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Abstract - The article discusses the temporal transformation of the frequency characteristics of electrical parameters of liver 

tissue during its storage in the temperature range of 2-35 Сo. Changes in direct current conductivity, frequency dispersion 

of the real component of conductivity and tangent of the dielectric loss angle in the frequency range of 0.01 Hz -100 kHz 

(beta dispersion range) are considered. The relationship between the transformation of thermo-time dependences of 

electrical parameters and the degree and nature of morphological changes in biological tissue has been established. In 

particular, it is shown that the local values and the direction of the monotonicity of the polarization relaxation time function 

in the studied frequency range of electrical impedance spectra measurement can be considered as a criterion for the degree 

and type of destructive changes in liver tissue when it is stored in an air atmosphere at different temperatures. 
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1. Introduction 
Physical research methods of biological tissue are 

effective ways of establishing a connection between their 

electrical properties and physical parameters. One of the 

fast, non-invasive, easy-to-use, and reliable methods of 

analyzing the structural integrity of biomaterials is the 

method of complex electrical impedance in a wide 

frequency range. [1- 8] 
 

Nowadays, EIS is used to estimate the overall impact 

of low temperatures, thawing and freezing processes, 

predict the emergence of cancer diseases and functional 

diagnostics of cancer cells to distinguish them from healthy 

ones. It could also indicate fluid movement in extensive 

burns and the cytotoxicity of chemical compounds. [9-15] 

The assessment of the structural integrity of tissue under 

conditions of destructive processes and effects can also be 

performed using EIS. [16,17,27] 
 

For example, in work [16], based on the results of 

electrical impedance measurement, the authors built 

equivalent electrical diagrams of liver tissue damaged 

through the action of destructive factors, including gamma 

radiation and thiourea. The comparison of the constructed 

scheme parameters' with the results of the microscopic 

examination of samples allowed us to establish the presence 

of potential circuit model elements' correspondence to 

certain cellular environments and structures. As a result, it 

is shown that the parameters of equivalent electrical 

diagrams of tissue impedance, particularly the CPE element, 

reflect the capacitance of the cell membrane, R1 and R2 - 

the external and internal resistances, respectively, and R3 - 

membrane resistance. 
 

In the subsequent work, a detailed analysis of the 

electric impedance spectrum transformation of tissue 

exposed to different temperatures over a certain period of 

time was carried out. [13] Calculation of circuit parameters 

and observation of the electric circuit structure 

transformation and their comparison with the results of 

microscopic analysis allowed us to conclude about the 

probable dependence of structural and parametric research 

results on the intensity of the influence of factors. A detailed 

analysis of decryption parameters helped to build 

transformational dependencies of samples depending on 

their level of damage. 
 

The method of creating equivalent circuits, which is 

actively used in bioimpedance studies, despite its relative 

ease of use, does not allow to formation a general 

characteristic of ion transport processes in the tissue 

environment when using alternating electric current and 

under conditions of destructive influence. 
 

In the proposed work, an attempt was made to analyze 

the frequency dispersion of complex electrical parameters 

of liver tissue under the influence of temperature to 

determine the peculiarities of charge transfer in its 

electrolyte subsystem of tissue under different degrees of 

structural degradation. 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and Methods 
The use of isolated liver tissue for the experiment gave 

a possibility to control the size of the samples according to 

the size of the used cells and contributed to more accurate 

measurement due to the uniform influence of temperature. 

[19] 

 

Sample cells for research were made from a plastic 

body of a 2 ml medical syringe—the ends of the cylindrical 

sample contacted with a nickel mesh. Nickel conductors, 

welded to the mesh, served as current conductors. The 

structure of the experimental equivalent scheme was chosen 

similarly to the one we provided in previous works. [19, 20] 

 

Cylindrical samples, 1.2 cm high, 2 cm in diameter, 

and weighing 1 – 1.5 g, were placed in a specially designed, 

hermetic thermostat 1/120 SPU under the influence of 

temperatures 275K, 281K, 285K, 298K, and 308K for 2, 5, 

8, 10, and 14 hours. 

 

Getting of electrical impedance spectra was performed 

using a standard AUTOLAB PGStat 30 spectrometer in the 

frequency range of 0.01 Hz – 100 kHz. To reduce the impact 

of amplitude values of the measurement signal voltage on 

the condition of organic tissue, the peak potential was 

reduced to 0 – 5 mV. 

 

The signal recording was performed in automatic 

mode. Dependencies of real and imaginary values of 

specific conductivity σ’ and σ’’, dielectric permeabilities ξ’ 

and ξ’’, and loss angle tangent were built using Origin 

software. Processing of curves was also carried out using the 

Origin software. 

 

The frequency dispersion of electrical conductivity and 

dielectric permeability is determined from the Nyquist 

diagrams according to equations 4 and 5. Electrical 

conductivity is determined by equation 1: 

 

  Σ = 
1

𝑍∗ = 
𝑆

𝜌∗·𝑙
 ,                                   (1) 

 

where Z*, ρ* - complex impedance and specific 

electrical resistance, respectively, and S, l – are the area and 

thickness of the sample, respectively. where ω = 2πf, ε0 - 

electric constant, j =√−1. 

 

From the diagram, σ'- (σ'' - ε0ε∞ω) (ε∞ - value of 

dielectric permeability at high frequencies) in the low-

frequency range, the value of specific conductivity at 

constant current σdc was determined at different 

temperatures. 

 

The value of ε∞ is determined from the Cole-Cole 

diagram ε'' - ε' by approximating the experimental curve to 

the intersection with the abscissa axis. [22] 

  

The real ε' and imaginary ε'' dielectric permeabilities are 

determined by equations 2 and 3: 

      ε' =  
𝜌′′(𝜔)

(𝜌′′(𝜔))2+(𝜌′(𝜔))2·ε0·𝜔
,                             (2) 

 

     ε'' =  
𝜌′(𝜔)

(𝜌′′(𝜔))2+(𝜌′(𝜔))2·ε0·𝜔
,                           (3) 

 

The frequency dependence of the real component of 

complex conductivity is determined by equations 4 and 5:    

                                                    

σ'(ω)=
𝜌′(𝜔)

(𝜌′′(𝜔))2+(𝜌′(𝜔))2                           (4) 

 

σ''(ω)=
𝜌′′(𝜔)

(𝜌′′(𝜔))2+(𝜌′(𝜔))2                           (5) 

 

3. Results and Discussion 
The Nyquist diagrams experimentally obtained for the 

studied samples at different temperatures, preserved for 2 - 

14 hours, are depicted in Figure 1. The frequency range of 

the obtained spectra is 0.01 Hz - 100 kHz. Z' and Z" are the 

real and imaginary components of the impedance, 

respectively. The insets show the high-frequency regions of 

the spectra, with arrows indicating the direction of 

frequency increase. 

 
(a)              

 

 
(b) 

Fig. 1 Impedance spectra of liver tissue stored at a) 271K, b) 

308K 

 

A decrease in the real and imaginary parts of the 

complex impedance was observed for the entire range of 

measured frequencies. The general form of the impedance 

spectrum with a clearly defined polarization loop, the slope 
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of which decreases with decreasing frequency, corresponds 

to the model of the equivalent circuit described in the 

previous work [19]. It includes three R-CPE elements at the 

initial stages of destruction or two R-CPE elements at the 

last. This agrees well model of ion charge transfer in a 

disordered system, which contains an equivalent number of 

elements corresponding to the number of homogeneity 

regions. 

 

   
а) 

 
b) 

Fig. 2 Spectra of frequency-dependent conductivity of liver 

samples exposed to a temperature for a) 2 and b) 14 hours 

 

Using the relationship: 𝑅 = 𝑅′ + ⅈ𝑅′′, 𝜎 =
1

𝑅
=

1

𝑅′+ⅈ𝑅′′ =
𝑅′−ⅈ𝑅′′

𝑅′2
+𝑅′′2 =

𝑅′

𝑅′2
+𝑅′′2 − ⅈ

𝑅′′

𝑅′2
+𝑅1,2

; де 𝜎′ =
𝑅′

𝑅′+𝑅′′2 і 

𝜎′′ =
𝑅′′

𝑅′2
+𝑅′′2 – the real and imaginary parts of the system's 

complex electrical conductivity were calculated, and 

dependencies of σ'(w) for a selected group of temperatures 

(Figure 2) was constructed. 

 

A gradual increase in conductivity with the rise of 

temperature and frequency can be observed (Figure 2a). On 

the other hand, there is a sharp rise in conductivity at 308K 

over a 14-hour exposure period, while the level of 

conductivity is preserved for other temperatures over the 

same time interval (Figure 2b). The chosen frequency range, 

between 0.01 Hz – 100 kHz, corresponds to the low-

frequency mechanisms of ion polarization depending on 

their placement relative to the plasma membrane and the 

passage of current through it, corresponding to the α-

dispersion. [23, 24, 25] 

 

This result might be caused by an increased 

concentration of ions accumulated over a prolonged period 

of thermal impact in the area of membrane damage. 

 

      
а) 

      

 
b) 

Fig. 3 The spectra of alternating current (AC) conductivity 

dependence on time 

 

The results of AC conductivity calculations using the 

Cole-Cole method were used to clarify the behavior of 

charge carriers in the electrolytic subsystem of the studied 

samples. [21, 22] The graphs of σ0 (t) dependence at 

different temperatures are shown in Figure 3 (a, b). 

 

A tendency towards increased conductivity with 

increasing temperature and time interval at which the 

experimental samples were kept was observed (Figure 3a, 

3b). As a result of the development of destructive processes, 

particularly at 308K, an unbalanced state of the studied 

biological system is formed. The existing concentration 

gradient at the distribution boundary contributes to systemic 

polarization, which leads to the emergence of an internal 

electric field that prevents it from penetrating the external 

one. 
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The equalization of the concentration gradient, as a 

result of the destruction of the plasma membrane, initiated 

the transition of the system from an anisotropic to an 

isotropic state, which caused an increase in conductivity as 

a result of an increase in ion mobility due to the 

disappearance of the distribution boundary, which we 

confirmed in morphological studies in previous work. [19] 

  

 
(a) 

 
(b) 

 
(c) 

Fig. 4 Dependence of the loss tangent on the frequency at a) 275K, b) 

298K, and c) 308K. The inset shows the high-frequency region of the 

spectrum 

 

The dielectric loss angle tangent values were calculated 

to better understand the peculiarities of dipole reorientation 

processes under the influence of an external variable 

sinusoidal electric field. The graphs of the dependence of tg 

δ (ω) are presented in Figure 4. 

 

The character of the dependence of the loss angle tangent 

on frequency is extreme. The increase in the minimum value 

of the loss angle tangent over time is due to the formation of 

a large number of dipoles of a certain size in connection with 

extensive destruction (Figure 4a, 4b). Histological analysis 

of samples under the influence of such temperatures 

demonstrates the formation of local tissue damage, blurring 

of the contours of liver sample hepatocytes, and an increase 

in intercellular spaces. This picture may indicate damage to 

the plasma membrane and, as a result, a decrease in 

resistance and an increase in permeability, which is reflected 

in the change in the structure of the equivalent circuit from 

six- to five- and four-element, in particular, at 308K. [19] 

 
Fig. 5 Spectra of the resonance frequency dependence on time at 

various temperatures: a) 275K, b) 281K, c) 285K, d) 298K, and e) 

308K 

 

Based on the calculations of tgδ (ω), the position of the 

peaks on the curve was used to determine the dependence 

ωres (t). The graphs of dependence are presented in Figure 6. 

 

There is a clear trend of the resonance frequency 

decreasing with a reduction in temperature and frequency, 

corresponding to forming a larger dipole. 

 

An increase in temperature, in addition to damaging the 

membrane, is reflected through an increase in the tangent of 

the loss angle and the resonance frequency, which is caused 

by an increase in the number of small-sized dipoles, which 

could be fragments of membrane components and elements 

of intracellular organelles. This corresponds to the reduced 

values of the CPE- and R- parameters of the samples under 

the influence of 298K and 308K, compared to intact ones. 

[19] 

 

In addition, at high temperatures, due to membrane 

destruction, a large number of sources of dipole polarization 

appear, which also contributes to an increase in ωres. 

 

Therefore, as a whole, the processes of tissue 

destruction, under the influence of temperature, are reflected 

in the decrease in complex resistance, both real and 

imaginary, which can be associated with the structural 
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destruction of the membrane, which also contributes to its 

increased permeability (Figure 1a, 1b). 

 

In particular, an increase in the concentration of charge 

carriers, both external and intracellular, in the areas of 

destruction contributes to an increase in conductivity 

(Figure 2a, 2b) on AC and the disappearance of the 

distribution boundary. This process causes greater mobility 

of the accumulated amount of ions, leading to increased 

conductivity on DC (Figure 3a, 3b). 

 

Elements of a destroyed membrane and a high 

concentration of ions cause the formation of a large number 

of dipoles (Figure 4a, 4b) of a relatively small size, which is 

observed when applying an external, variable electric field 

(Figure 5). 

 

4. Conclusion 
The study of the parameters of the Nyquist diagrams of 

liver tissue stored in a certain time range at different 

temperatures confirms the two-stage destruction process. 

According to it, there is a change in the concentration and 

composition of charge carriers at the first stage without vivid 

signs of the destruction of the morphological structure. The 

second stage implies structural changes and, obviously, 

leads to irreversible destruction. Storing liver tissue at low 

temperatures (275K – 285K) leads to minor changes in the 

ionic subsystem, while an increase in temperature and 

storage duration leads to drastic changes in the tissue, which, 

in turn, is reflected by the kinetics of the impedance 

spectrum parameters. The main indicators of the destruction 

degree nature can serve as a resonance frequency 

determined from the frequency dependence of the tangent of 

dielectric losses. 

 

At the initial stages of destruction, the time dependence 

of ωres has a descending character. A time increase in this 

value accompanies the second stage of destructive changes. 

Such a characteristic may, in the future, become a 

technologically controllable quantity for creating a method 

of the fast and non-invasive characteristic of overall 

damage, potential changes in ionic composition, and degree 

of destruction of both cells and organs as a whole. 
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