15 confirmed the near Newto-
nian behavior of hardened RBCs and provided further evidence that
RBC deformability as well as changes in RBC dynamic morphologies
and motion during shearing account for the shear thinning blood
behavior in microcirculation. An increase in viscosity and loss of
shear thinning behavior have also been demonstrated in rheological
studies of sickle RBC suspensions6,16 in which RBC deformability is
reduced.

The increased viscosity of less deformable RBCs has an impact
on flow resistance and hence microvascular flow and perfusion.
In vivo animal studies have shown that reduced RBC deformability
increases vascular resistance13,17 and affects oxygen delivery and tis-
sue perfusion in a manner comparable to extreme anemia.18 In vitro
measurements in artificial microvascular networks have also demon-
strated higher flow resistance of hardened or aged RBCs compared
to healthy ones.19,20 Similarly, decreased hydrodynamic conductance
has been found in flows of sickle (less deformable) RBCs, serving
thus as an effective biomarker21 to stratify sickle cell patients.

The deformability, along with the aggregation tendency of
RBCs, forms the basis for many biophysical phenomena in micro-
circulatory flows. Deformability allows a symmetry breaking in the
low Reynolds number Stokes flows encountered in the microcircu-
lation (which prohibit migration of rigid particles), inducing a wall
lift force on RBCs. This force together with the lift generated by
the shear gradients in inhomogeneous flows in the microcircula-
tion drives deformable RBCs away from the wall and toward the
microvessel centerline. Lateral migration of RBCs leads to hetero-
geneous distributions throughout the microvasculature and to the
Fåhraeus and Fåhraeus-Lindqvist effects. Both single RBC motion
and migration dynamics are strongly influenced by the mechanical
properties of RBCs, and rigidified cells exhibit tumbling motion14,22

and reduced migration rates.23,24 At physiological hematocrits, RBC
migration is counterbalanced by cell hydrodynamic interactions
(collectively termed shear induced diffusion),25 and the two phe-
nomena combined give rise to heterogeneous cell distributions in
the microcirculation.

A number of in silico studies have investigated the role of
deformability on microscale blood flow, for example, by Fedosov
et al.,26 Zhang et al.,27 and Bagchi et al.,28 showing increased dis-
persion of less deformable RBCs due to their tumbling motion and a
reduction in the cell depletion layers. However, there are few experi-
mental studies on the effects of reduced RBC deformability on veloc-
ity and hematocrit distributions for physiological hematocrits, with
published studies dealing mostly with dilute RBC suspensions29,30

or margination of hardened RBCs.31,32 Experiments with dilute

suspensions of hardened RBCs have been shown to be more widely
distributed in a Poiseuille flow compared to deformable RBCs29 in
agreement with in silico findings. An inversion of hematocrit par-
titioning in bifurcations has also been reported by Shen et al.30

for dilute suspensions with high viscosity contrast highlighting the
impact of altered RBC deformability on hematocrit distributions
in the microvasculature. A small amount of rigidified RBCs (also
platelets or particles which are harder than RBCs) added to a sus-
pension of deformable cells has been shown to be displaced toward
the wall as a result of heterogeneous collisions between soft and stiff-
ened cells, causing large displacements to stiff particles.33–35 All these
studies have provided some important clues on the behavior of rigid-
ified cells; however, it remains unclear how less deformable RBCs
behave or distribute in dense, physiological suspensions, in which
cell interactions are expected to be stronger. In particular, there is
a scarcity of experimental data on the effect of RBC deformability
on the velocity and hematocrit distributions of such suspensions in
microscale flows that the present study aims to address.

Studies with denser, physiological RBC concentrations are not
only important in understanding disease but also in improving
our fundamental understanding of hydrodynamic interactions of
deformable particles and providing microstructure information that
is essential in constitutive modeling of such suspension flows, an
area of considerable interest in the soft matter community. We have
previously characterized the behavior of aggregating and nonaggre-
gating healthy RBC flows in bifurcating microchannel geometries.
These studies elucidated the strong coupling between the velocity
field and the microstructure1–3,36,37 and, in particular, the role of
RBC aggregation on partitioning at bifurcations, heterogeneity, and
local viscosity. In the present study, we extend our previous work
to probe the role of RBC deformability on the velocity and hema-
tocrit distributions in microchannel flows. Hardened RBC suspen-
sions perfused through straight microchannels at different hemat-
ocrits and flow rates are studied, and their behavior is compared to
healthy RBC suspensions.

II. EXPERIMENTAL METHODS
A. Sample preparation

Human blood was collected from three different healthy donors
with ethical approval from the South East London NHS Research
Ethics Committee (Ref:10/H0804/21). RBCs were separated from
whole blood via centrifugation and washed twice in phosphate
buffered saline (PBS) before they were resuspended in PBS at hema-
tocrits of 5%, 10%, or 25%. RBC hardening was carried out by incu-
bating samples in glutaraldehyde (GA) solution of 0.08% for 15 min,
expected to decrease deformability approximately 3–4 fold.19,38 The
samples were subsequently washed in PBS and resuspended at the
desired hematocrit. Samples were adjusted to room temperature
before experimentation. All experiments were carried out within the
same day of venepuncture. Typical images of the samples studied are
shown in Fig. 1(a). It should be noted that no significant difference
in RBC morphology was observed between healthy and hardened
samples.

B. Microchannel fabrication
All experiments were conducted in a straight, 16 mm long,

microchannel geometry with a square cross-sectional area of 50 μm
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FIG. 1. (a) Sample images of healthy
and hardened RBC samples of vari-
ous hematocrits perfused through the
microchannel at 45 s−1. (b) Schematic
of the μPIV experimental setup for bright-
field imaging of microscale blood flow. (c)
Sample vector plot obtained by PIV pro-
cessing to preprocessed images. Multi-
pass correlation methods were used with
a vector spacing of 2.4 μm (4 pixels). The
first vector is positioned 6 μm from the
wall. The scale bar is 10 μm. The ori-
gin of the coordinate system was taken
at the midplane of the channel and on its
centerline so that the normalized radial
coordinate, y∗ = y/W, varied from −0.5
to 0.5.

width (W). The microchannels were fabricated by standard soft
lithography techniques.39 An SU-8 master was created and served
as a negative mold. Sylgard 184 (Dow Corning) was used as PDMS
prepolymer mixed with a curing agent at 10:1 ratio. The polymer
mixture was degassed in a vacuum chamber to remove air bub-
bles, poured over the silicon mold, and baked at 65 ○C overnight.
After curing, the PDMS replica was peeled off. Inlet and outlet
perfusion holes were created using a biopsy punch, and subse-
quently, the PDMS chips were bonded onto glass slides using oxygen
plasma treatment to both surfaces by a handheld corona device (BD-
20ACV, Rotaloc, Inc., USA). The origin of the coordinate system was
taken at the midplane of the channel and on its centerline so that the
normalized radial coordinate, y∗ = y/W, varied from −0.5 to 0.5.

C. Experimental setup
RBC solutions were perfused through the microchannels by

a bespoke pneumatic microfluidic flow controller described previ-
ously.36 The volumetric flow rates were determined by integrating
the measured velocity profiles—making use of quasi-3D assump-
tions as described in the work of Sherwood et al.2 (supplementary
material, S3)—and were expressed in terms of a normalized velocity
or nominal shear rate, U∗ = U/W, where U is the average flow veloc-
ity and W is the width of the channel. U∗ varied from 1 to 250 s−1

in this study. RBC flows were imaged using a LabVIEW (National
Instruments, USA) driven micro-Particle Image Velocimetry (μPIV)
system described previously.1,2 The system, shown schematically in
Fig. 1(b), comprises an epifluorescent inverted microscope (Leica
DM ILM, Germany) equipped with a 10× objective (NA = 0.25), a
green Light Emitting Diode (LED) microstrobe illumination, and a
Charged Coupled Device (CCD) camera (Hamamatsu, C8484-05C,

Japan). RBCs were used as flow tracers, and 60 pairs of images were
acquired at a frame rate of 6 Hz. The data acquisition time was 10 s
and within this time frame, and the flow rate employed sedimen-
tation can be considered negligible.40 A high flow rate (around U∗

= 650 s−1) was also applied between each measurement in order
to redistribute the RBCs and minimize accumulated sedimentation
effects. The time between image pairs (dt) was adjusted between 0.5
and 4 ms depending on the flow rate; this was selected so that the
RBC maximum displacement in the center of the flow was less than
half of the interrogation window (IW) width.

The acquired images were preprocessed in MATLAB: images
were cropped to 2W and aligned and rescaled according to the PIV
interrogation windows (IW) such that W was an integer multiple
of the IW width. The velocity field was determined by implement-
ing multipass ensemble PIV cross-correlation algorithms in JPIV
(www.vennemann-online.de/jpiv). Three passes with a final inter-
rogation window size of 16 × 8 pixels and 50% overlap were applied.
Vector validation was conducted using the normalized median test.
Fewer than 0.1% of detected vectors were deemed invalid and were
replaced by the median of the neighboring vectors. The image reso-
lution after preprocessing was 0.60 μm/pixel, and hence, the spatial
resolution of the measurements (i.e., vector spacing) was 2.4 μm
(4 pixels). Due to diffraction, the pixels near the wall could not prop-
erly contribute to the PIV processing; hence, the first vector was
located 10 pixels from the wall, i.e., 6 μm. For the more dilute sample
(5%), the first vectors considered were located 7.2 μm away from the
wall, in order to avoid PIV errors due to reduced RBC concentration
near the wall.

Figure 1(c) shows a sample vector plot obtained. A region
of interest (ROI), two channel widths long and located at chan-
nel midlength (i.e., 160 W downstream of the inlet), was used to
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estimate the velocity profiles across the channel. The choice of
ROI was verified by (a) comparing velocity profiles produced from
ROIs three and five channel widths long, and the differences in the
measured velocity profiles were below 0.03% and 0.04%, respec-
tively, and (b) by comparing velocity profiles measured upstream
and downstream of the ROI. The flow rates determined from these
profiles were found to be consistent within 2%, providing also an
indication of the error in the velocity measurements.

It should be noted that in the current setup the depth of correla-
tion is expected to be larger than the channel depth,41 and hence, the
measured velocities are expected to be biased toward lower velocities
due to the out of plane motion of RBCs. Poelma et al.42 suggested a
correction method to account for the velocity underestimation due
to correlation depth effects. While the velocity profiles are expressed
in a normalized form and hence no such correction is necessary, the
U∗ values have been adjusted by dividing the measured velocities
by a factor of 0.66 as suggested by Sherwood et al.2 for the current
setup.

D. Velocity profiles
Velocity profiles were extracted by averaging the measured vec-

tors in the direction of the flow in the region of interest (ROI). The
experimental data were fitted using the following equation:2

U = u
⎛
⎝

cosh(0.5m) − cosh(∣ yi
∗∣m)

cosh(0.5m) − 1
⎞
⎠

+ u0, (1)

where u is a weighting parameter related to the average velocity, uo is
the wall slip velocity due to the finite size of RBCs, yi

∗ is the normal-
ized radial coordinate ranging between −0.5 and 0.5, and exponent
m is a fitting parameter indicating how blunt the velocity profile is.
Equation (1) is an empirical fitting approach with u, m, and uo as
free parameters, used to smooth the data and remove noise for the
calculation of the flow rate; it is a simplified form of the analyti-
cal solution for the laminar flow velocity in a square microchannel
[Eq. (3)], which accounts for the nonzero wall velocity at the wall
and varying profile bluntness. Its derivation is described in detail in
the work of Sherwood et al.2 (supplementary material, S3).

The shape of the velocity profiles is a measure of the non-
Newtonian character of the flow as shear thinning fluids, like blood,
are known to exhibit blunter velocity profiles. In this study, a blunt-
ness index, expressed as the difference of the measured profile from
the analytical one for a Newtonian fluid, was employed to facilitate a
comparison of the velocity profiles obtained with RBCs of different
degrees of deformability. This is defined as follows:2

B∗U =
0.5
∫
−0.5

RRRRRRRRRRR

ua(y∗)
ua

−
ue(y∗)

ue

RRRRRRRRRRR
dy∗ , (2)

where y∗ = y/W, ue is the experimental velocity profile, ua is the
analytical velocity profile for a Newtonian channel flow given by
Bruus,43

ua(y∗) =
4h2Δp
π3μL

∞

∑
n,odd

1
n3

⎡⎢⎢⎢⎢⎢⎣
1 −

cosh(nπ y∗

h )
cosh(nπw

2h)

⎤⎥⎥⎥⎥⎥⎦
, (3)

where Δp is the pressure drop along length L, and μ is the dynamic
viscosity. Since ua is proportional to Δp/μL and results are presented
in normalized form, these parameters do not need to be determined.

E. Hematocrit profiles
The hematocrit distribution was determined from the time-

averaged intensity of the acquired images as described in the work
of Sherwood et al.2 A calibration procedure was first performed in
which the average image intensity of perfused RBC solutions with
feed hematocrits ranging between 5% and 40% was obtained. The
image intensity was correlated with hematocrit using the expression2

(supplementary material, S2)

Hc =
1
b

ln(1 − 1 − I∗

a
), (4)

where I∗ is the normalized image intensity defined as Iraw/Imax, with
Iraw as the raw image intensity and Imax as the maximum image
intensity in the absence of RBCs (i.e., measured outside of the chan-
nel). The calibration was conducted for both healthy and hardened
cells since GA slightly alters the optical properties of the samples.
The fitting parameters a and b were found to be equal to 0.72 ± 0.03
and −9.1 ± 0.5 for the healthy and 0.77 ± 0.02 and −9.7 ± 0.4 for the
GA hardened samples, respectively.

Similarly to velocity, a hematocrit bluntness index was
employed to characterize the shape of hematocrit profiles as
described in the work of Sherwood et al.2 This is defined as

B∗H =
3
2
{ ∫

0.5
−0.5 H(y∗)dy∗ − ∫0.166

−0.166 H(y∗)dy∗

∫0.5
−0.5 H(y∗)dy∗

} (5)

and compares the hematocrit profile in the central third of the chan-
nel to the overall hematocrit distribution across the channel. A value
of zero indicates that all RBCs flow within the central third of the
channel, whereas a value of one indicates a uniform distribution.

III. RESULTS
A. Velocity profiles

Figures 2(a) and 2(b) show typical velocity profiles for 5% and
25% hematocrit suspensions of healthy and hardened (GA 0.08%)
RBCs from a single donor, respectively. The profiles are normalized
by the average velocity Uavg calculated from the two-dimensional
(fitted) velocity profile. The wall slip velocity shown in the pro-
files corresponds to the u0 term of Eq. (1). The analytical solution
for Newtonian flow in the square microchannel43 is also indicated
by the gray area. At low hematocrit (5%), the velocity profiles of
both healthy and hardened samples match and they both are close
to the analytical profile as expected, given the low concentration
of cells. On the contrary, when the hematocrit increases to 25%
[Fig. 2(b)], healthy RBCs exhibit a blunt velocity profile, whereas
the hardened ones exhibit a Newtonian-like behavior. Bluntness is a
well-documented aspect of the velocity profiles of shear thinning flu-
ids including those of healthy RBC suspensions.1,44,45 The decrease
in bluntness observed with hardened cells is commensurate with the
flow curves for hardened RBCs which show a noticeable decrease in
shear thinning behavior with the loss of deformability.12,15
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FIG. 2. Velocity profiles of healthy and
hardened (GA 0.08%) RBC samples
from a single donor obtained in the
square microchannel at (a) 5% and (b)
25% feed hematocrits. The gray area
indicates the analytical velocity profile for
a Newtonian fluid in a square channel
[Eq. (3)]. Each experimental data point
represents the average velocity from 23
velocity vectors measured in the axial
direction within the ROI. Error bars cor-
respond to the standard deviation of the
measurements; the latter increase at the
low hematocrit case due to the nature of
the μPIV technique.

In order to quantify the impact of impaired RBC deformability
on the velocity distribution, the bluntness index defined in Eq. (2)
was estimated for all measured velocity profiles. In Fig. 3, the blunt-
ness index data are grouped in box plots in order to better illustrate
the profile changes with hardening for hematocrits of 5%, 10%, and
25%.

Figure 3(a) indicates that at low hematocrit (5%) the velocity
profiles of healthy and hardened cells have similar bluntness, i.e.,
hardening has a small, almost negligible, effect on the shape of the
profiles. As the hematocrit increases to 10% and 25%, a progres-
sive reduction in velocity bluntness with loss of deformability can
be discerned. This becomes more apparent at higher hematocrit

FIG. 3. Velocity bluntness index of the
measured velocity profiles within the
range of 1–250 s−1 for each of the sam-
ples at (a) 5%, (b) 10%, and (c) 25% feed
hematocrits. The central red lines indi-
cate the median of the measurements,
and the bottom and top sides of the box
indicate the 25th and 75th percentiles,
respectively.
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FIG. 4. Hematocrit profiles normalized by
the average hematocrit for (a) 5% and (b)
25% feed hematocrits.

(25%) [Fig. 3(c)]. The effect of hematocrit on bluntness is more pro-
nounced for the healthy samples, whereas hardened samples appear
to exhibit similar bluntness levels regardless of the feed hematocrit.

B. Hematocrit distributions
Figures 4(a) and 4(b) show typical hematocrit profiles deter-

mined from flows of healthy and hardened RBCs at 5% and 25% feed

hematocrits. The fitted hematocrit profiles are shown along with
the raw data and normalized by the average hematocrit obtained
by integration of the hematocrit profiles across the channel. At
low feed hematocrits (5%), the distribution of RBCs is more uni-
form across the channel for both healthy and hardened samples
during flow. At higher hematocrit (25%), the healthy RBC profile
appears more uniform in the central part of the channel in agree-
ment with our previous work.2,36 However, hardened RBCs seem to

FIG. 5. Bluntness index of measured
hematocrit profiles at feed hematocrits
of (a) 5%, (b) 10%, and (c) 25%. Red
lines indicate the median and the box
indicates the 25th and 75th percentiles,
and outliers are plotted individually with
“+” and correspond to the outer 0.7% of
the data.
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FIG. 6. Velocity vs hematocrit bluntness index for healthy and hardened RBC sam-
ples. Blue and green symbols indicate healthy RBC samples from the present
study and Sherwood et al.,2 respectively. Red symbols indicate hardened RBC
samples from the present study. The feed hematocrit is 25%, and data from three
donors are shown for the present study. Shaded areas and bounding lines corre-
spond to 95% confidence bounds on linear regression analysis. The corresponding
statistics are provided in Table I.

concentrate in the center of the channel producing sharper hemat-
ocrit profiles.

The hematocrit profile bluntness was quantified using Eq. (5)
for all measured hematocrit profiles and illustrated in Fig. 5 using
box plots. Figure 5(a) shows that at 5% hematocrit hardened RBCs
exhibit on average blunter hematocrit distributions across the chan-
nel, consistent with reports of decreased migration of stiffer cells. On
the contrary, the bluntness index of denser suspensions, Figs. 5(b)
and 5(c), shows the opposite trend: a reduction in deformability is
associated with a progressive decrease in hematocrit bluntness. This
effect is more pronounced for the higher hematocrit case (25%).

C. Velocity-hematocrit bluntness correlation
In order to better illustrate the effect of RBC deformability on

the relationship between the velocity and hematocrit distributions,
results obtained with RBCs from three different donors were col-
lected and a correlation map between the estimated velocity and
hematocrit bluntness indices was produced in Fig. 6 for the 25%

TABLE I. Pearson correlation coefficients for velocity and hematocrit bluntness
indices.

Healthy RBCs Hardened RBCs Healthy RBCs
(present study) (present study) (Sherwood et al.2)

r −0.33 0.31 −0.76
p 0.006 0.019 <10−6

hematocrit case. Data from the study of Sherwood et al.2 are also
shown. The healthy RBC samples (blue) show a negative correla-
tion between the velocity and hematocrit profile bluntness in agree-
ment with our previous studies.2 Conversely, the hardened sam-
ples exhibit a positive correlation between hematocrit and velocity
bluntness. The trends were found to be statistically significant using
Pearson’s correlation test (Table I).

IV. DISCUSSION
The measured velocity profiles (Fig. 2) indicate that reduced

deformability results in sharper, more Newtonian-like, velocity pro-
files in dense RBC suspensions [Figs. 2(b), 3(b), and 3(c)] but not
dilute RBC flows [Figs. 2(a) and 3(a)]. This implies a reduction in the
shear thinning nature of the suspensions with RBC hardening, which
is well documented in the literature; Chien12 and Lanotte et al.15

demonstrated that reduction of RBC deformability suppresses shear
thinning behavior as hardened RBCs preserve their hydrodynamic
shape under shear.

The deformability of RBCs results in symmetry breaking in
Stokes flow and a deformability induced lift force that causes the cells
to migrate laterally, unlike rigid particles. RBC hardening decreases
deformability-induced lift forces, and hence, hardened cells are
expected to laterally migrate24,44 less than deformable ones, result-
ing in a more uniform distribution across the channel. This seems to
be the case for the dilute RBC suspension (5%) data in Figs. 4(a) and
5(a) that show a slight increase in the hematocrit profile bluntness
for hardened RBCs compared to normal RBCs. This is in agreement
with published works29 that reported wider RBC distributions in
microscale flows of dilute suspensions of rigidified RBCs compared
to normal ones.

On the contrary, the hematocrit findings for denser suspen-
sions [Figs. 4(b), 5(b), and 5(c)] show sharper hematocrit profiles
for hardened RBCs compared to healthy ones, implying that hard-
ened RBCs concentrate more toward the center of the channel. This
effect is more pronounced for the highest hematocrit case studied
(25%) and results in an inversion of the correlation between veloc-
ity and hematocrit profile bluntness, which is known to be nega-
tive for healthy RBCs but becomes positive for the hardened cells
in this study. This finding is in contrast with in silico studies of
RBC flows that have reported more dispersed distributions for less
deformable cells.27,28,46 However, our results do bear similarity to the
sharp concentration distributions reported for dense, rigid particle
suspensions in rectangular channel flows by Lyon and Leal47 that
were attributed to shear-induced migration effects. Although hard-
ened RBCs are not expected to be fully rigid at the concentration of
GA used, membrane stiffening affects both individual RBC motion
and collision dynamics in RBC suspensions; these effects might com-
bine with the altered local shear gradients in the measured flows to
give rise to the observed concentration profiles.25,34 Wall induced lift
forces are expected to be “screened” in the case of dense RBC suspen-
sions25 which might explain the absence of any observed changes in
hematocrit distribution for dense RBC suspensions with a change in
viscosity contrast between cells and the suspending medium (hence
RBC deformability) reported in the recent numerical studies by de
Haan et al.48 and Saadat et al.49 However, the increased tumbling
motion of the hardened cells is thought to enhance the collision
rate between RBCs and the wall producing larger displacements and
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transverse velocities for RBC in the near wall region50 which could
contribute to the hematocrit trends in the present study.

The inverted relationship between velocity and hematocrit
bluntness is counterintuitive as, based on the dependency of sus-
pension viscosity on particle concentration, one would expect a
higher centerline hematocrit to correspond with increased local vis-
cosity and a correspondingly blunter velocity profile, which is not
the case for hardened cells in this study. This might imply that for
the range of hematocrits examined, there is no significant effect of
cell concentration on viscosity. Indeed, Chien11 reported very mod-
erate increases in viscosity for hardened cells when the hematocrit
varied from 0% to 30%. Hardened RBCs are expected to be dis-
coidal in shape, and hence, orientation effects with respect to the
flow might become important. Simulations of platelike particles have
shown that as the volume fraction increases, the particles tend to
align in ordered layers forming stacks as there is not sufficient vol-
ume around the particles to rotate freely.51 Although GA hardened
RBCs have been observed to exhibit increased tumbling motion
which can lead to higher effective viscosity, at high cell concentra-
tions flow alignment and ordering might take place, which could
further explain the observed trends. An ordered, two file flow has
also been shown by Shen et al.30 for RBC suspensions with high
viscosity contrast, albeit for lower hematocrit flows.

The observed hematocrit distributions are expected to have an
impact on partitioning of RBC suspensions in bifurcations and the
downstream organization of the suspension, as has been demon-
strated with aggregated RBC suspensions1–3,37,52 and also by the
inversion of hematocrit partitioning in bifurcations found by Shen
et al.30 for dilute suspensions of RBCs with altered deformation char-
acteristics. The concentration of hardened RBCs toward the axis of
the channels would likely enhance the Fåhraeus effect and plasma
skimming, causing low flow rate vessels to receive fewer cells and
high flow rate ones more, potentially making them more prone to
jamming as cells are less deformable. This might enhance hetero-
geneity of both hematocrit and viscosity in the microcirculation
and have implications for perfusion. Such hemodynamic changes
could in part explain the various microangiopathies and adverse
effects associated with pathologies known to impair the properties
of RBCs or with blood transfusion. Deformability induced micro-
hemodynamic changes might be exacerbated in the presence of
plasma which has been recently shown to have viscoelastic prop-
erties53,54 that can further impact migration dynamics and cell
interactions.

V. STUDY LIMITATIONS
The velocity and hematocrit profile comparisons between

healthy and hardened RBCs presented in Figs. 2 and 4 are based
on sample(s) from the same donor for consistency and in order
to avoid interdonor variation in RBC properties. Samples from 3
donors were used in the hematocrit vs velocity bluntness correlation
in Fig. 6, as well as the data from the earlier study of Sherwood
et al.2 Both intrasample and interdonor variation in RBC deforma-
bility have been reported to be approximately 10%.55,50 These vari-
ations are expected to have minimal effects in the distribution of
RBCs in the channel31,32,35 and the differences observed between
healthy and hardened RBCs, as the reported trends were consistent
between donors.

Glutaraldehyde is commonly employed to artificially harden
RBCs and has been found to perform better than other agents, such
as diamide.14,56 Although it is an artificial treatment that does not
entirely replicate RBC changes in disease, it provides a good start-
ing point to appreciate the role of such changes in a systematic
manner. In addition to altering RBC deformability, GA also induces
changes to other cell properties, such as cell volume,57 osmolarity,58

and charge,59 which could potentially affect the cell dynamics and
interactions. However, the differences between healthy and hard-
ened samples found in the present study are expected to be primarily
due to RBC deformability as the GA concentration used is well above
the critical value (0.003%60) required to produce statistically signifi-
cant changes in the latter and changes vary almost linearly with GA
concentration.19,38

Incubation with glutaraldehyde can induce cell clustering,
which could give rise to increased migration and hence the sharper
hematocrit profiles observed in Fig. 6. In order to rule out the pos-
sibility of GA induced RBC clustering, the intensity distribution of
images of hardened and healthy RBCs was examined, a technique
demonstrated in our previous work as able to discern suspensions
of aggregating RBCs from those suspended in PBS.61 The two distri-
butions were found to be statistically similar (p = 0.99) by means of
Kolmogorov–Smirnov testing.

Finally, various factors influence the performance of the μPIV
technique which have been discussed in detail in the work of Sher-
wood et al.2 In brief, the large depth of focus due to the microscopy
setup and the relatively dense suspension of biconcave RBCs result
in underestimating the velocity, therefore requiring a velocity cor-
rection according to Poelma et al.42

VI. CONCLUSIONS
A series of experiments were conducted to probe the role

of red blood cell deformability on microhemodynamics. Signifi-
cant differences in the distribution of flow velocities and hemat-
ocrit were observed between suspensions of deformable (healthy)
and less deformable (hardened) RBCs perfused through straight
microchannels.

A reduction in velocity bluntness with loss of deformability was
observed, and this trend was more apparent in the higher hematocrit
cases examined. The effect of deformability on hematocrit distribu-
tions was found to be depended on the feed hematocrit. In the dilute
case (5%), less deformable RBCs produced more dispersed cell dis-
tributions, whereas for the denser case (25%) the hardened cells were
shown to concentrate more toward the centerline of the channel,
creating sharper distributions compared to normal RBCs.

The findings illustrate that the suspension microstructure in
microchannel flows is the result of a complex interplay between
migration and cell-cell interactions that are both deformability and
concentration dependent and may aid the development of theoret-
ical frameworks to describe the microscale behavior of dense sus-
pensions of deformable particles. The altered flow characteristics of
suspensions of less deformable RBCs are expected to have an impact
on RBC flow partitioning at bifurcations, increasing flow and hema-
tocrit heterogeneity in the microcirculation with implications for
tissue perfusion. Future work will investigate the impact of RBC
deformability on flow partitioning in bifurcating microchannels
extending our previous work with aggregating blood.1–3,37
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