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ABSTRACT!

The effect of wall shear stress gradient on the
deformation and rotation of each cell was investigated in
vitro. To make a Couette-type of shear flow, the culture
medium fluid was sandwiched with a constant gap
between parallel walls: a lower stationary culture disk,
and an upper rotating disk. Mouse fat precursor cells
(3T3-L1) were used in this experiment. After cultivation
without flow for 24 hours for adhesion of cells on the
lower plate, a shear stress of less than 2 Pa was
continuously applied to cells for 24 hours in the
incubator. The behavior (deformation and major axis
angle) of each single cell was tracked using time-lapse
images observed by an inverted phase contrast
microscope placed in the incubator. For wall shear
stresses of less than 1.9 Pa, each cell exhibited active
behavior: migration, deformation, and rotation. Whereas,
the cells transformed into spheres when wall shear stress
was higher than 1.9 Pa. In addition, the cells were
observed to tilt against for a wall shear stress gradient
approaching 50 Pa/m.

Keywords: Biomedical Engineering, Shear Stress Field,
Deformation and 3T3-L1 cells.

1. INTRODUCTION

The effect of shear stress gradients on the endothelial
cells of blood vessels exposed to different blood flow
conditions is an important predictor of vascular disease,
and this topic has been investigated by many research
groups [1-7]. In a previous study by our group using the
vortex flow generated by the swinging plate in vitro,
C2C12 cells changed their orientation from parallel to
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perpendicular with the direction of the flow, although
HUVEC made orientation parallel to the direction of the
flow [8].

This result is consistent with the behavior of endothelial
cells to an increase in wall shear stress: elongation [2],
tilting to the streamline [3], migration [4], deformation
[5], division [6], and exfoliation [7] from the wall of the
scaffold. In the Poiseuille type of flow, the shear rate
depends on the distance from the wall: highest at the wall.
In the Couette type of flow, on the other hand, the shear
rate is constant regardless of the distance from the wall.

A biological cell shows various actions on the scaffold:
migration, deformation, rotation, and division. In several
cases, cells are exposed to the shear stress both in vivo
and in vitro. The direction of the shear stress field also
affects the response of each cell [9].

In the present in vitro study, an experimental system
exhibiting Couette-type flow in the gap between rotating
disks was designed to apply a shear stress to cells during
incubation, and while under the microscopic observation.
The effect of the wall shear stress gradient (1-50 Pa/m)
on a single cell (deformation and rotation) was studied.

2. METHODS

Shear Stress Field

To apply the constant shear stress 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 fluid is sheared
between a rotating wall and a stationary wall. The
stationary wall is the scaffold surface of the bottom of
the culture dish (diameter 60 mm). In the device, the
shear rate (y) in the medium fluid is calculated by Eq. (1).
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In Eq. (1), w is the angular velocity [rad/s], and d is the
gap [m] between the wall of the moving disk and the
wall of the stationary plate. Between the parallel walls, d
is constant. The shear rate (y [s%]) in the gap between
walls increases in proportion to the distance (r [m]) from
the axis of the rotation.

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

Couette type flow in the tangential direction is formed
with a medium filled between the wall of the moving
disk and the wall of the stationary plate. Along the d
direction, the shear rate (y) is the same as the wall shear
rate. At the circumferential position of the same r, the
shear rate (y) is constant in the gap between the wall of
the moving disk and the wall of the stationary plate. The
wall shear rate gradient (G) [s™* m™] is formed in the
direction of r.

G=y/r=wld @)

The wall shear rate gradient is independent of r. The wall
shear rate gradient is constant along r. The angular
velocity (11 rad/s < w < 44 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 (3.3x10% s* < y < 13x10? s71) are made
in the present experiment by adjustment of these
parameters.

The wall shear stress (¢ [Pa]) is calculated using the
viscosity (i [Pa s]) of the medium.

T=17y 3)

Using the viscosity of the medium of 1.5x107% Pa s
(measured by a cone and plate viscometer at 310 K), the
wall shear stress 7 has been calculated (0.45 Pa <7< 2
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Pa). The wall shear stress gradient (z; [Pa/m]) on the
scaffold plane is calculated by Eq. (4).

w=tlr=nylr=nG=nwl/d 4)

The wall shear stress gradient is independent of r. The
wall shear stress gradient is constant along r.

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

Cell

3T3-L1 (mouse fat precursor cells, a cell line derived
from cells of mouse 3T3) was 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 value of the shear stress.

Time-lapse Images

The time-lapse microscopic images were taken every 5
minutes during the cultivation. To distinguish between
cells and background, each image was binarized by
setting a threshold. Using the image, the contour of each
cell adhered on the stationary plate of the scaffold was
traced. Cells with the two-dimensional projected area
greater than 100 pm? were counted in the following data.
The contour of each cell was approximated to ellipse
(Fig. 2).

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) given by Eqg. (5).

P=1-b/a (5)
For a circle, P = 0. As the ellipse is elongated, P

approaches to 1. The counterclockwise angle (¢) of the
main axis from the flow direction was measured (Fig. 2).

Cell

=R >

Flow

Fig. 2: Shape index and angle of cell exposed to shear
flow field.
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3. RESULTS

Under the shear flow for 24 hours, cells actively
exhibited rotation and deformation, including division.
Several cells were exfoliated at the wall shear stress of 2
Pa. Figs. 3-5 show cumulated data in 24 hours: no shows
the initial number of cells. In Figs. 3-5, each point
corresponds to the data for each cell on each slide of the
time-lapse images. Fig. 3 shows the angle (8) of major
axis of each cell related to the shear stress (z). Fig. 4
shows the shape index (P) of each cell related to the
shear stress (z). Fig. 5 shows the relationships between
the shape index (P) and the angle (#) of major axis of
each cell. Figs. 3a, 4a, and 5a show data in the shear
stress (z) range between 0.46 Pa and 0.5 Pa. Figs. 3b, 4b,
and 5b show data in the shear stress (z) range between
0.91 Pa and 1 Pa. Figs. 3c, 4c, and 5c show data in the
shear stress (z) range between 1.18 Pa and 1.26 Pa. Figs.
3d, 4d, and 5d show data in the shear stress (z) range
between 1.82 Pa and 2 Pa. Cells tend to migrate and

concentrate to the areas of the shear stress at 0.5 Pa (Figs.

3aand 4a) and 1.9 Pa (Figs. 3d and 4d).

The angle decreases with the increase of the wall shear
stress from 0.45 Pa to 0.5 Pa (Fig. 3a). The angle of each
cell is distributed not only at 0 degrees but also at +90
degrees. The angles indicate parallel and perpendicular
to the flow, respectively. The angle tends to be negative
at the wall shear stress higher than 0.91 Pa (Fig. 3b).
Data points widely spread over various angle at the wall
shear stress higher than 1.8 Pa (Fig. 3d).

The shape indexes (P) of many cells are higher than 0.5
at the wall shear stress higher than 0.5 Pa (Fig. 4). The
shape index (P) is distributed around 0.8 and 0.2,
indicating active repetitive deformation of each cell (Fig.
4b). The shape indexes (P) of many cells are lower than
0.5 at the wall shear stress higher than 1.95 Pa (Fig. 4d).
As the cell shape approaches the sphere, the shape index
(P) approaches zero. After transforming into a sphere,
several cells detached.

Many cells tilt with negative angle with higher shape
index (Fig. 5). Several cells tilt with positive angle at the
wall shear stress gradient higher than 1.1x10% Pa/m (Fig.
5d).
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Fig. 3a: Angle 6 vs. shear stress (0.46 Pa < r < 0.5 Pa);
3T3-L1; Initial number of cells ng = 47; wall shear stress
gradient G = 28 Pa/m.
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Fig. 3b: Angle 6 vs. shear stress (0.91 Pa < 7 < 1 Pa);
3T3-L1; ng = 37; wall shear stress gradient G = 56 Pa/m.
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Fig. 3c: Angle 6 vs. shear stress (1.18 Pa < r < 1.26 Pa);
3T3-L1; no = 46; wall shear stress gradient G = 70 Pa/m.
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Fig. 3d: Angle 6 vs. shear stress (1.82 Pa < 7 < 2 Pa);
3T3-L1; no = 46; wall shear stress gradient G = 1.1x10?
Pa/m.
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Fig. 4a: Shape Index P vs. shear stress (0.46 Pa <7< 0.5
Pa); 3T3-L1; no = 47; wall shear stress gradient G = 28
Pa/m.
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Fig. 4b: Shape Index P vs. shear stress (0.91 Pa<z<1
Pa); 3T3-L1; no = 37; wall shear stress gradient G = 56
Pa/m.
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Fig. 4c: Shape Index P vs. shear stress (1.18 Pa < 7 <
1.26 Pa); no = 46; 3T3-L1; wall shear stress gradient G =
70 Pa/m.
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Fig. 4d: Shape Index P vs. shear stress (1.82 Pa< 7 < 2
Pa); 3T3-L1; no = 46; wall shear stress gradient G =
1.1x10% Pa/m.
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Fig. 5a: Shape Index P vs. angle; shear stress (0.46 Pa <
7< 0.5 Pa); 3T3-L1; ng = 47; wall shear stress gradient G
=28 Pa/m.
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Fig. 5b: Shape Index P vs. angle; shear stress (0.46 Pa <
7< 0.5 Pa); 3T3-L1; no = 37; wall shear stress gradient G
=56 Pa/m.
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Fig. 5¢c: Shape Index P vs. angle; shear stress (1.18 Pa <
7 < 1.26 Pa); 3T3-L1; ng = 46; wall shear stress gradient
G =70 Pa/m.
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Fig. 5d: Shape Index P vs. angle; shear stress (1.82 Pa <
7< 2 Pa); 3T3-L1; no = 46; wall shear stress gradient G =
1.1x102 Pa/m.
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4. DISCUSSION

A biological cell shows passive and active responses to
its environment. When shear stress deforms the profile of
a cell, the cell adapts by changing its shape and
orientation. While strong stimulation above a threshold
damages the cell, stimulation below the threshold
remains in the cell as a memory for the response in the
next step. The hysteresis effect governs the active
response of the cell [9]. In a previous study, cells were
exposed to the shear flow in a donut-shaped open
channel, and the effect of flow stimulation on cultured
cells has been studied in vitro [8]. When the flow has an
open surface [10], it is difficult to estimate the shear
stress value in the fluid. Between two parallel walls, on
the other hand, the velocity profile is estimated to be
parabolic in the laminar flow.

The Couette-type of flow is convenient to estimate the
shear stress in the flow with the constant shear rate
between the moving wall and the stationary wall, which
is also available to non-Newtonian fluid like a
physiological fluid. Several kinds of the devices
including Couette-type flow were designed for
quantitative experiments of biological fluid in the
previous studies [11-15]. The cone-and-plate type device
has the uniform shear field in the entire space between
the rotating cone and the stationary plate [11]. The shear
stress is constant and independent of the distance from
the rotating axis. The erythrocyte destruction was studied
between the rotating concave cone and the stationary
convex cone.

A parallel disk system using a rotating disk and a
stationary disk [12], on the other hand, has several
advantages: stability of the rotating motion of the disk,
stability of the optical path for the microscopic
observation, morphologic preciseness of the plane of the
disks, and simultaneous observation over the range of
variation of the shear rate proportional to the radius from
the rotational axis (Eq. (1)). The floating erythrocyte
deformation was observed between counter rotating
parallel disks [13]. The steady actual flow direction
adjacent to the scaffold surface of cell culture has been
confirmed by the streamline traced by the direction of
exfoliation of the cell and of the moving particle adjacent
to the surface [14]. The flow velocity, which increases in
proportional to the distance from the rotating axis, has
also been confirmed by tracings of the moving particle
adjacent to the surface.

The wall shear stress of 1 Pa is typical value on the inner
surface of the human blood vessels in vivo. Myoblasts
tend to migrate to the oblique direction of the lower
shear stress field at 1 Pa. The effect of shear flow on
cells depends on the cell types [12]. The dependency
might be applied to the cell sorting technology. Tracings
of the cell after division is convenient to study on the
initial behavior of the cell [15]. The cells proliferate
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regardless of the shear flow stimulation. The cell cycle
did not vary under the shear flow. The deformation of
each cell can be tracked by the time-lapse images with
the interval of five minutes in the present experiment.

The effect of shear flow on cells was investigated in
many previous studies. The shear flow affects adhesion
of each cell [16]. Adhesion of cells can be controlled
with design of the scaffold [17]. The behavior of cells in
the shear flow was simulated in the previous study [18].
The effect of “fluid induced shear stresses” on
osteoblasts was measured in a previous study [19].

The effect of shear stress gradient on cells were
investigated in the previous study [2, 6]. The wall shear
stress gradient can cause the elongated cell (Fig. 6) to
rotate counterclockwise. Results of the present
experiment shows that the angle (¢) of the major axis of
each cell tends to be negative at the wall shear stress
gradient around 50 Pa/m (Figs. 3a, 3b and 3c). The
moderate wall shear stress gradient promotes active
rotation of each cell. The behavior might be active
adaptation of each cell. Many cells, on the other hand,
have zero degree or positive value of the angle () at the
wall shear stress gradient around 100 Pa/m (Figs. 3a, 3b
and 3c). The behavior might be passive reaction under
the wall shear stress gradient.

Rotation?
Cell

- 0

Wall shear stress < >
% Flow direction

s >

> ~ —0

Cell

Rotation?

Fig. 6: Angle of cell at wall shear stress gradient; passive
counterclockwise rotation of cell due to wall shear stress
gradient.

At the time of division, each cell transforms into a sphere.

A sphere is a circle on a two-dimensional projection
plane. The shape index (P) of the circle is zero. Many
cells have a shape index of zero when divided. When
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cells are highly active, the data for each cell is widely
distributed (Figs. 3b and 4b). Data of the shape index (P)
are widely distributed under appropriate values of wall
shear stress stimulation (0.5 Pa < z < 1 Pa). A moderate
wall shear stress promotes active deformation of each
cell. Excessive wall shear stress induces detachment of a
cell from the culture surface scaffold (Fig. 4d).

Since the initial number of cells within the image
corresponding to each figure was not controlled to a
constant value, the absolute number of cells cannot be
compared beyond the figure number: Figs. 3, 4, and 5.
The relative distribution of the data in each figure can be
compared, because data in each figure is collected from
the same time-lapse image in the same observation area
of the experiment.

5. CONCLUSIONS

Both the deformation and orientation of each single cell
of 3T3-L1 (mouse fat precursor cells) under a shear
stress field around 1 Pa were tracked by time lapse
images using a Couette type flow device placed on the
stage of the microscope in the incubator. Under wall
shear stresses below 1.9 Pa, each cell exhibited active
behavior: migration, deformation, and rotation. We
found that cells transformed into spheres at the wall for
shear stress higher than 1.95 Pa. Many cells tilt against a
wall shear when the stress gradient is around 50 Pa/m.
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