
 

 

Abstract— Patterning cells on a substrate is useful for cell assay 
and characterization. In this paper, a microchip employing 
negative dielectrophoresis was designed for efficient cell pattering. 
This chip consists of a 4-by-4 dot electrode array and the cell 
patterns are formed on a substrate lying on the microchip. To 
facilitate the microchip design, electric fields generated from the 
microchip were first simulated using software, and experiments 
were conducted to validate the performance of the microchip. 
Yeast cells suspending in the 6-aminohexanoic acid (AHA) solution 
were used in this study, and the effects of the cell medium, the 
voltage input and the voltage frequency were analyzed. The results 
confirm that cell patterns are successfully created with the 
microchip and this microchip offers an easy method to fabricate 
cell patterns on a substrate for characterization.  

I. INTRODUCTION 

Biological cells are the most fundamental unit of living 

organisms [1]. It is well known that culturing cells is challenging 

as they are very sensitive to different chemicals and the 

surrounding environment. In order to better understand their 

behaviors, laboratory technicians are required to carry out a 

large number of tests to study the cell behaviors and the testing 

process often involves lying cells uniformly on a plane substrate 

for easier assay and characterization. With advances in 

technology, robotics and automation can bring convenience to 

the tedious process.   

To date, a number of techniques have been proposed for 

arranging and organizing cells on a plane substrate [2-5]. In 

general, these techniques can be cataloged into the contact 

micromanipulation and the non-contact micromanipulation [6]. 

For the contact manipulation system, a physical force would be 

generated only if the system reaches the object. For instance, 

Nagai et al. [7] proposed a traditional pick-and-place 

mechanism to manipulate cells with a robotic system. The 

micro-pipette was attached to an electrode to measure the 

electrical current in real time to avoid applying excessive 

suction pressure during cell handling. For those non-contact 

micromanipulation techniques, a field is always produced to 

remotely drive the particle. Hu et al. [8] employed a robotic 
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optical tweezers system to arrange floating cells into a defined 

pattern. The optical beam was split into multiple beams to 

manipulate cells simultaneously. Okochi et al. [9] employed 

magnetic field for cell patterning. A pin holder consisting of 

multiple pillars were placed underneath of a plate to attract 

magnetically labeled cells. Collins et al. [10] employed acoustic 

wave to guide cell patterning in a microfluidic chip. Surface 

acoustic waves were applied at different frequencies to facilitate 

cell positioning on a piezoelectric substrate. Dura et al. [11] 

developed a microfluidic chip device to trap cells with respect to 

the fluid flow direction. Cell containing fluid can be injected at 

two sides of the traps to enable cell pairing for characterization. 

Although these techniques work well for their respective 

application, they also have several limitations, such as the 

limited throughput and the size of the cell pattern.  

In recent years, dielectrophoresis has been studied 

extensively in various fields, including environmental research, 

chemistry, materials science, and biomedical research [12-15]. 

Dielectrophoresis is the use of non-uniform electric fields to 

induce motions on particles. Depending on the dielectric 

properties, particles are either attracted or repelled along the 

field gradients, and such phenomenon is also known as positive 

(p-DEP) or negative (n-DEP) dielectrophoresis. Since this 

technique does not require direct contact with the particles and 

the required hardware is relatively simple, its applications have 

been used for filtering, sorting and separation, characterization 

and diagnosis. For cell patterning, Hsiung et al. [16] employed 

electrode pairs for a uniform pattern of cells on an Indium Tin 

Oxide (ITO) coated glass slide. Albrecht et al. [17, 18] 

encapsulated cells patterned on the electrode via 

dielectrophoresis in a photosensitive material. Tsutsui et al. [19] 

and Lin et al. [20] employed the photosensitive material to 

define the mold for dielectrophoretic cell patterning. Among all 

these researches, p-DEP is widely employed because a higher 

DEP force could be generated for patterning. Nevertheless, cells 

are required to group and pattern onto the surface of the 

electrodes which have high electric field strengths, posing 

potential threats to the cell viability. Hence, there is a growing 

interest in cell patterning via n-DEP [14, 15], but many 

challenges exist to the development and characterization of an 

easy-to-fabricate device for cell patterning.  

In this study, a microchip device employing the principle of 

negative dielectrophoresis is designed and fabricated. One key 
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advantage of this microchip is that it can separate the cell pattern 

and the substrate on two different planes, offering higher 

flexibility in the patterning process. In order to generate 

sufficient DEP force for patterning, electric fields generated 

from the microchip were simulated and experiments were 

conducted to validate the performance of the microchip. A series 

of tests were conducted to examine the effects of different 

experimental parameters on the patterning efficiency. 

 This paper is outlined as follows: the design and the working 

principle of the microchip are given in Section II; the 

experimental setup is described in Section III; the results and 

discussions are provided in Section IV; and Section V 

summarizes the findings in this paper.  

II. DESIGN OF THE MICROCHIP 

A. Working Principle 
The microchip employs negative dielectrophoresis to create a 

cell pattern on a substrate. The working principle is to utilize an 

electrode pair to generate non-uniform electric fields in the 

microenvironment between the microchip and the substrate. As 

described in Pohl [21], dielectric particles exposing in an 

alternating electric field are polarized. As the induced charge is 

not uniformly distributed over the particle surface, a 

macroscopic dipole is thus created. If the fields are not uniform, 

a net DEP force, FDEP , acting on two sides of the particles, can 

be evaluated as: 

FDEP r3
mRe[K( )] E2 (1) 

where r  is the particle radius, m  is the permittivity of the 

suspending medium,  is the Del vector operator, E is the root 

mean square of electric field and Re[K( ] is the real part of the 

Clausius-Mossotti (CM) factor. For viable cells, the particle can 

be modeled as a single-shell. By neglecting the conductance of 

the membrane, the CM factor is derived as [22]: 
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the specific cell membrane capacitance,   is the conductivity,  

and  is the permittivity. The subscripts c and m stand for the 

cell and the medium. The sign of the CM factor is controlled by 

the dielectric properties of the cell and the medium, which are 

dependent on the frequency of the applied voltage, . A positive 

real part of the CM factor indicates the phenomenon of p-DEP 

while a negative real part indicates the phenomenon of n-DEP. 

In this work, experimental parameters were chosen to keep the 

real part in a negative value so that cells can be patterned onto 

the substrate.  

B. Design and Fabrication of the Microchip 
Within the microchip, an electrode pair is utilized to generate 

electric fields for cell patterning. In general, two electrode 

configurations are commonly employed in the field and they are 

the top-and-bottom [17-20], and the side-by-side fashion [13, 15, 

23]. In this work, the microchip adopts the side-by-side 

electrode configuration, leaving the opposite side of the 

microchannel for substrate placement. When the electrode pair 

is connected to an AC voltage, circular electric field lines are 

formed, as shown in Fig 1. During the experiments, cells are 

injected from one side of the microchannel sandwiched between 

the microchip and the substrate. Due to the gravitational force 

(Fg), cells will gradually sink to the bottom of the substrate. 

Meanwhile, the energized electrode pair induce n-DEP force to 

drive the cells towards the center and underneath of the 

electrode, which has the lowest electric field.  

In order to create a uniform cell dot pattern, multiple electrode 

pairs, consisting of a circle electrode and a surrounding 

electrode, are incorporated in the microchip design. In order to 

minimize the design space and the connection, the surrounding 

electrodes are grouped into a common electrode. Based on the 

microchip layout, a 4-by-4 electrode array is proposed. In order 

to establish non-uniform electric fields in the microchannel, 

   

(A)                                                       (B) 

 
  (C)                                                        (D) 

 

 
 

Fig. 2.  Electric field simulation with larger (A. B) and smaller (C. D) circle

electrodes. (A, C) Horizontal sectional view of the electric field simulation. (B,

D) Two vertical cross-sectional plot of electric field simulation. 

 

 
 

Fig. 1.  Schematic Diagram showing the electric fields generated from a planar

electrode 
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Multiphysics software, COMSOL, was used to simulate the 

results for analysis. In the simulation model, the circle 

electrodes were modeled as a circular disk while the surrounding 

electrode was modeled as a rectangular plane. The microchannel 

was set with a height of 100 m that was filled with the medium. 

Figure 2 shows the simulation of the electric field formed by the 

microchip when a voltage was applied to the electrodes. The 

high electric field is represented by the regions in red, which is 

located at the gaps between the opposite electrodes. In contrast, 

the low electric field is represented by the regions in blue, which 

is located at the center of the circle electrode. The figures show 

that the non-uniform electric field is successfully established 

through the proposed electrode layout design. To explore the 

effect of the electrode size, a simulation was performed with 

larger and smaller circle electrodes. Comparing the results, the 

field strength generated from smaller electrodes is weaker. Also, 

the field distribution near the surrounding electrode is relatively 

uniform, and cells may not experience the DEP effect. Hence, 

reducing the electrode size will reduce the regions for cell 

manipulation.  

Based on the proposed electrode layout, a number of 

microfabrication technologies can be used for the fabrication, 

and standard Printed Circuit Board (PCB) fabrication is selected. 

Considering the manufacturing limitation, the center electrode is 

designed as a circle with a 200 m in radius. The surrounding 

electrode is designed to have 16 holes, with a diameter of 700 

m on a 3.5 mm * 3.5 mm rectangular plane. To prevent the 

interaction effect between electrodes, the holes in the 

surrounding electrode are limited with a 100 m distance. The 

PCB design illustration is shown in Fig. 3 using Altium 

Designer. To maintain the integrity of the microchip, a 

double-layer PCB was selected to provide higher design 

flexibility by utilizing both sides of the PCB board for electrode 

routing and layout (Shenzhen BitLand Information Technology 

Co., Ltd), and all electrodes can fit in one board without any 

overlapping issues. 

III. MATERIALS AND METHODS

A. Cell Medium Preparation 
In this study, yeast cell was selected to examine the DEP 

phenomenon and the patterning efficiency. Actively dried yeasts, 

Saccharomyces cerevisiae, were re-activated in sugar solution 

with a concentration of 27 g/L and heated for 1 hour at a 

temperature of 35°C. To test the pattern effect of both live yeast 

cell and dead yeast cell, the solution containing the yeast cells 

were divided into two parts. Half of them was heated at a 

temperature of 90°C to prepare the dead yeast cells. Dead yeast 

cells were stained by Janus green B (Shanghai MAIKUN 

Chemical Co., Ltd) to get a better image contrast for view under 

the microscope. The cells were re-suspended in DI water and 

1M AHA solution (Ruibio) for the experiments. 

B. Experiment Setup  
The system consists of five main components: a Leica 

inverted microscope, a dual syringe pump, a function generator, 

a microchip, and a slice of the glass substrate, as shown in Fig.4. 

Two 100 m spacers were sandwiched between the microchip 

and the glass substrate to create a microchannel for the cell 

solution to flow through. The syringe pump was used to inject 

the cell containing medium, and the function generator was used 

to provide the voltage for electric field generation. The 

formation of the cell pattern was observed through the Leica 

inverted microscope.  

IV. RESULTS AND DISCUSSION 

The microchip was used to create different cell patterns, and a 

series of experiments were conducted to evaluate the 

performance and efficiency of the microchip with different 

experimental parameters. First, the effects of the medium used 

for the experiments were examined. Then, different signal 

voltages were applied to create the cell patterns and the results 

were compared to the simulation findings. Finally, different 

voltage frequencies were applied to evaluate the crossover 

frequency, which the phenomenon is changed from p-DEP to 

n-DEP, and the frequency range suitable for the experiments.  

A. Medium 

 

 

Fig. 3.  Microchip schematic by Altium Designer. 

 

 
 

Fig. 4. Experimental Setup 
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As discussed, the properties of the suspension medium have a 

direct impact on successful cell patterning via the microchip. 

The relative dielectric properties between the cells and the  

medium determine the sign of the DEP force. Also, the motions 

of the cells are also linked to the medium. To test the effect, dead 

yeast cells were suspended in DI water and 1M AHA solution, 

respectively. The cell solutions were first pumped to completely 

fill the channel, and the voltage was applied to the electrodes. 

After 3 minutes of operation, the cell pattern was observed 

through the microscope.  

  The results in Fig. 5 show that in AHA solution, cells 

floating in the medium were chained together and manipulated 

towards the center of the circle electrode. In contrast, in DI water, 

the DEP effect was not obvious, and cells remained floating in 

the microchannel. According to Eq(1), the DEP force is 

dependent on the relative permittivity of the medium. Although 

AHA solution has a higher  m value (160) then DI water (78), 

the induced forces were not sufficient to manipulate the cells. 

One observation from the experiments was that in DI water, the 

majority of the cells quickly sunk into the bottom (substrate). As 

cells were settled on the substrate surface, the adhesion force 

between the cell and the substrate dominates over the DEP force 

and cells were unable to form any cell pattern. 

B. Voltage Input 
The size of the cell dot that the microchip can be created is 

important to evaluate the performance of the chip. Given that the 

 

 (A)                                                                             (B)                                                                             (C) 

      
 

                                                 (D)                                                                         (E) 

  
 

Fig. 6. Phenomenon of DEP Effect for yeast cells with different signal voltage. (A) 2V. (B) 4V. (C) 6V. (D) 8V. (E) 10V. 

(A)                                                        (B) 

 
 

Fig. 5. Phenomenon of DEP Effect for dead yeast cells suspended in different

medium (A) DI water. (B) 1M AHA solution 
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number of cells in the medium is fixed, a larger cell dot indicates 

that the microchip is more effective to utilize the surrounding 

cells to form the pattern at the center of the electrode. According 

to Eq (1), the strength of the force is proportional to the gradient 

of the square of the electric field. To explicitly examine the 

effect of this parameter, voltage inputs of 2V, 4V, 6V, 8V, and 

10V were applied to the microchip. The signal frequency was set 

at 6MHz and the effects on dead yeast cells in 1M AHA solution 

were shown in Fig. 6. As expected, when the voltage input is 

low, cells that are far away from electric fields cannot be 

manipulated due to the generation of a weaker DEP force. As the 

voltage continues to increase, cell chains are formed along the 

radial direction and the size of the cell dot is growing, as shown 

in the figure. At a higher voltage, cells clustering at the center of 

the electrode become more obvious. It can be noticed that most 

of the cells suspending at the gap between the circle electrode 

and the surrounding electrode are manipulated to form the cell 

pattern, leaving a clear (cell-free) medium at the gap.  

The effect of the voltage input was also simulated using the 

software. Comparing Fig. 3 and Fig. 7, using a low voltage input 

will lead to a more uniform electric field distribution, especially 

near the center of the electrode. Hence, it supports the result that 

the dot size is dependent on the voltage input. 

C. Voltage Frequency 
According to Eq (2), the frequency is the most important 

parameter determining the polarity (positive or negative) of the 

DEP force. This equation Using Eq (2) and substituting the 

parameters with values listed in Table I [15], the CM factor for 

live and dead yeast cells in 1.0 M AHA solution was simulated 

using MatLAB. The frequency range was set from 20 Hz to 300 

MHz and the simulation results were summarized in Table II.  

   Fig. 8 illustrates the DEP effects of the dead yeast cells (blue) 

and the live yeast cells (transparent) under a single dot electrode 

at various frequencies. When signals of 5MHz and 30MHz were 

supplied to dead and live yeast cells, respectively, cells were 

gathered together to form cell chains and migrated towards the 

center of the dot electrode, which can be explained as the n-DEP 

phenomenon (Figs. 8(B and D)). If a 1MHz signal was applied 

to the electrodes, both live and dead yeast cells were 

concentrated in the gap between the electrodes, indicating the 

p-DEP effect (Figs. 8(A and C)). By changing the voltage 

frequency through the function generator, the crossover 

frequencies of dead and live yeast cells, which are the turning 

points from negative to positive CM factor, are found to be 3.5 

MHz and 16 MHz, respectively. Comparing the results, there are 

discrepancies between the experiments and the simulations on 

the crossover frequency. For both live and dead yeast cells, the 

simulation results show that the crossover frequencies are in the 

(A)                                                        (B) 

     
 

Fig. 7.  (A) Horizontal sectional view of the electric field simulation. (B) Two

vertical cross-sectional plot of electric field simulation. 

 

TABLE I: PROPERTIES OF YEAST CELL 

 

Symbol Quantity Value 

R Cell radius m 

c Internal relative permittivity 50.6  

c Internal conductivity 0.515 S/m 

Cm Membrane capacitance 7.03 F/cm2 

 

(A)                                                           (B)                                                          (C)                                              (D)

 
 

Fig. 8. Phenomenon of DEP Effect for yeast cells in AHA solution (A) dead yeast cell with p-DEP effect. (B) dead yeast cell with n-DEP effect. (C) live yeast cell

with p-DEP effect. (D) live yeast cell with n-DEP effect. 

TABLE II: Simulation results of the CM factor (sign) for live and dead yeast 

cells in AHA solution at different frequencies 
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region of 100MHz, higher by an order of magnitude. The 

simulation values are comparable to the one (108 Hz) reported in 

[24] and [25], suggesting the single-shell model may not be 

appropriate to describe yeast cells in AHA solution. Other cell 

models, such as two-shell [26] or multi-shell model [27], should 

also be considered to evaluate the optimal cell model to best 

describe yeast cells. Despite the discrepancy, the crossover 

frequency can be obtained through experiments and cell 

patterning via n-DEP can be performed with a usable frequency. 

It is known that the crossover frequency is unique to each cell 

type and the medium, but similar tests can be performed on 

different cell types to obtain the suitable frequency range for the 

experiments.  

V. CONCLUSION 

 In this study, a microchip consisting of a 4-by-4 dot electrode 

array was designed and fabricated for cell patterning. This 

microchip employed n-DEP and cell patterns were created on a 

substrate lying on the microchip surface. The microchip was 

fabricated using the PCB technique, and its performance was 

examined through experiments using yeast cells. Results show 

that the AHA solution is effective to minimize the amount of 

cells sunk to the bottom. When a higher voltage is used, a larger 

cell dot can be created. Also, the usable frequency from a 

function generator can induce p-DEP and n-DEP force on live 

and dead yeast cells, and a suitable frequency for the 

experiments can be selected accordingly. This microchip 

provides an easy and simple method to create cell patterns on a 

substrate to facilitate cell assay and characterization. 
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