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Abstract: 
This study investigates whether bioimpedance spectroscopy (BIS) is a suitable method for 
non-invasive characterization of fundamental biological changes in cells. Experiments 
were designed to model changes in the extracellular and intracellular spaces and to study 
the effect of cell proliferation on impedance data. BIS measurements were carried out using 
a self-developed BIS measuring system using graphene-based electrodes. Impedance 
spectra were evaluated using the Cole–Cole model, allowing the identification of key 
impedance parameters and their correlation with biological changes. The results indicate 
that intracellular changes induces significant changes in high-frequency resistance (R∞) 
and capacitance (C), while cell proliferation are primarily reflected in the α relaxation 
parameter. Changes in the extracellular environment do not result significant differences 
in the model parameters, which confirms the method’s selectivity for intracellular 
processes. The results reinforce that BIS could be a suitable tool for label-free, non-invasive 
monitoring of cell status, with significant potential applications in biomedical diagnostics. 

Keywords: Bioimpedance spectroscopy; Cole–Cole model; Cellular analysis, In vitro 
diagnostics. 

Introduction 

Study of biological systems is essential for understanding how living 
organisms function and for developing diagnostic methods. Non-invasive 
analysis of biological samples allows real-time monitoring of the state of 
cells and tissues without compromising their integrity. Among non-
invasive approaches, electrical impedance spectroscopy (EIS) known as 
bioimpedance spectroscopy (BIS) when applied to biological samples is 
considered a remarkable method due to its simplicity, cost-effectiveness, 
and high sensitivity [1]. BIS is widely used as a non-invasive method to 
study the condition of cells and tissues [1-4], as well as in medical 
diagnostics, including cancer research [5,6]. 
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Changes in cell viability and biological characteristics can be 
characterized by measuring their electrical properties, as the impedance 
spectrum is significantly influenced by the electrical properties of the cell 
membrane and the intracellular and extracellular spaces. BIS spectra are 
evaluated using equivalent circuit models, most commonly the Cole–Cole 
model. Using the Cole–Cole model, the biological sample can be 
characterized by five direct parameters (Rω, R0, R0 – R∞, δ, τ), which can 
be correlated with biological components [7]. However, the large 
number parameters complicate the direct physiological interpretation of 
the circuit output, particularly in complex biological systems [7]. 

The authors have introduced a self-developed four-electrode BIS system 
and the corresponding measurement plate, which have previously been 
validated in live-cell experiments [8,9]. The authors aim to correlate 
parameters derived from BIS measurements with physiological 
processes and fundamental cellular biological characteristics. These 
findings may contribute to the interpretation of in vitro and human 
clinical BIS results, thereby facilitating the early detection of diseases and 
the development of personalized therapies. 

1. The developed BIS measurement technique 

BIS measurements are carried out using a self-developed, modified four-
electrode method introduced by Vizvari et al [9]. This technique applies 
common-mode rejection to reduce measurements errors caused by the 
excitation electrodes and residual impedances. The principle of 
common-mode rejection is based on the signal generator being 
connected directly to one electrode, while the ground is connected to the 
other electrode through a resistor, resulting in a constant offset in 
potential levels. The digital compensation and division perfomed during 
impedance calculation eliminate errors that occur in the symmetrical 
measurement circuit. Picture  1 illustrates the operating principle of the 
self-developed in vitro BIS technique. 

In the configuration shown in Picture 1, the series resistor (Rref) creates 
a constant voltage shift in the measuring cell, causing excitation 
electrodes (E1 and E4) to operate at a non-zero potential, developing an 
electrical double layer on the both of the electrodes. Current flows 
between the voltage generator (E1) and electrode E4. The measuring 
electrodes (E2, E3) are positioned separately to minimize the effect of 
the double layer. 
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Picture  1.  Schematic drawings of the self-developed in vitro BIS technique 
application in case of the self-produced graphene plates [9] 

The spectrum of the measured sample (Z) is calculated at each frequency 
point using the potential values u2, u3 and u4 according the following 
formula [9]: 

𝑍 =  𝑅𝑟𝑒𝑓  
𝑢2 − 𝑢3

𝑢4
                                                (1) 

The most commonly used model-based approach for evaluating 
measured spectra is the Cole–Cole model, which describes the 
frequency-dependent behavior of biological systems using an equivalent 
circuit. The equivalent circuit equation describing the Cole–Cole model 
is given by the following form [9]: 

𝑍(𝑗𝜔) =  𝑅ꝏ  
𝑅0 − 𝑅ꝏ

1+ (𝑗𝜔𝜏)𝛼
                                            (2) 

where Z(jω) is the complex impedance, Rꝏ is the resistance related to the 
ꝏ frequency, R0 is the resistance related to 0 Hz frequency, τ is the time 
constant, α is the exponent parameter (0 < α ≤ 1), ω is the angular 
frequency and j=√(-1). 

2. Experiments and Results 

The cellular biological characteristics associated with the BIS parameters 
were validated through a series of in vitro experiments. In each experiment, 
only a single component (e.g., the extracellular space) was selectively 
modified to isolate the effects. This approach made it possible to determine 
which BIS parameters are affected by changes in each component. 
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For the experiments, a self-developed BIS measuring device and 
compatible, custom-made plates with graphene electrodes were used 
(Picture 2). 

  
(a)                                                                   (b) 

Picture  2.  BIS experimental setup: (a) assembled BIS measuring system;  
(b) connected costum-made graphene BIS measuring plates 

To study the effect of proliferation, a known number of cells were seeded 
onto graphene plates. After cell adhesion, a baseline BIS spectrum was 
recorded. Subsequently, the cells were incubated for an additional 48 
hours to allow proliferation. After 48 hours, repeated BIS measurements 
were performed on the increased cell population. 

To model changes in the extracellular space, the cell culture medium was 
replaced. Cells were seeded onto graphene plates, and BIS 
measurements were performed 24 hours after adhesion. Following the 
measurement, the exhausted cell culture medium was replaced with 
fresh medium, and the measurement was repeated. 

The intracellular space was examined by inducing intracellular 
accumulation of polystyrene microspheres (PS-MS). To induce PS-MS 
accumulation, polystyrene microspheres (PS-MS) with a diameter of 0.8–
1 µm were added to the cell culture medium at a concentration of 50 
µg/ml after the cells had adhered, followed by an additional 24-hour 
incubation period. The PS-MS were taken up by the cells altering the 
electrical properties of the intracellular space. The intracellular uptake 
of the PS-MS was confirmed by flow cytometry. 

BIS results were evaluated using a single-dispersion Cole–Cole model. 
Comparing the changes in the R₀, R∞, τ, α and C (capacitance) parameters 
calculated from the model made it possible to examine the correlation 
between the induced changes and cell biological characteristics. 
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The experiment examining the effect of cell division on Cole-Cole model 
parameters showed that changes in the α parameter and the capacitance 
(C) were the most significant in relation to the increase in cell number 
(Picture 3). The R₀, R∞ and τ parameters showed s maller but still 
statistically significant changes. 

 

Picture  3. Comparison of BIS results before (0 h) and after 48 h proliferation 
(48 h) based on Cole-Cole model parameters. 

Statistical analysis of the data collected for studying the extracellular 
space changes showed no significant differences in the model 
parameters before and after the cell culture medium change (Picture  4). 

 

Picture  4.  Comparison of BIS results before and after the cell culture medium 
change based on Cole-Cole model parameters. 
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Results from flow cytometry analysis showed that, on average, 40% of 
the cells uptake the PS-MS. Due to the intracellular accumulation of the 
PS-MS, significant differences were observed between the untreated 
(control) and treated groups for several model parameters (Picture 5).  

 

Picture 5. Comparison of the control and PS-MS-treated groups based on Cole-
Cole model parameters. 

The most significant differences occurred in the R∞ and the C 
(capacitance) parameters. A further, weaker significant difference found 
in the α parameter. There was no significant difference in the τ 
parameter between the untreated (control) group and the PS-MS-treated 
group. 

3. Conclusions 

In a series of in vitro experiments, Cole–Cole model parameters derived 
from BIS measurements were correlated with various physiological 
processes and cell biological characteristics. Experiments were designed 
to change only one factor at a time, thereby ensuring that the effects of 
individual factors could be examined separately and interpretable. 

Analysis of the effect of cell division revealed a significant correlation 
between the α parameter and capacitance (C) with changes in cell 
number. However, the comparison between before and after the cell 
culture medium change did not result in a significant difference in any of 
the Cole-Cole model parameters, suggesting the self-developed BIS 
measuring method is not sensitive to changes in the extracellular space 
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under the presented conditions. With regard to changes induced in the 
intracellular space, the most significant differences between the 
untreater (control) and the PS-MS treated groups were observed in the 
R∞ and capacitance (C) parameters, along with a slightly less pronounced 
difference in the α parameter. At low frequencies (R0), the current flows 
through the intercellular space, whereas at high frequencies (R∞) the 
current is able to penetrate the cell membrane; thus, the R∞ parameter 
provides information about both the intracellular and extracellular 
spaces. Since the extracellular space (R0) does not differ between the two 
groups (same cell culture medium), the strong, significant change 
observed in the R∞ parameter likely reflects the change in the of the 
intracellular composition. Based on previous published data [10], 
accumulation of PS-MS within cells reduces cell proliferation but does 
not completely inhibit cell division; thus, the α parameter can be 
interpreted as a cell-number-sensitive parameter in the context of 
intracellular space study results. 

In summary, it can be concluded that the self-developed BIS method is 
not sensitive to alterations in the extracellular space, indicating that the 
changes observed in the Cole–Cole model parameters in response to 
intracellular modifications can be attributed exclusively to changes in the 
internal environment of the cells. These results suggest that the self-
developed BIS method is capable of detecting the effect of proliferation 
and changes in the intracellular space. With further research, the 
presented BIS measurement method could be suitable for the label-free, 
non-invasive monitoring of cell status and offers significant potential 
applications in medical diagnostics. 

REFERENCES 

[1] Stupin, D. D., Kuzina, E. A., Abelit, A. A., Emelyanov, A. K., Nikolaev, 
Ryazantsev, M. N., Koniakhin, S. V., Dubina, M. V. (2021). Bioimpedance 
Spectroscopy: Basis and Appliactions. ACS Biomaterials Science & 
Engineering, 7, 1962-1986 

[2] Perez, P., Yúfera, A., Serrano J. A., Huertas, G. (2020). Designing 
bioimpedance based sensors for cell culture test. 2020 XXXV Conference 
on Design of Circuits and Integrated Systems (DCIS),  Segovia, Spain, pp. 1-
6. 

[3] Abasi, S., Aggas, J. R., Garayar-Leyva G. G., Walther B. K., Guiseppi-Elie A. 
(2022). Bioelectrical Impedance Spectroscopy for Monitoring 



12th Scientific Conference 
ENTREPRENEURSHIP-ENGINEERING-MANAGEMENT 

347 

 

7 

Mammalian Cells and Tissues under Different Frequency Domains: A 
Review. ACS Measurement Science Au, 2, 495-516. 

[4] Amini M., Hisdal, J., Kalvøy, H. (2018). Application of bioimpendance 
measurement techniques in tissue engineering. Journal of Electrical 
Bioimpedance, 9, 142-158. 

[5] Qiao, G., Wang, W., Duan, W., Zheng, F., Sinclair, A. J., Chatwin, C. R. (2012) 
Bioimpedance Analysis for the Characterization of Breast Cancer Cells in 
Suspension. IEEE Transactions on Biompedical Engineering, 59, 8, 2321-
2329. 

[6] Teixeira, V. S., Krautschneider, W., Montero-Rodríguez, J. J. (2018) 
Bioimpedance Spectroscopy for Characterization of Healthy and 
Cancerous Tissues. 2018 IEEE International Conference on Electrical 
Engineering and Photonics (EExPolytech) (DCIS), Petersburg, October 22-
23th 2018, pp. 147-151. 

[7] Clemente, F., Amato, F., Adamo, S., Russo, M., Angelone, F., Ponsiglione, 
AM., Romano, M. (2024). Circuital modelling in muscle tissue impedance 
measurements. Heliyon, 10(7), e28723. 

[8] Vizvari, Z., Gyorfi, N., Odry, A. et al. (2020). Physical Validation of a 
Residual Impedance Rejection Method during Ultra-Low Frequency Bio-
Impedance Spectral Measurements. Sensors 20(17), 4686. 

[9] Vizvari, Z., Gyorfi, N., Maczko, G. et al. (2024). Reproducibility analysis of 
bioimpedance-based self-developed live cell assays. Scientific Reports 14, 
16380. 

[10] Najahi, H., Alessio, N., Venditti, M. et al. (2025). Impact of environmental 
microplastic exposure on HepG2 cells: unraveling proliferation, 
mitochondrial dynamics and autophagy activation. Particle and Fibre 
Toxicology, 22, 17. 

 
 
 
 
 
 
  


