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ABSTRACT 

Study of single cell with respect to its electrical characteristics is a promising non-

invasive tool for modelling bio device for early diagnosis of cancer. In this paper, a 

relative study of cell impedance based on electrical model of a single cell is presented 

for fabrication of biodevice which will be helpful in distinguishing normal cells from 

malignant or differentiating cells of same phenotype. The bioimpedance of a cell per 

unit surface length has been studied and simulated for a range of frequency inputs. The 

simulation is done in MATLAB environment which shows that the capacitance of the 

cellular membrane is effective till a particular range of input frequency, after which, 

the conductivity of cell plays a significant role in governing the permeability of cells. 
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1. INTRODUCTION 

Cancer is a major disease affecting a large number of people and has defied the development 

of an effective methodology of treatment so far. If the cancer is detected at an early stage, there 

are chances of survival of the individual [1]. Metastasis that results in the spread of cancer to 

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

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

Regulatory function homeostasis is an important regulatory function of the human body. The 

human body is some sort of a social order of about 100 trillion cells organized into different 

functional structures, some of which are called organs. Each functional structure contributes its 

share to the maintenance of homeostatic conditions (a pseudo-static equilibrium) in the 

extracellular fluid (fluid surrounding cells) which is called the internal environment of the 

human body. As long as normal conditions are maintained in this internal environment, the cells 
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continue to live and function while contributing their share to the maintenance of homeostasis 

[1]. When the controlling signals are disabled, diverted or distorted, the homeostasis is disturbed 

and may result in uncontrolled proliferation and cancer. If cancer is detected at an early stage, 

then the chances of survival increases [2]. Hence, efforts are made in early diagnosis of cancer. 

The approach for designing new methods and technologies for early diagnosis of cancer has 

been always a matter of concern. This is because the membrane voltage is highly dependent on 

the heterogeneity of the tissues. This complexity could be addressed either by considering the 

voltage status of a single cell or by taking into consideration the heterogeneous nature of the 

tissue membrane. While considering the heterogeneous nature of tissues, the type of tissue has 

also to be considered because each tissue may have different characteristics. So, the present 

paper takes into consideration a single cell model to understand electrical behaviour of cells 

within given frequency range. Bioimpedance technique is a non-invasive, label free and 

quantitative method to analyze the cell status [1,3]. This method is easy to use and cost effective. 

With the development of MEMS and Nano technology, the equipment have the advantage of 

being compatible and economical.  

2. ELECTRICAL MODEL OF A SINGLE CELL 

Bioimpedance measurement is a promising tool to distinguish between the normal and 

abnormal cells since it can monitor the physiological variation in terms of electrical parameters 

for the same type of cell line at different stages of malignancy [3,4]. 

Depending on the characteristics of the cell, it can be modelled in form of electrical 

parameters. It has been shown that the current flowing through a cell experiences opposition to 

its flow, both through extracellular and intracellular medium [5,6,7]. This opposition is termed 

as bioimpedance of a cell. Each cell consists of a membrane submerged in an extracellular 

medium.  In fact, all the cell organelles are surrounded by their respective membrane. The cell 

membranes are composed of a bilayer of highly mobile lipid molecules that electrically behaves 

as an insulator (dielectric). The insulating properties of the cell membrane also restrict the 

movement of charged ions and electrons across the membrane except through specialized 

membrane spanning protein ion channels [5-9] and membrane spanning protein semiconductors 

[10] respectively. Thus the lipid structure of a cell membrane makes it relatively 

semiconductors [9] respectively. So, the lipid structure of a cell membrane makes it relatively 

impermeable to the passage of charged molecules. By considering all these electrical 

characteristics of a cell, it can be modelled to its electrical equivalent circuit. [11,12,13]. 

 

Figure 1 Equivalent Electrical model of a single cell 

When an electric potential is applied across a cell, its membrane acts as a parallel 

combination of membrane resistance Rm and capacitance Cm in series with the intracellular 
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medium resistance Ri. The extracellular medium acts as resistance Re in parallel to the above 

combination. The equivalent electrical model of a single cell is as shown in Fig. 1: 

The parallel impedance of Rm with Cm could be given by: 

              ( 𝑅𝑚 ⎹⎹ 1/𝑗𝜔𝐶𝑚) 

= (Rm/ jωCm)/Rm+(1/jωCm) 

= Rm/(1+jωCmRm) 

Hence the impedance of both the ends of cellular membrane becomes: 

Rm/(1+jωCmRm) + Rm/(1+jωCmRm) 

= 2Rm/(1+jωCmRm) 

= [2Rm/(jωCm/2)]/[2Rm+{1/jω(Cm/2)}]          (1) 

Hence, the equivalent circuit could be deduced as in Fig. 1(a): 

 

Figure 1(a) Simplified Electrical model of a single cell 

The equivalent intracellular impedance is given by  

[2Rm/(1+jωCmRm)]+Ri 

And overall cellular impedance offered to the electrode is 

[{2Rm/(1+jωCmRm)}+Ri] || Re            (2) 

When current is injected through the extracellular medium, several situations may occur: 

1.  The current flows via the extracellular medium, bypassing the cell membrane. This occurs 

when cellular membrane capacitance does not allow any path for the current flow. Since, the 

capacitive reactance is given by 1/jωC, a capacitor offers high reactance to low frequency input. 

Thus the membrane acts as insulator and does not allow current to pass through. 

2. The current pass through the cell membrane Cm||Rm and consequently through the 

intracellular medium Ri. As the capacitive reactance is inversely proportional to the input 

frequency, it offers low reactance for high frequency input. If the frequency is high, the 

capacitive reactance is negligible with respect to the membrane resistance. Hence, Rm>>Xc. 

Also, the conductivity of the cellular membrane is very low.  

So, the equivalent model for the given frequency could be simplified as in Fig. 1(b): 
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Figure 1 (b) Simplified Electrical model of a single cell at high Frequency 

The cellular impedance could be expressed as: 

{Ri+ (2/jωCm)}|| Re          (3) 

This shows that the same cell could be represented by different equivalent circuit for 

different input frequency and/or different status of the cellular membrane. This model is used 

to find out the cutoff frequency of the given breast and white blood cells sample. The simulation 

is done in MATLAB environment for finding the frequency response of the given cell lines. 

3. IMPEDANCE CHARACTERISTICS BASED ON THE GIVEN MODEL 

Impedance is a complex parameter in electrical terms, which has real and imaginary 

components. The impedance (per unit area) of a single cell, for normal and malignant human 

breast cells [14] and white blood cells [15], is considered for realizing the impedance 

characteristics. The breast cells considered are MCF-10A, MCF-7, MDA-MB-231 and MDA-

MB-435S, which are normal cell, early stage, invasive, and late stage cancer cells respectively. 

The x-axis is frequency in hertz and y-axis is Impedance in ohms per unit length. The 

Impedance is taken in per unit length as the cell size changes with the status. 

The white blood cells considered [15] are normal tonsillar B cells, Magala cell 

line(transformed by EBV: dividing but non-cancerous) and cancer cells: Farage (Non-

Hodgkin’s lymphoma), Raji, Bjab and Daudi(Burkitt’s lymphoma). 

 

 

 

 

Frequency in Hz------------→ 

Im
p

e
d
a

n
c

e
 Ω

 p
e
r 

u
n
it

 l
e
n

g
th

 



Shobha Gupta, Vivekkant Jogi 

http://www.iaeme.com/IJARET/index.asp 152 editor@iaeme.com 

Figure 2 (a) 

 

 

 

 

 

 

 

  

 

Figure 2 (c) 

Figure 2 (a), (b), (c) representing Impedance per unit length for considered breast cells  

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Frequency response of considered human white blood cells for different frequency  
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4. RESULTS, DISCUSSION AND CONCLUSION 

The frequency based biological impedance spectrum is a representation of its biological 

behaviour and subsequently cell status. This could be used as a basis to segregate the normal 

cells and the malignant cells. It is also noteworthy that the decreased cell membrane capacitance 

is indication of poor prognosis [14-18]. This is because the differentiating cells or cancerous 

cells are more permeable and have decreased cellular capacitance. 

But the frequency range for cell characteristics evaluation has to be wisely chosen. For skin 

cancer detection by EIS (Electrical Impedance Spectroscopy), the frequency range between 

10Hz to 100KHz gives the appropriate results [16]. This is because for the given arrangement, 

frequencies less than 10Hz has the electrolyte/electrode capacitance dominating the system 

impedance and at frequencies greater than 100KHz, the system impedance only includes the 

resistance of the culture medium, electrodes and wiring. It was shown that the frequency of 

1.455KHz was found to be the optimum frequency for discrimination of normal and cancer skin 

cells [16]. This EIS measurement included the parameters of the measuring equipment and 

concluded for the given frequency. The detection of human colon cells HT29 (grade1) and 

SW48 (grade 4) was done within the frequency range of 1 to 20KHz and stages of the cancer 

cell could be detected [17]. 

For finding out the electrical characteristic of normal and cancer cells of lung, liver and 

breast tissues, a frequency range of 0 to 10000Hz was appropriate [18].This is because the cells 

from different tissue origins possess different electrical characteristics and the cellular 

impedance varies for different tissue type. 

The present model gives a simple approach for frequency based segregation of the normal 

human breast and white blood (B tonsillar) cells from their counterpart cancer cells. A 

frequency range of 0 to 500KHz is used to analyse the impedance response of the breast cells 

and white blood cells. The outcome is as follows: 

A. The impedance response of cells shows that the slopes for normal cells and their cancer 

counter parts are different at a particular frequency. This implies that these cells have different 

relaxation frequencies. The output curve shows decreased value of relaxation frequency for 

normal cells as compared to their cancer counterparts. This response corresponds to the 

previous research results [17]. 

B. Impedance response of white blood (B cells) has faster exponential decay than breast cells:  

The frequency response for white blood cells (B-cells) shows faster exponential decay than 

breast cells. This indicates that the change in permeability of white blood cells is faster as 

compared to breast cells under same environment. 

C. Minimum Frequency after which conductivity of cytoplasm becomes predominant and the 

impedance is distinctly observable is different for breast cells and white blood cells. From the 

figure 2, it is evident that the frequency above which the conductivity of the cytoplasm is 

predominant in breast cells is 15KHz. From previous studies, the most sensitive frequency to 

distinguish normalized impedance of skin cells (A431 and HaCaT cell lines) was 1.465KHz. 

The impedance curves for both breast and white blood cells have been shown at 1.5KHz. The 

breast cells show the influence of membrane capacitance still affecting the overall cell 

behaviour but the white blood cells show relatively constant impedance response at 1.5KHz. 

The breast cells exhibit relatively constant impedance characteristics after 15KHz. This 

indicates that the membrane capacitance of the breast cells decreases after more frequency as 

compared to the white blood (B tonsillar) cells. 

The cellular relative impedance measurement could be employed as an important tool for 

measuring the status of the cell. The cells of different origins exhibit different electrical 

characteristics and have different cutoff frequencies at which the membrane capacitance 
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minimizes. This implies that different cells of different tissues have different capabilities of 

withstanding external field. This may be useful in diagnosis of the cell status and also in drug 

delivery. 

On contrary, the same type of cell shall exhibit distinct bioimpedance values for the same 

input with same frequency because the heterogeneity of tissues plays an important role for 

normalizing the data. The tissue type, structure and geometry play a vital role in designing the 

instrument for cell status analysis. Other parameters like cell permittivity, conductivity and 

polarization with the applied field, may be considered for results that are more accurate. The 

present work assumes that the cell culture is homogeneous in nature. Moreover, the varying 

values of electrical parameters of the cells, device probe and the medium have to be considered 

for increasing the accuracy of the results. 

Besides the simplified assumptions, relative cellular impedance measurement could be 

employed as an effective tool for diagnosis of cancer concomitant with its stage. 
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