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Microchip System for Patterning Cells on Different
Substrates via Negative Dielectrophoresis

Kaicheng Huang ™, Bo Lu"”, Jiewen Lai

Abstract—Seeding cells on a planar substrate is the first step
to construct artificial tissues in vitro. Cells should be organized
into a pattern similar to native tissues and cultured on a favorable
substrate to facilitate desirable tissue ingrowth. In this study, a
microchip system is designed and fabricated to form cells into
a specific pattern on different substrates. The system consists
of a microchip with a dot-electrode array for cell trapping and
patterning and two motorized platforms for providing relative
motions between the microchip and the substrate. AC voltage
is supplied to the selected electrodes by using a programmable
micro control unit to control relays connected to the dot-electrodes.
Nonuniform electric fields for cell manipulation are formed via
negative dielectrophoresis (n-DEP). Experiments were conducted
to create different patterns by using yeast cells. The effects of
different experimental parameters and material properties on the
patterning efficiency were evaluated and analyzed. Mechanisms
to remove abundant cells surrounding the constructed patterns
were also examined. Results show that the microchip system could
successfully create cell patterns on different substrates. The use
of calcium chloride (CaCl;) enhanced the cell adhesiveness on the
substrate. The proposed n-DEP patterning technique offers a new
method for constructing artificial tissues with high flexibility on cell
patterning and selecting substrate to suit application needs.

Index Terms—Cell patterning, micro manipulation, negative
dielectrophoresis.

1. INTRODUCTION

ISSUE engineering has gained increasing attention to re-
T generate damaged tissues and organs by using artificial
materials [1]. Cells harvested from patients are seeded on an en-
gineered scaffold, which serves as a 3D substrate for cell prolif-
eration, to construct artificial tissues in vitro. The scaffold is then
incubated in a bioreactor that regulates the culture environment
[2]. Cells on the substrate should be organized or arranged in a
pattern similar to the native tissue to facilitate tissue ingrowth.
For instance, hepatic lobule, which are the building block of the
liver, has a hexagonal shape with hepatocytes arranged in radial
lines between interlobular veins. Hence, hepatocytes should be
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seeded radially rather than arbitrarily on a hexagon scaffold to
construct artificial hepatic lobule.

Forces should be applied to individual cells to manipulate
them in a specific form or pattern. Conventional pick-and-place
using tweezers would be an inefficient and time-consuming
process to handle a large number of cells. Therefore, researchers
have examined different non-contact methods for cell handling.
The mechanism to manipulate micro-objects can generally be
categorized as electrophoresis (DEP) [3], dielectrophoresis [4],
optical force [5], magnetic force [6], and hydrodynamic force
[7]. Cheng et al. [8] employed DEP to pattern molecules and
DNAs for force spectroscopy. Messner et al. [9] applied a
stencil to pattern cancerous cells in an array for analysis. Collin
et al. [10] used acoustic wave to pattern polystyrene beads
onto individual microwells. Yang et al. [11] utilized a parallel
trapping and optical releasing mechanism to selectively remove
trapped particles. Huan et al. [12] employed a Honeycomb-like
scaffold to fabricate a 3D structure with mammalian cells that
mimic the native tissues. Rosa et al. [13] combined the DEP and
electrodisruption technique to prepare samples for respiratory
bacterial pathogens. Among these methods, DEP force manip-
ulation is commonly used in the biomedical field because of its
easy setup and simple hardware requirements for experiment.
Moreover, DEP force manipulation can be applied to any type
of biological cells, which are polarizable in nature, without the
need of pretreatment, thereby eliminating potential hazards to
the cells.

DEP involves dielectric particles in a non-uniform electric
field, where they experience translational force due to the po-
larization effect [14]. This phenomenon was first recognized
and explored by Pohl [15]. The direction of the force acting on
the particle is dependent on the gradient of the electric field,
the frequency of the applied electric field, and the dielectric
properties of the particle and medium. The movement of par-
ticles from the weak toward the strong electric field region is
referred to as positive DEP (p-DEP), whereas the reverse process
is negative DEP (n-DEP). A number of electrode configurations,
such as castellated [16], curved [17], quadrupole [ 18], microwell
[19], spiral [20], extruded [21], interdigitated [22], sidewall [23],
and insulator-based or electrodeless designs [24], applications
in cell trapping [25]—[27], positioning [27], separation [28], and
patterning [26], [27], [29]-[31], have been examined to generate
nonuniform electric fields.

Studies have focused on using n-DEP to reduce the inva-
siveness for cell manipulation and minimize the effect of high
electric fields on cell viability. Kim et al. [32] used an electrode
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pair to trap cells within a microfluidic environment. The trapped
cells were then cultured to observe their viability, but the cells
have to be incubated within the channel. Suzuki et al. [29] used
a sandwiched microchannel design consisting of upper parallel
electrodes and a bottom ground substrate to pattern colloidal
particles onto the low electric field regions of the substrate by
n-DEP force. Using the same technique, they enhanced the chip
design to create alternating cell lines from two cell types on a
substrate [30]. In these studies, cross-linkers or photosensitive
hydrogels were used to immobilize the patterned cells before
substrate detachment. Also, the cell pattern to be constructed is
dependent on the electrode design and cannot be changed after
the device fabrication. Ino et al. [26] considered a multi-layer
electrode design to create dot patterns on the surface of the
microchannel via n-DEP. They concluded that the height of
the microchannel would inversely affect the quality of the dot
patterns. Yafouz er al. [31] applied microarray dot electrodes
to create cell patterns, and each electrode can be energized
through individual input pins. Couniot et al. [33] utilized CMOS
technology to fabricate a biosensor array, and this chip can be
used to detect a single bacterial cell. Nevertheless, the majority
of the research mainly focuses on utilizing an electrode array
for high throughput cell patterning or precise cell manipulation,
but not for constructing different cell patterns for the intended
applications.

Selection of the substrate material for cell seeding is important
to provide a suitable culture environment for cells. Polymeric
materials are commonly used because they are biocompatible
and can be easily processed into different sizes and shapes.
Natural polymers (e.g., collagen, decellularized arterial matrix,
fibrin, alginate, hyaluronate, and chitosan) and synthetic poly-
mers (e.g., polystyrene, poly-l-lactic, polyglycolic acid [34],
poly-dl-lactic-co-glycolic acid and PEDGA [35]) are biomate-
rials used for scaffold fabrication.

Hydrogel substrates are promising alternatives because of
their high tissue-like water content, high permeability, and tun-
able properties. In addition, cells can be added to the aqueous
hydrogel solution for direct cell encapsulation and pattern-
ing. The aqueous solution should be physically or chemically
crosslinked to cure hydrogel into solid form. Physical crosslink-
ing involves the use of radiant energy, temperature, enzyme,
or other noncovalent methods to enable physical interactions
between polymer chains. Chemical crosslinking involves the
use of chemical agents and solvents to synthesize permanent,
chemical links among molecular chains. Patterning and gelation
are often conducted sequentially through a microfluidic chip
to immobilize the cell pattern for subsequent culture. Warm
aqueous agarose solution with cells are first supplied to a mi-
crofluidic chip for DEP patterning, and gelation is activated by
cooling the solution to room temperature [36]. Aqueous PEDGA
solution can be mixed with cells and photoinitiator to trigger
the crosslinking of polymer chains in a short period of time
under UV irradiation [37]. However, several issues should be
considered when selecting hydrogel as the substrate material.
Cell viability would be a concern if the hydrogel-containing cells
are crosslinked at extreme temperature or condition. Chemical
agents for crosslinking, whether hazardous or not to the cells,
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would also be a concern during culture. Therefore, separating the
patterning and gelation procedure, patterning cells on a exiting
hydrogel would be a better choice for increasing the cell viability.

In our previous work, we first proposed a microchip design
for patterning cells onto a glass substrate [39]. This microchip
consisted of a dot-electrode array design and was fabricated
using printed circuit board technology. In [38], multiple relays
were connected to the microchip to energize individual dot-
electrodes to generate different electric fields for cell patterning.
The microchip was also mounted on a height adjustable platform
for precise control of the distance between the microchip and
the substrate. In this study, we aim to further enhance the
functionality of the microchip system for patterning different
cell patterns on various substrates. The mechanism for cells
to adhere to the substrate was first examined to optimize cell
attachment. Yeast cells were selected for the experiments be-
cause of their dielectrophoretic behavior similar to mammalian
cells [40]. Since most of the substrates are transparent, Janus
Green B was used to stain the cells to enhance the contrast for
better illustration. Two different configurations were proposed
for efficient cell patterning. The microchip on the microscope
system was configured as a microchannel or a movable platform.
A series of experiments was conducted to compare the patterning
performance between the two configurations and determine their
effectiveness for patterning on various substrates.

The paper is organized as follows. Section II provides the
theory related to cell patterning and cell adhesion. Section III
describes the materials and experimental methods. Section IV
presents the results and discussion. A summary is given at the
end of this article.

II. THEORY
A. Cell Manipulation via DEP

The principle of DEP is the use of nonuniform electric fields
to induce polarization in an electroneutral particle to manipulate
the particle to the high or low electric field region. According to
Pohl [15], the DEP force, F'p g p, acting on a spherical body is
given by:

ey

where 7 is the particle radius, €, is the permittivity of the
suspending medium, 3/ is the Del vector operator, and E is
the root mean square of electric field. The Clausius—Mossotti
(CM) factor represents the interaction between the particle and
the medium, and its real part, Re[K (w)], can be evaluated as:

Fpep = 2mrie,, - Re[K (w)] - vEQ

* *
g —€Em,

K(w)=—F

ey + 2er,

2

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

For biological specimens, Huang et al. [41] proposed a
smeared-out approach to represent a multi-shell particle as a
homogeneous particle. The inner (layer 1) and the adjacent
layer (layer 2) are remodeled as a homogeneous particle, and
the equivalent electrical properties can be evaluated and pro-
gressed layer-by-layer toward the outermost layer (layer N). The
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TABLE I
PROPERTIES OF YEAST CELL [41] AND 1M AHA MEDIUM [42]

Viable yeast cell Non-Viable yeast cell Medium
Cytoplasm  Cell membrane  Cell wall  Cytoplasm  Cell membrane  Cell wall
Conductivity o(uS/em) 2 x 10% 2.5 x 1073 1.4 x 10? 70 1.6 15 40
Relative permittivity 60¢eo 6eo 50¢e0 60¢eo 6eo 50¢e0 160¢eo
Radius 7(um) 25 8§x 1073 2x 1072 25 8x 1073 2x 1072

equivalent complex permittivity of the first two layers can be

represented as:
R2 ’ * *
<R1> +2(e7 —€3)

Ry\*
(32) +26-epei +2)
1

* % *
€le = S(€17€27R17R2) =&y

/(€1 +2¢3)/

|

3)

where €* and R are the complex permittivity and the radius of
the first two layers, respectively.

Common baker’s yeast can be modeled as a two-shell (three
layers) particle as follows:

E; = S(S(E(tytm E%Qm; Rcytoa Rmem>7 Eiualh Rmem7 Rwall)
“)
Equation (4) shows that, the sign of the CM factor signifies the
direction of the DEP force, which is dependent on the electrical
properties of the cell and the medium, as listed in Table I.
However, these two properties are related to the application
and cannot be changed. The operating frequency of the input
signal, w, can be adjusted to determine the sign of the CM
factor. n-DEP force is required to pull the cells to arrange and
pattern them cells onto the substrate. Based on the simulation,
the crossover frequency was evaluated to be 4.2 MHz and the
signal frequency was set to 6 MHz to induce n-DEP force for
dead yeast cell manipulation. For manipulation of live yeast
cells, two crossover frequencies were simulated to be 47 kHz
and 42 MHz respectively, and a low frequency of 30 kHz was
chosen for n-DEP cell manipulation.

B. Cell Adhesion to the Substrate

The interaction between the cells and the substrate should be
established for cells to adhere to the surface. The inside of a
biological cell is negatively charged compared with the outside
of the plasma membrane because of the ion diffusion between
the intracellular and extracellular fluids under resting conditions.
Cell attachment via electrostatic interaction can be promoted by
altering the surface of the substrate by using reagents, such as
polymers of D- and L-lysine. These reagents can increase the
number of positively charged surface ions for binding. With the
coating, yeast cells on the glass surface effectively resisted being
washed under tap water [43]. On the cell surface, many recep-
tors, including integrins and adhesion molecules, can mediate
adhesion to the substrate and nearby cells. For Saccharomyces
cerevisiae (yeast) considered in this study, the protein receptor
that is responsible for cell adhesion is adhesins, which consists
of three domains: C-terminal, middle domain, and N-terminal.

The C-terminal domain serves as the root that connects the
adhesion to the cell surface. The middle domain contains short
amino acid repeats as the main body. The N-terminal domain
specifies the two main types of binding, namely, lectin-like and
sugar-insensitive adhesion. Lectin-like adhesins contain a carbo-
hydrate binding domain that facilitates binding to sugar residues
on the cell surface. Sugar-insensitive adhesins have n-terminal
that can bind to peptides to increase the surface hydrophobicity,
promoting hydrophobicity-based adhesion between the cells and
abiotic surfaces [44]. Calcium ion can be added to promote
cell—cell adhesion (flocculation) and attachment to substrates
in an acidic environment [45], [46].

Another factor that influences cell attachment is the material
surface. A larger surface area for contact allows more bonds to
form between the cell and the surface, leading to strengthened
adhesion. The interaction between the surface roughness and the
cell can be explained by attachment point theory [47]. When
the roughness scale is smaller than the cell, the attachment
can be considered a multi-point attachment, which provides
strong adhesion. As the roughness scale increases, the number of
attachment points decreases, resulting in reduced adhesion force.
When the cell size is comparable with the roughness, the cell falls
into the valley and the contract changes back to the multi-point
attachment. To date, several groups have examined the effect of
surface roughness on cell adhesion, but no consensus has been
reached. Singh ef al. [48] cultured osteoblasts on nanostructured
cubic zirconia and concluded that increasing the roughness from
19.9 nm to 29.7 nm reduced the cell attachment. Anselme [49]
also found that preosteoblast cells were cultured better on a
smoother surface. Deligianni et al. [50] studied the adhesion
of human bone marrow cells to the hydroxyapatite substrates;
they showed that the number of adherent cells per unit surface
increased with increasing surface roughness. Giljean et al. [51]
cultured human osteoblasts in titanium alloy with different
roughness values. Surface roughness between 0.01 and 0.1 pym
did not significantly influence the cell adhesion mechanism.
Huang et al. [52] reported that osteoblast-like U2-OS cells
adhered better on the Ti surface with 0.15 pm roughness than on
rougher (1.2 pm) or smoother (0.05 pm) surfaces. In addition
to surface roughness, the optical density, which is affected by
the powders used for surface polishing, should be considered.

III. MATERIALS AND METHODS
A. Preparation of Cells and Culture Media

Yeast cell was selected for examining cell patterning via n-
DEP. Active dry yeasts (Pan Pacific Active Dried Yeast) were
activated in Deionized (DI) water with sucrose (9% w/w). The
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cell solution was incubated at 35 °C for 1 h. The dead yeast cells
were prepared by heating half of the cell solution at 90 °C for
another 30 min. The cell solutions were rinsed four times with
PBS and diluted to prepare multiple samples of live and dead
yeast cells. Janus green B (Shanghai MAIKUN Chemical Co.,
Ltd) was used to enhance the contrast between the cells and the
background for viewing under microscope. The dead cells were
stained for 30 min to allow more uptake of the dye. After staining,
the samples were washed again four times with PBS, and the live
and dead cells were resuspended in DI water, 6-aminohexanoic
acid (AHA) (Ruibio) solutions, and calcium chloride solutions
(International Laboratory, USA) for the experiments.

B. Preparation of Substrates

Various materials, namely, glass, PDMS, PMMA and PVC
were prepared as substrates. These materials were chosen be-
cause of their biocompatibility. Moreover, these materials are
commonly used to fabricate Petri dishes and labware for cell
culture. Standard glass slides were used as the glass substrate.
PMMA sheets with 0.2 mm thickness were purchased and cut
into multiple substrates (20 mm x 20 mm). PVC Petri dishes
were purchased (Corning, USA). PDMS sheets were prepared
using Sylgard 184 Silicone Elastomer Kit. The elastomer-to-
curing agent ratio was 10:1, and the curing process was con-
ducted in an oven at 60 °C for 1 h. Prior to the experiment, all
substrates were cleaned in an ultrasonic cleaner for 5 min.

C. Experimental Setup for Cell Patterning

The core component of the system is a microchip that can
manipulate cells into various patterns. Details on the design

Schematic of the microchip system: (A) controllable microchip; (B) microchannel configuration; and (C) movable platform configuration.

and fabrication of the microchip are described in [39]. In brief,
this microchip utilizes a 3.5 mm x 3.5 mm PCB plate as the
surrounding electrode with 16 holes of diameter 700 ym ar-
ranged in a “4 x 4” manner. Sixteen circle electrodes with a
diameter of 400 pm are concentrically aligned with the holes
on the plate, forming electrode pairs for cell manipulation via
dielectrophoresis.

The microchip system used for cell patterning, which can be
configured as a microchannel or movable platform, is illustrated
in Figs. 1 and 2. Particular cell pattern can be constructed on
the substrate by using multiple relays to control the voltage
supply between the individual electrodes of the microchip and
the function generator (Fig. 1A). An Arduino micro controller
board was used to program the relays to turn on or off the voltage
supply to each pin based on the cell pattern. Depending on the
application, the microchip of the system can be secured firmly
in a microchannel configuration or displaced through a movable
platform.

For the microchannel configuration, the system consists of
four main components, namely, a Leica inverted microscope, a
dual syringe pump, a microchip, and a slice of the material sub-
strate (Fig. 1B). Two 100 pm spacers were sandwiched between
the microchip and the substrate to form a channel for the cell
solution to flow through. The inlet and outlet of the channel were
connected to a dual syringe pump, where the cell-containing
medium was injected from one syringe and collected by the
other syringe.

The patterning protocol can be summarized in five steps. First,
the yeast cells were resuspended in AHA solution and injected
into the gap between the microchip and the substrate (Fig. 3A).
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to concentrate the cells; (C) 0.6M AHA solution was injected for pattern transfer; (D) Calcium solution was injected to enhance cell adhesion; (E) The electrodes
were de-energized; (F) The microchip and the spacers were removed, leaving the substrate with cell pattern.

The dot electrodes were energized based on the specified cell
pattern to create the electric field (Fig. 3B). Afterward, the
cell-free medium with lower molarity AHA was injected into the
channel to wash away the cells unaffected by n-DEP. Meanwhile,
the change in the relative density between the cell and medium
resulted in the transfer (sedimentation) of the cell pattern onto
the substrate surface (Fig. 3C). This step effectively reduced
the number of cells on the final pattern. CaCly solution was
injected into the channel after the abundant cells were washed
to strengthen the adhesion between the cells and substrate
(Fig. 3D). Finally, the electric fields were de-energized until
the patterned cells firmly adhered to the substrate (Fig. 3E). The
microchip was then removed (Fig. 3F).

For the movable platform configuration, the microenviron-
ment between the substrate and the microchip can be freely

adjusted by two motorized platforms [38] rather than fixed by
two spacers. The microchip is attached to the slide rail through
a 3D printed chip-holder, while the substrate is secured on a
motorized stage to be manipulated with respect to the microchip
for large-scale cell patterning. A control interface was devel-
oped using C++ program, which can display images from the
microscope to facilitate coordinated movements among the slide
rail, the motorized stage, and the objective lens. The complete
system setup is shown in Fig. 1C.

Similar to the microchannel configuration, yeast cells in the
AHA solution were used and a large droplet was dispensed on the
substrate. The microchip on the rail was lowered to completely
immerse in the cell solution at 100 ym above the substrate
(Fig. 4A). The fluid flow in between the microchip and substrate
was limited due to surface tension. Then, a large amount of
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Cell patterning procedure with movable platform configuration: (A) Cell solution was dropped on the substrate, and the microchip was moved down with

100 pm gap to the substrate; (B) Sucrose medium was dispensed adjacent to the cell solution. Individual electrode pairs were energized for concentrating cells;
(C) The substrate was moved by the platform such that the patterned cells were transferred to the clean area; (D) CaCly solution was injected to enhance cell
adhesion; (E) The electrodes were de-energized; (F) The microchip was moved up, and the substrate with redundant cells was removed, leaving the substrate with

the cell pattern.

droplet of sucrose in deionized (DI) water (9% w/w) was dis-
pensed adjacent to the cell solution to provide a cell-free region.
Depending on the pattern, the electrodes on the microchip were
selectively powered on to create the cell pattern (Fig. 4B). The
platform was then moved at 4 pm/s to transfer the cell pattern
trapped by the microchip from the cell-containing region to a
clean region of the substrate for patterning (Fig. 4C). Afterwards,
the CaCls were slowly added into the solution to enhance the cell
adhesion on the substrate (Fig. 4D). Finally, the electric fields
were de-energized until the patterned cells firmly adhered to
the substrate (Fig. 4E). The microchip was then moved upward
(Fig. 4F). Changing the substrate and the energized electrodes
leads to different characters on different substrates.

IV. RESULTS AND DISCUSSION

The performance of the microchip for patterning cells on
different substrate materials was evaluated through experiments.

As discussed in Section II, the quality of the cell pattern is highly
correlated with n-DEP and adhesion forces. The strength of
these forces is affected by several parameters, namely, medium
of the cell solution, material properties of the substrate, and
signal inputs to the microchip. Different tests were conducted
to examine the effects of individual parameters and optimize
them. Unless otherwise specified, all tests were performed using
dead yeast cells in AHA solution with a cell concentration of
1.2 x 108 cells/mL.

A. Effect of the Medium on Cell Attachment

1) Density: The density of the cell medium is one of the
factors influencing the quality of the cell pattern. Cells gradually
sink to the bottom because of gravitational force. Once the cells
become in contact to the substrate surface, the cells start to
flatten on the surface and the adhesion force prevents the cells
from further motion. If the cells are suspended in a medium
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denser than the cells, then high buoyancy force could help
levitate the cells, resulting in a longer time for the formation
of the cell pattern. In this work, the yeast cells have a density
of approximately 1.1126 g/cm?®. Different amounts of AHA
powders were dissolved in DI water to prepare solutions with
molarities from 0 M to 1 M (molecular weight: 131 g/mol ) to
suspend the yeast cells for evaluating the effect of the medium
density. The cell attachment test was conducted using a glass
substrate to construct a microchannel with a height of 100 pm.
The yeast cells in different AHA solutions were injected into
the channel. The solution in the channel was left idle. After
8 minutes, the channel was washed with cell-free AHA solution.
Images of the substrate before and after washing were captured
and used to compute the cell attachment rate. ImageJ was used
to count the area occupied by the cells (Fig. 5). Increasing the
molarity (M) of the AHA solution can effectively prevent the
cells from attaching to the substrate surface. As the molarity
increases, the density of the solution also increases, providing
larger buoyancy force to reduce the speed of cell sediments.
Adjusting the medium density can enable cells to remain in
suspension for cell patterning via DEP.

2) Calcium Chloride: As discussed in Section II, calcium
ions enhance the ability of cell adhesion. Solutions with different
CaCl; concentrations were used in the experiments to examine
the effectiveness of calcium ions in the patterning process. From
the previous results, pure DI water led to over 40% of cell
attachment, and the enhancement with calcium ions may not
be obvious. Hence, 0.5 M AHA solution (1.0135 g/cm3) was
chosen as the base solution, and CaCly was added to prepare
solutions with molarities ranging from 0.5 mM to 2.5 mM.

CaCls significantly affected cell adhesion (Fig. 6). As more
CaCly was added to the solution, more cells were attached and re-
mained adhered onto the substrate. When the molarity increased
to 2.5 mM, the substrate was almost completely covered by cells.
This result confirms the findings in [46] that calcium ions could
enhance the adhesion of yeast cells to the substrate. Therefore,
CaCl; in the solution was used in the last step of all experiments
for stabilization of yeast cells.

B. Effect of Substrate on Cell Attachment

1) Hydrophobicity: Hydrophobicity is the tendency of a sub-
strate to repel water molecules and is dependent on the surface
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of substrate hydrophobicity on yeast cell adhesion.

chemistry and the roughness of the material. This property has
a strong influence on the cell attachment rate. A hydrophilic
surface will lead to higher surface free energy, promoting the
cell attachment. Four PDMS substrates with the same material
properties were fabricated and used to examine the relationship
between hydrophobicity and cell attachability. The substrates
were modified by treating in an Expanded Plasma Cleaner
(Harrick Plasma, USA) for 5, 10, 15, and 20 s to induce polar
functional groups on the surface and change the property from
hydrophobic to hydrophilic. Afterward, the substrates were ex-
amined with the cell attachment test, and contact angles were
measured using a water droplet and microscope.

Plasma treatment effectively modified the substrate surface
(Fig. 7). When the substrate was exposed to the cleaner for a
longer duration, the measured contact angle decreased, indi-
cating a hydrophilic surface. The cell attachment test showed
that hydrophilic PDMS substrates with lower contact angle
tended to attach more cells to the substrate. This relationship
between material hydrophobicity and cell attachment agrees
with a previous report [53]. In order to maintain the hydropho-
bicity for a longer time, the substrate surface can be treated
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PDMS.

for longer than 300 s or stored in water before use. [54] Cell
attachment is not only dependent on material hydrophobicity
but also on surface roughness and cell type. Dong et al. [55]
examined the attachment of human liver hepatocellular car-
cinoma cells (HepG2) and mouse osteoblastic UMR106 cells
on zein electrospun nanofibrous network. The hydrophobicity
effect on cell attachment was observed in one cell type but not
on the other cell type. Mercier—Bonin et al. [56] revealed the
shape and mass of the cell altered the surface hydrophobicity
of yeast cells, affecting their attachment rate to the substrate.
Dowling et al. [57] also reported that the optimal contact an-
gle for attaching MG63 cells is 64°, and a rougher surface
can enhance the cell attachment. Nevertheless, the result also
shows that surface modification through grinding with SiC pa-
per would not only increase the roughness, but the wettability
(contact angle) would also increase as well. These results indi-
cate that cell attachment rate may not be solely dependent on
hydrophobicity.

2) Material Properties: Different substrates could possess
large variations in terms of surface chemistry and roughness
because of the nature of the materials and fabrication tech-
niques, leading to a combination effect on the cell attach-
ment. According to previous experimental results, modifying
the surface hydrophobicity may not be an effective method
to enhance cell adhesion to various substrates. Therefore, the
use of CaCl, to enhance the cell adhesion on three different

TABLE 1T
RELATIONSHIP BETWEEN YEAST CELL ADHESION AND DIFFERENT MATERIAL
SUBSTRATES IN AHA SOLUTION AND AHA + CaCls SOLUTION

Material Glass PDMS | PMMA
Contact angle 17.8° 79.9° 63.0°
Attachment area ration | 25.14% | 14.47% | 10.09%
(0.5 M AHA)

Attachment area ration | 97.55% | 85.54% | 91.60%
(0.5 M AHA + 2.5mM

CaClg)

substrates, namely, glass, PDMS, and PMMA, were exam-
ined. The material properties were measured before the cell
attachment experiment (Table II). The glass substrate is hy-
drophilic, but the other substrates are hydrophobic. The cell
attachment test showed that the attachment rate was approx-
imately 10%-25%. When CaCly, was added to the medium,
the attachment ratio significantly increased to at least 85%
in the three substrates, showing that a strong interaction was
established between the cell and the substrate. This phenomenon
indicates that using CaCls is an effective method to promote the
patterning and attachment of yeast cells to different kinds of
substrates.
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C. Cell Patterning With Different Configurations

1) Microchannel Configuration: Various dot patterns were
considered to be printed on the substrates by using the 4-by-4
electrode array to examine the effectiveness of the microchip
system for cell patterning (Figs. 8B, D, and F). The cell solution
was injected through a syringe pump at a flow rate of 20 ©L/min,
and a 60 V},, AC voltage at 6 MHz was supplied via the function
generator to the microchip. Following the six-step patterning
procedure as described, the dot patterns were printed on the
glass, PMMA, and PDMS substrates; the corresponding images
from the microscope are shown in Figs. 8A, C, and E. The
microchip effectively created different cell patterns, and the
yeast cells were successfully printed on all the three substrates. It
was also noticed that some unpatterned yeast cells were scattered
around the patterns. The cell dot size on the glass substrate
was the smallest among the substrates. As the dot size became
denser, the abundant cells on the surrounding increased. This
phenomenon suggests the influence of substrate properties on
the quality of the overall cell pattern. For the glass substrate,
the abundant cells could be easily washed away (Fig. 8A) by
flushing cell-free medium in the microchannel. Nevertheless,
parts of the constructed cell pattern could also be removed (as
shown in white circles) simultaneously. In addition, material
hardness affected the efficiency of cell washing. More cells
adhered to the soft PDMS substrate than to the hard PMMA
substrate. One factor for this phenomenon is the leakage in the
microchannel. The spacers used in the study could provide good
adhesion between the microchip and harder substrates but not on
softer substrates, leading to inefficient fluid flow to wash away
abundant cells.

2) Movable Platform Configuration: Motorized platforms
were incorporated to provide relative motions between the mi-
crochip and the substrate to resolve the challenge in removing

Patterns observed from the microscope with movable platform configuration and the corresponding inputs on various substrates: (A, B) glass; (C, D)

30%
25 B microchannel system 24.16%
f\;\ ° I moving platform system
o
= 20%
B
= 15%
I
g
s 10%
] 4.92%
O 5% g0 2 09% ' 3.61% 3.05%
B (]
0% | . . -
glass PMMA PDMS
Substrate material
Fig. 10.  Cell patterning performance versus different materials with different

methods.

abundant cells and extending the flexibility of the microchip for
cell patterning. After forming the cell pattern by the microchip,
the pattern was dragged from the cell-containing region to the
cell-free region on the substrate. Thus, the washing step can be
neglected. Compared with washing, the proposed method can
significantly reduce the number of abundant cells around the
cell pattern.

The performance of cell patterning through the movable plat-
form on glass, PMMA, PDMS, and PVC substrates are shown in
Figs.9A, C, E, and G, respectively. The constructed cell patterns
(different characters) were printed more clearly on the different
substrates compared with the results in Fig. 8. Approximately
no abundant cells were found on the glass, PMMA, and soft
PDMS substrates. The ratio of the non-patterned area covered
by the cells (i.e., area outside the circles with a 200 pm radius
around the cell dots) was measured to evaluate the effectiveness
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Fig. 11.

of the proposed method (Fig. 10). The movable platform could
maintain approximately 3% of cell area ratio, irrespective of the
substrate material. The quality of the cell dot was influenced
by two factors. First, even through a linear rail, the removal
of the microchip immersed in the medium could still induce
undesired fluid flow on the surface of the substrate. Second,
given that the trapped cells were displaced to a new position for
patterning, slight angular misalignment between the microchip
and the substrate could change the channel height between the
cell-containing region to the cell-free region. This phenomenon
reduced the strength of the electric fields for cell patterning
(white circle shown in Fig. 9E).

D. Assay of Cell Viability

Live yeast cells were first patterned on a PVC Petri dish
through the movable platform system and incubated at 37 °C to
examine cell viability. The medium for patterning was changed
to DEP buffer medium (8.5% w/w sucrose, 0.3% w/w glucose) to
maintain high viability and patterning efficiency. After pattern-
ing, the yeast cell culture medium, that is, Sabouraud Dextrose
Broth containing 0.6 mM CaCls, was added in the fourth step.
The images of the constructed pattern after 3 days of culture are
shown in Fig. 11. The cell pattern retained its shape after 1 day
of culture, and the surrounding areas were gradually filled with
proliferated yeast cells. After 3 days, newly grown non-adherent
yeast cells were detached from the original cells to cover the
empty space on the Petri dish (Fig. 11C).

V. CONCLUSION

In this study, a microchip was developed for constructing
different cell patterns as needed via n-DEP. The microchip was
mounted on a motorized platform to enable relative movement
with respect to the substrate for efficient cell patterning. Ex-
periments were conducted to evaluate the influence of different
experimental parameters on the patterning process. Different
cell patterns were successfully printed on different material
substrates. Mechanisms to remove abundant cells surrounding
the patterns were examined. Addition of CaCly in the medium
enhanced the adhesion force and led to firm attachment of
the yeast cells to the substrates after detachment. Cell culture

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 13, NO. 5, OCTOBER 2019

Yeast cells culturing performance after patterning: (A) day 1; (B) day 2; and (C) day 3.

was conducted to confirm cell viability after patterning. The
proposed microchip system offers a simple yet effective solution
to create different cell patterns on a number of substrates for
tissue engineering applications.
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