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Figure-S1. Simulation of the interdigitated castellated array design with an applied voltage of 
4V and varying geometric gaps. The H x V (horizontal x vertical) gaps are as follows: 100x100 
μm (top-left), 120x120 μm (top-right), 120x150 μm (bottom-left), 150x150 μm (bottom-right).  

Figure-S2. Visualization of particle dynamics within the spatially-varying, non-uniform 
electrical field induced by the interdigitated castellated array. 
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Figure-S3. A) Investigation of the DEP force acting on a 10 μm particle at different vertical 
positions (z-displacement) under varying voltage conditions. B) Analysis of how changes 
in voltage and vertical position (z-displacement) influence the gradient of electric field 
intensity. 
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Figure-S4. Averaged cross-sectional profile of a single castellation within the electrode 
array using DHM profilometry (3 printed layers).  
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Figure-S5. Comparison of cell radii among MDA-MB-231 cell variants three: wild-type 
(WT), cells with suppressed Connexin-43 expression (shCx43), and cells with 
overexpressed Connexin-43 (Cx43D). One-way ANOVA test was performed with 
significance reported as *, **, and *** when p-value ≤ 0.033, ≤0.002, and ≤0.001, 
respectively. 
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Stability of the IJP Devices Post DEP Applications  

To evaluate the robustness of the IJP silver electrodes, we assessed the effects of long-term 

voltage applications on our configured IJP-devices after running DEP experiments. Essentially, it 

has been reported that applying high voltages have destructive attributes to IJP-devices when used 

for DEP applications [1, 2]. The latter is caused by the flow of current – which is proportional to 

the applied voltage - which generates considerable amounts of heat (Joule’s heating), and causes 

electrical stress affecting the durability, stability and robustness of traditionally fabricated [10] and 

thermally sintered IJP-electrodes [3, 4]. For this, we applied 5V for 15 minutes in a low conductive 

medium, and measured impedance readings at a frequency range between 100 Hz and 20 kHz. We 

noticed that the impedimetric measurements decreased by around 20% of its original value. The 

voltage was re-applied for an additional 15 minutes, resulting in a cumulative duration of 30 

minutes, during which the impedimetric measurements remained the same, as depicted in figures 

S5 and S6. This confirms that the IJP-devices remain robust after being subjected to long-term, 

low voltage stress [5]. The obtained reduction in impedimetric values is consistent with that Rosati 

et al. observed upon subjecting repeated current flow to a three-layered silver-IJP electrode. The 

repetitive exposure to the current and voltage raised the prints’ temperature and caused partial 

sintering of the AgNPs which in turn resulted in an increase in their admittance due to more 

nanoparticle coalescence [4].   
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Differentiating metastatic potential of MDA-MB-231 cells via DEPIS-based sensing and 

enumeration 

As the number of trapped cells increase due to increased cell density, ΔZ increases in all 

subtypes but starts to register subtle changes especially at 90,000 cell density. When comparing 

ΔZ at 10 kHz and 20 kHz (high frequency range), ΔZ of the three subtypes at different densities 

showed overlapping magnitude suggesting that our system is sensitive at low frequency rages 

when it comes to differentiating cells with different metastatic states (Figure S8). This is attributed 

to our DEPIS system's ability in detecting cellular properties at lower frequencies, which 

diminishes at higher frequencies [6]. In fact, at higher frequencies (>10 kHz), the system's 

sensitivity in detecting changes at the interface level declines since it exits the α frequency range 

that detects changes in electrode surface polarization and cellular membrane properties [7]. It is 

important to highlight that the choice of a low-conductivity medium significantly influences the 

efficacy of studying cancer cell behavior using EIS as opposed to higher conductive mediums [8].  

When examining the impedance spectra of different cell concentrations (from 15,000 to 

90,000 cells) for each subtype alone, we observe a remarkable change in the impedance and phase 

response, confirming our DEPIS setup is capable of enumerating different cell concentrations 

within the same cell subtype (Figure S9). As the concentration of the cells increases, i.e. number 

of trapped and captured cells increase, the amplitude of the impedance decreases while that of the 

phase increase as the frequency increase. This consistent drop in impedance can be attributed to 

the dominant role of the EDL in the low-frequency range, thereby enhancing the system's 

sensitivity to changes at the electrolyte-electrode interface and anticipating a rise in conductance 

between the electrodes [7, 9-11]. Notably, ΔZ shows an increase as we moved to higher 

frequencies in all cell subtype (Figure S10).   
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Figure S8- Difference in impedance measurements between MDA-MB-231 cell variants at a frequency of A) 
100 Hz, B) 10 kHz, and D) 20 kHz. Significance reported as *, **, and *** when p-value ≤ 0.033, ≤0.002, 
and ≤0.001, respectively. 
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Figure S9- Impedimetric spectra (A, C, E) and phase angle (B, D, F) of MDA-MB-231 cell variants with 
varying cell concentrations across a frequency range of 100 Hz-20 kHz. 
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Figure-S10. Comparison between different concentrations of MDA-MB-231 WT, shCx43, and Cx43D 
groups at a frequency of A)100 Hz B) 1 kHz C) 10 kHz D) 20 kHz. Significance reported as *, **, and 
*** when p-value ≤ 0.033, ≤0.002, and ≤0.001, respectively. 



 

 

 

Subtype WT shCx43 Cx43D 

Number of 
cells 

Csol 

(F) 

Rsol 

(Ω) 

Csol 

(F) 

Rsol 

(Ω) 

Csol 

(F) 

Rsol 

(Ω) 

15,000 6.07E-07 451.2 6.24E-07 1.22E+03 1.05E-06 447.5 

30,000 8E-07 379.6 7.44E-07 1.04E+03 1.13E-06 429.9 

45,000 9.09E-07 338.1 8.07E-07 953.8 1.98E-06 424.9 

60,000 9.26E-07 356.9 9.03E-07 814.3 2.03E-06 385.6 

90,000 9.24E-07 336.7 9.65E-07 747 2.1E-06 374.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-S1. Simulated values of the solution capacitance and resistance components in the equivalent 
circuit model applied with MDA-MB-231 cells with varying expressions of Cx43. 
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