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Flow of Red Blood Cells Suspensions
Through Hyperbolic Microcontractions

Vera Faustino, Diana Pinho, Tomoko Yaginuma,
Ricardo C. Calhelha, Geyong M. Kim, Sergio Arana,
Isabel C. F. R. Ferreira, Ménica S. N. Qliveira and Rui Lima

Abstract The present study uses a hyperbolic microchannel with a low aspect
ratio (AR) to investigate how the red blood cells (RBCs) deform under conditions
of both extensional and shear induced flows. The deformability is presented by the

V. Faustino (&4) - D. Pinho - T. Yaginuma - R. Lima
ESTiG, Polytechnic Institute of Bragancu. C. Sta. Apolénia 5301-857 Bragunga, Portugal
e-mail: verafaustino@ipb.pt

D. Pinho

e-mail: diana@iph.pt
T. Yaginuma

e-mail: tomoko@ipb,pt

R. Lima
e-mail: ruimec@iph.pt

G. M. Kim - S. Arana

CEIT and Tecnun, University of Navarra, Paseo de Manuel Lardizibal N 1520.018
Donostia, San Sebastiin, Spain

e-mail: gmkim@ceit.es

S. Arana

e-mail: sarana@ceit.es

M. S. N. Oliveira

James Weir Fluids Lub, Department of Mechanical and Aerospace Engineering,
University of Strathclyde, Glasgow GI 1X], UK

e-mail: monica.oliveira@strath.ac.uk

V. Faustino - D. Pinho « R. Lima

CEFT. Faculdade de Engenharia da Universidade do Porto (FEUP),

R. Dr. Roberto Frias 4200-465 Porto, Portugal

R. C. Calhelha - L. C. F. R. Ferreira

CIMO-ESA. Polytechnic Institute ol Braganca, C. Sta. Apoldnia 5301-857,
Braganca. Portugal

e-matl: calhelha@ipb.pt

I. C. F. R. Ferreira

e-mail: iferreira@ipb.pt

R. Lima et al. (eds.), Visualization and Simulation of Complex Flows 151
in Biomedical Engineering, Lecture Notes in Computational Vision and Biomechanies 12,
DOL: 10.1007/978-94-007-7769-9_9, © Springer Science+Business Media Dordrecht 2014




=5 V. Faustino et g],

degree of the deformation index (DI} of the flowing RBCs throughout the
microchannel at its centerline. A suitable image analysis technique is used for
semi-automatic measurements of average Dls, velocity and strain rate of the RBCg
travelling in the regions of interest. The results reveal a strong deformation of
RBCs under both extensional and shear stress dominated flow conditions.

1 Imtroduction

It is known that red blood cells (RBCs) at rest exhibit a biconcave disk shape 8 pm
in diameter and 2 pm thick and comprise 40-50 % of whole blood volume
(Caro et al. 1979; Lima et al. 2012). An RCB at rest has a shape close to a circle
but when subjected to certain flow conditions it has also the ability to deform and
consequently evolve to other shapes (Dobbe et al. 2002). For example, the RBCs
change to an ellipsoidal shape when submitted to shear stress and elongate sig-
nificantly to pass through the smallest capillaries of the microcirculation (3—7 pm)
(Hardeman and Ince 1999, Dobbe et al. 2002). The RBC deformability plays a
major tole for oxygen delivery in the microcirculation and reduced RBC defor-
mability is found to be linked to certain diseases such as diabetes and sickle cell
anemia (Mokken et al, 1992; Hardeman and Ince 1999: Shin et al. 2007).

The clinical relevance of RBC deformability has been prompting the devel-
opment of methods for measuring this phenomenon. Some examples are: the RBC
filtration—a simple method that measures the ability of RBC to pass a filter by
calculating the transit time required for the passage of a certain RBC (Gueguen
et al. 1984); laser diffraction ellipsometry (ektacytometry)—based on laser dif-
fraction analysis of RBCs under different stress levels (Mokken et al. 1992; Shin
et al. 2004); rheoscopy—RBCs are deformed by simple shear flow and image
analysis techniques allow a direct measurement of the RBC deformability (Dobbe
et al. 2002); micropipette aspiration—RBCs are aspirated into glass capillaries
with diameters of 1-5 pm and the RBC deformability is calculated by using the
measured negative pressure needed to aspirate the RBC (Mokken et al. 1992).

The recent developments in microfabrication make it possible to fabricate
transparent micrometer-sized channels, and as a result several studies have pro-
posed microfluidic devices able to measure the motion and dynamical deformation
of cells flowing through the microchannels (Abkarian et al. 2006; Shevkoplyas
et al. 2006: Zhao et al. 2006, Abkarian et al. 2008: Fujiwara et al. 2009, Kang et al.
2008; Lima et al. 2009, Tomaiuolo et al. 2011; Leble et al. 2011). Most of the
proposed biomedical microdevices focus on the effect of shear flow alone. Shear
flow in this context results from the flow induced by shear stress caused by the
velocity gradient that develops adjacent to the neighbouring walls of the mic-
rodevice (Fig. 1b). Some examples of shear flow studies from the literature are the
measurement of the RBC cellular trajectories and deformation under a transient
high shear stress in a narrow channel (Zhao et al. 2006) and the determination of
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cell deformability through a single RBC flowing in a microfluidic device with a
microchannel thickness comparable to RBC size (Tomaiuolo et al. 2011). Besides
the effect of shear flow, extensional flow [in which stretching flow is generated as a
consequence of a velocity gradient in the flow direction (Fig. 1b), and the com-
bination of both can be encountered in the human body. Relevant examples
include micro-stenosis, which can be generated at a retinal arteriole by foam cell
formation due to low-density lipoprotein (LDL) migration (Kang et al. 2008); in
microvascular networks composed of small irregular vessel segments; in prosthetic
blood contacting devices, such as blood pumps and other medical instrumentation,
e.g. syringes. Despite the importance of the study of RBC deformation under
extensional flow, only a few studies have been reported in the literature. Hence, it
is crucial not only to understand the motion and RBC mechanical properties under
the effect of simple shear fiow but also to quantify the influence of extensional flow
and/or the combination of both on the RBCs deformation and orientation.

Flows through contractions generate complex flows despite their simple
geometries. The flow of single phase Newtonian and non-Newtonian fluids
through contractions is well studied both experimentally and numerically, both at
the macro and micro-scale. The flow involves a reduction in the cross-sectional
area, which generates strongly converging flows as the fluid goes through the
contraction. With complex fluids, the flow has been shown to exhibit a variety of
flow structures, such as Moffatt vortices, lip vortices, and corner vortices, that
depend on the rheological characteristics of the fluid and the geometric configu-
ration of the contraction, including its shape (Fig. la—c) and configuration

(a) (b) Shear flow (c)

m
y =y
- I:—L — R e e e
Extensional flow fl—_—
 dux
—— L © T

Fig. 1 Fluid flow in contractions with difterent shapes: a Sudden contraction b Smooth contraction
¢ Hyperbolic contraction; and configurations: d Square—square, e Axisymmetric, f Planar 2D (if AR
is high), planar 3D (if AR is moderate or low). The aspect ratio (AR is defined as A/w where /rrefers
to the depth and w Refers to the width of the microchannel. An illustration of the velocity gradients
expected in different regions dominated by shear and extensional flow 1s shown in panel b)
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Fig. 2 a Illustration of the (a) D

entire microchannel view., (—\

b Schematic geometry and ( )

dimensions of the hyperbolic \ ;

contraction region of the
microchannel

(b) 396um

iﬁ R
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(Fig. 1d-f). The fiow exhibits mixed kinematics with strong extensional flow along
the centreline (stretching flow us the fluid accelerates as it is going through the
contraction, Fig. lc), and shear flow close to the walls (Fig. 1a).
Blood is an extremely complex fluid due to a suspension of different deform-
able cells of varying in size, such as red blood cells, white blood cells and
platelets. Although the flow of single phase Newtonian and non-Newtonian fluids \
through contractions has been well studied, this is not the case for blood flow. ‘
Among the few are the microscopic studies performed by Zhao et al. (2006) and by
Kang et al. (2008) where the authors investigated the mechanical behaviour of \
RBCs when they pass through sudden and smooth contraction, respectively. Others 1
|
|

such as Lee et al. (2009), Yaginuma et al. (201 1a, b, 2013) and Sousa et al. (2011)
studied the effect of the extensional flow in a hyperbolic converging microchannel
for animal blood, human blood and blood analogue fluids, respectively. In this
study, we use a microchannel having a hyperbolic shape (cf. Fig. 2) with a very
low aspect ratio (AR = (1.035) in which the RBCs experiences a strong exten-
sional flow but in addition shear (low effects are not negligible due to the low AR
of the microchannel geometry. The RBC deformation flowing throughout this
microchannel is measured along the centerline and the degree of their deforma-
bility is presented by the deformation index (DI).

2 Materials and Methods
2.1 Working Fluids and Microchannel Geometry

The working fuid used in this study was hank’s balanced salt solution (HBSS)
containing 2 % Het of Human RBCs. The blood was collected from a healthy adult
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Fig. 3 Experimental set-up
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volunteer, and ethylenediaminetetraacetic acid (EDTA) was added to prevent
coagulation. The RBCs were separated from the plasma and buffy coat by cen-
wifugation (1,000 rpm for 10 min). The RBCs were then washed and centrifuged
with HBSS twice. Washed RBCs were diluted with HBSS to make several samples
with hematocrit levels of ~2 % by volume. All blood samples were stored her-
metically at 4 °C until the labelling.

The confocal system used in the present study consists of an inverted micro-
scope {Diaphot 300, Nikon) combined with a high-speed camera (FASTCAM
SA3, Photron). By using a soft-lithography technique we were able to manufacture
a polydimethylsiloxane (PDMS) microchannel having a hyperbolic shape. As
described in Fig, 2, the dimensions of the microchamnel are 396 um
(w) x 396 pm (f) x 14 pm (h)y where w, [ and h refer to the width of the inlet
microchannel, the length of the hyperbolic contraction region and the depth of the
microchannel. From this. the aspect ratio AR = 4w can be obtained as 0.035. The
PDMS microchannel was placed on the stage of the microscope where the flow
rate Q of the working fluids was kept constant (0.5 pl/min) by means of a syringe
pump (PHD ULTRA) with a | mL syringe (TERUMO SYRING).

The images of the flowing RBCs were captured using the high speed camera at
a frame rate of 7,500 frames/s and were then transferred to the computer to be
analyzed. An illustration of the experimental set-up is shown in Fig. 3.

2.2 Image Analysis

High magnification was used to obtain better quality images so that the accuracy of
RBC measurements is maximized during image analysis. As can be seen
in Fig. 4a—c, the original data consists of three sets of video sequences focusing in
different regions of the channel. These sets of images can be combined to obtain
the required in information the entire hyperbolic contraction region of the
microchannel as shown in Fig. 4d.
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Fig. 4 Original video
images (a), (b), and (¢)
focusing on different regions
of the channel. and a
combined image (d) that
presents the centreline region
(y = 0) at the hyperbolic
microchannel

The following image handling was carried out. First, the captured video data
was converted to JPEG image sequences. Each image has 1,024 x 256 pixels size
and in total 4,072 frames were obtained for one video with a frame interval of
133 ps. The sequences of static images (known as a stack) were processed using
the image handling software Imagel (Abramoff et al. 2004). For measuring
flowing RBC particles, the following pre-processing was executed on the stack.
First, an averaged image (background) was created from the original stack images
by averaging each pixel over the sequence of static images, and then subtracted
from the stack images. This process eliminates all the static objects, for example,
the microchannel walls and other static artefacts, leaving only RBCs visible. Next,
the images were filtered by replacing each pixel with the median of the neigh-
bouring pixel values with a mask size of 3 x 3 pixels, in order to reduce the
artefacts and enhance the image quality. Then the brightness and contrast of the
resulting images were manually adjusted. Finally, the grey scale images were
converted to binary images adjusting the threshold level. The well-known Otsu
threshold method was used in this case (Otsu 1979). The final images contain
regions of interest (RBCs) as black ellipsoidal objects against a white background.
After this seementation process, the flowing RBCs were measured frame by frame
automatically by Analyze Particles function in Imagel. This function counts and
measures the objects in binary images, by detecting the edge of the objects and
outlining them. Various parameters, such as area and circularity of the cells, were
appropriately pre-set so that the values outside the range specified were ignored.
For instance, we set the range of area as 17-150 pm” such that the objects smaller
than 17 pum” and larger than 150 um® were eliminated from the results table.
Likewise, the circularity range was set to be 0.5—-1.0. Here the circularity is defined
as 4m x (urea)/(perimeter)z. This way, most of the appuarent deviant objects (e.g.
out-of-focus cells, aggregated cells, etc.) were ignored in the measurements. The
most important steps of image handling described above are illustrated in Fig. 3.

The major output results of this measurement are the major (primary) and
minor (secondary) axis lengths of the ellipse that can be best fitted to the RBCs and
the x — y coordinates of their centroid. Using this set of data, the deformation
index (DI) of all the measured cells was calculated using Matlab and stored
together with the cell positions (centroid) given by their x—y coordinates. In this
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Fig. 5 Steps of image
analysis. a Original image.,

b Binary image, ¢ A view of
cells automatically measured
by Imagel function Analyze
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le. Next, study, DI is defined by the formula shown in Fig. 6, where X and Y refer to the
e neigh- major and minor axis lengths of the cell, respectively. RBC deformability is the
duce the ability of the erythrocytes to deform when submitted to certain flow conditions in
st of the both in vivo and in vitro environments, and the deformation index can display the
s were degree of their deformability with values between 0 and 1, where 0 indicates a
wn Otsu perfect circle and higher values represent more elongated cells.

contain In addition to the DI measurement, the trajectories of several flowing RBCs at a
xground. flow rate of 0.5 pl/min were measured manually using MTrack] plug-in instatled
oy frame in ImageJ (Meijering et al. 2012). MTrack] provides useful functions for tracking
unts and objects in motion. By placing the target RBC within the snap window, it computes
ects and automatically the centroid of the RBC based on Otsu threshold method. We
IIs, were manually follow the identified RBC frame by frame recording the centroid tra-
ignored. jectory, and finally get the velocity of the RBC. By using real velocity of the RBCs
s smaller the strain rate was also calculated.
1s table.
5 defined
:cts (e.g.
.nts. The 3 Results and Discussion
n Fig. 5.
ary) and 3.1 Deformation Index (DI) of RBCs in Extensional Flow

BCs and
srmation . . . .
d stored In th1s'w0rk, the defm.'matmn of the RBCs travellmg through the m1crqchzmr131
< Tn this centerline (y = 0) region was observed. As stated in the previous section, the

original data consists of three video sequences. Therefore, the DI values are the
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Fig. 6 Definition of deformation index. X and Y refer 10 the major and minor axis lengths of the
cell. Note that the length of major axis (X) oriented 1o the flow direction considers the cell’s trave]
length caused by the camera’s exposure time

average of pre-defined regions of interest along the centreline at each image. Each
region of interest is defined as 36 pm long and 20 pm high and located consec-
utively from far upstream to far downstream of the contraction part of the mj.
crochannel (see Fig. 7a). All the cells captured in each region were measured and
the averaged DI was calculated. Fig. 7b presents average DI through the micro-
channel for an inlet flow rate of (.5 pl/min. The horizontal axis corresponds to the
microchannel x axis where x = 0 is set to be at the beginning of the hyperbolic
curve and x = 1 is set to be at the end of the contraction region. It is possible to
observe that the DI values at the centreline far upstream of the contraction are
around 0.13 and fairly constant. After entering the contraction region, RBCs stast
clongating and their DI values start increasing. At the region right before the exit
of contraction part (v = 1), the DI reaches the maximum value of 0.33 (see
Figs. 7b, 8). Just downstream of the expansion plane DI drops dramatically and the

Fig. 7 Evalvation of the (a)
deformation of the flowing

RBCs around the centerline

of the hyperbolic

microchannel. a lllustration

of the regions of interest to

analyze the RBCs

deformation index (DI). Note

that each region is 36 um

i Flow direction

x=0 x=1

long and 20 pum high.
b Average DI in each region (b) 04 -
throughout the microchannel Q=0.5ul/min A
at a flow rate of 0.5 wl/min o~ : m
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a ; -
o { il
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Fig. 8 Lvolution of RBC
deformation throughout the
hyperbolic microchannel

RBCs start returning to their original shape. It can be seen that the DI value far
downstream in this plane is almost the same as the one at the upstream of the
channel.

3.2 Flow Rate Effect on RBCs Deformation Index (DI)

Figure 9 shows the RBCs DI in the expansion region for three different flow rates,
i. e, 0.010, 0.5 and 1.0 pl/min in the same microchannel. Following the same
measurement procedures used before, these results (see Fig. 9) shows that for all
the flow rates studied the DI has a maximum value at the region right before the
exit of the contraction. After that, the RBCs tend to recover their initial shape
which corresponds to a minimal value of the DI attained when they are no longer
exposed to extensional flow. Another additional result is that the RBCs have a
tendency to increase the DI as the flow rate increases (Yaginuma et al. 2013). In
contrast, in the work performed by Zhao et al. (2006), where shear flow dominates
(see Fig. 1), the DI reaches a maximum value at a shear rate of 1,760 s~ and the
cells could not deform any further, regardless the increase of the flow rate. These
qualitative comparisons suggest that the flow rate strongly affects the response of
RBCs when exposed to an extensional flow field. Nevertheless, to confirm it,
further caretul studies should be necessarily employed with higher flow rates and
with different dimensions of the microchannels.

3.3 Axial Velocity and Strain Rate

To measure the actual RBC velocity, the cells traveling along the centerline of the
microchannel were manually tracked using Imagel plug-in, MTrack]. Along with
the velocity for each tracking point, the strain rate was also calculated from dv/dx,
where dv refers to differential cell velocity and dx refers to the distance between
two tracking points.
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Fig. 9 DI recovery in the
expansion region for different
flow rates: a Q = 0.010 pl/
min, b Q = 0.5 pl/min,

¢ 3 = 1.0 pl/min
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Fig. 10 Average axial velocity at the centreline and corresponding strain rate for RBCs flowing
at the flow rate of 0.5 pl/min

Figure 10 shows the average cell velocity and average strain rate for every
36 pm axial region throughout the central region of the microchannel at a flow rate
of 0.5 pl/min. The velocity of the cells far upstream is initially constant and then
starts slightly increasing when the cells approach the entrance of the hyperbolic
region. After the entrance (x = (), the velecity increases almost linearly, corre-
sponding to a constant strain-rate, and reaches the maximum value at the end part
of the contraction region. After the cells are released from the contraction region,
their velocity decreases and eventually recovers the upstream velocity value. The
fact that we are able to obtain a wide region of constant strain-rate confirms the
potential of hyperbolic channels for generating a controlled and strong homoge-
neous extensional flow field.

4 Conclusions and Future Directions

The current study evaluated the RBC deformability in the relatively low aspect
ratio hyperbolic contraction microchannel, where the RBCs experience a strong
extensional and shear flow. The results show that when the RBCs enter the
hyperbolic contraction region they tend to elongate up to a maximum value
indicating their high deformability in a strong extensional flow. For a flow rate of
0.5 pl/min RBC deformation index increases from about 0.12 to (.33 with a
maximum strain rate up to 320 s~ . Qualitative comparison between DIs of sudden
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contraction and hyperbolic contraction microchannels indicated that for latter cage
the flow rate strongly affects the response of RBCs under extensional flow induced
deformation. These results support the use of hyperbelic converging microchan-
nels as a new promising approach for RBC deformability assessment for clinicy]
applications. We recognize that the working fluid used in the current study (HBSS
with 2 % Hct of human blood) is not close to in vivo environment. However, our
purpose 1s to develop an alternative diagnostic microfluidic system. Therefore, it is
important to notice these differences might affect the RBC deformability but the
efficiency of deformability measurements have to be considered. For example, low
Het is necessary for better image analysis results. HBSS (physiological saline) is
used as it is closer to plasma than the other possible solutions such as Dextran 40),
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