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Influence of Stem-cell Size and Culture Media Flowing
Modality on Cell’s Fate within a Microchannel; a

Numerical Analysis
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ABSTRACT

he dynamic cell culture process has been widely used in tissue engineering. The suc-

cess of cell culture is influenced by many factors, one of which is how the cells are
transferred from the bioreactor to the scaffolds through microchannels. The risk that can
reduce the success of the cell culture process is that the cells do not reach the final des-
tination correctly. In this study, the movement of stem cells through a microchannel was
theoretically analysed using discrete phase computational fluid dynamics. Three factors of
cell size, fluid flow rate and fluid viscosity were investigated on their sedimentation rate
before reaching the microchannel outlet. Four sizes of 10, 15, 20 and 30 pm for cells, and
four flow rates of 20, 50, 90 and 180 pl/min in addition, four viscosities of 0.001, 0.005,
0.01 and 0.025 Pa.s were selected for culture media left us a total number of 64 models.
The analysis results showed that cells with smaller sizes have a better chance of reaching
the microchannel outlet, and larger cells are more likely to sediment. On the other hand,
higher flow velocities and higher fluid viscosity delivering more cells to the destination.

The results of this study shed more light on the regulation and control of dynamic cell
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INTRODUCTION

microfluidic device is a small scale channel that

can be exploited in very fine fluid flow volumes.
Nowadays, microfluidic systems gain more attention
because of their increasing applications in many are-
as like computers' cooling systems [1], biological lab-
on-chips [2], microparticles trapping in air purificati-
on [3]. Based on their application, these systems are
prepared and used in very different dimensions and
geometries. For example, in a microchannel that is
used for heat transfer, increasing the wall surface area
can increase its efficiency [4], wherein for a microc-
hannel designed for cell tracking or trapping, applied
forces on suspended cells are the determining factors
that are highly dependent on fluid flow modality [5].
Therefore, based on the microfluidic system appli-
cations, very different parameters are considered in
their design.

Although small-scale chemistry studies and
physics analysis initially influenced microfluidic rese-
arch, recently, the integration of cell biology with mic-

rofluidics has become a significant focus of the scientific
community [6]. In biological lab-on-chip systems, mic-
rochannels are used as a transporter of suspension from
areservoir to the final destination [7]. Before embarking
on research involving complex biological systems con-
taining live cells, the study of various aspects of fluid
flow within microscale channels is inevitable. Many
studies showed that conventional fluid dynamics theo-
ries are generally applicable in microchannels fluid flow
analysis [8, 9]. However, due to the small size of the mic-
rochannel, parameters such as surface roughness and
wettability of their walls can cause differences in the
way fluid flows in larger-scale channels [10-12]. Anot-
her factor that can add to studying fluid flow in microc-
hannels, especially in biological systems, is the inherent
complexity of biological fluids. For example, in terms of
viscosity, most biofluids are non-Newtonian fluids [13,
14]. The problem is exacerbated when the microchannel
operates in a system such as a cell culture where wall
shear stress is a critical parameter to the success of the
process [15]. Here the contradictory situation and the
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difficulty is that a high flow rate increases the wall shear
stress at the destination, such as scaffolds walls [16, 17], and
a low flow rate can cause microparticles and cells to deposit
on the microchannel wall and finally its obstruction [18, 19].
Therefore, finding an optimal flow rate considering the flu-
id properties and a suspended biological organism's physical
aspects like its density and size is still a challenge for rese-
archers.

In a dynamic cell culture system, cells are sent from a
bioreactor to a destination, usually a synthetic scaffold. In
such a system, microchannels are playing as transporters
[20-23]. As with other microchannel systems, in dynamic
cell culture, cell deposition can lead to process failure. Fac-
tors such as cell clogging [7], van der Waals forces [24], gra-
vity or inertial forces [25] can cause the cells to settle before
reaching the destination. Minimizing cell deposition within
microchannels needs to control each causative factor sop-
histicatedly.

In addition to in-vitro studies, in silico simulations
in the study of human cells have recently been considered
[26-30]. For example, Marin et al. showed experimental
and computational that a low flow rate in cell culture can
cause cells to sediment in microchannels before reaching
the outlet area [31]. In addition, a recent study by the author
has performed a discrete phase model to probe the effect of
scaffold architecture on the initial attachment of dynamic
culture cells [32]. Natu et al. conducted a numerical analysis
to examine stem cell movement in a cell sorting microchan-
nel [33]. In a similar work Sun et al. performed a numerical
simulation to predict the rare tumor cells movement insi-
de a double spiral microchannel [34]. As can be seen in cell
culture studies, computer simulations can provide reliable
results, especially cell movement in microchannels.

In dynamic cell culture, the effect of the physical
properties of the media can be very significant in process
outcomes. For example, Torres et al. showed that adding
macromolecules like dextran and Ficoll (Ficoll-Pq) could
regulate media viscosity and density in controlling the rate
of cell settlement on scaffolds [35]. Another factor affecting
cell movement within a microchannel is its physical proper-
ties, including size, shape, and density relative to the fluid.
Ge et al. showed that stem cells have an almost spherical
geometry that varies in diameter from 10 to 35 microns
[36]. However, to the author's best knowledge, no study in
the literature examines the effects of all these parameters
together. To address such a gap in the literature, in this study,
the effect of flow rate, cell culture media properties, and the

Table 1. Fluid density and viscosity for CFD analysis.

Density (kg/m? ) 1000 1020 1022 1024

Dynamic Viscosity (Pa.s) 0.001 0.005 0.01 0.025

size of the buoyant cells on their sedimentation rate within a
fixed size microchannel were investigated theoretically.

MATERIALS AND METHODS
Microchannel

As mentioned in the introduction, the effect of fluid
physical characteristics and cell size on their passage or
settling was investigated in this study. A microchannel
with a rectangular cross-sectional area of 3000x1000 pum
and a length of 40 mm [31] was designed. The microc-
hannel was used horizontally to take into account the
effect of gravitational force on cells.

CED Analysis

In this study, the cell culture media was considered a
Newtonian and non-compressible fluid, and its flow was
considered to be fully developed. Then the Navier-Stokes
equation was used in CFD calculations [37]:

'D%{_ WNVu+ puViu+Vp=F, Vu=0 (1)

where, u, and p represent the density (kg/m?), velocity
(m/s), and the dynamic viscosity of fluid (kg/m.s). V de-
notes the del operator, and p denotes the pressure (Pa).
F represents the forces, such as gravity and centrifugal
force [37, 38]. A No-slip boundary condition was assigned
on the microchannel wall [39].

Fluid Properties and Boundary Conditions in
CED

Based on Torres et al. study result [35], four different den-
sities and related viscosity were assigned to the culture
media.

g Outlet

¢)

Figure 1. The microchannel model used in this study; a) geometry, b)
mesh of the CFD analysis, c) cells injection from the inlet surface.
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Figure 2. Velocity contour for the model with a flow rate of 180 uL/min and media viscosity of 0.005 Pa.s viscosity.

Also, four different inlet flow rates of 20, 50, 90 and 180
pl/min were selected to investigate the effect of fluid velocity
on the fate of cells within the microchannel [31]. The mic-
rochannel geometry was meshed using hexagonal elements
with a size of 50 um and a total number of 960,000 elements
(Fig. 1). For CFD analysis, the criterion of residual sensitivity
was set as le®.

Governing Equations in Discrete Phase
Cells motions within microchannels could be explained

using particle motion equation[40], which was defined by
the following equations:

dU -
L =Fd(U—Up)+M (2)
dt '\
and;
18u C .Re
F =t @)
p,dp 24

wherein; U, ¥, U, g p, p» > d,, C, and Re represented
particle velocity (m/s), drag force (N), fluid phase velocity
(m/s), gravitational acceleration (9.81 m/? ), cell density,
fluid density, fluid dynamic viscosity, cell diameter, and
an empirical drag coefficient factor for spherically-sha-
ped particles [41]; respectively. Stem-cells were assumed
as spheroids with 10, 15, 20 and 30 um diameters in four
sizes [36] as well as they were also modelled as a discrete
phase with a density of 1130 kg/m? [27]. Moreover, one-
way coupling was considered between cells and media so
that only the fluid phase could affect the cells [31]. Three
hundred cells were injected using the group injection
method from the inlet surface with a zero velocity. This
study assumed that the cells adhered to the microchan-
nel walls had once collided with them. To this end, the
trap condition was assigned to the interaction type bet-
ween cells and microchannel walls [27].

RESULTS

Selecting four sizes for the cells' diameter and four diffe-
rent viscosities plus four flow rates for each model left a
total of 64 models in this study. A small Reynolds number
for all models ensures that the analysis is performed un-
der a laminar flow (among all the models, the maximum
Re = 1.54). Fig. 2 shows fluid flow conditions within the
microchannel.

As can be seen, just after the inlet, the flowing fluid
maintains its uniform flow contour to the end of the mic-
rochannel, indicating a fully developed flow, which was the
same in all the models in this study. The streamlines of cells
for four different models are shown in Figure to illustrate
their fate.

As can be seen, except for the model with 10 um cell
size, in all other models, all the injected cells have settled,
and none of them has found a way outlet, indicating a de-
termining role of cell size in how they move along the mic-
rochannel.

Fig. 4 shows the percentage of cells that settled before
leaving the microchannel for each model.

-

Figure 3. The path of the cell from the microchannel inlet for models
with a flow rate of 90 ul/min and a viscosity of 0.005 Pa.s and cell size a)
10 pm, b) 15 pm, ¢) 20 pm and d) 30 pm.
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Figure 4. The number of sedimented cells was normalized with the total number of injected cells, and the assigned viscosity for the models' media

was: a) 0.001, b) 0.005, ¢) 0.01, and d) 0.025 Pa.s, respectively.

As shown in Fig. 4, all three parameters, namely cell
size, viscosity and flow rate, were influential in the rate of
cell deposition. In all models, the sedimentation rate incre-
ases with increasing cell size. However, increasing the flow
rate and viscosity in the models has reduced cell sedimenta-
tion. Under a flow rate of 20 pl/min in all models, a signifi-
cant percentage of cells have been deposited. Also, cells with
a size of 30 um under all flow rates and viscosities selected
for the carrying fluid in this study showed a percentage of
sediment.

DISCUSSION

To evaluate the reliability of the results, a part of those
was compared with a similar study by Marin et al., which
is presented in Table 2. As can be seen, the results are
very close.

As shown in Fig. 5, the two main forces acting on a flo-
ating cell are drag (F) and gravitational (F,) forces. Accor-
ding to equation 3, the drag force is a function of viscosity
(1) and flow rate (Re). Also, the gravitational force relates to
the mass and volume of the cell.

Table 2. The number of sediment cells from 300 injected cells at diffe-

rent flow rates for a model with a cell size of 10 pm and a media viscosity
0f 0.001 Pa.s in this study and similar work in the literature.

Flow Rate (ul/min) Marin el al. [31] Current work
20 300 300
50 264 263
90 166 166
180 78 78

As seen in Fig. 5, drag and ground forces are perpendi-
cular to each other. Therefore, the sum of the two forces is
to be predicted to be angled and downward.

According to the result, it can be understood that the
trajectory and fate of the cells within the microchannel
from the inlet to the outlet more than anything depends
on the flow velocity. In all models with a flow rate of 20 ul/
min, a significant percentage of cell sediment was observed.
Cell size is another highly influential factor in cell move-
ment behaviour through a microchannel following the flow
rate. For example, in all models of this study, most of the

Figure 5. Effective forces on a buoyant cell.
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injected cells with 30 um size could not reach the outlet
and got stuck in the microchannel. Moreover, the viscosity
of the carrier fluid also plays a vital role in the number of
trapped cells. With increasing viscosity in all models, more
cells reached the microchannel outlet. The movement of
cells towards the outlet without deposition depends on the
balance between the two main forces, namely the drag for-
ce and the gravitational force. Naturally, when the size of
the cells increases due to the difference in density with the
solution, it experiences more gravitational force and is pul-
led down. Similarly, when the flow rate or viscosity of the
culture media increases, the drag force on a cell increases
and can overcome the gravitational force. We can conclude
that fewer cells can trap within transport microchannels in
dynamic cell culture with increasing flow rate and viscosity.
However, an increased viscosity and flow rate can lead to
a higher wall shear stress in the destination scaffold surfa-
ces. Therefore, we may need to be careful about increasing
the fluid viscosity and the flow rate. Also, the use of cells of
the same size can facilitate the regulation and selection of
cell culture conditions such as flow rate and viscosity of the
media because the presence of cells with various sizes can
make it more difficult to control their trajectory. Therefore,
having the same size cells can be considered a prerequisi-
te for a successful cell culture process. Other factors such
as microchannel material can affect the fluid flow profile
and consequently the fate of cells. For example, since PDMS
is a hydrophobic material whereas glass is hydrophilic [42],
the velocity profile can vary for each of them, and this cau-
se different streamline modality within a microchannel. In
this study, the boundary condition of walls was chosen as
no-slip, so the microchannel material effect on cells fate is
ignored. Since cell subsidence and, consequently, blockage
of a micro-device is a catastrophe, solutions such as sheath
fluid flow [43], applying dielectrophoresis [44], an increase
in wall shear stress to separate cells from microchannel wall
[45] can be considered to overcome this phenomenon.

CONCLUSION

In this study, the movement of stem cells thought of a
microchannel was investigated using discrete phase mo-
del CFD analysis. Based on the results of this study, the
following conclusions can be drawn:

- All three factors, cell size, flow rate and fluid viscosity,
play a decisive role in the movement of cells from the inlet to
the outlet of a microchannel.

- The presence of three independent parameters makes
the regulation and control of the cell culture process diffi-
cult and a challenge that can be managed using computer
simulations to solve possible problems.

- Having cells of the same size can be an essential step in
reducing the challenges of regulating cell culture conditions.

- The results of this study are limited to a microchan-
nel with specific dimensions. In contrast, the microchannel
dimensions can play an essential role in fluid flow and, con-
sequently, cell fate. Hence, new and more studies with diffe-
rent size and geometries of the microchannel are necessary.
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