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In this work, a microfluidic system to investigate the flow behavior of red blood cells in

a microcirculation-mimicking network of PDMS microchannels with thickness comparable to cell size
is presented. We provide the first quantitative description of cell velocity and shape as a function of the
applied pressure drop in such devices. Based on these results, a novel methodology to measure cell
membrane viscoelastic properties in converging/diverging flow is developed, and the results are in good
agreement with data from the literature. In particular, in the diverging channel the effect of RBC
surface viscosity is dominant with respect to shear elasticity. Possible applications include
measurements of cell deformability in pathological samples, where reliable methods are still lacking.

Introduction

In microcirculation in vivo, red blood cells (RBCs) travel through
microvessels with diameter smaller than cell size in order to
ensure optimal gas transfer between blood and tissues.! In such
microconfined flow RBC shape departs from the classical
biconcave geometry at rest by taking more fluid dynamic
configurations depending on flow rate and microvessel diam-
eter.” The high RBC deformability is mainly due to the visco-
elastic properties of the cell membrane, especially shear modulus
and surface viscosity.* Bending resistance is small unless high
curvatures are involved,* such as in going from biconcave to
parachute shapes™® and in slipper-like shapes.” An altered RBC
deformability is associated with several diseases, such as dia-
betes, sickle cell anemia and spherocytosis. Due to the patho-
physiological relevance of RBC deformability, a number of
studies on this topic are reported in the literature.® The available
experimental methods include single cell techniques, such as
micropipette aspiration® and optical tweezers,”>** and
measurements on whole blood or diluted RBC suspensions, such
as blood filtration'® and ektacytometry.'® The main drawback of
the former techniques is the limited number of cells that can be
tested at the same time, thus hindering the acquisition of statis-
tically significant datasets. As far as the whole blood techniques
are concerned, the imposed flow geometry is far from the ones
actually experienced by RBCs in microcirculation, which makes
more difficult to evaluate the clinical relevance of the results.
Recently, microfluidic techniques have been applied to design
flow geometries resembling the microvascular network.'” In
principle, microfluidic devices are suitable to testing a large
number of cells in a physiologically relevant flow field.'® By using
transparent substrata, such as polydimethylsiloxane (PDMS)
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and glass, the flow behavior of individual cells has been investi-
gated by video microscopy. Examples from the literature are
measurement of cell deformation in healthy donors' and dia-
betes patients,? effect of microconfined flow in malaria, flow-
induced RBC filtration,?* determination of pressure drop
through a single cell,® and measurement of cell size under
flow.>*2¢ However, to our knowledge microfluidic devices to
determine the viscoelastic properties of RBC membrane are still
lacking.

In this work, we report on the setup and the quantitative fluid
dynamic analysis of a microfluidics device with channel thickness
comparable to RBC size. By studying cell deformation in
a divergent channel geometry, membrane viscoelastic properties
are obtained from the application of the classical Kelvin—Voigt
model, which is based on the parallel combination of an elastic
spring and a Newtonian damping element.

Methodology

Device fabrication

The microfluidic device is made of PDMS and is fabricated by
using soft-lithography techniques with SU-8 as photoresist. The
network pattern (Fig. 1) used as a stamp was drawn by a layout
program, LASI 7, a commercial software widely used to draw
electric microcircuits, and consists of a network of bifurcating

Fig. 1 The geometry used in the microfluidic device.
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channels of decreasing width (down to 10 micron), including
converging—diverging flow sections, to mimic human microcir-
culation network.

The PDMS microchannels are bond to a glass cover slip by
a Corona-treater and the final channel thickness is about 7.5
micron as measured by profilometry.

Experimental setup

Observations are performed through a 100x oil immersion
objective by using an optical microscope (Zeiss Axiovert 100)
equipped with a motorized translating stage and a focus control
(Ludl), and a high speed video camera (Phantom 4.3) operated
up to 1000 frames per second (Fig. 2). Venous blood samples are
withdrawn from healthy consenting volunteers and used within
4 hours of collection. RBC suspensions used in the experiments
are obtained by diluting blood samples 1:100 with human
albumin supplemented ACD anticoagulant (0.6% citric acid,
1.1% anhydrous dextrose, 2.3% sodium citrate, 96% water). The
total pressure drop APy, in the microchannel network is adjusted
by changing the distance between a feeding and an exit reservoir
connected through plastic tubing to the microfluidics device.

Image acquisition and data analysis

At each pressure drop, a sequence of images (around 10 000)
captured by the high speed video camera is recorded on a hard
disk. Given the large amount of images to be analyzed, a macro
based on the library of a commercial package (Image Pro Plus)
has been developed for automated image processing. The output
data include RBC center of mass coordinates, velocity and
deformation index, DI, defined as the ratio between the sides of
a bounding rectangular box enclosing cell contour. Only
axisymmetrical RBCs are considered in the following for the sake
of comparison with models and experimental data from the
literature. The values of pressure drop AP; in each channel of the
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Fig. 2 Schematic of the experimental setup.

network are found by calculation since in our experiments only
the total pressure drop AP, across the whole microfluidic device
is directly known, being imposed as the liquid head between the
two reservoirs. In order to calculate A P;, the following Poiseuille-
type expression of the flow rate Q; for a rectangular cross-section
channel®” was used where, once again, the index j refers to
a generic channel in the network pattern shown in Fig. 1 and the
coordinate system used to describe the flow field and the channel

geometry is shown in Fig. 3.
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the term between square brackets is the correction for a finite
width channel. The overall flow rate Q is found by imposing that
the overall applied pressure drop AP, is equal to the sum of the
pressure drops in each channel as calculated from eqn (1). This
leads to the following expression for Q according to the splitting
geometry shown in Fig. 1:

AP
0= - @
2uL [, 192H N1 inW,
: - —tan /i .
iy |1 =W, ; g ( 2H )}

This calculation scheme is based on the assumptions that (i)
the pressure drops associated with changes in channel direction
are negligible with respect to the distributed ones appearing in
eqn (1) (this can be confirmed by simple estimates, not shown
here for the sake of brevity), and (ii) the contribution of the
flowing RBCs to the pressure drop is negligible in the dilute
regime investigated in this work (see Secomb ez al.*), (iii) for the
same reason, Le., the high blood dilution, coupled with some
bypass around the PDMS chip in the flow cell, the effects of
white blood cells, which are 3 orders of magnitude less abundant
than RBCs, are negligible as well, and (iv) the dilute blood
suspension behaves like a Newtonian liquid. This latter point was
confirmed by viscosity measurements performed on glass capil-
laries, which give a constant value of u = 1.05 cP independent of
wall shear rate.

Results
Constant cross-section channel

We start describing the experimental results from the data
obtained in channels having constant cross-section. An example

y ¥4

Fig. 3 The coordinate system used to describe the flow field.
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Fig. 4 The straight channel (' = 10 micron) selected to analyze RBC
motion in a constant cross-section channel.

is presented in Fig. 4, where the enlargement shows the smallest
straight channel (width = 10 micron), which has been used to
investigate RBC flow behavior.

The data of RBC velocity as a function of the local pressure
drop between the ends of the smallest straight channel, AP/L, are
shown in Fig. 5.

In the same plot data of RBC velocity vs. AP/L in circular
cross-section microcapillaries of 10 micron inner diameter (which
have a cross-section area comparable to that of the rectangular
microchannels) are also shown for comparison. It can be noticed
that the two sets of data are close to each other, thus showing
that the flow behavior of RBCs is similar in the two geometries.
This result shows that the effect of the gutters (the regions of the
flow field bounded by the curved cell body and the corners of
the channel) is not significant for RBCs under confined flow. The
effect of the gutters has been found to be important in the case of
bubbles flowing in rectangular channels at an intermediate
surfactant concentration.?® A more detailed investigation of this
effect in RBCs is outside the scope of this work. Here, it should
be noticed that the similarity of RBC flow behavior in
rectangular and circular channels provides further support to the
use of microfluidics as a relevant experimental model of
microcirculation.

Representative images of RBCs flowing in the smallest straight
channel are shown in Fig. 6a at two cell velocities. In both cases,
cell shapes are deformed with respect to the biconcave rest
configuration, being more elongated at increasing cell velocity.
As a reference, images of RBCs flowing in circular cross-section
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Fig. 5 RBC velocity vs. pressure drop per unit length in the straight
channel and in a capillary of comparable size (D = 10 pm).
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Fig. 6 (a) Representative images of RBCs flowing in rectangular (left)
and circular (right) microchannels at a comparable cell velocity. (b) The
deformation index, DI, vs. AP/L of RBCs flowing in channels (squares)
and capillaries (circles) of comparable size.

glass microcapillaries of 10 micron diameter are also shown in
the same figure.?

In both geometries, RBCs exhibit the typical parachute-like
shape found in microcirculation in vivo. However, in the PDMS
rectangular channels RBCs display a more flattened shape and
are more elongated in the x-axis due to the channel aspect ratio
(=10/7.5). This trend is shown in a quantitative way in Fig. 6b,
where the deformation index, DI, defined as the ratio between the
sides of a cell rectangular bounding box (see inset), is plotted as
a function of AP/L. Indeed, at any value of AP/L the deforma-
tion index is slightly smaller in the rectangular channels than in
the circular cross-section capillaries. In both cases, DI tends to
increase with pressure drop and cell velocity. In the rectangular
channels the values of DI are smaller than 1 at low AP/L, again
as expected based on the shapes shown in Fig. 6a.

Divergent channel

In order to measure the viscoelastic properties of the RBC
membrane, which are the main factors affecting cell deform-
ability,* the flow in the channel region shown in Fig. 7a was
investigated. Such region may be divided into three zones: (1)
a constant cross-section with W; = 10 um and Ly = 25 pm; (2)
a diverging cross-section, with Wy ranging from 10 pm to 25 pum
and Ly; = 100 um; (3) a constant cross-section with Wy = 25 um
and Ly = 65 pm. The three zones are marked with dashed lines
in Fig. 7a. In Fig. 7b RBC velocity is plotted as a function of
distance z along the divergent channel centerline at three
different pressure drops.

This journal is © The Royal Society of Chemistry 2010
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Fig. 7 (a) An image of the channel region used to estimate RBC
membrane viscoelastic properties. (b) RBC velocity as a function of z in
the same channel region.

The z origin is located halfway in the smallest straight channel.
Error bars represent the data standard deviation. Only RBCs
with a center of mass moving on the centerline (with a tolerance
£0.3 pm) and thus exhibiting an apparently axisymmetrical
shape are considered in this analysis, as shown in the upper
image. As expected, RBC velocity decreases with channel
width at the same pressure drop and increases with AP at any
values of z.

For a cell travelling along the centerline, the fluid dynamic
action in the divergent channel can be described as a uniaxial
compressional stress o = 3n,¢, where 7, is the suspending fluid
viscosity (1.05 cP) and ¢ is the strain rate.?! The latter is equal to
the velocity gradient dv/dz at the centerline.’? In turn, the fluid
velocity v at the centerline as a function of z is calculated by
dividing eqn (1) by the local cross-section area A in the divergent
(which also depends on z as A = Wy H = (W} + ztan o) H, where
« is the divergent angle equal to 5°). The calculated velocity
gradient as a function of z is shown in Fig. 8 at two extreme
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Fig.8 The calculated velocity gradient as a function of z at two different
pressure drops.

values of pressure drop of Fig. 7 (the third one being omitted for
the sake of clarity). It can be seen that dv/dz starts from zero in
the smaller straight channel, takes a negative minimum and tends
to zero again at the larger constant section channel. The exten-
sional stress is then negative in the diverging section, thus cor-
responding to uniaxial compression, which is the external force
acting on the flowing RBCs. Concerning RBC shape, starting
from a more elongated configuration in the 10 pum straight
channel, a progressive rounding up of the cell body is observed
along the divergent length.

A quantitative representation of this behavior can be obtained
by plotting the deformation index, DI, as a function of the z
coordinate in the divergent channel, as shown in Fig. 9 at the
same pressure drops as in Fig. 8.

The deformation index is indeed a decreasing function of z,
due to the more rounded shapes as RBCs approach the divergent
end. A similar trend is observed in the classical micropipette
experiment, where the retraction of a deformed cell vs. time is
measured after ejection from the capillary.®3*3% In our case, the
shape change of the RBCs flowing in the divergent channel is
elicited by the fluid dynamics of the flow field.

The RBC flow-induced deformation in the divergent channel
can be described by using the Kelvin—Voigt model,3* which is
based on the parallel combination of a spring and a dashpot. The
two elements are associated with the elastic and viscous response
of the cell membrane, respectively. The elastic part is expressed
by a shear modulus u, and the viscous one by a surface viscosity
1. We used the following expression of the constitutive equation
of the Kelvin—Voigt model:

T= %[(Ain)z_(xin)z} '

where T is the tension (force/length, see below) acting on the
membrane due to the flow field, and A is the membrane defor-
mation given by the ratio between the initial and the deformed
length a of the cell body (see inset of Fig. 6b) in the z direction.
Aqin 18 the value of A at the end of the divergent channel, and it was
found by solving eqn (3) with dA/d¢r = 0 and ¢ calculated at
the end of the divergent. The membrane tension 7 is given by

2n 04
A dt

(©)
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Fig. 9 The deformation index vs z in the divergent channel at two

pressure drops. Lines are obtained by best-fitting the Kelvin—Voigt
model.
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dArpc/Lrpc, Where o is the flow-generated uniaxial compres-
sional stress acting on RBC membrane, Arpc is the cell area
(=135 um?) and Lgpc is the cell diameter at rest (=8 um). Eqn (3)
was solved by numerical integration for A and the model
parameters u and n were varied in order to give the best fit of the
experimental values of DI in Fig. 9. Indeed, the deformation
index is given by the ratio of membrane deformation along the z
direction, A, and membrane deformation along the x direction,
which, due to volume conservation, is given by 1/A. Hence, the
deformation index, DI, is equal to A2.3° The best fitting procedure
was applied to both datasets of Fig. 9 corresponding to two
different values of the pressure drop, and the so obtained values
of the model parameters u and 7 are 0.006 dyn cm~! and 0.055
cP-cm, respectively. These values are in good agreement with
experimental results from the literature (0.006-0.009 for u, and
0.047-0.1 for 7).>3*3¢ The lines in Fig. 9 are the Kelvin—Voigt
model predictions based on our fitting parameters, and a good
agreement is found.

In order to get more insight into the RBC membrane visco-
elastic behavior each term of eqn (3) is plotted vs. time in Fig. 10,
where T is the membrane tension coming from the external flow

2ndX . . . .
field, T} = 77]& is the membrane tension associated with the
2 -2
. . n A A . .
surface viscosity and 7 == | | — | — |— is the tension
2 Afin Afin

due to shear elasticity.
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Fig. 10 The three contributes of the tension in the equation of Kelvin—
Voigt model at (a) 1.3 mmHg and (b) 0.4 mmHg.

Fig. 10a and b refer to a pressure drop of 1.3 mmHg and
0.4 mmHg, respectively. At both pressure drops the viscous
tension is dominant as compared to the elastic one, and this effect
increases with pressure drop. In other words, mechanical RBC
membrane behavior is mostly governed by the viscous compo-
nent in the diverging channel. On the contrary, elasticity is
dominant in the constant section zones, where viscosity contri-
bution can be considered negligible due to the lack of membrane
rotation in axisymmetrical cells.* These findings are in line with
predictions of Secomb and Hsu*’ for RBC motion through
cylindrical micropores based on a time-dependent lubrication
equation for the suspending fluid coupled with equations for
membrane equilibrium. It can also be noticed that the RBC
transit time through the diverging channel at the pressure drop of
0.4 mmHg (~0.15 s) is comparable to RBC characteristic relax-
ation time, which can be estimated as n/u = 0.09 s. On the other
hand, at the higher pressure drop of 1.3 mmHg the RBC transit
time is an order of magnitude lower than the relaxation time.
Thus, such higher values of pressure drop are best suited to
measure RBC surface viscosity.

Conclusions

In conclusion, in this work a microfluidics system to investigate
RBC flow in a microcirculation-mimicking network of PDMS
microchannels with thickness comparable to cell size has been
presented. The observed RBC parachute shapes and velocities
are similar to the ones found in glass microcapillaries of similar
inner diameter, thus showing that this system is indeed a relevant
experimental model to study cell microconfined flow behavior.
One of the main results of this work is the development of a novel
methodology to estimate cell membrane viscoelastic properties.
In particular, in the diverging channel the effect of surface
viscosity is dominant with respect to shear elasticity. The main
advantages are the small sample volume required, the simulta-
neous measurement of elastic and viscous parameters, and the
continuous flow configuration allowing multiple cells to be
examined in the same experiment. Possible applications include
the analysis of RBC deformability in pathological situations, for
which reliable quantitative methods are still lacking.
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