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Introduction

1. Research Backgrounds

Recently, due to the dramatic increase on the human’s self—awareness of
one’s health, coupled with the drastic development of medical technologies,
humans are living longer expected life than ever. However, as the average age
increases rapidly, the possibility of genetic mutations escalates steeply; some
genetic mutations, which cannot regulate its growth, develops as cancer. The
occurrence rate of cancer shows drastic increase in the few years; the problem
could get more serious since the expected age increases continuously and those
societies are normally aging. Therefore, the drugs treating cancers are being
developed competitively in many firms, labs and universities globally; the
market size was estimated near 138.41 billion US dollars in 2022.

When developing the cancer drugs, the efficacy of the drug should be
confirmed before being subjected to a clinical trial. Most of the testing of the

drugs are conducted by spheroids: cancer cell aggregates that function similarly



to body tissues.

Spheroids are produced by inducing cell aggregation in a culture medium

environment where cells can grow. It takes a long time to gather the cells

together into one point, which has caused high inefficacy during cancer drug

development. Although various methods (using ultrasound, gravity, batch—type

reactors, electric fields and magnetic fields, etc.) have been used to produce

spheroids, the production time has not been shortened enough or has impaired

the viability of cells so far. Therefore, the rapid but cell—habitable production

of spheroids is still regarded as a major obstacle in cancer drug development.

In this study, we investigated the phenomenon of rapid cell aggregation

using flow field generated by the interaction of vertical vibration and surface

tension. We found that a streaming flow arises due to the moderate Reynolds

number of the vibration system, and the streaming flow showed perfect

axisymmetry under vertical vibration. Conducting experiments with real cancer

cells, we found out that this axisymmetric, point—directing flow can rapidly and

densely gather the cells in the desired point. In addition, we created spheroids

and confirmed that there were no major problems with cell viability as well.

Through comparison with other methods, it was also proved that this method



gathers cells faster and more densely. Subsequently, we analyzed how this flow

1s generated and how it makes the cells gather, through theoretical explanation

and CFD simulations.



2. Research Objective

The main object of this research is to develop a new process for rapid
production of cell spheroids, while not diminishing its viability. The secondary
object of the research is to analyze the discovered flow field and identify the
cause of the cell aggregation. Due to the complex nature of the flow field and
its interaction with the cells (transient system, the importance of non—linear
terms, contact angle hysteresis and contact line motion, rotation and distortion
of individual cells, etc.), the analysis will mainly be introduced in a qualitative

form.



Subject

1. Streaming flow induced by vertical vibration

When a sinusoidal vibration is exerted to linear systems, the system
variables will show a time averaged value of zero. However, for non—linear
systems, the non—linear response induced by the input oscillation accumulates
in the system, generating a non—zero time average of some variables. For liquid

systems, the Navier—Stokes equation governs the system.

aui 2
pﬁ+pui “Vu; = —=Vp + uVeu; + pb;

For liquid systems with non—negligible inertial effects (i.e. when the
Reynolds number, Re = 1), the governing equation for the liquid system remains
nonlinear due to the inertial term. Therefore, when oscillation is exerted on the
system, the time averaged velocity will show a non—zero average. The averaged

flow (mean flow) is termed as streaming flow. The phenomenon can be



observed in various systems such as simple vertical, horizontal vibration of

fluids, fluid acoustics, and alligator communications.

Faraday wave, which is named after the physicist Michael Faraday, is a

standing wave which emerges under vibration of liquids with free surface. When

the acceleration (or frequency) of vibration exceeds its innate threshold value,

some Instability occurs on the free surface and it tends to distort itself,

generating standing waves. Under the Faraday waves, streaming flow occurs

when the Faraday waves are large enough to consider the inertial terms in the

Navier—Stokes equation notable.

The wavelength of the standing waves is determined by its frequency, water

depth, surface tension and liquid density. Under normal Faraday wave setup,

the variables are constant along the liquid system: the wavelength is same for

all standing waves, indicating that the waves are evenly spaced. Under the

periodic standing waves, the streaming flow also showed periodic behavior in

the form of periodic vortices. For a detailed research on the streaming flow

under the waves, please refer to ~~.

Replicating the Faraday wave streaming flow experiments that ~ conducted,

T k'.?_]-li -:Ii =
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the observations showed that the seeding particles for the flow field analysis

aggregated at the bottom between the vortices. Two types of aggregates were

formed according to their position relative to the vortices: for the vortices under

the upward streaming flow, very sharp, dense aggregate of particles were

formed; in contrary, for the vortices under the downward streaming flow, rather

coarse aggregate was formed. The research aims to exploit this phenomenon in

cell aggregation.



Figure 1. Particle aggregation under Faraday waves in rectangular tanks. Two

types of particle gathering, coarse (green) and compact (red) occurs.



2. Axisymmetric streaming flow in cylindrical wells

2.1. 96 well plate format

Most of the cancer drug testing researches share the same experiment
format of 96 microwell plates. The devices such as automated pipets,
microscopes, and incubating systems are fitted for the 96 well standards.
Therefore, for accessibility in the drug development industry, the system should
be compatible to the conventional 96 well system.

96 well plates have cylindrical geometry, so the Faraday wave and the
streaming flow pattern exert distinct behaviors. Experiments were conducted
to observe how the standing waves and the streaming flow underneath the flow

emerges.



2.2 Experimental setup

The vibration experiment was conducted for liquids inside cylindrical wells

of 96 well formats. The experimental setup was set as Figure 2. The shaker

was placed on top of an optical table to minimize the background vibration. The

shaker used for the experiment was Electrodynamic Shaker ET-140

(Labworks Inc.). The shaker was connected to an electric signal generator and

an amplifier. Also, the shaker was always cooled with a vacuum pump. Laser

sheet from the top penetrated the cross section of the liquid in the well. High—

speed camera (Fastcam SA1l.1, Photron Inc.) was mounted in the normal

direction to the cross section of the laser sheet. To adjust the laser sheet

thickness, a controllable laser sheet adjusting device was attached under the

laser. The wells were mounted mechanically on top of the vibrator. The whole

apparatus was shaded to minimize the distraction from other light sources.

The cell culture medium was mixed with 1% Matrigel (Corning Inc.), and the

cells were mixed in the concentration of 0.067 million cells/mL. The viscosity

measured was 1.51 mPas, and the surface tension measured was 42 mN/m. The

density was 0.96 kg/m3. All measurements were conducted in room

10



temperature of 25 deg C. The cells used was HT—29, which is a colon cancer

cell. Two types of HT—29 cells were used: normal HR—29 cells and green—

fluorescent protein tagged cells. Negligible amount of fluorescent polystyrene

particles, diameter of 10 um and density of 1.08 kg/m3, provided by Magsphere

Inc., was added to the solution when analyzing the flow field.

The vibration condition was the frequency of 50 Hz with the amplitude of 0.2

11



High speed

Laser w/ lens camera

Laser sheet Shaded box
adjustment
& Laser sheet
Wells trajectory .
Vibrator <Oblique view>

Electric signal &
vacuum cooler
connected

<Frontal view>

Figure 2. The experimental setup. Shown left is the frontal view and the right

1s the oblique view, showing the wells and high—speed camera.
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2.3. Contact line observation

Subjected to vertical vibration, the liquid inside the well shows some peculiar
motion inside the well. To alleviate the optical illusion caused by the vibration
of the wells, a simple modification on the image was performed to fix the bottom
of the well in the same position of the image.

The evolution of surface, its height and contact angle hysteresis, is the first
thing to note.

During vibration, the surface tends distort, oscillating between the nearly —
flat state and the curved state. (Figure 3. 4) To satisfy volume conservation, if
the center of the surface goes up (or down), the contact line goes down (or up).
Here we set the height of the meniscus center as the representative variable of
the meniscus height. Upon observation, it can be checked that the height of the
meniscus center has a phase lead of g compared to the height of the well. When
the well height was in its equilibrium, the velocity of the contact line center was
at its maximal value.

The contact angle shows different behavior depending on its velocity. When

the center of the meniscus is going down, the contact line inclines upwards,

13



where the liquid is not present. Therefore, the contact angle is in its advancing
state which is larger than the equilibrium contact angle. When the center of the
meniscus 1s going up, the contact line declines downward. Here, the contact line
1s In its receding state and the contact angle gets smaller than its equilibrium
value.
To wrap up the complicated phase relationship, the relationship can be
summarized as below:
D By observation, the meniscus center height shows % phase lead
compared to the well height
@ The contact line height as opposite phase compared to meniscus
center height, meaning that it has g phase lag compared to the well
height
@ The contact line velocity has g phase lead compared to the well
height, meaning that it is in the same phase with the well height
@ When the contact line velocity is positive, the contact line advances,
and the contact angle increase, vice versa. Therefore, the contact
angle is in the same phase with contact line velocity

(® Contact angle is in the same phase with the well height

14



For more intuitive and apparent explanation, the system can be explained by
exploiting sinusoidal functions.
Starting by assuming the meniscus center height as a sine function,
Ymeniscus center™ SIN T
From observation, the well height has a phase lag of %; therefore, the well
height can be represented as below.
Ywell height™~ — COSt
To satisfy volume conservation of liquids, the contact line height will show
opposite phase compared to the meniscus center.
Ycontact line™ — Sint
The contact line velocity is obtained by the first derivative of the contact

line height.

dYContact line

—cost
dt

Contact line velocity and contact angle has positive relationship (Figure 4):
therefore, the contact angle is in the same phase with the contact line velocity.
BOcontact angle™~ — COSt

Therefore, it is can be concluded that the contact angle is in the same phase

with the well height. More complicated analysis of these relationships will be

15

T k'.?_]-li -:Ii =
# - 4 [}
N Bl y 1



dealt on the analysis and the simulation in section 4.

16
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Figure 3. Location adjustment of the well
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Figure 4. The evolution of surface and its corresponding contact angle
hysteresis. The diameter of the well is 8 mm
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2.4. Flow field observation

The flow field was observed by discharging laser at the fluorescent liquid
particles. Similar to the contact line observation, the vibration was adjusted by
image analysis. To check whether the particles correctly represents the fluid
flow, the Stokes number should be checked in advance. The characteristic
velocity of the system is U = ;—2. Inserting the amplitude (0.2 mm) and the
period (0.02 second), the characteristic speed can be obtained as ugg,r =

0.04 m/s. Inserting the value in the Stokes number relationship for low Reynolds

PDUchar —

flow, the Stokes number can be obtained. The computed value is St = T

0.02 « 1: therefore, it could be assured that the particle readily follows the
streamline.

First, focus on the vibration in one period. During one period, the flow tends
to follow the surface movement. Fluid elements those are near to the surface
moves vigorously, while the fluid elements near the bottom wall moves very
slowly, due to the no—slip condition. During one period, the particles seems to
go back to its initial state: in the pixel limit of high—speed camera, it is nearly

insignificant. Also, the pixel limit is insufficient for tracking the slowly moving

19



particle near the bottom, in which the flow is most important for cell aggregation.

Secondly, focus on the average flow. For this analysis, instead of obtaining

the time averaged velocity throughout the whole period, the same phase points

in every period were collected and combined into a video. Under the assumption

that the time averaged flow (streaming flow) is steady throughout the whole

time, the combined video can be an effective way to visualize the video. The

mean flow field indicates that, the mean flow field is symmetric. At the middle,

a downward—directing mean flow develops, and near the upper part of the

center, two symmetric vortices (actually, they are one torus—shaped vortex)

are present. Near the contact line, symmetric secondary vortices rotate in the

opposite direction.

Even though the fluorescent particles have similar density and size with the

HT—-29 cells, the degree of wall attachment varies largely between the

fluorescent particles and the cells: the anti—sticking well plates refrain the cells

from sticking, but the particles stick easily. Therefore, the in—situ tracking of

the particle density was not possible.

20



Figure 5. (Top) The evolution of meniscus within half period (10 ms). (Bottom)
The average flow (5 periods) Scale bar 3 mm
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3. Cell aggregation under vertical vibration

3.1. Temporal evolution of cell aggregates

In this section, the results of experiments containing cells are presented.
The well tested is a commercial ultra—low adhesive well (PrimeSurface 96M
plate, Sbio Inc., Japan) which refrain cells from sticking to the wells.

Since the height of the liquid also matters in the experiment, a quick test was
conducted to find the appropriate liquid height for cell aggregation. The liquid
height tested were 60, 70, 80, 90 uL. No significant difference was observed
between the four liquid heights: therefore, we used 70 ul for the other
experiments.

The experiment to monitor the temporal evolution of cell aggregate was
conducted. Rather than doing all the experiments separately, the wells were
kept vibrating for 2 hours and the cell solutions were added every 6 minutes.
Then, after two hours, the well plate was transferred to microscope for imaging.
In this way, in one experiment the results of various time could be obtained.

The results are shown in Figure 6. After 42 minutes, the cells were roughly

22



concentrated, and at 108 minutes, the cells were tightly aggregated. Inner voids,

which are expected to lag the spheroid generation time, disappears after 96

minutes.

23



Figure 6. The temporal evolution of cell aggregates
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3.2. Comparison to other methods

The efficacy of the vertical vibration method was evaluated by comparing

the speed and the aggregate shape to other conventional methods, which are

sedimentation method and orbital shaker method.

Figure 7 shows the results of sedimentation method. Near 42 minutes, the

cells tend to gather near the middle. Until the experimental time limit of 2 hours,

the cell aggregate did not show a round periphery and large voids were observed.

However, after 1 day, the cells gathered in circle and the voids disappeared.

Figure 8 shows the results of orbital shaker method. The orbital shaker

model we used was Titramax 100, Heidolph Inc., and the angular velocity was

set as 300 RPM. Near 30 minutes, the cells tend to gather near the middle. Until

the experimental time limit of 2 hours, the cell aggregate showed an oval shape,

and voids were present. However, after 1 day, the cells gathered in circle and

the voids disappeared.

We wanted to see how long it takes for the cell aggregates to gather tightly

as in the vertical vibration setup. As the time flows, the cells slowly turn into a

spherical shape for both methods, which took 4~5 hours. The voids in cells

25



aggregates disappeared after about 4~5 hours in the sedimentation experiments.

For the shape of the boundary (Figure 10), sedimentation method had a vague

boundary and the orbital shaker had uneven boundary. The reason is that for

the sedimentation method, since the bottom is U-—shaped, the tangential

component of gravity is very weak near the middle of the bottom (where the

aggregate is located). Hence, the cells are distributed sparsely near the

boundary. For orbital shaker, since the cells are subjected to periodic

centrifugal force, some parts of boundary are pushed (while the other parts are

not). In contrary, the vertical vibration, even only after 1.5 hours of shaking,

the cells were closely packed at the boundary.

26



Figure 7. The temporal evolution of cells in sedimentation method
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Figure 8. The temporal evolution of cells in orbital shaker method
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Figure 9. Void formation in sedimentation methods. (a) after 1 hour; voids are
very distinct (b) after 4 hours; only small voids present
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Figure 10. Boundary shapes of aggregates in three methods (a) vertical wave
(b) sedimentation (c) orbital shaker
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3.3. Cell viability confirmation

During the cell aggregation process, cells are subjected to vibration for more

than one hour. For the resulting spheroid to be in use for the real drug

development process, the cell viability should not be affected by the cell

vibration process.

After 2 hours of vibration, the live cells were dyed in green (Calcein AM),

and the dead cells were dyed in red (Propidium Iodide). The confocal

microscope image was superpositioned through the height. The results are

shown in Figure 11. The red cells in both results are barely detected, where

only a few of them located outside of the aggregates.

31



Figure 11. The confocal microscope image of the aggregated cells. Most of the

cells are green, indicating that the cells are alive.

32



Figure 12. Top—down image by brightfield microscopy.
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Figure 13. Laminated figure of the confocal images. The aggregate has a shape

of hemisphere.
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3.4. Mode of failures

Since the flow field is governed by contact line movement and contact angle

hysteresis, the result is very dependent upon the contact line status.

For example, if there are some surface contamination on the wall, some parts

of the contact line get pinned, and the axis symmetry of the streaming flow

breaks.

Also, when bubbles are made during pipetting, the presence of bubbles

distracts the meniscus and the cell does not aggregate properly. (Figure 14)

Therefore, to prevent failures, the walls should be cleansed and sufficiently

wetted, and the liquid should be homogeneous.

35



Figure 14. The improper cell aggregation mode in the presence of bubbles.
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4. Analysis of the flow and cell aggregation

4.1. Analysis method of the system

The complex nature of fluid flow conceals rich underlying physics, such as
a phase shift of m/2 (which should not occur in a forced oscillation with low
viscous (damping) term) and intriguing particle aggregation results (the local
flow at the bottom can be estimated as a viscous stagnation flow, 7e. Hiemenz
flow; However, by solving the similarity solution of the Hiemenz flow and
inserting it into the equation of motion for particles in the flow, the net force
that the particle experiences becomes zero). At the time of writing, the only
possible explanation is through computational approaches using a commercial
package, COMSOL Multiphysics.

The Navier—Stokes equation was solved using the ALE (arbitrary
Lagrangian—Eulerian) method to describe the deforming liquid domain of the
system. The simulation was conducted in a 2D, axisymmetric domain to take
advantage of the axisymmetric experimental results. The mesh was auto—

generated by COMSOL with additional refinements at the contact line, where

37



abrupt changes occurred due to contact line hysteresis, and at the bottom where

cell aggregates formed. Third—order elements were used for velocity

components and second—order elements were used for pressure fields. The

vibration of the well was converted into a fictitious body force exerted on the

fluid in a sinusoidal form. The fluid density was set to 1000 kg/m3, viscosity to

1.5 mPas, and surface tension to 42 mN/m.

38



4.2. Boundary conditions

For the symmetric axis, the symmetry boundary condition % =0 was
assigned. For the walls, a very small slip length of 10 um was used (no—slip
boundary conditions resulted in very low convergence of the simulated results).
For the free surface, the surface tension value was converted into a pressure
jump condition. Contact angle hysteresis was assigned as a function of velocity
(since contact line motion depends on the interaction between the surface and

liquid, this relationship was obtained from experiments: Figure 15).

39 ‘ _
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Figure 15. Contact angle hysteresis data and contact line height
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4.3. Simulation results

The velocity field was computed, and the time averaged value was computed

to compare the results with the experiment. The computational results by

COMSOL was in fair agreement with the experiment result: the positions of the

vortices were the same and flow direction was same, too. (Figure 16)

The forces on the particle were computed by the equation proposed by

Maxey & Riley.

dUl' Dui D 2
mE =mg; +V (pcﬁ —pcgi> + 3muD (ui —v; +ﬁ7 ui>
d D?
1 d D 3 ta(ﬂi — Vi +ﬁ72ui>
+—pCV—<ui—vi+—|72ui)+—rtuD2J T dr
2 dt 24 2 0 =
v (t —1)2

Comparing the order of magnitudes, only the terms accounting for the Stokes

drag and the Faxen force remains.

dvi D 2
a 3muD (ui -V +ﬁ|7 ul-)

The force is dependent to the particle velocity, v;. However, according to
the simulation results, the magnitude of u; is hundredfold smaller than %Vzui.

Also, the Stokes number is very small and the momentum response timescale

2
of the particle (‘L’ = pldsi) is less than 107° s, which is negligible compared to

the period, 0.02 s. Therefore, the fluid velocity and particle velocity are nearly
41



similar, meaning that the magnitude of u; —v; will be much smaller than that of
u;. Then, the equation of motion for the particle can be reduced a simple,

segregated equation relating the force and the Laplacian of the flow field.

dv; _ 3muD?

= V2u:
dt 24 i

Plotting the Laplacian of the velocity, the force that the particle would
experience can be obtained. As the figure 17 denotes, Laplacian of the velocity
components are all negative near the bottom, indicating that the forces head

toward the center.
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Figure 16. Flow simulation results. (left) The flow field when the flow is at its
maximal downward velocity; (middle) the flow field when the flow is at its
maximal downward velocity; (right) time—averaged velocity field.
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5. Conclusion

The research proposed a new method using vertical vibrations to aggregate

cells rapidly without giving any lethal effects to the cells. The speed and the

quality of cell aggregates generated by the method was much faster than the

conventional methods. The streaming flow was analyzed using a high—speed

camera technique, and the time averaged processing revealed that the streaming

flow generates a torus shaped vortex. A simulation with commercial package

COMSOL showed results in agreement with the experiment. However, the

theoretical explanation was not proposed, which would require some additional

studies.
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Abstract

Rapid aggregation of cells via vertical vibration
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In this study, we investigated the phenomenon of rapid cell aggregation using
flow field generated by the interaction of vertical vibration and surface tension.
We found that a streaming flow arises due to the moderate Reynolds number of
the vibration system, and the streaming flow showed perfect axisymmetry
under vertical vibration. Conducting experiments with real cancer cells, we
found out that this axisymmetric, point—directing streaming flow can rapidly and
densely gather the cells in the desired point. In addition, we created spheroids
and confirmed that there were no major problems with cell viability as well.
Through comparison with other methods, it was also proved that this method
gathers the cells faster and more densely. Subsequently, we analyzed how this
flow is generated and how it makes the cells gather, through theoretical

explanation and CFD simulations.
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