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Abstract

In this paper, we study a suspension of cells at a moderate volume fraction flowing in a microchannel filled with Newtonian
or viscoelastic fluids and investigate the role of cell size, cell volume fraction, inertia, deformability, and fluid elasticity on the
cell distribution. Our results suggest that the use of constant-viscosity viscoelastic fluid pushes the cells toward the channel
centerline which can be used in microfluidic devices used for cell focusing such as cytometers. The cell-free layer increases
which provides larger gap for separating rare cells in microfluidic devices. Furthermore, we show that the volumetric flow
rate can be significantly enhanced with the addition of polymers in the suspending fluid. This effect enhances the processing
speed which is of interest in designing microfluidic devices. This fundamental study can provide insight on the role of rheo-
logical properties of the fluid that can be tuned to control the motion of the cells for efficient design of microfluidic devices.

Keywords Cell migration in polymeric fluids - Cell focusing - Elasto-inertial cell migration

1 Introduction

The motion of synthetic capsules and living cells in micro-
channels has been the subject of numerous studies in the last
decade due to its significance in engineering and biomedi-
cal applications (Popel and Johnson 2005; Pozrikidis 2003;
Cooley et al. 2018). Cell sorting and separation are common
processes that are used for various purposes such as separation
of leukocytes from blood used in DNA sequencing (Gossett
et al. 2010). Early diagnosis of lethal diseases such as cancer
(van de Stolpe et al. 2011) can be conducted by isolation of
rare cells in blood, which is a complex suspension of cells.
Furthermore, fractionated healthy blood components are used
for different therapeutic applications such as platelet transfu-
sion (Sethu et al. 2006). Cell isolation and enrichment provide
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a better platform to biologists to study and analyze various
properties of living cells (Karimi et al. 2013; Gossett et al.
2010). In this regard, microfluidic devices provide a platform
to achieve aforementioned needs while overcoming challenges
such as sample contamination, cost, and complexity of the pro-
cedures (Pai¢ et al. 2017). Besides, these devices offer higher
accuracy for analysis and increased automation of the process
(Chung and Kim 2007; Godin et al. 2008). Accordingly, there
is a high demand for developing techniques to precisely control
trajectories of cells and manipulate them in a desired manner.
Some of the proposed techniques employ external factors such
as electric (Pethig 2010), magnetic (Pamme 2006), and acous-
tic (Friend and Yeo 2011) fields and sheath flows (Sundara-
rajan et al. 2004; Lancaster et al. 2005; Howell Jr et al. 2008).
Even though they can offer high-throughput sample process-
ing, the complexity of the procedure and high-cost limits their
utilization in clinical applications (Gossett et al. 2010). Fur-
thermore, these methods require cell manipulation that may
change biological properties of the cells (Del Giudice et al.
2017). Hence, there is a growing interest in employing label-
free techniques that take advantage of physical properties of
the cells such as size, shape, and deformability to control their
trajectories in microfluidic devices (Pai¢ et al. 2017; Del Giu-
dice et al. 2017; Gossett et al. 2010). Inertial microfluidics
are among the proposed techniques that use inertial forces to
induce cell migration in microchannels (Di Carlo et al. 2007,
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2009; Choi et al. 2011). In this technique, cells focus at an
equilibrium position depending on their physical proper-
ties (Hur et al. 2010; Kunze et al. 2015; Di Carlo 2009). The
particles flowing in a Newtonian fluid follow the streamlines
without any transversal migration for low Reynolds numbers
(Ho and Leal 1974). With increasing the Reynolds number,
the inertial force becomes important and the cross-streamline
migration of particles is observed (Leshansky et al. 2007; Lee
et al. 2013). In this case, the particle experiences two opposing
forces: (1) shear-gradient induced force that pushes the parti-
cle toward the wall (Asmolov 1999) and (2) the wall-induced
repulsive force that drives it toward the channel center (Zeng
et al. 2005). The balance between these two forces determines
the equilibrium position of the flowing particle in the chan-
nel cross section (Li et al. 2015). This phenomenon was first
observed by Segre (1961). In their experiments, randomly
distributed particles at tube inlet assembled at an annulus
with radius of 0.6 times the radius of the tube. This result was
later confirmed numerically (Feng et al. 1994), analytically
(Schonberg and Hinch 1989), and experimentally (Karnis et al.
1966). Previous investigations show that the deformability of
the cell can affect its trajectory in the microchannel (Raffiee
et al. 2017b; Schaaf and Stark 2017; Kilimnik et al. 2011;
Saadat et al. 2018). Due to deformability of cell membrane,
a deformability-induced force is generated and the interplay
of all the above forces governs the equilibrium position of
the flowing cells (Raffiee et al. 2017b). In our previous work
(Raffiee et al. 2017b), we studied the effect of cell deformabil-
ity on the equilibrium position of a single deformable cell. Our
results show that deformability-induced force drives the cells
toward the channel centerline in a Newtonian fluid. Recent
studies on microfluidic devices introduced an alternative way
for cell focusing by adding a polymer to the suspending fluid
(Lu et al. 2017; D’Avino et al. 2017; Faridi et al. 2017). In
this method, the polymer chains in the fluid are stretched and
generate an uneven normal stress on the flowing particles. This
phenomenon leads to a net elastic force that interacts with the
inertial force and affects the migration dynamics and equilib-
rium position of the particle (Del Giudice et al. 2015, 2017).
This phenomenon has been experimentally and analytically
(Leshansky et al. 2007; Yang et al. 2011; D’Avino et al. 2012;
Li et al. 2015) observed. The particle migration depends on
the fluid rheology, cell size, channel geometry, and volumet-
ric flow rate (Villone et al. 2013; Li et al. 2015). There are
several experimental studies that showed promising results
for cell separation and focusing using polymeric fluid as the
suspending fluid. Lim et al. (2014) used hyaluronic acid (HA)
in the suspending fluid and successfully focused solid particles
and leukocytes at the channel center. Furthermore, the same
method was used to separate human breast carcinoma and
leukocyte cells in a straight microchannel (Nam et al. 2015)
which highlights the effect of cell size and deformability on
the particle migration flowing in a viscoelastic polymeric fluid.
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The effect of size and deformability was also observed Liu
et al. (2015), where solid particles, living cells, and bacteria
were separated by focusing in different locations in the chan-
nel cross section. Previous studies (Seo et al. 2014; Leshansky
et al. 2007; Romeo et al. 2013; Raffiee et al. 2017b) show
that fluid rheological properties are important on the dynam-
ics of cell migration in microchannels. In our previous work
(Raffiee et al. 2017b), we have shown that the focusing posi-
tion of the cell in a constant-viscosity fluid is closer to the
centerline compared to that in a Newtonian fluid. However, the
shear-thinning properties of a Geisekus fluid can significantly
modify the equilibrium position. The equilibrium position of
cell also depends on the cell size, deformability, and volumet-
ric flow rate.

Despite the importance of the dynamics of cell suspensions
in a microchannel, the previous experimental and computa-
tional studies focus on the migration of cells in a dilute regime.
This limitation prevents us to evaluate the performance of the
developed techniques for rich samples such as blood which
has higher cell concentrations. The optical techniques cannot
be effectively used for quantification of samples at high cell
concentrations. To overcome this limitation, we focus on a
suspension of deformable cells in Newtonian and polymeric
fluids in semidilute and concentrated regimes and investigate
the role of various factors including cell size, deformability,
inertia, and viscoelasticity of the suspending fluid. Our results
provide fundamental understanding of the dynamics of sus-
pension of cells in a straight microchannel used in various
microfluidic devices.

2 Methodology
2.1 Governing equations

Dynamics of the deformable cells flowing in a microchannel is
governed by the momentum and continuity equations. In this
study, we assume that the inner fluid of the cell and suspending
fluid is incompressible. Therefore, we have

Vu=0, ey
% + V.(puu) = -Vp+ V.t +F. 2)

Here, p is the density of the fluid, ¢ denotes the time, u
is the velocity vector, and p and t represent pressure and
stress tensor, respectively. The stress tensor in a Newtonian
fluid is a function of fluid viscosity u and strain rate ten-
sor D = Vu + VuT, where 7 = yD. We use a front-tracking
(Unverdi and Tryggvason 1992) method to track the inter-
face and capture the change in fluid properties across the
membrane. In this method, a single set of equations is solved
in the entire computational domain. In Eq. (2), F represents
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the smoothed elastic force generated due to the deformation
of cell membrane which can be obtained as

F(x,t) = / Jf(x;, D6(x —x,)dV. 3)
0B

Here, f is the membrane resistive force exerted on the fluid.
This force is zero everywhere in the domain except for the
membrane interface. In Eq. (3), x and x; denote an arbitrary
point in the computational domain and a point on the cell
membrane, respectively. Furthermore, 6 and V are the Dirac
delta function and volume, respectively. To distribute the
resistive force on Eulerian grid points surrounding the mem-
brane, a smoothed delta function is employed:

5(x) = D)D()D(2), “

D) =$<1 + cos (%x)),lxl <24, (5)

where A is the Eulerian grid size. To simulate the cell mem-
brane, we use the Skalak et al. (1973) model. Ramanujan and
Pozrikidis (1998) showed that the Skalak model can capture
the behavior of deformable cells under various conditions
and their results agreed well with experiments (Chang and
Olbricht 1993). In this model, the cell is assumed to behave
as a deformable capsule that has a resistance against shear
deformation and area dilatation. Accordingly, a strain energy
function is assigned to the membrane as follows:

ES
W= E((ef +e =27 +2el +6 —2)—2ere; — 1)

E
20 2
+ 1—;(6162 - 1),
(6)

where E and E, denote shear and dilatation moduli and €,
and e, are principal strains. In this study, we consider % =2

following Kriiger et al. (2014). For the range of Reylsmlds
and Laplace numbers used in this study, the area extension
is less than 8%. We use a finite-element method (Charrier
et al. 1989) to obtain the force f in Eq. (3). The validation of
this model against previously published results is presented
in our previous work (Raffiee et al. 2017a). The
Navier—Stokes equations are solved using a finite-volume
method. The time derivatives are discretized using an
explicit Euler scheme and discretization for the convective
and diffusive terms is conducted using Quadratic Upstream
Interpolation for Convective Kinematics (Leonard 1979)
(QUICK) and central difference schemes, respectively. The
pressure—velocity coupling is conducted using a projection
method (Chorin 1968).

To solve for a viscoelastic suspending fluid, the total
stress 7 is split into two parts: (1) solvent stress tensor 7
and (2) polymeric stress tensor 7, as follows:

T =TS+TP. @)

Here, 7, can be written as

7, = uD, (®)
where p, is the solvent viscosity. In this study, the Oldroyd-B
constitutive equation is used to represent the stress tensor:

\Y4
AT, + 1, = u,D, C)

In this equation, 4, is the polymer viscosity and A represents
the fluid relaxation time. Equatian (9) models a constant-
viscosity viscoelastic fluid. Here, 7, is the upper convected
time derivative defined as

\V4 ot
7, =—=+uVr, - Vur, —7,Vu'. (10)

P
The details of the numerical scheme used to solve Eq. (9)
and its validation are explained in our previous work (Raffiee
et al. 2017a).

2.2 Problem setup

In this work, the computational domain is a straight squared
channel, as illustrated in Fig. 1. The edge of the channel is
2W and the channel length is set to be 4W. We applied a
periodic boundary condition in x direction and a no-slip
boundary condition is implemented in y and z directions. In
this problem, W and U, (the undisturbed centerline velocity
of the channel in the absence of capsules) are used as the
characteristic length and velocity scales, respectively. Here,
in this work, dimensionless variables are defined as t* = Wy

(time), x* = X (position), u* = X (velocity), and P* = 2%
w Uy uly
(pressure). Hence, the dimensionless numbers governing the

problem are: (1) the Reynolds number Re = @ that rep-

2W

< >

4W
2W

ZA

X >

y

Fig. 1 Schematic of problem setup
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resents the ratio of inertial to the viscous forces; (2) the
Laplace number Lg = 2”# denoting the deformability of the
%

cell; (3) ¢ that shows the volume fraction of cells in the
microchannel; (4) the Weissenberg number Wi = 2% show-
ing the ratio of elastic to viscous forces; (5) f = %represent—

ing the ratio of the polymer viscosity to total viscosity
(u=p, + ﬂp); and finally (6) the aspect ratio AR = v% that
shows the blockage ratio in the microchannel. We assume
that the inner fluid of the cells is a Newtonian fluid with a
density and viscosity equal to those of the outer fluid
((Ms + :up)outer = (Ms)inner and Pinner = pouter)' Unless other-
wise stated, f is set to 0.9 and the cells are initially spherical.
The computational domain and cell membrane are discre-
tized using 128 X 76 X 76 Eulerian grid points in x, y, and z
directions and 20,000 Lagrangian grid points. The mesh and
domain size independency tests are provided in the
“Appendix”.

3 Results and discussion
3.1 Newtonian fluid

In this section, the migration of cells flowing in a Newtonian
fluid is investigated and the effects of various factors includ-
ing deformability (La), cell volume fraction (¢), inertia (Re),
and cell size (%) on the cell distribution are explored. The
computational domain is filled with a homogeneous suspen-
sion of randomly distributed cells (cells with the same size
and deformability) along the channel. A constant pressure
gradient is applied to generate a flow in the microchannel
and cells flow and migrate across the microchannel due to
cell—cell and cell-fluid interactions. The simulation is run
long enough that the suspension reach a statistically steady
state. The Reynolds number is set to 37.8 unless otherwise
stated.

Figure 2 illustrates the cell suspension at two time
instances * =0 and * = 1336 for La =1, ¢ = 10% and
% = 0.2. The cells interact and deform in the channel. Due to
the low shear rate in the central region of the channel, cells
maintain their initial spherical shape, while cell deformation
is more significant as the cells get closer to the wall, where
the shear rate is higher. Cells migrate in the cross-stream
direction and accumulate near the center of the channel. This
migration behavior toward the centerline is caused by the
deformability-induced force acting on the cells. The inter-
play between this force, inertial lift force, and wall-induced
force determines the focal location of cells (Raffiee et al.
2017b; Schaaf and Stark 2017; Kilimnik et al. 2011) in the
microchannel. In addition to the above-mentioned forces,
the cell-cell interaction becomes important when we con-
sider cell suspensions at a moderate volume fraction. The
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Fig.2 Distribution of cells at a r*=0 and b at ¢ = 1336 for
¢ = 10%, % =0.2,La = 1and Re = 37.8
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Fig.3 Average cell distance from the centerline for ¢ = 10%, % =03
and Re = 37.8

migration of cells toward the center can also be observed by
comparing cell distribution at two different time instances,
as shown in Fig. 2, where the accumulation of cells near the
center of channel is significant. To study the motion of a sus-
pension of cells, the ensemble average of cell distance from
the centerline (r*) is computed. Figure 3 shows the tem-
poral evolution of average distance of cells from the chan-
nel centerline for various La numbers at ¢p = 10%, % =0.3.
According to this figure, (r*) initially decreases and reaches
a quasi-steady state. The initial decrease in (r*) shows the net
migration of cells toward the centerline due to the deform-
ability-induced force acting on the cells. The steady value
of cell position is computed by temporally averaging (r*)
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Fig.4 Time-averaged cell distance from the centerline for various La
at Re = 37.8

over the time period during which statistically steady state
is reached (see Fig. 4 for Re = 37.8). The cell distance from
centerline increases with increasing La number (decreasing
deformability) which is in agreement with the behavior of
a single cell in a microchannel (Raffiee et al. 2017b; Schaaf
and Stark 2017; Kilimnik et al. 2011). This change is attrib-
uted to the effect of La number on the deformability-induced
force. As La increases, this force gets weaker and the inertial
and wall-induced forces become dominant factors. Hence,
the location of cells with a high Laplace number is close to
that of solid particle flowing in a microchannel. Figure 4
also exhibits that increasing the cell volume fraction leads
to increase in the cell distance from the channel centerline.
This behavior is due to the increase in the cell—cell interac-
tion as the number of cells flowing in the channel increases.
Furthermore, the cell size has an important role on the net
motion of cells. Comparing the average distance for differ-
ent blockage ratios (% = 0.2 and 0.3) indicates that bigger
cells get closer to the centerline. According to Schaaf et al.
Schaaf and Stark (2017), the deformability-induced forces
scale proportionally with the size of the cells. Hence, bigger
cells experience a larger force towards the centerline. To
study the quasi-steady distribution of cells in a microchan-
nel, two quantities including radial volume fraction (¢,) and
local volume fraction (¢,) are defined. The local volume
fraction represents the cell distribution across the micro-
channel and is defined as the fraction of volume AyA4zL, (L,
is the channel length in x direction) occupied by the cells at
different y and z across the channel cross section. To find ¢,.,
Eq. (11) is introduced:

1 r+Ar
¢, = 1 / ¢ 2xrdr, an

r,r+Ar

In this equation, r is the distance from the channel cen-
terline and A, ., 4, is the area between r and r + Ar. Hence,
the radial volume fraction (¢,) is the fraction of microchan-
nel volume between r and r 4+ Ar that is occupied by cells.
The radial volume fraction for ¢p = 10%, ‘—“’/ = 0.3 is plotted
for various Laplace number in Fig. 5a. According to this
figure, the cells are not evenly distributed across the chan-
nel. The results show that the radial volume fraction of cells
decreases with the distance from the channel centerline and
it reaches to zero at a particular radius. The region in the
microchannel in which the radial volume fraction is zero
is called cell-free layer (CFL). The formation of this layer
has been numerically and experimentally observed in the
previous studies (Pranay et al. 2012; Zhao et al. 2012). Fur-
thermore, the same phenomenon occurs in blood vessels,
where the concentration of the red blood cells close to the
vessel wall is far less than its value in the core region (Fed-
osov et al. 2010). The thickness of this layer is an important
factor in designing microfluidic devices as it specifies the
gap between the wall and suspending cells in the sample,
where the rare cells should move to easier get separated.
One of the important factors affecting the thickness of CFL

br
e H=10% % =03
0.5 —m $=20% =03
e 6 =10% & =02
0.4
2P
0.2
0.1
0.0
00 02 04 06 08 10 12 14
,r,*
(b)

Fig. 5 Radial volume fraction for a ¢ = 10%, % = 0.3 and Re = 37.8
and b for La = 500 and Re = 37.8
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is La number. The thickness of CFL increases with decreas-
ing La number (Fig. 5a). The reason for this behavior is
the tendency of deformable cells to migrate toward the core
region and this tendency is enhanced by decreasing La num-
ber. Hence, the concentration of cells is higher in the cen-
tral region leading to a thicker cell-depleted layer near the
wall. The maximum radial volume fraction of cells at La = 1
occurs at the centerline and it decreases monotonously with
the distance. The occurrence of the peak at the centerline
is caused by two factors: (1) cell migration toward the cen-
terline that yields to a significant cell accumulation in that
region and (2) the small area of the region (A, ,,) over
which the radial volume fraction is computed in the central
region. As the Laplace number increases, an off-center peak
in the radial volume fraction occurs, although the maximum
radial volume fraction still occurs at the centerline due to
the aforementioned reasons. To better understand this trend
in cell distribution, the effect of deformability on the focal
position of cells should be considered. Increasing the La
number pushes the focal position of cells toward the wall
of a microchannel (Raffiee et al. 2017b; Schaaf and Stark
2017). Therefore, a significant increase in the local volume
fraction of cells is observed at off-center locations in the
cross section. This rise in the local volume fraction leads
to the second peak in the radial volume fraction in Fig. Sa.
The effect of the cell volume fraction (¢) and the cell size
on the cell distribution is plotted in Fig. 5b. The thickness of
CFL decreases with ¢ due to the increase in the number of
cells and their interaction. Hence, the cells are more spread
across the channel cross section leading to a decrease in CFL
thickness. Furthermore, decrease in the cell size results in
decrease in the CFL thickness. This effect is attributed to
the role of the cell size on the equilibrium position of cells,
as shown in Fig. 4. The formation of the second peak is also
observed for all the cases, as shown in Fig. 5b. To elaborate
the formation of the second peak in the radial volume frac-
tion in details, the local volume fraction of cells (¢,) in the
channel cross section at ¢ = 20%, La = 10, and < = 0.3 is
plotted in Fig. 6. The blue region near the channel wall with
zero concentration of cells is the cell-free layer. According
to this figure, ¢, has its maximum values at the center and at
off-center locations shown by red regions. The off-center red
regions in the channel cross section lead to the formation of
the second peak in radial volume fraction (¢,) in Fig. 5. This
phenomenon is also observed in the previous studies (Pranay
et al. 2012; Li and Pozrikidis 2000) in which suspension of
droplets and capsules was studied.

One of the important factors in evaluating the perfor-
mance of microfluidic devices is the sample throughput.
Hence, we plot the dimensionless volumetric flow rate of
the suspension exiting the microchannel (Q*) for various
Laplace numbers, as shown in Fig. 7. Our results show that
the volumetric flow rate decreases with increasing Laplace

@ Springer

0.5865

0.4888

0.3910

0.2933

0.1955

0.0978

0.0000

Fig.6 Local volume fraction of cells at ¢ = 20%, La = 10, % =0.3,
and Re = 37.8
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Fig.7 Volumetric flow rate of the suspension for various La, ¢, and
size at Re = 37.8

number. This effect can be elaborated by considering the
single-cell dynamics in a microchannel. According to our
previous study (Raffiee et al. 2017b), a single-cell flow-
ing in the microchannel lags the surrounding fluid and its
velocity is smaller than the local velocity of the fluid in the
absence of the cell. This effect becomes more significant, as
the Laplace increases. Hence, the reduction of volumetric
flow rate with increase in La is expected. To quantify the
effect of the cell deformability on the flow field, the veloc-
ity profile in the cross section of microchannel is plotted for
various La in Fig. 8. Our results show that decreasing the
cell deformability results in decrease in the velocity across
the cross section. Furthermore, the velocity profiles for vari-
ous La numbers are identical in the cell-depleted region,
while they are different in the regions occupied by the flow-
ing cells. Figure 7 shows that the volumetric flow rate is
also influenced by the cell volume fraction (¢) and the cell
size. Accordingly, the reduction in the volumetric flow rate
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Fig. 8 Velocity profile in the microchannel at ¢ = 10%, % =0.3, and
Re =37.8
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Fig. 9 Average cell distance for ¢ = 10%, La = 500, and va_v =0.2 and
0.3

is observed with increasing the volume fraction (¢), while
increasing the cell size (%) enhances Q*. Here, we also study
the effect of Reynolds number on the cell migration in the
microchannel. In this work, we simulate the motion of cells
at ¢ = 10%, La = 500 and two different cell sizes (% =0.2
and 0.3) for various Re numbers. The average distance of
the cells ((r*)) is plotted in Fig. 9. Our result shows that the
average cell distance is not influenced by Reynolds number.
This behavior is in agreement with previous studies (Li et al.
2015; Raffiee et al. 2017b) that investigated the dynamics of
a solid particle and a deformable capsule with high La num-
ber in a microchannel. Furthermore, the radial volume frac-
tion distribution (¢, ) for the cell suspension with vlv =02
is plotted in Fig. 10. This result also emphasizes that the
steady spatial distribution of flowing cells is not affected by
the Reynolds number and the change in the CFL thickness
is negligible.

3.2 Viscoelastic fluid

In this section, the effect of the polymeric fluid on the
cell migration behavior is investigated. As it is mentioned
in Sect. 3.1, the migration of the cells is governed by the

—o— Re=2378
—&— Re =100
—¥— Re =200
Re =300

0.25

0.20

r

0.15

Fig. 10 Radial volume fraction distribution for ¢ = 10%, La = 500,
and % =0.2

—o— Wi=0
—a— Wi=1
—¥— Wi=2

0 200 400 600 800 1000 1200 1400
t*

Fig. 11 Temporal evolution of cell distance from the centerline for
¢ =10%, % = 0.3, La = 500, and Re = 37.8

interplay between inertial lift force, deformability-induced
force, wall-induced force, and cell—cell interaction. How-
ever, the cells flowing in a polymeric fluid experience an
elastic force in addition to other forces. The elastic force is
generated due to the deformation of polymer chains in the
channel flow. The interplay between various forces deter-
mines the cell distribution in the channel. The motion and
consequently the time-averaged distance of cells suspended
in a polymeric fluid is significantly influenced by the fluid
elasticity.

Figure 11 plots the temporal evolution of the average cell
distance from the channel centerline at ¢p = 10%, La = 500
and = = 0.3 for various Wi numbers (Wi = 0 corresponds to
a Newtonian fluid). Our results show that the cell distance
decreases as Wi number increases. Therefore, a constant-vis-
cosity viscoelastic fluid pushes the cells toward the channel
centerline. This behavior is in agreement with the previous
numerical and experimental studies (Raffiee et al. 2017b; Li
et al. 2015; Lim et al. 2014) for an isolated cell. This result
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suggests that the polymeric fluid can be used as a passive
method in devices in which the main goal is cell focusing at
the centerline such as cytometers. Furthermore, this method
adds another variable to be tuned by the user to control the
focal position of the cells in microfluidic devices. According
to the results, the deformability-induced force and elastic
force have reinforcing effect that drives the cells toward the
centerline, while the inertial force has the opposite effect
that pushes the cells toward the channel wall. Therefore,
for a low Wi number, the inertial force is dominant and the
resulting average cell distance is close to that of cells flow-
ing in a Newtonian fluid, while for a high Wi number, the
elastic force has a significant effect and the cells accumulate
near the centerline. To observe the effect of the polymeric
fluid, the cell-fraction distribution of the cells with = = 0.2,
La =500 and ¢ = 10% is plotted in Fig. 12. This figure
shows the extent to which the cells are distributed across
the microchannel. The fraction of cells located close to the
centerline increases and the fraction of the cells close to
the wall decreases significantly with increasing the Wi num-
ber. The cell fraction at r* = 1.38 and 1.12 reaches nearly to
zero. Furthermore, the location at which the maximum cell
fraction occurs approaches to the centerline when polymers
are added to the flowing fluid. The polymeric effect is also
exhibited in Fig. 13, which shows the cell configuration for
¢ = 10%, La = 500 and % = 0.2 for two different values
of Weissenberg number (Wi = 0 and 2). According to this
figure, the cells flowing in a constant-viscosity viscoelastic
fluid (Fig. 13b) focus more near the centerline compared to
the cells flowing in a Newtonian fluid (Fig. 13a). To quantify
the effect of polymeric fluid, the time-averaged cell distance
for various cell sizes and volume fractions is plotted as a
function of Wi number in Fig. 14. The cell distance from the
centerline decreases with increase in Wi number for various
¢ and % The decrease in time-averaged cell distance con-
tinues until the Wi number reaches a critical value above

V=0
s 06 - i=2
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S 05
5
»
< 04
IS
2
T 03
IS
=~
<
|02
3
O 01
0.0 y
0.38 0.62 0.88 1.12 1.38

distance from center

Fig. 12 Cell-fraction distribution of cells with % =0.2, La =500,
and ¢ = 10% with Wi = 0 and 2

@ Springer

(a)

(b)
Fig. 13 Distribution of cells at ¢ = 10%, La =500, Re =37.8,
va_v =02andaWi=0andbWi=2
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Fig. 14 Time-averaged cell distance from the centerline for various
Wi numbers at Re = 37.8
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which the cell distance does not reduce further and reaches
a plateau. This behavior is attributed to the cell-cell inter-
action that has an opposing effect against elastic effect and
does not allow the cells to focus at the centerline. In other
words, the cells are accumulated in the core region and the
distance between the cells cannot be further reduced. This
effect can be seen in Fig. 13b that illustrates the distribu-
tion of cells in the central region. As it is shown in Fig. 14,
the cell distance is not computed for Wi above 2 for two
cases (¢p = 20%, % =0.3and ¢ = 10%, % = 0.2). The lack
of data for these cases is due to the numerical instability
occurring for larger Wi numbers and volume fractions. The
effect of the cell volume fraction (¢) and the cell size (va_v)
is similar to their effect in a Newtonian fluid. Increasing the
volume fraction increases the cell distance and increasing
the cell size decreases the cell distance from the centerline.
To study the effect of elasticity on CFL thickness, the radial
volume fraction is plotted in Fig. 15 for ¢p = 10%, % =0.3,
and Re = 37.8. The thickness of the CFL increases with
increasing Wi number. This change is attributed to the poly-
mer chains driving the cells more effectively toward the cen-
terline with increasing Wi number. Hence, a larger region in
the vicinity of channel walls remain depleted from the cells.
Furthermore, the location of the off-center peak in the radial
volume fraction of the cells approaches to the centerline as
the elasticity of the suspending fluid increases which is also
due to the enhanced tendency of the cells in accumulating
in the core region. The effect of the polymeric fluid on the
throughput of microfluidic devices is also studied in this
section. The volumetric flow rate of the exiting suspension
is measured under various Wi numbers and constant pres-
sure gradient at ¢ = 10%, % = 0.3, and Re = 37.8 and is
plotted in Fig. 16a. Our results show that the volumetric flow
rate increases with increasing Wi number. To elaborate this
effect, the velocity profile of the corresponding cases in the
channel cross section is plotted in Fig. 16b. As Wi number

or

Fig. 15 Radial volume fraction of cells for ¢ = 10%, % =0.3 and
Re =37.8
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Fig. 16 a Volumetric flow rate of suspension for various Wi num-
bers at Re = 37.8 and b the velocity profile at ¢ = 10%, La = 500,
i =0.3and Re = 37.8

increases, the velocity at centerline (»* = 0) increases and
the velocity profile becomes flatter in the central region.
Therefore, the change in the velocity distribution across the
microchannel due to the change in fluid elasticity results
in the enhanced sample throughput in microfluidic devices.
Furthermore, Fig. 16a shows that there is a critical Wi, num-
ber above which the volumetric flow rate reaches a plateau.
This change is attributed to the accumulation of cells in the
core region, where cells cannot be more compact above the
critical Wi, number. Besides, the effect of Reynolds number
on the performance of the microfluidic devices in presence
of polymeric fluids is investigated. The time-averaged cell
distance is plotted for various Re numbers at ¢ = 10%,
La = 500 and Wi = 2 in Fig. 17. As it is shown, the distance
of the cells from the centerline increases with increasing the
Re number. This finding is in agreement with the previous
studies (Raffiee et al. 2017b; Li et al. 2015) in which the
dynamics of an isolated solid and deformable particle were
studied in a microchannel. This behavior can be elaborated
according to the strong dependence of inertial and elastic
forces on Re number. The interaction between various forces
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¢ =10% & =0.3
0.1 ¢ =10% = 10.2
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Re

Fig. 17 Time-averaged cell distance for various Re numbers at
¢ = 10%, La = 500 and Wi = 2

such as inertial and elastic forces determines the final posi-
tion of cells in the microchannel. The inertial effect is the
dominant factor when Re > Wi and the cells are expected to
be driven toward the walls, while for the case with Wi > Re,
the elastic force becomes dominant and the cells tend to
accumulate in the central region of the microchannel.

4 Conclusions

In this work, the dynamics of a cell suspension flowing in
Newtonian and viscoelastic fluids is investigated. We study
the effect of the cell size (%), cell volume fraction (¢), iner-
tia (Re), deformability (La), and fluid elasticity (Wi) on the
motion of cell suspension and the performance of the micro-
fluidic devices composed of a straight microchannel. The
variation of the aformentioned factors modulates the gov-
erning forces and influences the distribution of cells in the
microchannel. Our results show that increasing the La num-
ber leads to the increase in the cell distance from the channel
centerline (r*) and reduction in the volumetric flow rate of
the exiting flow (Q*). These variables are also affected by
the cell size and cell volume fraction. Decreasing the cell
size pushes the cells further toward the wall and this effect
can be reinforced by increasing the cell volume fraction.
However, the increase in viv and ¢ has an opposite effect on
the volumetric flow rate and causes the decrease in Q*. Our
findings suggest that adding a polymer in suspending fluid
pushes the cells further toward the centerline compared to a
Newtonian fluid and can be used in devices that require cen-
terline focusing of the cells such as cytometers. It is shown
that increasing fluid elasticity (Wi) yields the reduction in
cell distance from the centerline, while it increases the volu-
metric flow rate of the exiting flow. Furthermore, the effect
of the inertia (Re) is investigated for both Newtonian and
viscoelastic fluids. The results indicate that the change in the

@ Springer

Reynolds number does not significantly affect the suspen-
sion dynamics, while an opposite behavior is observed in a
viscoelastic fluid in which the cells are driven further toward
the wall due to increase in the inertial effects.
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Appendix

To check the mesh and the domain size independency of the
computational results, we follow the method used in Doddi
and Bagchi (2009), where the volumetric flow rate of the
flow is investigated for various grid and domain sizes. Fig-
ure 18a shows the volumetric flow rate of the cell suspension
in a Newtonian fluid at Re = 100, ¢ = 10% and % = 0.3 for
various La numbers with 128 X 76 x 76 and 200 x 133 x 133
grid points in x, y, and z directions, respectively. The maxi-
mum error between two different grid sizes is 2.44%. Hence,
our results indicate that the numerical simulation performed
in this study is independent of the mesh sizes. The results
for the domain independency of the simulation are also plot-
ted in Fig. 18b. The variation of the volumetric flow rate at
Re =100, ¢ = 10%, and % = 0.3 for two different domain
sizes (L, = 4W and 8W) in the x direction along which the

2.00
LT .\\-\'
Q 1.50
—o— 128 X 76 x 76
L1 e 900 x 133 x 133
100 0 1 2
10 10 La 10
(a)
1.8
Q17
1.6
0 1 2
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Fig. 18 Volumetric flow rate at Re = 100, ¢ = 10% and = =0.3 a
for 128 X 76 X 76 and 200 x 133 x 133 grid points and b for L, = 4W
and 8W in x direction
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periodic boundary condition is considered. The maximum
error between two channel geometries is 0.71% that proves
the independency of the numerical results against the com-
putational domain size.
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