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S-1. DEP Chip design and fabrication 

 

Figure S1. Fabrication of dielectrophoresis microfluidic (DEP-μF) chip: (A) insulated IDT array chip 

fabrication process; (B) the structure of the DEP-μF chip. 

(A) Insulated IDT array chip fabrication. Insulated IDT array chip fabrication is the first step of 

DEP-μF chip fabrication (Figure S1-a). First, solvent cleaning of the bare SOI wafer was performed. 

The first wash was an acetone and methanol solution bath, followed by deionized water to clean off 

all chemical substances, and finally nitrogen was blown to dry the wafer. We also cleaned the chip 

by piranha solution (H2O2:H2SO4 = 3:1). After drying, the cleaned wafer was coated by the positive 

photoresist AZ GXR-601 (AZ electronic materials) using a spin coating machine. The spin coater was 

first adjusted to 300 rpm for 15 s to homogeneously spread the photoresist, then to 3000 rpm for 30 s 

to level the photoresist thickness to approximately 500 nm. Soft-baking was then carried out at 65 ℃ 

for 35 s using a hot plate. By using a photo-mask, the pattern was transferred to the wafer by exposure 

to UV light. The photoresist on the wafer was then developed by soaking in AZ 300 MIF developer 

(AZ electronic materials) for 10 s. After pattern inspection under a microscope, a 1000 Å  thick 

chromium layer was deposited on the photoresist patterned substrate using the thermal evaporator. 

The rest of the photoresist was removed by acetone. Subsequently, the metal electrodes were covered 

by an 8000 Å  thick layer of plasma-enhanced chemical vapor deposited (PECVD) silicon dioxide. 
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Finally, the insulated IDT array chip was partially etched for two electrode pads to connect with the 

electrode tip of a micro-positioner manipulator and for a 10-μm radius circle on the electrode. 

Insulated IDT array chips were thus produced.  

(B) DEP-μF chip fabrication. To observe cell motion in buffer solution, we prepared a 

polydimethylsiloxane (PDMS) well. A 1.2-mm-thick PDMS plate was fabricated by degassing and 

curing. First, PDMS and prepolymer were mixed for 10 min (the mixture consisted of Sylgard 184, 

and Silicone Elastomer Sylgard 184 Curing Agent, 10:1 by volume). The mixture degassed in a 

vacuum chamber for 1 hour and cured in an oven at 65 °C for 3 hours. The PDMS well was made by 

custom square-stamp (6 × 6 × 1.2 mm3) with a 3 × 3 × 1.2 mm3-reservior and was cleaned in methanol 

solution during ultrasonication. Finally, the clean PDMS well was put into contact with the DEP  

chip surface. 

S-2. Numerical analysis of DEP force acting on the cell  

 

Figure S2. Finite-element simulation of the DEP-μF chip. (a) The DEP-μF chip is an electrode array 

30 μm wide with a 10-μm gap, and the distance between the centers of the two circular windows is 

40 μm. The scale bar is 50 μm. The IDT array structure is symmetric and can be spanned by the unit 

cell presented in (a). Therefore, the simulated results using (a) are adequate to cover the simulation 

results of the entire IDT array structure. (b) 3-Dimensional view of the DEP chip structure.  

(c) Simulation of the induced electric field distribution produced by the two-electrode structure. 

Table S1. The dielectric properties of the MCF-7 cell. [1]. 

Cell Type 
Average Radius 

(μm) 

Permittivity 

𝜀 (𝜀0) 

Cytoplasm 

Conductivity 

σ (S/cm) 

Cytoplasm 

Capacitance 

(mF/m2) 

Membrane 

Cross-Over Frequency (kHz) 

Calculation 

MCF-7 9.034 50 0.01 15-30 7.94 

S-3. The setup of the μF-DEP system 

  

Figure S3. The setup of the μF-DEP measurement system. (A) Schematic illustration of the 

measurement process by DEP chip. (B) Real image of the DEP chip measurement device. 
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S-4. Programmable methods for measuring cell overlap with a fabricated window 

 

Figure S4. (a) Flowchart of the image measurement protocol. (b) Representative images of the entire 

field of view, the regions of interest centered on each circular window (dark blue circles), and 

magnified regions around each window. (c) Schematic illustration of the binary-mask application to 

extract grayscale intensity values (Gw) from the images (see text for details). (d) Variation of a 

representative overlap between a window and a cell and Gw corresponding to the variation during a 

frequency sweep. (e) Determination of the full-overlap frames and their conversion to frequency 

values from designated grayscale values. 

In our system, the fabricated windows serve as effective motion detectors. We therefore used 

images to determine the extent to which a cell overlapped a given window. Those measurements 

enable realization of the frequency at which a cell stopped just inside the window regions after 

entering and the frequency at which a trapped cell started to move (i.e., foverlap_in for 1–41 kHz, foverlap_out 
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for 41–1 kHz) by associating Gw with cell displacement. Consider, for example, an MCF-7 cell at a 

negative-DEP trap center in a 1 kHz field (see the first image in Figure 2B). Increasing the input signal 

frequency to 41 kHz changes the dielectric configuration between the cell and the medium, thereby 

shifting the equilibrium position of the cell from the negative trap region toward the fabricated 

window (see Figure 2B). In that process, Gw decreases gradually as the cell progressively overlaps the 

fabricated window, allowing the cell displacement to be determined as a function of the input 

frequency. The flowchart in Figure S4a describes the algorithm used for this calculation.  

To interpret the variation in Gw, the location and radius of each fabricated window are also 

required. The dark blue circles in Figure S4b define a region of interest in the optical image that 

consists exclusively of the fabricated windows on the DEP chip. We developed MATLAB code based 

on the Circle Hough Transform method provided in the image processing toolbox (Mathworks, 

Natick, MA, USA) to select the fabricated windows in the images [2–4]. Because those fabricated 

windows have a well-defined radius (10 μm) and spacing (40 μm vertically and horizontally), they 

can be recognized as distinct circles (i.e., excluding cells and debris). Based on this geometry, a binary 

window mask was generated with “1” corresponding to a window region and “0” to the outside 

(Figure S4c). Gw values were then computed by multiplying this mask image by the measured time-lapse 

images and calculating the resulting image intensity over a sequence of 7000 frames (Figure S4d). The 

specific fabricated window group (all windows labeled with “number” in Figure S4d) included all 

fabricated windows with different grayscale values between the vacant window under the negative 

DEP trap and the full window under the positive DEP trap. The right-side panel in Figure S4d depicts 

a measurement artifact in a representative window (#669), where the Gw value was impaired by an 

irregularity in the etched surface. Figure S4e illustrates the method by which the frequency of full-overlap 

was determined using Gw.  

S-5. The effect of cell size on nonlinear dynamic response 

 

Figure S5. Measured radius of MCF-7 cells. The distribution was fitted by a Gaussian function. 

 

Figure S6. Histograms of discrepancy values as differences in cell size: (a) histogram of all cells,  

(b) histogram of cells that have a smaller-than-average cell radius, (c) histogram of cells that have a 

greater-than-average cell radius (for the average cell radius, see Figure S4a). Δfoverlap* is the differential 

frequency between foverlap_in and foverlap_out (see text in S-4 for details). A two-sample, assuming unequal 

variance t-test showed no differences among a, b, and c (p > 0.1). 
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The hysteresis curve shown in Figure 2D was produced from the cellular movement and the 

DEP force leads to cellular movement. Because the DEP force is proportional to the cubic power of 

the cell radius, there is possibility that distribution in cell size could affected the hysteresis curve (see 

Materials and Method in the main article). Therefore, we carefully investigated the effect of the cell-size 

distribution. First, we estimated the average radius of the cells, resulting in 9.034 ± 0.2256 μm, with 

an R2 value of 0.969 (Figure S5). Then, the difference between foverlap_in for 1–41 kHz and foverlap_out for  

41–1 kHz was defined as Δfoverlap* (i.e., Δfoverlap* = foverlap_in – foverlap_out), where the hysteresis curve can be 

constructed as a function of foverlap_in and foverlap_out when the applied frequency is increased and 

decreased, respectively. In accordance with the cell radius, Δfoverlap* was classified as follows: 1) entire 

cells not related to cell radius, 2) the cells that have less than the average radius, 3) the cells that have 

greater than the average radius. According to Figure S6, the distributions of Δfoverlap* for varying cell 

sizes are not statistically different. Therefore, the effect of cell size can be ignored in constructing the 

hysteresis loop. 

S-6. Quantification of cellular movement in the measurement system 

To analyze the resolution of our measurement system, we applied the two methods described 

in S-6, cell tracking and modified grayscale measurement. First, we applied the cell tracking method 

to track the center positions of cells trapped by negative DEP force and obtained complicated 

trajectories from time-sequential cellular movement images, as shown in Figure S7. Those trajectories 

can be called thermal noise fluctuations, generated even when the cell was trapped. Now, we assume 

that the trajectory on each sequential image is an independent, identically distributed, random 

variable. Then, the distributions of many cellular trajectories tend toward a Gaussian distribution 

with a probability density function, according to the central limit theorem [5]. The Gaussian 

distribution of x and y trajectories is given in Figure S7. Therefore, the movement variation is  

𝜎𝑑 = √𝜎𝑥
2 + 𝜎𝑦

2 = 207 nm. On the other hand, the moving distance from the statistical center of the 

trapped cell in the nth frame is defined as 𝐷𝑛 = 𝐶𝑛 − 𝐶𝑜 = √(𝑥𝑛 − 𝑥𝑜)2 + (𝑦𝑛 − 𝑦𝑜)22 , where Cn is the 

nth cell center in the nth frame, and xn and yn are the nth position of the cell in Cartesian coordinates. Co 

is the statistical center of the trapped cell, i.e., the average trapped position during a DEP trap period 

(i.e., 100 seconds at 1 kHz and 41 kHz). xo and yo represent the statistical center position in Cartesian 

coordinates. The variation in distance moved from the n-1 frame to the nth frame is ∆𝐷𝑛 = 𝐷𝑛 − 𝐷𝑛−1. 

Therefore, when ∆𝐷𝑛 > 2σ, we can identify cellular movement with a 95.3% confidence interval. 

Because 2σ is 414 nm in our measurement system, the resolution for realizing cellular movement is 

about 400 nm within a 95.3 % confidence interval.  

To determine the resolution using the modified grayscale measurement method, we extract the 

average center point of the cell found by the cell tracking method, as shown in Figure S8a. Then, the 

artificial circular window can be created using that average center point, as shown in Figure S8b. The 

grayscale level in the artificial circular window also oscillates with thermal energy, even when the 

cell is trapped by DEP force. Assuming the fluctuation of the grayscale level to be an independent 

identical random variable, the central limit theorem indicates that it should follow a Gaussian 

distribution. Figure S8b is the result. Applying the same argument used above in the modified 

grayscale measurement method, we define the cell as having moved when the grayscale value in the 

artificial circular window exceeds 2σ (1.15 grayscale level). That method also identifies cellular 

movement with a 95.3% confidence interval. However, this is a qualitative approach. To take a more 

analytical approach to the experimental grayscale measurement data, we developed a model in 

which 𝑆𝑜 = 𝜋𝑅𝑜
2 is the statistical cell surface area in the artificial window, where Ro is the statistical 

radius of a cell, as shown in Figure S8. Then, we define Kn as the nth out-of-area ratio originating from 

the mismatched region between So and the circular area with the moving distance in the nth frame 

image. The mismatched area is thus An, as shown in Figure S9a, and is described by 

𝐴𝑛 = 𝐾𝑛𝑆𝑜 = 𝜋𝑅𝑐𝑒𝑙𝑙
2 −

1

2
{𝑅𝑜

2(𝜃𝑜 − 𝑠𝑖𝑛𝜃𝑜) − 𝑅𝑛
2(𝜃𝑛 − 𝑠𝑖𝑛𝜃𝑛)} (S4) 



Sensors 2018, 18, x  6 of 7 

 

where θo and θn are the angles in the nth area of overlapping circles (i.e., statistically trapped cell 

position and cell moving position in the nth frame, respectively). θo and θn are refined using the 2nd 

law of cosines as 

𝜃𝑜 = 2 cos−1(
𝐷𝑛

2 − (𝑅𝑜
2 − 𝑅𝑛

2)

2𝑅𝑜𝐷𝑛
),      𝜃𝑛 =  2 cos−1 (

𝐷𝑛
2 + (𝑅𝑜

2 − 𝑅𝑛
2)

2𝑅𝑜𝐷𝑛
) (S5) 

Using this model, the area fluctuation is calculated, resulting in Figure S9b. From these data, 

cellular movement can be assumed when the off-set area is 3.28 μm2 (2σ). Therefore, 1.3% area 

variation corresponds to 1.15 grayscale level (2σ) in our measurement system. 

 

Figure S7. Characterization of cell trapping motion (AC 2 Vp-p, 1 kHz): Cell trajectory and cell location 

histogram are on the x-axis and y-axis, respectively. 

 

Figure S8. Characterization of cell trapping motion (AC 2 Vp-p, 1 kHz) using the modified grayscale 

measurement method: (a) Statistical radius of the artificial window with Ro=8.87 ± 1.30 μm. (b) The 

grayscale value fluctuation with thermal energy. 

 

Figure S9 (a) Schematic illustration representing the mismatched area (An). (b) Fluctuating 

mismatched regions from the time-sequential images that record cellular movement. 
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