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Appendix A. Clausius-Mossotti factor of a single-shell model  

A single-shell model is usually used for estimating an ac electrokinetic behavior (such as DEP and ROT) 

of a particle covered with a single layer of uniform thickness δ (in Fig. S1). In this model, the layered 

particle is replaced by an equivalent homogeneous particle. A complex permittivity of the equivalent 

homogeneous particle (𝜀𝜀2∗) represented in Fig. S1 is given by (S1):1 

𝜀𝜀2∗ = ε𝑚𝑚∗
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where, 𝜀𝜀𝑚𝑚∗  is the complex permittivity of shell and 𝜀𝜀𝑖𝑖∗ is the complex permittivity of particle interior. In 

the case of biological cells with the radius R and membrane thickness of δ, which is very thinner than R 

(δ << R), the equation (S1) is simplified by adapting the binomial theorem as below.  

(1 + 𝜒𝜒)𝛼𝛼 = 1 + 𝛼𝛼𝜒𝜒 +
𝛼𝛼(𝛼𝛼 − 1)

2! 𝜒𝜒2 + ⋯                                                         (S2)   

Thus, it can be approximated as follows. 
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From eqs (S1) and (S3), the complex permittivity of the cell can be written as 

 

Furthermore, the membrane conductivity is assumed to be negligible. Using equation (S4), the complex 

Clausius-Mossotti factor becomes 

 

  

𝜀𝜀2∗ =
𝐶𝐶𝑚𝑚𝑅𝑅(𝑗𝑗𝑗𝑗𝜏𝜏𝑖𝑖 + 1)
𝑗𝑗𝑗𝑗(𝜏𝜏𝑚𝑚 + 𝜏𝜏𝑖𝑖) + 1                                                                                                                                   (𝑆𝑆4) 

𝐶𝐶𝐶𝐶 = −
𝜔𝜔2(𝜏𝜏1𝜏𝜏𝑚𝑚 − 𝜏𝜏𝑖𝑖𝜏𝜏𝑚𝑚′ ) + 𝑗𝑗𝑗𝑗(𝜏𝜏𝑚𝑚′ − 𝜏𝜏1 − 𝜏𝜏𝑚𝑚) − 1
𝜔𝜔2(𝜏𝜏𝑖𝑖𝜏𝜏𝑚𝑚′ + 2𝜏𝜏1𝜏𝜏𝑚𝑚) − 𝑗𝑗𝑗𝑗(𝜏𝜏𝑚𝑚′ + 2𝜏𝜏1 + 𝜏𝜏𝑚𝑚) − 2                                                          (4) 
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Materials and Methods 

Experiments for the dielectrophoresis 

 

A conventional IDA electrode, which consisted of microband electrodes with 20 µm in width and 50 µm 

in gaps was used to observe dielectrophoretic behavior of cells. The IDA electrode was mounted on a 

glass substrate through the spacer with 30 µm thickness. Cells suspended in ROT solution were injected 

in the space between the upper IDA electrode and the lower glass substrate. An AC signal with opposite 

phase was then applied to microband electrodes to estimate the arrived positions of cells. The voltage of 

5 Vpp with different frequencies from 0.1 MHz to 2.0 MHz was applied. The dielectrophoretic behavior 

of cells is accounted as negative dielectrophoresis (n-DEP) when cells arrived under the each microband 

electrodes, and accounted as positive-DEP (p-DEP) when cells are attached to edges of microband 

electrodes. 
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Table S1. List of reported previously membrane capacitances and cytoplasm conductivities of various 
types of hematopoietic cells. 
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Figure S1. Schematic images of single-shell model of a biological cell. 
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Figure S2. Designs of IDA electrode substrates for the 3-D IDA device. Schematic images and 
microscopic images of (A) horizontal and (B) vertical electrode patterns. The gap and width of each 
microband electrode are set to 30 µm and 20 µm, respectively. (C) Photo of the whole device. 
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Figure S3. Dielectrophoretic behaviors of K562 cells when AC voltage with the frequency region (A) 
from1.2 MHz to 2 MHz and (B) from 0.1 MHz to 1.1 MHz was applied to the microband electrodes of 
IDA. K562 cells moved (A) to the edge of the microband electrodes by the attractive force of positive 
dielectrophoresis and (B) below the microband electrodes by the repulsive force of negative 
dielectrophoresis to form a line pattern. 
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Figure S4. Microscopic photographs of K562 cells injected in the device with 3D-IDA electrode at various 
concentrations. (A) 0.5×107cells mL-1, (B) 1.0×107 cells mL-1, (C) 2.0×107 cells mL-1, (D) 8.0×107cells 
mL-1, and (E) 16×107cells mL-1. 
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Figure S5. Optical and fluorescent images of Jurkat cells that expressed the cell-surface antigen of CD7 
and THP-1 cells. Both types of cells were treated by the anti-CD7 antibody labeled with PE. Red 
fluorescence was observed from Jurkat cells, while no fluorescence was observed from THP-1.  
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Figure S6. Time-lapse images of the electrorotation of three microrods. The scale bar represents 10 µm. 
The rotation rates of microrods of entry 1, 2, and 3 were 16.9, 15.7 and 15.2 radian s-1, Respectively. The 
microrods of entry 1 and 3 were rotated to clockwise direction, while the rod of entry 2 was rotated 
opposite direction.  
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