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Abstract 

The study of electrical characteristics of cells based on their biophysical 

properties, and their relevance with their status, has been a very useful non-invasive 

tool for disease diagnosis and treatment. A MEMS device is modelled and simulated 

for characterizing the electrical behavior of a type of breast cancer cells and colon 

cancer cells. The sample of highly invasive breast cancer cells (Hs 578T) was 

compared with the HT-29 colon cancer cells in the frequency range of 1 to 13 GHz. It 

is found that the rate of change of capacitance of the given colon cancer cells is less 

than that of the given highly metastatic breast cancer cells. This shows the difference 

in electrical characteristics of cells with different cell types and could be a basis for 

discriminating cell types and related metastasis. 
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I. Introduction  

The biophysical characteristics of cells have played a major role in the diagnosis 

of various diseases including cancer [XVI]. Cancer is a deadly disease and is mainly 

due to genetic abnormalities originating in a cell or group of cells. Such cells lack the 

normal signaling track and hence do not respond partially or fully to the normal 

signaling. They start multiplying uncontrollably and form bulk cancerous tissues. They 

can be categorized as breast cancer, lung cancer, skin cancer, and so on, based on the 

cells in which they originate. Metastasis, which results in the spread of cancer to 

various parts of the body, introduces a new dimension to different types of cancer (lung 

cancer, breast cancer, ovarian cancer, prostate cancer, melanoma, etc) needing different 

treatments. Early diagnosis of cancer helps in effective treatment and reduced the 

mortality rate. In normal cells, the inner cellular area has more concentration of 

potassium, and the outer cellular area has more sodium concentration [VIII, IX]. As the 

cell membrane is selectively permeable to sodium and potassium ions, a different 

concentration of these ions and other charged mineral ions will build up on either side 

of the membrane. The different concentrations of these will cause the outer surface to 

have a relatively higher positive charge than the inner membrane surface and create an 

electrical potential difference across the membrane [I]. Cancer cells have altered 

membrane composition and membrane permeability, which results in the movement of 

potassium, magnesium, and calcium out of the cell and the accumulation of sodium and 
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water into the cell [XXIII, V]. As a result of these mineral movements, membrane 

composition changes, leading to energy abnormalities and membrane charge 

distribution abnormalities, and there occurs a decline in the normal electronegative 

membrane potential [V, VI, VII, X]. The depolarization (fall in membrane potential) 

of the cancer cell membrane due to the accumulation of excess negative surface charges 

may precede and create the reduction in intracellular potassium and the rise in 

intracellular sodium ions [XI]. Membrane degeneration occurs in the initial phase of 

carcinogenesis first in the external cell membrane and then in the inner mitochondrial 

membrane and these degenerative changes in the surface membrane causes these 

membranes to become more permeable to water-soluble substances so that potassium, 

magnesium, and calcium migrate from the cells and sodium and water accumulate in 

the cell interior. The degenerative changes in the inner membrane of the mitochondria 

cause loss of storage of critical mitochondrial enzymes, due to which, mitochondria 

cancer cells degenerate [XV]. Two of the most outstanding electrical features of cancer 

cells are that they constantly maintain their membrane potential at a low value and their 

intracellular concentration of sodium is of high magnitude [V-VII]. This sustained 

elevation of intracellular sodium may act as a mitotic trigger causing cells to go into 

cell division (mitosis) [V]. 

Microfabricated biosensors utilizing electrical, mechanical, piezoelectric, and acoustic 

signal transduction mechanisms have been developed over the years. The application 

of BIOMEMS is rapidly increasing due to its microstructure and capability of handling 

micro-integrated multiple units, like sample collection, sample preparation, 

microfluidic components, sensing system, etc. in one chip. . There are many structures 

and shapes for the realization of MEMS devices as per the requirement. The one chosen 

for the present work is interdigitated electrodes (comb structure) type. In interdigitated 

electrodes, the impedance/resistance across the electrodes shall be infinite without any 

material/ sample in between the electrodes. But if any material is deposited on or in 

between it, a change in impedance could be monitored. 

Biological tissues are heterogeneous and show frequency-dependent variation in 

permittivity [IV]. There are three dispersion mechanisms α, β, and γ as the frequency 

response of cell suspensions which is shown in Figure 1. 

 The basic criterion for the bio-impedance-based study is the change in dielectric 

behavior of the cells/tissues and hence, the impedance in response to the a.c. electric 

field. 

 
Fig. 1  α, β and γ dispersions of cells [XXI, XIII, XIV] 
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Impedance, which is given as the ratio of electric potential to electric current is 

expressed in ohms and can represent the magnitude as well as the phase difference 

between the electrical potential and current. An alternating voltage is expressed in the 

classic form of the sinusoidal waveform as: 

𝑉 = 𝑉𝑚𝑠𝑖𝑛𝜔𝑡         (1) 

And the resulting current flowing through the circuit is given as: 

 𝐼 = 𝑉𝑚/𝑍        (2) 

where I, V, and Z are phasor quantities, which means that they are represented in both 

magnitude and direction. This implies that there is a phase difference between these 

quantities. The term ‘Z’ is called impedance.  The ratio of the component of current 

which is in phase with voltage gives the real component of impedance and that which 

is in phase displaced gives the imaginary component of impedance. It is, thus, a 

complex number and represented as: 

𝑍 = 𝑅𝑒(𝑍) ± 𝑗 𝐼𝑚(𝑍)       (3) 

where ‘j’ is a unit imaginary number 

The ions in cells are basically the conduction channels. Different cells have different 

ionic content and mobility [XXII, II]. Thus cells can be characterized by conductivity 

and permittivity where ionic mobility is expressed as the conductivity and dielectric 

properties are expressed as the permittivity. Permittivity describes the ability of a 

material to resist the flow of current through it. Hence, the impedance could be related 

to the conductance and the permittivity of the cells. The conductivity and permittivity 

are both dependent on frequency and with an increase in frequency the permittivity 

decreases while the conductivity increases [XII, XV]. The permittivity is related to the 

extent to which the bound charges of the cells and tissues are displaced or polarized 

under the influence of an electric field [XII]. The change in this behavior of cells and 

tissues is not instantaneous and exhibits a complex dielectric form. The exposure of 

biological cells and tissues to high-frequency input causes energy storage due to dipole 

polarization and energy dissipation when the dipoles do not align instantly with the 

varying field [XVIII]. This behavior of biological cells is utilized in dielectric 

spectroscopy. The relative permittivity is, therefore, a function of frequency and is 

expressed in complex form as: 

𝜀 = 𝜀′ − 𝑗 𝜀"        (4) 

where ɛ' is the real part representing the energy storage and ε'' is the imaginary part 

representing loss with ‘j’ being a complex number and j=√-1 

𝜀′′ =  𝜎/𝜔0        (5) 

where ‘σ’ is the electrical conductivity, ‘ω’ is the angular velocity=2*π*f with ‘f’ as 

frequency, and 𝜔0 is the free space permittivity [XVIII]. 
     

The vast difference in the dielectric properties of biological cells and tissues, in the 

range of frequency from 1Hz to 100GHz, makes them an important basis of 

differentiating the cell status with electrical stimuli [XXIV]. The frequency response 

of permittivity of dielectric materials with polarization is shown in Figure 2. 
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Fig 2. Frequency response of permittivity of materials [22] 

When the frequency is between 100MHz to some GHz, γ-dispersion occurs due to the 

internal structure of the cells which is the nuclear envelope, the membrane of 

organelles, and water concentration in each cell [XIV, XXIV, XIX, XX]. As most soft 

tissues have water as the main component, γ-dispersion is very important in the study 

of the dielectric properties of biological tissues.   

Since biological cells have both hydrophobic and hydrophilic parts, they exhibit 

dielectric properties which have relevance to the electrical field and applied frequency. 

Depending on the cell status, they respond correspondingly to the range of input 

frequency and exhibit α, β, and γ dispersion with the change in permittivity for different 

ranges of frequencies. 

II. Methodology 

The MEMS planar interdigitated electrode sensor is modeled and simulated in 

COMSOL Multiphysics software tool version 5.4 with Finite Element Method (FEM) 

for electric field and current density distribution. FEM is capable of handling the 

complexities of biological cells with higher accuracy [XVII]. The study of 

discretization of Electric potential is Quadratic (Lagrange). The sensor is surrounded 

by air and is modeled on a glass substrate. There are six numbers of gold electrodes. 

The electrode's effective length is 130µm. The thickness of the material used (cell 

solution) above the sensor surface is less than twice the effective length. The 3-

dimensional view of the device is shown in Figure 3. 

The impedance between the electrodes without a medium is infinite. As soon as the 

solution is placed on the sensor, the impedance could be traced. This impedance is 

owing to the electrochemical properties of the solution with different cell 

concentrations and statuses along with biomolecules coming in the vicinity of the 

electrodes. The property of the medium is related to the electric displacement ‘D’ and 

the electric field ‘E’. The flux density or electric displacement ‘D’ is expressed in terms 

of electric field ‘E’ and dielectric loss parameters as: 

D = ε0(ε' – jε')E        (6) 
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where ε' represents the energy stored by dipole polarization due to the applied field, ε'' 

represents the dielectric loss when the dipoles do not align instantly with the changing 

field and ε0
 represents the permittivity of the free space. The values of ε' and ε'' 

parameters are taken for the materials (sample of highly invasive breast cancer cells Hs 

578T and HT-29 colon cancer cells).  
 

 
Fig 3. IDE 3-D structure with dimensions 

The capacitance values are extracted from the model considering the simple alternating 

sinusoidal voltage-current relation based on the dielectric characteristics of the given 

cells with and without medium at a frequency range of 1 GHz to 13GHz. 

III. Results 

  The potential distribution across the electrode is observed to be continuous and 
periodic throughout the frequency range with and without the sample. The images at 
two different frequencies of 7 and 10 GHz are shown in Figures 4.1 & 4.2 respectively. 
The potential distribution has been observed for the whole range of frequency under 
consideration. 

 

Fig 4.1. Potential Distribution across the sensor electrodes at 7GHz 
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Fig 4.2. Potential Distribution across the sensor electrodes at 10GHz 

The capacitance of the specified cell samples is derived from the modeled device 

and simulated to get the capacitance characteristics of both samples. The capacitance 

(in pF) derived from the simulation for both the samples with and without medium 

are compared and given in Figure 5.1 and Figure 5.2 respectively. 

 
 

Fig 5.1. Comparison of Capacitance of Breast cancer cells Hs 578T and colon 

cancer cells HT 29 with medium 
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Fig 5.2. Comparison of Capacitance of Breast cancer cells Hs 578T and colon 
cancer cells HT 29 without medium 

The capacitance values for both the cases, with and without medium, show that these 
values are higher for breast cancer cells (Hs 578T) than that for colon cancer cells (HT-
29) under consideration.   

IV.     Discussion and Conclusion 

  The comparison of both types of cancer cells reveals the fact that different cell 
types have different electrical characteristics. The capacitance characteristics of breast 
cancer cells Hs578T and colon cancer cells HT-29, both with and without medium, 
were derived from the same sensor and the response obtained shows a significant 
difference in the capacitance characteristics of both the cancer cells with and without a 
medium. The capacitance characteristics of the cells show considerably reduced values 
for colon cancer cells than that of breast cancer cells for a wide range of frequencies. 
The variation of capacitance is also less in colon cancer cell lines than that of the breast 
cancer cell lines, both with and without a medium. 

These characteristics reveal the explicit difference in the two cell types based on their 
respective electrical characteristics. The colon cancer cellular membranes are more 
resistant to changes with changes in frequency as compared to that of the breast cancer 
cells, showing the decreased impact of increased frequency on the given colon cancer 
cells. Also, there is a marked flex point in the capacitance characteristics of breast 
cancer cells, mainly after 6GHz, after which the rate of decrease in the capacitance 
value is high. In colon cancer cell response, the decrease in capacitance is a smooth 
curve which shows the sustainability of the membrane. The capacitance values for the 
cell types are much lower without medium, showing the influence of medium 
capacitance on the overall characteristics. But the respective difference in both the cell 
types is almost the same, revealing higher resistance of the specified colon cancer cell 
type than that of the given breast cancer cell type. The proposed sensor could be 
exploited for discriminating the cell types and could provide information on the level 
of sustainability of respective cell types based on their capacitance characteristics. 
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The present analysis suggests that each type of cancer cell line has different electrical 
characteristics and this property could be utilized for biomedical applications including 
cell type detection and identification. It also signifies different procedures for targeting 
these two different cell types based on their sustainability to resist external changes. 
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