2019 International Conference on Robotics and Automation (ICRA)
Palais des congres de Montreal, Montreal, Canada, May 20-24, 2019

Automated Cell Patterning System with a Microchip using
Dielectrophoresis

Kaicheng Huang, Henry K. Chu*, Member, IEEE, Bo Lu, Jiewen Lai and Li Cheng

Abstract— The ability to patterning cells is an important
technique to facilitate cell-based assay and characterization. In
this paper, an automated cell patterning system was developed
for the fabrication of large-scale cell patterns. To resolve
the challenge of the limited printable area, the cell-printing
microchip and the substrate were mounted on the movable
stages of the system, and large-scale cell patterns were realized
through coordination between the stages. An autofocusing
technique was integrated in the system to evaluate the gap
between the microchip and the substrate. In order to enhance
the performance of the patterning system, different experi-
mental parameters, including the velocity of the moving stage,
were examined. Yeast cells suspending in 6-aminohexanoic acid
(AHA) solution were considered in this study, and a sequence of
characters was successfully printed using the proposed system.
The results confirm that this system offers an automatic method
with high flexibility to construct large-scale cell patterns for
various applications.

I. INTRODUCTION

Cell is the basic unit of every biological creature [1]. With
the extracellular matrix (ECM) support, cells can grow into
a complex network that regulates various functions, includ-
ing signal transport, information transmission and energy
transfer. Therefore, the arrangement of cells on the ECM
is very important so as to enable communication between
cells from one end to the other. Using our native tissues as
an example, cells are arranged in an organized manner, rather
than randomly distributed on the ECM.

To arrange cells into a particular form, micromanipulation
techniques can be utilized to drive cells to a particular posi-
tion. Various techniques that are invasive to biological cells
have been studied, and these include electrophoresis force
manipulation [2], dielectrophoresis (DEP) force manipulation
[3], magnetic force manipulation [4] and hydrodynamic force
manipulation [5]. Among all, DEP force manipulation has
widely been used for cell manipulation as it does not need
any special treatment or reagent which could pose a hazard
to the cells. The DEP phenomenon was firstly discovered
by Pohl [6], where electrically neutral micro objects can
be polarized in a non-uniform electric field, making non-
contact manipulation by the electrical force. The strength
of the DEP is dependent on the gradient of the electric
field, and the direction is based on the electrical properties
between the cell and the aqueous environment. If the cell
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is pulled to the high electric field area, it is called positive-
dielectrophoresis (p-DEP). Conversely, the phenomenon that
the cell is driven to the low electric field area is called
negative-dielectrophoresis (n-DEP). DEP has been widely
used in the biomedical research including sorting, separa-
tion, filtering, characterization and diagnosis. For patterning,
several groups [7]-[9] have developed simple microchips
to create line and dot patterns using cells. In addition,
electrodes on the microchip can be switched on or off to
manipulate cells from one position to another. Although these
methods can create different cell patterns, there is a limitation
that each microchip is uniquely designed for its intended
application. The cell pattern is determined by the electrode
configuration and many parameters, such as the size of the
microchannel, cannot be changed after fabrication.

To improve the flexibility of the DEP technique, one
stream of research is known as light-induced DEP. In this
technique, a pair of photosensitive semiconductor is utilized
as the electrodes. Upon illumination by a focused light beam,
the electrical conductivity at the exposed region becomes
higher, allowing electric fields to be generated. Through
manipulating and controlling the beam to different positions,
different cell patterns can be created. For instance, Grad
et al. [10] employed optical beams as tweezers to handle
non-adherent cells. Similarly, Huang et al. [11] used the
optoelectronic tweezers to achieve single cell separation. Hsu
et al. [12] fabricated a phototransistor-based DEP platform
for dynamic cell manipulation. Miccio et al. [13] performed
cell immobilization and orientation with the help of light-
induced DEP. Although the light-induced DEP technique
overcomes the restriction of traditional DEP, there are still
some drawbacks to this technique. One of the most important
problems is that the semiconductor (electrodes) and the
suspending medium need be transparent for light penetration.
Also, to reduce the complexity in setup, a single light source
is commonly used to project a beam concurrently on both
semiconductor, limiting the variation of electric fields to be
generated within the environment. Hence, there remains a
need for a more universal platform to facilitate DEP research
for various applications.

In our previous work, we have developed a microchip
which can generate ring-like electric fields to gather cells,
creating a dot array on different substrates [14]. In this study,
we extend the capability and the functionality of the mi-
crochip by integrating into a motorized microscope system.
The microchip is mounted on a linear stage so that the height
of the microchannel can be adjusted rather than attached
on the substrate. By combining with the movable stage, the
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relative position between the substrate and the microchip can
be precisely controlled so as to enable construction of large-
scale cell patterns. In order to evaluate the feasibility of this
system, a series of tests were conducted to examine the effect
of different experimental parameters on this cell patterning
system. After optimization, a large-scale cell pattern was
created to demonstrate the performance of this system.

II. DESIGN OF THE SYSTEM
A. The microchip design

This multi-layer microchip employs the n-DEP technique,
which creates non-uniform electric fields through different
layers for cell manipulation. For dielectric particles, a net
DEP force, F prp, acting on the particles, can be evaluated
as:

Fppp =21, - Re[K (w)] - v E? e

where r is the particle radius, €,, is the permittivity of the
suspending medium, 5/ is the Del vector operator, E is the
root mean square of electric field and Re[K (w)] is the real
part of the Clausius-Mossotti (CM) factor:

K(w) = Ep " Em 2)

ey + 2,

where €7 is the complex permittivity of the particle and &7,
is the complex permittivity of the suspension medium.

For viable cells, a double-shell model introduced by Huang
et al. [15] is proven to be appropriate to model the cell
behaviours under the DEP phenomenon. Using a smeared-
out approach, the complex permittivity of yeast cells as a
homogeneous particle can be evaluated. According to the
equation, the sign of the CM factor decides the direction
of the DEP force, which is dependent on the electrical
properties of the cell and the medium. However, these
two properties are related to the application and cannot be
changed. In contrast, the operating frequency of the input
signal, w, can be adjusted to determine the sign of the CM
factor. To arrange and pattern cells onto the substrate, n-DEP
force is required to pull the cells and the signal frequency in
this work is set at above 6MHz to induce n-DEP force for
cell manipulation.

The schematic diagram of the microchip is shown in
Fig.1(B). The chip consists of 16 electrodes, with a diameter
of 400um, that are arranged in a ”4x4” manner. An electrode
layer with 16 holes is served as the common electrode. Each
electrode is connected to the function generator through an
electrical relay, which can selectively turn on or off (shown
in Fig.1(A)), to generate a ring-like electric field.

B. Design of the patterning system

The microchip design can effectively generate a ring-
like electric field within a microenvironment to drive the
surrounding cells toward the center of the electrode, and
subsequently pattern onto the substrate. However, similar
to typical microfluidic chips, it would be quite challenging
to detach or separate the patterned substrate which is irre-
versibly bonded to the chip.
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Fig. 1. The diagram of the system setup (A). The components of system

(B). The schematic diagram of the microchip

In this work, an adjustable microenvironment is created
between the substrate and the microchip through the use of
a linear stage. According to the research by Ino et al. [7],
the n-DEP effect would become negligible when the gap
between the electrodes and substrate is larger than 100um.
Hence, a gap distance of 100um is considered in this study
and the linear stage can provide motions for the microchip
along with the optical axis of the microscope. The microchip
is attached to the linear stage through a 3D printed chip-
holder, and the position of the stage can be controlled by
sending signals through the motor driver via an Arduino
board. Since the linear stage has a total length of 30cm,
the stage is secured on the anti-vibration table using screws,
and two supporting girders are added to minimize vibration.
The microscope system used for inspection is Leica DMi8
model. The microscope system is equipped with a motorized
stage for positioning the glass substrate to the underneath of
the microchip for cell patterning, and a motorized vertical
stage to adjust the objective lens. A control interface was
developed using C++ program, which can display images
from the microscope to facilitate coordinated movements
between the linear stage, the motorized stage, and the vertical
stage. The complete setup of the automatic cell patterning
system is shown in Fig.1.

C. Auto focusing system for chip positioning

The experiment requires the microchip to be located
at 100pum above the glass substrate and an image-based
method was adopted for height evaluation. The procedure
of the microchip setting is shown in Fig.2(A)-(D). First,
the objective lens is adjusted to focus on the surface of
the glass slide, where the microscope image can show the
cells adhered on the surface in focus. Then, the objective
lens is repositioned to the focus at 100pum above the glass
substrate. The linear stage was manipulated to bring the
microchip towards the substrate surface. By continuously
monitoring the microscope images, the linear stage will stop
until the microchip appeared in the image is in focus. To
judge whether or not the microchip is in focus, an auto-
focusing method is employed to detect the sharpness of the
image. The Laplacian operator is used to apply on the image
to detect the gradients of the image, and the function is given
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In this study, the microchip is fabricated using a printed
circuit board with a blue solder mask (substrate) and tin
plating (electrodes). Since the surface plated with tin in an
aqueous environment is too reflective and easily influenced
by the light intensity, it is difficult to evaluate textures of the
image for sharpness evaluation. In contrast, the blue substrate
can be observed through the microscope (Fig.2(F)). Since
the microscope at high magnification (20x) has a limited
depth of field, sharp textures are become hard to detect if
the microchip is not close enough. Therefore, a macro-micro
detecting method is utilized for locating the microchip. The
experiments showed that the sharpness value of the whole
image may not be the highest even if the blue substrate is
in focus, mainly due to the presence of tin electrodes from
another layer. Therefore, the sharpness of the whole image
is evaluated for coarse adjustment. After reaching the peak
value, the area surrounding the electrode is defined as the
local region and the sharpness value is also detected. The
linear stage will be manipulated along the optical axis in
both directions for fine adjustment. The stage will reposition
at the height where the sharpness is the highest.

III. MATERIALS PREPARATION

To examine the pattern effect and the stability of the
cell pattern, yeast cell was used in this study. Dry yeasts,
Saccharomyces cerevisiae, were activated in sucrose solution
with a concentration of 27¢g/L and heated for 1 hour at a
temperature of 35 degrees Celsius. To test the pattern effect
of the dead yeast cell, the solution containing the yeast cells
was heated at a temperature of 90 degrees Celsius. Janus
green B (Shanghai MAIKUN Chemical Co., Ltd) was used
to stain dead yeast cells, enhancing the image contrast for
viewing under the microscope. The cells were re-suspended
in AHA (Ruibio) solutions at different concentrations for the
experiments.
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(A)-(D). The procedure of chip setting (E). The image of the cell in focus (F). The image of the chip in focus

IV. RESULTS AND DISCUSSION

In large-scale cell patterning process, cells being patterned
onto the substrate may not firmly be attached onto the
surface, and they could be dissipated when the electric field
is turned off. This problem could become more severe in a
vigorous fluid flow environment. Besides, relative movement
between the microchip and the substrate could induce dis-
ruptions in the channel. Therefore, a series of experiments
were conducted to examine the effect of different experi-
mental parameters on cell dissipation. First, the influences
of the cell solution, including the cell concentration and the
medium density, were examined. Then, the velocity of the
moving stage on the cell dissipation was examined. Finally,
a large-scale pattern was constructed on a glass substrate
to demonstrate the feasibility and the performance of the
automatic cell patterning system.

A. Effect of cell concentration on cell cluster size

During the cell patterning process, DEP forces are used
to manipulate and concentrate cells towards the center and
underneath the central electrode of the microchip, forming
multiple cell clusters based on the design pattern. At a fixed
channel height and voltage input, the size, or the diameter of
the cell cluster is mainly dependent on the cell concentration
of the medium. In this work, three concentrations, 2.5 x 106,
5% 109, and 1x 107 cells/mL were dispensed into the channel
and an input voltage of 52V}, was turned on for 2 minutes to
allow the formation of cell clusters. Afterwards, the voltage
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Fig. 3. Cell pattern dissipation rate with various concentration cell solution
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was turned off and the size of the clusters over time were
measured, at a time interval of 30 seconds.

From the results shown in Fig.3, it can be observed that
using a higher cell concentration can increase the initial
cluster size from 65um to 110um. This result indicates
that a higher DEP force is induced on the cells due to a
stronger dipole-dipole interaction between cells [16]. When
the voltage is off, it can be observed that all cell clusters
start to dissipate and the cell size continues to increase over
time, to become 80um, and 160um, respectively. Using a
medium with higher cell concentration, the size increases at
a higher rate, and this can be explained as the accumulation
of cells in the out-of-plane direction. Once the voltage is
off, pyramid-like cell clusters start to collapse and spread
out due to the gravity force (Fig.4). In order to minimize
the distortion on the cell cluster, a lower cell concentration
solution can be used to avoid spreading of excessive cells in
the out-of-plane direction.

B. The cell dissipation influenced by the medium density

As discussed in the previous section, the cell clusters
would gradually spread out in a steady environment. In
addition to cell concentration, the cell dissipation rate is also
influenced by the medium density. For a cell suspending
in the medium, three forces, drag force, gravity force and
buoyant force, are acting on the cell surface (shown in Fig.4).
In the patterning procedure, cells are driven to group into

100pm

Fig. 5.

clusters while holding in shape by DEP force. Meanwhile,
there are also two interaction forces, between cell-to-cell
and between cell-to-substrate, contributed for cell adhesion.
Once the electric field is off, the adhesion force becomes
the sole force against the fluid flow. The adhesion force is
constituted of thousands of adhesion molecules and receptors
on the cell surface [17], which can be modelled as a multi-
point attachment model [18]. As the attachment area (S)
increases, more adhesion molecules are anchored and the
adhesion force becomes larger (o < S).

When the cells are sunk to the bottom, the gravity force
causes the stacked cells to flatten and deform, increasing the
contact area to the substrate. This, in turn, helps to increase
the adhesion force to hold the cell pattern in place. When
the medium density is higher, the buoyant force produced
from the medium increases, counteracting the gravity force
to pull cells down to the substrate surface. In this work,
AHA powder was added to change the medium density.
According to the data from Flores-Rodriguez et at. [19], the
relationship between the medium molecular concentration
(B) and medium density (p) can be approximated with a
linear polynomial function:

p(B) = 0.02922B + 0.998 “

To explore the effect of the medium density, yeast cells
1.0725g/cm?) are suspended in 0.2M AHA solu-

(p

100pm

Cell dissipation effect (A). in 0.6M AHA solution in the beginning of electric field cancelling (B). in 0.6M AHA solution after 10 minutes of

electric field cancelling (C). in 0.2M AHA solution in the beginning of electric field cancelling (D). in 0.2M AHA solution after 10 minutes of electric

field cancelling
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Fig. 6. Cell pattern dissipation effect in 0.2M and 0.6M AHA solution
tion (p = 1.0038¢g/cm?3) and 0.6M AHA solution (p =

1.0155g/cm?) respectively with a cell concentration of 1 x
107 cells/mL. After 2 minutes of patterning, the voltage was
turned off and the size of the cell cluster was measured
over time. Fig.5 shows the pattern at the initial state and
after 10 minutes. In the low-density environment (0.2M AHA
Solution), it can be found that after 10 minutes, cells remain
aggregated in a cluster form (Fig.5(C), (D)), as compared to
that in the 0.6M AHA solution (Fig.5(A), (B)). Fig.6 shows
the dissipation rate between 0.2M and 0.6M AHA solutions
at different time. The cell pattern dissipates faster in a high-
density solution, indicating that a low-density solution is
preferable to retain the cell cluster.

It should be noted that the solution molarity not only
increases the density, but also affect the medium relative
permittivity. According to the cell model, the use of a high
molarity AHA solution would increase the medium relative
permittivity, thereby reducing the crossover frequency be-
tween p-DEP and n-DEP. Hence, an input frequency lower
than 10MHz, which can be provided by general function
generators, is sufficient to create n-DEP force. The simu-
lation of the CM factor for yeast cells at different three
mediums, namely, pure water (¢, = 78¢p), 0.4M AHA
solution (g, = 110gg), IM AHA solution (g, = 160eg),
are shown in Fig.7. Meanwhile, the DEP force induced on
the cells increase as well. From the findings, a moderate
AHA concentration can be selected to balance between the
required operating frequency and the dissipation rate of the
cell cluster.

C. Selection on the stage velocity to minimize cell dissipation

In contrast to most of the microfluidic chips, this cell
patterning system introduces a relative motion between the
electrode and the substrate. As the substrate is moving at a
velocity, u, it will create motions in the fluid that follow a
linear velocity profile, in a channel with height, h, as shown
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Fig. 7. Simulation of CM factor values for dead yeast cell in different AHA
concentration solution with double-shell model at different frequencies
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in Fig.8. At the boundary, a shear stress (7) is induced, acting
equally and oppositely on the fluid and on the substrate, with
a differential relation:

 Ou
T=U 3y
where g is the viscosity of the medium.
To hold the cell firmly on the substrate, the shear force
acting on the cells must be equal to or less than the adhesion
force (7 < «). Therefore, the maximum velocity of the stage
must satisfy the equation:

(&)

M%(QWTQ) =« (6)
where the velocity at the boundary is 3
of a half-spherical object is 2772
To study the relationship between the moving stage and
the cell spreading, an experiment was introduced to observe
the cell pattern when the substrate on the stage was moving
at different speeds. The diameter of the cell pattern was then
recorded and shown in Fig.9. From the results, as the stage
move at a higher speed, the constructed cell pattern dissipates
at a higher rate, leading to a larger diameter. To minimize
disruption to the pattern, the stage should be moved at a
lower speed. Alternatively, calcium ions can be added to the
solution to enhance the cell-cell adhesion and cell-substrate
adhesion [20].

and the surface area

D. Multi-form patterning via the n-DEP

To examine the performance of the cell patterning system,
a sequence of characters was constructed for characterization.
Yeast cells at a concentration of 1 x 107 cells/mL were
suspended in 0.2M AHA solution, and a glass substrate
was mounted on the motorized stage of the microscope. A
polymeric gasket was created to form a 30mm x 20mm
reservoir on the substrate surface, and the cell solution was
filled into the reservoir. Then, the microchip was lower to
immerse in the cell solution at 100um above the glass sub-
strate. Depending on the pattern, electrodes on the microchip
were selectively powered on to create the cell pattern. After
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Fig. 9. Cell pattern dissipation with different stage velocities
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2 minutes of patterning, the signal was turned off and the
substrate was displaced to a next position for patterning
at a velocity of 480um/s. By repeating the procedures of
patterning and substrate movement, a sequence of characters
can be constructed on a single substrate. After patterning,
calcium ions were added into the solution to enhance the
cell adhesion on the substrate.

The pattern constructed from the cell patterning system is
shown in Fig.10. Five characters “P”, “O”, “L”, “Y”, “U” are
successfully formed on a glass substrate. As observed from
the results, the quality of the first printed character, “U”, is
not as clear as the last character “P”. The reason is due to
gradual cell dissipation in a static environment over time. The
total time required to print 5 characters is approximately 10.5
minutes. To minimize cell dissipation, the 2-minute used to
pattern each character can be reduced or a larger microchip
can be used to pattern multiple characters simultaneously.

V. CONCLUSION

In this study, a cell patterning system consisting of a
height-adjustable microchip and a substrate on a movable
stage was set up for the large-scale patterning. This mi-
crochip employed the n-DEP technique for non-contact
cell patterning, and patterns were created on the substrate
surface. Different parameters affecting the performance of
the cell pattern were examined. Results show that a lower
cell concentration and a lower medium density can help to
reduce the cell spreading rate. The correlation between the
channel height and the speed of the movable stage to the
resultant pattern was also discussed. A large-scale pattern
was successfully constructed for illustration. Comparing to
traditional microfluidic channel for cell patterning, mounting
the microchip on a linear stage can allow the channel height
to be adjusted based on the application. In addition, the
microchip can be programmed to generate different patterns.
Combining with a movable stage, this system provides a
simple and non-contact method with high flexibility to create
large-scale cell patterns on various substrates to facilitate
cell-based assay and characterization.
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