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ABSTRACT

The effect of wall shear stress on the orientation of cells was
examined in vitro. Couette-type shear flow device was made
between the lower fixed culture plate and the upper rotating disk
with a fixed gap. After 24 hours of no-flow culture to allow cell
attachment to the lower culture disc, shear stress of 2 Pa or less
was continuously applied to the mouse myoblasts (C2C12) for
24 hours in the incubator. The behavior (deformation and major
axis angle) of each cell was tracked by time-lapse images
observed with an inverted phase contrast microscope placed in
the incubator. At a shear stress of around 1 Pa, cells tend to orient
parallel to the shear stress direction. Around 1.4 Pa, several cells
tend to deviate from the shear stress direction. Around 1.8 Pa, the
cell is widely distributed at various angles. Cells tend to grow
longer in the higher shear stress field in all directions, regardless
of the direction of shear stress below 2 Pa. The experimental
results would be applied to control the orientation of cells in the
engineered tissue.
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1. INTRODUCTION

Biological cells migrate on scaffolds. Cells are exposed to shear
stress both in vivo and in vitro. The direction of the shear stress
field can affect the direction of cell deformation [1]. Under wall
shear stress, cells exhibit responses such as elongation, tilting to
the streamline, migration [2], deformation [3], division [4],
differentiation [5] and detachment from the scaffold wall.

In the Hagen-Poiseuille flow, the shear rate depends on the
distance from the wall and is highest at the wall. In a Couette type
flow, on the other hand, the shear rate is constant regardless of
the distance from the wall [6].

The effects of shear flow on endothelial cells exposed to blood
flow on the inner surface of the vessel wall have been examined
in many studies [7, 8]. In the previous study with the vortex flow
[9], endothelial cells oriented along the streamlines, whereas
myoblasts oriented perpendicular to the streamlines [10]. The
orientation of each cell in a tissue depends on the orientation of
neighboring cells [11, 12].

ISBN: 978-1-950492-71-8
ISSN: 2771-5914

29

In this study, the effect of wall shear stress on myoblast
orientation distribution [13] has been tracked by time-lapse
microscopy images observed using the Couette-type flow device
placed in an incubator.

2. MATERIALS AND METHODS

Shear Flow Device for Cell Culture

To apply the constant shear flow field to the cell culture, a
Couette type of shear flow device has been used (Fig. 1). The
shear field is generated between a rotating disk and a stationary
dish. The medium is sheared between a rotating wall and a
stationary wall. The stationary wall is the bottom of the culture
dish (diameter 60 mm).

In the device, the shear rate (y) in the medium is calculated by Eq.
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In Eqg. (1), w is the angular velocity, and d is the gap between the
wall of the moving disk and the wall of stationary plate. Between
the parallel walls, d is constant. The shear rate (y) in the gap
between walls increases in proportion to the distance (r) from the
axis of the rotation.

The angular velocity w (< 22 rad/s) was controlled by the
stepping motor. In the observation area of the microscope, r
varies between 17 mm and 18 mm. The distance d, which was
measured by the positions of the focus of the walls at the
microscope, was around 0.6 mm. The shear rates (y) of 6.7x10?
s'! are made in the present experiment by adjustment of these
parameters.

The shear stress (z) is calculated by the viscosity () of the
medium.

=y @)
Using the viscosity of the medium of 1.5x1073 Pa s (measured by
a cone and plate viscometer at 310 K), the shear stress 7 have
been calculated as the value of 1 Pa.

The rotating disk device is mounted on the stage of the inverted
phase contrast microscope placed in the incubator. The device
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allows the microscopic observation of cells cultured on the
stationary wall during exposure to the shear flow field.

Cultured Cell

C2C12 (mouse myoblast cell line originated with cross-striated
muscle of C3H mouse, passage between eight and ten) were used
in the test. Cells were cultured in D-MEM (Dulbecco’s Modified
Eagle’s Medium): containing 10% decomplemented FBS (fetal
bovine serum), and 1% penicillin/ streptomycin.

The cells were seeded on the dish at the density of 3000 cells/cm?.
To make adhesion of cells to the bottom of the culture dish, the
cells were cultured for 24 hours in the incubator without flow
stimulation (without rotation of the disk).

After the pre-incubation for 24 hours without shear, the cells
were continuously sheared with the rotating disk for 24 hours in
the incubator at the constant rotating speed. The constant speed
was preset for each test to keep the designed shear stress field.

Analysis of Cell Behavior

The time-lapse microscopic image was taken every ten minutes
during the cultivation. The contour of each cell adhered on the
stationary plate of the scaffold was traced (Fig. 2). The contour
of each cell was approximated to ellipse in two-dimensional
image.

Fig. 1: Couette flow (velocity (v) distribution) between rotating
(angular velocity w) wall and stationary wall at r (radius)
(distance d): wall shear stress (7).

Ellipse

Fig. 2: Shape index and angle (9) of cell exposure to flow.
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On the ellipse, the length of the major axis (a), and the length of
the minor axis (b) were measured. The ratio of axes is calculated
as the shape index (P) by Eq. (3).

P=1-b/a 3)

At the circle, P = 0. As the ellipse is elongated, P approaches to
one. The acute angle (¢) between the major axis and the flow
direction was measured counterclockwise (Fig. 2).

3.RESULTS

Figs. 3-5 shows the cumulative data for 24 hours, where no is the
initial number of cells. Each point corresponds to the data of each
cell at each instant in the time-lapse images.

Fig. 3 shows the direction angle (6) of the long axis of each cell
in relation to the shear stress (z). Under the shear flow for 24
hours, the cells make rotation, deformation, and division. Figs.
3a-3c, Figs. 4a-4c and Figs. 5a-5c¢ show data of sparsely
distributed cells. Cells made several colonies in Fig. 3d, Fig. 4d,
and Fig.5d. Cells were confluent in Fig. 3e, Fig. 4e, and Fig.5e.

At a shear stress of around 1 Pa, many of the angle data are
distributed around 0 degrees (Figs. 3a, 3e). Around 1.4 Pa, the
shear stress is mostly distributed in the negative direction (Fig.
3b). Around 1.8 Pa, the cell is widely distributed at various angles
(Fig. 3c). When cells are in colonies or in confluent layers, they
are widely distributed at various angles at a shear stress of around
1 Pa (Figs. 3d, 3e).

Around 1 Pa, many of the shape indexes are distributed around
0.6 (Fig. 4a). At around 1.4 Pa and 1.8 Pa, many of the shape
indexes are distributed around 0.8 (Figs. 4b, 4c). When cells are
in colonies or in confluent layers, many of the shape indexes are
distributed above 0.6 (Figs. 4d, 4e). Around 1.4 Pa, many of the
shape indexes are distributed around 0.8 at the negative angles
(Fig. 5b).
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Fig. 3a: Angle 6 vs. shear stress 7 (1 Pa < 7 < 1.05 Pa); no = 137.
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Fig. 3b: Angle 8 vs. shear stress 7 (1.36 Pa < 7 < 1.41 Pa); no
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Fig. 4a: Shape index P vs. shear stress 7 (1.00 Pa < 7 < 1.05 Pa);
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Fig. 4b: Shape index P vs. shear stress 7 (1.36 Pa < 7 < 1.41 Pa);

no = 17.
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Shape index P

Fig. 4c: Shape index P vs. shear stress 7 (1.81 Pa < r < 1.88 Pa);
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Fig. 4d: Shape index P vs. shear stress 7 (1.81 Pa < r < 1.88 Pa);

no = 218.
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Fig. 5a: Shape index P vs. angle 6; shear stress 7 (1.00 Pa < z <

1.05 Pa); no = 137.
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Shape Index P

Fig. 5d: Shape index P vs. angle &; shear stress 7 (1.81 Pa <z <
1.88 Pa); no = 218.

Shape Index P

Fig. 5e: Shape index P vs. angle 8; shear stress z (1.00 Pa < 7 <
1.05 Pa); no = 404.

4.DISCUSSION

In this study, the orientation and shape of C2C12 in a shear flow
field were observed at time-lapse images. A Couette-Flow device
that generates the shear flow in the culture medium in a culture
dish was used. The relationship between the shear stress and the
response of C2C12 was analyzed. The shear stress below 2.0 Pa
is typical value for the wall shear stress at the blood vessels in
vivo. Because the cell division [4] was not the main topic in this
study, the observation time was limited within 24 hours.

The wall shear stress gradient along the radial direction [14] was
less than 0.1 Pa/mm in this study. The difference of the shear
stress was less than 0.01 Pa between locations with a distance of
0.1 mm. The elongated cells are less than 0.1 mm in length. At
the shear stress field higher than 1 Pa, cells tended to move from
the position with the negative angle. In previous studies, C2C12
tended to migrate to the direction of low shear stress [15] in
sparsely distributed cells.

33

The wall shear stress of 1 Pa is a typical value for the inner
surface of human blood vessels in vivo. Endothelial cells are
exposed to shear stress of about 1 Pa, and most myoblasts tend to
migrate obliquely downward in the shear stress field of 1 Pa. The
effect of shear flow on cells depends on the cell type [16]. This
dependence may be applicable to cell sorting technology. To
study the initial behavior of cells, it is convenient to follow the
cells after they have divided [4]. Cells proliferate regardless of
shear flow stimulation. The cell cycle did not change regardless
of shear flow stimulation. In the present experiment, it was
possible to follow the deformation of each cell by time-lapse
images taken at 10-minute intervals.

Many studies have been conducted on the effects of shear flow
on cells. Shear flow affects the adhesion of each cell. Cell
adhesion can be controlled by the design of scaffolds [17].
Simulation of cell behavior in shear flow shows that shear flow
affects cell adhesion. The effect of fluid-induced shear stress on
osteoblasts was investigated [5]. The behavior of endothelial
cells can be a sensor of fluid shear stress [7]. The force field
parallel to the scaffold surface also can affect cell behavior [18].

The effects of shear stress gradients on cells have also been
investigated [8]. Wall shear stress gradients can cause elongated
cells to rotate counterclockwise [3, 14]. It was shown that
endothelial cells tend to tilt in a direction parallel to the flow
direction when the wall shear stress is 1.8 Pa or higher. At shear
stresses above 0.5 Pa, the endothelial cells tended to elongate.

The cells change into spheres when they divide. A sphere is a
circle on a two-dimensional projection plane. The shape index
(P) of the circle is zero. When the cells are highly active, the data
of shape index (P) are widely distributed under the wall shear
stress stimulus (0.5 Pa <t < 2 Pa) for each cell. Moderate wall
shear stress promotes active deformation of each cell. Excessive
wall shear stress may induce detachment of cells from the culture
surface scaffold. Regardless of the cell type, the number of
detached cells increases as the shear stress approaches 2.0 Pa.

The behavior of each cell depends on its neighbors [11, 12]. Since
the initial number of cells in the image corresponding to each
figure is not controlled to be constant, it is not possible to
compare the absolute number of cells beyond the figure number.
Since the data in each figure were collected from the same time-
lapse images in the same observation area of the experiment, the
relative distributions are comparable. The experimental results
would be applied to control the orientation of cells in the
engineered tissue.

5. CONCLUSION

Myablasts were cultured under wall shear stress between 1 Pa
and 2 Pa in vitro. A Couette flow experimental system with a
rotating disk in a parallel position with a fixed gap was designed
to apply shear stress to cells. Time-lapse images were analyzed
using ImageJ to trace the shape and orientation of the cells. At a
shear stress of around 1 Pa, cells tend to orient parallel to the
shear stress direction. Around 1.4 Pa, several cells tend to deviate
from the shear stress direction. Around 1.8 Pa, the cell is widely
distributed at various angles. Cells tend to grow longer in the
higher shear stress field in all directions, regardless of the
direction of shear stress below 2 Pa.
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